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Blood 
Sodium 135- 145 mEq/L 
Potassium 3.5-5.0 mEq/1.. 
Chloride 95-105 mEq/L 
Bicarbonate 24- 26 mEq/1.. 
O<molality 280- 295 mEq/1.. 
Os molal gap <IO mOsm/l 
Anion gap9-16 mEq/1.. 
Urea nitrogen 10- 20 mg/di 

Arterial blood gas analysis 

pH 7.35-7.45 
Pco, 35-4S mm Hg 

NORMAL VALUES 

Po, 90-100 mm Hg (declines with age) 

Urine electrolym;: Interpretation drpends upon the, dinical situation. 
Normal urine sodium concentralion varies greatJy depending on intake (20-200 
mEq/L). 

Urine sodium concenlration is useful in determining the cause of hyponatremia. 
• Urine sodium <20 mEq/1.. reflects sodium consen-ation by the kidney and is found 

in ECFV depletion and the edema1ous s1a1es CHF. nephrotic ~yndrome. cirrhosis. 
Normal urine po1assium concencration varies greatly depending on intake ( 10-200 
mEq/24 hours). 

24-hour urinary potassium excretion is useful in de1ennining the cause of 
hypokalcmia 
• < 20 mEqn4 hours reflects po1a.ssium conservation by the kidney. Indicates 

cxtrarenal cau.se or potassium loss. 
• > 20 mEqn4 hours reflects potassium loss by the kidney. lndica1es renal cause or 

po1Msium loss. 
Normal urine osmolality varies greatly depending on water intake (S0-1200 mOsmll). 

Urine osmolali1y is useful in del.ermining Lhe cause of polyuria. 
• < ISO mOsm/l suggests diabetes insipidus or primary polydipsia. 
• >300 mOsm/L suggests osmotic diuresis. 

Formulas 
• Women: T(l{al body waier (TBW) = .5 x Body we1gh1 (kg) 
• Men: Total body water (TBW) = .6 x Body weight (kg) 
• lniracelluhµ fluid volume = 2/3 TB W 
• Extracellular fluid volume = 1/3 TBW 
• Cakula1cd osmolahty = 2 X [sodium]+ [glucose]/18 + (Blood Urea Ni1rogcnJ/2.8 
• Osmolal gap = OSM.""'w""' - OSM.u"•'""'' 
• Anion gap (AG) = UA - UC = (Na•I - ([CJ - J + (HCOi- ll 



CHAPTER 1. THE BASICS 

This c hapter briefly reviews the physiology 1ha1 is key to unders1andlng 
clinical water. electrolyte. and acid-base diso.rders. This review lays the ground­
work for a more complete understanding of the pathophysiology, diagnosis, and 
treatment of disorders tba.t are discussed in later chapters. A brief summary of 
renal tubular physiology is presented in Fig. 1-1. 

The Body Fluid Compartments 

Total body water (TBW) makes up about 60% of body weight in men 
and about 50% in women (see Ftg_ 1-2). These percentages decline with ag­
ing, as the percentage of body fat increases. Approximately 2/3 of total body 
water is located in the intracellular compartment and constitutes the intracel­
lular Ouid volume (JCFV). About 1/3 ofTBW is located in the extracellular 
compartment and comprises the extracellular n.uid volume (ECFV). The in­
terstitial fluid volume comprises about 3/4 of the ECFV, and the plasma vol­
ume is about J/4 of the ECFV. The plasma volume is ma.intained to a large 
extent by the oncotic effects of plasma proteins. Water passes freely and 
rapidly between all these compartments in response to changes in solute con­
centrations to maintain osm·otic equilibrium between the compartments. 
Therefore, the osmolalitics in all compartments arc equal. 

Sodium and Water Pathopbysiology 

The following approach to sodium and water pathophysiology may be 
different from what you have studied in the past. J believe it is very important 
10 assess sodium status (which determines the volume of the extracellular fluid 
compartment) and water status (which determines the serum sodium concen­
tration) separately. Thus it is very important to ask in each case: "does this pa­
tient have I) a problem with sodium, 2) a problem with water, or 3) problems 
with both sodium and water?" This is a very important concept that will be de­
veloped in this chapter and used to solve complcit problems lat.er in the book. 
The methods for solving electrolyte problems presented in this book will work 
consistently for you once you have mastered them. Just follow along and be 
sure to do the examples at the end of the chapters. 
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FIGURE 1-2. The Body Auid Compartments 

ECFV (l/3 TOW) 

Sodium 135-145 mEq/L 
Potassium·3.S- 5.0 mEq/L 
Chloride 95-105 mEq/L 
Bicarbonate 22-26 mEq/L 
Glucose 90- 120 mg/di 
Calcium 8.5-10.0 mg/di 
Magnesium 1.4-2.1 mEq/L 
Urea nitrogen I0-20 mg/di 

ICFV (2/3 TBW) 

Sodium I 0- 20 mEq/L 
Potassium 130-140 mEq/L 
Magnesium 20-30 mEq/L 
U«:a nitrogen I 0- 20 mg/di 

Women: Total body water (TBW) = .5 X Body weight (kg) 

Men: Total body water (TBW) = .6 X Body weight (kg! 

Intracellular nuid volume = 113 TBW 

Extracellular nuid volume = 1/3 TB W 

Calculated osmolality = 2 X [sodium] + [glucoseV18 + [Blood 
Urea Nitrogenj/2.8 

Osmolal gap = OSMv'"""""' - OSMr,,.,,,_,1 

The systems that regulate the amountS of sodium and water in Lhe body 
acl logelher to 

• keep the concentration of extracellular sodium within a narrow range 
( 135-1 45 mEq/1..) 

• keep the volume of the exlracellular fluid compartment (ECFV) wilhin rea­
sonable limits. 

Sodium Physiology-Regulation 1>/ the ECFV 

Sodium is the major extracellular cation and is responsible for most of the 
osmotic driving force that maintains the size of the ECFV. 

Th.e rotal omormt of sodium bi extracellular flui.d (ECF) ls rhe 11Ul• 

)or tk1ermi11anr of the siie ofrhe ECFV. 

[f the total amount of sodium in the ECF increases, so will the size of the 
ECFV. and ECFV overload wi II eventually result. The edematous states-con­
gestive heart failure, cirrhosis of the liver, and ncphrotic syndrome-are ex­
amples of disease states with increased amounts of sodium in the ex.tracellular 
flu id compartment causing ECFV overload (also tennedsimply .. volume over­
load'} The increased amount ofECF sodium leads to expansion of the ECFV 
and the expanded ECFV presents clinically as edema. Other clinical indicators 
of ECFV overload are pleural effusion$, pulmonary edema, and ascites. 

lf the total amount of sodium in the extracellular fluid compartment de­
crea~cs, so will the si1.e of the ECFV, and ECFV depletion will eventually 
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result. ECFV depletion {also termed simply "volume depletion") is mani­
fested by poor skin lurgor, tachycardia, and an orthostatic fall in blood pres­
sure. ECFV overload results from too much sodium in theECF compartm-e,11, 
a11d ECFV depletion results from 100 little sodium in the ECF comparrme/lt. 

Because sodium is largely confined to the ECF compartmem, the amount 
of sodium in the extrncellular fluid compartment is sometimes referred to as 
total body sodium. This term is an approximation because there is a relatively 
small amount of sodium in the intracellular space. If total body s-Odium in­
creases, the ECFV wiJJ increase and eventually edema will develop. If total 
body sodium decreases, the ECFV will decrease and cventaally ECFV deple­
tion will develop. 

The balance between sodium intake and sodium excretion by the kidney 
determines the amount of sodium in the ECF compartment and r.berefore the size 
of the ECFY. The kidney nonnally adjusts sodium excretion to keep the size of 
the ECFV with.in an acceptable range. When the ECFV increase.~. the kidney in­
creases sodium excretion to prevent ECFV overload. When ECFV decreases, 
the kidney decreases sodium excretion 10 prevent ECFV depletion. 

Three main systems regulate rota! body sodium and therefore the size of 
the ECFV. Each of the three systems has an afferent (scnsCJry) and efferent 
(effector) limb·of sodium control. The afferent limb senses the size of the ECFV 
and the efferent limb increases or decrea,5es renal sodium excretion accordingly. 

• Receptors located in the juxtaglomerular cells of the kidney sense changes 
in renal perfus ion and respond by producing changes in the release of renin, 
thereby activating the renin-angiotcnsin-aldosteron e system. Renin is re­
leased in response to decreased renal perfusion. Renin then acts to convert 
angiolcnsinogen to angiotensin L which is converted Lo angiotensin ll by 
angiotensin--converting enzyme. Angiotensin II directly promotes sodium 
retention by the kidney and causes release of aldostcrone by the zona 
glomerulosa of the adrenal cortex. Aldosterone promotes sodium retention 
by the distal nephron. 

• Volume receptors are located in the great veins and in the atria and are sensi­
tive to small changes in venous aod atrial fi ll ing. Activation of volume re~ 
ceptors by increased atrial filling results in release of atrial natriuretic factor, 
which promotes renal sodium excretion. 

• Pressure receptors are located in the aorta and in theearoti d sinus. ECFV de­
piction stimulates these receptors, which activate the sympathetic nervous 
system and lead LO renal retention of sodium. 

It is not essenlial to memorize the details of the pathways linking 
changes in the size of the ECFV (which is determined by total ECFV sodium) 
to changes in sodium excretion by the kidney. The imporiam concept is rhar 
nonnally when rite ECFV increases, mechanism, 10 increase sodium excre­
tion are activated to preve11t ECFV overload: and when ECFV de.creases. 
pathways are activated that promote sodium retention by the kid11ey lo pre­
vent ECFV depletio11. 
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The preceding discussion of sodium regulation does not mention lhe ECF 
sodium co11centratio11. The ECF sodium concentration is determined by the 
amount of waier relative to sodium in the ECF. The serum sodium ctJncentra­
tion, which is measured in clinical practice, does not reliably cell us anything 
about the total amo11nt of sodium in the extracellular nuid compartment or the 
si1..e of the ECFV. Toe serum sodium concentration only tells us about the 
amount of water relative tO the amount of sodium. 

Osmolality and To11kity 

The main solu1es of !he ECFV are sodium, glucose, and urea. Serum OS• 

molality may be calculated approximately from the formula 

OSM(catcJ = 2 X [sodium concentration] + [glucose concentration]/18 
+ (Blood Urea Nitrogen]/2.8 

where the serum sodium concentration is in mEq/L, and the glucose and blood 
urea nitrogen (BUN) concentrations are in mg/di. The amount of waler relative 
lo sodium in the ECF determines the ECF sodium concentration. Quantita­
tively, the sodium concentralion is by far the major contributor to lhe total 
serum osmolality. Abnormalities in the sodium conce11/ration /e/l 11s that there 
are abnormalities in the regula.tlon of the amount of waur in the ECF com­
partment. 

lt is important to understand the difference bet ween osmolality and 
tonicity. Osmolality is determined by the 1otal solute concentration in a 
fluid compartment. Tonicity refers to the ability of the combined effect of 
all of the solutes to generate an osmotic driving force that causes water 
movement from one compartment to another. To increase ECF tonicity, a 
solute must be confined to the extracellular fluid compartment. That is, the 
solute must be unable to cross from 1he extracellular compartment into the 
intracellular compartment, lheTtby increasing the osmolic pressure and 
translocating water into the extracellular compartment. Water moves from 
the intracellular compartment into the• extracellular compartment to estab­
lish osmotic equi librium. Solutes capable of causing such movement of wa­
ter include sodium, glucose, mannitol, and sorbjtol, and are thus said 10 be 
' 'effective osmoles." Sodium remains for the most part in the extracellu lar 
space because it is pumped out of cells by sodium-potassium ATPase. so 
chat addition o f sodium to extracellular fluid causes water to move out of 
cells and results in cell shrinkage. Therefore, sodium is an effective osmole 
because it is capable of effecting water movement. 

The extracellular sodium concentration is the main deten:nina.nt of plasma 
tonicity. Therefore, when tonicily increases, it is generally because the extra­
cellular sodium concentration has increased. Hypertonicity is Lhe main stimu­
lus for thirst and antidiuretic hormone (ADH) release, important factors in 
the regulation of total body water. If the sodium concentration rises, thirst 
(leading to water intake) and ADH release (leading 10 water retention by the 
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kidney) are stimulated. The elevated sodium concentration tells us that there 
is toO little water relative to sodium. 

Glucose is an effective osmole but is normally assimilated into cells. 
Therefore, glucose does not make a large contribution to serum osmolality 
or tonicity under normal circumstances. In uncontrolled diabetes mellitus. 
however, a severely elevated plasma glucose concentration can lead to sub­
stantial hypertonicity and water movement into the ECF. 

Urea contributes 10 osmolality, but it easily crosses cell membranes and 
therefore distributes evenly throughout total body water. Because urea-crosses 
freely from one compartment to another down i~ own concentration gradient, 
ir does not act to translocate water. Therefore, urea docs not contribute 10 tonic­
ity and is not an effective osmole. Urea wiU increase the measured secum os­
molality, but it crosses cell membranes easily and does ·not contribute to water 
movement or cell shrinkage. 

Control of tonicity determines the normal state of cellular hydration 
and therefore cell size. Brain cells are of particular concern. Most of the im­
portant symptoms and signs of abnormal tonicity arc due to brain swelling in 
response to hyponatremia or shrinking in response to hypematremia. If an 
abrupt decrease in the conicity of the ECFV occurs. water will move into the intra­
cellu.lar compartment. resulting in celJ swelling. Conversely. a rapid increase 
in ECFV tonicity leads to water leaving the brain cells and brain shrinkage. 

The Osmolal Gap 

The difference between the measured and the calculaccd osmolalicy is 
termed theosmolal gap: 

OSM GAP = OSM<meas> - 0S~calc) 

Values of greater than JO mOsm/L are abnormal and suggest the presence of 
an exogenous substance. A significant increase in the osmolal gap can be help­
ful as a clue to the presence of a variety of exogenous compounds that do not 
enter inco the calculacion of osmolality buc are measured as osmotieal ly active 
by the lab. Knowledge of the osmolal gap can be useful in the emergency room 
setting as a screen fora variety of compounds in suspected ingestions. Sodium. 
glucose., and urea do not increase the osmolal gap because they affect both the 
calculated and the measured osmolalities. 

WaJer Physiology-RegulaJion of the Serum Sodium 
Concentration (Tonicity) 

ECF tonicity is largely determined by the ECF sodium concentrati•on. 
The homeostatic controls that add or remove water from the body respond to 
c.hanges in tonicity of the extracellular fluid compartment and keep plasma 
tonicity constant. This has the important effect of keeping cellular hydration 
and size constant. Adequate water intake is a function of an intact thirst mech­
anism and water availability. A rise in ECF tonicity, usually due to an increase 
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in ECF sodium concentration, leads to the sensa1ion of thfrst. This control 
system is very precise: an increase in extracellular fluid osmolality of only a 
few mOsm/L will lead 10 significant thirst. Other stimuli cause thirst: In­
creased angiotensin II and significant ECFV depletion will produce thirst. 
Thirst is so powerful a s1imulus that i1 is uncommon for a person with a nor­
mal thirst mechan.ism and access to water to develop hypematremia. 

Re11al Water Regulario11 

The kjdney responds to changes in extracellular Ouid lonicity by adj ust­
ing waier excretion. In smes of increasing tonicity, the kidney decreases water 
excretion. The kidney decreases water excretion by producing urine Lbat is con­
centrated relative to plasma. A defec1 in urine concentration can lead to an in­
ability to conserve water appropriately and can resul t in water loss and 
bypematremia. 

In states of decreasing tonicily, the kidney responds by increasing water 
excretion. The kidney increases water excretion by producing urine that is di­
lute relative to plasma. A defect in u.rine dilution can lead 10 an inabi lity to ex­
crete excess water and can resull in water retention and hyponatremia. 

In order for the kidney to regulate water excretion to keep the tonicity 
(sodium concentration) of the ECFV constant, there must be: 

• An adequate glomeruJar filtration rate (GFR) 
• Adequate delivery of glomerular filtrate to the concentrating and diluting 

segments of the loop of Henle and distal nephron 
• lntact tubular concentrdting and diluting mechanisms 
• Appropriate turning on and off of AOH 
• ADH responsiveness of the kidney 

Virtually all of the clinical disorders producing hypematremia and hyJ)Qna­
tremia may be understood and remembered based on abnormalities of these 
few mechanisms of water regulation. 

Glomerular fil tration rote (GFR) 

Both urine concentration (leading 10 conservation of water) aod urine 
di lution (leading to enhanced excretion of water) depend upon an adequate 
GFR. Simply put, if water and solutes are not filtered to enter the renal 
tubule, then how can the kidney concentrate or dilute the uri.ne LO regulate 
water balance? A GFR reduced to· 20% of normal is roughly where the t id­
ney begins LO have trouble wi1h borh concentration and dilution functions. 

Water deUvery to the diluting segments of the loop of Henle and distal 
nephron 

If a large proportion of glomerular fi ltrate is reabsorbed proximally, then 
sufficient water cannot reach the• distal nephron to be excreted. lncreased 
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proximal reabsorption of glomerular filtrate can lead to water retention and 
consequent hyponatremia. Two important situations cause increased proximal 
reabsorption of water and are important causes of hyponatremia: 

• Volume depletion (often from vomiting with continued ingestion of water), 
leading to increased proximal reabsorption of water 

• Edematous states: congestive bean failure, cin:bosis. and nephrotic syn­
drome in which there is increased proximal reabsorption of water 

·Renal ooncentrating mec'-8nism 

In addition to reabsorbing 20- 30% of the filtered sodium, the ascend­
ing limb of the loop of Henle generates the hypertonic medullary interstitium 
and the medullary concentration gradient that is necessary for the concen­
Jration of urine. Sodium pumped from the loop of Henle by a sodium­
potassium-2 chloride cotransporter into the meduUary interstitium provides 
the osmoles necessary for the hypertonic medullary concentration gradient 
(Fig. 1-1 ). The hypertonic medullary concentration gradient is necessary for 
reabsorption of water from the collectimg tubule and is therefore necessary 
for the appropriate concentration of urine. Under the influence of ADH, the 
collecting tubule is rendered permeable to water. As the tubular fluid passes 
through the collecting tubule, water lea:ves the tubule and enters the hyper­
tonic interstitium down its concentration gradient and is reabsorbed. l'he re­
sult is a concentrated urine. 

Loop diuretics block the reabsorption of sodium in the loop of Henle and 
impair the formation of the medullary concentration gradient Therefore, loop 
diuretics reduce the ability of the kidney to concentrate the urine. Certain 
chronic renal diseases also cause renal concentrating defects. 

Renal diluting mechanism 

Both the cortical segment of the ascending limb of the loop of Henle and 
the distal tubule transport sodium from lhe tubular Lumen, leaving water be­
hind, because the tubular epithelium is impermeable to water. The net effect is 
that of pumping sodium out while water remains behind. which makes the 
tubular fluid mc;,re dilute. 

In the loop of Henle, sodium, chloride, and potassium are transported 
out of the lumen by a sodium-potassium-2 chloride cotransporter while wa­
ter stays behind. This transporter is blocked by loop diuretics. 

In the distal tubule, sodium and chloride are transported out of the lumen 
by a sodium-chloride cotransponer which is very important in producing a di­
lute urine. This transporter is blocked by thiazide diuretics. 

JO 



' 

ADH 
The presence or absence of ADH is Lhe most important factor deter­

mining whether the final urine is concentrated or dilute. ADH is released in 
response to slight increa.<.es in tonicity of the ECFV. Because the sodium 
concentration is the main determinant of tonicity, changes in the sodium con­
centration are the main determinant of ADH secretion. ADH increases the 
permeability of the renal collecting tubule to water and allows water 10 flow 
down its concentration gradient to be reabsorbed into the hypertonic 
medullary inters titium_ Release of ADH leads to renal water retention and a 
decrease in the tonicity of the ECFV. 

ADH release is quite sensitive. Changes of only a few mOsm/L will 
stimulate hypothalamic osmoreceptors and lead to ADH release. The urine 
osmolality may be as high as 1200 mOsm/L when ADH is present, and as 
low as 50 mOsm/L when ADH is absent. A number of nonosmotic stimuli 
can cause ADH secretion, even though ECFV tonicity is not increased. Se­
rious ECFV depletion may "override" lhe osmotic control of ADH secre­
tion. Volume depletion may cause ADH release even if the sodium 
concentration is normal or if hyponatremia is present. Nausea and narcotics 
can stimulat.e ADH release. There are a number of dinical disorders and 
drugs that can increase ADH secretion or enhance its action at the collect­
ing tubule. These nonosmotic releasers or enhancers of ADH can cause wa­
ter retention and are important causes of hyponatremia, The clinical 
syndrome of nonosmotic release or enhancement of ADH action leading to 
pathologic water retention and hyponatremia is called the syndrome of in­
appropriate ADH (SlADH), 

On the olher hand, absence or deficiency of ADH can lead to inability of 
the kidney to appropriately concentrate the urine. This concentrating defect 
can lead 10 excessive renal water losses and hypemauemia. The syndrome of 
ADH deficiency leading 10 excessive renal water loss is called central dia­
betes insipidus. 

Collecting tubule responsiveness to ADH 

Certain disorders are associated with rubular unresponsiveness to ADH. 
This tubular unresponsiveness creates a renal concentrating defect that leads 
to excessive renal losses of water. This syndrome is termed nephrogenic dia­
betes insipidus. Even thougb there are adequate levels of circulating ADH, 
the collecting tubule does not appropriately increase its permeability to allow 
water reabsorption. and this leads to excessive renal water loss and the poten­
tial for hypernatremia. Conversely, there are conditions and certain drugs that 
have an ADH-like effect on the collecting tu.bule or increase the tubular 
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sensitivity to ADH. These conditions can lead to inappropriate water reten­
tio.n and hyponatremia by causing SIADH. 

Thio.zuks, Loop Diuretics, and Hyponatremia 

Both th.iazide and loop diuretics block sodium reabsorption, resulting in 
sodium loss from the body (Fig. l • l ). Because sodium is the major extracel­
lular cation and because the amount of sodium in the ECFV essentially deter­
mines the siz.e of the ECFV, the loss of sodium is accompanied by a decrease 
in the size of the ECFV. Both loop diuretics and thia2.ide diuretics are capable 
of ca:using sodium loS"s and a decrease in the size of the ECFV. 

Th.iazide and loop diuretics differ in an important way. Loop diuretics 
cause greater loss of both sodium and water than do thiazides. The sodium loss 
from loop diuretics is greater because they block sodium reabsorption in the 
ascending limb of the loop of Henle, where 20-30% of filtered sodium is nor­
mally reabsorbed. whereas thiazides block sodium reabsorp.tion io the distal 
rubule, where only 5-10% of filtered sodium is reabsorbed. 

Because loop diuretics cause a greater loss of sodium than do thiazides, 
one might mistakenly think that loop diuretics should produce more hypona­
tremia, but the opposite is true. Remember that hyponatremia is the result of 
an excess of water relative to sodium in the ECF, and that hyponatremia is the 
result of rete.ntion of water, not the loss of sodium. Loop diuretics generally 
cause proponional losses of both sodium and water such that the sodium and 
water composinon of the ECF is generally left undisturbed. The ECF sodium 
concentration is therefore left unchanged. Thiazides, on the other hand, may 
cause propo.rtional losses of sodium and water such that a relatively less 
amount of water is excreted than sodium. This relative retention of water with. 
regard to sodium can change the sodium and water composition of the ECF, 
lowering the ECF sodium concentration. In fact, thiazides cause hyponatremia 
to a degree that they are contraindicated in patients with byponatremia. * 

'The following optional reading is a more de.1a11ed account of why thiazides cause hypona­
tremia while loop diuretics generally do not. 

• Normally, when one ingest~ large amounlS of water. the kidney responds by producing 
large amounts of dilute ucioe, thereby avoiding a hyponatremic ECFV. The cortical as­
cending limb of the loop of Henle and the distal tubule reabsorb sodium and chloride 
from the rubular fluid but are impenneable to wa1er. 1be reabsorptlon of sodium and 
chloride without water produces a dilute rubular fluid. The rubular fluid osmolalil)' may 
be as low as 50 mOsm/L as i1 enters lhe collecting tubule. In effect. the conical ascend­
ing limb of the loop of Henle and the distal tubule (onn a "diluting" segment of the 
oephroo even though (his is not a true dilution (by adding water) but a relative dilution 
(by subtracting sodium). When large amounts of water are ingested, ADH secretion is 
'"turned off" and the collecting tubule is rendered impermeable 10 warer. so waler is not 
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Guidelines to Sowing Clinical Problems of Sodium and Water 

lt is important for the body to maintain its extracellular sodium concen­
tration within a narrow range (135-145mEq/L) and to maintain the size of the 
ECFV within an. acceptable range. In principle, mechani$ms that control the 
intake and excretion of water influence the size of the ECFV to some extent. 
but the mechanisms that control the intake and output of sodium are far more 
important in determining the size of the ECFV because sodium is the major 
exttacellular cation and contributes the osmotic driving force that maintains 
the ECFV. In principle, the concentration of ECF sodium could be affected by 
the amount of sodium intake or excretion, but the mechanisms that control the 
intake and output of water are far more important in determining tb.e ECF 
sodium concentration. 

• ln c/in,ical practice, it is most useful to consider that cases of abnonnal 
ECFV s jz,i are due to problems with the sodium control mechanisms. 

• In clin.ical practice, it is most useful to consider that cases of abnonnal 
ECF sodium concentralion are due to problems with the waler control 
mechanisms. 

reabsorbed inlo the hypertonic medu!Jary intentitium. The dilute tubular fluid is then ex­
creted at a concentration as .low as SO mOsm/L. lbis is how the kidney is able to rid the 
body of excess water. and thereby defend the BCFV agains1 hypooattemia. If the lddney 
CilllDOI produi;e ii di111te !Hin~ in R'lijlQ~ t(r3, WJ!~r load, the ECFV will become dilute 
and hyponatremia will dev.,Jop. 

• Thiazide diuretics interfere wilh the ability co produce a maximally dilute urine by bloclc­
ing sodium reabsorption in the distal cubule. A patient taking thiazides may not be able lo 
produce enough dilute urine to prevent a fall in the ECFV sodium concenmuion caused 
by ingested water. Therefore, hypooatremia may develop. A patient on lhiazides is at risk 
for developing hyponatremia if too much water is ingested. 

• Sodium reabsorptioo in the loop of Henle contributes to the hypenooic mcdullary con­
centtation gradient that is impo.rtant in water reabsorptioo (osmotically moving water 
from the collecting duct). This enables the kidney to conccnlnlte tbe urine. Loop diuret­
ics block sodium reabsorption in the loop of Henle ani! this bloclcage interferes wilh U1e 
maintenance of medullary hypenooicity. Therefore. loop diuretics impair water reab­
sorpt:ion and the abiliiy of the kidney to concentrate the urine. 

• Loop di·uret.ics also interfere to some extent with urinary dilution by bloc Icing the reab­
sorption of sodium without water io lhe ascending limb of the loop of Henle (Fi&- 1-1). 
Therefore, loop diuretics interfere with both urine concentration and dilution. The patient 
tliling loop diurerics generally avoids the problem af hyponalremia by reabsorbing /es., 
water because of the Je,s hyperwnic mlldu.lla.ry interstitium. 

• Because: loop diwcrics cause greater loss of both sodium and water and lead to a greater 
decrease in ECFV than do thiazidcs, they are preferred in edemat0us state.s. They are also 
the pre(ened agenu in pailents with edematous slates and hyponatremla, because thi-
31..ides could wo~• the byponatrcmia and are therefore contraiodittted. 

• Thi,Jzi,ks are generally contraindica1ed in patients with hyponarremia regardless of tht 
u,ukrlylng cause. 
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When 1 see patients with increased BCFV or decreased ECPV, 1 first ask: 
How might the sodium controLmechanisl!J.~ be impaired? ECFV overload can be 
viewed as a stare of .having !00 much total body sodium . . ECFV depletion can be 
viewed as a 1.tate of having too little total body sodium. Toe diagnosis and treat­
ment must focus on finding and correcting lhe faulty sodium control mechanism. 

WbenI see patients wilh hyponatremia or hypematremia, l begin by ask­
ing: How might the water control mechanisms be impaired? A faulty water 
control mechanism resulL~ in too much water relative to sodium in cas~ of hy­
ponatremia and in too little water relative to sodium in cases of hypematremia. 
The diagnosis and treatment must focus on finding and coi:recting the faulty 
water control mechanism. 

There are Slates which have both abnormal sodium concentration (a wa­
ter control problem) and ECFV siz.e (a sodium control problem). These states 
may be viewed as having abnormalities of borh the water and sodium control 
mechanisms, and diagnosis and treatment must foctis on finding and correct­
ing tliese (see Fig. 1-3). You should not try to memorize Fig. 1-3. It is included 
for reference and 10 illustrate the many possible combinations and associated 
clinical conditions of abnormal ECFV (which means abnormal sodium con­
trol mechanisms) and abnormal ECF sodium concentration (which means ab­
normal water control mechanisms). lfthese conceP,ts are not completely clear 
at this point, do not worry. Th.e ideas will be expanded and developed with nu­
merous examples and exercises. 

Potassium Physiology and Pathophysiology 

Potassium is the major intracellular cation. Maintenance of a stable 
plasma potassium concentration is essential for normal cellular function, car­
diac rhythm. and proper neuromuscular transmission. The concentration of 
potassium in cells is roughly 130--140 mEq/L, in marked contrast to the ex­
tracellular concentration of only 3 .5-5.0 mEq/L. Total body potassium is dis­
tributed 98% intr.icelluJarly and 2% extracellularly. Consequently, even a tiny 
change in this disiribution could mean significant bypokaJemia or hyper­
kalemia, even when total body potassium stores are nonnaJ. 

TtansceUular Potassium Distribution and Pouusium Uptake by Cells 

The large transcellular potassium gradient is maintained by the sodium­
potassium ATPase pump located in the cell membrane. This energy-requiring 
pump actively transports sodium out of cells and potassium into cells in an ex­
change ratio of J sodium/2 potassium. Several important factors, both physi­
ologic and pathologic, affect the transcellular distribution of potassium and 
therefore, the plasma potassium concentration: 

• Insulin causes potassium to move into cells. Patients with a deficiency of in­
sulin have impaired assimilation of potassium into cells and are at risk for 
developing hyperlcaJemia. 
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FIGlJRE 1-3. States of Abnormal ECF Volume and Abnormal ECF Sodium 
Concentration 

Primary problem Examples or 
{whereto common 

Dlsorder{s) lmpticalion start looking) cllnlcal c:a.-

Hyponau-cmia Water excess Abnonnal water SIADH 
ECFVnormal relative lo sodium control (too much 

water relative to 
sodium) 

Hypematremia Water deficit Abnormal water Diabeies iosipidus 
ECFV nonnal relative to sodium control (100 lillle Insensible losses 

water relative to 
~Ddium) 

Sodium conccntta• Increased tOlal Abnonnal sodium CHP 
lion nonnal body sodium CQntrol (too much CirTbosis 
ECFV increased sodiull)) Nephrotic $}'lldromc 

Renal failure 

Sodium conccnlra• Decreased total Abnonnal sodium Vomiting 
lion normal body sodium control {too little Diarrhea 
ECf'V dcci:cased sodium) lM>p diui:ctics 

Hyponatremia wiih Water excess Abnonnal water CHF 
increased ECFV relative to sodium control (too much Cirmosis 

and increased total water rclarl vc to Nephrolic syndrome 
body sodium sodium) and Renal failure 

abooanal sodium 
control (loo much 
sodium) 

Hyponauernia wiih W111tt excess Abnormal water Vomiting 
decreased ECFV relative to sodium control (too much Thi02.ide diuretics 

and decreased total water relative to 
sodium. sodium) and 

abnormal sodium 
con1ml (too little 
sodium) 

Hypematremia wiih Water deficit Abnonnal water Administration 
increased ECFV relative to sodium control (too little of hypertonic 

and increased tOlal water relative to sodium solutions 
body sodium sodium) and orNaHCO, 

abnormal sodium (latrogenic) 
control (too much 
sodium) 

Hypematremia with Water deficit Abnormal water Osmotic diuresis 

' 
decreased ECFV rcllttivc to sodium control (too little Diarrhea 

and dcci:cascd total water i:clativc to 
body sodium sodium) aod 

abnonnal sodium 
conuol (too little 
sodium) 



• pH. Changes in extracellular fluid pH can cause transcellular shifts of potas­
silm1. Acidosis tends to cause potassium ions to leave cells in exchange for hy­
drogen ions and therefore raises the plasma potassium concentration, whereas 
alkalosis does the opposite. In metabolic acidosis, much of the excess hydro­
gen ion is buffered intracellularly. Electroneutrality is preserved by potassium 
leaving the cell, which results in a variable increase in plasma potassium, de,. 
pending upon the type of acidosis present Inorganic acids tend to cause potas­
sium 10 shift out of cells, resulting in an increase in the plasma potassium 
concentration. Organic acids such as ketoacids and lactic acid tend not to pro­
duce significant transcellular shifts in potassium for reasons that are complex. 

• Stimulation of bet32 adrenergic receptors causes potassium to shift into 
cells. This movement is mediated in part by increased activation of sodium­
potassium ATPase. 

• Large pathologic increases in osmolality such as occur in severe hyper­
glycemia can cause shifts of potassium into the extracellular fluid com­
partment and raise the plasma potassium concentration. The mechanism 
for this egress of potassium from cells is thought to be twofold: Water 
flows out of cells in response 10 the increase in ECFV tonicity, thereby 
raising the intracellular potassium concentration. The increased intracel­
lular potassium concentration favors potassium movement out of cells. A 
second mechanism is solvent drag, whereby water carries potassium along 
with it through the cell membrane. 

Sources of Potassium 

Nonnally, dietary potassium intake is matched by urinary and stool 
potassium losses. The average diet contains about I mEq/kg body weight/day 
of potassium, which amounts 10 approximately 70 m.Eq/day in a 70 kg person. 
This potassium is nonnalJy excreted 90% in the urine and 10% in the stool. 
There are other important "hidden" sources or potass.ium intake that are im­
ponant to remember: 

• Breakdown of tissue, such as in r.habdomyolysis. hemolysis, and following 
chemotherapy of certain leukemias and lymphomas 

• Blood transfusion 
• Gastrointestinal hemorrhage with potassium absorption 
• Potass•ium in innavenous and hyperalimcntalion fluids and in tube feedings 
• Potassium in medications 

Because of the large potassium excretory capacity of the noonal kidney. hy­
perkalemia generally does not develop unless a renal excretory defect is also 
present. 

Renal Potassium Excretion 

By far the most important route of elimination of excess potassium is re­
nal excretion. There is a large range of potassium excretion by the kidney. In 
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potassium deficiency, the normal kidney can reduce daily urine potassium 
losses to l O mEq/24 hours or less to conserve potassium. During increased 
potassium intake or endogenous potassium release from muscle, !he daily 
potassium excretion may be as high as IO mEq per kg body weight/24 hours. 
(For example, as high as 700 mEq/24 hours in.a 70 kg person). The ability of the 
kidney to excrete excess potassium declines as GFR is reduced by renal failure. 
When !he GFR is diminished below 20% of normal, tbe kidney has difficulty 
excreting the daily dietary potassium load, and hyperkalernia may develop. 

Potassium is filtered freely at the glomerulus, and approximately I 0% of 
filtered potassium reaches the collecting tubule. lt is what happens in the col­
lecting tubule that ultimately determines the amount of potassium excreted by 
the kidney. Potassium excretion involves the active pumping of poi:assium 
from the peritubular interstitium into the tubul.ar cell interior by membrane­
bound sodium-potassium ATPase (see Fig. 1-4). Sodium channels in the cell 
luminal membrane allow sodium to enter the cell from !he tubule lumen down 
its concentration gradienL Potassium chan.nels allow pota.~sium to leave the 
tubular cell and to enter the lumen down its concentration gradienL 

The number of functional sodium and potassium channels is determined 
by aldosterone. AJdosrerone increases sodium-potassium exchange by bind­
ing to intracellular receptors and increasing the number of functional sodium 
and potassium channels. Sodium entering the tubular cell from the lumen is 

COLLECTING TUBULE POTASSIUM SECRETION 

Na+ +anion 

1l:~•ron•~ 
Na+ 

K+ 
Na+ 

TUBULE CAPILLARY 

FIGURE 1-4. The amount of K+ excreted is increased by aldostuone which opens Na+ 
and K+ channels and stimulates Na•-K•· ATPase. and b.y Na• delivery which can be in­
creased by diuretics, saline infui ion. and filtration of poorly reabsorbed anions such as e~­
cess Hco,-, which ··CMI)'" Na• 10 the collecting wbule. Large K• losses result when both 
aldosterone and increased Na+ dellvuy are present. 

17 



pumped out of the cell by the basolateral sodium-potassium pump and returns 
to theECF. The potassium that has entered the tubule lumen is excreted. The 
net result is sodium .reabsorption and potassium secretion, sometimes re­
ferred to as sodium-potassium exchange. Four important factors influence 
distal sodium-potassium exchange and serve to control the final amount of 
potassium in the urine. These are clinically importllJlt mechanisms to re­
member when considering disorders of potassium: 

• Aldosterone causes increased exchange of sodium-potassium and in­
creases the amount of potassium in the urine, depending upon the amount 
of sodium/volume delivered to the distal n.eph.ron. Aldosterone is stimu­
lated by activation of the renin-angiotensin system and by hyperkalemia. 
Aldosterooe excess results in renal potassium Joss and hypokalemia, 
whereas aldosterone deficiency results in renal potassium retention and 
hyperk:alemia. 

• Increased delivery of sodium to the collecting tubule increases the potassium 
excretion rate by increasing the amount of sodium presented for exchange 
with potassium. For example, loop and thiazide d.iuretics, osmotic diuresis, 
and saline infus ions increase delivery of sodium to the collecting robule and 
cause increased potassium excretion. 

• The presence of a poorly reabsorbable anion. For example, during metabolic 
alkalosis, excess HCOJ- that cannot be reabsorbed by the proximal tubule 
"carries" sodium to the collecting tubule as an accompanying cat.ion. This 
increased delivery of sodium increases sodium-potassium· exchange and in­
creases urinary potassium excretion. 

• Acid-base status: Acidosis inhibits potassium secretion and alkalosis in­
creases potassium secretion. 

Large renal potassium losses may occur when both increased sodium de­
livery to the collecting tubule and high aldosterone levels are present For ex­
ample, in diabetic ketoacidosis, osmotic diuresis leads to increased delivery of 
sodium to the collecting tubule and also causes ECFV depletion, which stim­
ulates aldosterone. Together, high aldosterone levels and increased sodium de­
livery to the collecting tubule lead to large urinary potassium losses. Severe 
potassium depletion can occur in diabetic ketoacidosis. 

On the other hand, aldosterone deficiency and tubular unresponsiveness 
to aldosterone are important causes of byperkalemia due to decreased potas­
sium excretion. 

Extrarenal Potassium Loss 

Losses of potassium in sweat are usually minimal: Sweat contains around 
9 mEq/L potassium and sweat volume is about 200 ml/24 hours in a sedentary 
person. The daily sweat loss of potassium is therefore only about 9 mEq/L X 
.2 L = 1.8 mEq per day. During vigorous activity and in hot climates, how-
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ever, sweat volume may reach 10 U day and potassium losses may be as high 
as 9 mEq/L X 10 L = 90 mEq/ day! 

Stool losses of potassium are normally about 10% of the dietary polaS­
sium load, but much larger losses of potas~ium may occur with diarrhea. Stool 
losses of potassium increase in chronic renal failure as the body defends itself 
against hypedcalcmia. 

Hydrogen Ion Physiology and Pathopbysiology 

The precise control of blood pH within the narrow range of 7 35-7.45 is 
accomplished by regulation of hydrogen ion balance. The hydrogen ion con• 
oentration is dictated by the ratio of two quantities: the HCO3- concentration, 
which is regulated by the kidneys. and the Pcc:n, which is controlled by the 
lungs. This relationship is expressed by: 

CO2 + H20 - H2C03 - HC03- + H''" 
(H+) oc (P00z1HC03- )) 

This equation describes the mass action of the CO2-HCO1- buffering system, 
which is the main buffering system in extracellular fluid. The hydrogen ion 
concentration is determined by the ratio of the Pco2 and the HCO3- concen­
tration ([HCOi-n. Notice that the hydrogen ion concentration may increase 
from either an increase in Pco2 (respiratory acidosis) or a decrease in [HCOi-J 
(metabolic acidosis). The hydrogen ion concentration may decrease by either 
a decrease in P002 (respiratory alkalosis) or an increase in [HCO1-1 (metabolic 
alkalosis). Normally, the lungs keep the Pco2 in the range of 40 mm Hg, and 
the kidneys keep the HCOi- concentration between 24-26 mEq/L. The lungs 
and !he kidneys defend the body pH against hydrogen ion gain or loss . 

When one HCO3- is lost from the body, one hydrogen ion st.ays behind. 
The net result is the addition of one free hydrogen ion to the body. Therefore, 
the loss of a HCOi- has the same result as the gain of one hydrogen ion. Con­
versely, the gain of one HCOi- is the same as the loss of one hydrogen ion. 

Under normal conditions, there are two sources of hydrogen ion that the 
body must eliminate: 

• About 20,000 mmols of COa are produced each day by the metabolism of 
carbohydrates and fais. This large amount of CO2 is eliminated by the lungs. 
Although COa is not an acid, it combines with H2O to form H2CO,; there­
fore, acid would accumulate very rapidly if COa were not adequately ex­
creted by the lungs (respiratory acidosis). 

• About I mEq/kg (50-100 mEq) of nonvolatile acid is produced each day 
by the metabolism of p.rotein. This hydrogen ion is called the "fixed" acid 
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load because it cannot be eliminated by the lungs. It is buffered by the 
HC03- in extracellular fl uid. This utilization of HCQ3- to buffer the daily 
50-100 mEq of hydrogen ion would lead to HC0;- depletion and meta­
bolic acidosis except for the kidney's ability to generate new bicarbonate. 
The kidney makes new HC03- by eliminating hydrogen ion from the body, 
which adds one HC03- to extracellular fluid for every hydrogen ion elim­
inated. Remember, when one hydrogen ion leaves the body, it leaves be­
hind one HCQ3-. Renal elimination of 50-LOO mEq/day of .hydrogen ion 
keeps the [HC03- J within its narrow range of 24-26 mEq/L. 

Body Buffers 

Body buffer systems are the first line of defense against acute changes in 
hydrogen ion concentration. Hydrogen ions are buffered by both intracellular 
and extracellular buffers. IntracelJular buffers include phosphates and cytosolic 
proteins. The main extracellular buffer is the C02-HCO;· system. This is 
the body buffering system that we assess in the clinical lab when we order 
an "arterial blood gas" test, which measures Po2 ( arterial partial pre,ssure 
of oxygen in mm Hg), Pcm (arterial partial pressure of carbon dioxide in 
mm Hg), and pH. An arterial blood gas test generally also gives a value for the 
HC03- concentration (in mEq/L), which is calculated using the Henderson­
Hasselbalch equation using the measured pH and Pcoz. 

Renal Regulation of the HCOr Concentratwn 

The kidney regulates [HC03-J by two very different means. Both are nec­
essaryto maintain (HCO;-J within nonnal limits (24- 26 mEq/L). 

Reabsorption of virtually all of the. filtered HC01- by the proximal 
tubule 

Almost all of the HC03- filtered by the glomerulus is reclaimed by the 
proximal tubule (see Fig. t-5). This process is a high capacity system because 
a huge amount of HC0~- is filtered by the kidney each day and requires 
reclamation: 

180 Uday (GFR) X 25 mEq/L (filtered concentration) 
= 4500 mEq/day of HCO3- that must be reclaimed! 

This process does not add net HC03- to th,e ECFV nor secrete net hydrogen 
ion into the urine. It docs norhing to change the acid-base status of the 
body: total hydrogen ion does not change. This process simply keeps 
HC03 - from being lost in the urine and therefore prevents metabolic acido-
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PROXIMAL TUBULE HCO3- RECLAMATION 

Na+-..::...""""'------Na+ ---1--+­
(H+-N 

TUBULE CAPILLARY 

FIGUllE 1-5. The. Na•-H+ antiporter secrets one ff+ and reabsorbs one Na•. Carbonic 
anhydrase (CA) in the proximal tubular lumen brush border catalyzes H+ + HCOr to co, 
and H2O}. CO, diffuses into the cell where intracellular CA catalyzes CO2 + OH- to 
HCO3·. The net rcsu11 is reabsorption of I NaHCO,. A defect in this system leads to prox­
imal {type m renal tubular acidosis. 

sis from developing. HCO3· reabsorption is nonnally complete at a filtered 
(plasma) concentration of 24-26 mEq/L or less. Above this "threshold" 
concentration of 24-26 mEg/L, however, the amount of HCO3· reaching 
the proximal tubule becomes greater than lhe ability of the prox-imal tubule 
to reclaim HCO3·, and the system is overwhelmed. The proximal tubule 
c:µi no longer reclaim all the filtered HCO3·, and the HCO3· that is not re­
absorbed begins to "spill" into the urine. Consequently, the elevated pla9ma 
HCO3· tends ro return toward the threshold value of [HCO3· ]. Several im­
portant factors increase the rate of proximal reabsorption of HCO3 ·: 

• ECFV status. A decrease in ECFV increases the proximal reabsorption of 
HCO3·. Because ECFV depletion leads to increased HCO3- reabsorption, 
ECFV depletion is an important factor in sustaining an elevated HCO3- con­
centration in patients with metabol.ic alkalosis. The increased proximal re­
absorption of NaHCO3 sustains the metabolic alkalosis until i.be BCFV 
depletion is corrected. 

