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In this review, I will summarize information related to various aspects 
of metabolic alkalosis, including its extrarenal manifestations, pathophysiology, 
and the approach to the patient with metabolic alkalosis. An understanding of 
the pathophysiology of metabolic alkalosis leads to a clear approach to the 
differential diagnosis and treatment of patients. 

IS ALKALOSIS LIFE-THREATENING? 

Metabolic alkalosis is generally considered a benign condition by most 
physicians. However, there is increasing evidence which suggests that under 
certain conditions metabolic alkalosis can contribute significantly to mortality. 
Wilson et al. (1) were the first to point this out. Of 1415 patients seen at 
the Shock Unit of Detroit General Hospital, 177 developed an arterial blood pH 
of 7.55 or higher. The most common acid/base pattern was a combined metabolic 
and respiratory alkalosis. As shown in Figure 1, mortality was very high in 
patients with severe alkalosis and increased as the blood pH increased. 

Mortality As A Function Of Blood pH In A Surglcaii.C.U. 
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Figure 1 

Anderson and Henrich (2) found similar results in a mixed population of 
medical and surgical patients . As shown in Figure 2, as pH rose above 7.48, 
there was an increasing mortality associated with increasing blood pH. In 
addition, for any given degree of alkalemia, mortality was higher in medical 
patients than in surgical patients and was higher in patients with mixed 
metabolic and respiratory alkalosis than in patients with pure respiratory 
alkalos is . 

The demonstration that high arterial blood pH correlates with mortality 
does not e~tablish which is the cause and whfch is the effect. It is certainly 
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Figure 2 

plausible that conditions associated with high mortality could cause metabolic 
and respiratory alkalosis, making alkalosis merely a marker of a poor prognosis. 
However, there are a number of reasons to believe that high blood pH can 
contribute to the poor prognosis. This is based on some of the known 
pathophysiologic effects of a high blood pH. 

Metabolic Alkalosis Suppresses Respiration 

One effect of a high blood · pH (alkalemia) which is recognized by most 
physicians, is respiratory depression. There are numerous reports of patients 
in whom metabolic alkalosis has led to respiratory depression, hypercapnea and 
hypoxia (3-9). This effect of metabolic pH changes on respiration is mediated 
via both central and peripheral chemoreceptors (10,11). 

Goldring and co-workers (12) performed extensive studies in man in which 
they examined the respiratory response to metabolic alkalosis i nduced in a number 
of different ways . They found that metabolic alkalosis induced by NaHC03 
infusion, THAM ingestion, and ethacrynic acid administration all led to 
hypoventilation with hypercapnea, hypoxia, and a decrease in tidal volume. In 
addition, a decreased respiratory response to co2 inhalation was observed. By 
contrast, when metaboli c alkalosis was induced by thiazide administration or 
aldosterone infusion, there was no respiratory response. PC02 , P02 , and tidal 
volume remained normal, and the patients demonstrated a normal response to co2 
inhalation. Of note, these investigators found that in the first group of 
patients there was only a minimal decrease in serum potassium, while in the 
latter group of patients there was marked hypokalemia . The investigators argued 
that in the latter group, potassium depletion may have caused an intracellular 
acidosis, modulating the effect of metabolic alkalosis to increase cell pH. 
They suggested, based on this, that chemoreceptor cell pH might be the key signal 
for regulation of respiration. 

More recently, Madias and co-workers (13) examined the respiratory response 
to metabolic acidosis and alkalosis generated in a number of different ways in 
dogs. The results, shown in Figure 3, make two - important points . As can be 
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$een, the r espiratory compensation to metabolic acidosis and alkalosis followed 
a predictable relatlonship irrespective of the method used to induce the 
alkalosis. - These results (13) disagree with those of Goldring et al. (12) in 
that ethacrynic acid, chlorthiazide, gastric, and DOCA alkalosis all behaved 
similarly. In addition, this group noted that the change in PC02 which occurs 
in response to a change in bicarbonate was similar whether bicarbonate 
concentration was decreased or increased. These results are somewhat different 
than those noted by others, but the authors ascribe this difference to the fact 
that they measured the change in plasma bicarbonate concentration and PC02 rather 
than the deviation from "normal" values. In previous studies, they have noted 
that all animals and humans do not have "normal" plasma bicarbonate 
concentrations and PC02. 