• Increased angiotensin n increases proximal reabsorption of NaHCO3. 
• An increase in Pcm results in an increase in proximal reabsorption of 

HCO3· and a higher plasma HCO3·. A decrease in P002 does the opposite. 
This is impottant in the kidney's compensatory response to respiratory aci­
dosis (increased Pco2) and respirdtOry alkalosis (decreased Pc02). 
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• Severe depletion of potassium stores from any cause increases proximal re­
absorption of HC03-. The mechanisms are complex. Hyperkalemia does 
the opposite. 

When a defect develops in the prox.imal tubular reabsorption of filtered 
HC03-. the HC03- concentration falls as HCOJ- is lost in the urine. This low­
ering of the HCOJ- concentration results in metabolic acidosis . The syndrome 
of metabolic acidosis caused by defective proximal tubular H C03- reabsorp­
tion is called proximal (type II) renal tubular acidosis. 

Renal excretion of hydrogen ion 

The second way the kidney controls the plasma [HC03-J is by eliminat­
ing enough hydrogen ion to equal the fixed acid produced each day (see Fig. 
1-6). Remember, the removal of one hydrogen ion is equivalent to the gain of 
one HC03- . The removal of hydrogen ion from the body by the kidney results 
in the generation of "new" HC03- to replace the SO.JOO mEq/day of HCQ3-
that was used to buffer the daily production of fixed acid. The kidney does this 
by two mechanisms: 

• Active secretion of hydrogen ion by an ATP-utilizing proton "pump" in the 
collecting tubule. One HC03- is produced for every hydrogen ion excreted. 

• Hydrolysis of glutamine in the proximal rubule generates NH,+(which is ex­
creted in the urine) and HC03- (which is returned to the ECFY). The process 

COLLECTING TUBULE HYDROGEN ION EXCRETION 
(= BICARBONATE REGENERATION) 

H+.,. __ _.,...:;.-­

+ 
Urinary Buffers 

~ 
TUBULE .__ ________ CAPILLARY 

FIGURE 1-6. The hydrogen ion "pump .. in the collecting tubule secretes one H" which 
is excreled. This has the net effect or arldiQg one HCO)- to ECF. A defect in this system 
may lead to distal (type I) renal tubular acidosis. 
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of ammoniagenesis rids the body of hydrogen ion so long as the NH.+ ions pro­
duced are excreted in the urine. The precise mechanisms of NH,+ generation 
and excretion are complex and are not detailed here. 

Nfu+ excretion is quantitatively more important than secretion of hydrogen 
ion in generating HCQ3- . The main way the kidney responds to acidosis (ex­
cess hydrogen ion) is by increasing the production and excretion of NH.+. 

When a defect develops in the renal elimination ofB• . the HCQ3- con­
centration falls as HCQ3- is used to titrate the excess H • produced each day. 
This lowering of the HC(n- concentration results in a metabolic acidosis. The 
syndrome of metabolic acidosis caused by defective renal tubular elimination 
of hydrogen ion is called distal (type I) renal tubular acidosis. 

The Anion Gap 

Calculation of the anion gap is essential to analyzing acid-base disorder11 
correctly. The extracellular fluid is electroneutral; the sum of the concentra­
tions of the positively charged ions must equal that of the negatively charged 
ones. This concept can be ell.pressed by the equation: 

Na•+ UC= CJ-+ HCO3-+ UA 

where UC (unmeasured cations) indicates the sum of the charges of all cations 
other than sodium. and U A (unmeasured anions) equals the sum of the charges 
of all anions other than chloride and bicarbonate. The major UC are potassium, 
calcium, magnesium, and some gamma globulins. The major UA are albumin, 
sulfate, phosphate, and various organic anions. The above equation can be re­
arranged to derive the expression for the anion gap (AG): 

AG = UA - UC= [Na•] - ([Cl-] + [HCO3-]) 

The AG is normally 9-16 mEq/L. This normal range depends upon the indi­
vidual hospital, however. Many hospitals may prefer to use a smaller nomial 
r&l)ge of 10-14, which is approximately :!: I standard deviation. The wider 
range 9-16 mEq/L is closer to :!: 2 standard deviations. Some types of meta­
bolic acidosis add hydrogen ion along with an associated unmeasured anion to 
the ECF. The addition o( the acid H-Anion affects both sides of the equation 
for the AG. The hydrogen ion is buffered by HCO3- and therefore lowers the 
HCO3- concentration, and the anion increases the AG by adding to the un­
measured anions (UA). The result is a so-called high anion gap acidosis. 

In clinical practice, we separate metabolic acidosis into two categocies: 
high anion gap and normal anion gap (also called non anion gap or hyper­
chloremic). If the anion gap is increased to the range of 30 mEq/L or more, 
then a high anion gap metabolic acidosis is virtually always present regwdless 
of what the pH and the fHC(n- J are. If the anion gap is increased to the range 
20-30 mEqlL. then it is lilcely that a high anion gap metabolic acidosis is pre­
sent regardless of what the pH and the [HC(n- J are. Acid-base disorders are 
discussed in Chapters 7, 8 and 9. 
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Exercises 

The exercises at the end of each chapter are intended to expand on the text and 
to introduce new material in the context of clinical cases. 

I. Estimate the total body water in a 50 kg woman. 
A11Swer: .5 X 50 = 25 liters. In an elderly woman, the total body water 
would be less (perhaps 20 lite.rs). 

2. Estimate the total body water in a I 00 kg man. 
Answer: .6 X 100 = 60 liters. This is more than twice the total body wa­
ter of the 50 kg woman. Jn an elderly man, rbe 101al body water would be 
less (perhaps 50 liters). 

3. Estimate the ECFV in a 50 kg woman. 
Answer: Total body water: .5 X 50 = 25 liters. The ECFV js approxi­
mately 1/3 of total body water: 25/3 = 8.3 liters. 

4. Estimate theECFV i.n a 100 kg man. 
A11.$Wer: Total body water: .6 X 100 = 60 liters. The ECFV is approxi­
mately 1/3 of total body water: 60/3 = 20 lirers. 

5. Estimate the total ECF sodium in a 50 kg woman. 
Answer: Total body water: .5 X 50 = 25 liters. The ECPV is approlli­
mately l/3 of total body water: 25/3 = 8.3 liters. Now multiply by the 
sodium concentration in extracellular 0uid (nonnally around 140 mEq/L): 
8.3 L X 140 mEq/L = 1162 mEq. 

6. Estimate the total ECF sodium in a 100 kg man. 
NISwer: Total body water: .6 X ·100 = 60 liters. The ECFV is appro,i:i­
mately 1/3 of total body wa1er: 60/3 = 20 liters. Now multiply by the 
sodium concentration in extracellular fluid (normally around 140 mEq/L): 
20 L X 140 mEq/1... = 2800 mEq. 

7. Review the answers to exercises 1- 6. Notice the large differences between 
the 50 kg woman and the I 00 kg man. The first rule of clinical electrolyte 
and acid-base physiology is that most patients are not "standard" 70 kg 
men. This is especially important to remember when calculating elec­
trolyte replacement and in planning IV fluid therapy. 

8. A patient has the following chemistries: sodium 140 mEq/L, glucose 180 
mg/di, BUN 28 mg/dl. What are the contributions of each of these three con­
stituents to serum osmolality? 
Answer: 

Soilium (along with chloride and other anions) contribute$ 
2 x l40 = 280mOsrn/L. 
Glucose contributes 180118 = 10 mOsm/L. 
Urea contributes 28/2.8 = lO mOsm/L. . 
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9. A patient with renal failure has the following chemistries: sodium 130 
mEq/L, glucose I 00 mg/di, BUN 120 mg/di. Calculate the osmolality. 
Would you expect this osmolality to be associated with increased thirst? 
Answer: The calculated osmolality is 2 X 130 + 100/18 + 120/2.8 = 
308. The increase in osmolality is due to an increase in urea, which is not 
an effective osmole. Therefore, this patient's ECF is not hypertonic and 
thirst would not be stimulated. 

10. A patient with diabetes has the following chemistries: sodium 140 mEq/L, 
glucose 900 mg/di. BUN 28 mg/dl What is the osmolality? ls this patient 
hypertonic? 
Answer. The calculated osmolality is 340. Yes, this patient is hypenonic, 
because glucose is an effective osmole and is capable of translocating 
water. 

11. What is the contribution of glucose to the osmolality in the previous ex­
ample'? 
Answer: 900/18 = 50 mOsm/L. 

12. A patient presents to the emergency room with the following chemistries: 
sodium 140 mEq/L, glucose 360 m_g./dl, BUN 28 mg/di. measured osmo­
lality 360. Calculate the osmolal gap. What arc the substances that can 
cause an increase in the osmolal gap? How much is the glucose con­
tributing to the increased osmolal gap? 
Answer: The calculated osmolality is 2 X 140 + 360/18 + 28/2.8 = 
310. The osmolal gap is 50 (normal is less than 10). Exogenous substances 
that can cause an increase in the osmolal gap are: m;innitol, ethanol, 
isopropanol, methanol, ethylene glycol, and sorbitol. We would need 
more information to decide which of these is the culprit The glucose is 
contributing 360/18 = 20 to both the calculated and the measured osmo­
lal.ities and therefore does not affect the osmolal gap. 

I 3. A 42-year-old patient presents with a sodium concentration of I 20 mEq/L. 
What can you say about the mechanisms of water regulation in this pa­
tient? What is the status of total body sodium'? 
Answer: The low serum sodium concentration tells us that water regula­
tion is abnormal. For clinical purposes, .disorders of the sodium concentra­
tion, both hyponatremia and hypematremia, can be viewed a_~ originating 
from abnormalities in the regulation of water homeostasis. TI1e abnormal 
sodium concentration leads us to start our investigation with the question: 
Why is water regulation abn.ormal.'! In tbe case ofhyponatremJa, there is too 
much water relative to sodium because the kidney is not properly excreting 
water. The sodium concentraiion does not tell us anything reliable about 
whether total body sodium is increased. decreased, or normal. 

We are given no clinical information about the size of the ECFV. 
Therefore, we cannot say anything about whether total body sodium is in-
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creased, decreased, or normal. To assess total body sodium, we must clin­
ically assess the size of the BCFV, because the size of the ECFV is deter­
mined by the amount of tocal body sodium. Signs of ECFV depletion, 
indicating total body sodium depletion, are poor skin turgor, dry mucosa, 
orthostatic fall in blood pressure, and orthostatic rise in heart rate. Signs 
of BCFV overload, indicating total body sodium overload, are jugular ve­
nous distention, pulmonary rales, pleural effusion. ascites, S3 gallop, and, 
of course, pretibial edema. 

14. A patient presents with massive pedal edema and ascites. His sodium con­
centration is 140 mEq/L. Does he have a problem with sodium comrol, 
water control, or both'/ 
Answer: This patient has a problem with sodium control For the purposes 
of solving clinical problems, itis useful 10 consider that abnonnalities of the 
size of the ECFV result from an abnoonal amount of total body sodium. 
Clin.ical assessment of the ECFV tells us roughly whether total body sodium 
is increased, decreased or nonnal. This patient has a markedly expanded 
ECFV, as indicated by the pedal edema and ascires. Therefore, t0tal body 
sodium is markedly i.ncreased. The edema-fonning states, congestive heart 
failure, cirrhosis with ascites and edema, and nephrotic syndrome, can be 
viewed as states having1l>O much total body sodium. Therefore, sodium con­
irol is abnormal 

The sodium concentration tells us about water control. If the 
sodium concentration is normal, then there is no clinically significant 
problem with water control. Tllis patient may have trouble excreting a 
water load and may develop hyponatremia if given large amounts of wa­
ter, but tb.e sodium concenttation is normal: tbeiefore, he does not 
presenlly have a clinically significant disorder of water regulation. An 
importanJ clinical pain! is that it is unnecessary to restrict water in a 
patient with congesrive-liearr failure, cirrJwsis, or nephrotic syndrome 
if rhe serum sodium concentration Is normal. 

15. A 34-year--0ld man has a sodium coocentJ-dtioo of 125 mF,q/L. What can 
you say about the status of his total body sodium? l s he sodium depleted? 
Answer: We cannot say anything reliable about the status of this patient's 
total body sodium based on the low serum sodium con~-entration. We are 
given no clinical information about the status of the ECFV so we cannot say 
anything about the status of total body sodium. 'The sodium concentration is 
just that- a concentration, not a measure of total amount. The sodium con­
centration by itself does not tell us anything reliable about the starus of to­
tal body sodium. The sodium concentration docs not tell us whether total 
body sodium is incn:ased, decreased, or normal. Total body sodium can be 
approximated by clinical assessment of the size of the ECFV because the 
amcunrof total body sodiurnis the main determinant of the size of the ECFV. 

This patient has a problem with waterconttol because the serum sodium 
concenttation is abnonnal. The sodium concentration of 125 mF.q/L tells us 
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Answer: They will all increase lbe measured osmolality if added to the ex­
tracellular fluid. 

19. Which of the following will increase the calculated serum osmolality 
when added to the extracellular fluid? 

Urea 
Glucose 
Sodium 
Ethanol 
Methanol 
Isopropanol 
Ethylene glycol 
Mannitol 
Sorbitol 

Answer: Only urea, glucose and sodium are included in the fo,rmula for 
calculated osmolallty. Therefore, only urea, glucose and sodium will add 
to the calculated osmolality if added to extracellular fluid . 

20. Which of the following will increase the osmolal gap when added to the ex-
tracellular fluid? 

Urea 
Glucose 
Sodium 
Ethanol 
Methanol 
Isopropanol 
Ethylene glycol 
Mannitol 
Sorbitol 

Answer: 

OSM GAP = OSMcmeasl - OSMcca1e) 
Urea, glucose, and sodium are all included in the formula for calculated 
osmolality. They will add to both the calculated osmolality and the mea­
sured osmolality and therefore will not change the osmolal gap if added 
to the extracellular fluid. The other compounds will increase the measured 
osmolality but not the calculated osmolality and will therefore increase 
the osmolal gap. 

21. At approximately what level of GFR would a patient have problems ex­
creting the daily dietary potassium load? At this point, the patient will be­
gin to develop positive potassium balance, leading to bypedcalemia. 
Answer: The upper limit of potassium excretion is roughly proportional 
tolheGFR. lftheGFRis 100%ofaormal. the maximumamountofpotas­
siurn which could be excreted in one day is roughly 10 mEq per kg body 
weight. This is about 70 X IO = 700 mEq in a 70 kg person. lf the GFR 
is reduced to 50% of normal the maximum amount of potassium that can 
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be excreted in one day falls to approximately 50% X 700 = 350 mEq. 
This is a rough approximation of maximum potassi\im excretion because 
compensatory renal potassium secretory mechanisms will increase potas­
sium excretion, and stool potassium losses al.so increase as the body de­
fends itself against hyperkalemia. If the GFR is further reduced to 20% of 
normal, tbc maximal potassium exc.retion would fall to the range of about 
140 mEq/day (20% of 700 mEq/day). 

The average diet has .about I mEq of potassium per kg body weight, 
which amounts 10 about 70 mBq/day in a 70 kg person. For a diet con­
taining 70 mEq/day, tbe GFR would need to be reduced to approximately 
1onoo = 10% of normal before hyperkalemia develops. In fact, the GFR 
is usually below this level when hyperkalem.ia develops based upon usual 
dietary intake. Hyperkalemia may develop at less profound levels of re­
nal filil11re if tile poll!$sium intl!ke is increased or if there is a hidden potas­
sium load. For e.xarnple, a person with a diet high .in potassium would 
develop hyperkalemia with less impairment of the GFR. A patient with a 
GFR J5%ofnormal would develop hyperkalemiaifdietary potassium is 
over the range of 15% X 700 = 105 mEq/day. As mentioned above: this 
is only a rough approximation of maximum potassium excretion. 

The clinical point is that if a patiem has mild 10 moderate renal fail­
ure and hyperkalemia, the hyperkalemia should not be simply ascribed 
to renal failure al.one. A vigorous search f or other causes of hyper­
kalemia is needed. 

22. How much potass.ium is there in the ECFV of a 70 kg man? 
A,iswer: The very delicate nature of the transcellular distribution of 
potassium is illustrated by the following calculation: 

TBW = .6 X 70 kg = 42 L 
ECFV = J/3 X 42L = 14 L 
Potassium concentration in ECFV: 4,0 mEq/L 
Total potassium in ECFV: 4.0 mEq/L .x 14 L = 56 mEq 

The calculated amount of pota~sfom in the entire ECFV (56 mEq) is less 
than that contained in three routine supplemental 20 mEq doses of KCI or 
the potassium in four glasses of orange juice! Even a small increase in the 
amount of extracellular potassium could cause a large increase in the ECF 
potassium concentration. Adding 56 mEq 10 the ECFV would result in an 
increase of potassium concentration from 4.0 mEq/L to 8.0 mEq/L! 
Thankfully, we do not double our potassium concentration after four 
glasses of orange juice because homeostatic mechanisms maintain the 
striking difference between intracellul.ar and extracellular potassium con­
centrations and, therefore, the ECFV potassium concentration. 

23. How much potassium is there in the ECFV of a 40 kg woman'/ 
Answer: 

TBW = .5 X 40 kg = 20 L 
ECFV = 1/3 X 20 L = 6.7 L 
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Potassium concentration in ECFV: 4.0 mEq/L 
Total potassium in ECFV: 4.0 mEq/L X 6.7 L = 26.8 mEq 

The calculated amount of potassium in the entire ECFV is about one sup­
plemental 20 mEq dose of KCI ! 

24. Calculate the total amount of HCQ3- present in the ECFV of a 50 kg 
woman with an ECF HCOl- concentration of 25 mEq/L. 
Answer: Total body water: .5 X SO = 25 liters. The ECFV is approxi­
mately 1/3 of total body water: 25/3 = 8.3 liters. The normal ECF stores 
of HCQJ- are 25 mEq/L X 8.3 L = 207.5 mEq! This corresponds to 
about four standard ampules of sodium bicarbonate. 
How much HCO,- is being reabsorbed each day by the proximal tubule 
assuming a GFR of 100 ml/min? 
Answer: Total amount filtered = total amount reabsorbed by the proximal 
rubule: IOOmVmin X 1440min/day X 25mEq/L = 3600mEq/day!This 
is about 17 times the total amount of bicarbonate in the ECF. 

25. To illustrate one aspect of the importance of the urinary buffers the fol­
lowing is a calcula.tion of what the urine pH would be if there were no uri­
nary buffers. l don't expect you to know how do this calculation. It is 
included for illustration only. 
Normally, the daily excretion of hydrogen ion is -approximately 50-100 
mmoVday and is equal to the amount of fixed acid produced by the me­
tabolism of the diet Assuming a hydrogen ion excretion of 100 mmol in 
a 24-hour urine volume of, say, I L, this would result in a urinary pH of 

pH=-log(H ")=-log(lOO mmoVIL)= - log(.100 mmol/ml)= I 

It hurts just to imagine urine with a pH of I ! Compare this pH of l to the 
nonnal minimum urinary pH of 4 .5. The urinary buffers allow for large 
increases in hydrogen ion excretion (200-300 mmoVday) in states of in­
creased hydrogen ion load without appreciable decreases in urine pH. The 
primary means by which the kidney rids the body of excess hydrogen ion 
is by increasing renal ammoniagenesis. lo situations when excess hydro­
gen ion is added to the body, the kidney responds by increasing produc­
tion and excretion of NH.t +. 
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CHAPTER 2. IV SOLUTIONS AND IV ORDERS 

On the clinical wards one is confronted with a constellation of different 
bags and bottles, each containing fluid with a strange name such as 0.9% 
Saline or D5 0.45% Saline. Whal do these solutions contain, and what are they 
used for? Each fluid has its own special uses and indications. This chapter tries 
to provide a geµeral approach to the question: Which solution for which situ­
ation? 

The most commonly used IV solutions are summarized in Fig. 2-1. A few 
general comments: 

l) Sodium chloride (saline) solutions that have conicities close ro that 
of plasma are termed isotonic. Common examples are 0.9% saline and 
Ringe(s Lactate. These solutions are used when it is desired to e,-pand the 
e,-1racellular fluid volume (ECFV). It is generally best to use isoronic rather 
than hypotonic fluids to expand the ECFV. Fluids such as DSW (5% de,-­
trose in water), 0.45% saline and D5 0.45% saline deliver free water. Free 
water given in states of ECFV depletion can lead to dangerous hypona­
tremia. 

The 5% dextrose-containing isotonic saline solutions, D5 0.9% saline and 
D5 Ringer's Lactate deliver a small amount of glucuse (50 grams/liter). Un• 
der normal circumscances, the glucose is assimilated into cells and does not 
change the glucose concentration of the patienL For example, if we give I liter 
of D5 0.9% saline, we are deli ve,riog 0.9% saline to the ECFV of the patient 
and 50 grams of glucose, which is taken up into cells. Toe net result to the ECP 
is the addition of roughly I liter of 0.9% saline. However, in the patient with 
diabetes mellitus, the glucose is not assimilated into cells well and lberefore 
hyperglycemia may develop with D5-containing solutions. 

Some examples of situations in which 0.9% saline would be appropriate 
include: 

• ECFV depletion from any cause- hypotonic fluids can produce dangerous 
hypooatremia in the setting of ECPV depletion. 

• Postoperative fluid management-hypotonic fluids can produce dangerous 
hyponatremia in the postoperative setting. 

• Shock from any cause 
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FIGURE 2-1. Electrolyte Content of Some Common IV Solutions 

Glu Ne• CJ- lndlcallons/ Caullons 
Solution (g,n/L) Osm (mEq/L) (mEq/L) Use 

DSW 50 252 0 0 To give free water. Contain.~ 
Small infusions glucose: can 
( 100 ml) to give impair conll'OI 
a variety of of diabetes. 
medications . .Does 
not contain 
sOdium so will not 
generally produce 
ECFV overload. 

0.45% 0 154 77 77 To provide bolh Hypotonic to 
NaCl free water and plasma. Can 

sOdium. Treatment cause serious 
of bypenonic hypooatremia. 
ECFV depicted 
stares. 

0.9% 0 308 154 154 To provide ECFV May cause 
NaCl rcplactmcn1. ECFV overload 

Perioperarive fluid. in patients with 
CHForrenal 
failure. 

Ringer's 0 '172 1:10 l® To provide ECFV May c:auSe 
Lactate replacement. ECFV overload 

Perioperative fluid. in patients with 
CHFor renal 
failure-

3%NaCI 0 1026 513 5 13 Treatment of Osmotic 
severely demycliniuuion 
symptomatic syndrome: 
hyponatremia, ECFV overload: 

iatr0genic 
hypernatremia. 

• Hemorrhage 
• In conjunction with blood lransfusion-hypotonic fluids may cause lysis of 

red blood cells. 
• Bums 

2) Hypotonic saline solutions such as 0.45% saline can be conside.red to 
be made of approximaiely 1/2 0.9% normal (isoronic) saline and 112 water. 
They are generally used in situa.tions where it is desired both to expand the 
ECFV and to deliver free water to a hypertonic patient. Such a patient is both 
volume-depleted and significantly hypertonic {usually either hypematremic or 
markedly hyperglycemic or both). The sodium in the soluti.on expand.~ the 
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ECFV, and the water correct.~ the hypertonicity. Hypotonic fluids deliver free 
water, which can lead to hypooatremia, and therefore the serum sodium must 
be closely monitored. Here are some instances in which a hypotonic saline so­
lution might be appropriate: 

• Hyperosmolar states due to severe hyperglycemia (0.45% saline, not 05 
0.45% saline) 

• Hypematremia with ECFV depletion 

3) DSW is used to provide free water and is useful-in the treatment of se­
vere hypernatremia so long as it does not produce glucosuria. One literofD5W 
delivers I liter of water to the patient, which will distribute between the ECFV 
and the ICFV. and 50 grams of glucose, which is normally taken up by cells. 
The net result is the delivery of 1 liter of free water. Pure water cannot be given 
intravenously because it causes hemolysis. DSW is frequently used 10 admin• 
ister medications. One advantage ofD5W is that it does not deliver unwanted 
sodium and therefore causes ECFV overload less readily than do saline solu­
tions. DSW may be given at a low rate(l0-25 cc/hr) when it is desired 10 "keep 
a vein open" (KYO) for intravenous medications. 

Some situations in which O5W mighr be used are: 

• Correction of hypernatremia-watch the patiem carefully for hyperglycemia 
or glucosuria 

• Delivery of medications in a non-diabetic patient 
• As K VO in stares of ECFY overload-D5W contains no sodium and will not 

further expand the ECFV as much as will saline solutions 

4) Potassium supplementation is besr given orally when feasible. Intra­
venous administration of potassium may be given 

• In patients with profound, life-threatening bypokalemia 
• In patients who are unable to tolerate potassium by mouth 
• As a carefully chosen maintenance dose to be added to the rv fluids 

Intravenous administration of poiassium is potentially dangerous because of 
the risk of acute hyperkalemia. (Remember the delicare balance between in­
tracellular and extracellular potassium.) Potassium is irritating to veins. and 
concentrations more than 30 mEq/L and rares of administration more than I 0 
mEq/hr are generally not recommended in nonemergency conditions. 

5) One of the most useful but often overlooked measurements in medi­
cine is the patient's weight. Any parient who is receiving JV fluids should be 
weighed on a daily basis if possible. An abrupt increa,;e or decrease in weight 
is an imponant clue to changes in fluid status. 

6) In general, daily electrolytes, blood urea nitrogen (BUN). and creati­
nioe (Cr) should be measured in any patient receiving IV fluids to moni­
tor therapy. In situalions in which fluids are given rapidly or electrolyte 
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imbalances are severe, the elec,1r0Jy1es. BUN. and Cr should be measured 
more frequently. 

Writing "Maintenance" IV Orders 

The writing of IV orders is an important part of the everyday care of pa­
tients. One of the most important points to remember is that fluid and electrolyte 
therapy must be tailored to the iodividua:I patient after careful consideration of 
the patient's age, gender, and body mass. 1 always try to remember that most pa­
tients are not "standard" 70 kg men. There are many ways to write CV orders. 
This section offers some rough guidelines tO he'lp the beginner develop a sys­
tematic approach to writing IV orders. The foUowing di!¾."USsions assume that 
there are no underlying water, electrolyte, or acid-base disorders present: that 
!here has been no recent surgery or medical illness; and that the patient bas nor­
mal renal and cardiac function. 

Water 

Under normal circumstances, I.he daily requirement for water is about 
2000-2500 cc per day. Thls requirement allows for approximately 500-1000 cc 
per day of loss from lungs. skin. and stool, plus about 1500 cc per day for urine 
volume. 'The patient with normal urine concentrating ability is able to excrete the 
daily solute load in as little as 500 cc, but I.here is no point in crying to minimize 
the urine volume. Nonnally, st0ol loss of water is less than 150 cc per day. 
Water requirements may be significantly more than 2000-2500 cc per day in 
StateS of fever. mechanical ventilation, or gastrointestinal losses. With fever, the 
ongoing insensible water loss increases by roughly 60-80 ml/24 hours for each 
degree Fahreaheit. 

Sodium 

The kidney can adapt to a wide range of sodium intake by either con­
serving or excreting sodium. lo states of sodium depletion. the urine sodium 
may fall to less than 5 mEq/L. Therefore, it is not necessary to replace large 
amounts of sodium when providing "maintenance'' fluids. It is customary to 
supply 50- 100 mEq/day of sodium as sodium chloride, although patients with 
renal disease, congestive heart failure, or cin:bosis should receive as little 
sodium as possible. 

PotlJ.fsi.um 

111e normal kidney can also adapt to wide changes in potassium intake. 
In States of potassium deficiency, renal potassium excretion may be as little as 
10 mEq per day. The daily diet usually contains about I mEq/kg per day (for 
example, 50 mEq per day in a 50 kg woman). Under normal circumstances 
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20- 60 mEq/day is supplied in "maintenance" IV solutions. Administration of 
saline solutions without potassium supplementation can result in increased 
distal delivery of sodium and increased sodium-potassium exchange. This can 
lead to increased potassium loss in the urine, causing hypokalemia. Again, 
close monitoring of therapy is always indicated. 

A word of caution: The amounts of water. sodium, and potassium men­
tioned in this section are rough guidelines only. Individual therapy must be tai­
lored carefully for each patient and reassessed on a daily basis. In general, 
body weight, electrolytes, BUN, and creatinine should be measured daily in 
any patient receiving IV fluids. Also, common conditions such as renal insuf­
ficiency, congestive heart failure, and liver disease will markedly change the 
appropriate Ou.id therapy for a patienL 

Exercises 
Choose the best IV solution for each of the following situations: 

1. A non-diabetic patient with chest pain being transferred to the coronary 
care unit. Vital signs are stable. 
Answer: D5W KVO for medications. An alternative for D5W is a heparin 
lock, which is an IV catheter kept open with heparin instead of an infus­
ing solution. A heparin lock can be used in many situations instead of a 
KVO solution. 

2. A non-diabetic patient with chest pain being transferred 10 the coronary 
care unit. Vital signs are unstable. The patient is hypotensive and has a 
thready, rapid pulse. 
Answer: 0.9% saline. 

3. A diabetfo man with polyuria, polydipsia, evidence of modest ECFV de· 
pletion, and a blood sugar of 1600 mg/dL Serum sodium is 155 mEg/L. 
Answer: 0.45% saline. This patient has ECFV depletion and is hyper­
tonic. The 0.45% saline solution will deliver NaCl to the patient to expand 
the ECFV and free water to correct the severe hypertonicity. Some clini­
cians would give 0.9% saline first to stabili7.e the ECFV before starting 
0.45% saline. 

4. A 35-year-old patient with septic shock. 
Answer: 0.9% saline. 

5. A patient with upper GI bleeding. Requires 1ransfusion. 
Answer: 0.9% saline. 

6. A diabetic with glucose 1300, sodium 150 m.Eq/L. BP 60/40, and pulse 
120/min. 
Answer: 0.9.% saline. The presence of hemodynamic compromise is a 
higher priority than the bypertonicity. The 0.9% saline should be given 
first (1-2 liters until the patient is hemodynamically stable), then 0.45% 
saline to deliver water to correct the hyperton.icity. 
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7. A patient with pulmonary edema. No diabetes. 
Answer: D5W KVO for medications. Alternatively, a heparin lock could 
be used. 

8. An elderly patient. Comatose. Sodium 190 mEq/L. Glucose 100 mg/di . 
Answer: DSW with frequent determinations of the-sodium concentration 
to avoid overly rapid correction and cerebral edema (see Chapter 4). The 
patient must be monitored closely for glucosuria. H significant ECFV de­
pletion is present, 0.45 saline could be given first. The most pressing prob­
lem in this patient is the life-threatening hypematremia. DSW delivers 1 
liter of water per liter, while 0.45% saline delivers only 500 cc of elec­
trolyte-free water per liter. 

9. A45-year-old patient. Pulmonary and peripheral edema. Sodium concen­
tration 130 mEq/L. 
A11swer: The pulmonary and peripheral edema are clinical manifesta­
tions of an expanded ECFV. This is caused by an excess of the amount 
of total body sodium. The patient will need diuretics and sodium re­
striction to reduce the total body sodium and therefore the size of the 
ECFV. The patient also has hyponatremia which means that he also bas 
an excess of water relative to sodium in the ECFV. He will therefore re­
quire water restriction as well. Because D5W even at a slow rate would 
give the patient unwanted excess water, l would favor the use of a he­
parin lock in this case. 

JO. Write "maintenance" IV orders for a JOO kg_man who will be kept NPO 
(nothing by mouth) for 24 hours for tests. No renal, cardiac, or liver dis­
ease. No recenr or future surgery. The pa1iem has no medical conditio11 
mui is taking no medicatio11 lisred in Figs. 3-1 ot 3-2 which could cause 
hyponarremia with hypoto11icity. 
• Amount of water per day: approximately 2500 cc. 
• Amount of sodium per day: approximately 50- IO0 mEq (for this case, 

say 100 mEq/day). 
• Amount of potassium per day: approximately 20-60 mEq (for this case, 

say 60 mEq/day). 
• Pirst, set the rate of the rv by bow much water is to be given: 2400 cc/ 

24 hours = I 00 cc/hr. 
• Next. set the amount of sodium per liter to be given: JOO mEq/2.4 

L = 41.66 mEq/L. The concentration of sodium in D5 0.45% saline is 
77 mEq/L. The concentration of sodium in D5W is O mEq/L. What if 
we alternated I liter ofD5 0.45% saline with l liter of DSW? In 24 hours 
we would deliver I liter at 77 mEq/L + I liter at O mEq/L and 400 cc at 
77 mEq/L = 0.4 L = 77 mEq/L = 30.8 mEq. This totals to 
77 + 30.8 = 107.8 mEq of sodium, which is close enough. 

• Next, set the concentration of potassium in each IV: 60 mEq/2.4 L = 25 
mEq/L. Poiassium for rv administration does not generally comejn 25 
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mEq ampules; it comes in 20 mEq and 30 mEq ampules. We could pick 
either 20 or 30 mEqlL or we could alternate 20 and 30 mEq/L. 

• The final IV order might look something like: 
Liter #1 : 05 0.45% saline with 30 mEq/L KC! at 100 cc/hour 
Liter #2: 05 W with 20 mEq/L KCI at 100 cc/hour 
Liter #3~ 05 0.45% saline with 30 mEq/L KC! at 100 cc/hour 

• An tV order is not complete until the monitoring orders are written: 
Daily weight in the morning. Daily glucose, sodium, potassium, chlo­
ride, bicarbonate, blood urea nitrogen (BUN), and creatinine (Cr) in the 
morning. A potential complication of hypotonic solutions is severe, 
acute, life-threatening hypo,uurernia in a patient who is pos1opera1ive 
or who has an underlying condition capable of causing hyponatrernia. 
Fluid therapy must be reassessed daily. 

• Many clinicians use a more approximate approach to writing IV or­
ders (and so do I). This lengthy eumple is designed to provide the 
beginner with a systematic approach 10 figuring out roughly how 
much water, sodium, and potassium to give over a given time period. 
Normally, I would not write ''maintenance" orders that require the 
ward personnel to change the JV solution after each liter. I might just 
give D5 0.45% saline with 30 mEq/L in this patient for the first day, 
then O5W with 20 mEq/L KCI lhe next day. I would chec.k the 
weight and chemistries each day. 

11 . Write "maintenance" IV orders for a 50 kg woman who will be kept NPO 
for 24 hours for tests. No renal, cardiac, or liver disease. No recent or fa· 
ture su'8ery. The patielll has 110 medical condition and is taking no med­
ication listed in Figs. J.J or 3-2 w/lich couul produce hyponatremia with 
hypo1011icity. 
• Amount of water per day: approximately 2000-2500 cc (for this case, 

say 2000 cc;). 
• Amount of sodium per day: approximately 50- 100 mEq (for this case, 

say 50 mEq/day). 
• Amount of potassium per day: approximately 20-60 mEq (for this case, 

say40mEq). 
• First, set the rate of the IV by how much water is to be given: 2000 cc/24 

hours = 83.33 cc/hr (round to 80 or 85). 
• Next, set the amount of sodium to be given 50 m.Eq/2.0 L = 25 mEq/L, 

The concentration of sodium in D5 0.45% saline-is 77 mEq/L. The con­
centration of sodium in D5 water is 0 mEq/L. What if we alternated 1 
liter of D5 0.45% saline with 2 lit.ers ofD5W?In 24 hours we would de­
liver I liter at 77 mEq/L + 1 liter at 0 mEq/L = 77 mEq. The following 
day wecouJdgive 2LofD5 water. This would result in 77 mEq sodium 
given over two days wh.icb would be an average of 77/2 = 38.5 mEq 
per day. 
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• Next, set the concentration of potassium in each IV: 40 mEq/2.0 L = 20 
mEq/L. Potassium for TV administration comes in 20 mEq ampules. No 
problem. 

• The final IV order would look something like: 
Liter #I : D5 0.45% saline with 20 mEq/L KCI at 85 cc/hour 
Liter #2: D5W with 20 mEq/L KC! at 85 cc/hour 
Liter #3: D5 0.45% saline with 20 mEq/L KC! at 85 cc/hour 

• Remember that these calculation;S are approximations. Therapy must al­
ways be monitored and reassessed. An IV order is not complete until the 
monitoring orders are written: Daily weight in the morning. Daily glu­
cose, sodium, potassium, chloride, bicarbonate, blood urea nitrogen 
(BUN), and creatinine (Cr) in the morning. A potential complication of 
/rypotonic soluzions is severe, acute, life-threatening hyponatremia. in a 
patient who is postoperative or who has an underlying condition capa· 
ble of causing hyponatremia. 
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CHAPTER3.HYPONATREMIA 

A low serum sodium concentration (<135 mEq/L) does not tell us 
whether total ECF sodium is increased, decreased, or normal. II does tell us 
that there is an excess of water relative to sodium. Most cases of hyponatremia 
are caused by impaired renal water excretion in the presence of continued 
water imake. If hyponatremia develops rapidly, there may be severe symptoms 
caused by brain swelling, such as lethargy, coma, and seizures. If the same 
degree of hypon,attemia develops slowly over several days, there may be no 
symptoms at all. A patient who is severely symptomatic from hyponattemia 
needs urgent therapy, while a mildly symptomatic or asymptomatic patient 
should be treated more gradually. 

Causes of Hyponatremla 

In most causes of hyponatremia, the blood is hypoosmolal (see Fig. 3-1) 
but two situations in which the ECF is ne.ither hypoosmolal nor hypotonic are 
discussed first: 

• Pseudohyponatremia 
• Hyponatremia with hypertonicity 

Pseudohyponatremia 

Pseudohyponatremla is a very rare situation in which the serum sodium 
concentration is found to be low but extracellular fluid osmolality and tonic­
ity are normal. Toe low sodium concentration is an artifact due to accumula­
tion of other plasma constituents (either triglycerides or protein) in plasma. 
Pseudohyponatremia occurs in three situations: 

• Severe hypertriglyceridemia (triglyceride concentrations in the thousands of 
mg/di) 

• Severe hyperproteinemia, as may occur in multiple myeloma (plasma pro­
tein concentration >10 gm/dl) 

• Board Eums (the most common situation, and, honestly. the main reason 
for this discussion) 
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FIGURE 3-1. Causes of Hyponatremia 

Pseudohypooalnmia (rare specJal case) 
Marked hypertriglyceridemia 
Hyperproteinemia 

Hypooatremla with bypertonicity (spedal case) 
& vere hyperglycemia 
Hypertonic mannitol 

Hypomllremia with hypotonicily (l"tQuires water intake) 
Renal failure (reduced GPR) 
ECFV depletion (increased reabsorp1ion of water) 
Edematous states (increased reabsorption of water) 
Thiazide diuretics (tubular effect impairing Willer excretion) 
SJADH: ADH release/effect causing water reteJ>lion (see Fig. 3-l) 
Endocrine: Hypothyroidism or adrenal fosufficiency 
Diminished .solute intake: "Tea and toast'" diet or excessive beer drinking 

The measured serum osmolality is normal, but the calculated osmolality is low 
because of the artifactually low serum sodium. Therefore, the osmolal gap is 
im.-reased. The patient is not symptomatic from the hyponatremia because 
tonicity is normal. No treatment is required for the low serum sodium con­
centration. Pseudohyponatremia does not occur when a sodium electrode is 
used to measure the sodium concentration in an undiluted sample. The sodium 
electrode technique is now in wide clinical use, so pseudohyponatrernia is es• 
pecially rare nowadays. 

Hyponatremia with Hypertoniciiy 

Hyponatremia with hypertonicity is another spetial case of hyponatremia, 
most often caused by severe hyperglycemia in uncontrolled diabetes mellitus. 
The sodium is low because of transcellular shifting of water, but both tonicity 
and measured serum osmolality are very high. Because glucose is an effective 
osmole, the high glucose concentration causes water movement from the intta• 
ce.llular compartment to the extracellular compartment, thereby reducing the 
extracellular sodium concentration. Consequently, the sodium concentra.tion 
decreases, even though the tonicity of the ECFV is increased. The sodium con­
centration falls by approllimately 1.6 mEq/L for every increase of 100 mg/di in 
glucose concentration above 100 mg/dl To make the diagnosis of hypona­
tremia wiJh hypertonicity. measrmd osmolality must be clearly elevated by the 
hyperglycemia. 

Administration of hypertonic mannitol may also cause hyponatremia 
with increased t.onicity. This is less common than hyperglycemia, but the 
mechanism is the same: Mannitol causes movement of water from the cellu­
lar compartment with subsequent reduction of the sodium concentration. Mea-
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sured osmolality and tonicity are increased though the measured serum sodium 
concentration and calculated osmolality are low. 

Hyponatremia with Hypotonicity ("True" Hyponatremia) 

Hyponatremia with hypotonicity is by far the most common form of by­
ponatrernia and results from impaired renal water excretion in the presence of 
continued water in1ake. Hyponatremia with hypotonicity requires two things: 

• Impaired renal water excretion 
• Continued water intake 

Nom1a1Jy, the kidney excretes excess water by producing a large volume of 
dilute urine. Finding the reason why the kidney cannot appropriately excrete 
excess water is the key to diagnosing the cause of hyponatremia. The impaired 
renal water excretion may be due to: 

• Impaired GFR (renal failure} 
• ECFV depletion (often from vomiting with continued ingestion of water} 
• Edematous stales: congestive heartfailure, cirrhosis, and nephrotic syndrome 
• Thiazide diuretics 
• Syndrome of inappropriate ADH (SIADH) due m a variety of causes 

(Fig. 3-2) 
• One of two e.ndocrine abnormalities: hypothyroidism or adrenal insufficiency 
• Markedly decreased solute intake combined with h.igh water intake ("tea and 

toast diet'' and excessive beer drinking) 

Any of these states that impair water excretion can. produce hyponatremia 
in a patient with a normal serum sodium concentration if sufficient free water 
is supplied. Therefore, a patient who has one of the conditions listed above is 
at risk for developing hyponatremia if given bypotonic IV fluids or a sudden 
water load. 

hnpaired glomerular 61tration rate (renal failure) 

ln order for the kidney to excrete excess water by producing a llu:ge vol­
ume of dilute urine, there must be an adequate glomerular filtration rate. Ob­
viously, if one cannot filter a water load, then it cannot be excreted! Generally, 
there needs to be a marked reduction in glomerular filtr.ition rate to around 
20% of normal to cause a serious problem widl water handling. If there is in­
take oflarge amountsof water, however, then less renal impairment would suf­
fice to res.uh in hyponatremia. 

ECFV depletion 

Although ECFV depletion may arise from many causes, the most com­
mon cause associated with hyponatremia is gastric losses from vomiting with 
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concomitant water ingestion (waler can be absorbed very rapidly even in the 
presence of vomi ting). Severe depletion of1be ECFV also results in ADH re­
lease, which contributes lo the development of hyponatrcmia. In ECFV de­
pletion, the proximal tubule is retaining both sodium a.nd water appropriately. 
1be urine sodium concentration is often low ( < 10 mEq/L) in ECFV depletion, 
because of appropriate renal retentioo of sodium. The urine volume may also 
be low ( < 500 mV24 hours). 

Edematous s tates 

Hyponatremia can occur in decompensated congestive heart fallure, cir­
rhosis, and nepbrotic syndrome. As (or all of the other causes of hyponatremia 
with hypotonicily, impaired renal water excretion accompanied by continued 
water intake is the reason for the hyponatremia. The edema results from a de­
fect in sodium excretion. Hyponatremic patients with edematous states have 
abnonnal renal retention of bolh sodium (causing ECFV overload and edema) 
and water (causing hyponatremia). The u.ri.ne sodium concentration is often 
low ( <10 mEq/L) in edematous stares because the kidney is ab11on11ally re­
taining sodium. 

Thiazide diuretics 

Thiazide diuretics impair renal water excretion by blocking 1he kid11ey's 
ability to produce a dilute urine (Chapter I). Thiazidc diuretics are an impor­
tant cause of byponatremia. especially in e lderly women. Such hyponalremia 
may be severe if solute inta.ke is low or water intake is high. Tltiazide diurer­
ics are comraindicared in all patients wir/r hypo11arremia, including those with 
edema1orming srates. 

SIADH 

What would happen if ADH secre1jon persisted in spite of a falling serum 
sodium concentration and continued water intake? Water would continue 10 be 
retained, and the serum sodium concentration would continue lo decline. This 
is the basis for the syndrome of inappropriate ADH (SIADH), which originates 
in various ways (see Fig. 3-2): 

• Abnormal increase in pituitary ADH secretion 
• Ectopic production of tumoral ADH 
• ADH-like effect on the collecting tubule by exogenous substances such as 

medications 
• Potentialion o.f the renal tubular effect of ADH by drugs 

Any of these mechanisms may produce the same problem: hyponatremia. 
Any serious CNS problem (tumor, infection, or trauma) and many lung 

problems (especially small cell carcinoma and pulmonary tuberculosis) can 
cause SlADH. The postoperative state is often associated with an increased 
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FIGURE 3-2. Syndrome of Inappropriate ADH (SIADH) 

Central nervous system diseases 
Brain abscess 
Brain tumor 
Meningitis 
Subarac.hnoid hemorrhage 
Subdural hematoma 
Stroke 
Trauma 

Pulmonary diseases 
Bacterial pneumonia 
Acule respiratory f'ailure (ARDS) 
Pulmonary ruberculosis 

Neoplasla 
Small cell carcinoma of !he lung 
Pancreatic carcinoma 
Carcinoma of the duodenum 

Nausea 
Postoperative state 
Drugs 

Amicriptylinc 
Carbamazcpine 
Chlorpropamide 
Clofibrace 
Cyclophospbamidc 
Halopcridol 
Narcotics 
Nicoline 
Nonstcroidal antl-intlammato,:y drugs 
Serotonin-rcuptake inhibicots 
Thiothixene 
Thioridazine 
Vincristine 

release of ADH. A number of commonly used medications may produce this 
syndrome, either by increasing ADH release, exerting an ADH effect on the 
kidney, or potentiating the effect of endogenous ADH. 

Hypothyroidism and adrenal insufficiency 

Both of these conditions are important 10 consider in cases of undiag­
nosed hyponalremia, because they represent reversible causes of hypona­
tremia. The mechanisms for hyponatremia in these conditions are complex. 

Diminished solute intake: "tea and toast" diet and excessive 
beer drinking 

The ability of the kidney to defend against hyponatremia depends upon 
three factors: 
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• Solute intake and excretion 
• The ability of the kidney to excrete water by producing large amounts of 

dilute urine 
• Water intake 

Elderly patients have diminished ability to excrete excess water and may 
develop hyponatremia on a diet low in solutes (i .e., reduced intake of protein 
and NaCl). The diagnosis may be made with clinical and dietary history and 
measurement of 24-hour urine osmolal excretion, which is reduced in these 
cases. The normal range of 24-hour osmolal excretion is about 600-900 mOsm/ 
24 hours. Thehyponatremia resolves when the amount of dietary solute is in­
creased by increasing the dietary protein and NaCl and by decreasing water 
intake. The hyponatremia that occurs in patients with very heavy beer drinking 
is a similar problem: A large intake of fluid that is low in solute. Beer has con­
siderable carbohydrate, but carbohydrate does not present a large solute load to 
the kidney because it is ultimately metabolized to CCh and water. 

A Few Comments about the Patient "at Risk"for HyponaJremia 

Any of the states that impair water excretion can produce hyponatremia 
in a patient wjtb a normal serum sodium concentration if sufficient free water 
is supplied. Therefore, a patient who has a condition or is taking a drug that 
impairs water excretion is at risk for developing hyponatremia if given hypo­
tonic IV fluids or a sudden water load. Common situations in which hypoton ic 
fluids can lead to dangerous hyponatremia are ECFV depletion and the post­
operative state, but virtually any of the causes of hyponatremia with hypo­
tonicity listed in Fig. 3-1 a11d anyqfthe causes ofSIADH listed in Fig. 3-2 can 
place a patient at risk for severe hyponatremia. 

Diagnosis of Hyponatremia 

A general approach to the patieru with hyponatremia is illustrated in 
Fig. 3-3. The osmolality should be checked: A low measured osmolality indi­
cates hyponatremia with hypotonicity and excludes pseudohyponatremia and 
hyponatremia with bypertonicity. 

Hiswry 

Perform a careful history to search for causes of ECFV depletion (es­
pecially recent vomiting). Ask for a history consistent with congestive heart 
failm:e. nephrotic syndrome, chronic renal failure or cirrhosis, ingestion of thi­
azide diuretics or any of the conditions or medications listed in Fig. 3-2. What 
put this patient al risk for hyponatremia? Ask an elderly patient about dietary 
protein and .salt intake. 
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FIGURE 3-3. Approach 10 the Patient with Hyponattemia 

First things first: Is the patient severely obtunded or having seizures? 
If so. institute emergency treatment while the workup is underway. If the 
patient is less severely symptomatic (for example. slightly lethargic but easily 
arousable). and you are not sure what is causing the hyponatremia, then 
temporary water restriction ( <800 ml/24 hours) for a few hours C3JI stop the 
serum sodium from falling even further while you are making the diagnosis. 

Exdude pseudobyponatremla and hypo.natremla with increased tonlclty. 
Check measured plasma osmolality. ls it low and does ii correlate with 
calculated Posm? 

lnvesllptehyponatremlJl with bypotonlclty. Begin by asking two key questions: 
(1) Why ls renal water ex,;relion Impaired? 

Renal fa.Hu re-reduced GFR (* 1) 
ECFV deplction-iooreased reabsorption of 
water (*2) • 
Edematous states- increased ·reabsorption 1 
or water (•2) 
Thiazide diuretics-tubular effect impairing 
water excretion (•3) 
AOH release/effect causing water retention 
{Fl~ 3.2)(•4) 
Endocrine: Hypothyroidism/ adrenal iMufficieney 

3 

Diminished solute intake: .,Tea and 10ast" diet and heavy beer drinking 
(2) Whal is the patient's source or excess trtt water? What are the IV fluids? 

Carefully review all oral intake, IV fluids, IV medications (often given with 
bypotonic Ruids). Temporary water restrktion for a few hours to 800 ml/24 
hours will w;ually hall a falling scrum sodium concentration. 

4 

A step-by-step approach to diagnosis: Find the reason ror Impaired water excretion. 
Step I: Is renal Failure present? 

Check the scrum creatinine. 
Step 2: Are there signs or ECFV depletion? 
• History of nausea, vomiting, or other source of ECFV depletion with water iogeStion. 

Check skin turgor. mucosa, and look for onbostalic fall in blood pressw:e. 
• ls the uri® sodium low (<20 mEq/L)? This points to increased sodium reabsorption 

caused by ECFV depletion. It is imponant to remember. however. that the edematous 
states arc also associated with a low urine <Odium due 10 abnormal sodium remotion by 
the kidney, but edematous states can easily be distinguished from ECFV depletion on 
clinical grounds in most cases. 

Step 3: Are there signs or ECFV overload? 
• Careful hist<><)' and physical: Search for congestive hean failure (jugular venous 

distention, pulmonary nles. pleural effusion. ascites, S3 gallop, pre.tibial edema). 
• Cirrhosis {physical 6ndiogs of chronic liver disease with edema, ascites) 
• Ncphrotic syndrome (dipstick urine for protein) 
• ls the urine sodium low { <20 mf.q/L)? This points to increased sodium reabsorption 

caused by abnormal sodium retention by the kidney. It is imponant to remember that 
ECFV depletion is also associated with a low urine sodium caused by the appropriate 
relention of sodium, but edematous states cao easily be distinguished from ECFV 
depletipn on clinical grounds in most cases. 

Step 4: Is the patient taking thiazicle diurelia.? 
An important cause of hyponattemia, especially elderly women. 

Step 5: Is there a condition or dng capable or producing SIADB (Fig. 3-2)? 
Step 6: 1s there evidence of thyroid or adrenal insufficiency? 

If there is any question as to whether these may be present, the appropriate llonnonal 
assays should be done. 

Step 7: Elderly/poor solute Intake? 
24-hour tOlal solum excretion <600 mOsm/24 hour (This can be measured in a 24-hour 
urine collection.) 



Carefully checking the [V fluids is part of a complete history: H the hy­
ponatrem.ia developed in the hospital, review the intravenous 0.uids: Hypotonic 
fluids{DSW, 05 0.45% saline, or0.45% saline)may have been administered to 
manage ECFV depletion, for postoperative care, or to a patient otherwise at risk 
for hyponatremia. Hypotonic fluids should be stopped immediately. Remem­
ber that hyponatrem.ia with hypotonicity requires 1wo things: 

• Impaired renal water excretion 
• Continued water intake 

Physical Examination 

The c.xarniner should carefully search for signs of ECFV depletion (poor 
skin turgor, dry mucosa, orthos~tic fall in blood pressure) or ECFV overload 
(jugu.lar venous distention, pulmonary rales, pleural effusion, ascites, S3 gal­
lop, pretibial edema). The clinical assessment of the ECFV is relatively easy 
in the edematous patient: ECFV is obviously increased. The clinical a~sess­
ment of the ECFV is more difficult when trying to distinguish between nor­
mal ECFV and m.ild depletion of the ECFV. Sometimes a careful trial of 
0.9% saline with close monitoring of d)e sodium concentration and ECFV 
status can be helpful in such a situation: 1n ECFV depletion. the serum 
sodium concentration will usually begin to correct rapidly. Findings consis­
tent with adrenal insufficiency or hypothyroidism should prompt the appro­
priate hormonal assays. 

Laboratory Studies 

A low measured serum osmolality exclude.s pseudohyponatremia or hy­
ponatremia with increased tonicity. The urine osmolality may give an indica­
tion of the severity of the impairment in urine dilution. For example, a patient 
with a urine osIDOlality of 200mOsm/L has less impairment of urine dilution 
than a patient with a urine osmolality of 600 mOsm/L. The urine sodium con­
centration may be helpful. A low urine sodium concen.tration ( <20 mEq/L) 
suggests increased proximal reabsorption of sodium secondary to ECFV de­
pletion, congestive heart failure, nephrotic syndrome, or cirrhosis. 

Sometimes, despite careful clinical evaluation. it is not clear whether the 
patient has mild ECFV depletion or SIADH. This is another situation in which 
the .response of the sodium concentration to slow, careful administration of 
0.9% saline with close monitoring of the sodium concentration and ECFV 
status may be helpful diagnostically. In ECFV depletion, the serum sodium 
concentration will usually begin to correct rapidly. lo SIADH, the sodium con­
centration wiU usually not change much, Nevertheless, because of the possi­
bilily ofECFV overload. 0.9% saline administration is not recommended as a 
routine part of the diagnos.is of hyponatremia. 



Treatment of Hyponatremia 

The goals of treatment of hyponatremia are to carefully correct the 
serum sodium concentration toward normal and to correct any coexisting aJ. 
terations in the ECFV (see Fig. 3-4). Definitive treatment demands finding 
and treating the specific underlying cause of impaired renal water excretion. 
Sometimes, diagnostic evaluation and treatment of hyponatremia must pro­
ceed simultaneously. 

Acute, severely symptomatic hyponatremia is a medical emergency re­
quiring rapid intervention. Treatment of chronic asymptomatic hyponatremia 
must be approached cautiously, because overly zealous treatment can lead to 
serious consequences. 

Why Symptoms of Hyponatremia Dictate the Urgency of Treatm11nt 

The urgency of therapy depends upon the severity of the symptoms of hy­
pooatremia. which in tum depends upon the magnitude of the hyponatremia 
and the time course of its development. lo general, the shorter the time course 
of development, the more severe the symptoms and therefore the more urgent 
is the initiation of the{apy. This concept is critical to understanding the man­
agement of hyponatremia. 

When a significant decrease in ECF osmolality occurs rapidly, there is a 
sudden shift of waler to the cellular compartment ( water flows down the os­
motic gradient). This causes acute cellular swelling, which may result in acute 
cerebral edema with lethargy, stupor, coma. seizures, and even death. Acute, 
severely symptomatic hyponatremia is a medical emergency and demands 
immediate treatment. usually in an intensive care unit setting. Pennanent neu­
rologjcaJ sequelae or death may occur if this condition is not addressed im­
mediately. The rapidity of development of the hyponatremia is more important 
than 11,e actual value of the serum sodium concenrration. 

What happens if the fall in ECF osmolality occurs over a longer time pe­
riod, such as several days? The cell can adapt to a slower decrease in the serum 
osmolality by transpo.rting potassium, sodium, and other solutes out of the in­
terior of the cell. Thi.s removal of solute lowers intracellular osmolality and 
blunts the movement of water into the cell. Brain cell swelling is not as sig­
nificant as in .acute hyponattemia because of this adaptive loss of intracellular 
solutes. Patienrs with chronic hyponatremia are generally less symptomatic, 
and treatment should be less aggressive than in acute hyponatremia. Correc­
tion of chronic, asymptomatic byponatremia needs to be gradual and careful: 
Rapid correction of extracellular fluid osmolality will lead to rapid shifts of 
water out of the cells, which may be harmful. r n fact, rapid correction or over­
correction of chronic hyponatremia may result in a potentially fatal neurologic 
condition known as the osmotic demyelioallon syndrome (ODS). Symptoms 
of the ODS may develop gradually one to several days after the correction of 
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FIGURE 3-4. Treatment of Hyponatremia 

Etiology 

Pseudohyponatremia 

Hyponatn:mia with 
markedly increased 
tonicity. usually doc to 
profound hyperglycemia. 

Renal failure 

ECFV depletion 

Edematous states 

Thia1.ide diuretics 

Increased ADH 

Hypothyroidism 

Adrenal insufficiency 

""Tea and toast" diet 

Treatment 

None 

0.9% saline until 
hemodynamically slable. 
lhen 0.45% saline 

Water rcstfictioo. 

0.9% saline. 

Water reslriction for 
hyponatremin. Sodium 
restriction and loop 
diurerics to remove edema. 

Stop-thiatldes. Replace 
sodium (orally is usually 
sufficient) and potassium. 
Correct hypokalemia. 

Water restriction. Find 
and near underlying 
c;ause. 

Definitive therapy is to 
correct bypo1hyroidism. 

Definitive therapy is to 
correct adrenal failure. 
0.9% saline. 

Increase dietary solute, 
and decrease water intake 
if excessive. 
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Remarks 

Very rare. Serum TG 
usually 5000 mgldl or 
grea1er. Protein (multiple 
myeloma) usually 10 
gm/di or greater. 

This is lhe only situation 
in which a patient with 
hyponatremia mighl be 
given hypotonic fluids. 
Measured and calculated 
Posm must be sevenly 
eleva1ed due 10 marked 
hyperglycemia. 

Reslric1 water only if 
hyponruremia is present. 

Usually in setting of 
vomiting. Most patients 
need potassium as well as 
0.9% saline. 

Restrict water only if 
hypona1rcmla is presenL 

Thiazides should not be 
given to _any patient wi1h 
hyponatremla. 

ff water excretion is 
severely impaired, may 
require NaCl 1nble1~ 10 
add solute load or 
demeclocycline to 
antagonize ADH. 

Hyponatremia is lhe most 
common electrolyte 
abnonnality found in 
adrenal insufficiency. 

Seen mainly in elderly 
patients. 



the serum sodium concentration. These symptoms may include fluctuation in 
mental status, seizUies, swallowing dysfunction. loss of vision, and in severe 
cases, quadriplegia. ODS is relatively uncommon but may lead to devastating 
permanent ncurologic.al sequclae. 

The appropriate treatment ofhyponatremia·depends upo.n whether the hy­
ponatremia is symptomatic (symptomatic hyponatremia is typically acute but 
not always)or asymptomatic (asymptomatic hyponatremia is typically chronic 
but not always). The risk of permanent neurological impairment due to un­
treated cerebra.! swelling and increased intracranial pressUie is greatest in 
acute. severely symptomatic hyponatremia. Acute hyponatremia that is se­
verely symptomatic is a medical emergency that requires rapid intervention. 
On the other hand, zealous treatment of chronic, asymptomatic or mildly 
symptomatic hyponatremia could result in permanent neurological impair­
meal secondary to ODS. 

Treatnunt of Chronic Hyponalremia 

The treatment of chronic, asymptomatic hyponatremia depends upon the 
underlying process that caused the hyponatremia. In genera.!, restriction of 
water to a total (fluid plus dietary foodstuffs) of approximately 800 ml/24 
houcs will always work temporarily for a few hours until more information is 
·available. Remember: Continued water intake is required in addition to im­
paired water excretion for hyponatremia to develop. If water .is restricted 
sufficiently, progressive lowering of the serum sodium concentration wi II sta­
bilize, regardless of the specific cause of hyponatremia. Water restriction is 
not appropriate treatment for hyponatremic patients with ECFV depletion, 
thiazide-induced hyponatremia. or hypothyroidism or adrenal insufficiency, 
but water restriction can serve as a temporizing measure for a few hours in 
cases of uncertain diagnosis. Therefore, if it is necessary to "put the brakes on" 
in a case of a rapidly falling serum sodium of unclear etiology, water restric­
tion will work temporarily until more information is available and appropriate 
specific therapy is begun. 

The primary way an anephric dialysis patiem develops hyponatremia is 
by drinking water in excess of insensible loss. The treatment of choice for hy­
ponatremia associated with renal failure is water restriction. Emergency dial­
ysis can correc1 acute, symptomatic hyponatremia due to a large, sudden water 
load in a patient who is anuric. 

First-line therapy of hyponatremi.a associated wi.th the edema-forming 
states is also water restriction. Water re.~triction treats the water co11trol prob­
lem (the cause of the hyponatremia). Loop diuretics and sodium restriction 
treat the sodium-overload problem (the cause of the edema). Water restriction 
is 11(11 necessary unless there is hyponatremia. It is also important to remem­
ber that thiaz.ide diuretics are contraindicated io all patients with bypona­
trernia, even those with edema-forming states. Thiazides impair the ability of 
lhe kidney to produce a dilute urine and can worsen the hyponatremia. 
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ii is important t() re-emphasize that in the absence of hypoMtremia there 
is no indication U> restrict water. If there is edema (ECF sodium overload) 
alone, restrict only sodium. lf1here is hyponatremia and edema, restrict beth 
water and sodium. 

The treatment of ECFV depletion is volume replacement with 0.9% 
saline. Generally, the kidney is appropriately retaining sodium, so the urine 
sodium is typically very low in this condition ( < 10 mEq/L). Both the hy­
poruuremia and depleted ECFV respond to replacement ofECFV with isotonic 
saline solution. This results in nonnaliza.tion of the sodium concentration and 
restoration ofECFV. One needs to be careful because overly rapid correction 
may lead to the osmotic demyelination syndrome. This is especially ttUe in pa­
tientS who are asymptomatic or mildly symptomatic whose hyponatremia has 
developed slowly over several days. Once the ECFVis restored to nonnal wi.th 
0.9% salirte, these patients will quickly restore their sodium concentration to 
the normal range. [tis imperative 10 check the sodium concentration frequently 
in these patients during therapy. 

The treatment of byponatremia secondary to lhlazide diuretics js to stop 
the diuretics and liberalize sodlum intake. PotasSium depletion is often present 
as well, and should be (..'Orrecled. Such patients should ru;,t be restarted on thi­
azides because Ibey are at risk for repeated episodes ofdangerous hyponatremia. 

For cases of SIADB, water restriction is always helpful until the underly­
ing condition is identified and specific therapy is begun. Any medications known 
to impair water excretion should be withheld (Figs. 3-l·and 3-2). and a careful 
history and physical examination performed. Treatment depends upon whether 
or not symptoms are present (acute versus chronic hyponatremia). 1n cases of se,­
vere impairment of water excretion, increasing solute ,intake (NaCl tablets) or 
administration of agent~ which counteract lhe action of ADH, such as demeclo­
cycline, may be required. Definitive therapy is removal of the cause of SJADH. 

Recently, a new class of drugs, lhe vasopressin (ADH) antagonists have 
been developed, which block the action of ADH at lhe level of the collecting 
rubule. By blockfog the effect of ADA, these. agents can induce warer excre­
tion and thereby can produce an increase in the serum sodium concentration. 
When available, these agents may be clinically useful in treating patients with 
SIADH from a variety of causes. Although [have classified the hyponatremia 
associated with the edematous rusorders, congestive heart failure and cinho­
sis, as being caused by increased proximal water ceabsorption leading to de­
creased water excretion, many of these patients also have abnormally 
increased ADH contributing to the hyponatremia. Therefore, patients with 
congestive heart failure or cirrhosis could also benefit from the ADJ-I antago­
nists. The ADH antagonists are currently investigational. 

Tnatmenl of Acute, Symptomatic Hyponatremia 

Patients with acute, severely symptomatic (stupor, coma, seizures) hypona­
tremia require closely monitored emergency care. Water restriction, although 
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001 sufficient to correct the byponatremia quickly enough to relieve symptoms 
of brain swelling, will prevent the hyponatremia from worsening. In general, 
the indications for emergency treatment with bypertonic saline are manifesta­
tions of significanl CNS symptoms, such as severely depressed mental starus, 
seizures, or other evidence of increased intracranial pressure. Acute, severe by­
ponatremia may resull from any ef the causes ofbyponatremia. but the most fre­
quent causes are: 

• Hypotonic fluids (e.g. 0.45% saline, D5 0.45% saline, DSW) administered 
postoperatively or in the settin_g ofECFV depletion 

• Syndrome of inappropriate ADH in the presence of acute excess water 
ingestion 

• Primary polydipsia leading to acute water intoxication in the psychiatric 
patienL For hyponatremia to develop, there generally must be an impaired 
ability to excrete waler in addition 10 increased water ingestion. 

• ECFV depletion (often secondary 10 protracted vomiting with contin­
ued water ingestion). Generally this form of byponatremia will respond 
to volume expansion with 0.9% NaCl and should not require hypertonic 
saline. 

• ln1raveoous cyclophosphamide (increased ADH effect) 

How to use 3% saline 

'There are impo11ant safety guidelines for the cautious use of hypertonic 
saline. The major risk of using 3% saline is too rapid correction or over­
correction of bypon;:1trernia resulting in ODS. It is important to individualize 
lherapy in each patient. and to make adjustments as the clinical picture 
changes. The following are general safety guidelines: 

• Treat only severely symptomatic patients. Asymptomatic or mildly sympto­
matic patients should oot generally be trea1ed with 3% saline. 

• In general, correct the sodium concentration no faster lhan I mEq/L per 
hour initially until achieving 6-8 mEq/L increase, then 0.5 mEq/L (or less) 
per hour. 

• An increase of !be sodium concentration of 6-8 mEq/L should be enough 10 
reduce symptoms acutely. Once symptoms improve. the 3% saline shouid be 
slowed/stopped. 

• Permil no more than 10- 12 m.Eq/L increase in sodium concen1ration in the 
first 24 hours. 

• 50--100 ml/hr of 3% saline initially is generally safe for a brief period in a 
severely symptomatic "average" sized person, until appropria1e calculations 
can be done to determine a rnore precise rate of administration. 

• Be very careful in women and in chronically ill patients, such as alooholics, 
cancer patients, and patients who have had a recent cardiac arrest because 
lbese patients are at risk for ODS. 

• Slow/stop lhe infusion as soon as symptoms improve. The object is not to 
correCJ the semm sodi11m value per se but to alleviate cerebral edema. 
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• Watch for congestive heart failure. Some clinicians give a loop diuretic along 
with the 3% saline 10 avoid BCFV overload and to increase water excretion. 
A word of caution: Loop diuretics may make the sodium concentration rise 
faster than predicted, so the serum sodium concentration must be checked 
very frequently. 

Once the decision is made to use hypertonic saline, the infusion rate of 
3% saline may be calculated as follows: 

1) Calculate the "sodium deficit." 

Calculate the amount of sodium in mEq that, if it all remained in the 
extracellular fluid compartment, would raise the serum sodium concentration 
to the desi,red level. Hyponatremia is not the result of a deficit of sodium, as 
the term "sodium deficit" suggests. This is a confusing bit of terminology, but 
it is useful to help us calculate the amount of sodium in mEq to give as 3% 
saline to raise the sodium concentration by a desired amount. 

To. do this, first set the desired serum sodium concentration value using 
the parameters for safe correction diS€ussed above, and the time (t, in hours) 
at which you want the sodium lo be its desired value: 

• Na+(mEqgivenas3%) = ([Na+(deoln>dJ) - [Na+1.,..."""'1]) X EstimatedTBW 
• This gives the amount of sodium in mEq to be given as 3% saline over 

time t. 

2) Set the rate of the Infusion. 

• There are5 13 mEq of sodium in a liter of 3% saline. Therefore, 10 obtain the 
volume of 3% saline to give over time t, di.vi de the number of mEq of sodium 
to be given (which was detemrined in step l ) by 513 mEq/L. 

• Then give this volume of 3% saline over time I. 

In general , adequate administration of hypectonic saline will cause a tempo­
rary relief of cerebral edema by translocating water out of brain cells. A loop 
diuretic can el.imiJlate excess water from the body. Therefore, a loop diuretic 
is sometimes administered with 3% saline in the setting of acute. symptomatic 
byponatremia. Loop diuretics may make the sodium concentration rise faster 
than predicted, however, so the serum sodium <--oncentration must be checked 
very frequently. 

A word of caution: Overly rapid correction can resull from an over­
estimation ofTBW just as well as from a miscalculation of the "sodium deficit." 
Be careful to use .5 X body weight (kg) in women rather than the more widely 
quoted .6 X body weight (kg), which is used in men. Also note that elderly pa­
tients have a decreased TBW. A chronically ill hospitalired patient may have an 
even lower TB W than predicted based upon age and gender. Tue key is frequent 
determination of the serum sodium concentration to monitor therapy. 

Correcting acute hyponatremia with 3% saline is an emergency proce­
dure and is best carried out under close observation with frequent determina-
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lions of serum sodium to monitor therapy. I strongly favor ICU monitoring for 
this; I generally calculate the amount of 3% saline to be given for a 4 hour pe­
riod initially and reassess the sodium concentration during therapy and at the 
end of this period. I check the sodium concentration every 1-2 hours to care­
fully monitor therapy. 

The purpose of using 3% saline in cases of severe acute, symptomatic hy­
ponatremia is not to correct the sodiwn concentration per se, but to temporarily 
relieve cerebral edema and to prevent oeurologic sequelae. I view the use of 3% 
as trying to "let off a little pressure" by the hypertonic effect of the 3% saline, 
which removes water from the swollen brain. Th.is can generally be accom­
plished by correcting the sodium concentration by only 6-8 mEq.fL initially. I 
generally do not infuse 3% saline for more than a total of 6-8 hours. Once the 
sodium is corrected by 6-8 mEq.lL, I generally stop the 3% saline and initiate 
more conservative measures. It is never necessary 10 use 3% sali;,e to correct 
the sodium to eve.11 close to the nomwl range. Overcorrection is a serious mis­
take that could cause ODS. l view 3% saline as a potentially dangerous drug to 
be used only in the early treatment of severely symptomatic cases. The problems 
with ODS seem to occur well after the cerebral edema is corrected, so once the 
patient is out of danger from cerebral edema, I s1op thehypenonic saline and em­
ploy the appropriate measures discussed in tbe section on chronic hyponatremia. 

It is important to individual.iz.e therapy for each patient, depending upon 
the clinical picrure and the rate of response of the serum sodium concentration 
to 3% saline infusion. Por example. a patient who is having continuous 
seizures may require an initial rate of correction of the serum sodium concen­
tration faster than the recommended I mEq/L per hour for an hour or two, de­
pending on the patient's clinical response and the rate of rise of the serum 
sodium concentration. 

Exercises 

I. General approach to hyponatremia: A colleague calls you on the phone for 
advice on how to approach a patient with a serum sodium concentration of 
I 20 mF.q/L. The patient is asymptomatic. The other data are: chloride 80 
mEq/L, potassium 4.5 mEq/L, bicarbonate 24 mEq/L, BUN 14 mg/di, glu­
cose 90 mg/di. What further questions do you ask? 
Answec 

1. What is the measured osmolality? It is 255 mOsm/L (normal range: 
280-295 mOsm/L). Therefore, you are dealing with hyponatremia 
with hypotonici1y. The osmolal gap is 5 mOsm/L. 

2. Is there renal failure? The creatinine is 1.0 mg/di (normal), which 
rules out renal failure. 

3. Is there evidence of an ab-normally increased or decrea~ed ECFV? 
Your colleague must search carefully for an edematous state or for 
evidence of ECFV depletion. There is none. The urine sodium 
concentration may sometimes be helpful in hyponatremia: ECFV 
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depletion and edematous disorders may have urine sodium values 
<20 mEq/L. indicating renal sodium retention. You ask for the 
urine sodium concentration. It is 65 mEq/L, which is further evi­
dence against E!CFV depletion or an edematous disorder. 

4. ls lhe patient taking lhiazides? Hyponatremia may result from thi­
azide diuretics given 10 treat hypertension. The patient denies rak­
ing th.iazides. 

5. Is there evidence of a disorder or is the patient talcing a medication 
capable of causing SIADH? (refer to Fig. 3-2.) Any of the disorders 
or drugs listed could be causing the byponatremia. 

6. Is there evidence of adrenal failure or hypothyroidism? If in doubt, 
your colleagµe may order the appropriate assays. 

7. You also ask about the amount of intake of water and solute. [f the 
patient were hospitalized, you would immediately check to see what 
N 0uids the patient is receiving. 

Of course, a phone conversation is no substitute for a careful clinical eval­
uation, but these are some key questions to ask when evaluating a patient 
with hyponatremia. 

2. A 30-year-old man with a history of high blood lipids bas the following lab­
oratory values: sodium L25 mEq/L, measured osmolality 270 mOsm/L, 
triglycerides 1000 mg/di, total protein 8.5 gm/di. The blood sample is 
lipemic. ls this a case of pseudohyponatremia? 
Answer: No. The measured osmolality is low. This is hyponatremia with 
hypotonicity. The sodium concentration falls by about 1 mEq/L for every 
500 mg/di increase in triglyceride concentration. For pseudohypona­
tremia to develop, the degree of hypertriglyceridemia must be severe: 
Triglycerides must increase by about 5000 mg/di for a IO mEq/L drop in 
the serum sodium concentration. A triglyceride concemration of I 000 
mg/dl would result in a fall in the sodium concentration of only about 
2 mEq/L. On the other hand, blood becomes lipemic when the triglyceride 
concentration reaches 500 mg/di: thus. lipemic blood does not confirm 
the diagnosis of pseudohyponarremia although the absence of lipemia 
rules out hypertriglyceridemia-related pseudobyponatremia. Similarly, 
for pseudobyponatremia to be pre.sent in hyperproteinemic state-s such 
as multiple myeloma. the protein concentration must be increased by 
roughly 0.25 gm/dl above 8 gm/dl for every 1 mEq/L fall in the serum 
sodium concentration. So the protein concentration would need to be 
I 0.5 gm/di for the so&um concentrationt.o fall by l 0 mEq/L. In a nutshell: 
If the blood of the patient is not lipemic and the protein concentration in 
plasma is less than 10 gm/di, then pseudohyponatremia is not present. 

Another point is lhat the measured osmolality is nonnal and the cal­
culated osmolality is low in cases of pseudohyponatremia. This results in 
an increased osrnolal gap. The osmolality of 270 mOsm/L in this patient 
is low and indicates one of the ca11ses of hyponatremia with hypot.onicity. 



3. A patient presents with 3 days of nausea, vomiting, polyuria and poly­
dipsia. On physical examination, there is poor skin turgor and a blood 
pressure drop from 136/86 to 92152 on standing, with a pulse increase 
from 96 to US. Laboratory studies show: glucose 3© mg/di, sodium 
120 mEq/L, and blood urea nitrogen 28 mg/di. The measured osmolality 
is 270 mOsm/L. What is the cause of the hyponatremia in this patient. and 
what would the serum sodium concentration be once it has been "cor­
rected" for th.e elevated glucose? Whal fluid would you use? 
Answer: The hyponatremia is most likely caused by 6CFV depletion, 
caused by protracted nausea and vomiting, with continued intake of 
water. Serum osmolality may be calculated (Chapter I): 

OSM(clkl = 2(120) + 3©/18 + 28/2.8 = 270 mOsm/L 

and is consistent with the measured osmolality. The patient is BCFV 
depleted and hypo1on.ic. The glucose is contributing only 3©/18 = 
20 mOsm/L to the osmolality. When the hyperglycemia corrects, the serum 
sodium concentration wiij increase. The correction factor for the serum 
sodium concentration (!hat is, to estimate what the serum sodium will 
increase 10 once all the glucose is pushed back into cells where it belongs) 
is 1.6 mEq/L sodium for every 100 mg/di increase in glucose concentra­
tion above 100 mg/di. The correction factor would be rnughly 3 X 1.6 = 
4.8 mEq/l, (rounding the glucose of 3© mg/di 10 400 mg/di), and the cor­
rected serum sodium concentration would be 120 + 4.8 = 125 mEq/L. 
'This is roughly the serum sodium that would be ex:pected if the glucose 
concentration were corrected to LOO mg/di This patient has ECFV deple­
tion and hyponatremia with hypoton.icity. The IV solution of choice is 
0.9% saline, which will correct the ECFV depletion and the hyponatremia. 

Most uncontrolle.d diabetics wiJh hyperglycemia are treated with 
0.9% saline. This is by far the most common clinical situation. 

4. A patient presen.ts with polyuria and polydipsia and altered mental status. 
On physical ex:amination, the patient is poorly responsive. There is poor 
skin turgor and a blood pressure drop from 100/84 to 80/62 on sitting, with 
a pulse increase from. 92 to 128. Laboratory studies show: gluoose 2 I 00 
mg/di, sodium 130 mEq/L, and blood urea nitrogen 40 mg/di. The mea­
sured osmolality is 395 mOsm/L. What is lhe cause of lhe hypooatremia 
in this patient, and what is the serum sodium once it has been "corrected" 
for the elevated glucose? What fluid would you give? 
Answer: This is a special case of byponatrern.ia caused by lhe massive 
elevation of the glucose concentration: Hyponatremia with severe hyper­
tonicity. The patient is obtunded because of the severe hypertonicity. 
Serum osmolality may be calculated (Chapter I): 

OSMt,a1ci = 2(130) + 2100/18 + 40/2.8 = 391 mOsm/L 
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The calculated value of 391 mOsm/L is consistent with the measured os­
molality of 395., confinning glucose as the solute responsible for the in­
creased osmolality. The glucose is contributing 2100/18 = lll mOsm/L 
to the osmolality. The extracellular fluid is llypertonic and the measured 
osmolality is markedly increased. There is actually a deficit of water 
relative to solute.~. When the hyperglycemia corrects, the serum sodium 
concenttation will increase. The correction factor for the serum sodium 
concentration (that is, to estimate what the serum sodium will increase 
to once all the glucose is pushed back into cells where it belongs) is l.6 
mEq/L sodium for every I 00 mg/di increase in glucose concentration 
above l 00 mg/di. The correction to the serum sodium concentration 
would be 20 X 1.6 "" 32 mEq/L for a gluc:ose of2100 mg/di. and the cor­
rected serum sodium concentration would be 130 + 32 = 162 m.Eq/L, 
which is the serum sodium th.at would be expected if the glucose concen­
tration were corrected to 100 mg/di. This corrected value for the serum 
sodium concentration ( 162 mEq/L in this case) should be considered when 
deciding upon which JV fluid to use. 

Many clinicians would give a liter of 0. 9% saline first for rapid correc­
tion of the severe volume dep.letion, followed by hypotonic 0.45% saline to 
give free water as well as sodium (volume) replacement. This is usually ap­
propriate, especially when there is significant hemodyruimic compromise. 
The intravenous fluid best suited for subsequent definitive treatment of this 
situation (hype1tonicity and volume depletion) is 0.45% saline. Why? Be­
cause the patient is markedly hypenonic, the IV fluid should be hypotonic 
relative to plasma to provide the water the patient needs. The patient is also 
volume depleted as indicated by the poor skin turgor and orthostatic blood 
pressure drop, so the patient w:ill need sodium as well. The solution that pro­
vides both free water to correct the hypenonicity as well as sodium to cor­
rect the depleted ECFV is 0.45% saline. D5W would give free water, bur the 
dextrose in this solution would aggravate the hyperglycemia D5W contains 
no sodium, which is needed ro correct the volume depletion. Hyponatrernia 
with severe hypcnonicity is a special situation. In most othe. circumstances, 
hypotonic fluids should not be given 10 a patient with ECFV depletion be­
cause hypotonic fluids d.eliver free water to a patient who will have diffi­
culty excreting it and could therefore result in dangerous hyponatremia. 

5. What if a patient had a sodium concentration of 120 mEq/L, a BUN of 28 
mg/di, a measured osmolality of 275, and a glucose of 360 mg/di? Would 
you give 0.45% saline? 
Answer: No. This is not a case ofhyponatrernia with hypertonicity. ln this 
case, the calculated osmolali~y is; 

OSMccoJc:1 = 2(120) + 360/18 + 28/2.8 = 270 mOsm/L 

This is hyponatrernia with h)!'potonicity. Hypotonic fluids are absolutely 
conrraindicated in hyponatremia with hypotonicity. Just because the glu­
cose is elevated does not mean the patient has hyponatremia with hypcr-
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tonicity. This patient needs further evaluation to determine the cause of 
the hyponatremia. The glucose is not high enough to make the patient hy­
pertonic, nor to significaotly lower the serum sodium. The glucose is rais­
ing the osmolality by only 360/18 = 20 mOsm/L. To make the diagnosis 
of hyponatremia with hypenonicity requires a much higher glucose con­
centration. This case illustrates the imponance of checking both the cal­
culated and measured serum osmolalities in patients with hyponatremia. 
Rypotonic fluids should never be given to a patient with hyponatremia 
except in the special case of severe hypertoniciry. 

6. What if a patient had a sodium concentration of 120 m.Eq/L, a BUN of 280 
mg/dl, a glucose of 360 mg/dl, and a measured osmolality of 365? Would 
you give 0.45% saline? 
Answer: No. This is not a case of byponatremia with bypertonicity, even 
though the calculated osmolality is: 

OSM<c:a1c, = 2(120) + 360/18 + 280/2.8 = 300 mOsm/L 

In this case, the osmolality is elevated mainly by urea which is an ineffec­
tive osmole. Urea is contributing 280n.8 = JOO mOsmlL to the osmolal­
ity. but the patient is not hypertonic because urea is not an effective osmole 
and does not contribute to tonicity. Glucose is an effective osmole, but is 
raising the osmQlality by only 360/18 = 20 mOsm/L. The gl.ucose is not 
high enough to make the patient hypertonic. and is nol the cause of the low 
serum sodium concentration. This is a case of hyponatremia with bypo­
tonicity, even though the osmolality is markedly increased. Hypotonic flu­
ids are absolutely contraindicated in hyponatremia with hypotonicity. This 
patient need~ further evaluation to determine the cause of the hyponatremia.. 

7. A neurosurgical resident shows you the following laboratory results: 
sodium 130 mEq/L. measured. osmolality 330 mOsm/L, glucose 180 mg/ 
dl. BUN 28. The patient is receiving hypcrtonic maonitol for cerebral 
edema. How would you suspect that mannitol is contributing to a patient's 
hyponatremia? 
Answer: The measured osmolality is very high, and the calculated osmo­
lality is low, resulting in a large increase in the osmolal gap. 

Calculated osmolality = 2(130) + 180/18 + 28n.8 = 280 mOsm/L 

The osmolal gap is the difference between the measured and calculated 
osmolal gaps and is normally no greater that IO mOsm/L: 

Osmolal Gap = 330 mOsm/L - 280 mOsm/L = 50 mOsm/L. 

The osmolal gap is elevated by mannitol. This leads 10 hyponatremia with 
hypertonicity. 

8. Use and interpretation of the osmolal gap: A patiem comes 10 the emer­
gency room staggering and smelling like beer. The sodium is 140 mg/di, 
glucose 180 mg/dl and BUN 28 mg/di. The measured osmolalily is 330. 
What is your diagnosis and how do you confirm it? 
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Answer: The osmolal gap is: 

330-[2 X (140) + 180/18 + 28/2.8) = 330-300 = 30 

This patient is drunk. The most likely substance causing an increase of the 
osmolal gap is ethanol. which should be confirmed by ordering an ethanol 
level. Other substances that can elevate the osmolal gap are ethylene gly­
col, methanol, isop,opanol, mannitol and sorbitol. 

9. Mr. Jones is a 78-year-old retired minister who has end-stage renal disease 
secondary LO glomerulonephritis and zero urine volame/24 hours. He.has 
been a very compliant dialysis patient, but today be comes to dialysis 
weighing an extra 5 kg and his serum sodium has fallen from 136 mEq/L 
10 124 mEq/L. He repeatedly maintains that he has not taken in more than 
the prescribed amount of fluid (1.5 Uday) between his dialysis sessions. 
What is the cause of the hyponatremia? 
Answer: He has taken in too much fluid! There is no other possibility in 
a man who has no GFR. Generally. the solution 10 such a problem rums 
out to be a matter of more patient education, because many patients ofteo 
do not consider such items as gelatin, soup and broth, or milk added to 
cereal in the calculation of "water" intake. 

IO. A 54-year-old man presents with increasing shortness of breath, fatigue, 
paroxysmal nocturnal dyspnea, and marked edema. His physical exami­
nation reveals jugular venous distention, rales, and a th.in:! heart sound 
(SJ). His chest X-ray shows bilateral pleural effusions, cardiomegaly, and 
interstitial pulmonary infiltrates. His seMD sodium is 125 mEq/L. The 
urine sodium concentration is 5 mEq/L ( <20 mEq/L indicates renal re­
tention of sodium). Measured osmolality = 270 mOsm/L. Why is the 
serum sodium concentration low? What therapy would you give? 
Answer: It is apparent that this patient has severe congestive heart fail­
ure. The patient has gross clinical and radiographic evidence of ECFV 
overload. The urine sodium is low ( <20 mEq/L) which indicates ab­
nonnal renal retention of sodium. The abnormal renal sodium retention 
has led 10 a striking excess in total body sodium. Note that the ECFV, 
which tells us about sodium balance, is assessed by clinical criteria: 
Edema, jugular venous distention, and congestive symptoms along 
with the chest X-ray showing volume overload. Why is the sodium 
concentration low? The reason for the hyponatrernia is that the patient 
bas an impairment of renal water excretion. The low se.rum sodium 
tells us absolutely nothing about total'body sodium_ 

In a systematic way, assess the ECFV (determined by total body 
sodium) first, then the sodium concentration (which tells us about water 
regulation): 
• Assess the ECFV: Edema, JVD, congestive symptoms. rales. S3. and 

chest X-ray showing pulmonary edema all indicate a marked e,ccess of 
total body sodium. The treatment is loop diuretics and sodium restriction. 
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• Ryponatremia: The serum sodium of 125 mEq/L means water excess 
relative to sodium, which is due to impaired renal water excretion in the 
presence of ongoing water intake. The tteatment is water restrictio.n. If 
the serum sodium were normal, there woul.d be no indication for water 
restriction. 

lt is better to consider sequentially the size of the ECFV, then the sodium 
concentration. Look for clinical indices of abnormal ECFV: Overload pro­
duces edema, ND, rales, S3, weight gain, CVP elevation, and pulmonary 
congestion on CXR. Depletion produces hypotension. tachycardia, ortho­
static fall in blood pressure with increase in pulse, dry mucous mem­
branes. poor skin turgor, and low CVP. After clinically assessing the 
ECFV (which is determined by total body sodium), look al the serum 
sodium concentration (which tells you about water regulation). 

11. A 59-year-old woman presents with congestive heart failure and a serum 
sodium of 138 mEq/L. Do you restrict water, sodium, or both? 
Answer: Restrict only sodium. In the absence of hyponatremia there is 
no indication to restrici water in congestive heart failure, nephrotic syn­
drome, or cirrhosis with edema. 

12. A 26-year-old woman with a history of peptic ulcer disell,Se presents with 
nausea, vomiting, and abdominal pain. On examination, her mucous 
membranes are dry. her skin turgor is poor, and her blood pressure falls 
from I 20/80 to 85/60 mm Hg upon standing from the supine position. with 
a concomitant rise in pulse from 95 to 120. Her serum sodium is 125 
mEq/L. The urine sodium concentration is 5 mEq/L ( <20 mEq/L indi­
cates renal retention of sodium). Measured osmolality = 270 mOsm/L. 
What is happening'? What therapy do you prescribe? 
AttSWer: Thi_s patient suffers from marked ECFY depletion. Her total 
body sodium is severely decreased. The urine sodium i.s low due to ap­
propriate renal conservation of sodium. The patient is also retaining 
water because water is being avidly reabsorbed by the proximal tubule 
and therefore cannot be excreted. The reason for the hyponatremia is 
that the patient has impaired water excretion in the presence of contin­
ued water intake. 1n a systematic way. assess the ECFV (determined by 
total body sodium} first, then the sodium concentration (which tells us 
aboul water regulation): 
• Assessment of ECFV: The dry mucous membranes, decreased skin tur­

gor, and orthostatic fall in blood pressure all support adiagnosis ofECFV 
depletion and therefore a marked depletion of total body sodium. The 
treatment is 0.9% saline. Hyporonlc fluids should not be used beazuse 
they deliver e/ectrol;yte-free water and can worsen the hyponatremia. 

• Assessment of the sodium concentration (which tells us about water 
regulation): The serum sodium of 125 mEq/L means there is an excess 
of water relative to sodium. In this case the sodium concentration will 
correct with restoration of ECFV with 0.9% saline. 
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13. A 72-year-old man who is a heavy cigarette smoker presents with in­
creasing cough and one episode of bemoptysis. Other than nicotine 
stains on his right index and middle fingers, his physical examination 
is normal. Chest X-ray reveals a 4 cm right lung mass. His serum 
sodium is 125 mEq/L, potassium 4.2 mEq/L, creatinine 1.1 mg/dl . 
Measured osmolality = 270 mOsm/L. The urine sodium is 45 mEq/L. 
His mucous membranes are moist, skin wrgor is normal, and he does 
not have an orthostatic fall in blood pressure. He talces no medications. 
TSH is normal. What is causing the hyponatremia'! 
Answer: This patient does not exhibit either an obvious excess or a de­
pletion ofECFV (total body sodium). The low serum sodium tells us noth­
ing about the total body sodium status of the patiem, but rather indicates 
that there is an excess of water relative to sodium, which is due to an im­
pairment of renal water excretion. Systematically: 
J . What is the measured osmolality? It is 270 mOsm/L (nonnal range: 

280-295 mOsm/L). Therefore, you are dealing with hyponatremia 
with hypotonici ty. 

2. Is there renal failure?The creatinine is 1.1 mg/di (normal), which rules 
out renal failure. 

3. ls there evidence of an abnormally increased or decreased ECFV'! · 
There is none. The urine sodium concentration is 45 mEq/L, which is 
further evidence against ECFV depletio.n or an edematous disorder. 