Alkalosis Leads to Decreased Tissue Oxygen Delivery 

Whil e the effects of metabolic alkalosis on respiration are well 
appreciated, the effects of alkalosis to decrease tissue oxygen delivery are 
less well appreciated. Alkalosis can decrease oxygen delivery by two possible 
mechanisms. First, by the Bohr effect, alkalosis leads to a shift in the oxygen 
d i ssociation curve of hemoglobin which decreases the ability of hemoglobin to· 
release oxygen in peripheral tissues. Figure 4 shows the effect of this shift 
i n the oxygen dissociation curve on oxygen extraction from blood, assuming that 
arterial and venous P02 are fixed (14). Thus, even in the absence of changes 
in blood flow, alkalosis can lead to marked decreases in oxygen deli very to 
tissues. 
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TENSION DEVELOPED BY CANINE CORONARY ARTERY 
STRIPS IN VITRO: EFFECT OF METABOLIC ALULOSIS 
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In addition to the Bohr effect, there is now good evidence that alkalosis 
is a potent vasoconstrictor. The most direct evidence for this has been 
generated using in vitro systems where vascular smooth muscle is incubated in 
vitro and tension developed is measured. Rinaldi et al. (15) . e~amined coronary 
artery smooth muscle tn vitro and found that increasing extracellular potassium 
concentrafion caused an increase in ten~ion (Figure 5). This tension was further 
increased by increasing pH in the extracellular media and was decreased by 
decreasing pH. In addition, similar effects were achieved whether the change 
in pH was made by changing the co2 tension or the bicarbonate concentration. 
Lastly, this effect was not mediated by catecholamines. Yasue et al . (16) found 
similar results in coronary artery strips incubated in vitro. In addition, these 
investigator s found that the effect of alkalosis to increase tone could be 
induced in the total absence of co2 and that the effect was blocked by 
trinitroglycerine, diltiazam, or removal of extracellular calcium. Lastly, Rooke 
and Sparks (17) also found that increasing pH led to increased tone in coronary 
artery strips. Fi gure 6 shows a summary of their results. Increasing pH either 

EFFECT OF BLOOD pH ON TENSION 
IN CORONARY ARTERY STRIPS IN VITRO 
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by lowering co2 tension or by addition of metabolic base led to an increase in 
tension in the coronary artery strips. 

These results are not unique to coronary artery strips. Rooke and Sparks 
(17) found a similar effect of increasing pH on isolated saphenous vein strips 
in vitro. In addition, Vanhoutte and Clement (18) found that increasing pH led 
to increased tension in saphenous and mesenteric vein strips incubated in vitro. 
Once again, this increased tension was achieved with decreases in co2 
concentration or increases in bicarbonate concentration. 

Based on all of the above studies, it is clear that in simple in vitro 
systems increasing pH is a potent vasoconstrictor of vascular smooth muscle. 
The next question is whether alkalosis vasoconstricts vascular smooth muscle in 
vivo. The first demonstration that increases in pH lead to vasoconstriction in 
vivo was made in the cerebral circulation. Kety and Schmidt ( 19) found that 
cerebral blood flow decreased in normal young men as PC02 decreased. The results 
of these studies are shown in Figure 7. As blood pH increased, cerebral blood 

flow decreased. This decrease 
in blood flow was due to an 
increase in the resistance of 

EFFECT OF BLOOD pH ON CEREBRAL BLOOD FLOW the cerebral vasculature. 
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Ffgure 7 

The effects of blood pH 
on blood flow are not limited 
to the cerebral circulation. 
Neill and Ha \;tenhauer (20) found 
that seven minutes of 
hyperventilation led to a 
decrease in coronary blood flow 
in patients with coronary artery 
disease, which was attributable 
to increased resistance of the 
circulation. This data is shown 
in Figure 8. Similar results 
were found by Kontos et al. ( 21 ) 
in the limb vasculature of the 
dog. 

In the above studies, blood 
pH has been changed by altering 
the PC02 . Such a maneuver offers 
the advantage that blood pH can 
be changed rapidly and the 
circulatory effects examined 
before any significant secondary 
effects of the blood pH change 
occur. In addition, one can 
change the PC02 without any 
immediate effects on circulating 
blood volume. However, it is 
also possible that the effects 
of hyperventilation on the 
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vasculature are due to hypocapnea per se rather than to changes in blood pH. 
In this case, these results woul d have limi ted relevance to metabolic alkalosis. 
Indeed, Schieve and Wilson (22) found that NaHC03 infusions increased cerebral 
blood flow and ammonium chloride infusions decreased cerebral blood flow in man. 
Harper and Bell (23) found that there were no effects of metabolic acidosis or 
alkalosis on cerebral blood flow if PC02 was kept constant. Scheuer (24) found 
that coronary blood flow correlated with PC02 rather than pH. 

As discussed above, all of these studies are complicated by the volume 
expanding effects of a NaHC03 infusion. Although attempts were made to control 
for this by NaCl infusion (24), the results are still difficult to interpret. 
Kety et al. (25) examined cerebral blood flow in patients with diabetic 
ketoacidosis and once again in this setting found that cerebral blood flow was 
highest in patients with the most severe acidosis and was lowest in patients with 
less severe acidosis. 

Based on all of the above results it is clear that increases in pH 
associated with decreases in PC02 (respiratory alkalosis) lead to 
vasoconstriction and decreased perfusion of the brain, heart, and peripheral 
circulature. While it is unclear from studies in man and whole animals whether 
pH changes due to metabolic alkalosis have the same effect, the in vitro studies 
seem to clearly point to the fact that pH is the determinant of smooth muscle 
tone irrespective of whether pH is changed by changes in PC02 or bicarbonate 
concentration . Studies in humans and intact animals are complicated by expansion 
of the circulating blood volume with a NaHC03 infusion and by other possible 
secondary effects such as rapid renal potassium wasting in acute metabolic 
alkalosis . Based on the above data, it seems most likely that blood pH is the 
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key determinant of vascular resistance such that organ perfusion will be 
compromised in metabolic as well as respiratory alkalosis. This may be a more 
severe problem in patients with chronic metabolic alkalosis, which is frequently 
associated with contraction of the circulating blood volume (see below). 

Based on the above discussion, the alkalosis-induced vasoconstriction 
combined with the Bohr effect may cause clinical tissue hypoxia in certain 
settings. The best data in this regard, and probably the most clinically 
important is related to the heart. Yasue et al. (26) demonstrated that 
hyperventilation could precipitate an attack of Prinzme.tal's angina in a number 
of patients with this condition. Chest pain, ST elevation, and spasm on coronary 
angiography were all demonstrated (Figure 9). 

HYPERVENTILATION CAUSES CHEST PAIN AND ST ELEVATION 
IN PATIENTS WITH PRINZMETAL'S ANGINA 
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In fact, Girotti et al. (27) demonstrated that hyperventilation could be used 
as a test for Prinzmetal's angina. In addition, a number of investigators have 
shown that hyperventilation can cause angina in the presence or absence of 
coronary artery disease. Lary and Goldschlager (28) identified a number of 
patients with false positive exercise tolerance tests which were characterized 
by: 1) chest pain and ST depression on exercise; 2) a similar response to 
hyperventilation; and 3) normal coronary arteries on angiography. Figure 10 
shows typical EKG changes in two patients. Jacobs et al. (29) reported similar 
results. Neill et al. (30) found that hyperventilation lowered the threshold 
for angina in an exercise tolerance test only if alkalemia was achieved. 

HYPERVENTILATION CAN CAUSE A FALSE-POSITIVE 
EXERCISE TOLERANCE TEST 
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There is also suggestions in the literature that alkalosis induces cardiac 
arrhythmias. Unfortunately, this is only substantiated by a number of case 
reports and it is difficult to prove an increased incidence. Nevertheless, 
alkalosis has been reported to cause arrhythmias which are unresponsive to 
antiarrhythmics and only respond to con·ection of the alkalosis ( 31,32). Kerber 
( 33) could not demonstrate an effect of alkalosis on the defibrillation threshold 
(the voltage r equired for defibrillation) in dogs. Voyce et al. (34) reported 
a patient who became severely alkalotic (pH 7 .81) during treatment for congestive 
heart fa i lure, and in whom congestive heart failure became intractable until the 
alkalosis was corrected, implying that alkalosis can impair cardiac function. 

In summary, there is much evidence to suggest that alkalemia can decrease 
oxygen delivery to tissues, and this may become a key factor in certain 
critically ill patients. Alkalemia clearly constricts vascular smooth muscle 
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in vitro, and appears to decrease tissue perfusion in vivo. This, along with 
an inhibition in oxygen release from hemoglobin, leads to decreased tissue oxygen 
delivery which is demonstrable clinically with regard to the heart where coronary 
artery spasm, angina, arrhythmias, and congestive heart failure may be 
precipitated. Most likely, oxygen delivery to the brain may also be compromised 
in ill patients with alkalosis, but it is frequently clinically difficult to 
distinguish brain hypoxia from other causes of encephalopathy. As will be 
referred to later, critically ill patients, in whom perfusion of the heart and 
brain is essential, should probably have their alkalosis aggressively corrected. 

PREVENTION OF METABOLIC ALKALOSIS 

If alkalosis is indeed as life-threatening as implied above, one would 
expect that the homeostatic defenses against metabolic alkalosis would be great. 
Indeed, this is the case. The kidney and extracellular fluid is probably better 
sui ted for the prevention of metabolic alkalosis than for the prevention of 
metabolic acidosis. 

The first defense against metabolic alkalosis resides in the bicarbonate 
buffer system. Figure 11 shows a plot of pH as a function of bicarbonate 
concentration for a fixed PC02 . As can be seen, at low bicarbonate 
concentrations, bicarbonate is a very poor buffer and small changes in Hco3 
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concentration are associated with large changes in pH. However, at high [HC03], 
large increments in [HC01 ] are associated with small effects on pH. Thus, at 
high [HC03], the HC03 buffer system prevents changes in pH effectively. 

The kidney also handles Hco3 in a manner which makes prevention of 
metabolic alkalosis very effective . HC03 is normally freely filtered in the 
glomerulus such ~hat the tubules need to reabsorb a large am~unt of Hco3 . In 
fact, if a patient's plasma [HC03] rises, all that the tubules have to do to 
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correct the metabolic alkalosis is to do nothing. If the tubules do nothing, 
filtered Hco3 will be delivered into the urine, there will be massive 
bicarbonaturia, and metabolic alkalosis will be corrected. In a normal human 
subject with a plasma [HC03] of 24 mEq/1 and a GFR of 180 1/day, excretion of 
10% of the filtered load of the Hco3 would decrease the plasma [HC03 ] by 10 
mEq/1. 