4. Is the patient tiling thiazides? No. 
5. ls there evidence of a disorder or is the patient taking a medication ca­

pable of causing SIADH? (refer to Fig. 3-2.) We suspect the lung mass 
may be causing STADH. Any of the other disorders or drugs listed 
could be causing or worsening hyponatremia as well. 

6. ls there evidence of adrenal failure or hypothyroidism?TSH is normal. 
Adrenal failure is a very remote possibility. 

14. An elderly woman presents with a sodium concentration of 125 mEq/L 
and a pota.5sium concentration of 3.4 mEq/L. She is alert but complains of 
difficulty with her memory. The measured osmolality is 270 mOsm/L. 
There is a history of hypertension, but the patient does not remember the 
name of her medication. She is asymptomatic except for some trouble 
with recent memory. What is your diagnosis? 
Answer: Use the $llme routine as in the previous exercise. 1n this woman, 
consider thiazide-ioduced hyponatrernia. She has her husband bring her 
medicine to you: it is hydrocblorothiazide. The drug should be stopped and 
dietary sodium and potassium liberalized. The woman should no longer be 
treated with thiazides, because this situation may recur. An elderly patient 
may also have some inherent difficulty with water excretion as well as a 
decreased solute intake contributing to hyponatremia (see exercise 16). 

15. A 33-year-old 60 kg advertising executive is recovering from a resection 
of a tubo-ovarian abscess. The intravenous fluid she is receiving is D5 
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0.45% saline. Thirty six hours after surgery she is noted to be poorly 
arousable and suffers a generalized seizure. Her serum sodium concen­
tration has fallen from J 36 m.Eq/L before surgery to 116 mEq/L. Measured 
osmolality = 258 mOsm/L. What has happened? What do you do? 
Answer: Postoperative patients often have an impaired ability to excrete 
a water load, probably because of stimulated ADH release. Hypotonic flu­
ids such as D5W, D5 0.45% saline, and 0.45% saline should nor generally 
be used postoperatively or in rhe selling of volume depletion, because they 
deliver free water to a patient who will have difficulry excreting it, poten­
tially leading to dangerous hyponatremia. Isotonic fluids are best used in 
these situations. This patient has retained the water given to her as D5 
0.45% saline. You should ask for !he IV 10 be stopped and for 3% saline 
to be started. You can safely begin the 3% saline infusion with a rate of 
50-100 ml/ hour for a brief time until you can calculate a more precise rate 
of administration. Remember: There are important safety guidelines for 
the cautious use of hypertonic saline that should be thoroughly reviewed 
prior to each use of 3% saline. The major risk ofusing 3% saline is too rapid 
correction or overcorrection of hyponatremia resulting in ODS. 

To calculate the amount of 3% to give, specify a time at which you 
would like to remeasure these.rum sodium. Let's say 4 hours, because we 
will need to check !he sodium very frequently. Al 4 hours, then, what 
would you like the serum sodium to he? Carefully reviewing the safety 
guidelines for rapid correction ofhyponatremia wilh 3% saJine, you might 
want the sodium concentration in this patient to be perhaps 120 m.Eq/L. 
Now use rhe equation: 

• Na+ (amount in mEq to be given as 3%) = 
([SerumNa• cc1edrc<1>l - [Serum Na+c....,unc1>l ) X Estimated total body 
water(fBW) 

• This gives the amount cf sodium in rnEq to be given as 3% saline over 
time t. 

• Na+ (m.Eq) = (120-116) X (0.5 X 60 kg) 
• Na• (mEq) = r20 mEq 

So 120 mEq of sodium is to be given as 3% saline over the next 4 hours. 
Because 3% saline has 513 mEq sodium/I.., !he volume of 3% saline would 
be: 120/513 = 0.234 L = 234 ml over 4 hours. The sodium concentration 
is rechecked every 1-2 hours to monitor lherapy. Administration of 3% 
saline is mainly a temporizing measure to relieve cerebral edema. Some­
times a loop diuretic may be given along with the 3% saline. The loop di­
uretic has the effect of eliminating water from the body and therefore 
constitutes a more definitive treatment of the acute hyponatremia. Loop di­
uretics may make the sodium concentration rise faster than predicted, how­
ever, so the serum sodium concentration must be·checked very frequently. 

16. The effect of solute intake on !he ability 10 excrete water: The daily urine 
volume normally ranges from as high as 18 L to as little as .5 L. The 
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normal daily obligatory solute excretion is approximately from 600 to 900 
mOsm ancl consists of urea, electtolytes (sodium, potassium, and their at­
tendant anions), and waste products originating from the diet. The normal 
kidoey is able to dilute the urine to as little as 50 mOsm/L or to concen­
trate the urine to as high as 1200 mOsm/L. Therefore, the urine volume in 
24 how:s could be as high as 900 mosm/50 mOs.m/L = 18 Lin a maxi­
mally dilute urine and as low as 600 mOsm /1200 mOsrn/L = 0.5 Lin a 
highly concentrated urine. 

The prevention of hyponatrernia depends upon the balance of three 
factors: 
• Solute intake 
• The ability of the kidney to dilute the urine maximally 
• Water intake 

The following is intended as a semiquantitative discussion. The follow­
ing calculations are approximations, but serve to illusttate the inleractions of 
these three factors. More precise and rigorous calculations based upon elec­
trolyte free water eitcretion are beyond the scope of th.is text. 

Solute intake and the ability of the kidney to produce a dilute urine will 
determine the maximum amount of water intake allowable before hypona­
trernia develops. The ability to make a dilute urine declines with aging in 
some persons so that the minimum urine osmolality achievable is I 00-150 
mOsrn/L instead of SO mOsm/L. Therefore, assuming a maximally dilute 
urine of 150 mOsm/L, the maximum ;imount of water ingestedina 24-bour 
period by an elderly person without lowering the serum sodium is about 
900 mOsrn/150 mOsm/L = 6 L + insensible loss (1/2 L) = 6 1/2 L. 
Water ingested in excess of 6 l/2L would dilute the sodium concentration, 
but a water intake less than 6 J /2 L should not lead to hyponattemia. For­
tunately, few people will drink 6 1/2 L! 

Now, consider the example of the elderly patient ingesting a low 
solute diet. In this case, the person has a decreased solute load to excrete 
because the diet is low in protein and electrolytes. The solute load may be 
as low as 300 mOsrn/day. What would the maximum water intake be such 
that the sodium concentration would not fall? In other words, how much 
water can thi.s person drink without developing hyponatrernia? 
Answer: 300 mOsm/150 mOsm/L + 1/2 L (insensible) = 2 1/2 L! Con­
sequently, an elderly person with mild impairment of diluting capacity and 
with a poor solute intake will develop hyponatre.rnia if drinking-more than 
2 1/2 Uday! This is the mechanism behind the hyponatrernia of the "tea 
and toast'' diet. Note the relationship among the 3 factors: If the renal 
solute excretion were increased from 300 to 600 mOsrn/day, the water in­
take could be increased to 600/l5o + 1/2 L = 4 1/2 Uday and the patient 
would be much less likely to develop hyponatremia. 

17. Using the approximate calculations described in the previous exercise, 
what would the allowable water intake be without risk of hyponatremia 
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in a man with SIADH, a fixed urine osmolality of 400, and a dietary solute 
load of 400 mOsm/day? 

Answer. 400 mOsm/400 mOsm/L + 1/2 L = I 1/2 Liters. To increase 
this allowable amount of water, we could either increase the solute load, 
pethaps by gjving Nae! tablets; or somehow decrease !he urine osmolal­
ity, perhaps by giving demeclocycline to counreractlhe effects of ADH on 
the collecting tubule. If the solute load were increased to 800 mOsm/day, 
for example, then the allowable water intake would be roughly: 800 
mOsm/400 mOsm/L + L/2 L = 2 1/2 L. Now if we add demeclocycline 
( or even a loop diuretic) and the urine osmolality falls to 200 mOsm/L, 
then the allowable water intake would be roughly: 800 mOsm/200 
mOsm/L + 1/2 L = 4 1/2 L. In general, an outpatient can manage to ad­
here to a fluid restriction of 2 L, but not much less. 4 1/2 liters should pro­
vide an adequate cushion of safety, but the patient should be followed with 
daily weights and measurement of his sodium concentration until the 
sodium concentration stabilizes. 

18. Water restriction in patients with severe hyponatremia due to SIADH: A 
man with SIADH has a urine osmolality of 600 mOsm/L. (For purposes 
of this example, his urine osmolality is fixed at 600 mOsm/L. Actually, 
the urine osmolality may fluctuate during a 24-hour period.) H.is solute 
excretion is 600 mOsm/day. What approximate amount of fluid could 
he safely drink, and what could you do to improve this to a more reason­
able amount? 
Answer: Remember that this is an approximate way to get a rough .idea of 
allowable fluid intake and will not give precise results. These patients need 
to be monitored with frequent measurements of the serum sodium con­
centration. The maximum amount of fluid the patient can drink per day 
is around 600/600 = lL + insensible loss "' I 1/2 L per day! Any more 
water intake than this may result in progressive hyponatremia. The man­
agement of this patient fa difficult because most patients are unable to re­
strict fluid intake to less than 2Lperday. This patient is atriskfordeveloping 
dangerous byponatremia. 

What would happen if hls renal solute excretion were increased to 
900 mOsm/day by adding NaCl tablets? Answer: His allowable intake 
would be increased to 900/600 + 1/2 "' 2 L. This is an improvement, but 
the patient is still at risk for serious hyponatremia. The other interven­
tion is to decrease Uosm by the administration of demeclocycline or a 
loop diuretic. Decreasing Uosm to 300 from 600 wou.ld also increase the 
allowable water intalce because the allowable water intake depends on 
the ratio pf osmolal load excreted to the urine osmolality: 900/300 + 
1/2 = 3 1/2 L. 

Again, this is not a precise method to quantify allowable fluid in­
take, but a method to get a rough idea of allowable fluid intake in patients 
with chronic hyponatrcmia. Remember also that the definitive treatment 
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of SIADH is correction, when feasible, of the underlying cause of the 
SIADH. 

19. What would happen to a patient with hyponatremia caused by SIADH 
whose urine osmolality is fixed at 6 l 6 mOsm/L if 1 liter of 0.9% saline 
were given? Will the hyponatremia improve? 
Answer: Patients with SIADH can regulate total body sodium and the 
size of the ECFV essentially like normal individuals (this is not entirely 
true but clinically is a good approximation). That is, they handle sodium 
normally. The 308 mOsm of NaCl contained in the liter of 0.9% saline is 
excreted. The volume of urine would be 308m0sm/616 mOsm/L = .5 L. 
So what will happen to the other .5 L? 
Answer: It is retained in the patient. Therefore, giving I liter of 0.9% 
Sa.line to this patient will result in the net addition of .5 l of water to the 
patient. Sometimes. the diagnosis of the hyponalremia is unclear: It is not 
certain whether the patient has mild ECFV depletion or SIADH. The re­
sponse of the serum sodium concentration to slow, careful administration 
of 0. 9% saline with close monitoring of the sodium concentration and 
ECFV status may be helpful diagnostically. In ECFV depletion, the serum 
sodium concentration will usually begin to correct rapidly. In SIADH, the 
sodium concentration wilJ usually not change much. Nevenheless, be­
cause of the possibility of ECFV overload, 0.9% saline admirtistration is 
not recommended as a routine part of the diagnosis of hyponatremia. 
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CHAPTER 4. HYPERNATREMIA 

Hypernatremia (serum sodium >145 mEq/L) generally results from a 
deficit of water. Most cases of hypernatremia require 1wo things: 

• Loss of waler 
• Failure 10 adequately replace the water loss 

Hypematremia will not generally develop in an alert person wilh an intact lhirsl 
mechanism and access 10 water, even though water losses are large. Inadequate 
inlakc of wa1eris lherefore a common denominator in nearly all cases of hyper­
natremia, regardless of the cause of water loss. 

Because the sensitivity of thirst declines with aging. hypematremia often 
occurs in elderly patients, especially in the setting of pulmonary or urinary 
tr'<1Cl infections. Hypematremia also occurs in chronic debilitating illness and 
neurological disease. In evaluating patients with hypematremia, one should 
carefully look for alterations in neurological s1atus that are causing inadequate 
water inblke. 

The consequences of hypemauemia may be severe. Sodium concentra­
tion increases as water is lost. Water shifts out of cells to es1ablish osmotic 
equilibrium, and brain cells shrink. The patient may become progressivel.y 
lelhargic, even coma1ose. lntracranial bleeding may arise, especially in chil­
dren. The dehydrated, shrunken brain "hangs" by the meninges in the skull, 
which can tear the delicate bridging veins. 

Causes ofHypematremia 

The causes of hypematremia (sec Fig. 4-1) may be divided into 

• Extrarcnal waler loss 
• Renal waler loss 
• Iatrogenic 

The first two are due to water loss with inadequate replacement. Patients are 
generally dehydraled, and water replacement is indicat.ed. On the other hand, 
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FIGURE 4-1. Causes of Hypematremia 

Extrannal water loss (in addition to impaired !him/intake) 
Insensible losses: fever, tachypnea, mechanical vcn1ilation 
Sweat losses in bot environment 
GI losses: osmotic diarrhea (e.g. en1cral tube feedings), acute infect.ious dia1Thea 

Renal waler loss (in addition 10 impaired thirst/intake) 
Osmo1ic diuresis (Urine Osm > '.300 mOsm/L) 

Glucose 
Urea le.g. enteraJ tube feedings) 
Mannitol 

Centro! diabc1es insipidus (inadequate ADH) 
Head trauma 
PQs1-neurosurgical (craniopharyngioma, transsphenoidal ·su,gery) 
Neoplastic (primary or mciastatic) 
Sarcoidosis 
ltis1iocytosis X 
Meningitis/encephalitis 
ldiopalhic 

Nephrogenic diabetes insipidus (inadequate renal response 10 ADH) 
E1ec1rolyte disorders (hyperca!cem1a. hypok:alcmia) 
Drugs (lithium, demeclocyc!ine) 
Rerovery phase of acute renal failure 
Post urinary obstruc1ion 
Chronic renal disease 

latrogtoic: Administration of hypertonlc sodium 

iatrogenic hypematremia is due to administration of hypertonic saline or 
NaHCO3 • usually in the course of an acute. critical illness. Iatrogenic hyper­
natremia 1-esulrs from the addirio,, of hypertonic sodium, rather than water loss. 

llypematremia from Extrarenal Water Loss 

The most common causes of hypernatremia due to extrarenal water loss 
include fever, profuse sweating, hyperventilation. including mechanical ven­
tilation, and severe diarrhea. Patients with hypernalremia caused by extra­
renal water loss often have decreased ECFV s as well, indicating deficits in 
1q1al body sodium as well -as water. The proportionally greater deficiency of 
water than of sodium leads 10 the increase in the serum sodium concentration. 

Hypernatremiafrom Renal Water Loss 

The hallmark of marked renal water loss is polyuria, defined as a urine 
volume greater than 3L/24 h.ours. The common def eel in all cases of renal wa­
ter loss is an inability of che kidney to conserve water appropriately. There are 
several important causes of renal wa1.er loss. The key to the evaluation of the 
patienl with rena l water loss is measurement of the urine osmolality. 



Osmotic diuresis (urine osmolality > 300 mOsm/L) 

The excretion of an osmotic solute load by the kidney will obligate acer­
tain loss of-water. Polyuria is an important clue to the presence of an osmotic 
diuresis. How do we know if an osmotic diuresis is to blame for the hyperna­
tremia? The osmotic load excreted by the kidney will be increased to more than 
1200 mOsm/24 hours instead of lbe usual 600-900 rnOsm/day. A helpful clue 
to the presence of an osmotic diuresis is the osmolality of a "spot" urine speci­
men: It will generally be in the range >300 m0sm/L and may have a sodium 
concentration in the range of 50- 80 ~-Patients with hypematremia due 
to osmotic diuresis often manifest clinical signs of ECFV depletion. Typical 
clinical settings for the development of an osmotic diuresis are 

• Poorly controlled diabetes mellitus (glucose is the osmotic agent) 
• Hyperalimentation (central or enteral) with an increased load of urea from 

protein catabolism 
• Mannitol administration for cerebral edema 
• Administration of sodium-containing solutions with resultant sodium-

induced diuresis. 

Remember that acute administration ofhypertonic mannitol or marked hyper­
glycemia may initially result in hyponatremia with hypertonicity. The patient 
is hypertonic. even though the serum sodium conce.ntration is low because of 
transcellular shift of water. Osmotic diuresis resulting from the mannitol or hy­
perglycemia then results in progressive water loss and the sodium concentra­
tion increases. Ultimately, hypematremia develops. 

Diabetes insipidus (urine osmolelity < ISO mOsm/L) 

Diabetes insipidus results from the inability of the kidney to con·centrate 
the urine appropriately due to either absence .or deficiency of ADH (central 
diabetes insipidus) or unresponsiveness of the kidney to the effects of ADH 
(nephrogenic diabetes insipidus). The urine is inappropriately dilute arrd typi­
cally bas a low sodium concentration in the presence of polyuria and a rising 
serum sodium concentration. 

Central diabetes insipidus is due to deficiency of ADH (vasopressin). ft 
is often associated with severe CNS structural lesions or infections, head trauma, 
or pituitary surgery (see Fig. 4-1). The onset of polyuria may be abrupt .. with 
large urine volumes (5-10 L per 24 hours. for example). Patients sometimes de­
scribe a preference for ice water. Bec.ause the patients excrete large volume of 
dilute urine, a brief period of water restriction may result in a significant increase 
in the serum sodium concentration. The administration of vasopressin is used as 
a diagnostic test 10 e.~tablisb the diagnosis of central diabetes insipidus. Vaso­
pressin will result in a significant decrease in urine volume and an increase in 
urine osmolality. 
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Nephrogenic diabetes insipidus implies unresponsiveness of the kid­
ney to ADH. It occurs in a number of interstitial renal diseases, electrolyte 
disorders, and in response to certain medications. The urine volumes are 
often less than those seen with central diabetes insipidus. Because the kid­
ney js unresponsive to ADH, vasopressin administration will not result in 
a significant decrease in urine volume or a significant increase .in urine 
osmolality. 

Primary polydipsia (urine osmolality < 150 mOsm/L) 

Primary polydipsia is sometimes referred to as "psychogenic water 
drinking." Primary polydipsia is not a cause of hypematremia but is men­
tioned here because these patients have polyuria and must be differentiated 
from patients who have polyuria due to diabetes insipidus. Patients with pri­
mary polydipsia do not develop hypematremia; indeed they may develop 
hyponatremia if they have impaired ability to excrete excess water. The~e pa­
tients drink large volumes of water each day and often produce tremendous 
amounts of dilute urine. They do not develop hypemairemia when fluid re­
stricted, however, and their urine osmolalities rise when water is restricted. It 
is important to remember that prolonged ingestion of vast amounts of water 
will sometimes produce a "washout" effect, removing osmoles from the· 
medullary interstitium and thereby decreasing the medullary concentration 
gradient, The kidney's ability to produce a concentrated urine in n:sponse to 
water deprivation is therefore impaired. It may take several days for the 
medullary concentration gradient to be regenerated, a.nd with it the ability to 
produce a max.imally concentrated urine. 

Iatrogenic Hypernalremia 

Iatrogenic hypematremia differs from the other categories of hypema­
tremia in that it is caused by gain of hypertonic sodium (usually NaHCO3 or 
3% saline) rather than loss of water. This usually occurs in the critical care unit 
or emergency room. Compromised renal function aggravates the problem. 
One 50 ml ampule of NaHCO1 has 50 mEq ofNaHCQ3- JOO() mEq sodium 
per liter! One liter of 3% saline has 513 mEq/L sodium. 

Diagnosis of Hypernatremui 

Fig. 4-2 presents a diagnostic approach to the patient with hypematremia. 
Although identification of the cause of water loss (or, in cases of iatrogenic hy­
pematremia, the source ofhypertonic sodium)js important. attention must also 
be given 10 identification of the reason why the patient is unable to replace the 
water losses such as impaired thirst, altered mental status, or a primary neu­
rological disorder. 
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FIGURE 4-l. Diagnosis of Hypematremia 

Step 1: Reason for waler loss or sodium gain? 
fncrcased insensible loss (fever, iachypnea)? 
Sweat losses 
Diarrhea 
Renal water Joss (>31.124 hoUTS of dilute urine)? 
Administration of hypertonic sodium solutions (iatrogenic)? 

Step 2: Reason for lnadequale waur Intake regardless of source or waler loss? 
Impaired thirst 
Altered mental status 
Primary neurological disorder (stroke. infection, rumor) 
No access 10 water 

Step 3: b p0!yurla present? Urine volume >3U24 boors? 
Urine Osmolali1y > 300 mOsm/L (osmotic diuresis) 

Urea 
Glucose 
Mannitol 
Saline 

Urine Osm < 150 mOsm/L (diabetes insipidus) 
Response to vaSopressio: 

No response: nephrogenic diabetes insipidus 
Urine Osm increases to > 300 mOsm/1..: central diabetes insipidus 

Treatment of Hypematremia 

Severe ECFV depletion. especially when accompanied by hemodyna:mic 
compromise, is a first priority and should be correcled with 0.9% saline. Sub­
sequent replacement fluids should be hypotonic. In general, the choice of 
which hypotonic fluid to administer is summarized in Fig. 4-3. Replacement 
of water deficits involves three steps: 

• Calculation of the approximate water deficit 
• Administration of the water replacement at a rate sufficient to correct the 

hypematremia, but slowly enough to avoid cerebral edema, which is the 
major complication of overly rapid correction of hypematremia 

• Frequent recheeking of the sodium con.centration to monitor therapy 

The major complication of overly rapid correction of hypematremia is 
cerebral edema. It is generally agreed that a safe rate of correction of hyper­
natremia is to decrease the serum sodium concentration initially by about 
0.5- 1 mEq/L per hour. Complete correction should not be accomplished 
for 36-72 hours. One approach would be to correct the serum sodium con­
centration to mildly hypematremic levels. and then correct further at much 
slower rates. 

The formula used to calculate the water deficit is: 
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FIGURE 4-3. IV Auids used in the treatmet11 or hypcmatremia 

Solution 

D5W 

0.45 saline 

Indication 

HypcmalrCmia when it is 
desired to replace H,O without 
Na• . .Each L delivers I L free 
H,O. Eflkient in correcting 
hypcmatremfa, unless 
glucosuria develops. 

Hypema1remia when it is 
desired 10 replace H2O and 
Na• . Each L delivers a boot 500 
ml free H,O. May be less 
efficient in correcting 
hypcmatremia than DSW. 
Useful in hypematremia wllh 
hyperglycemia. 

Cautions 

Will nO! be very effective at restoring 
ECFV in patlents who arc ECFV de­
pleil:d. Hyperglycemia and glo.= 
suria may result and may aggravate 
bypcrnatremia by causing osmolic di­
uresis. The patient shoold be moni­
tored foe hyperglycemia and 
glucosuria. 

Will be effective at restoring ECFV 
in patienls who are ·also ECFV 
depleted: Hyperglycemia will nol 
result. The solution of choice in 
severe hyperglycemia with 
bypcmaircmia. 

where TBW is total body water, [Na \me•••=llJ is the measured serum sodium 
concentration, and [Na·\demd)] is the desired serum sodium concentration. 
This formula gives the approximate amount of water to be given in order to re,. 
duce the sodium concentration to the desired value. For example, if a 70 kg 
man bas a sodium concentration of 170 and you desire to correct this to 160 
mF.q/L over the neJCt 12 hours, then the amount of water to be given in this time 
will be: 

H2O deficit= TBW X ([Na•,...._..,,.,dl] - [Na+ (dostrec1)])/[Na+(c1e>!rt,!)] 

H20 deficit= 0.6 X 70 X (170-160)/160 = 2.6 liters 

This formuJa will give an approximate water deficit, but therapy must be re­
assessed by frequent determinations of the sodium concentration. 

It is important to take into account ongoing losses of water into the total 
amount of water to be given over this period. For example, a patient might be 
expected to have insensible losses in the range 0.5-1 L per 24 hours, depend­
ing upon temperature and respirat0ry rate. Therefore, the total amount of 
water to be given to this 70 kg man over the nex.t 12 hourS, assuming an in­
sens.ible loss of 0.5 1124 hours, would be approximately 2.6 + 0.25 = 2.85 
liters. Water may be administered as D5W, although the patient must be closely 
monitored for hyperglycemia and glucosuria. Many expens favor the enteral 
route for water administration whenever feas:11>le because of potential prob­
lems related to hyperglycemia and the resulting osmotic diuresis. 

Patients producing significant amounts of dilute urine due to diabetes in­
sipidus or patients with diarrhea have significant ongoing water losses. These 
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ongoing water losses must also be replaced. With fever. the insensible water 
loss increases by roughly 60-80 ml/24 hours for each degree Fahrenheit. 

Exercises 

J. A 79-year-old 60 kg man from a nursing borne is admitted with fever, 
obtundation, and a urinalysis revealing pyuria and many bacteria. His 
temperature is 101.6 degrees, bis blood pressure is 148/94, and bis pulse 
104. His mouth is dry, and he has poor skin turgor. His serom sodium 
is 184 mEq/L. The urine volume is .6 U 24 hours with urine osmolality 
64o mOsm/L. What is the cause of the hypernatremia, and what should 
be done? 
Answer: The bypematremia is most likely due to extrarenal losses ac­
companied by impaired thirst, causing inadequate water repl.acement. In­
fection is a common setting for hypematremia in elderly debilitllted 
patients. Tue total water deficit is: 

Total fuO deficit = .5 X 60 X (184- 140)1140 = 9.4 L 

Because of the age of this patient, 1 have arbitrarily used the rough ap­
prox.imation TBW = 0.5 x body weight to avoid an overestimation of the 
total body water (.6 may be too high a fraction for body water in an 
elderly man). On the other hand. ifTBW = .6 X body weight is used, the 
total water deficit is: 

Total H20 deficit= .6 X 60 X (184-140)/140 = 11.3 L 

The actual TBW may be somewhere in between .5 and .6 X body weight, 
and therefore, the total water deficit may be somewhere in between 9.4 and 
11.3 L. We do not want to correct the sodium concentration too rapidly, bur 
rather to correct it carefully to avoid cerebral edema. A good rate would be 
to correct the serum sodium concentration from 184 to 174 in the first 
IO hours ( I mEq/L per hour correction of serum sodium). 

Hz() deficit = 0.5 X 60 X (184-174)/174 = 1.7 L 

We need to keep an eye on all ongoing water losses. Ongoing losses need 
to be calculated into the final fluid volume ofD5W to be given over the LO­
hour period. Basal insensible loss over this I 0-hour period will be perhaps 
0.25 L. The amount of water replacement will be increa,ed because of 
fever in this patient. The amount ofD5W to be given to replace loss due to 
fever in addition to basal insensible loss would be (101.6-98.6) X 80 = 
3 X 80 = 240 cc. Therefore, the amount ofDSW to be given over the next 
LO hours should be about 1.7 L + .25 L(basal insensible loss) + .24L(in­
sensible loss from fever) = 2.19 L. (I would round this to 2.2 L). The 
sodium concentration should be rechecked at 2 to 4-hour intervals to 
monitor therapy. Ignoring ongoing losses of water may lead to inadequate 
water replacement and prolongation of brain dehydration. Conversely, 
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overly rapid correction may leadl to cerebral edema. The serum sodium con­
ceo.tratioo should therefore be cllecked at frequent intervals 10 monitor ther­
apy. As for any patieo1 receiving rv fluids, this patient should be weighed 
daily if possible, and have daily measurements of electrolytes, BUN and Cr. 

2. You are called to evaluate a 34-year-old psychiatric patient because of 
polyuria. The patient is producing 6 liters per day of urine with an osmo­
lality of 75 mOsm/L. What.is the differential diagnosis? 
Answer: The differential diagnosis is between central ornephrogenic dia­
betes insipidus and primary polydipsia. This very low urine osmolality 
excludes osmoti.c diuresis. The serum sodium concentration is key: If itis 
elevated(> 145 mEq/L), then central or nephrogenic diabetes insipidus is 
present, because primary polydipsia does not produce bypematrernia. The 
serum sodium concentration is often normal, however, regardless of the 
cause of the polyuria. This is because bypematrernia does not generally 
develop in someone who bas an intact thirst mechanism and access to 
water, even in the presence of severe diabetes insipidus. 

3. The serum sodium concentration in the patient in exercise 2 is 140 
mEq/L. What do you do next? 
Answer: The next step is a waler deprivation test, which consists of com­
pletely restricting water and measuring urine osmolality and serum 
sodium concentration serially. This test will distinguish between diabetes 
insipidus and primary polydipsia. The water deprivation test is done 
during the daytime under close observation because patients with severe 
diabetes insipidus can rapidly develop dangerous symptomati.c hypema­
trernia when water is restricted. The patient with diabetes insipidus will 
continue to produce a dilute urine, and the serum sodium concentration 
will begin to rise. 

The patient with primary polydipsia will not develop hypematremia 
because the osmolality of the urine will increase appropriately with 
water restriction, although the prolonged ingestion of large amounts of 
water will sometimes produce a "washout" effect of the medullary con­
centration gradient. In a patient with primary polydipsia. the kidney's 
ability lo produce a concentrated urine in response to water deprivation 
may be initially impaired. It may take time for the medullary concentra­
tion gradient to be regenerated, and the ability to produce a concentrated 
urine may take several days to return. 

ltis unnecessary to do a water restriction test in someone who already 
bas bypemauemia because ADH should be maximally stimulated in. a 
patient with bypematremia. If a. patient has bypematrernia, polyuria, and 
low urine osmolality, diabetes insipidus is present. It is unnecessary and 
dangerous to restrict water in someone who is hypematremic. 

4. The same patient as in exercises 2 and 3 continues to produce a dilute urine 
during water restriction. Serial determinations of urine osmolality arc 
75 mOsm!L, 68 mOsm/L. and 85 mOsm/L. The serum sodium concen-
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tration rises to 146 mEq/L, and the patient complains of thirsL What is 
your diagnosis and what do you do next? 
Answer: You have established the diagnosis of diabetes insipidus ( cen­
tral or nephrogenic). Vasopressin (ADH) is administered 10 distinguish 
between central and nephrogenic diabetes insipidus. In the patient with 
central diabetes insipidus, the urine osmolality will increase sharply fol­
lowing vasopressin ·administration, whereas the patient with nephrogenic 
diabetes insipidus will have little or no change in the urine osmolality. 

5. Same patient. The urine osmolality does not change with vasopressin 
(ADH). What is the diagnosis? 
Answer: The patient has nephrogenic diabetes insipidus. Drugs are 
among the causes shown in Fig. 4-1. Lithium is a common cause of 
nephrogenic diabetes insipidus among psychiatric patients. 

6. Same patient. The urine osmolality increases to 620 mOsm/L. What is 
your diagnosis? 
Answer: The patient has central diabetes insipidus. The causes are shown 
in Fig. 4-1. 

7. A 24-year-old man presents with the complaint of frequent urination, ex­
cessive thirst, and a preference for ice water. Two weeks earlier, the patient 
had been admitted to the hospital for suspected meningitis. A 24-hour urine 
collection contains4 L. The serum sodium is 148 mEq/L. A spot urineos­
molality is 120 mOsm/L. What is your diagnosis? 
Answer: If a patient has hypematremia (serum sodium > 145 mEq/L), 
polyuria, and low urine osmolali ty. then diabetes insipidus is present. In 
diabetes insipidus and primary polydipsia, the urine is dilute, below 150 
mOsm/L. Our patient has hypematremia and a low urine osmolality. There­
fore, diabetes insipidus (either central or ncphrogenic)is present. Primary 
polydipsia does not cause hypematremia. Th.e next step is to distinguish 
between central diabetes insipidus and nephrogenic diabetes insipidus. 
This is done by giving vasopressin and noting the response of the urine os­
molality. Administration of vasopressin increases the urine osmolality in 
central diabetes insipidus, but not in nephcogenic diabetes iosipidus. 

In general, if a patient has hypernatremia. polyuria. and low urine 
osmolality, diabetes insipidus is present It unnecessary and dangerous to 
restrict water in someone who is bypematremic. 

The approach to hypematremia (see Fig. 4•2) does not include water 
deprivation. This is a very important point. The evaluation of a patient 
with polyurlaand a nonnal serum sodium may require water restriction to 
rule out primary polydipsia. It is critical to distinguish between polyuria 
with hypematremia (no water restriction should be done because it is dan­
gerous) and polyuria with a normal serum sodium concentration (water 
restriction may be required to rule out primary polydipsia). Fig. 4-2 sum­
marizes the evaluation of bypematremia, and therefore does not include 
reference to water restriction. 
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8. A 35-year-old patient comes lo you with complaints of polyuria and poly­
dipsia. A 24-hour urin.e collection contains 6 L. The serum sodium is 139 
.mEq,'L A spot urine osmolality is 120 mOsm/L. What is your approach? 
Answer: This patienthas a low urine osmolality, suggesting that diabetes 
insipidus (either cen.tral or nephrogenic) or primary polydipsia is present 
Because the serum sodium is not increased, a careful trial of water depri­
vation is tried. This test should be done during the day so 1hat the patient 
may be observed closely. In general, if the urine osmolality increases to 
the range 600 mOsm/L, then the diagnosis of primarypolydipsia is made. 
Jf the udne osmolality remains low (below 200 mOsm/L) in response to 
dehydration, then diabetes insipidus is present. The patient with a urine 
osmolality between 200 and 600 mOsm/L will require further evaluation 
to determine the diagnosis. Vasopressin administration can distinguish 
between central diabetes insipidus and nephrogenic diabetes insipidus. 

9. A 25-year-old 50 kg man with a history of post traumatic encephalopathy 
from a motor vehicle accident is admitted from a nursing home with fever, 
obrundation, and a urinalysis that reveals pyuria and 4+ bacteria. Ris 
serum sodium is 185 mEq/L. The urine volume is 0.7 U24 hours with a 
urine osmolality of 710 mOsm/L. He is treated initially with I L per hour 
then 500 mJ per hour of DSW. After 4 hours of thera:py, he becomes more 
arousable, but after 12 hours, he has again become poorly responsive. His 
sodium concentration .ls 150 mEq/L. What has happened? 
Amwer: Cerebral edema secondary to overly rapid correction of the hyper­
natremia. The brain adapts to a bypertonic ECFV by accumulating elec­
trolytes, amino acids, and other osmoles that serve to increase lhe solute of 
the brain in order to "bold" water and prevent brain shrinkage as hypema­
iremia develops. The consequence of rapidly administering water is that 
water will rapidly enter brain cells, causing cerebral edema. It is generally 
agreed that a safe rate of correction of hypematremia is about a 0.5-J mEq/L 
per hour decrease in the serum sodium concentration initially. and that com­
plete correction should not be achieved for at least 36-72 hours. One ap­
proacti would have been to correct the sodium from 185 to 175 mEq/L in 
10 hours and then make further adjustments at a slower rate. 

The formula used to calculate the water deficit is : 

H2O deficit = TBW x ([Na+<....,urcdll - [Na+ (demd)])![Na+cc1csJJ-edll 

This formula gives the amount of water to be given in order to reduce the 
sodium concentration to the desired value. For our patient: 

lilO deficit = .6 X 50 X (185-175)/175 = J.7 L 

This would be in addition to insensible losses of roughly .25 L (assuming 
no fever or hyperventilation) for a total of 1.7 + 0.25 = 1.95 Lover the 
next IO .hours. 

IO. A 79-year-oldman (60 kg body weight) with a history of multi-infarct de­
mentia is bedridden and requires enteral tube feedings. He is found to be 
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poorly arousable and bas a respirat0ry rate of 26/minute. The following 
datll are obtained: sodium 173 mEq/L, potassium 3. I mEq/L, bicarbonate 
18 mEq/L, chlo.ride 137 mF.q/L. Toe urine volume is < 400 ml/24 hours, 
and a spot urine sodium concentr.rtion is 10 mEq/L. What is causing the 
hypematremia? 
Answer: Tube feedings can potentially cause hypernatremia by two 
means: (I) osmotic diuresis from urea produced by the metabolism of the 
amino acids provided by the tube feedings and (2) diarrhea. The urine out­
put of < 400 mV24 hours and the low urine sodium are against osmotic 
diuresis. Diarrhea leads to hypematremia from loss of water in stool. hy­
pokalemia from loss of potassium in stool,. and metaoolic acidosis from 
loss of bicarbonate in stool. The treatment is replacement of water, potas­
shun, and (sometimes) bicarbonate. In this patient, the total free water 
deficit is approximately: 

Total H2O deficit= TBW X ([Na+r=="'l] - [Na+ f<l<si!tdJ] )/[Na+\dms,dl) 

= .5 X 60 X (173- 140)/140 = 7.1 L 

Because of the patient's age, .5 X body weight is used instead of 
.6 X body weight, although this is a rough approximation. The water 
deficit using .6 X body weight is 8.5 L. The actual water deficit may be 
in between .5 and .6 X body weight and therefore, between 7.1 and 8.5 L. 
It is important to get an idea of !be general range of the water deficit in a 
patient such as this one: the calculations give only rough approx.imations 
of water deficit. 

Suppose we wanted 10 correct him to a sodium concentration of 
160 mEq/L in the first 14 hours, assuming I 1124 hours insensible loss 
because of the rapid respirations and therefore roughly 0.5 L in this 
I 4-hour period: 

H10 to bring sodium lo 160 mf.q/L 

= TBW X ([Na+<,..,,..,"'lll - [Na+ (d<sittdlJ)/[Na+<dcMf,,o} 

= .5 X 60 X ( 173-160)/160 

= 2.4 L 
Now add roughly 0.5 L for in.sensible loss because the patient is tachy­
pneic. The volume of water, which could be given as DSW over the next 
14 hours, would be about 2.4 + 0.5 = 2.9 L. One of the keys to success­
ful correction of the patient's hypematremia is close observation for on­
going water loss in the stool. If he continues to have di-aahea, the patient 
will most likely need to have increased water replacement to account for 
the stool losses. Therapy must be monitored closely with frequent serum 
sodium determinations. Potassium replacement is discussed in Chapter 5 
and metabolic acidosis in Chapter 7. 

l l. You are called to evaluate a comatose 44-year-old man in the intensive 
care unit because of polyuria. The patient is producing 6 L per day of 
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urine. The serum sodium concena:ation is 147 mEq/L. A spor urine osmo­
lality is 320 mOsm/L. The urine osmolality of a 6 L 24-hour collection is 
3 I 5 mOsm/L. What do you do? 
Answer: The urine osmolality is immediately helpful. It is > 300 
mOsm/1., and therefore we suspect an osmotic diuresis. The total 24-hour 
osmolal excretion is 1890 mOsm, which is well above 1200 mOsm. Both 
the spot urine osmolality of 320 mOsm/L and the 24 hour osmolal excre­
tion of315 mOsm/L X 6 L = 1890 mOsmsupportosmotic diuresis as the 
cause of the polyuria and the hypemalremia To the ICU setting, possible 
osmotic agents are: 
• Urea, generated by protein catabolism and hyperalimentation 
• Glucose, in uncontrolled diabetes 
• Mannitol 
• NaCl and other electrolytes from [V solutions 
An important source of solute is the administration of saline solutions. 
Many times, a patient is appropriately mobilizing excess water and elec­
trolytes that were administered during the course of an acute illness (sep­
tic shock, for example). The patient eitperienees a saline diuresis during 
the recovery phase of an acute illness, which is interpreted as an abnor­
mal diuresis, although the patient will generally not develop severe hy­
pernatremia. Polyuria is sometimes also observed in the Iecovery phase 
of acute renal failure and following relief of urinary obstruction (post­
obstructive diuresis). 
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CHAPTER S. HYPOKALEMIA 

The clinical consequences of significant hypokalemia include: 

• Neuromuscular manifestations (weakness, fatigue, paralysis. respiratory 
muscle dysfunction. chabdomyolysis) 

• Gastrointestinal manifestations (constipation, ileus) 
• Nephrogenic diabetes insipidus 
• ECG changes (prominent U waves, T wave nattening, ST segment changes) 
• Cardiac arrhythmias (especially wi1h concurrent digitalis) 

Causes of Hypokalemia 

The causes of hypokalemia (see Fig. 5-1) are divided into: 

• Spurious hypokalemia 
• Redistribution hypokalemia 
• Extrarenal potassium loss 
• Renal potass.ium loss 

Spurious Hypokalemia 

ln spurious hypokalemia, the potassium concentration is nol really low. 

• Marked leukocytosis (> l 00.000) rarely may produce spurious hypokalemia 
if the blood tube is allowed 10 sit at room temperature. White cells may sim­
ply take up 1he potassium in the blood specimen. 
A dose of insu lin right before blood drawing could cause temporary move­
ment of potassium into cells in the blood tube and falsely lower the serum 
potassium. The magnitude of the fall in potassium is generally small (around 
0.3 mEq/L). 

Redistributioti Hypokalemia 

Redistribution hypokalemia is caused by the entry of potassium into cells. 
Only a small amount of total b.ody potassium is located in the extracellular 
compartment. Consequently, a small shift of potassium from the extracellular 
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FIGURE 5-1. Causes of Hypokalemia 

Spurious 
Marked leuk.ocytosis (WBC > 100,000) 

Redistribution {potassium shifts into cells) 
Insulin administration just prior to blood drawing 
Alkalemia 
Beta, adrcncrgic activity/agents 
Theophylline toxicity 
Familial hypokalemic periodic paralysis 
Hypokalemic periodic paralysis with 1hyrotoxicosis 
Factor replacement in megaloblastic anemia 

Hypokalemia caused by extrarenal loss (urine potassium < 20 mF,q/24 hours) 
Diarrhea 
Laxative abuse 
Villous adenoma of recto-sigmoid colon 
S wcat losses 
Fasting/inadequate Intake 

Hypokalemia caused by renal IMS (urine pota-i_sium > 20 mEq/24 hours) 
With metabolic acidosis 

Type I (disial) renal tubular acidosis 
Type fl (proximal) renal tubular acidosis 
Diabetic kctoacidosis 
carbonic acid anhydrase inhibitors 
Urctcrosigmoidostomy 

With mctabol.ic-8lkalosis 
Yomiting/nasogastric suction 
Diuretic therdJ)y 
Posthypercapnca 
Mineralocorticoid excess syndromes 
Gitelman's syndrome 
earner's syndrome 

With no specific acid-t>nsc d.isorder 
Recovery phase of acute renal failure 
Post obsrructivc diuresis 
Osmotic diure.~is 
Saline adminisrration 
Magnesium depletion 
Aminoglycoside antibiotics 
Cis platinum 
Sodium penicillins 
Some leukemias 

space to the intraccUular space can ca:use a large change in p lasma potassium 
concentration. 

Alkalosis. Potassium concentration decreases because potassium shifts 
into cells. One very rough guide to the magnitude of the shift is that the serum 
potassium concentration falls by about 0.3 mEq/L for each O. l increase in pH. 
However, alkalosis often results from disorders that deplete total body potas­
sium. Therefore, true depletion of total body stores is usually present as well 
as redistribution hypokalemia when metabolic alkalosis is present. 
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lncrea.~ betaz.adrenerglc activity. Stimulation of beta2-adrenergic 
receptors shifts potassium into cells by increasing the activity of sodium­
potassium Al'Pase. In states of sympathetic hyperresponsiveness, as occur in 
myocardial infarction, delerium tremens, major head trauma. and administra­
tion of beta-sympathomimetic agents during the treatment of asthma, thd:e 
may be a transient shift of potassium into cells and a decrease in serum potas­
sium concentration. 

Theophylline toxicity may shift potassium into cells. The mechanism is 
unknown, but hypokalemia may aggravate the serious arrhythmias that some­
times occur in severe lheophylline toxicity. 

Familial hypokalemic periodic paralysis (autosomal dominant) is an 
uncommon cause of hypokalemia, due to a transcellular shift of potassium. 
This disorder is associated with recurrent episodes of flaccid paralysis that be­
gin in childhood and ace accompanied by hypokalernia: Serum potassium is 
often less than 3.0 mEq/L during periods of paralysis. 

Hypokalemlc periodic paralysis with thyrotoxi.cosis is associated with 
paralytic episodes clinically similar to those of the familial form. This disor­
der is seen as a complication of thyrotoxicosis, especially in patients of Asian 
heritage. 

Factor repla.cemeot therapy for severe megaloblast!c anemias results 
in the rapid assimilation of potassium into red blood cells as they are produced. 
This can cause a significant fall in serum potassium concentration and require 
potassium replacement. This fall typically occurs approximately 2 days after 
beginning therapy for the anemia. 

E~trurenal Potassium Depktion 

Total body potassium depletien may result from either renal or extrarenal 
potassium loss. In most cases of extrarenal potaSsium loss, renal potassium 
conservation is present (urine potassium <20 mEq/24 hours in a patient with 
hypokalemia). 

Severe secretory diarrhea resultS in loss of potassium with HCO, · re­
sulting in hypokalemia and metabolic acidosis. Vdlous adeooma of the recto­
sigmoid colon may present with hypokalemia, often associated with metabolic 
acidosis. Chronic laxative abuse can result in severe potassium depletion and 
met'dbolic alkalosis. Sweat has a potassium concentration ofroughly 9 mEq/L: 
athletic training or hard work in the hot sun may produce up to 12 Uday 
of sweat and significant potassium deficits. Fasting or inadequate intake 
alone will resuH in only moderate potassium depletion because of the ability 
of the (cjdney to conserve potassium. The entire deficit is generally not more 
than 300 mEq if poor intake alone is involved. 