EFFECT OF BLOOD [Hco-] 
ON RATE OF Hco3 ABSOR~ION 
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Figure 12 

The effect of plasma [HC03] on 
renal HC03 reabsorption is best 
quantitated by the HC03 titration 
curve. Figure 12 shows the results 
of the classic experiments of Pitts 
and Lotspeich ( 35). In these 
experiments, dogs were made acidotic, 
and then received a Hco3 infusion which 
gradually caused their plasma [HC03l 
to rise. As plasma [ Hco3 ] rises, there 
is an increase in the filtered load 
of HC03 . At low plasma [HC03], there 
was 100% reabsorption of filtered 
HC03, and HC03 reabsorption rose 
linearly with the increased plasma 
[HC03] (and filtered load). At plasma 
[ HC03] similar to normal plasma values, 
a threshold .for bicarbonaturia was 
reached. Here, HC63 reabsorption no 
longer increased linearly with 
increases in filtered load and HC03 

appeared in the urine. As can be seen in Figure 12, the rate of HC03 absorption 
then flattened out and reached a "tubular maximum" (Tm)· It can be seen that 
such a system will maintain a plasma [HC03] around normal values. Any increase 
in plasma [Hco3] above normal values will lead to bicarbonaturia and correction 
of the alkalosis. 

As most of Hco3 is reabsorbed in the proximal tubule, these initial results 
were interpreted to imply that proximal tubular luminal mechanisms for HC03 
absorption were limited i n capacity. Thus, increases in luminal [Hco3] led to 
increases in Hco3 reabsorption until the system was saturated, and any additional 
HC03 then appeared in the urine. To examine this more directly, Alpern et al. 
(36) performed studies which examined the effect of luminal [Hco3 ] on rates of 
Hco3 absorption in the proximal tubule. In these studies, the proximal 
convoluted tubule of the rat kidney was microperfused in vivo. This technique 
allows one to modify the contents of the luminal fluid without ·altering the blood 
or peritubular composition and to measure rates of Hco3 absorption. 

The results of these studies are shown in Figure 13. When luminal [HC03] 
was increased in normal rats (closed circles) there was a progressive increase 
in HC03 absorption which demonstrated saturation kinetics (36). However, it 
should be noted that while HC03 absorption did saturate, it saturated at luminal 
[HC03l much higher than those achieved in the study of Pitts et al. In Pitts' 
studies (35), saturation was achieved at a filtered [HC03l of approximately 25 



EFFECT OF PERITUBULAR pH ON Hco3 ABSORPTION 
(e, control; o, alkalosis) 

l 
E 
E200 

' l 
z 
Q 
1-
~ roo 

~ 
"' 
8 
0 g: 

'--~,o -;;';::zo~,a,-*+· 60 10 eo 
MEAN LUMINAL [TOTAL CO,) (mM) 

Alpern, Cogan, Rector. J Clin Invest 
71 :736-7!16, 1983. 

Figure 13 

12 

mEq/1 which would be expected to cause 
a mean luminal (HC03] of approximately 
15 mEq/1. However, in Alpern's studies 
(36), HC03 absorption did not saturate 
until a luminal [HC03] of approximately 
45 mEq/1. Thus, saturation of the 
transport mechanisms by luminal [ HC03] 
could not explain the threshold for 
bicarbonaturia. 

In subsequent studies, Alpern 
et al . (37) found that if the animal 
was infused with Hco3 so that his blood 
was alkaline (Figure 13, open circles), 
there was a marked inhibition of HC03 
absorption ( 37). Indeed, this 
inhibition of proximal tubule HC03 
absorption by increases in blood pH 
could explain the threshold for 
bicarbonaturia. Thus, referring back 

to the experiments of Pitts and Lotspeich (Figure 12), at a low plasma [HC03] 
the proximal tubule is able to absorb most of the filtered .load of HC03 so that 
there is no bicarbonaturia. As plasma [HC03] rises above normal varues, the 
proximal tubule would still be able to reabsorb the majority of filtered HC03. 
However, at alkaline blood pHs, proximal tubular HC03 absorption is inhibited 
such that large amounts of HC03 are rejected by the proximal tubule and 
eventually excreted into the urine. 

In addition to effects of peritubular pH on the proximal tubule, 
peritubular pH can also affect rates of HC03 absorption and H secretion in the 
collecting duct. Breyer et al. (38) found that increases in peritubular pH 
inhibited HC03 absorption in the rabbit cortical collecting tubule. Similarly, 
Jacobson (39) found that increases in peritubular pH and (HC03] inhibited HC03 
absorption in the outer medullary collecting duct (inner stripe). 

In addition to acute effects of peritubular pH on the renal tubular 
transport mechanisms, there appear to be dietary adaptations which occur in 
response to chronic changes i n the ac i d load of the diet. Preisig and Alpern 
(40) and Akiba et al. (41) found that the Na/H antiporter and the Na/3HC03 
symporter, the major apical and basolateral membrane transporters of the proximal 
tubule, respectively, were modified by the acid-base content of the diet. 
Increases in acid content led to increased activities of both transport 
mechanisms and increases in alkalinity of the diet inhibited both transport 
mechanisms. 

Similar responses to diet have also been found in the collecting duct. 
McKinney and Burg (42) found that the cortical collecting duct perfused in vitro 
could either absorb HC03 or secrete HC03 , and that this flux was determined by 
dietary pretreatment of the animal from which the tubule was harvested. This 
data is shown in Figure 14 . Cortical collecting tubules dissected from rabbits 
fed an acid diet demonstrated net HC03 absorption while tubules harvested from 
animals fed an alkaline diet demonstrated net HC03 secretion. A possible 
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mechanism for this effect has recently 
been suggested. The cortical 
collecting duct contains two cell types 
which mediate H/Hco3 transport: the 
type A which cell secretes hydrogen 
ions and thus absorbs HC03, and the 
type B cell, which secretes HC03. 
Schwartz, Barasch, and Al-Awqati (43) 
found that changes in dietary acid/base 
consumption lead to changes in the 
relative numbers of type A and type 
B cells in the cortical collecting 
duct. 

In addition to modifying the 
absorption of Hco3 in response to 
changes in acid/base status, the kidney 
also prevents metabolic alkalosis by 
modulating excretion of organic anions. 
The most important of these 
quantitatively is citrate. Increases 
in serum (HC03] lead to a marked 

inhibition of citrate absorption in the proximal tubule wbich leads to increases 
in citrate excretion in the urine ( 44). Citrate excretion is essentially 
equivalent to HC03 excretion, and thus inhibition of citrate absorption helps 
to prevent metabolic alkalosis . Recently, Kaufman and Kahn (45) demonstrated 
that a significant fraction of an ingested base load is excreted as citrate. 

In summary, the kidney possesses numerous mechanisms for the prevention 
of metabolic alkalosis. Because of these mechanisms, it is extremely difficult 
to develop metabolic alkalosis when the kidney is normal and these homeostatic 
mechanisms are intact . Thus, although patients may generate a metabolic 
alkalosis in multiple different ways, the metabolic alkalosis will not be 
sustained unless the kidney is in some way altered to enhance Hco3 reabsorption. 
This concept is probably the most important concept related to understanding 
metabolic alkalosis. Understanding how homeostatic mechanisms may be disrupted 
to lead to maintenance of metabolic alkalosis leads to the clinical approach to 
the patient both with regard to differential diagnosis and with regard to 
treatment. 

GENERATION OF METABOLIC ALKALOSIS 

An understanding of metabolic alkalosis requires an understanding of how 
i t is generated and how it is maintained. The generation of metabolic alkalosis 
refers to the addition of base or the removal of acid from the extracellular 
fluid. Metabolic alkalosis can be generated in many different ways, but most 
commonly is generated by acid loss from the body either from the gastrointestinal 
tract or the kidney. 

The most common site for gastrointestinal loss of acid is the stomach. 
Thus, vomiting or nasogastric suction can lead to marked losses of acid from the 
body . As each proton which is lost from the stomach is generated from carbonic 
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acid, a Hco3 ion is left behind and added to the blood. While diarrheal fluid 
usually contains much HC03 and thus causes a metabolic acidosis rather than an 
alkalosis, in some unusual conditions diarrheal fluid may be rich in hydrochloric 
acid and cause a metabolic alkalosis. One of these conditions is congenital 
chloridorrhea (46). More recently, HCl diarrhea has been described in patients 
with Crohn's colitis (46,47). 

The kidney can also generate metabolic alkalosis by increasing net acid 
excretion. Most commonly, this occurs in conditions with high mineralocorticoid 
levels associated with maintained distal sodium delivery, such as with primary 
increases in mineralocorticoids and diuretics. As the mechanisms for increased 
net acid excretion in these conditions will be discussed below under maintenance, 
we will not discuss them further here. Posthypercapneic alkalosis is also 
generated in the kidney. Posthypercapneic alkalosis refers to patients who are 
hypercapneic and develop a compensatory metabolic alkalosis due to renal HC03 
retention. After the PC02 is corrected, the high (HC03] now represents a primary 
metabolic alkalosis which may be maintained by the kidney (see below). Metabolic 
alkalosis may also be generated by alkali ingestion and in unusual circumstances 
by marked degrees of volume contraction which concentrate the serum Hco3 . In 
general, this latter contraction alkalosis is mild in degree. 