Renal Potassium Depletion 

Many of the disorders causing renal potassium loss (urine potassium >20 
mEq/24 hours in a patient with hypokalemia) are also associated with acid-base 

79 



disorders. Therefore, it is customary to c lassify the numerous causes of renal 
potassium loss according to whether they typically occur together with 

• Metabolic acidosis 
• Metabolic alkalosis 
• No specific acid-base disorder 

Renal hypokalemia with metabolic acidosis 

The causes of renal potassium depletion with metabolic acidosis are: 

• Renal tubular acidosis type I (distal) amd type U (proximal) 
• Diabetic ketoacidosis 
• Carbonic anhydrase inhibitor therapy 
• Ureterosigmoidostomy. 

These are discussed more completely in Chapter 7 on metabolic acidosis. 

Renal potassium depletion with metabolic alkalosls 

Metabolic alkalosis is almost always associated with hypokalemia be.­
cause vinually all of the conditions that cause metabolic alkalosis also lead to 
potassium depletion (see Fig. 5-1). In many types of metabolic alkalosis, the 
e:\cess HCOJ- acts a.~ a poorly reabsorbable anion and "carries" more sodium 
to the collecting tubule, leading to increased sodium-potas'sium exchange and 
urinary potassium loss. This can be especially important io states of ECFV de­
pletion that are associated with high levels of aldosterone. The causes and 
pathophysiology of metabolic alkalosis are discussed in Chapter 8. 

Renal hypokalemia with no specific add-base disorder 

Recovery from acute renal failure, postobstructive diuresis, and osmotic 
diuresis can all lead to renal potassium loss and significant potassium deple­
tion. The most important mechanism in tthese conditions is increased delivery 
of sodium to the collecting tubule resulting in increased potassium secretion. 

A very important and often overlooked cause of renal potassium loss is 
magnesium depletion. Magnesium depletion induces renal potassium loss by 
complex mechanisms. Jt is very difficult to correct the potassium deficiency 
until the coexisting magnesium deficit is corrected: The urinary potassium loss 
will continue despite large replacement doses of potassium. Magnesium de­
pletion should always be suspected when there is hyJ?Okalemia with persistent 
renal potassium loss. 

Penicillins can cause renal potassium loss by acting as poorly reab­
sorbable anions, which thereby increase distal sodium delivery and sodium­
potassium exchange. Gentamicio and cisplatin have direct tubular toxic 
effects that induce potassium loss. Certain leukemias are occasionally associ­
ated with renal potassium loss. 
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Diagnosis of Hypokalemia 

Total body potassium depl.e1ion may result from eilher renal or e,cttarenal 
potassium loss. Very often !he source of the potassium loss (renal versus eictra­
renal) is evident upon careful history. lf the source of potassium loss is unclear, 
the most useful test to distinguish between renal and extrarenal loss is the mea­
surement of24-hour urinary potassium excretion. A 24-hour determination of 
>20 m.Eq/24 hours Jn the presence of bypokalemia implies that renal potas­
sitirn loss is the cause of the bypokalemia. Spot urine potassium detenninations 
are less useful because hypokalemia induces a water diuresis in many patients; 
the excess water dilutes the specimen and misleadingly lowers the urine potas­
sium concentration. 

Alternatively, some recommend the spot urine potaSsium/creatinine ratio 
for determination of renal versus nonrenal source of hypokalemia. A value of 
>20 mEq/gnun supports the diagnosis of renal loss of potassium. 

Treatment of Hypokalernia 

Oral potassium replacement is preferred to intravenous. Although several 
salts of potassium are available, potassium chloride is used most frequently. 
Potassium chloride is used to correc1 !he hypokalemia in cases of metabolic 
alkalosis with ECFV depletion and most other causes of hypokalemia. ln type 
I and type ll renal tubular acidosis and in diarrhea. potassium bicarbonate or 
potassium citrate ( citrate is converted to bicarbonate in the liver) may be used 
to replace both potassium and bicarbonate. 

Intravenous administration of potassium is appropriate in patients with 
profound, life-threatening bypokalemia and in patients who are unable to tol­
erate potassium by mouth. Intravenous administration is potentially dangerous 
because of the risk of severe, acute hyperkalemia Potassium is irritating lo 
veins, and concentrations more than 30 mEq/L and rates of administration 
more than 10 mEq/hr are not generally recommended. In emergency situa­
tions (for ex.ample, profound bypokalemia with metabolic acidosis) potassium 
may be given at higher rares and in higher concentrations via catheters in large 
veins in a closely monitored setting, with frequent determinations of potas­
sium concentrati.on. 

Estimation of Total Body Potassium and Potassium DeficiJs 

With regard to potassium replacement, it is especially important to re­
member that not everyone is a 70 leg man! Given the tiny proportion of total 
body potassium in the extracellular space, the serum potassium concentration 
should be used only as a rough guide to estimate the magnitude of potassium 
deficiency. The total amount of polassium normally contained in the body is 
proportional to muscle mass and body weight. Muscle mass declines with age, 
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and is generally gi:eater in men than in women. Depending upon age, gender, 
and body weight, th.ere is a striking variation among individuals in total body 
potassium content .. Consequently, it is very imponant to consider these patient 
characteristics when assessing a patient's total body potassium, in order to pre­
vent serious errors in potassium administration. In general, each I mEq/L de­
crease in potassium concemration reflects a deficit of 150-400 mEq in total 
body potassium. The l SO mEq deficit for a I mEq/L decrease in potassium 
concentration might apply to an elderly woman with small muscle mass. 
whereas the 400 mF.q deficit for a I mEq/L decrease in potassium concentra­
tion might apply to a 20-year-old man with a large muscle mass. 

In a stable patient with a moder.ite degree of hypokalemia (potassium 
concentration > 3.0 mEq/L) and no ongoing losses of potassium, potassium 
should be given gradually, in divided doses of oral replacement over a period 
of days, with frequent (leterminations of potassium concentration. 

Exercises 

I. Review question. How much potassium is there in the ECFV of a 70 kg 
man? 
Answer: The very delicate nature of the transcellular distribution of 
potassium is illustrated by the following calculation: 

TBW = .6 X 70kg = 42L 
ECFV = Ji3 X 42 L = 14 L 
Potassium concentration in ECFV: 4.0 mEq/L 
Total potassium in ECFV: 4.0 mEq/L X 14 L = 56 mEq 

2. Review question. How much potassium is there in the ECFV of a 40 kg 
woman? 
Answer: 

TBW = .5 x 40 kg = 20 L 
ECFV = 1/3 x 20 L = 6.7 L 
Potassium concentration in ECFV: 4.0 mEq/L 
Total potassium in ECFV: 4.0 mEq/L x 6.7 L = 26.8 mEq 

The calculated amount of pota'ssium in the entire ECPV is about one sup­
plemental 20 mEq dose of KCI! 

3. A 60-year-old woman with chronic lyrnphocytic leukemia bas a serum 
potassium of 3.0 mEq/L. The Jab repons to you that the blood specimen 
remained on the intake counter for three hours. Her white blood cell count 
is 150,000. What do you do? 
Answer: Repeat the test. Spurious hypokalemia may be present. 

4. What would be the approximate serum potassium concentration of a 
patient with a severe alkalos.is, pH 7. 7, and a serum potassium 2.0 mEq/L 
if the pH were corrected to normal without giving any potassium 
replacement? 

82 



Answer: One very rough guide to the magnitude of the shift in potassium 
due to metabolic alkalosis is that the potassium falls by abou.t 0.3 mEq/L 
for each 0.1 increase in pH. The patient would have a corrected serum 
potassium of around 2.0 + 3 X 0.3 = 2.9 mEq/1.... Remember that this is 
only an approximation. The point is that in states of metabolic alkalosis 
the potassium deficit may 1101 be as severe as might initially be suspected 
based on lhe potassium. concentration. Another point is also important: 
Some types of metabolic acidosis have the opposite effect to that of alka­
lemia of shifting potassium out of cells. A patient with metabolic acidosis 
and hypokalemia may have a more severe deficit than might initially be 
suspected based on the potassium concentration. A patient with metabolic 
acidosis and severe hypolc.alemia is a medical emergency. 

5. A man who is homeless has been eating poorly for the past 20 days. A col­
league makes the remark that "bis nutritional status can ·c be all that bad 
because llis potassium concentration is 3.8 niEq/L." Wbatis your answer? 
An.swer: The potassium of 3.8 mEq/L is not a good indicator of this man's 
poor nutritional status. In about 3-5 days the kidney adjusts to a sudden 
decrease in potassium intake and begins effective renal potassium con­
servation. Toe normal kidney conserves potassium well in states of low 
intake by decreasing the urine potassium to less than 20 mEq/24 hours. 
After 24 hours, significant net losses should not continue. and the pati.ent 
will not be in significant negative potassium balance unless potassium 
intake is significantly below 20 mEq/day. That is, with an intake of only 
20 rnEq/day, the kidney should be able to conserve losses to below 
20 niEq/24 hours, keeping net potassium loss close to zero. 

6. A52-year-old man with a long history of alcoholism presents with a 4-day 
history of nausea and vomiting. midepigastric abdominal pain, and muscle 
weakness. The physical exam is compatible with marked volume deple­
tion. Laboratory data: sodium 130 m.Eq/L, potassium 2.3 mEq/L. chloride 
74 mEq/L, HCO, - 40 mEq/L. calcium 7.2 mg/di, amylase 1125. An arter­
ial pH is 7.52. What do you trunk about the origin of his hypokalemia? 
Answer: The metabolic alkalosis (lligh pH and lligh [HCOr J) is sec­
ondary to the protracted vomiting. The hypokalemia assocfat.ed with vom­
iting results from urinary potassium losses, because 
• ECFV depletion stimulates aldostcrone 
• The lligb HCC¾- concentration acts as a poorly reabsorbable anion, 

"carrying" sodium to the collecting tubule 
The combination of high aldosterone levels and increased collecting 
tubule sodium delivery results in increased potassium excretion. Notice 
that the calcium is low. The combination ·of hypokalemia and hypocal­
cemia in an alcoholic patient with protracted vomiting should bring to 
mind magnesium depletion as a complicating electrolyte abnormality, in 
addition to pancreatitis. Rhabdomyolysis also occurs in this patient pop­
ulation and can cause bypocalcemia. 
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7. The same patient as in exercise 6 after 3 days of lV potassium replace­
ment remains with a potassium concentration of 2.6 mEq/L. What has 
happened? 
Answer: The patient most likely has magnesium depletion leading to 
renal potassium wasting. The inability of the kidney to conserve potas­
sium in this setting makes it almost impossible 10 correct the potassium 
deficit until the magnesium deficit .is replaced. Magnesium replacement 
would also be expected to help correct the hypocalcemia of such 
a patient. 
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CHAPTER 6 . HYPERKALEMJA 

Severe hypcrkalcmia may be a medical emergency requiring immediate 
treatment, depending up_on the nature of any ECG abnormalities. Clinical man· 
ifestations ofhyperkalemia usually occur when the potassium concentration is 
>6.5 mEq/Land include: 

• Neuromuscular signs (weakness, ascending paralysis, and respiratory failure) 
• Typical progressive ECG changes with increasing potassium concentration: 

peaked T waves, flattened P waves, prolonged PR interval, idioventricular 
rhythm and widened QRS complex with deep S waves. Finally, a usine 
wave" pattern develops, followed by ventricular fi brillation. 

The cardiac changes may occur sudden ly and without warning. 

Causes of Hyperkalemia 

Pseudohyperkalemia 

ln pseudohyperkalemia, ihe potassium concentration is artifactually 
high (see Fig. 6-1). Spur ious causes of hyperkalemia, in addition to simple lab 
error, consist of marked thrombocytosis (platelet count > 1,000,000); severe 
leukocytosis (white blood cell count >200.000): mononucleosis; ischemic 
blood drawing/ hemolysis during blood drawing; and a rare condition known 
as familial pseudobyperkalcmia , in which potassium "leaks'' out of red blood 
cells whi le the blood is waiting to be analyzed. 

Redistribution Hyperkalemia 

Redistribution hyperkalemia is caused by potassium transiently leav­
ing cells, thereby raising the ser15m potaSsium concentration. Total body potas­
siu m need not be increased for redistribution byperkalemia to develop. Only a 
small amount of potassium is located in the extracellular compartment (about 
56 mEq in a 70 kg man, compared to a total body potassium content of around 
4200 mEq/L for this individual). Consequently. a relatively small shi ft of 
potassium from the intracellular space to the extracellular space can cause a 
large increase in plasma potassium concentration. 
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FIGURE 6-1. Causes of Hyperkalemia 

Pseudobyperkalemia 
Hemolysis during blood drawing 
Excessive fist clenching wi1h 1oumique1 during blood drawing 
Placclcis > 1,000.000 
WBC >200,000 
Mononucleosis 
Familial pseudohyperkalemia (potassium em ux from cells) 

Redistribution (potassium shifls ou1 of cells) 
Acidosis (mctab\)lic and rcspiracory) 
Hypenonic scmes 
Massive digicalis overdose 
Au1osomal dominan1 hype,kalcmic periodic paralysis 

Ald051A'.rone deficiency/ un=J>on.siveness 
Primary adrenal fai lure (autoimmune, TB. hemorrhage, tumor infiltration) 
Syndrome of hyporeninemic hypoaldosceronism (SHH) 

Accounts for many cases of unexplained hyperkalemia 
GFR is generally> 20'k 
May have an associated non anion gap me1ab0Jjc acidosis 
Caused by a variety of interstitial renal diseases 
Diabetes is the most common cause 

Tubular unresponsiveness to aldosterone 
Caused by a variety of interstitial renal diseases 
Very simila.r to SHH but does not respond to fludroconisone 

Renal railure 
GFR is typically reduced to < J 0-20% of nonnal. 
Hyperkalemia may develop rapidly from exogenous potassium in patients with renal 

fa~ure. 
Drngs th at can cause or aggravate hyperkalernia (multiple me<:hanisms) 

Pohls:sium sources 
IV potassium solutions 
Potassium penic il lin 
Potassium citrate 
Salt substitutes 

Redistribution hyperkalemia 
Arginine and lysine HO (rarely used) 
Beta.1-adren~ic blockers 
Succinylcholioe 
Digitalis (massive overdose) 
Hypenonic mannitol (osmotic effect) 

Aldosternne deliciency/unresponsivenes5 
Nonsteroidal ami-inOamrnatory drug,s (NSAIDs) 
Angiotensi n-converting enzyme inhibitors 
Angiotcnsin 11 receptor antagonists 
Heparin 
Cyclosporine 
FK 506 
Aminoglutethimide 
Potassium-sparing diuretics 
Trimcthoprim 
Pentarnidine 
Nefamostat mesilate 
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Both metabolic acidosis and respiratory acidosis can shift potassium out 
·of cells in exchange for hydrogen ion. There are some very rough approxima­
tions to estimate the magnitude of potassium shift caused by metabolic acidosis. 
For many types of metabolic acidosis the pot:iss.ium will increase by roughly 
0.7 mEq/L for every 0.1 decrease in pH. For respiratory acidosis the potassium 
wi II increase by roughly 0.3 n:iEq/L for every Q_ I decrease in pit Acidoses caused 
by organic acids such as lactic acidosis and ketoacidosis do nor generally lead 
Lo significant redistribution hyperkalemia for reasons that are complex. 

Beta-adrenergic blocking agents can lead to modest (0. l-0.2 mF,q/L) 
increases in potassium concentration, secondary 10 redistribution. 

Hypertonic stales may be associated with hyperkalemi.a. Once the hyper­
tonidty is corrected, the potassium concentration may fall rapidly. A normal 
serum potassium in the presence of a hyperosmolal state implies potassium 
depletion. 

Massive overdose with digitalis results in redistribution hyperkalemia 
secondary to inhibition of cell membrane sodium-potassium ATPase. The 
neuromuscular blocking agent succlnylcholine increases the potassium per­
meability of muscle cells aad can cause a mild increase in potassium of abou t 
0.5 mEq/L in normal individuals. More severe hyperkalemia may be induced 
in bum patients and in patients with chronic neuromuscular disease. 

Familial hyperkalemic periodic paralysis is an uncommon cause of 
hyperkalemia. This autosomal dominant disorder is associated with recurrent 
episodes of flaccid paralysis with hyperkalemia. Serum potassium is often in 
the range 6.0-8.0 mEq/L. The attacks may be precipitated by the intake of a 
high potassium diet or exposure to cold, and may last from ril inutes to hours. 

Hyperkalemia Seco11dary to Impaired Potassium Excreti.on 

The majority of cases of hyperkalemia secondary 10 true excess of total 
body potassium are due to a defect in renal potassium excretion in the pres­
ence of ongoing potassium imake . The impaired renal potassium excretion is 
due to one or both of the followi ng: 

• Aldosterone deficiency or tubular unresponsiveness to aldoste~one 
• Rena.I failure (reduced GFR) 

Expressed simply: Hyperkalemia with exc.ess total body potassium is gener­
ally due to either a problem with aldosterone or a problem wilh GFR. 

Aldosterone Deficiency and Aldosterone Unresponsiveness (Type IV RTA) 

True potassium excess (increased total body potassium) due LO renal 
retention of potassium will develop if there is a deficiency of aldosterone, 
or tubular unresponsiveness to the kaliuretic .effects of aldosterone. The syn­
drome of hyperkalemia secondary to a variety of disorders which cause 
aldosterone deficiency or unresponsiveness to aldostcronc is called type IV 
renal tubular acidosis (see Figs. 6-1 and 7-2). 
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Primary adrenal failure secondary to autoimmunity, tuberculosis, 
tumor infiltration, or hemorrhage wi ll lead to both conisol and aldostcrone 
deficiency. On the other hand, pituit-ary failure will affect cortisol but 1101 al­
dosterone, so that pituitary failure is not an important cause of hyperkalcmia. 

The syndrome of hyporcninemic bypoaldosteronism (SHH) is a com­
mon cause of hypcrkalemia. It is chara'Clerized by low plasma renin activity, 
low plasma aldosterone, and hyperkalemia. There may be an associated mild 
metabolic acidosis. Mild to moderate renal insufficiency is typical, but the 
GFR is often > 20% of normal. This syndrome is seen in a v·ariety of renal dis­
orders, but the most common cause is diabetes melJitus. The treatment is loop 
diuretics or loop diuretic~ plus mineralocorticoid replacemenL 

Tub ular unresponsiveness to aldostcrone occurs with a number of 
chronic renal disorders. The syndrome is qu ite similar io hypoaldosteronism 
in clinical presentation, but plasma renin activity and plasma.aldosterone are 
not low. There may be mild renal insufficiency present, but the GFR is usually 
not low enough to explain the hyperkalemia on the basis or renal failure alone 
(the GFR is usually >20% of normal). These patienis do not respond lo 
mineralocorticoid replacement. 

A number of drugs can cause hyperkalemia by interfering with the pro­
duction of aldoslerone or by blocldng the kaliuretic effects of aldosteronc. Com­
monly used drugs which can cause hyperkalemia by these mechanisms include 
amiloridc, spironolactone, triamterene, trirnothoprim, heparin, nonsteroidal 
antiinAammatory drugs. and angiotensin-converting enzyme inhibitors. 

Re11al Failure 

The normal kidney adjusts its excretion of potassium to a wide range of 
potassium intake, thereby maintaining a constant tot~ body potassium and 
ECF potassium concent.ration. Excretion is as low as 10 mEqiday during states 
of extreme potassium conservation to as high as 10 mEqperkg body weight/ 
24 hours. 111e upper limit of pota.$sium excretion is roughly proportional to the 
GFR. If the GFR is I 00% of normal, the maximum amount of potassium which 
can be excreted in one day is roughly IO mEq per kg body weight. This is about 
70 X IO = 700 mEq in a 70 kg person. If the GFR is reduced to 50% of nor­
mal the maximum amount of potassium that can be excreted in one day falJs 
to approximately 50% X 700 = 350 mEq. This is a rough approximation of 
maximum potassium excretion because compensatory renal potassium secre­
tory mechanisms will increase potassium excretion, and stool potassium losses 
also increase as the body defend.s itSelf against hyp_erkalemia. If the GFR is 
further reduced to 20% ofnormal. the maximal potassium excretion would fall 
to the range of about 140 mEq/day (20% of700 mEq/day). 

The average diet has about 1 mEq of potassium per kg body weight. 
which amounts to about 70 mEq/day in a 70 .kg person. For a diet containing 
70 mEg/day, the GFR would need to be reduced to approximately 70noo = 
10% of oonnal before hyperkalemia develops. In fact. the GFR is usually be-
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low this level when hyperkalemia develops based upon usual dietary intake. 
Hyperkalemia may develop at less profound levels of renal failure if the potas­
sium imake is increased or if there is a hidden potassium load. For example. a 
person with a diet high in pota.~sium would develop hyperkalemia with less 
impairrnent of the GFR. Using a rough estimate of maximum potassium ex­
cretion, a patieni with a GFR 15% of normal would develop hyperkalcmia if 
dietary p.otassium is over the range of 15% X 700 = 105 mEq/day. As men­
tioned above: this is only a rough approximation of maxi mum potassium ex­
cretion because compensatory renal potassium secretory mechanisms will 
increase potassium excretion, and stool potassium losses also increase as the 
body defends itself against hyperkalemia 

The clinical point is that if a patient has mild to moderme renal failure 
and hyper/a:llemia, the hyperka/emia should not be simply ascribed to renal 
failure alone. A vigorous search for othl!r causes of hype.rkalemia is needed. 

Drugs 

A number of drugs can cause hyperkalemia or aggravate existing hyper­
kalemia by a variCly of mechanisms (see Fig. 6-1). These drugs should be used 
with caution, if al all, in patients who are predisposed to hyperkalemia. 

A Few CommenJs about the Patient "At Risk" for Hyperl<alemia 

impaired potassium excr~tion places a patient at risk for acute hyper­
kalemia should excessive. potassium be supplied or a medication capable of 
causing hyperkalemia be prescribed. Therefore, a patieot with a normal potas­
sium concentration who has aldosteronc deficiency, tubular unresponsivenes~ 
to aldosterone. or renal failure is at risk. for developing hyperkalemia. Medi­
cations capable of producing hyperkalemia must be avoided in such a patient. 

[tis also important to note that the causes of hyperkalemia may be additive. 
That is, a given patient may have more than one cause of hyperkalemia acting 
10 elevate the scrum potassiwn concentration. Therefore. all potential causes of 
hyperkalemia should be systematically evaluated in every hyperkalemic patienL 

Diagnosis and Treatment of Hyperkalemia 

When hyperk,alemia is present, diagnosis and treatment must begin si ­
multaneously (sec Figs. 6-2 and 6-3). There may be no time to carefully pon­
der the diagnosis of hyperkalcmia in a patient with severe hyperkalemia. 
Potassium administration is slopped at once. This may sound obvious, but over­
looking this simple first step could be disastrous. An ECG is obtained immedi­
ately and inspected for evidence of hyperkalemia. The urgency of therapy 
depends upon the presence or absence of important ECG changes: Severe hy­
pcrkalemia causing signi ficant ECG changes is a medical emergency. Peaked 
T waves are the earliest ECG manifestation of hypcrkalemia and confirrn the 
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FIGURE 6-2. Emergency Diagnosis and Tuatment of Hyper:kalemia 

Remember that there is often more than one cause of a patient"s hyperkalemia. Impaired 
renal potasJium excretion is usually present. 

Su.p l : Stop all admlnl!tradon of potassium {oral, enteral or IV). 
Step 2: Obtain a stat ECG. 

Peaked T waves confinn that true hyperkalemia is present 
More severe ECG manifestations of hypcrkalcmia indicate emergency therapy with 

intravenou., infusion of calcium (carefully in a patient receiving digitalis) to 
counteract the cardiac effects of hyperkalemia. 

Step 3: Quickly seek possible "hidden" soura,s of pola&Sium. 
Po<assium pcniciUin 
SaU substitutes {many contain KCI) 
Hcmolysis 
Gastrointestinal hemorrhage 
Rhabdomyolysis 
Bwns 
Major surgery 
Drugs that cause or aggravate hyperlcalemia 

Step 4: Send slat repeat potawum (drawn without tourniquet to reduce risk 
or btm0lysls). 
Step 5: Find the underlying cause of hyperkalemla (see Fig. 6-1). 

Is pscudobyperkalemia present? 
Tnrombocytosis 
Lcukocytosis 
Is the sample hemoly1.ed? 

Is redistribution hyperkalemia present? 
Is there aldosterone deficiency/unresponsiveness? 

Many times, these states are associated with a mild chronic hyperkalemia, which 
suddenly worsens in response to a powsium load, A careful look at previous records 
may disclose evidence for diabetic renal disease or chronic interstitial renal disease. 

Is renal failure present? 
GFR <20% of normal 
Hyperkalemia may occur with less severe renal failure in the presence of large 

po1assium loads. 

elevated poiassium concenrration. More serious ECG manifestations are flat­
tening of the P waves, prolongation of the PR interval, and widening of the QRS 
complex wilh the development of deep S waves. Finally, a "sine wave" pattern 
develops, followed by ventricuJar fibrillation and cardiac arresL 

When a significantly elevated potassium is discovered, potassium should 
be reme·asured. drawing blood without' using a loumiquet if possible, to con­
firm the result. Detennination of the plasma potassium as opposed 10 the serum 
potassium (which is !he usual test done by the clinical lab) may be helpful in 
excluding spurious hyperkalemia from a markedly increased number of 
platelets or leukocytes, because potassium is released when the blood clo1s in 
!he serum sample. 

The increase i.n total body polaSsium needed to produce significant 
hyperkalemia is not large. For example, increasing lhe potassium from 5.0 to 
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JllGURE 6-3. Agents Used in the Treauncntof Hypcrkalemia 

Agent 

Calcium gluconate IO ml of 
10% solution (I gram) JV 
slowly over 5-10 minutes .. 

Glucose 100 ml of25% 
solution (25 gm) with 10 U 
regular insulin. 

Beta 2 agonists 

I Standanl ampule NiliCO, 
(SO mEq) JV over 5-10 
minutes io patient who is 
acidcmic. 

Sodium polystyrene 
sulfonate (Kayexalaie") 
15-30 grains in sorbitol 
orally. 

Sodium polystyrene 
sulfonate (Kayoxalate® ) 
powder 50 grams in 200 ml 
20% O/W as retention 
enema. 

Hemodialysis 

Mechanism 

Temporarily (I hour) 
antagonizes cardiac effects 
of hyperkalemia while more 
definitive therapy is begun. 

Temporarily translocates 
powsium into cells. Effect 
occurs within 30--00 min­
utes and lasts about I hour. 

Temporarily translocate 
potassium into cells. 

May be indicated when aci­
dosis is present with.hyper­
kalemia (sec Chapter 7). 

Each gram may remove 
about 1 mEq potaSSium 
from the body in exchange 
for 1-2 mEq of sodium. 

Removes potassium from 
the body in exchange for 
sodium. 

Removes potassium from 
the body. 

Cautions 

May induce cligitalis 
toxicity: give only with 
great caution to patients 
cecciving digitalis. May 
precipitate if given with 
solutions containing 
NaHCO,. 

May induce hyperglycemia. 
If patient is already 
byperglycemic, glucose 
infusion is not rcquirnd. 

Potentially dangerous in the 
setting of coronary ane,y 
dlsease. 

May cause ECFV overload, 
allcalosis. bypcrnatremia. 
May produce seiz.ures/tetany 
ifhypocalcemia is present. 
Will precipilale with calcium 
solutions. 

ECFV overload. Intestinal 
necrosis from sorbitol 
a:epotied in surgical postop 
patients. 

Sodium retention and 
ECFV overload. Oral route 
j·s preferred. Cleansing ene­
mas required 10 remove the 
resin. Occasional ca'iCS of 
colonic nec=is. 

Should be used in patients 
with renal failure when 
more conservative 
treatments have been tried 
without success. 

6.0 mEq/L may only require 100-200 mEq of potassium. Therapy is directed 
in three ways: 

• Emergency treatment to counteract the cardiac effects of hypertca.lemia when 
advanced ECG changes are present. This is done by theN infusion of calcium. 
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• Temporizing treatment to acutely drive potassium into cells: glucose plus in­
sulin; beta2 agonist if there is no ischemic cardiac disease; bicarbonate if 
there is acidosis. 

• Therapy directed at actual removal of potassium from the body: sodium 
polystyrene sulfonate (Kaycxalate®) or dialysis. 

• Deteanine and correct the underlying cause of the hyperkalemia. 

Treatmenl of Chronic Hyperkale.mia Caused by Aldosterone Deficiency 

Management depends upon the cause of aldosterone deficiency. Patients 
with primary adrenal failure require the appropriate hormonal replacement The 
tteatmentof _patients with the syndromeofhyporeninemic hypoaldostcronism and 
chronically elevated serum potassium concenttations begins with dietary coun­
seling and a low-potassium diet, because the primary problem is renal retention 
of potassium secondary to aldosterone deficiency. The hyperkalemia will gener­
ally respond to loop diuretics, which provide increased sodium deli very to the col­
lecting tubule resulting in increased potassium excretion, or to the administration 
of loop diuretics plus the potent mineralocorticoid t)udrocortisone. The main side 
effect of fludrocortisone is renal sodium ret.ention and ECfV overload, so this 
drug should be started while the patient is under close observation. Careful atten­
tion must be given to body weight and the patient must be monitored for signs of 
ECFV overload such a~ pedal edema and findings of congestive heart failure. In 
general, fludrocortisone should be avoided in patients with a significanthi\;tory of 
congestive heart failure or other conditions associated with sodium retention. 
Patients with chronic interstitial disease and tubular unresponsiveness to aldos­
terone may be managed with low-potassium diets and sometimes cautiously with 
loop diuretics, but the hyperkalemia will not respond to fludrocottisone. 

Treatment of Chronic Hyperkalemia Due to Renal Failure 

The management of patients with renal failure begins with dietary counsel­
ing and low-potassium diet, because the primary problem is renal retention of 
potassium secondary to impaired renal excretion. The degree of renal impairment 
must be severe (GFR <20%) for hyperkalemia to develop on the basis of renal 
failure alone. A careful review of medicines and a search for "hidden" sources of 
potassium (see Figs. 6-1 and 6-2) are key to lhe management of the patient with 
renal disease. The hyper.kalemia may respond to loop diuretics (increased sodium 
delivery to the collecting tubule), but this may result in volume depletion and fur­
therimpai.rment of the GFR. Cation exchange resins may be useful in temporar­
ily controlling chronic hyperkalenria. bul ultimately dialysis will be required as 
the GFR falls to the 10% range and ECFV overload supervenes. 

Exercises 

1. A 40-year-old man bas a serum potassium concentration of 6.S mEq/L. 
The lab helpfully reports to you that the blood specimen appeared he-
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molyzed prior to analysis. He is receiving IV fluids: D5W with 10 mEq/L 
KC! at KVO ("Keep Vein Open"). What do you do? 
Answer: Stop all administration of potassium (oral, enteral, or IV). Even 
though we suspect spurious hyperkalemia, we must follow an algorithm 
and take immediate action because this degree of hyperlcalemia is poten­
tially life-threatening. 
• Obtain a stat ECG. Peaked T waves confirm that true hyperkalemia is 

present. More advanced changes dictate that urgent treatment to counter­
act the cardiac effects of hyperkalernia is necessary. 

• Quickly make a mental inventory of possible "hidden" sources of potas-
sium and causes of hyperkalemia: 

Potassium penicillin 
Salt substitutes (many contain KC!) 
Hemolysis 
Blood transfusion 
Gastrointestinal hemorrhage (GI absorption of potassium) 
Rhabdomyolysis 
l3urns 
Major surgery 

• Stop medications that can cause hyperkalemia 
• Send stat repeat potassium (drawn without t0umiquet if possible to 

avoid hemolysis). 

2. A 36-year-old man presents with diabetic ketoacidosis, arterial blood 
pH 7.10, and a serum potassium concentration 5.0 m.Eq/L. The 
serum creatinine is normal. The ECG is normal except for sinus 
tachycardia at I08/min. What would you do about the potassium at 
this point? 
Amrwer: A nolDlal potassium concentration in diabetic ketoacidosis 
implies significant potassium deficiency in this situati.on. If there is 
adequate renal function and urine volume, potassium replacement 
should be Started along with insulin and saline. Remember that in­
sulin will transport potassium into cells. The potassium. concentra­
tion must be followed very closely to avoid serious hypokalemia. 
The major point is, that in diabetic ketoacidosis. a high-normal potas­
sium concenJration actually reflects potassium deficie1u;y. Patients with 
diabetic ketoacidosis may also have deficiencies of magnesium and 
phosphate. 

3 . A 60-year-old 60 kg woman presents with malaise. nausea, decreased ap­
petite, and the new onset of itching. She is a chronic renal failure patient 
with a creatinine of 7.4 mg/di and a creatinine clearance that is about 10% 
of nonnal Her data include: sodium 143 mEq/L, potassium 6.6 mEq/L. 
chloride 107 mEq/L. bicarbonate 16 mEq/L, Hgb. 10.l, J-lct 31, WBC 
3400. Arterial blood gas: pH 7.32, Pc02 32. What is the cause of the hyper­
kalern.ia, and what would your management be? 
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An,rwer: 
• Obtain a stat ECG. Peaked T waves confian that true hyperkalemia is 

present More advanced changes require emergent therapy to counter­
act the cardiac effects of hyperkalemia. 

• Quickly make a mental inventory of possible "hidden" sources of potas­
sium and causes of hyperkalemia. 

• Send stat repeat potassium (drawn without tourniquet if possible to 
avoid hemolysis). In this case, the impaired GFR has resulted in suffi­
ciently impaired renal potassium excretion that this patient no longer 
has sufficjent GFR to "handle" the daily potassium load from the diet. 

• Dietary instruction to avoid foods rich in potassium 
• Careful review of all medications 
• Treatment of the metabolic acidosis with oral sodium citrate. Citrate is 

converted to bicarbonate by the liver 
• Potassium exchange resin sodium polystyrene sulfonate (Kayexalate®) 

in sorbitol to correct the acute hyperkalemia 

4. You are called to see a 46-year-old diabetic woman with a serum potas­
sium concentration of 6.3 mEq/L. She is asymptomatic. What is your 
approach? 
Answer: Stop any administration of potassium (oral, enteral, or IV). 
The combination of diabetes meLHtus and hyperlcalemia should imme­
diately bring 10 mind the syndrome of byporeninemic hypoaldostero­
nism (SHH), but we stick to the algorithm because byperkalemia is 
potentially life-tlireatening and we do not want to overlook anything. 
• Obtain a stat ECG. Peaked T waves confirm that true hyperkalemia is 

present. More advanced changes dictate that urgent treatment to counter­
act die cardiac effects ofhyperkalemia is necessary. 

• Quickly make a mental inventory of possible "hidden" sources of potas­
sium and causes of byperkalemia. 

• Send stat repeat potassium (drawn withom tourniquet if possible to 
reduce the risk of hemolysis}. 

The remainder of the electrolytes and the serum creatinine will be help­
ful. lf the creatinine is normal, we may exclude renal failure as the cause 
of the byperkalernia. Tbe patient may have a miJd normal anion gap 
metabolic acidosis. This would support a diagnosis of SHH. Patients 
with SHH may have miJd to moderate renal insufficiency with GFR re­
duced to 50-'75% of normal, but not severe enough (10% of normal) for 
byperkalemia 10 develop on the basis of renal insufficiency alone. The 
management of these patients begins with dietary counseling and a 
low-potassium diet, because the primary ·problem is renal retention of 
potassium secondary to aldosterone deficiency. The hyperkalemia will 
generally respond m loop diuretics (increased sodium delivery to the 
collecting tubule) or to loop diuretics plus the potent mineralocorticoid 
fludrocortisone. The main side effect of fludrocortisone is renal sodium 



retention and ECFV overload, so this medication should be started witb 
the patient under close observation. Careful attention must be given to 
body weight and the patient observed for signs of .BCFV overload such 
as pedal edema and signs of congestive heart failure. In general, fludro­
cortisone should be avoided in patients with a history of c-0ngestive heart 
failure or other conditions associated with sodium retention. Primary 
adrenal failure, tubular unresponsiveness to aldostcrone, and drugs that 
interfere with aldosterone should also be considered in the differen­
tial diagnosis. 

5. Review question. A 79-year-old man (60 kg body weight) with a history 
of multi-infarct dementia is bedridden and requires enteral tube feedings. 
He is found to be tachypneic and poorly arousable, and the nurse tells you 
that he has been having profuse diarrhea. The following data are obtained: 
s<Xlium J73 mEq/L, potassiwn 2.8 mEq/L, bicarbonate 18 mEq!L. chlo­
ride 137 mF.q/L. The arterial blood gas: pH 7.22, Pcoi 45, bicarbonate 18 
mEq/L. The urine volume is .6 L/24 hou.rs with an osmolality of 670 
mOsm/L and sodium. of 8 mEq/L. 
What is causing the hypenuJiremia? 
Answer: Tube feedings can cause diarrhea, which leads to hyperna­
tremia from loss of water in stool, bypokalemia from loss of potassium 
in stool. and metabolic acidosis from loss of bicarbonate in stool. The 
free water deficit is approximately: 

HiO deficit = TBW X (INa+c.,. .. urodl] - [Na+ <...,,..,,J)/[Na+< ••m••ll) 

where TBW is total body water, [Na+ (nxu,s-.,ol is the measured serum 
sodium concentration, and [Na+< ,.0 ,,, .. 11) is the normal serum sodium con­
centration. 

H2O deficit = TBW X ([Na+(meos....t)] - (Na+ (nonnal)))/[Na•, ooonaJ)] 

= .6 X 60 X (173-140)/140 = 8.5 L 

or, using TBW = .5 x weight (kg) because this is an elderly patient: 

= .5 X 60 X (173-140)/140 = 7.1 L 

So the total wat~ deficit is probably somewhere between 7. I L and 8.5 L. 
This formula can also give the amount of water to be given in order to re­
duce the sodium concentration to a desired value. Suppose we wanted to 
correct him to a sodium concentration of 163 mEq/L in the first 12 hours, 
and assunring 0.5 L urine volume and 0.5 L insensible loss (the patient is 
lachypneic) in this 12 hour period: 

H1O to bring sodium to 163 mEq/L 
= TBW X ([Na+{JN!.,.ure<1>l - [Na• <d...,«1>])/[Na• <desll'Cd>) 

= .5 X 60 X (173- 163)/160 = 1.8 L 
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Now, add 0.5 L for insensible losses. The volume of water (which could 
be given as DSW) over the next 12 hours would be about 2.3 L. Remem­
ber to keep an eye on continued losses: lf the patient continues to lose 
water in stool, then the amount of water needed to correct the patient to 
163 mEq/L will be greater. The sodium concentr.ition should be checked 
every 2-3 hours, during treatment to avoid overly rapid correction, or in­
adequate correction. The formula will give only an approximation of the 
actual water requirement. 
What about the hypokalemia? 
Answer: The potassium deficit in this patient is very severe, in view of 
the pH 7.22. Remember that metabolic acidosis shifts potassium out of 
cells leading to the mis.leadingly high concentration of 2.8 mEq/L in this 
case. This tells us that a severe potassium deficit is present. Severe hypo­
kalemia in the setting of significant metabol.ic acidosis is a medical emer­
gency. This man should be given potassium replacement in a closely 
monitored setting. l would not treat this man with bicarbonate initially, 
even !hough he is acidemic. The resultant increase in pH could worsen the 
hypokalemia and precipitate cardiac arrhythmias. After potassium re­
placement is well underway, I onuld reevaluate the need for bicarbonate. 
The other reason I would not give bicarbonate initially is that part of the 
drop in pH is explained by a respiratory acidosis in addition 10 the mod­
erate metabolic acidosis caused by the diarrhea. Mixed acid-base dis­
orders are coveted in Chapter 9. Try this eicample again after working 
through Chapter 9. 



CHAPTER 7. METABOLIC ACIDOSIS 

Causes of Metabolic Acidosis 

Metabolic acidosis is a process that causes a primary decrease in the 
plasma HCO3- concentration. Metabolic acidosis is genernted by either a gain 
of acid or a loss of HCQ3- . Gain of acid may result from 

• Increased endogenous hydrogen ion production, as in ketoacidosis, L-lactic 
acidosis, D-lactic acidosis aod salicylate intoxication. • 

• Metabolism of ingested toxins such as methanol, ethylene glycol, and par­
aldehydc. 

• Decreased renal excretion of hydrogen ion as in uremic acidosis and distal 
(type I) renal tubular acidosis. 

Loss of HCO3- may re.~ult from 

• Renal loss in proximal (type II) renal tubular acidosis. 
• Gastrointestinal loss in diarrhea. 

Typically, metabolic acidosis is classified according to whether or not there is 
an increase in the anion gap (see Fig. 7-1). 

High Anion Gap Metabolic Acidosis 

A high anion gap acidosis results from either the production of an en­
dogenous acid (ketoacidosis. lactic acidosis, uremic acidosis, salicylatc intox­
ication) or the addition of certain exogenous compounds (ethylene glycol, and 
methanol). A high anion gap acidosis is caused by the addition of a hydrogen 
ion plus an unmeasured anion. The H + is buffered by HCO:i-. and therefore 
the HCQ3- concentration falls. The unmeasured anion increases the term UA 
and therefore increases the anion gap according to: 
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FlGURE 7•1. Common Causes of Metabolic Acidosis 

In~ IIJUOD gap 
Diabetic ketoacidosis 
1..-lactic acidosis 
O-lactic acidosis 
Alcoholic ketoacidosis 
Uremic acidosis (advanced renal {ailure) 
Salicylaie intoxication 
Ethylene glycol intoxication 
Methanol int0Xication 
Paraldehyde intoxication 

Normal anion c•P 
Mild LO moderate renal failure 
Gastrointestinal loss of HCO,- (acute diarrhea) 
Type 1 (distal) renal tubular acidosis 
Type IJ (prol(imal) rcoal tubular acidosis 
Type N renal tubular acidos.is 
Dilu.tional acidosis 
Treatment of diabetic ketoacidosis (ke1ones lost in urine) 

Diltbetic ketoacidosis (DK.A) 

Patients with severe diabetic ketoacidosis typically present with 

• High anion gap metabolic acidosis 
• Severe acidemia (pH < 7. l5) 
• Hyperglycemia 
• ECFV depletion 
• Potassium depletion despite serum potassium concentrations that may be 

normal or elevated. 

In DKA, th.e anion gap acidosis is doe to the generation of ketoacids, which 
are produced by the incomplete oxidation of fatty acids. lypically, ili,agno­
sis of diabetic ketoacidosis is made in the setting of uncontrolled insulin­
dependent diabetes mellitus with tachypnea, polyuria, polydipsia, severe 
acidemia, and a wine dipstick positive for kerones. Serum ketones are gener­
ally strongly positive in diabetic ketoacidosis. Occasionally in diabetic keto­
acidosis, a dipstick cesl for ketones may underestimate the degree of ke10sis 
because of a marked increase in the beta-hydroxy bucyrate/acetoacetate ratio. 
This is because the test reagents of the dipstick do not detect beta-hydroxy 
butyrate. 

L-lactlc acidosis 

L-lactic acidosis is by far the most common form of lactic acidosis. The 
most common cause of L-lactic acidosis is tissue hypoxia. L-lactic acidosis is 
typically divided into those disorders associated with hypotension or severe 



hypoxemia (Type A) and all other causes (Type B). The latter can be further 
divided into 

• Common conditions including sepsis, severe Ii ver disease, diabetes mellitus, 
and various malignancies 

• Lactic acidosis caused by toxins or medications, including phenformin and 
ethanol 

• Rare hereditary forms 

D-lactic acidosis 

D-lactic acidosis is a very uncommon metabolic disturbance. It occurs in 
patients with a short-bowel, typically several months or a few years after a 
small bowel bypass created for the treatment of refractory massive obesity. 
Patients with D-lactic acidosis have episodes of neurological dysfunction 
characterized by ataxia, slurred speech, and confusion, in association with a 
high anion gap metabolic acidosis. 

The acidosis is caused by fermentation of incompletely digested carbo­
hydrate by anaerobic bacteria, resulting in the production of D-lactic acid 
which is poorly metabolized in animals. The preliminary diagnosis of D­
lactic acidosis must be based on the clinical presentation, because routine 
clinical laboratories only detect L-laclilte, which willbe normal. 

Alcoholic ketoacidosis 

Alcoholic ketoacidosis is a common, serious condition that occurs in 
some chronic alcoholics, especially after prolonged binge drinking with di­
minished caloric intake. Accelerated ketogenesis results from the combined 
effects of starvation and ethanol. The patients may have nausea, vomiting, and 
abdominal pain. Metabolic alkalosis from vomiting and respiratory alkalosis 
may also be present in addition to the high anion gap acidosis. There is often 
ECFV depletion, hypoglycemia, and GI bleeding or acute pancreatitis. Be­
cause of prolonged poor food intake, phospho_rous and magnesium are often 
depleted, even though the serum concentrations of phosphate and magnesium 
at presentation may be within the nermal range. A dipstick test for urine k.e­
tones ( which does nol detect beta-hydroxy butyrate) may underestimate the 
degree of ketosis in alcoholic ketoacidosis because of a marked increase in the 
beta-hydroxy butyrate/acetoacetate ratio. 

Uremic acidosis 

High anion gap metabolic ac.idosis does noc usually or...cur in renal failure 
until the GFR declines below 20% of normal. The patient with mild to mod­
erate chronic renal failure frequently bas a normal anion gap acidosis rather 
than a high anion gap acidosis. The normal anion gap acidosis results from fail­
ure of renal elimination of hydrogen ion by production and excretion of NH.+. 