MAINTENANCE OF METABOLIC ALKALOSIS 

As discussed above, the kidney is able to , rapidly correct metabolic 
alkalosis. Because of - this, unless the renal mechanisms which defend against 
metabolic alkalosis are perturbed in some manner, metabolic alkalosis cannot be 
maintained for any significant length of time. Thus, the maintenance of 
metabolic alkalosis refers to the failure of the kidney to correct the alkalosis. 
Whereas metabolic alkalosis can be generated in the stomach, the colon, or the 
kidney, it can only be maintained by the kidney. In general, there are three 
possible mechanisms by which the mechanisms which prevent metabolic alkalosis 
can be perturbed and thus metabolic alkalosis maintained. These will now be 
discussed. 

Maintenance of Metabolic Alkalosis by Extracellular 
Fluid Volume Contraction 

Reduced extracellular fluid volume is the mechanism responsible for 
maintenance of metabolic alkalosis in greater than 99% of patients with metabolic 
alkalosis. In general, alkalosis is generated by one of the mechanisms described 
above, and during the generation, extracellular fluid volume depletion developes. 
It is the reduced extracellular fluid volume which then causes the kidney to 
maintain the metabolic alkalosis. It is important to note here that when we 
refer to reduced extracellular fluid volume, we are actually referring to a 
reduction in the effective arterial volume, the volume sensed by the kidney. 

In patients with vomiting or NG suction, loss of hydrochloric acid leads 
to replacement of extracellular fluid NaCl with NaHCOj. While initially the net 
result may be a normal extracellular fluid volume, the kidney responds by 
attempting to correct the alkalosis and excretes Hco3 . If the patient cannot 
ingest chloride, HC03 loss leads to contraction of the extracellular fluid volume 
which then leads to maintenance of metabolic alkalosis. In addition, patients 
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who vomit also lose NaCl in their gastric fluid, which would enhance the volume 
contraction responsible for maintenance of metabolic alkalosis. 

Figure 15 shows an example of the effect of nasogastric suction ·on the 
serum HC03 concentrat i on (48,48a,49). In these studies, patients were maintained 
on a low NaCl intake. They were then subjected toNG suction with administration 
of agents to increase gastric acid secretion and received replacement of all 
salts lost from the gastric fluid other than HCl. This was continued for two 
days and then the patients were maintained on a low NaCl intake. As can be seen, 
during the period of gastric drainage, serum HC03 rose and serum Cl decreased. 
This was initially associated with loss of Hco3 in the urine in an attempt by 
the kidney to correct the metabolic alkalosis. Because the patient was inges t ing 
l i ttle Cl, the bicarbonaturia led to volume depletion which then caused 
maintenance of the metabolic alkalosis. This can be seen as a stable plasma 
[HC03] above 35 mEq/1 in the absence of bicarbonaturia . The me tabolic alkalosis 
r ema1ned stable until NaCl was incr eased in the diet. The patient then developed 
bicarbonaturia and slowly corrected the metabolic alkalosis . Numerous studies 
have shown that the key to the correction of the alkalosis is the provision of 
Cl either in the diet or intravenously (49,50). Patients with vomiting or NG 
suct i on develop potassium deficiency which may also contribute to maintenance 
of metabolic alkalosis (see below) . However, administration of potassium without 
chloride does not correct the metabolic alkalosis in these patients~ whereas 
admin i stration of chlor ide without potassium corrects the metabolic alkalosis 
in the presence of persistent hypokalemia (49,50). Thus, chlor ide depletion is 
the major maintaining factor in these patients. 

Diuretics cause a metabolic alkalosis which is generated by high 
mineralocort i coid levels associated with adequate distal Na deli very (see below), 
and i s maintained by extracellular fluid volume contraction. If patients who 
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develop a metabolic alkalosis on diuretics are maintained off the diuretic but 
on a low NaCl diet, they will maintain their metabolic alkalosis until chloride 
is administered (51). While these patients are also hypokalemic, administration 
of K without Cl does not correct the alkalosis (51). 

Posthypercapneic alkalosis occurs in patients who develop a metabolic 
compensation to respiratory acidosis with a high plasma [HC03], and then have 
their PC02 decreased to normal. While these patients have a high PC02 , the 
kidney generates a compensatory metabolic alkalosis in the defense of blood pH. 
This HC03 retention leads to expansion of extracellular fluid volume which causes 
chloride to go out in the urine. The net result is that in the stable 
hypercapneic state the patients have a normal extracellular fluid volume with 
increased extracellular fluid Hco3 .and decreased extracellular fluid chloride. 
When the respiratory acidosis is corrected and the PC02 is no longer increased, 
the patients become markedly alkalotic and the kidney attempts to excrete HC03. 
If, however, there is no chloride in the diet, bicarbonaturia will rapidly lead 
to decreased extracellular fluid volume and once again maintenance of the 
metabolic alkalosis. This tendency to maintain the metabolic alkalosis is 
further enhanced by diuretics which are frequently administered to these 
patients. The metabolic alkalosis is corrected by chloride administration. 

Lastly, patients with chloridorrhea (HCl diarrhea) develop a metabolic 
alkalosis which· is generated by HCl loss in the diarrhea but once again is 
maintained by chloride and extracellular fluid volume depletion. 