99 



As the GFR falls. there is an increase in the anion gap due to retention of un­
measured anions such as sulfate, phosphate, and organic anions. 

Sallcylate lnloxlcalion 

Although salicylate intoxication may produce a high anion gap acidosis, 
the most common and earliest manifestation is respiratory al.kaJosis due to the 
effect of salicylate on the respiratory center. The metabolic acidosis, which 
may develop after the respiratory alkalosis appears, is caused by the salicylate 
interfering with certain metabolic processes. This interference leads to the in­
creased accumulation of organic acids, s1,1ch as lactic acid and ketoacids. which 
cause the acidosis and the increase in the anion gap. The salicylate itself makes 
up only a small pan of the increased anion gap. 

Ethylene glycol Intoxication 

Ethylene glycol intoxication may resul t from drinking antifreeze or radi­
ator fluid. The.re is usually, but not always, a background of c.hronic alc9-
holism. Ethylene glycol is metabolized by alcohol dehydrogenase to a number 
of very toxic compounds which produce: 

• A high anion gap acidosis. 
• Acute central nervous system dysfunction: ataxia. confusion. seizures. and 

coma 
• Acute renal fai lure 
• Calcium oulate crystals in the urine (one of the toxic compounds is oxalic 

acid} 

Methanol intoxication 

Methanol is metabolized to formic acid by alcohol dehydrogenase. 
Formic acid contributes to the high anion gap acidosis seen in this serious in­
roxication. Optic neuritis with blindness. and pancreatitis may develop in 
methanol intoxication. 

A few comments about the anion gap 

One might suppose that in a high anion gap metabolic acidosis, there 
wou.ld be a correlation between the increase in the anion gap, which is caused 
by the addition of the anion to the ECF, and the decrease in the bicarbonate, 
which is caused by the titration of HCOJ- by the hydrogen ion. According to 
the equation 

one could logically expect that if the AG increases because of a high anion gap 
acidosis, the HCC,- concentration would decrease by an equal amount. For 
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example, if a lactic acidosis or diabetic ketoacidosis increases the anion gap 
by 15 mEq/L, the HCO3- concentration might be expected to fall by an equal 
amount, 15 mEq/L. 

A one-to-one relationship between the increase in the anion gap and the 
decrease in bicarbonate is often nor the case, however. One reason is that hy­
drogen i•on is buffered intracel)ularly and by bone as well as by the HCO3· in 
extracellular fluid. Simply put: HC~- does not have to buffer all the hydro­
gen ion by itself, but "gets help" from other bu.ffer systems. Therefore, the 
(HCO3· ] may decrease by an amount less than the increase in the anion gap. 
For lactic acidosis, the ratio of the increase in the AG to the decrease in che 
[HCC))· ] is not usually 1.0, but on the average may actually be closer to 1.5 
because of this extra buffering of hydrogen ion outside the ECF. That is. for 
lactic acidosis. approximately: 

Change in AG/Change in (HC())-J = LS 

or, rearranging: 

Change in [HCO1 · ) = Change in AG/1.5 

Using this very rough fonnulation, we might expect that if a lactic acidosis in­
creases the AG by 15 mEq/L, then the [HC03· ) would fall by about: Change 
inAG/1.5 = 15/l.5 = 10 mEq/L, not 15 mEq/L. 

For ketoacidosis, the ratio of the increase in the AG to the decrease in the 
[HCO3·J is closer to 1.0, perhaps because some ketoanions, which constitute 
the increase in the AG. may be lost in the urine. Therefore, for lcetoacidosis, 
approitimately: 

Change in [HCO3· J = Change in AG 

It should be carefully restated that this is a very rough way to estimate the ex­
pected fall in [HCO3 · ] for a given increase in AG when there is a lactic aci­
dosis ora ketoacidosis. For uremic acidosis and the other causes of high anion 
gap metabolic acidosis, the relationship between the increase in the AG and 
the decrease in the bicarboaate is unpredictable. 

How can we use this information in the setting of lactic acidosis or keto­
acidosis? A measured [HCO3 ·] much higher than predicted by the increase 
in anion gap is a clue that a "hidden" metabolic alkalosis may also be pre­
sent. A measured [HCO3· ] much less than predicted by the increase in anion 
gap is a clue that a "hidden" normal anion gap metabolic acidosis may also 
be present. 

Wben J diagnose a high anion gap acidosis doe to a lactic acidosis or a 
ketoacidosis, I compare the predicted fall in bicarbonate (based upon the in­
crease in anion gap) to the actual fall in bicarbonate, then use the following 
guidelines: 
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• A measured [HCO:,-J much higher than preructed by the increase in anion 
gap is a clue that a "bidden" metabolic alkalosis may also be present. 

• A measured [HC03-J much less than predicted by the increase in anion gap 
is a clue that a "hidden" noanal anion gap metabolic acidosis may also be 
present. 

This is a preliminary discussion on the use of the anion gap. 1f this sec­
tion is not clear at this point, don't worry. The use of the anion gap will be 
dealt with more thoroughly in Chapter 9. 

Normal Anion Gap Metabolic Acidosis 

The nonnaJ anion gap metabolic acidoses are discussed in terms of 
whether they are usually associated with hypokalemia or hyperkalemia. 

Mild to moderate renal failure 

The patient with mild 10 moderate chronic renal failure will generally 
have a normal anion gap acidosis rather than a high anion gap acidosis because­
failure of renal ammoniagenesis impairs the ability of the kidney to rid the 
body of excess hydrogen ions. The patient will often have a normal serum 
potassium concentration, but hyperkalemia may develop in the presence of a 
potassium load or if more severe renal failure develops ( when the GFR falls 
below 10-20%). 

Gastrointestinal loSS' of HCOJ- (usually hypokalemic) 

Acute secretory diarrhea often resolts in a normal anion gap me!'.tbolic 
acidosis with hypokalemia. ff the metabolic acidosis is severe and losses of 
alkali in the stool continue, HCOJ- replacement may be warranted. 

Distal (Type I) renal tubular acidosis (usually bypokaiemic) 

Distal renal tubular acidosis (RTA) is due to inability of the renal tubule 
to eliminate hydrogen ion adequately. The clinical picture consists of meta­
bolic acidosis, inability to lower the urine pH below 5.3 despite the presence 
of acidemia, and hypokalemia with renal poiassium loss. The serum potassium 
may be in the range of 2.0-3.0 mF.q/L or less. In addition, these patients may 
have calcium phosphate stones and nephrocalcinosis. Renal potassium loss 
generally corrects after trealment of ECFV depletion and acidosis. 

There are many causes of distal .IITA. Most of them are uncommon (see 
Fig. 7-2). 

Proximal (Type m RTA (usually hypokalemic or oonnokalemic) 

The syndrome of metabolic acidosis caused by impaired proximal tubu­
lar HCC>:,- reabsorption is called proximal RTA. When a defect develops in 

102 



111GURE 7-2. Causes of Renal Tubular Acidosis 

Type I (Distal) 
Hereditary 
Acquired 

Hypccparathyroidism 
Sjogren 's syndrome 
Medullary sponge kidney 
Amph.otericio B 
Chronic tubulointcrslitial disease 

Type n (Proximal) 
Hereditary 
Acquired 

Multiple myeloma 
Mercury 
Lead 
Accrazolamide 
Wilson ·s disease 

Type IV (hyperkal.emlc) 
A1dos1erone deficiency 

Primary adrenal failure 
Syndrome of byporeninemic bypoaldosteronism (SHH) 

Chronic interstitial nephritis 
Analgesic nephropalby 
Chronic pyelonepluitis 
Obstructive nephropathy 
Sickle cell disease 

Drugs 
Amiloridc 
Spironolaclone 
Triamterene 
Tdn!elhoprim 
Heparin therapy 
Noru.1eroidal anliinf111J11matory drugs 
Angiotensin-convcrting enzyme inhibitors 

the proximal rubular reabsorption of filtered HC03 - , the HCOi - concentra­
tion falls as HCOi- is lost in the urine. This lowering of Lhe HC03 - concen­
tration results in metabolic acidosis. The abnormality in proximal RTA is 
sometimes viewed as a resetting of the "threshold" for bicarbonate reabsorp­
tion by the proximal tubule to a lower value. Type Il RTA is sometimes asso­
ciated with defective prollirnal Lubular reabsorption of several other solutes, 
including amino acids, glucose, phosphorous, and urate. This generalized 
failure of proximal tubular reabsorption is called the Fancooi syndrome. Pa­
tients with proitimal RTA do not have a problem secreting hydrogen ion. 
Therefore, patients with proximal RTA can acidify their urine to a pH of less 
than 5.3. 

There are many causes of prollimal RTA. Most of them are uncommon 
(see Fig. 7-2). 
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Type IV RTA (WJually hyperkalemic) 

This disorder has been discussed in Chapter 6, under the discussion of 
hypedcalemia secondary to aldosterone deficiency or tubular unresponsive­
ness to aldosterone. Common causes of type IV RTA are listed in Fig. 7-2. This 
RTA, due to either aldosterone deficiency or tubular unresponsiveness to al­
dosterone, results in a normal anion gap metabolic acidosis and hyperkalemia. 
One common cause of type (V RTA results from hyporeninemic hypoaldo­
steronism, which is characterized by low plasma renin activity, diminished 
plasma aldoslerone, and hyperkalemia. This syndrome is seen in a variety of 
renal disorders, but the most common cause is diabetes. 

Tubular unresponsiveness to aldosterone occurs with a number of chronic 
renal disorders. The syndrome is quite similar 10 hypoaldosteronism, but these 
patients do not respond to mineraloco11icoid replacement 

Dllulional acidosis 

Mild acidosis may result from the dilution of plasma HC03- by rapid 
extracellular volume expansion with large amounts of fluid lacking in bicar­
b<>nate or bicarbonate precursors such as lactate. Tbi.s cause of acidosis may 
be seen in critical care units following massive fluid resuscitation. 

Respiratory Compensation for Metabolic Acidosis 

The hydrogen ion concentration of ECF is determined by the ratio of the 
Pco2 (which is controlled by the lungs) to the [HC01· ] (which is controlled by 
the kidneys) according to the relation: 

A metabolic acidosis is a process that causes a primary decTCJ1se in [HC03- J. 
The respiratory compensation for a metabolic acidosis is increased ventilation, 
which produces a secondary decrease in Pco2. This rerums the Pco:z/[HCOi·] 
ratio, and therefore the hydrogen ion concentration, toward the normal range. 
Typically, the lungs do not return the hydrogen ion concentration all lhe way 
into the normal range, but only toward the normal range. What should the Peo2 
be after compensation for a metabolic acidosis?The quantitative answer to this 
question is obtained by using the formula for expected respiratory compensa­
tion for a metabolic acidosis. That is, the Pc02 s.hould be equal to: 

What if the measured Pc02 differs from this predicted value? A significant dif­
ference means that there is also a coexisting respiratory disorder in addition 
to the metabolic acidosis, because the Peo2 is not behaving as we would ex-
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pect. If the measured Pcoz is higher than predicted by the formula, there is a 
coexisting respiratory acidosis. If the measured Peen is lower than predicted, 
there is a coexisting respiratory alkalosis. This fonnula is approximate, and we 
should allow t.he measured Pcxn to be :!:2 mm Hg off from that predicted by 
the formula. A significant deviation from the value predicted by the formula 
in either direction, however, indicates that in addition to a metabolic acidosis, 
there is also a coellisting respiratory disorder. 

Treatment of Metabolic Acidosis 

Measuring the pH is important, because when arterial blood pH drops be­
low 7.20 there may be impaired cardiac contractility. The etiology of the aci­
dosis is also important. In patients with metabolic acidosis produced by 
organic acids (for example ketoacidos-is, lactic acidosis), treatment with bi­
carbonate is indicated only for severe acidemia (pH <7.10; bicarbonate < 10 
m.Eq/L). This is because metabolism of the organic anion (ke1oacids, lactate} 
yields bicarbonate, and administration of alkali to such a patient may induce 
"overshoot" metabolic alkalosis. There are other potential adverse effects 
of administration of NaHCO1 in situations where the acidemia is not life­
threaooning, including iatrogenic bypematremia. volume ovedoad. increased 
intracellular acidosis, and cardiovascular compromise. 

On the other hand, patients with metabolic acidosis produced by the 
non anion gap acidoses, methanol, ethylene glycol-, and chronic renal failure 
may require bicarbonate administration with le.s.s severe acidemia Fig. 7-3 
gives a general approach to the 1reatmerit of metabolic acidosis, but the de­
tails of treatment depend upon the specific cause and severity of the metabolic 
acidosis. 

Treatment of Diabetic Ketoacidosis 

Diabetic ketoacidosis generally responds well to therapy with insulin. 
saline, and potassium. This therapy corrects the hyperglycemia, ketogene­
sis, acidemia, and potassium deficit. Because the circulating ketoanions 
will be converted ta HC03- by the liver once insulin and fluids reverse 
ketosis. they represent "potential" HC03-. The pH and the HCO1 - con­
centration increase as the anJon gap decreases with appropriate therapy of 
diabetic ketoacidosis. The majority of l)atients should not receive HCOi -
replacement for this reason. 

There are some important points to remember in the management of 
diabetic ketoacidosis: 

• Despite potassium deficiency, the initial potassium concentration may be 
misleadingly no~mal or even high because of insulin deficiency and hyper­
tonicity. Therefore, a normal or even elevated serum potassium may disguise 
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FIGURE 7-3. (',eneral Guidelines in Treatment of Metlbolic Acidosis 

I. Early intervention should always be directed at identifying and correcli.ng tbe 
specific undctlying cause(s) of the metabolic acidosis. 

2. In general. some types of mc4abolic acidosis will require HCO>- therapy and some 
will not. Therefore, determining the cause of the metabolic acidosis is central 10 

appropriate management 
3. The decision to use HCO,- replacemenl should be weighed carefully, depending 

upon the severily of the acidemia (blood pH) and the type of acidosis. 
4. If I.be pH falls below 7. JO, emergency HCO,- administration should be ronsidered. 

regardless of the cau,;e of the acidosis. This is especially important if there appears to 
be respira1ory fatigue or developing hcmodynamic instabllily. 

5. Never give HCO,- without a determination of blood pH: An offselting metabolic or 
respiratory alkalosis may be moving the pH up. in which case HCO,- administration 
could result in life-threatening alkalemia. 

6, When the decision to give IV bicarbonate is made in the acute setting, calculate the 
amount of HCO,- required to increase the HCO,- concentration to a specified value, 
often several mEq/L above the mca.surcd value, In general, assume that HCO,­
distribules in about 50% of Body weight (kg). 

l:ICO, - deficit = .5 X Body weigh! (kg) X ([HCOn..,.,,!)] - (HCOn ,,_....,JJ) 

7 . lo uvere acidosis (pH in the 7.IO range, HC03• < 10 mEq/L), the amounl of HCO,­
raiuircd to· increase the HCO,- concentration to the range 10-12 mEq/L is initially 
calculated. Por example, in a 70 kg patien~ if the HCO,- is 6 mEq/L, and it is 
desired 10 being the HCO,- 10 10 mEq/L: 

HCO, - deficit = .5 X 70 x (10 m&j/L - 6 mEq/L) = 140 mEq/L 

Give Ibis c.alculaied amount slowly and remeasure pH. HCO,- and Pan after the 
HCO,- is givea to assess the effect of therapy on the acid-base status. 

8. The relationship between amount of HCOi- given and the increase in Hco,- is not 
linear: At mild levels of acidemia, 2 mEq/kg will i.ncrease the HCO,- by roughly 
4 ll1Eq/L. At severe levels of aciclemia, 2 mEqikg will only raise the BCO,- by 
roughly-:? mEq/L. 

9. In the case of an ongoing acidosis, repeated doses ofHCO,- may be required until 
the underlying cause of the acidosis can be corrected. 

a severe depletion of total body potassium. A normal potassium concentra­
tion in cli.abetic keto;1Cidosis suggests significant potassium deficiency. 

• Therapy of diabetic ketoacidosis tends 10 rapidly lower the serum pot.assium 
concentration because potassium enters cells. This is because pH rises with 
appropriate therapy, insulin is administered, and hypertonicity is cocrected. 
The potassium concentration may plummet, le.acling 10 cardiac arrhythmias. 
It is advisable to start potassium replacement as soon as it is established that 
the patient is not anuric and that the ECG does not show advanced signs of 
hypcckalemia. 

• Some patients may develop a normal anion gap acidosis during the course 
of treatment due to the loss of ketoanions (which are potential HC03-) in the 
urine. In these patients, the anion gap decreases during treatment, bill the pH 
and the HC03- concentration do not increase as expected. If the resulting 

106 



normal anion gap metabolic acidosis is severe, these patient~ may require 
HCO:i- replacement. 

Treatmem of L-uu:tic Acidosis 

The physician should first treat the undeclying disorder (shock, sepsis, 
etc.). Administration of alkali does not reverse the underlying cause of lactic 
acidosis, but when the pH is less than 7. l O it will help to protect against the 
dangerous effects of severe acidemia. Consider alkali therapy in cases of se­
vere lactic acidosis when the pH falls below 7.10. Wben the underlying con­
dition is corrected, however, lactate is converted to HCO3- . and there may be 
an "overshoot alkalosis" during recovery. There are other potential adverse 
effects of administration of HCO3- in siLUations where the acidemia is not 
life-threatening, including metabolic alkalosis, hypematremia, volume over-
load, and cardiovascular compromise. • 

Treatment of D-Lactic Acidosis 

Treatment of acute D-lactic acidosis may include intravenous fluids and 
HCO3-. but also requires oral antibiotics to eliminate the offending flora. 
Chronic therapy involves oral antibiotics and either dietary restriction of car­
oohydrate, temporary fasting with hyperalimeotation, or taking down of the 
small bowel bypass. 

Treatment of AlcohJJlic Acidosis 

Treatment consists of the administration of dexrrose-contaioing saline to 
reverse ketogenesis and correct any ECFV depletion. D5 0.9% saline with 
supplemental KCl is usually appropriate for this purpose. HCQ3- is not usu­
ally required because the ketones are converted to HC03- . once the ketosis 
is reversed and the ECFV normalized. ln general. patients will require sub• 
stantial potassium replacement, which should begin promptly. 1n the case 
of alcoholic ketoacidosis with severe hypokalemia, the administration of 
glucose should be postponed until potassium replacement is well underway 
because glucose can stimulate insulin release, which can acutely worsen the 
hypokalemia. 

A word of caution: II is dangerous 10 give dextrose to chronic alcoholics 
or other patients who are malnourished, witlwut givi11g thiamine first. Glucose 
administration without thiamine sometimes precipitates acute Wemicke's en­
cepbalopathy in a chronic alcoholic and can lead to permanent neurological 
irnpairmenL We generally give a "rally pack" to these patients, consisting of: 

• I 00 mg thiamine IM stat 
• 5 mg folate added to the rv solution 
• I ampule of multiple vitamins added to the IV solution 
• The thiamine may be given 2-3 times to make sure stores are replete. 
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We also check for evidence of calcium. phosphorous, and magnesium defi­
ciencies. which may not become apparent for 2-3 days. 

Treatment of Salicylale lnJoxicanon 

Treatment is directed at increasing excretion of the saUcylate. Salicylate 
is excreted more efficiently in an alkaline urine, so HCO,- is sometimes 
added to the intravenous fluids unless the pH of blood is alkaline due to a 
predominant respiratory alkalosis. It is important to assess the arterial blood 
gas values first to avoid giving HCO3- to a patient with an alkaline pK [f 
toxicity is severe and oeurologic symptoms are presem, hemodialysis may 
be required. 

Treatment of Ethylene Glycol Intoxication 

Treatment is threefold: 

• Administer ethanol 10 impair the conversion of ethylene glycol to its toxic 
metabolites. 

• Oialyze to remove the ethylene glycol, even before acute renal failure 
develops. 

• HC(n- may be required in cases of severe acidosis because lhe organic 
anions generated by ethylene glycol are not converted to HCO3- as are the 
ketoanions in diabetic ketoacidosis. That is, the anions do not constitute a 
source.of"potential'' HCO3- . 

Treatment of Methanol lntoxicatwn 

Treatment is the same as for ethylene glycol: 

• Administer ethanol to impair the conversion of methanol to its toxic 
metabolites. 

• Oialyre to remove the methanol. 
• HCOi- may be required in cases of severe acidosis because the organic an­

ions generated by methanol are not converted to HCO3- and do not consti­
tute a source of"potential" HCO3- . 

Treatment of Distal (Type I) RTA 

Determine and correct the cause, if possible, and replace HCO,­
and potassium. Distal RTA may require an amount of HCOJ- replacement 
that roughly equals the daily production of hydrogen ion (50-100 mEq/ 
day). Some of the HCO3- should be given as KHCOi to correct potassium 
losses as long as there is no renal failure. Practically, the FICO3- is given by 
mouth as citrate. which is a HCOJ- precursor and tends to cause less bloat­
ing than HC(n-. 
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Treamunt of Type n (Proximal) RTA 

HC03- can be given as KHCD) (often as K-citratc) as long as there is no 
significant degree of renal failure. The abnormality in proximal RTA is reset­
ting the "threshold" for bicarbonate reabsorption by the proximal tubule to a 
lower value. Consequently, it is difficult to maintain the HCD) • concentration 
much above the threshold concentration, even with large doses of HC03- be­
cause the administered HCD)- is rapidly lost in the urine as soon as the HCQ3-
concentration is raised above the threshold for HC03 - reabsorption. Conse­
quently, the amount of HC03- replacement in PRTA may be quite large. 

Mild to moderate hypoknlemia is common in PRTA and is worsened by 
alkali therapy. Renal potassium loss increases when bicarbonate is adminis­
tered to correct the acidosis because HC03- is not reabsorbed well proximally 
and travels to the collecting tubule, in association with sodium. Therefore, the 
administered HCDJ- acts as a non-reabsorbable anion that increases distal 
sodium delivery and therefore sodium-potassium exchange and urine potaS­
sium Joss. 

Treatment of Type IV RTA 

The management of patients with type IV RTA depends upon the cause 
of the aldosterone deficiency or tubular unr~-ponsiveness to aldosterone 
(Fig. 7-2). Primary adrenal failure should be treated with the appropriate 
honnonal replacement. The treatment of patients with the syndrome of hypo­
reninemic hypoaldosteronism begins with dietary counseling and a low­
potassium diet, because the primary problem is renal retention of potassium 
secondary 10 aldosterone deficiency. The hyperkalemia will generally respond 
to the administration of loop diuretics or to the administration of loop diuret­
ics plus the potent mineraloconicoid fludrocortisone. The main side effect of 
tludrocortiso.ne is renal sodium retention and volume overload, so this drug 
should be started under close observation with careful attention to body weight 
and observation for signs of sodium excess. In general, fludrocortisone should 
be avoided in patients with a history of congestive heart failure or other ede­
matous states. 

Drugs that interfere with aldosterone release or aldosrerone effect on the 
collecting tubule should be withdrawn if hyperkalemia develops. 

Exercises 

I. A 40-year-old man is admitted with shallow, rapid respirations. His serum 
chemis.tries are: sodium 142 mEq/L, potassium 3.6 mEq/L, chloride 100 
mEq/L, bicarbonate 12 mEq/L. Arterial blood gas: pH 7 .28, Pco2 26, HCDJ-
12. What is your differential diagnosis? 
Answer: The diagnosis of acid-base disorders requires a systematic ap­
proach to identify all the disorders present in a given patient. Chapter 9 
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describes a simple, three-step method to use on every single acid-base 
problem. Do not worry if you do not yet understand all three steps. 
Step 1: Identify one disorder. The pH is low and the bicarbonate is al.so 

low. Therefore metabolic acidosis is present. 
Step 2: Use the formula to see if the compensation is correct (if the com­

pensation for the metabolic acidosis is not what is predicted from 
the formula, then a coexisting respiratory disorder is also pre­
sent). For a metabolic acidosis, the Pc02 should be 

Pe02 = 1.5 X [HCOJ·J + 8 

= (1.5 X 12) + 8 = 26 

Toe measured Pcm is equal to the Pc02 predicted by the formula for ex­
pected compensation. This means that there is appropriate compensation, 
and no respiratory disorder is present. If the patient's Pc.-o2 were signifi­
cantly higher than this, then we would diagnose a coexisting respiratory 
acidosis. If the patient's Pc02 were significantly lower than this, then we 
would diagnose a coexisting respiratory alkalosis. 

Remember to use the values of /,orh Pcoz and [HC01· ] from the 
arterial blood gas rather using the Pe02 from the arterial blood gas and 
the serum [HCQ3- J for purposes of determining if compensation is 
appropriate. 
Step 3: Calculate the anion gap: 

AG = [Na+] - ([CI·]+ [HCOJ·J) 

= 142 - (100 + 12) = 30 

There is a high anion gap acidosis present. Remember: If the anion gap 
is 30 or more, there is a high anion gap acidosis present, even if the pH 
is normal . 

Remember to 14Se all serum values Jo calculate the anion gap, rather 
rhan using the serum sodium and chloride values with the calculated bi­
carbonate from the arterial blood gas. 

'The differential diagnosis of a high anion gap acidosis is shown in 
Fig. 7-1. The next step is to determine which disorders the patient has. 
• Is there a history of insulin-dependent diabetes mellitus? Is there a his­

tory of alcoholism with a recent binge? A history of alcoholism might 
suggest not only the possibility of alcoholic ketoacidosis, but also the 
less common disorders ethylene glycol and methanol poisoning. ls there 
a history of renal failure or of salicylate ingestion? Is shock or severe 
hypoxemia present'! 

• Are there ketones in the urine or in the blood? lo general, because ke­
tones are concentrated and excreted in the urine, the ~ence of ke­
tonuria is very sensitive to detect ketosis, but the test for urine ketones 
may be strongly positive even though the serum level of ketones is only 
minimally elevat.ed. A strongly positive test for serum ketones confirms 
the suspicion of ketoacidosis. 

uo 



• The creatinine concentration (renal failure), osmolal gap (ethylene gly­
col and methanol cause an increase in both the anion gap and the os­
molal gap), and lactate con.centration (L-lactic acidosis) may also be 
helpful depending upon the clinical circumstances. 

• Ethylene glycol intoxication may be associated with calcium oxalate 
crystals in !he urine. 

2. A 20-year-old woman is admiued wilh protracted vomiting, lethargy, 
rapid respiration, tachycardia, and a blood pressure of tS0/98. She is a 
known insulin-dependent dia.betic who bas not been taking her insulin 
regularly. Her mother tells you that her blood sugars have been "up and 
down" during the lasr several months and rhat she has not been eating 
well. Her serum chemistries are: sodium 142, potassium 3.6. chloride 
106, bicarbonate 16, glucose 230 mg/dl, BUN 70 mg/dl, creatinine: 
pending. Arterial blood gas: pH 7.28, Pcoz 34, HCQ3· 16. Urine ke­
tones: moderately positive. What is your differential diagnosis, and 
what do you do to make a diagnosis? 
.Answer: Yoo make the diagnosis of diabetic ketoacidosis, and begin ireat­
ment with insulin. and 0. 9% saline with potaSsium chloride 40 mEq/L a1 
250 ml/hr. 

After 3 hours of treatment, the patient remains lethargic and is now 
short of breath. The anion gap acidosis is not jmproved. The blood sugar 
is 70 mg/dl. Where are you? 
Answer: You remember to check serum ketones. They arc negative. The 
lactate level is normal. You notice that the patient has developed bibasilar 
pulmonary rales, indicating ECFV overload from the saline infusion. 
There has been no urine output since admission. You stop the saline infu­
sion. The serum creatinine finally comes back from the lab: 11.8 mg/dl. 
The patient does not have diabetic ketoacidosis: She has end-stage renal 
wsease from diabetic nephropathy and is uremic. The high anion gap aci­
dosis ·is secondary to uremia. and the positive urine ketones are secondary 
10 protracted vomiting, not wabetic ketoacidosis. 

l admit that this case is contrived, but there are several lessons: 
• At least consider the other causes of an anion gap acidosis, even when 

things look pretty straightforward. 
• A moderate level of urine ketones may be present in starvation and in 

patients who have been vomiting. A high reading for serum ketones sug­
ge.~ts a high degree of ketonemia and is more suggestive of diabetic 
ketoacid.osis (or alcoholic ketoacidosis). 

• Always check the urine output and listen for basilar rales when you arc 
giving large volumes of siline. 

• In the late stages of wabetic renal disease, as the kidneys fail, insulin re­
quirements may decrease, leading to difficulty with diabetic control. 

The urine te&I for ketones is very sensitive because ketones are con­
cen.trated and excreted in the urine. Starvation and protracted vomiting 
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will give relatively high readings for urine ketone.~. even though the 
patient does not have significant ketoneroia A test for serum ketooes is 
helpful in confirming a case of diabetic ketoacidosis: The reading will 
generally be strongly positive in diabetic ketoacidosis, confinning that an 
elevated anion gap is due to ketoacidosis, but lower or negative in starva­
tion and protracted vomiting. 

3. A 60-year-old alcoholic woman is admitted with rapid respiration, tachy­
cardia, and a blood pressure of 90/60. Her chemistries are: sodium 
142 mEq/L, potassium 3.6 mEq/L. chloFide JOO mEq/L, bicarbonate 
12 m.Eq/L, glucose 180 mg/di, BUN 28 mg/di. Arterial blood gas: pH 
7 .28, Pco2 26, HCO3- 12. What is your differential diagnosis, and what 
do you do to make a diagnosis? 
Answer: The anion gap is 30. Therefore, a high anion gap acidosis is pre­
sent. The differential diagnosis is in Ftg. 7-1. Serum lactate is normal We 
suspect alcoholic ketoacidosis, and we order serum k.etones. It is important 
to mention that there may not necessarily be a high. reading for ketones in 
the serum of a patient with alcoholic lcetoacidosis as there usually is in dia­
betic ketoacidosis. The test for ketones, which does not detect beta-hydroxy 
butyrate, may underestimate the degree of ketosis in alcoholic ketoacidosis 
because of a marked increase in the beta-hydroxy butyrate /acetoacetate 
ratio. This is because the test reagents do not react with beta-hydro11y bu­
tyrate. Other less common causes of high AG metabo.lic acidosis in the set• 
ting of alcoholism are ethylene glycol and methanol poisonlngs. 

4. A SO.year-old man is admitted with rapid respiration, tachycardia, and a 
blood pressure of 90/60. His chemistries are: sodium 142 mEq/L, potas­
sium 3.6 mEq/L, chloride 100 mEq/L, bicarbonate 12 mEq/L, glucose 
180 mg/di, BUN 28 mg/di. Arterial blood gas: pR 7.28, Pc02 26, HCQ3-
l2. Urinalysis: calcium oxalate crystals. What is your differential diagno­
sis, and what do you do to make a diagnosis? 
Answer: High anion gap acidosis. Differential diagnosis is in Fig. 7-1. 
There is a history of alcoholism. A measured osmolality is 360 mOsm/L 
and there are calcium oxalate crystals in the urine. The calculated osmo­
lality is: 

Calculated osmolality 

= 2 X [sodium concentration}+ [glucose concentratiooV18 

+ [Blood Urea Nittogen}/2.8 

= 2 x 142 + 180/18 + 28/2.8 = 304 mOsm/L 

The osmolal gap is: 

Osmolal gap = OSM<....,.,.dl - OSM<caku1•1Cd) 

= 360 - 304 = 56 mOsm/L 

The osmolal gap is markedly increased. The combination of high AG and 
high osmolal gap suggests either ethylene glycol or methanol poisoning, 
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although a high osmolal gap can occur in ketoacidosis. The ca.lcium ox­
alate crystals in the urine suggest ethylene glycol. 

5. A 30-year-old woman is admitted with tachycardia and a blood pressure 
of 90/60. She is unable to provide any information. Her chemistries are: 
sodium l50mEq/L,potassium3.l mEq/L, cWoride 123mEq/L,bicarbonate 
l2 mEq/L, glucose 180 mg/di. BUN 28 mg/di. Arterial blood gas: pH 7.28, 
Pcl02 26, HCOi- 12. What -is your differential diagnosis? 
Answer: You first calculate the anion gap: 

AG = [Na+] - ([Cl- J + [HCOi-]) 

= 150 - {123 + l2) = 15 

This patient has hypematremia and a normal anion gap metabolic aci­
dosis. The causes of normal anion gap metabolic acidosis are li'sted in 
Fig. 7-1. Further questioning reveals that the patient has recently returned 
from a trip around the world and has been having abdomina.1 cramps. pro­
fuse watery cliarrbea, and fever for the past 5 days. 

6. A 45-year-old 80 kg man presents with sodium 140 mEq/L, potassium 
3.8 mEq/L, chloride l IO mEq/L, bicarbonate 8 mEq/L, glucose 180 mg/ 
di, BUN 28 mg/di. Arterial blood gas: pH 7.10, Pco2 20, HCOi- 6. The 
patient is developing respiratory fatigue. Calculate the amount of bi­
carbonate required to bring the bicarbonate from 6 mEq/L to 10 mEq/L. 
(Fig. 7-3). 
Answer: The amount of bicarbonate required to bring the bicarbonate 
from 6 mEq/L to 10 mEq/L: 

HCO3 • deficit 
= .S x Body wcight(kg) X ([HCO3 • <<1cwcd>]- [HCO3. c-->D 
= .S X 80 X (10 - 6) = l60mEq 

If the decision is made to replace HCOi-, give this calculated amount 
slowly and remeasure pH, HCOi- and pCOl to assess the effect of ther­
apy on lhe acid-base status. 

7. Calculate the amount of bicarbonate to be given to a 20-year-old 80 ~ 
woman with diabetic ketoacidosis and the following chemistries: sodium 
135 mEq/L, potassium 2.6 mEq/L, chloride 93 mEq/L, bicarbonate 10 
mEq/L, glucose 480 mg/di, BUN 42 mg/di. Arterial blood gas: pH 7.26, 
Pc02 23, HCO3- 10 mEq/L. High reading for serum ketones. 
Answer: This patient should not receive bicarbonate. ln diabetic ketoaci­
dosis the kerones account for the increase in the anion gap and represent 
"potential bicarbonate." This means that once the ketosis is reversed by 
appropriate treatment with insulin, isotonic saline, and potassium, the 
liver will be able in effect to convert the ketones into bicarbonate. Bicar­
bonate should 1101 be given in this case because: 
• The ketoanions (which account for the in.crease in the anion gap) will 

mostly be in effect converted to bicarbonate by the liver. 
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• The pH of7.26 is not life-threatening in this case and will likely rerum 
toward noanal with appropriate therapy. If the pH drops to the range of 
7.10 in diabetic kemacidosis, emergency HCO3- administration should 
be considered, especially if there appears to be respiratory fatigue or de­
veloping hemodynamic instability. 

• Administration of bicarbonate will cause potassium to move into cells. 
The low potassium concentration of 2.6 mEq/L may fall rapidly, possi-
bly resulting in serious cardiac arrhythmias. • 

8. S.uppose you have been treating the diabetic ketoacidosis of the patient 
in the previous e}(ercise for 6 hours with 0.9% saline, insulin and potas­
sium. You receive the following chemistries: sodium 143 rnEq/L, potas­
sium 3.6 mEq/L, chloride 112 mEq/L, bicarbonate 16 mEq/L, glucose 
180 mg/di , BUN 28 mg/di. Serum ketones: negative. Arterial blood gas: 
pl! 7.32, Pe02 32, HCO3- 16. What is going on? 
Answer: The anion gap is: 

AG = [Na+] - ([CL-J + [HCO3-J) 

""143 - (1 12+ 16)= 15 

The AG on admission was 32 mEqlL. The normal anion gap acidosis 
bas developed because ketoan.ions (which accounted for the increase 
in the anion gap and represented potential bicarbonate) have been lost 
in the urine. 

9. A 15-year-old boy is admitted with severe diarrhea and lhe following 
laboratory data: sodium 142 mEq/L, potassium 3.6 mEq/L, ch.loride 
115 mEq/L, bicarbonate 12 mEq/L, creatinine I.I mg/di. Urine ketones 
negative. Arterial blood gas: pH 7.12, Pco2 38,.HCOJ- 12. What acid-base 
disorders are present? 
Answer: There are three steps (described more fully in Chapter 9): 
Step I: Identify a single disorder. The pH and the bicarbonate are low. 

Therefore, metabolic acidosis is present. 
Step 2: See if the compensation is correct 1f the compensation for the 

metabolic acidosis is not whal is predicted from the formula, then 
a respiratory disorder is present. For a metabolic acidosis, the 
Pe02 should be 

Pcm= 1.5 X [HCQ3- J + 8 

= 1.5 X 12 + 8 "" 26 

The patient's Pc02 is 38. This is much higher than predicted by the for­
mula. Therefore, lhe patient bas a respiratory acidosis. The respiratory 
acidosis represents "tiring out'' of the patient's respiration and impairment 
of his ability to compensate for the metabolic acidosis. It could also be ii 
clue lo a coincident pulmonary process. The rising Pc02 is a dangerous 
sign in metabolic acidosis, because a further increase in the Pcoi or de­
crease in the bicarbonate could lead to a precipitous fall in pH. 
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Step 3: Calculate tb.e anion gap: 

AG = [Na• ] - ([CJ-J + [HC03-J) 

= 142 - (115 + 12) = 15 

The anion gap is nonnal. Therefore. a nonnal anio.n gap acidosis is pre­
sent, consistent with severe diarrhea. Key in the management of this pa­
tient will be close observation of the respiratory starus and careful 
repl3(.-ement of bicarbonaie. 
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CHAPTER 8. METABOLIC ALKALOSIS 

Metabolic alkalosis is a process that causes a primary increase in lhe 
plasma bicarbonate concentration. Metabolic alk.alosis is ge11erated by eilher 
lhe loss of hydrogen ion or the gain of bicarbonate. Generation of a metabolic 
alkalosis is not enough 10 sustain an elevation of U1e HCO,- concentration be­
cause the kidney normally has a large capacity to excrete excess bicarbonate. 
For metabolic alkalosis to be sustained, the elevated HCO3- conceolralion 
must be maintained by abnormal renal retention of HCO,-. To summarize: 
metabolic alkalosis requires two things: 

• Generation by either the loss of hydrogen ion or the gain ofHCO1-
• Maintenance by abnormal renal retention of HCO,-

Fioding the reasons for the abnormal renal retention of bicarbonate is the key 
10 correcting metabolic alkalosis. When I see a case of metabolic alkalosis, I 
ask: Why is the kidney abnormally retaining bicarbonate? 

Causes of Metabolic Alkalosis 

Metabolic alkalosis is discussed according to the mechanis m causing the 
abnormal renal retention of bicarbonate that maintains the metabolic alkalosis 
(see Fig. 8-1 ). All of the causes of metabolic alkalosis are generally associated 
with hypokalemia. 

ECFV Depletion Syndrome 

ECFV·depletion increases renal retention ofHCOJ- , even in tho presence 
of a high serum HCOJ- concentn1tion.Adecrcase in ECFV increases the proxi­
mal reabsorption ofHCO3- along with sodium. Because ECFV depiction leads 
10 increased HCQ3- reabsorption, ECFV depiction is an important factor in 
sustaining an elevated l-lCOJ- conGentration in patients with metabolic alkalo­
sis. The increased proximal reabsorption of NaHCO3 sustai ns the metabolic al­
kalosis unti l the ECFV depletion is corrected. 

In general, patients with metabolic. alkalosis associated with ECfV deple­
tion have low concentrations (<IO mEq/L) of chloride in the urine and are re-
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FIG URE 8-1. causes or Metabolic Alkalosis 

ECFV dcpletion-<hloride depletion syndrome (saline-responsive) 
Vomit1ng/nasogas1r:ic i;uction 
Diuretic.therapy 
Posthypercapnea 
Chro11ic diarrhea/laxative abuse 

Sever<! po12SSium depletion from any cause (saline-resistant) 
Mineralocorliroid exces., syndromes (,,,.line-resistant) 

Primary hyperaldosteronism 
Cushing·s syndrome 
Ectopic ACTH 
Secondary hypcraldosteronism 

Renovascular dis~tase 
Malignant hypertension 
Congestive heart fai lure (with diuretic therapy) 
Cirrhosis (with diuretic tber.tpy) 

Gitelman's syndrome (saline-resistant) 
Barlter's syndrome (saline-resistant) 
Metabolic alkalosis maintained by renal failure (saline generally contraindicated) 

sponsive to NaCl administration as 0.9% saline. The metabolic al.kalosis asso­
ciated with ECFV depletion is sometimes called saline-responsive metabolic 
alkalosis or chloride-responsive metabolic alkalosis. Patients with the other 
types of metabolic alkalosis generally have higher conceni.raiions (> 20 mEq/L) 
of chloride in the urine and do not generally respond to saline replacement. The 
other metabolic alkaloses lis1cd in Fig. 8-1 are sometimes called saline-resis­
tant metabolic alkaloses or chloride-resistant metabolic alkaloses. 

Vomiting/nasogastric suctio,i. Acute vomiting and nasogastric suction 
accounl for a majority of the cases of profound metabolic alkalosis. Loss of 
gas1ric HCI is the roe(:hanism of geru:ratio11 of metabolic alkalosis: The loss of 
hydrochloric acid results directly in an increase in plasma HCQ3- concentra­
tion, because the loss of one hydrogen ion has the same result as the gain of 
one HCQ3-. The act resuh is the addition of one free HCO1- to the body. The 
alkalosis is mai111ai11ed by ECFV depletion. 

Diuretic therapy. Administration of thiazide or loop diuretics is a com­
mon cause of metabolic alkalosis associated with ECFV depletion and potas­
sium depletion. 

Posthypercapnic metabolic alkalosis. Alkalosis occurs in chronically 
hypercapnic patients who undergo thempy to reduce arterial Pcoz acutely, of­
cen by mechanical byperventi lat ion during an episode of acute respiratory fail­
ure. The metabolic alkalosis is then maintained by ECFV depletion. Diure1ics 
are often prescribed for patients wich respiratory failure, which can lead to 
worsening of the ECFV depletion and metabolic alk.alosis. 

Chronic diarrhea. In ulcerative colicis, Cmhn 's i:liscase of the colon, and 
chronic laxative abuse, mild to moderate metabolic alkalosis may occur. The 
alkalosis is maintained by ECFV depletion. Acute secretory diarrhea, on the 
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other hand, is often associated with metabolic acidosis due to stool loss of 
bicarbonate. 

Severe Potassium Depletion 

Profound potassium depletion to <2.0 m.Eq/L, regardless of cause, can 
maintain a saline-resistant metabolic alkalosis by complex mechanisms. 
Porassi am must be replaced before metabolic alkalosis can be corrected. 

Minerawcorticoid Excess 

A variety of clinical syndromes are associated with increased mincralocorti­
coid effect, saline-resistant metabolic alkalosis, and hypokalemia (see Fig. 8-1). In 
general , thes.e disorders each result in an alkalosis that is maintained by high levels 
of mineralocorticoid activity. The alkalosis is resistant to the administration of nor­
mal saline. Mineralocorticoid has the effect of increasing collecting tubule sodium­
potassium exchange and increasing collecting tubule hydrogen ion secretion and 
renal ammoniagencsis, which result in hypokalemia and metabolic alkalosis. 

Gifelmari 's Syndrome arid Bartt.er's Syndrome 

Gitelman's syndrome is a very rare entity that is caused by a defect in 
sodium reabsorption in the sodium-chloride COlransport.er in the distal convo­
luted tubule (the segment of the tubule where thiaude diuretics work). Gitel­
man's syndrome is characterized by: 

Normoiension 
• Hypokalemia with renal potassium loss 
• Salinc-resis!am metabolic alkalosis 
• High urinary chloride concenlntion 
• High levels of renin and aldosterooe 
• Hypocalciuria 

Gitelman's syndrome is considered separately because several more 
common disorders (surreptitious vomiting, laxative abuse, and diuretic abuse) 
are often confused with Gitelman's syndrome. Surreptitious vomiting tends to 
be a chronic disorder that may present with potassium depletion and metabolic 
alk.alosis. Surreptitious vomiting may mimic Gitelman's syndrome because of its 
coven pattern, associated elecll'Olyte abnormalities, and secondary incre11ses in 
plasma renin activity and aldosterone. Covert diuretic abuse or laxative abuse 
may also be confused with Gitelman's syndrome. 

Bartter's syndrome is a very rare entity tbat generally occurs in neonates or 
very young children. Bartter's syndrome is due to a defect in sodium chloride re­
absorption in the ascending limb of the Loop of Henle where 20-30% of filtered 
sodium is reabsorbed {the segment of the tubule where loop diuretics work). Pa­
tients may have marked volume depletion. hypokalemia and metabolic alkalo­
sis. Bartter 's syndrome, in contrast to Gitelman's syndrome, is associated with 
hypercalciuria. Bartter's syndrome does not generally occur in adults. 



Renal Failure 

Although renal failure is a well-known cause of metabolic acidosis. renal 
failure may maintain a metabolic alkalosis because the failing kidney is unable 
to excrete bicarbonate. [n order for the kidney 10 correct a metabolic alkalosis 
by excreting excess bicarbonate, there must be an adequate glomerular filtration 
rate. Obviously. if one cannot filter bicarbonate, then it cannot be excreted!. 