Erfects of ECF Volume Depletion on Renal Acidification. Based on the above 
discussion, it is clear that extracellular fluid volume depletion or chloride 
depletion are important signals for the maintenance of metabolic alkalosis. At 
one time it was believed that the hypochloremia per se would maintain metabolic 
alkalosis. Thus, in metabolic alkalosis of this type serum HC03 is increased 
and serum chloride is decreased. The low serum chloride coulcf then in some 
manner stimulate renal acidification so as to maintain the metabolic alkalosis. 
Increasing NaCl in the diet or infusion of normal saline would then raise the 
serum chloride concentration which would allow the kidney to correct the 
metabolic alkalosis. 

Studies which disproved that the hypochloremia was important were performed 
by Cohen (52). Cohen created a stable model of diuretic-induced metabolic 
alkalosis in dogs which was main t ained by a low NaCl diet. He then infused the 
dogs with what he termed an isometric solution which contained the same chloride 
and HC03 concentrations as the alkalotic dogs' plasma. Such an infusion will 
not directly affect chloride or HC03 concentration but will expand extracellular 
fluid volume. Isometric expansion led to correction of the metabolic alkalosis. 
Cohen also infused the animals with a solution of higher Hco3 concentration and 
lower chloride concentration than the alkalotic dogs' plasma, and once again 
corrected the metabolic alkalosis. Thus, it is not the hypochloremia per se that 
maintains the alkalosis but rather it is the extracellular fluid volume 
depletion. In fact, the use of the term "hypochloremic alkalosis" to describe 
this type of metabolic alkalosis is somewhat redundant in that all types of 
metabolic alkalosis will be associated with hypochloremia unless they are 
associated with hypernatremia or a decrease in the anion gap. 
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While most data is consistent wi th maintenance of metabolic a l kalosis by 
extracellular fluid volume depletion, the requirement for administration of 
chloride in order to correct the alkalosis has attracted attention to chloride. 
In fact, as will be discussed below, some have proposed that total body chloride 
rather than extracellular fluid volume is the key determinant. The distinction 
between total body chloride and extracellular fluid volume in the correction of 
metabolic alkalosis approaches the Heisenberg Uncertainty Principle in that 
chloride and HC03 are the only anions which can maintain extracellular fluid 
volume and HC03 certainly will not correct metabolic alkalosis. Most other 
anions fall into one of two categories: organic anions such as lactate and 
acetate which will be metabolized by the liver to HC03 and thus are equivalent 
to HC03; and nonreabsorbable anions such as phosphate and sulfate which will not 
be retained by the kidney. In light of the numerous sensory mechanisms which 
sense intravascular volume, and in the absence of a hypothesis for how total 
body chloride could be sensed in the absence of changes in volume, I feel that 
the most likely signal for maintenance of metabolic alkalosis is a decrease in 
the effective arterial volume. In the next section, we will discuss how changes 
in effective arterial volume may affect Hco3 absorption, and later discuss some 
evidence for regulation by total body chloride per se. 

There are a number of mechanisms by which effective arterial volume 
contraction can lead to maintenance of metabolic alkalosis. First, volume 
contraction can lead to decreases in glomerular filtration rate. Cogan and Lu 
(53) were the first to point out that decreases in glomerular filtration rate 
could contribute to the maintenance of metabolic alkalosis . As noted above, 
filtrat i on of HC03 at the glomerulus places a load on the tubules to reabsorb 
HC03. For any given glomerular filt r ation rate, an increase in plasma [HC03 ] 
leaas to a furthe r increase in the filtered load of Hco3 which requires a further 
increase in tubular HC03 absorption for maintenance of metabolic alkalosis. This 
i ncrease in filtered Ioad can be counterbalanced if there is a decrease in 
glomerular filtration rate, thus causing a lesser increase in the filtered load 
of HC03 and placing less of a load on the tubules. While decreases in glomerular 
filtration rate have not been found in many studies in humans and dogs with 
metabolic alkalosis maintained by volume contraction (48,49,54), decreases in 
glomerular filtration rate have been common in the rat and have been found in 
some human studies (53,55- 58). 

A controversial issue has been whether volume contraction leads to 
increases in the rate of proximal tubular Hco3 absorption which could also 
maintain metabolic alkalosis. In the studies described above, where metabolic 
alkalosis was ma i nt ained in spite of no change in measured glomerular filtration 
rate ( 48,49, 54), - maintenance relied totally on an increase in tubular Hco3 
reabsorption . In addition, Cohen (59) showed in dogs that isometric volume 
expansion corrected metabolic alkalosis, even if GFR was maintained at subnormal 
values (by aort ic clamp) . These r esults proved that chloride infusion inhib i ted 
tubular HC03 reabsorption in alkalosis . 