Respiratory Compensation for MetabolicAlkalosis 

The hydrogen ion conccntratio.n of the ECP is determined by the ratio of 
the Pco2, which is controlled by tbe lungs, to the [HCO3-J, which is controlled 
by the kidntys. according to the relation: 

(H+J "'Pco2/[HC03- J 

A metabolic alkalosis is a process which causes a primary increase in 
[HCO3-J. The respiratory compensation for a metabolic alkalosis is decreased 
ventilation, which produces a secondary increase in Pc02. This returns the 
Pco2/[HCO3-J ratio (and therefore the hydrogen ion concentration) toward 
tbe normal range. The lungs do no! bring the hydrogen ion concentration into 
the normal range, but only toward the normal range. By how much should lhe 
Pco2-increase in compensation for a metabolic alkalosis? The quantitative an­
swer is obtained by using 1he formula for expecled respiratory compensation 
for a metabolic alkalosis. That is: the Pcoz should be equal to 

Pco2 = 40 + .7 X ([HCO3- (m,...,rod)] - [HCOJ- cnorm,1)1) 

where [HCOJ-(mcosuredi] is the patient's measured bicarbonate and [HCO3-fnom,,JJ] 

is the normal bicarbonate concentration, roughly 24-26 rnEq/L. 
Whal if the measured Pco2 differs from this value? A significant deviation 

means lhat there is also a respiratory disorder present, because the Pc02 is not be­
having as we would ex_pect. If the measured Pcm is higher than predicted by the 
formula, then a coexisting respiratory acidosis is present. ff the measured Pco2 is 
lower than predicted, then a coexisting respiratory alkalosis is present. Note that 
this fonnula is an approximation, and there is an especially wide patient to pa­
tient variation in the respiratory response to metabolic alkalosis. Therefore, for 
metabolicalkalosis, we should allow the Pco2 to be ::!::5 mm Hg off from that pre­
dicted by the formula. A significant deviation in either direction from the.value 
predicted by the expected compensation fonnula, however, indicates that in ad­
dition 10 a metabolic alkalosis, there is also a respiratory disorder present. 

Treatment of Metabolic Alkalosis 

The treatment of metabolic alkalosis (Fig. 8-2) should be directed at 

• The underlying cause of the metabolic alkalosis 
• The cause of the renal retention of HCQ3-
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FIGUJlE 8-2. Treatment of Metabolic Alkalosis 

Cause Treatmenl Remarks 

Vomiting/nasogastric ECFV replaceme.nt wilh K• deficit and sometimes 
suction NaCl (.9% normal saline). Mg .. deficit also presenL 

Diuretic therapy ECFV replacemen1 wilh K4 deficit and some1imes 
NaCl (.9% nonnal saline). Mg ++ deficit also presenL 

Poslhypercapneic ECFV replacemen1 wi1h Correct K• deficit. Patients 
NaCl (.9% normal saline). may be receiving diuretics 

o. steroids. 

Chronic diarrhea Careful ECFV replacement K• deficits aod sometimes 
with NaCl if SiC11ificantly Mg++ deficiis also present. 
volume depleted (.9% Diagnose the cause of the 
normal saline). diarrhea. 

Potassium cl!,pletion Potas.<iium chloride Pota.-sium deficils are often 
(maintaining alkalosis) replacement. quite significanL 

Miner,locorticoid excess Pota_~ium chloride Identify and treat the 
replacement. specific underlying disease 

state. 

Bnrtter's syndrome Potassium chloride Nonsteroidal 
replacement. aniiinflammatory drugs, 

amiloride as adjunctive 
agenls 

Alkalosis associated with NaCl contraindicaled. HCl Dialysis 
ECFV overload/renal Potassium infusion 
failure potentially dangerous. 

Treatment of ECFV Depletion 

In saline-responsive metabolic alkalosis, volume expansion with 0.9% 
saline should correct the alkalosis. Remember that giving hypotonic fluids to 
patients with ECFV depletion can lead to dangerous hyponatremia. Coexist· 
ing potassium deficits are almost always present and should be corrected as 
well. As che ECFV deficit is replaced, an alkaline diuresis occurs, with reduc­
tion of the serum HCO3- concentration. This may fucther worsen the existing 
potassium deficit, because excess HCO3- "carries" sodium with it 10 the col• 
leering tubule, causing focreased sodium-potassium exchange. 

In posthypercapnic alkalosis, appropriate managemenl consists of man­
aging ventilatory status and by correction of ECFV depletion which pemtlts 
renal excretion of HCO3- . 
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Treatment of Severe Potassium Depletion 

Profound potassium depletion to < 2.0 mEq/L, regardless of cause, can act 
to maintain metabolic alkalosis. Replacement of the potassium deficits allows 
correction of the metabolic alkalosis. 

Treatment of Minerawcorticoid Excess 

H primary mineralocorticoid excess is present, the underlying disorder 
should be sought. NaCl replacement is generally contraindicated because 
these patients are generally already volume expanded and hypertensive. Pa­
tients require potassium chloride replacement Jn l!ddition to specific therapy 
aimed at the underlying disease entity. 

Treatment of Bartter's Syndrome 

Potassium chloride supplements alone are usually not sufficient to match 
the ongoing potassium losses in Bartter's syndrome. Nonsteroidal antiinflam­
matory drugs (which counteract kaliuresis} and the potassium-sparing di­
uretic amiloride have been used as adjunctive measures with some success. 
With treatment, the serum potaSsium may stabilize at a level greater than 
3.0mEq/L. 

Treatment of Metabolic Alkawsis in Volume Overload and 
Renal Failure 

The treatment of metabolic alkalosis in volume overloaded patients and 
those with renal failure is complex. Saline administration is generally contra­
indicated in this setting. In the patient with renal failure, dialysis against a low 
bicarbonate dialysate may help reverse the alkalosis. lf a patient's alkalosis is 
acutely life-threatening, dilute HCI can be used under extreme circumstances 
in an intensive care setting to reduce the patient's serum (HCQ3- J promptly. 

Exercises 

I. A 40-year-old man is admitted with the following chemistries: sodium 
140 mEq/L, chloride 86 mEq/L, bicarbonate 40 mEq/L. potassium 3.0 
mEq/L. glucose 120 mg/di, BUN 32 mg/dl, Cr 1.4 mg/di. Arterial blood 
gas: pH 7.52, Pc02 51 mm Hg, HCO3- 40 mEq/L. What is your general 
approach to this patient? 
Answer: The diagnosis of acid-base disorders requires a systematic ap­
proach 10 identify all the disorders present in a given patient. Chapter 9 
describes a simple. three-step method to use for every single acid-base 
problem. Do not worry if you do not understand all three steps right now. 
Just follow along. 
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Step I: Identify a single disorder. The pH is high and the bicarbonate is 
also high. 
Therefore, metabolic alkalosis is present. 

Step 2: See if the compensation is correct. If the compensatory change in 
Pco2 in response to the metabolic alkalosis is not as predicted by 
the formula, then a respiratol)' disorder is present. For a metabolic 
alkalosis. the Pc02 should be 

Pcm = 40 + .7 X ([HCO3- (measured)) - [HCC)- <••n••o)) 

= 40 + .7 (40-24) = 51.2 mm Hg. 

This assumes a nonnal [HCO)-J of 24 mEq/L. The measured Pco2 of 51 
mm Hg is equal to thar predicted by the formula. Therefore, compensa­
tion is appropriate, and no respiratory disorder is present. Remember to 
use values for both lhe Pc:Q2 and the (HC03-J from the arterial blood gas 
for Step 2. 
Step 3: Calculate the anion gap using serum values: 

AG= [Na+] - ([Cl- )+ [HCO3-J} 

= 140- (86 + 40) = 14 

The anion gap is normal. We are finished. 
This analysis tells as that the only acid-base disorder present is a meta­

bolic alkalosis. Now. we must tum our attention to finding and correcting 
the cause for the abnormal renal retention of bicarbonate. We perfonn a 
careful history and physical, which includes checking for ECFV depiction 
due to vomiting, nasogastric suction. chronic diarmea/laxative use, and di­
uretics, as well as signs of secondal)' hyperaldosteronism (congestive heart 
failure and cirrhosis). Hypertension suggests renovasculardisease, primary 
hypcraldosteronism, or Cushing's syndrome. although primary hyperten­
sion may occur without any of lhese disorders. Remember that profound 
potassium depletion alone may cause renal retention of bicarbonate. 

The urine chloride is helpful in diagnosing metabolic alkalosis caused 
by ECFV depletion. It is generally low (<10 mEq/L) in cases of meta­
bolic alkalosis maintained by ECFV depict.ion. The urine sodium, which 
is also generally low in cases of volume depletion, is less helpful in cases 
of meiabolic alkalosis caused by ECFV depletion. The reason is that ex­
cess bicarbonate that is not reabsorbed by the proltimal tubule acts as a 
non-reabsorbable anion, bringing sodium to the collecting tubule. This 
results in more sodium in the urine, and consequently, a higher urine 
sodium. Therefore, rite urine chloride is a betrer resr 1/ta11 ihe urine sodium 
for extracellular volume depletion when metabolic allwlosis is presen.1. 

2. A 20-year-old woman is admitted with the following serum chemistries: 
sodium 140 mEq/L, chloride 90 mEq/L, bicarbonate 34 mEq/L, potassium 
3.0 mEq/L, glucose 120 mg/cll, BUN 30 mg/di. Arterial blood gas: pH 
7 .48. Pco2 47 mm Hg, HCO3- 34 mEq/L. She tells you that she thinks she 
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might have "Gitelman's syndrome." She consistently denies vomiting, 
laxatives, or diuretics. What do you do? 
Answer: First, see what disorders you have. 
Step I: Identify the most apparent disorder. The pH is high and the bicar­
bonate is also high. Therefore, metabolic alkalosis is present. 
Step 2: See if the compensarion is correct (if the compensation of the Pcm 
for the metabolic alkalosis is not what is predicted from the formula, then 
a respiratory disorder is present). For a metabolic alkalosis, the Pcoi 

should be 

Pc02 = 40 + .7 X ((HCO3-(..,uured)] - (HCO3- CoonnauD 

= 40 + .7 X (34-24) = 47 mm Hg. 

This assumes a normal [HC01- J of24 mEq/L The measured Pco2 of 47 
mm Hg is equal to lhat predicted by the formula. Therefore. compensa­
tion is appropriate, so no respiratory disorder is present. 

Step 3: Calculate the anion gap: 

AG = [Na+l - (fCJ-J + [HCC}-]) 

= 140 - (90 + 34) = 16 

The AG is normal. Metabolic alkalosis is the only disorder present. 
We begin our clinical evaluation. There is a drop in blood pressure and 

increase in heart rate with standing, indicating ECFV depletion. The presence 
ofECFV depletion suggests vomiting, diuretics, chronic diarrhea an.cl laxative 
abuse. Th.e spot urine sodium is 40 mEq/L, and thecblorlde 5 mF.q/L. The urine 
potassium is LO mEq/ gm creatininc. Now what? 
Answer: These scudies suggest that ECFV depletion is present, either 
from surreptitious vomiting, diuretic abuse. or from chronic laxative 
abuse. The urine concentrations of chloride and potassium are low, con­
sistent with renal conservation of these ioos. The urine sodium is higher 
than we might normally cxpecLfor ECFV depletion. but during metabolic 
alkalosis HCO,- "carries" sodium with it, elevating the urine sodium con­
centration. The uriac chloride Is a more reliable indicator of ECFV de­
pletion in states of metabolic alkalosis. Several repeated urine tests for 
diuretics and a stool sample for laxatives could be helpful. Gi telman's 
syodro1ne is associated with normotension and high urine chloride, 
sodium, and potassium concentrations because these ions are being lost in 
the urine. Gitelrnan 's syndrome is also rare. so always suspect the more 
common causes of metabolic alkalosis first. 

3. Same patient as in exercise 2. The serecns are negative, but a follow-up 
spot urine shows urine sodium 65 mEq/L, chloride 75 mEq/L. and urine 
potassium 40 mEq/gram creatinine. What do you do? 
Answer: This pattern suggests diuretic abuse. Between doses of diuretics, 
the urine chloride and potassium concentrations arc low. consistent with 
renal conservation of these ions. But the urine concentrations of chloride 
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migh1 have "Girelman's syndrome." She consisiently denies vomiting, 
laxatives, or diuretics. Whal do you do? 
Answer: First, see what disorders you have. 
Step I: Identify the mos[ appareni disorder. The pH is high and the bicar­
bonate is also high. Therefore, melabolic alkalosis is present 
Step 2: See if the compensation is correct (if the compensation of the Pco2 
for the me1abolic alkalosis is not what is predicted from the formula, then 
a respiratory disorder is present). For a metabolic alkalosis. the Pco2 
should be 

Pccl2 = 40 + .7 X ([HCO3- <me...,r«t>) - IHCOJ- (oonn.10)) 

= 40 + .7 X (34- 24) = 47 mm Hg. 

This assumes a normal [HCO3-J of 24 mEq/L. The measured Pco2 of 47 
mm Hg is equal to that predicted by the formula. Therefore, compensa­
tion is appropriate, so no respiratory disorder is present. 

Step 3: Calculate the anion gap: 

AG= [Na+) - ([CJ- J + [HC03-)) 

= 140 - (90 + 34) = 16 

The AG is normal. MetaboHc alkalosis is the only disorder present. 
We begin our clinical evaluation. There is a drop in blood pressure and 

increase in heart rate with standing, indicating F.,CFV depletion. The presence 
ofECFV depletion suggests vomiting, diuretics,chronicdiarrheaand laxative 
abuse. The spot urine sodium is40mEq/L, andthechlocide5 mEq/1.... Thearine 
potassium is 10 mEq/ gm creatinine. Now what? 
A11swer: These studies suggest that ECFV depletion is present, ei ther 
from surreptitious vomiting, diuretic abuse, or from chronic laxative 
abuse. The urine concentrations of chloride and potassium are low, con­
sistent with renal conservation of these ions. The urine sodium is higher 
than we might normally expccl for ECFY depletion, but during metabolic 
alkalosis HCOJ- "carries" sodium with it, elevating the urine sodium con­
centration. The urine chloride is a more reliable indicator of ECFV de­
pletion in states of metabolic alkalosis. Several repeated urine tests for 
diuretics and a stool sample for laxatives could be helpful. Gitelman's 
syndrome is associated with normotension and high urine chloride, 
sodium, and potassium concentrations because these ions are being lost in 
the urine. Gitelman's syndrome is also rare, so always suspect the more 
common cause.~ of metabolic alkalosis first. 

3. Same patient as in exercise 2. The screens are negative, but a follow-up 
spot urine shows urine sodium 65 mEq/L, chloride 75 mEq/L, and urine 
potassium 40 mEq/gram creatinine. What do you do? 
Answer: Thispauem suggests diuretic abuse. Between doses of diuretics, 
the urine chloride and potassium concentrations are low, consistent with 
renal conservation of these ions. But the urine concentrations of chloride 
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and potassium are high when the dose of diuretic is acting. The key here 
would be to 1·epea1 the urine screen for diuretics at a time when the urine 
values suggest a diuretic effect. 

4. A SO-year-old woman is admiued with the following serum chemistries: 
sodium 140 mEq/L. chloride 90 mEq/L, bicarbonate 34 mEq/L, potassium 
3.0 mEq/L, glucose 120 mg/di , BUN 20 mg/di, creatinine I. I mg/di. 
Arterial blood gas: pH 7.48, Pc0247 mm Hg, HCO3- 34mEq/L. The urine 
sodium is 65 mEq/L, urine chloride 70 mEq/L, and urine potassium 
40 mEq/gm creatinine. The blood pressure is 196/[24 mm Hg. She is not 
obese, and there are no stigmata of Cushing's syndrome, liver disease, or 
congestive heart failure. She is not taking diuretics or laxatives. What is 
your differential diagnosis? 
Attfwer: The differential diagnosis includc-s the causes of metabolic al­
kalosis listed under mineralocorticoid excess syndromes. Possibilities 
in this very hypertensive patient include primary hyperaldosteronism, 
renovascular hypertension, and malignant hypertension (which may re­
sult from either primary hypertension or a number of causes of secondary 
hypertension). 

Therapeutic or surreptitious use of thiazide or loop diuretics could 
also give you the same urine and serum electrolyte picture in a patient 
with primary hypertension and should be considered. Gitelman·s syn­
drome is associated with normotensio11 and high urine concentrations 
of chloride, sodfom, and potassium because these ions are being lost 
in the ucine. Hypertension of this degree essentially excludes Gitelman 's 
syndrome. 

5. A 60-year-old man is admitted with protracted vomiting. His chemistries: 
sodium 140 m.Eq/L, chloride 84 mEq/L, bicarbonate 40 mEq/L. potassium 
3.6 mEq/L, glucose 120 mg/di, BUN 80 mg/di, creatinine 9.8 mg/di. Ar­
terial blooclgas:pH 7.52, Pcm 51 mm Hg, HC(h- 40 mEq/L. The patient 
was treated with 3 L 0.9% saline while the laboratory studies were being 
done. The patient now has bibasilar rales and states that he is short of 
breath. There is no urine output. Whal do you do? 
Answer: This patient ha-s metabolic alkalosis associated with severe re­
nal failure. The renal failure will not allow c-0rrection of the alkalosis by 
appropriate bicarbonate excretion. This is a complex situation and is best 
handled with chc help of a nephrologist, who can dialyze the patient 
acutely if necessary. Saline administration is contraindicated in this set­
ting. In the patient with renal failure, dialysis against a low bicarbonate 
dialysate may reverse the alka:losis. Rarely, dilute HCI may he used under 
extreme circums~nces in an intensive care unit setting. 
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CHAPTER 9. MIXED ACID-BAS:E DISORDE:RS 

Just as it is impon:ant to have a consistent, systematic way to view a chest 
X-ray or interpret an ECG, itis important to bavea systematic approach 10 ana­
lyzing acid-base chemistries. This chapter describes a simple, step-by-step 
method, which can be used every time acid-base chemistries are obtained. 

Mixed (complex) acid-base disorders are cases in which two or more in­
dependent acid-base disorders occur simultaneously. A step-by-step approach 
is important because two or more disorders may sometimes "mask" each other. 
For example , a metabolic acidosis and metabolic alkalosis may offset each 
other, leading to a relatively normal pH and [HC03-J. Alternatively, a severe 
predominant disorder may overshadow a milder disorder. As we shall see, dan­
gerous a.cid-base disorders can be overlooked altogether unless the.re is a sys­
tematic, step-by-step approach to examining acid-base chemistries. 

Diagnosis of Acid-Base Disorders: A Three-Step Approach 

A three-step approach to acid-base disorders (see Fig. 9-1) will be de­
scribed in the remainder of this chapter: 

Step J: I,dentify rbe most obvious disorder {metabolic acidosis, metabolic 
al.kalosis, respiratory acidosis, or respiratory allcalosis) by looking at the pH, 
Pc02 and [HC03- J. lf more than one acid-bas-e disorder is apparent right away, 
just pick the "worst" disorder to start with. What if they all look severe? Then 
just pick one. A nice feature of this approach is that you can start anywhere. 
and the solution lo the case will always work out the same_ 

Step 2: Apply the formula for the expected compensation for the disor­
der you have identified to determine if a s.econd disorder is present. Once you 
identify a disorder, the general question is: Is the compensation for this disor­
der appropriate? 

• In metabolic disorders, the [HCQ3-J is abnormal and we want to see if there 
is also a coexisting respiratory disorder. We ask: What should the Pc02 be af­
ter compensation? If the Pc02 differs significantly from that predicted by the 
formula for compensation, then a coexisting respiratory disorder is present 
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F1GURE 9•1. Three Step Approac•h to Acid-Ba.<e Disorders 

Step 1: Identify tlu most apparent disorder. 

Disorder pH Pe02 HCO,-
Metabolic acidosis Decreased Decreased (secondary) Decrca.\ed (primary) 
Metabolic alkalosis lncre.ised Increased (secondary) Increased (primary) 
Respiratory acidosis Decrea$e<! Increased (primary) Increased (secondary) 
Respiratory alkalosis Increased Decreased (primary) Decreased (Sttondary) 

Slep 2: Apply the formulas to detennlne If compensation Is •pproprlalt'. If not, a 
second disorder co-exists. 

Membolic acidosis: Pro, = 1.5 X [HCO.· ] + 8 
Metabolic alkalosis: Pco, = 40 + .7 >< ( (HCOn.,, .• ,,-,il - fHCOn ...,,,."l) 
Respiratory acidosis: 

Acute: [HCO,-J increases by l mEq/L for every 10mm Hg increase.in Pon 
Chronic: [HCO,-J incrca.,;es by 3.5 mEq/L for every 10 mm Hg inc.rease in 
Pc02 

Re.spiratory alblosis: 
Acute: [HCO.· J decreases by 2 mEq/L for every 10 mm Hg decrease in Pcoo 
Chronic: [HCO,-J decrea.'ICS by 5 mEq/Lforevery 10 mm Hg decrease in 
Pcm 

Step 3: Calculate the anion pp. 
• AG= [Na•J - ([Cl·] + [HC01· ]) 
• The normal AG is 9-16 mEq/1.. 
• If AG> 20 mllq/L, high AG acidosis is probably presenL 
• If AG > 30 mEq/1.. high AG acidosis is almost ce.nainly present. 
• For lactic acidosis, the ratio of the ill.a'ease in the anion gap to the decrease in the 

HCO,· averages appro~imately J .5. 
• In ke1oacidosis, the ratio of the increase in the anion gap to the decrease in the HCO, ­

avcrages approx.imately 1.0. 

• In respiratory disorders, the Pco2 is abnormal .and we want to see if there is 
also a coexisting metabolic disorder. We aslc: What should the [HCO3 ·] be 
after compensation? If the [HCO1·] differs significantly from that predicted 
by the fonnula for compensation, then a coexisting metabolic disorder 
is present. 

Apply the fonnula for the disorder you have identified to see if the compensation 
is correct. If the compensation is not what is predicted by the formula, then an 
additional disorder is present. 

Step 3: Calculate the anion gap. The normal value of the anion gap used 
in this book is 9-16 mEq/L, although many hospitals may prefer to use the 
smaller range 10-14. If the calculated anion gap is normal. you are finished. 
The presence of an increased anion gap is a powerful clue to the diagnosis of 
metabolic acidosis. If the anion gap is increased above 20 mEq/L, then an an­
ion gap metabolic acidos.is is probably present. If the anion gap is increased 
above 30 mEq/L, then an anion gap metabolic acidosis is almost certainly pre­
sent, regardless of the pH and [HCO3 • ]. 

126 



lf a high anion gap acidosis due to lactic acidosis or keroacidosis is pre­
sent, then it may be helpful to compare the change in the anion gap tQ the 
change in the bicarbonate concentration. By doing this, one may identify an 
additional "hidden" metabolic disorder, either a metabolic alkalosis or a nor­
mal anion gap metabolic acidosis. 

Step 1: Identify One Disorder. 

Look at the pH, Pc02 and fHC03- J to identify the most apparent acid-base 
disorder. In general: 

• If the pH is low ( <7 .35), either a metabolic acidosis or a respiratory acido­
sis is present: if the [HC03-J is low: metabolic acidosis; ifthePc02 is high: 
respiratory acidosis. 

• If the pH is high (>7.45), either a metabolic alkalosis or a respiratory al­
kalosis is present; if the [HC03- J is high: metabolic alkalosis; if the Pc02 
is low: respiratory alkalosis. 

• If the pH is normal, but either the [HC03-J or the P002, (or both) is abnor­
mal, then pick the most abnormal of the (HC03-J or Pco2- For example: pH 
7 .40, Pc02 60 mm Hg, HC03 36 mEq/L. Both the Pco2 and the fHC01- J are 
abnormal. Because the pH is normal in this case, you could start by diag­
nosing either a metallolic alkalosis ([HC03-J 36 rnEq/L) or a respiratory 
acidosis (Pc02 60 mm Hg). This method will allow you to start either way. 

Step 2: Apply the Formulas to See H Compensation Is Corred. 

Apply the formulas for expected compensation to determine if a second 
disorder is present. This section deals with what the foanulas for expected 
compensation to simple disorders mean and how to use them. Once you iden­
tify a disorder, the general question is: Is the compensation close to lha.t pre­
dicted by the formula foe expected compensation? Once you have made a 
diagnosis of one disorder, then apply the formula for that specific disorder to 
see if the compensation is. appropriate. For metabolic disorders ask: Whal 
should the Pcm be after compensation? For respiratory disorders ask: What 
should the [HC03-J be after compensation? The formulas give approxima­
tions for the expected compensation for acid-base disorders. If the compensa­
tion is not consistent with the given formula. then a second disorder is present. 

Remember to use the values of both the Pcoz and the [HC03-J from the 
arterial blood gas (ABO) for purposes of detennining if compensation is 
appropriate (Step 2). Also, remember to use serum values to calculate the 
anion gap (Step 3). In this book, the serum bicarbonate and the calculated 
bicarbonate from the ABO are almost always equal, but this is not always the 
case in clinical practice. 
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Metabolic Acidosis 

The hydrogen ion concentration ofECF is determined by the ratio of the 
Pcm (which is controlled by the lungs) t.o the [HCOJ- J (which is controlled by 
the kidneys) according to the relation: 

A metabolic acidosis is a process that causes a primary decrease in [HC03- J. 
The respiratory compensation for a metabolic acidosis is increased ventilation, 
which produces a secondary decrease in Pco2. This returns the Pccn/[HC03- J 
ratio (and !herefore the hydrogen ion concenlration) toward the normal range. 
Typically, the lungs do not return the hydrogen ion concentration all the way 
into the normal range, but only toward the normal range. What should the Pc02 
be after compensation for a metabolic acidosis? The quantitative answer to this 
question is obtained by using the formula for expected respiratory compensa­
tion for a metabolic acidosis. That is, the Pcm should be equal to: 

What if the measured Pco2 differs from this value? A significant difference 
means that !here is also a respiratory disorder i.n addition to the metabolic aci­
dosis, because the Pco2 is not behaving as we would e)(pecL lf the measured 
Pco2 is higher than predicted by the formula. there is a coe)(isting respiratory 
acidosis. If the measured Pco2 is lower !han predicted, there is a coexisting 
respiratory alkalosis. This formula is appro1timate, and we should allow !he 
measured Pc02 to be ±2 mm Hg off from that predicted by the formula. A more 
significant deviation in eith.er direction from the value predicted by !he for­
mula, however, indicates that in addition to a metabolic acidosis, there is also 
a respiratory disorder present. 

Metabolic Alkalosis 

The hydrogen ion concentration of the ECF, as mentioned, is determined 
by the ratio of the Pc01. which is oontrolled by the lungs. to the [HC01- J. 
which is controlled by the kidneys. according to the relation: 

A metabolic alk.alosis is a proce.~s which causes a primary increase in 
[HC01- J. Toe respiratory compensation for a metabolic alkalosis is decreased 
ventilation, which produces a secondary increase in Pco2. This returns the 
PC02/[HC01-J ratio (and therefore the hydrogen ion concentration) toward the 
normal range. The lungs do not bring the hydrogen ion concentration into the 
normal range, but only toward the normal range. By how much should the Pco2 
increase in compensation for a metabolic alkalosis? The quantitative answer 
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to this is obtained by using the formula for expected respiratory compensation 
for a metabolic alkalosis. That is: the PC02 should be equal to 

Pc02 = 40 + 0.7 X ([HC01- (measu,,,I)] - [HC03- (nomllll)]) 

where [HC01-<mwure<1l] is the patient's measured bicarbonate and [HCOJ- (ooc­
fflll )] is the normal bicarbonate concentration, roughly 24- 26 rnEq/L. 

Whal if the measured Pc02 differs from this value? A significant devia· 
lion means that there is also a respiratory disorder present, because the Pc02 is 
not behaving as we would expect. lf the measured Pc02 is higher than predicted 
by the foanula, then a coexisting respiratory acidosis is present. If the mea­
sured Pco2 is lower than predicted, then a coexisting respiratory alkalosis is 
present. This formula is an approxi.mation, and there is an especially wide pa­
tient to patient variation in the respiratory response to metabolic alkalosis. 
Therefore, for metabolic alk.alosis, we should allow the Pco2 10 be ±5 mm Hg 
off from that predicted by the formula. A more significant deviation in either 
direction from the value predicted by the expected compensation formula, 
however, indicates that in addition to a metabolic alkalosis, there is also a res­
piratory disorder present. 

The maximum value Pco2 can reach in compensating for a metabolic al­
Jcalosis is about 55 mm Hg. A Pco2 of more than 55 mm Hg generally implies 
that a respiratory acidosis js also present, regardless of the [HCOi- J. 

Respiratory Disorders 

A respiratory acidosis is a process that causes a primary increase in the 
Pco2. A respiratory alkalosis is a process that causes a primary decrease in the 
Pc02- Respiratory disorders are divided into acute and chronic. Acute means 
minutes to an hour or so and chronic means more than 24-48 hours. The rea­
son for this seemingly arbitrary distinction is that the full renal compensation 
for respiratory disorders takes at lea.~t 24-48 hours. That is, when a metabolic 
acidosis develops, the increase in minute ventilation comprising the respiratory 
compensation occurs rapidly and the Pc02 falls right away. In a respiratory dis­
order, howeve.r, the kidneys take at least 24-48 hours to fully adjust the 
[HC03-J to its new compensatory value .. A shon way of saying this is that the 
lungs adjust the Pco2 much faster than the kidneys can adjust the [HC03-J ! 

For example, in the case of a respiratory acidosis, the primary de­
rangement is an increase in Pc02. The renal compensation for a respiratory 
acidosis leads co a secondary increase in [HC01-J. Although the renal com­
pensation tending to increase the [HCQ3 -J begins right away, it takes al 
least 24-48 hours for the kidney to increase the LHCQ3-J to its new steady 
state value. Therefore, the formulas for predicted compensation for respira­
tory disorders depend upon whether the disorder is acute (minutes 10 an 
hour or so) or chronic (24-48 or more hours, at which time the renal com­
pensation bas fully taken place). 
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For an acute respiratory acidosis, the serum HCO,- concentration rises 
about I mEq/L for every IO mm Hg increase in Pc02, For a chronic respiratory 
acidosis (after 24-48 hours), the serum HCOJ- bicarbonate concentration 
rises about 3.5 mEq/L for every 10 mm Hg increase of Pe02. For respiratory 
alkalosis the Pco2 falls, and therefore the compensation is for tire serum 
RCO3- concentration to decrease as well. How much? For acute respiratory 
alkalosis (minutes to an hour or so), the serum HCO3- concentration will fall 
about 2 mEqlL for every 10 mm Hg drop in Pe02. For chronic respiratory al­
kalosis (more than 24-48 hours), the serum HCQ3- concentration will fall by 
about 5 mEq/L for every 10 mm Hg fall in Pc02. 

In summary, for respiratory disorders: 

Respiratory acidosis: 
Acute: [HCQ3- J increases by 1 mEq/Lforevery I0mmHgincreasein Pcoz. 
Chronic: [HCO3-J increases by 3.5 mEq/L for every 10 mm Hg increase 

i0Pc02. 
Respiratory alkalosis: 
Acute: [HCO3-J decreases by2mEq/Lforevery 10mm Hg decrease in Pe02. 
Chronic: [HCO1-J decreases by 5 mEq/L for every 10 mm Hg decrease 

inPc02. 

Example 1: A patient's Pc02 increases from 40 mm Hg to 60 mm Hg during 
a chronic respi.racory acidosis. For a chronic respiratory acidosis, the serum 
[HCO1-J rises about 3.5 m.Eq/L for every 10 rn.m Hg increase of Pco2, The 
compensatory change in serum [HCO3-J would be an increase of 2 X 3.5 = 
7 mEq/L. Toe multiplication factor 2· is used because the increase in Pco2 is 
20 ( = 2 x 10 increase in Pe02). 

Example 2: A patient has a Pcoz of 40 and a [HCO,- J of24 mEq/L. An acute 
respiratory alkalosis develops and the Pcodalls to 20 mm Hg. What should 
the [HCC,-] be•after compensation'/ 
Answer: The [HCO,-J should decrease by 2 X 2 = 4 mEq/L. The multipli­
cation factor 2 is used because a decrease in Pco2 of 20 mm Hg = 2 X 10 
decrease in Rc02. The [HCOi - ] should be 24 - 4 = 20 mEq/L after compen­
sation for the. acute respiratory alkalosis. 

Eumple 3: A patient has a Pco1 of 40 and a [HCOi- J of24 mEq/L.An acute 
respiratory acidosis develops and the Pco2 rises to 70 mm Hg. What should 
the [HCOi- J be after compensation? 
Answer: The [HC03-J should increase by 3 X l = 3 mEq/L. The multipli­
cation factor 3 is used because an increase in Pco2 of 30 mm Hg = 3 X 10 
increase in Pcoz, The [HCO,- J should be 24 + 3 = 27 m.Eq/L after compen­
sation for the acute respiratory ·acidosis. 
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Example 4: A patient has aPccn of 40 and a [HCQ3- J of24 mEq/L. A chronic 
respiratocy acidosis develops and the Pcoi rises to 70 mm Hg. What should the 
[HCQ3-J be after compensation (>24-48 hours)? 
Answer: The [HCOi- ] should increase by 3 X 3.5 = 10.5 mBq/L. Toe mul­
tiplication factor 3 is used because an increase in Pcoi of30.mm Hg = 3 X 10 
increase in Pcm, The [HCQ3- J should be 24 + 10.5 = 34.5 m.Eq/L after com­
pensation for the chronic respiratory acidosis. 

Step 3: Calculate the Anion Gap. 

AG = [Na+) - ([Cl-J + [HCOi-]) 

The normal value of the anion gap used in this book is 9-16 mEq/L. If the an­
ion gap is normal, then you are finished. Count up the 11Cid-base disordets that 
you have identified and take a bow. The presence of an increased anion gap is a 
powerful cl.ue to the diagnosis of metabolic acidosis. Here are some general 
guidelines on using the AG to diagnose high anion gap metabolic acidosis: 

• If the anion gap is greater than or equal to 30 mEq/L, then there is a high 
anion gap acidosis, regardl.ess of the [HCOi· ] and pH. 

• If the anion gap is greater than 20 mEq/L, then there probably is a high 
anion gap metabolic acidosis, regardless of the [HCO3-J and pH. 

• Anion gaps in the range 16-20 mEq/L are abnormal, but may be due to other 
things besides an ani.on gap metabolic acidosis. 

• lf the anion gap is normal, then you are finished with the last step. 

Comparing the Change in thf Anion Gap to the Change in Bicarbonate 

lf you can perform the three steps that have been described in the pre­
ceding text, you are in very good shape for solving most of the mixed acid­
base problems that you will encounter i.n clinical practice. There is one 
additional step that applies only to cases in which there is a high anion gap aci­
dosis due to lactic acidosis or ketoacidosis. This step is sometimes useful to 
detect additional "hidden" metabolic disorders. 

If you make the diagnosis of a high anion gap metabolic acidosis due to 
lactic acidosis or ketoacidosis in Step 3, it may be helpful to compare the 
change in the AG to the change in the [HCQ3- J. One might suppose that in a 
high anion gap metabolic acidosis, there would be a correlation between the 
increase in the anion gap, which is caused by the addition of the anion to the 
ECF, and the decrease in the bicarbonate, which is caused by the titration of 
HCOi- by the hydrogen ion. According to the equation 
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one could logically expect that if the AG increases because of a high anion gap 
acidosis, the HCQ3- concentration would decrease by an equa.l amount. For 
example, if a lactic acidosis or diabetic ketoacidosis increases the anion gap 
by 15 mEq/L, the HCO3- concentration might be expected 10 fall by an equal 
amount. 15 mEq/1... 

A one-to-one relationship between the increase in the anion gap and the 
decrease in bicarbonate is ofien no.I the case, however. One reason is that hy­
drogen ion is buffered intracellularly and by bone as well as by the HCO3-
in eittracellular fluid. Simply put: HCOJ- does not have to buffer all the hy­
drogen ion by itself, but "gets help" from other buffer systems. Therefore, 
the [HCOJ- J may decrease by an amount less than the increase in the anion 
gap. For lactic acidosis, the ratio of the increase in the AG to the decrease in 
ihe fHCQJ-] is not usually 1.0, but on the average may actually be closer to 
1.5 because of this cittra buffering of hydrogen ion outside the ECF. That is. 
for lactic acidosis, approximately: 

Change in AG/Change in [HCO3-J = 1.5 

or, rearranging: 

Change in [HCO3-] = Change in AG/ 1.5 

Using this very rough fonnulation, we might expect lbat if a lactic acidosis in­
creases the AG by 15 mEq/L, then the [HCO3-J would fall by about: Change 
inAG/1.5 = 15/1.5 = .I0mEq/L, not 15 mEq/L. 

For ketoacidosis, the ratio of the increase in the AG to the decrease in the 
[HCO3-J is closer to 1.0, perhaps because some ketoanions, which constitute 
the in.crease in the AG, .may be lost in the urine. Therefore, for ketoacidosi.s, 
approximately: 

Change in [HCO3-J = Change in AG 

It should be carefully restated that this is a very rough way to estimate the ex­
pected fall in [HCQJ-J for a given increase in AG when there is a lactic aci­
dosis or a ket0ac.idosis. For uremic acidosis and the other causes of high anion 
gap metabolic acidosis, the relationship between the increase in the AG and 
the decrease in the bicarbonate is unpredictable. 

Row can we use this infonnation iu the setting of lactic acidosis or 
ketoacidosis7 A measured [HCO3- J much higher than predicted by the in­
crease in anion gap is a clue that a "hidden" metabolic alkalosis may also be 
present. A measured [HCQ3- J much less than predicted by the increase in an­
ion gap is a clue that a "hidden" normal anion gap metabolic acidosis may 
also be present. 

When l diagnose a high anion gap acidosis due to a lactic acidosis or a 
ketoacidosis, I compare the predicted fall in bicarbonate (based upon what you 
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would expect from the increase in anion gap) to the actual fall in bicarbonate, 
then use the following guidelines: 

• A measured [HCQi- J much higher than predicted by the increase in anion 
gap is a clue that a "hidden" metabolic alkalosis may also be present. 

• A measured [HCO3-J much less than predicted by lhe increase in anion gap 
is a clue that a "bidden" nonnal anion gap metabolic acidosis may also be 
present. 

Example 1: A patient begins with a serum [HCQi- J of 24 and an AG of 12. 
She develops a lactic acidosis. The AG increases from 12 to 22. Approxi­
mately, what would you expect the [HCQi- J to be? 
Answer: The IO mEq/L of ff+ is buffered nol only by extracellular HCO,-, 
but also by intracellular buffers and by bone. The [HCQ3-J would be expected 
to decreases by about: Change in AG/1.5 = 10/1.5 = 6.7 mEq/L. The ex­
pected [HCQ3-J is therefore: 24 - 6.7 = 17.3 mEq/L. 

The increase of lO mEq/L in the AG is accompanied by an opposing de­
crease in thc[HCQ3- J of 6.7 mEq/L. I realize mat the decimal places may look 
strange with regard to the HCQi- concentration, especially because I.his is 
only an approxinlate method anyway. I am going to leave the decimals in, 
however, so you can follow the calculations· as we go. I know that k really 
doesn't make much sense to talk about a [HCO1- J of 17.3 mEq/L. 

Example 2: A patient begins with a serum [HCQ3- J of24 mEq/L and an an­
ion gap of l 2 mEq/L. A ketoacidosis develops, and the anion gap increases 
from 12 to 22 mEq/L. What should the resulting [HCO)-J be? 
Answer: The AG has increased by IO mEq/L. Therefore, the [HCO)- J should 
decrease by about 10 mEq/L (remember lbat the Change in AG/Change in 
(HCO)-J ave.rages aboul 1.0 in keloacidosis). Therefore, the bicarbonate 
would be expected to faU from 24 mEq /L to 14 mEq/L (24 - IO = 14 
mEq/1.). The increase in AG sb.ould be associated with an opposing change in 
the [HCO,-J. 

Example 3: A patient starts with AG 12, serum [HCQ3-J 24.ABG: pH 7.40. 
[HCOi-J 24 andPco:i40. A lactic acidosis develops, and the AG rises from 12 
10 32 mEq/L. The [HCO)- J does not fall: lt stays at 24 mBq/L. The pH remains 
7 .40 and the Pcm is 40. What has happened? 
Answer: Beginning with the 3-step approach: 
Step 1: Everything looks normal. No acid-base disorder so far. 
Step 2: The Pcm is normal and appropriate for the normal [HCO3- J of 24. 

Therefore, no respiratory disorder is preseoL 
Step 3: The AG has increased by 20 mEq/L. By considering the change in 

the anion gap. 20 mEq/L. the predicted [HCO1- J would fall by 
about: Change in AG/1.5 = 20/1.5 = 13.3 mEq/L. The expected 
[HCOi-J would be 24 - 13.3 = 10.7 mEq/L. But we can see that 

133 



the patient's [HCO3-J has not fallen but has remained at 24 mEq/L. 
Why? There must be something which is «pushing the [HCO3-J 
up" by 13.3 mEq/L. What is it? 

Answer: lt is a metabolic alkalosis. The severe anion gap metabolic acidosis is 
"masked" by a metabolic alkalosis of equal severity. If we did not calculate the 
anion gap and then compare the predicted fall in bicarbonate (based upon what 
you wouJd expect given the increase in anion gap) to the actual fall in bicar­
bonate, we would have missed these two independent and serious disorders. I 
forgot to tell you that this patient had been vomiting for the last two days along 
with developing lactic acidosis. 

Example 4: A patient starts with AG 12, se.rum LHCO3-J 24. ABG: pH 7.40, 
[HCO3-J 24, and Pco2 40. A lactic acidosis develops, and the new values are 
AG 28, [HCQ3-J 22, Pco2 39, and pH 7.37. What disorders are present? 
Answer: 
Step I : The pH and the {HCO3- J have fallen: metabolic acidosis. This appears 

very mild at first glance. 
Step 2: What should the Pc02 be after compensation? Use the fonnuJa in 

Fig. 9-1. The Pco2 should be 1.5 x 22 + 8 = 4 I. The patient's Pc02 is 
39. This is well within the predicted range for Pc02, Therefore, there 
is no respiratory disorder present. 

Step 3: The change in the anion gap is an increase of 16 mEq/L. lf Lbere were 
only a high anion gap acidosis present, then we would expect the 
LHCO:,- J to decrease roughly by an amount: Change .in AG/l.5 = 
16/1.5 = 10.7 mEq/L. The expected [HCO3- J would be decreased lo 
24 - I 0.7 = J 3.3 mEq/L. But the patient's bicarbonate is 22 mEq/L. 
much higher than predicted. There is something "pushing the [HCQ3-J 
up." II is a metabolic allcalosis. Compl!ring the increase in• the anioa 
gap (16 mEq/L) to the decrease in the bicarbonate (only 2 mEq/L) aJ. 
lows us to identify a "hidden" metabolic alkalosis. 

Example 5: A patient starts with AG 12, serum [HCO3-J 24. ABG: pH 7.40, 
[HC0J- J 24, and Pcm 40. A ketoacidosis of 10 mEq/L develops. The new val­
ues are AG 22 mF.q/L, (HCO3- J 4 mEq/L, pH 7.08. and Pc02 14 mm Hg. What 
is going on'/ 
Answer: 
Step I: Bicarbonate is down, pH is down. There is a severe metabolic 

acidosis. 
Step 2: What should the Pco2 be after compensation? Use the formula in 

Fig,9-1: (LS X 4) + 8 = 14. ThefallinPco2isappropriatecompen­
sation for the metabolic acidosis. Therefore, there is no respiratory 
disorder present. 

Step 3: The increase in the AG is 10 mEq/L. The decrease in the [HC03-J for 
an increase in AG of 10 mEq/L due ro ketoanions would be expected 
to be roughly around IO mEq/L, so we would expect the [HCO:i -J to 
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be roughly 24 - IO = 14 mEq/L. But the [HCO3-J is 4 mEq/L, which 
is 10 mEqn... less than predicted by the AG metabolic acidosis alone. 
Something is "pushing the LHCO3-J down." What is it'! 

Answer: Jt is a second metabolic acidosis. This second "hidden" acidosis is 
of the normal anion gap type. This patient has two independent metabolic aci­
doses: a high anion gap acidosis and a nonnal anion gap metabolic acidosis. 

Example 6: A patient presenrs to the emergency room in septic shock with 
the following: an anion gap that has increased from 12 to 30 (change in AG is 
18) and a serum [HCO3-J that bas decreased from 26 to 4 (change in [HCO3-J 
is 22). ABG: The Pcm has fallen from 40 to 15, the [HCO3· ) has fallen to 4, 
and the pH has fallen from 7.40 to 7.05. What is your diagnosis? 
Answer: 
Step I: The pH has fallen and the [HCO3-J has fallen: metabolic acidosis. 
Step 2: What should the Pco2 be? Pc02 = (1.5 X 4) + 8 = 14. The measured 

Pc02 matches the predicted Pco2. Therefore. there is no respiratory dis­
order present. 

Step 3: A high anion gap acidosis in the setting of septic shock is most likely 
a lactic acidosis. The change in the AG is I 8. We would expect the 
[HCO3-J to fall by about 18/1.5 = 12 mEq/L. This would lead to a 
[HCO3-J of 26- 12 = 14 mEq/L . . But the [HCO3-J has fallen to 4. 
The [HCOJ - J is much less than predicted by a high anion gap acido­
sis alone. Something is pushing down the·[HCO3- J by an additional 
IO mEq/L. The decrease in [HCO3- J is ell_plained by a coexisting nor­
mal anion gap metabolic acidosis. 

These examples have pointed out bow using the anion gap can identify 
additional "bidden" metabolic disorders in cases of lactic acidosis and keto­
acidosis. lo actuality, using the change in the anion gap to predict the change 
in bicarbonate is only an approximate method. Nevertheless, a significant de­
viation from this approximation suggests that an additional metabolic disorder 
may be present. That is: 

• If the measured bicarbonate concentration is significantly higher than 
predicted by the increase in the AG. a "hidden" metabolic alkalosis may be 
present. 

• If the measured bicarbonate concentration is significantly less than pre­
dicted by the increase in the AG, then a "hidden" normal anion gap meta­
bolic acidosis may be present. 

Exercises: Putting the Three Steps Together 

For the sake of the following exercises assume that all the patients have 
the same baseline Jab values: pH 7.40, Pco2 40, [HCO3-J 24, AG 12. All the 
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changes and calculations for solving the cases should be based upon these 
baseline values. 

Caset 

A patient presents with: pH 7.15, calculated [HCO1-J 6 mF,q/L, Pcoz 18 mm 
Hg, sodium 135 mF,q/L, chloride 114 mF,q/L, PQtassium 4.5 mEq/L, serum 
(HCO:i- J 6 mEq/L. 
Step I: This patient has a very severe metabolic acidosis. 
Step 2: For a metabolic acidosis, what should the Pco2 be? We want to know 

whether this is a simple metabolic acidosis or if there ,s also a respira­
tory disorder present. The question we ask is: What should the Pco2 be 
after compensation? We answer this question with the formula for ex­
pected respiratory compensation for metabolic acidosis: 

Pcoz = ().5 X 6) + 8 

Pcm= 9 + 8 = 17 

The patient's Pco2 of 18 is close to the 17 we would expect for the appropriate 
respiratory compensation for a simple metabolic acidosis. Therefore, we con­
clude that there is no respiratory disorder present. 
Step 3: The anion gap is AG = 135 - (6 + l 14) = 15 mEq/L (normal). We 

are finished. There are no further steps if the AG does not suggest a 
high AG acidosis. 

A11.rwer: Simple normal anion gap metabolic acidosis. The differential diag­
nosis is listed in Fig. 7-1. 

Case2 

A patient presents with: pH 7.08, [HCO:i·J 10, Pco2 35, anion gap 14 mEq/L. 
Step 1: The [HCO1·J .is JO, and the pH is 7.08. There is a severe metabolic 

acidosis. 
Step 2: What should the Pc02 be? The Pc02 should be: 

Pc02 = (1.5 x 10) + 8 = 23 mm Hg 

ThePc02 of35 mm Hg is much higher than we would expect!Therefore, there 
is something pushing the Pc02 up. Jt is a coeJtisting respiratory acidosis. There 
is a respiratory acidosis present as well as a metabolic acidosis. 
Step 3: The anion gap is 14 (normal). We are finished. 

Answer: Normal anion gap metabolic acidosis plus respiratory acidosis. 
The patient's Pc02 is 35. This is much higher than predicted by the for­

mula. Therefore, the patient has a respiratory acidosis which might represent 
"tiring out" of the patient's respiration and impairment of bis ability to com­
pensate for the metabolic acidosis. It could also be a clue to a coincident pul­
monary process. The rising Pc02 is a dangerous sign in metabolic acidosis, 
because further increase in the Pco2 could lead ro a precipirous fall in pH. 
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An important clinical note about the maximum compensation possible for 
a metabolic acidosis: In a young person. lhe maximum respiratory compensa­
tion (the lowest attainable Pco2} is around 10-15 mm Hg. The value is about 
20 mm Bg in an older person, indicating less ability to compensate by in­
creasing ventilation. Therefore, there is a limit lo the magnitude of respiratory 
compensation possible for a metabolic acidosis. A patient with a [RCO)- J of 
3 and maximal respiratory compensation will have a Pc02 of roughly 
1.5 X 3 + 8 = 12.5 mm Hg. 'This is approximate because the -compensation 
curve is not entirely linear at extremely low levels 0£ [HCO)-J. The pH with 
this HCO3- concentration and P= will be 7.00. To keep the Pco2al 12.5 mm 
Hg takes a big effort. How long can the patient keep breathing deep and fast 
enough to hold the Pcm at 12.5 mm Hg before tiring out? Suppose the patient 
begins to develop respiratory muscle fatigue, and the Pc02 creeps up lo 20 mm 
Hg. The pH will plummet lo 6.80! 

The clinical point is that a young patieQt with severe metabolic acidosis 
and a Pcoz of /0-15 mm Hg or an older patient with a Pcoz of20 mm Hg is 
"on the edge" of compensation; any furrher increase in Pco2 or furrher de­
crease in [HCO1-1 can mean disaster! 

Case3 

A patient presents with: pH 7.49, [RC03- J 35, Pcoz 48. AG 16. 
Step I: The [HC03- J is increased and so is the pH: Metabolic alkalosis. 
Sl~p 2: What should the Pco2 be? We want to iknow if there is a respira­

tory disorder in addition to the metabolic alkalosis. Assuming a 
normal [HCO)- J of 24 and a normal Pa'J2 of 40, the answer is: 
Pc02 = 40 + .7 x (35 - 24) = 47.7. The patient's P002 is 48 mm 
Hg, which is what it should be for respiratory compensation for a 
simple metabolic alkalosis. Therefore, there is .no coexisting respira­
tory disorder. 

Step 3: The anion gap is 16 (normal}. 

Answer: Simple metabolic alkalosis. 

Case4 

A patient presents with: pH 7 .68, [HCO3-J 40, Pco2 35. AG 14. 
Sltlp 1: [HC0)-1 is up. pH is up. Metabolic alkalosis. 
Step 2: What should the Pcm be? The answer is: Pcoz = 40 + .7 x 

(40 - 24) = 51.2 mm Hg. The patient's Pcm is much less than pre­
dicted by the formula. even giving the Pcm ±5 mm Hg to account for 
variation in respiratory response to a metabolic alkalosis. Therefore, 
there is a coexisting respiratory alkalosis io addition to the metabolic 
alkalosis. 

Step 3: Toe anion gap is 14 (normal), We are finished. 

A.n.swer: Metabolic alkalosis plus respiratory alkalosis. 
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There are rwo distinct acid-base disorders present, each with i.ts own set 
of potential causes. The patient has a metabolic alkalosis secondary 10 one or 
more of the causes listed in Fig. 8-1 plus a respiratory alkalosis. Toe causes 
for each disorder should be considered separately. 

cases 
A previously well patient presents with 30 minutes of respiratory distress and 
pH 7.26, Pc02 60, [HCO3-J 26, AG 14. 
Step I: The Pc02 is up. The pH is down, Respiratory acidosis. The history says 

acute. 
Step 2: For respiratory disorders we ask: What should the [HCO3-J be? Re­

member that the calculations for metabolic compensation are in terms 
of changes of IO in Pco2. The Pc02 is up by 20 which is 2 X I 0. For an 
acute respiratory acidosis, the (HCOJ-J should change by 1 mEq/L for 
every IO mm Hg increase in the Peen. Therefore, the [HCQ3-J should 
change by 2 X 1 mEq/L = 2 mEq/L. Using 24 as normal, the 
[HCOJ-] should become: 24 + 2 = 26. Therefore, the compensation 
is appropriate, and there is no metabolic disorder. 

Step 3: The AG is normal. We are finished. 

Answer: Acute respiratory acidosis. 

Case6 

An,cious. Can't seemtogeteoough air for last4days. pH 7.42,Pccn 30, [HCO.1- J 
19,AG 16. 
Step J: Pc02 down. pH up. Respiratory alkalosis. The history indicates 

chronic respiratory alkalosis. 
Step 2: What should the [HCOJ-J be? Remember that the calculations for meta­

bolic compensation are in terms of changes of IO in Pco2. The Pc:02 is 
down by IO which is 1 X 10. For a chronic respiratory alkalosis, the 
[HCOJ-J should be down by 5 for every JO mm Hg decrease in Pc02. For 
thischronicrespiratoryalkalosis, the[HCQ3- Jshouldbedown byl X 5. 
The [HCOJ-J should be 24 - 5 = 24 - 5 = 19. Therefore, the com­
pensation is appropriate, aud the.re is oo metabolic disordei: 

Step 3: The AG is normal. We are finished. 

Answer: Chronic respi.rat.ory alkalosis. Lt is of interest that chronic respiratory 
alkalosis is the only simple disorder in which compensation can bring the pH 
back into the normal range (7.42 in this case). 

Case7 

Short of breath. Two weeks. pH 7.38, P002 70, [HCQ3- J 40. AG 16. 
Step I: Pcoi up. Respiratory acidosis. By history: chronic. 
Step 2: What should the [HCO3-J be? The Pe02 is up by 30 which is 3 X 10. 

For this chronic respiratory acidosis, lbe (HCQ3- J should increase by 
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3 X 3.5 = 10.5. Using 24 as nonnal, the [HCOJ- J should become: 
24 + 10.5 = 35.5. In short: For this chronic respiratory acidosis the 
[HCO3-J should be 24 + (3 X 3.5) = 35.5. The patient's [HCO3-J is 
higher than it should be. Therefore, there is a modest metabolic alka­
losis present as well. The high [HCO3- J is not just compensation for 
the respiratory acidosis but is caused by a separate acid-base disorder: 
metabolic alkalosis. 

Step 3: The AG is normal 

Answer: Chronic respiratory acidosis plus metabolic allcalosis. 
There are two distinct acid-base disorders presentfa this patient. Both dis­

orders are pathologic - one is not compensation for the other, even though 
the pH may be close to normal. In other words, this patienl has two processes 
going on at the same time that tend to offset each other: A metabolic alkalosis 
that is secondary to one of the causes listed in Fig. 8-1 plus .a respiratory aci­
dosis. Causes/or each of the two disorders should be considered separately. 

Case8 

Try approaching case 7 the other way, starting with metabolic alkalosis. 
Step I: The LHC01-J is high: metabolic alkalosis. 
Step 2: For a metabolic alkalosis, what should the Pcm be? It should be 

40 + .7 X (40 -24) = 51. The Pco2is much higher than this. Some­
thing is pushing it up: a respiratory acidosis. (Also, remember that for 
compensation for a metabolic alkalosis the Pcoz should not be higher 
than 55 mm Hg: It is higher than 55 mm Hg, indicating that a respira­
tory acidosis is present.) 

Step 3: Th.e AG is normal. 

Answer: Metabolic alkalosis plus respiratory acidosis. The pH is often close 10 

normal when offsertin.g disorders are present. Each disorder is pushing the pH 
in the opposite direction. 

If given the choice of a metabolic or a respiratory disorder of equal sever­
ity being present at th.e same lime, I will generally s1an my analysis of the data 
from the standpoint of the metabolic disorder first, because it will avoid the 
question of acute versus chronic and which formula to apply. The 3-step 
method will work either way. however, whether you begin with the metabolic 
disorder or the respiratory disorder. I just find that beginning with the meta­
bolic disorder is sometimes less cumbersome. 

Case9 

A patient presents with: pH 7.68, Pco2 35, [HCO3- J 40, AG 18. 
Step I: The pH is up and the LHCOJ- J is up: metabolic alkalosis. 
Step 2: What should the Pco2 be? Apply the formula for meiabolic alkalosis: 

Pcoz = 40 + .7 X ( [HC()J- (m,a,wo<t>] - [HCO3- inomia~]) == 40 + .7 X 
(40 - 24) = 40 + Jl .2 = 51.2. The patient's Pco2 of 35 mm Hg is 



significantly lower than predicted. Therefore, it is being pushed down by 
a respiratory alkalosis. 

Step 3: The AG is I 8. This AG is abnonnal but it is less than 20 and we 
cannot make assertions about the presence of an AG acidosis. We are 
finished. 

Answer: Metabolic alkaJosis plus respiratory alkalosis. The pH is often se­
verely abnormal when disorders are synergistic. each pushing the pH in the 
same direction. 

Case 10 

A patient presents with: pH 7.45. Pco2 65. [HCQ3- J 44. AG 14. Shon of breath 
for 3 days. 
Step l: Both the Pco2 and the (HCQ3- J are very high. The pH is oonnal. Let 's 

call this a metabolic al.kalosis because the pH is a little on the high 
side. 

Step 2: What should the Pc02 be? For a metabolic alkalosis, the Pc02 should 
be40 + .7 X (44 - 24) = 54. The patient's Pc02of65 is II mm Hg 
too high. Therefore: respiratory acidosis. 

Step 3: The anion gap is nonnal. 

Answer: .Respiratory acidosis and metabolic alkalosis. Note that the pH is 
normal. while the Pc02 and the (HCO3-J are both severely abnormal. This 
tells us immediately that there is a mixed disorder, because a patient cannot 
compensate an the way to a normal pH except in the case of a chronic respi­
ratory alkalosis. This is an example of two disorders ojfsetring each other; 
that is, the disorders tend to cancel each other .by pushing the pH in opposite 
directions. 1f you just eyeball the chemistries you might think that this patient 
has a simple respiratory acidosis with metabolic compensation: 'The data look 
as if there is only one disorder. Step 2 tells us that this is rwt just a simple 
respiratory acidosis with metabolic compensation. This patient has two dis­
tinct disorders. 

Case 11 

Same as Case 10, but start from the respiratory disorder: pH 7.45, PC0'.2 65, 
[HCO3-J 44, AG 14. Short of breath for 3 days. 
Step 1: Both the Pco2 and the fHCO3- J are abnonnal. The pH is normal. Let's 

call this a respiratory acidosis-chronic because the history suggests 
that this has been going on for 3 days. 

Step 2: What should the [HCO,-J be? For a chronic respiratory acidosis, the 
HCC, should be 24 + (2.5 X 3.5) = 24 + 8.75 = 32.75. The 
[HCO3-J of 44 mEq/L is too high. Therefore: metabolic alkalosis. 

Step 3: The anion gap is nonnal. 

Answer: Respiratory acidosis and metabolic alkalosis. 
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Case 12 

A patient presents with: pH 7 .65, PC02 30, [HCQ3-J 32, AG 30. 1be patiem has a 
temperature of 102 degrees and a blood pressure 80/50. He is diaphoretic. The 
urinalysis shows numerous white blood cells and many bacteria. A urine dipstick 
test for ketones is negative. 
Step I : pH is up. [HCO3-J is up (metabolic alkalosis), and Pco1 is down (res­

piratory alkalosis). Let's stan with the metabolic alkalosis though it 
would work out either way. 

Step 2: For metabolic a1ka1osis what should the P002 be? P001 = 40 + .7 X 
(32 - 24) = 45.6. The patient's Pe02 of 30 is much lower than 45.6. 
Therefore, respiratory alkalosis is also present. 

Step 3: The anion gap is 30! Therefore, a high anion gap acidosis is present. 
We are up to three disorders. Captain, 1 don't think our engines can 
stand the heat! The most likely cause of high anion gap acidosis in this 
patient is lactic acidosis. 

The change in the anion gap is 30 - 12 = 18. We compare this to the 
change in [HCQ3- ). The expected decrease in [HCQ3-J is roughly: Change in 
AG/1.5 = 18/1.5 = 12. The [HCQ3- J did not decrease, but is up by 8 mEq/L. 
It should be down by rougWy 12 mEAvL- Therefore, the IHCO3-J is about 
20 mEq/Lhigher than we would expect. This means that there is a severe meta­
bolic a.lkalosis acting to push the [HCQJ-J up by roughly 20 mEq/L in addi­
tion to a very severe high anion gap acidosis acting to push the [HCO1- J down 
by roughly 12 mEq/L. The metabolic alkalosis and the metabolic acidosis tend 
to cancel each other. but they are both quite severe. 

Answer: Metabolic alkalosis (severe), AG merabolic acidosis (severe), and 
respiratory alka1osis (moderate to severe). Note that the LHCO:,-J of32 mBq/L 
does not look 100 bad at first glance. Calculluing the AG and then comparing 
the increase in the AG to the decrease in [HCQ3- J was helpful in lhis case. 

Case 13 

A patient presents with diabetic ketoacidosis: pH 6.95, Pcm 28, [HCOJ-1 6, 
AG32. 
Step I: The metabolic acidosis is so severe that this patient is in danger of 

cardiovascular collapse. 
Step 2: What should the Pcm be? Pco2"' ( l.5 X 6) + 8 = 17. The pa­

tient's Pco2 is much higher than expected for this metabolic acido­
sis. The higher than expected Pc02 indicates a respiratory acidosis, 
possibly secondary to respiratory muscle fatigue. Some might call 
this "inadequate compensation .. instead of respiratory acidosis be­
cause the value of the Pc02 is low, not high. They would be par­
tially correct, but let's just stick to our original terminology so as 
not to gum things up. This is a severe metabolic acidosis in which 
the patient's respiratory compensation is beginning to "tire out." 
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Remember that patients cannot keep their Pc02 in the 10-20 range 
indefinitely without eventually tiring out. Therefore. this patient 
has a metabolic acidosis and a respiratory acidosis secondary to 
respiratory muscle fatigue. 

Step 3: The anion gap is 32. Therefore an anion gap acidosis is present. The 
incre3se in the anion gap is 20 mEq/L, supporting the diagnosis of AG 
acidosis. The predicted fall in the [HCO3-J is roughly 20 mEq/L. The 
fall in the [HCO3-J is 18, which is very close to 20. Therefore, the 
[HCO3- J is close 10 what it should be for a ketoacidosis alone, and 
ihere is no "hidden" metabolic disorder. 

Answer; AG acidosis secondary to diabetic ketoacidosis; respiratory acidosis 
due to respiratory muscle fatigue. 

Case14 

A patient with recurrent episodes of small bowel obstructio'n presents with 
severe abdominal pain and vomiting: pH 7.33, Pcoz 35, [HCO3- J 18, AG 33. 
Uri.ne dipstick negative for ketones. The blood pressure is 82/54 and the bean 
cate 116. 
Step l: [HCQ3-J down, pH down. Metabolic acidosis. Most likely a lactic 

acidosis. Looks pretty mild at first glance. 
Step 2: What should the Pc02 be? (1.5 X 18) + 8 = 35. No respiratory 

disorder. 
Step 3: The anion gap of 33 indicates that an anion gap acidosis is present. 

The increase in anion gap is 21. The decrease in the [HCQ3-J 
should be somewhere around 21 / l.5 = 14 for a lactic acidosis, but 
is only 6. Therefore, there is probably a "hidden" metabolic alkalo­
sis acting to "push'' the bicarbonate to a higher level. 

Answer: Severe (18 mEq/L) anion gap metabolic acidosis plus metabolic 
alkalosis. 

Case 15 

A 21-year-old diabetic patient presents with vomiting and pH 7.75, Pco2 24, 
[HCOJ- J 32, AG 30. The urine is strongly positive for ketones and serum 
ketones are strongly positive. 
Step 1: The pH is way up. [HCO3- J is up. Pco2 is down. Both of these are 

pushing the pH up. This is an example of a synergistic disorder in 
which the pH gets pushed the same way by both the Pcoi and the 
[HCO3-J. This patient has life-threatening alkalemia. You could start 
with either the Pc02 or the [HCO3- ) in this case. J prefer 10 start with 
the metabolic alkalosis. 

Step 2: What should the Pcoz be? 40 + .7 X (32-24) = 4.5 .6 mm Hg. The pa­
tient's Pcoz of24mm Hg is much lower than predicted. Severe respi­
ratory alkalosis is present in addition to the metabolic alkalosis. 
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Step 3: The AG is 30. AG ac.idosis is present. The increase in the AG is 18. 
Accordingly, the [HC(n- J should have fallen by roughly 18 mEq/L to 
the range of 6 mEq/L. But it is increased to 32 ! ! The [HCOJ-1 went 
up. not down! There is something pushing up the [HCOJ-] from the 
range of 6 mEq/L to 32 mEq/L! ! Therefore: severe metabolic alkalo­
sis. The initial eyeballing of the. [HCQ3- J suggested that the metabolic 
alkalosis was "mild," but we can ·now see that jt is very severe. 

Answer: Respiratory alkalosis (severe), AG acidosis (severe), metabolic al­
kalosis (severe). 

Case 16 

This is a 10101/y optional question: Reread the comment about maximum res­
p~tory compensation for a metabolic acidosis that follows Case 2. How did 
lknowthatthe pH of7.00in a patient witha(HC03-Jof3andPcoz 12.S would 
plummet 10 6.80 if the Pco2 increased to 20 mm Hg? 

Answer: l used the Henderson-Hasselbalch equation 

pH= 6.1 + log ( [HCO3-]/.03 X Pco2l ) 

and simply plugged in the values (HCQ3-J = 3 and Pco2 = 20. 

pH = 6.1 + log ( 3/(.03 X 20 )) 

pH= 6.1 + log ( 3/.6) = 6.1 + Jog (5) = 6.1 + .70 = 6.80 

This equation is also useful to see if the pH, [HCOi-J, and Pcoz are consistent 
with each other or if there bas been a lab error in measuring one of these vari­
ables. This fonnula is included because it is sometimes useful to have a way 
of verifying that the pH, [HC03-J, and Pc02 results are correct, and to predict 
what would happen to the pH given a <;hange in [HCQ3- J or Pc01-

Thcre are approximate methods available that don't involve using loga­
rithms, but the Henderson-Hasselbalchequation i~theeasiest for me. I just bite 
the bullet and pull. out my calculator. This formula is included because you 
might find it useful someday, but it is not important to working any of the ex­
ercises in this book. 
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CHAPTERIO.CASEEXAMPLES 

Casel 

A 50-year-old 70 kg alcoholic man presents with 4 days of nausea, vomiting, 
and mild abdominal pain following a week-long drinking binge. He is unable 
to take anything by mouth. His mucous membranes are dry. and his vital signs 
reveal an ort:hostatic blood pressure drop with a rise in pulse. The following 
laboratory data are obtained: Na 134 mEq/L, K 3.1 mEq/L, [HCO3· J 20 
mEq/L. Cl 80 mEq/L. glucose 86 mg/di, BUN 52 mg/di, Cr l.4 mg/di, amy­
lase pending, serum ketones: high positive reading. ABG: pH 7.32, Pc02 40 
mm Hg, [HCQ3·] 20 mBq/L. Urine sodium 7 mEq/L (low). Urine ketones: 
high reading. What is your diagnosis, and what do you do? 
Answer: The history and laboratory studies suggest alcoholic ketoacidosis 
with hyponatremia secondary to volume depletion ( vomiting) and hypo­
lcalem.ia secondary to vomiting and ketoacidosis. There may also be pancre­
atitis. There is a complex acid-base disorder, although the pH is only mildly 
depressed. 

I. Complex acid-base disorder. 
Step J: pH is slightly decreased. [HC01· ] is slightly down: metabolic acido­

sis. Pc02 is "normal". 
Step 2: For metabolic acidosis what should the Pco2 be? Pc02 = (1.5 X 20) + 

8 = 38. The measured PC02 of 40 mm Hg is very close to this value, so 
no respiratory disorder is present. 

Step 3: The anion gap is 134 - (20 + 80) = 34! Therefore an anion gap 
acidosis is present. Now compare the change in the anion gap 
(34 - 12 = 22) to the change in the [HCOl· ] ( = 4). The expected 
decrease in [HC01-J based upon a ketoacidosis is in the range of 
22 rnEq/L. The [HCQ3- J only decreased by 4 instead of 22 mEq/L. 
Therefore, there is a metabolic alkalosis acting to push the [HCQ3 -] 
up and a severe anion gap acidosis acti.ng to push the [HCO:i • J down. 
They tend to cancel each other, but they are both severe. The solution 
to the acid-base disorder is: 
• Anion gap metabolic acidosis due to alcoholic ketoacidosis (review 

Fig. 7-1 for other possibilities) 
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• Metabolic alkalosis due 10 vomiting (review Fig. 8-1 for other 
possibilities) 

I tty to remember to consider ethylene glycol and methanol in an 
alcoholic patient with a high AG acidosis. 

2. Hyponatremia. The patient has a history ofvomiting and clinical evidence 
of ECFV depletion. The urine sodium is low. Review the causes of hypona• 
tremia and the approach to the hyponatremic patient in Figs. 3-1, 3-2, and 3-3. 

3. Hypokalemia. The hypokalemia is probably secondary to vomiting and 
k:etoacidosis. A spot urine potassium to creatinine ratio > 20 mEq/gm would 
support urinary potassium Loss (remember that hypok:alemia is due to urine potas­
sium loss in both vomiting and ketoacidosis). The serum potassium concentra­
tion of3. I mEq/Lsuggests a large deficit of as much as 400 mEq. The potassium 
concentration may fall with .glucose a,dministration, so potassium replacement 
should be started as soon as you know the patient is not anuric, and the powsium 
concentration rechecked in 2-3 hours. Uthe potassium concentration falls, then 
replacement should be increa.o;ed (if the potassium concentration falls rapidly, 
then the glucose-containing saline solution could be held temporarily and 0.9% 
saline without glucose could be used if necessary). It is al.c;o important to mea­
sure a magnesium concentration in such a patient. Remember that powsium 
deficits cannot be.replaced until the magnesium deficiency is corrected. 

4. Orders: Patients with alcolwlic ketoacidosis require glucose supplemen­
tation along with isotonic saline to reverse ketosis. Also, multivitamins, thi­
amine, and folate should be replaced in such a pali.ent. [V glucose could 
precipitate an acute Wemicke's encephalopathy in this patient if thiamine (I 00 
mg 1M) is not given first. So, in an alcoholic, first give the thiamine; then start 
the fluids. The IV orders might look like: 

I 00 mg thiamine IM stat and every day for three days 
Liter# I: D5 0.9% saline with 30 mEq/L KC! 5 mg folate I Amp Multi­

vitamins at 250 cc/hr. 
Liter #2: D5 0.9% saline with 30 mEq/L KCI 5 mg folate I Amp Multi· 

vitamins at 175 cclhL 
Liter #3: D5 0.9% saline with 30 rnEq/L KC! at 175 cc/hr. 

An IV order is nm complete until the monito.ring orders are written: Daily 
weight in the morning. Glucose, sodium. potassium. chloride, bicarbonate, 
blood urea nitrogen (BUN), and creatinine (Cr) in 3 hours. 6 hours. 9 hours, 
and in the morning. U the potassium concentration falls, then replacement 
should be increased. 

Case2 

You are called to see a 40-year-old 60 kg woman who has had a generalized 
tonic-donic seizure 36 hours after undergoing resection of a tubo-ovarian 
abscess. She is poorly arousable, but without focal neurologica.l findings. She 
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has the following laboratory data; Na 112 mEq/L, K 5.0 mEq/L. Cl 74 mEq/L, 
[HCO3-) 1.6 mEq/L, OSM<.,..,> 252 mOsm/L, pH 7.32, Pco2 32. 

You check the preoperative lab results; Na 124 mEq/L, K 5.0 mEq/L, Cl 
90 mEq/L, IHCO3-J 24 mEq/L. os~ ..... , 270 mOsm/L. What is your diag­
nosis and what would you do? 

Answer: 

l . Acute severly symptomatic hyponatremia with hypotonicity. 'There has 
been ·a large, rapid drop in the sodium concentration. You check-what po.stop 
IV fluids the patient received: 6 liters of D5 0.45% saline over the last 36 
hours. You stop the rv fluids immediately. This patient had significant hy­
ponatremia on admission: Preoperatively, the sodium concentration was 124 
mEq/L. Unexplained hyponatremia of lhis degree should be carefully evalu­
ated preoperatively if possible. The evaluatio.n does not take a long time in 
most cases, and should not delay the surgery needlessly. Review Figs. 3-1, 
3.z, and 3-3. The cause of the hyPOnatremia could be as simple as a thiazide 
diuretic or one of the medications or conditions listed in Fig. 3-2. The low 
preoperative se[Um sodium concentration and low measured osmolality indi­
cate preexisting byponatremia with hypotonicity. A patient with hypona­
tremia and bypotonicity should not receive hypotonic fluids under any 
circumstances. lo general, hypotonic fluids should not be given to any patient 
postoperatively, either. Therefore, two serious errors contributed to lhis 
patient's cerebral edema. Determination of the underlying cause of the hy­
ponatremia wi II have to wait for the time being, because we need to Start 
emergency treatment. 

Remember that the rate offal/ of the serum sodiwn concentration is criti• 
cal in determining whether there is severe brain edema and therefore whether 
there are symptoms or net. This patient bas had a marked drop (12 mEq/L) in 
se111m sodium over a period of only 36 hours, indicating that the patient's 
symptoms are due to cerebral edema secondary to acute hyponatremia. This 
patient may die if appropriate management is not begun immedia1ely. If you 
cannOI remember how to do the calculations for 3% saline infusion, you may 
temporarily begin with 3% saline at SO- WO ml/hr for a brief period until you 
can calculate a more precise rate. Carefully revi.ew the safety guidelines for 
rapid correction of acute, severely symptomatic hyponatremia with 3% saline 
given in Chapter 3. 

Using the safety parameters and the values of serum sodium in this pa­
tient, calculate the amount of sodium to be given as 3% saline over 4 hours. At 
4 hours what would you like the serum sodium to be? Looking at the safety 
guidelines for rapid correction of hyponatremia we would like the sodium to 
be approximately 116 mEq/L. Now use the equation: 

Na (mEq) = ([Na+(ddilod)) - [Na+<m•••=llD X Estimated Total Body Water 

Na+(mEq) = (116 - H2) X (.5 X 60 kg) 

Na+ (mEq) = 120 mEq 
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So 120 mEq of sodium is to be given as 3% saline over the next 4 hours. 
Because 3% saline has 513 mEq sodium/L, the volume of 3% would be: 
120/513 = .234 L = 234 ml ove.r 4 hours (about 60 ml/hr). The serum sodium 
concentration should be rechecked every 1- 2 hours to monitor therapy. 

2. Acid-base disorder. 
Step I: [HCO,- J down, pH down. Metabolic acidosis- most likely lactic 

acidosis. 
Step 2: What should the Pcoz be? 1.5 X I 6 + 8 = 32. No coexisting respira­

tory disorder. 
Step 3: The anion gap of 112 - (12 + 74) = 22 indicates that an anion gap 

acidosis is probably present. Comparing lhe ani.on gap with the previ­
ous day is very helpful here. The anion gap was IO preoperatively. The 
increase of 12 in the anion gap indicates an AG acidosis. The expected 
decrease in the [HCO3-J is 12/1.5 = 8, which exactly matches the de­
crease in our patient. Therefore, there is no "hidden" metabolic disor­
der. The AG acidosis is consistent with a lactic acidosis (urine.ketones 
are negative). 

Answer: Anion gap metabolic acidosis, probably a lactic acidosis due to the 
seizure. If this is the case, it should clear in 1-2 hours with no specific lherapy. 

Case3 

A 26-year-old diabetic man presents with polyuria, polydipsia, nausea aod 
vomiting, following a bout with the "flu." The patient also states that be has 
been unable to hold anylhing down for the past 2 days. His temperature is l02 
degrees, BP 118n4 and HR 100 (lying down), BP 90/60 and HR 120 (sitting 
with legs over the edge of the bed). The patient is in respiratory distress and is 
using his accessory muscles of respiration. You also note bilateral diffuse 
wheezing and rales at the right lung base. His laboratory studies: Na 122 
mEq/L, K4.5 m.Eq/L, HCOJ- 15 m.Eq/L, CJ80mEq/L, g.lucose 325, BUN 30, 
Cr 1.2. pH 7.15, Pc02 45, Po2 68. CBC: Hgb./Hct. 12/36 WBC 15,000 UA: 
I+ protein. Large ketones. Negative microscopic. Serum ketones: high posi­
tive reading. 
What is your diagnosis and what would you do? 

Answer: 
I . Acid-base disorder. 
Step I: Metabolic acidosis (low [HCOJ- J, low pH). 
Step 2: What should. the Pco2 be? The Pco2 should be: Pc02 = .1..5 X 15 + 

8 = 30.5. The Pe02 is 45. This is much higher than expected, so there 
is a respiratory acidosis present. The respiratory acidosis renders the 
patient unable to adequately compensate for the metabolic acidosis. 
The respiratory acidosis is because of a coexistent pulmonary process 
(pneumonia/bronchitis?). Remember that failure of respiratory com­
pensation is an ominous sign in a patient with metabolic acidosis. 
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Step 3: The an.ion gap is 122 - (15 + 80) = 'rl mEq/L. A high anion gap 
acidosis is present. Now. compare the increase in the anion gap 
(27 - 12 = 15) to the decrease in [HCO,-J (24 - 15 = 9). The de­
crease in (HCQ3-J is 6 mEq/L less than what we would expect, but is 
within the "ballpark." The difference between the increase in the anion 
gap and the decrease in bicarbonate is not enough to really malce an 
assertion that a metabolic alkalosis is present. Therefore, there are 2 
acid-base disorders: 
• Diabetic ketoacidosis (anion gap is 27) precipitated by the patient's 

respiratory infection. 
• Respiratory acidosis from an as yet undiagnosed pulmonary 

proce.ss. 

2. Asymptomatic hyponatremia 
You want to know the measured osmolality. It is 275. The measured osmolal­
ity confirms that hyponarremia with hypotonic/ty is present. Just becall$C the 
glucose is high does not tell you that you have hyponatremia with hypertonic­
ity. The glucose is 325 mg/dL The ''corrected" sodium concentration afier cor­
rection for the elevated glucose would be only: 122 + (1.6 X 2) = 125. This 
is not hyponatremia with hypertonicity. Most likely, the hyponatremia is from 
ECFV depletion from protracted vomiting with continued water ingestion, al­
though other potential causes should be considered. Because the hyponatremia 
is asymptomatic, we do not need to aggressively raise the serum sodium. lo 
fact, rapid correction of this patient's byponatremia could lead to the ODS. 
Clinically, this patient seems to have a chronic byponatremia, which has de­
veloped over the past several days. Carefully review Fig. 3-1, Fig. 3-2, and 
Fig. 3-3. In addition to ECFV depletion, possible causes of hyponatremia in­
clude impaired GFR (Cr is 1.2 mg/di, which rules this out), thiazide diuretics 
(no llistozy of this), or SlADH from his pulmonary process (remember that this 
patient may have pneumonia). A number of me.dications can cause SIADH. 
The history does not reveal that be is taking chlorpropa.mide, an oral hypo­
glycemic agent that can produce SIADH. The suspicion of ECFV depletion. 
could be further substantiated by obtaining a spot urine sodium. lt will likely 
be < IO mEq/L. Sometimes, the diagnosis of hyponatremia is unclear: It is not 
certain whether the patient bas mild ECFV depletion or SlADH. The response 
of the sodium concentration to administration of 0.9% saline with close moni­
toring of the sodium concentration and ECFV status may be helpful diagnos­
tically. In ECFV depletion, lhe sodium will often begin to correct rapidly. ln 
SlADH, the sodium concentration will usually not change much. Because of 
the possibillty of ECFV overload. 0.9% saline administration is not recom­
mended as a routine part of the diagnosis of hyponatremia, but may be help­
ful in this patient. 

3. Potassium depletion. 
It is likely that the potassium of 4.5 mEq/L is masking potassium depletion in 
a patient with diabetic ketoacidosis and a pH of 7. 15 who has been vomiting 
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for the past several days. Pocassium supplementation is necessary as soon as 
it is established Iba.I the patient is not anuric. 

4. Management considerations. 
The pH is 7. I 5 and the patient shows signs of respiratory compromise and 
an inability to appropriately compensate for the metabolic acidosis. If such 
a patient should slow his respirations acutely, his pH would plummet and he 
could sustain a cardiac arrest. Under the~ conditions, I would cunsider 
HCO3- therapy, although there are reasons against giving HC03- immedi­
ately in this case: 
• The ketones will be converted to HCO3- by the liver once ketosis is reversed 

by insulin and IV fluids. 
• Rebound metabolic alkaJosis can occur. 
• HC0 3- can acutely raise the pH. causing potassium to shift into cells. If the 

potassium concentration were lower in this case, say around 3.5, this would 
be an even more important consideration. 

The patient should be treated with JV insulin, KCI. and 0.9% saline. Once it is 
established that be is not anuric. the initial fluid orders should look something 
like: IV: 0.9% saline with 30-40 mEq/L KCl-at 250 ml/hr. The electrolytes and 
ABG should be rechecked in 2 hours. An increased rate of potassium replace­
ment may be required, depending upon the repeat potas·sium concentration. 
The serum calcium. magnesium, and inorganic phosphate concentrations 
should also be checked in this patient and multi vitamins and fol ate added to 
the first liter of fluids. Thiamine shou ld also be given. Diagnosis and appro­
priate treatment of the pulmonary process causing the respiratory acidosis and 
continuous monitoring of respiratory status and pH will be key in this case. 
Should serious respiratory decompensatioo occur, the patient could be intu­
bated and mechanically ventilated. 

Case 4 

A 75-ycar-old woman is referred because of back pain. Her laboratory studies: 
Na 124 mEq/L, K 4.2 mEq/L, CI 100 mEq/L, HCQ3- 24 mEq/L, BUN 28, glu­
cose 90 mg/dl What do you t.hink? 
Answer: You calculated the anion gap. right? Of course you did. The low anion 
gap (zero) is a clue to the possibility of multiple myeloma. In some patients, the 
paraproteins are positively charged and increase the unmeasured cations (UC) 
so that the anion gap decreases according to the relation AG = UA - UC, The 
protein concentration in this patient is 12 gm/di, and the hyponatrernia is the re­
sult of pseudohyponatremia secondary to multiple myeloma paraproteinemia. 
The lab was not using a sodium electrode for some reason. Serum osmolality 
is normal. The patient is not hypotonic: a measured osmolality is 285 mOsm/L. 
Patienis with pseudobyponatremia have an increased osmolal gap. The osmo­
lal gap is: 

285 - (248 + 90/18 + 28/2.8) = 22 mOsm/L 
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I added this exerci-se mainly because you may see this woman again on a 
board exam. I also needed 10 remind myself 10 calculate the AG on every set 
of electrolytes. 

Cases 

A 65-year-old woman presents with mjld forgetfu.lness. She lives with her hus­
band Fred and their cats Sidney and Tabbert and has not been to a doctor's 
office for 25 years. Laboratory srorues: Na l24 mEq/L, K 4.2 mEq/L, Cl 90 
mEq/L. HCO3- 24 mEq/L. Cr l .0 mg/dl, BUN 14 .mg/di, glucose 90 mg/di. 
What do you think? 

Answer: Review Figs. 3-1. 3-2. and 3-3. You would like to know the measured 
osmolality. I1 is 260 mOsm/L, and the osmolal gap is 2 mOsm/L. This patient 
has hypooatremia with hypotonicity. Hypooatremia wilh hypotooicity is al­
ways due to impaired water excretion in the presence of continued water in­
take. Systematically: 
I. Is there renal failure? The creatinine is nonnal, which rules out renal 

failure. 
2. Is there evidence of abnonnally increased or decreased ECFV? We look 

carefully for an edematous stale or for evidence of ECFV depletion. There 
is none. We measure the urine sodium concentration. It is 45 mEq/L, wruch 
is against ECFV depletion or an edematous rusorder. 

3. ls the patient talcing thiazides? 1n an elderly woman. hyponatremia may 
result from thiazide diuretics given to treat hypertension. We do not have a 
history of this. 

4. ls there evidence of a disorder or is the patient talcing a medication capable 
of causing SIADH ( carefully review Fig. 3-2)? 

5. rs there evidence of adrenal failure or hypothyroidism? When in doubt, 
order the appropriate assays. 

6. Finally, we consider the so-called "tea and toast" diet. 
If the solute excretion is low and the water intake high enough in a patient with 
impaired urinary rulution, hyponatremia may develop. In adultAmericans, ihe 
average daily obligatory solute load is around 600-900 mOsm and consists 
mainly of urea and electrolytes (mostly sodium and potassium). The normal 
kidney is able to dilute the urine lo as little as 50 mOsm/L or to concentrate 
the urine to as high as 1200 mOsm/L. Therefore, the urine volume in 24 hours 
could be as high as approximately 900 mosm/50 mOsm/L = 18 Lin a maxi­
_ma!ly dilute urine (state of water excess) and as low as 600 mosm/Ul200 
mOsm = .5 L i.n a highly concentrated urine (state of water conservation). 

An elderly patient ingesting a diet poor in protein and NaCl may have im­
paired waler excretion resulting from a decreased solute excretion. The solute 
load might be around 300 mOsm/day. Let's say that the minimum urine 
concentration that this elderly patient can attain is 150 mOsm/L. instead of 
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SO mOsm/L. How much water can this person drink without developing hy­
ponatremia? The rough approximation is: 300 mosm/150 mOsmlL + 1/2 L 
(instnsible) = 2 1/2 L! Consequently, our elderly woman with impaired di­
luting capacity and poor solute intake might develop byponatremia if drinking 
more than about 2 1/2 Uday ! The imbalance created by a low solute load, im­
paired ability to produce a dilute urine, and increased water intake is the mech­
anism behind the hyponatremia of the "tea and toast" diet. If the solute intake 
were increased from 300 to 600 mOsm/day, then the water intake could be in­
creased to about 600/150 + 1/2 L = 4 1/2 Uday, and the patient would be 
much less likely to develop hyponar:remia. 

Case6 

A 45-year-old woman with diabetes mellitus is referred because of hyper­
kalemia. She feels well. There is no history of weakne.~s. Her medications in­
clude captopriJ 25 mg TID, ibuprofen 400 mg TID PRN, glyburide IO mg 
every day, and a multivitamin. She states that recently she bas begun II'llin.ing 
for a triathalon. Her laboratory studies: Na 138 mEq/L, K 6.3 mEq/L, HCOi-
20 mEq/L, Cl JOO mEq/L. BUN 35 mEq/L. creatinine 2.1 mg/ell, glucose 
160 mg/di. UA l + protein, 2 + glucose, Sediment: Negative. 
What is your approach to the differential diagnosis and what do you do? 

Answer: 
I. Stop all administration of potassium. 
2. Obtain a stat ECG. 
3. Quickly make .a mental inventory of possible "hidden" sources of potas­

sium and potential causes of hyperkalemia such as: 
Potassium penicillin 
Salt substitutes (many contain KCI) 
Hemolysis 
Transfusion 
Gastrointestinal hemorrhage 
Rhabdomyolysis 
Burns 
Major surgery 
Medications that can cause hyperkalemia 

4. Send repeat potassium ( drawn without tourniquet to reduce the chances of 
bemolysis). 

5. Review all the medications taken by the patient 
6. Determine the underlying cause of the hyperkalem.ia. 

The causes of hyperkalemia are reviewed in Fig. 6-1. This patient most 
likely has syndrome of hyporeninemic bypoaldosteronism (SHH) that is ag­
gravated by the ibuprofen and captopriL Primary adrenal failure and tubular 
unresponsiveness to aldosterone should also be considered. The creatinine 
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concentration of 2.1 mg/di indicates ihat some degree of renal failure is ·also 
present, which can conlribute to ihe potassium excretory deficit. Remember 
that the causes of hyperkalemia may be additive, and that a patient may have 
more than one basis for hyperkalemia. The acute management of this patient 
is dictated by whether or not there are significant ECG changes and by the 
severity of the byperkalemia. The chronic management begins with dietary 
counseling and a low-potassium diet, because the primary problem is renal re­
tention of potassium. The hyperkalemia of SHH will generally respond to loop 
diuretics or to the combined use of loop diuretics and the potent mineralocor­
licoid fludrocortisone. The main side effect of tludrocortisone is renal sodium 
retention and volume overload. Therefore, this medication should be started 
under close observation with attention to body weight and observation for 
signs of ECFV excess. In general, tludrocortisone should be avoided in pa­
tients with significant history of congestive heart failure or other conditions 
associated with sodium retention. Drugs known to produce hyperkalernia 
should be stopped. 

Case7 

A 50-year-old woman was admitted to the hospital with protracted nausea, 
vomiting, and abdominal pain. Abdominal X-rays revealed an ileus, which 
resolved with nasogasaic suction and rv fluids (0.9% saline with 30 mEq/L 
KCI). She says !hat her abdominal pain. which bad initially improved with 
nasogastric suction and rv fluids, has now returned. She now bas a tem­
perature of 101.6 and her blood pressure has fallen from 130/86 to 86/52. 
The abdomen is very tender, and no bowel sounds are present. Her labora­
tory srudies: Na 140 mEq/L, K 4.5 mEq/L, Cl 80 mEq/L, HCO3- 25 mEq/L, 
pH 7.40, Poo JOO, Pc;oo 40, HCQ3- 25 mEq/L. What is your diagnosis? 

Complex acid-base disorder. 
Step I: On inspection of the laboratory studies, !here is no obvious acid-base 

disorder present. The pH, Pco:i, and [HCO3·J are all normal. 
Step 2: Because there is no apparent acid-base disorder present, appropriate­

ness of compensation is not an issue. 
Step 3: The anion gap is 140 - (25 + 80) = 35! Therefore, a severe (most 

likely laciic) anion gap metabolic acidosis is present. This acidosis is 
probably the result of bowel ischernia. Why is the [HCQ3-J normal? 
Because there is an equally profound metabolic alkalosis present, 
which is "masking" the metabolic acidosis. We calculate the change 
in anion gap and compare it to the change in the (HCO3- J. The change 
in anion gap is 35 - l2 = 23. Therefore. in this lactic acidosis, the 
[HCO3·] should be around 25 - 23/1.5 = 25 - 15.3 = 9.7! There is 
an opposing metabolic alkalosis pushing up the [HCO3- J by around 
15.3 in this case, and therefore the noonal [HCO3-J disguises two se­
vere acid-!>ase disorders: 
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• Anion gap acidosis from ischemic bowel. 
• Metabolic alkalosis from vomiting and nasogastric suction. 
It is imponant to follow the 3 steps for every single set of acid-base 
chemistries that you evaluate, even if everything looks normal at first 
glance. Calculating the anion gap was central to solving this case. 
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