Initial attempts to demonstrate an effect on proximal tubular Hco3 
absorpt ion using micropuncture in the rat found that fractional Hco3 absorption 
was increased in the proximal tubule in models of chronic volume contraction 
metabolic alkalosis as compared to acute metabolic alkalosis unassociated with 
volume contraction (60-62). While these studies suggested a stimulation of 
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proximal Hco3 absorption, they were difficult to interpret because of the failure 
to measure glomerular filtration rate. Cogan and Lu (53) have argued that 
decreases in glomerular filtration rate in the presence of metabolic alkalosis 
will enhance fractional HC03 reabsorption in the absence of any direct effect 
on the proximal tubular epithelium. 

More recent studies have examined the effect of chronic metabolic alkalosis 
on absolute rates of proximal tubular Hco3 absorption (53,63,64). These studies 
have been somewhat difficult to interpret because of the need to control for 
changes in glomerular filtration rate associated with chronic metabolic alkalosis 
in the rat. The clearest data in this respect demonstrating a stimulation of 
proximal tubular HC03 absorption is that of Maddox and Gennari (63) shown in 
Figure 16 . 

PROXIMAL TUBULAR BICARBONATE REABSORPTION 
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Figure 16 

In this figure, the open squares, diamonds, and triangles show rates of HC03 
absorption as a function of filtered load of Hco3 in normal animals and animals 
with metabolic alkalosis associated with decreases in GFR. The solid symbols 
refer to animals where the filtered load of HC03 has been increased by increases 
in Hco3 concentration associated with an expanded extracellular fluid volume. 
If one just looks at the open squares and solid symbols, the shape of the curve 
resembles in many respects the behavior of the whole kidney in Figure 12. The 
open circles in Figure 16 show rates of proximal tubular HC03 absorption in 
animals with chronic metabolic alkalosis induced by diuretics and maintained by 
a low chloride diet for 20 days. As can be seen, rates of HC03 absorption are 
stimulated compared to those in volume expanded animals with similar plasma 
(HC03]. 

Thus, the 80% reabsorption line seen in Figtire 16 is the proximal tubule's 
normal response in reabsorbing HC03. Deviation from this line seen in the closed 
symbols of Figure 16 represents an inhibition by an increased pH of the 
peritubular capillary. Return of the open circles to the line of 80% 
reabsorption, in spite of the presence of alkalemia, suggests that volume 
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contraction has in some way stimulated Hco3 absorption, counterbalancing the 
inhibitory effect of alkalemia. 

Interstitium 

lumen 

Maintenance Of Metabolic Alkalosis 
By ECFV Contraction: Bicarbonate Back Leak 

In The Late Proximal Tubule 
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Figure 17 

Alpern et al. (37) performed studies to examine the mechanisms by which 
extracellular fluid volume status could affect the rate of proximal tubular HC03 
reabsorption. Figure 17 shows a schematic representation of the proximal tubule 
emphasizing a number of points. With a plasma [HC03] of approximately 40 mEq/1 
in metabolic alkalosis, luminal [HC03 ] will decrease to 20 mEq/1 in the late 
proximal tubule. Thus, in the late proximal tubule, there are two simulataneous 
fluxes: a flux across the cell which is actively reabsorbing Hco3 , and a back 
leak flux between the cells where HC03 will back leak into the lumen along its 
chemical gradient. In studies in whicn the magnitudes of these two fluxes were 
measured in the microperfused rat proximal convoluted tubule under dehydrated 
or volume expanded conditions, Alpern et al. (37) found that extracellular fluid 
volume status had no effect on the transcellular rate of active HC03 
reabsorption, but caused a decrease in the Hco3 permeability of the paracellular 
pathway. This decrease in Hco3 permeability will decrease the rate of Hco3 
backleak and thus stimulate net HC03 absorption. While this effect may 
contribute to the effect of volume status on net HC03 absorption, the magnitude 
of HC03 permeability is sufficiently small such tnat the Hco3 permeability 
changes probably cannot account for the stimulation in Hco3 absorption seen by 
Maddox and Gennari (63}. 

More recently, Moe et al. (65) have examined the effect of dietary Na on 
the activity of the apical membrane Na/H antiporter of the proximal tubule. This 
transporter mediates most of proximal tubular Hco3 absorption ( 66). Rats 
maintained on 4 days of low salt intake were compared to rats maintained on 4 
days of high salt intake. Na/H antiporter activity was assessed in apical 
membrane vesicles from kidney cortex . The affinities of the Na/H antiporter for 
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Na were similar in the two groups, but the maximal rate of the Na/H antiporter 
was increased by 20% in vesicles from rats maintained on the low salt diet. 
These results are of special interest because of the association between 
increases in Na/H antiporter activi.ty and hypertrophy of the proximal tubule. 
In the studies of Maddox and Gennari shown in Figure 16, the animals with chronic 
metabolic alkalosis who had enhanced HC03 absorption (open circles) also had 
hypertrophy of the proximal tubule. 

Thus, in summary, the maintenance of metabolic alkalosis by volume 
contraction is mediated in a number of ways. Decreases in glomerular filtration 
rate decrease the load on the tubules to reabsorb HC03. In addition, proximal 
tubular HC03 reabsorption is increased by two mechanisms. First, volume 
contraction leads to a decreased permeability of the paracellular pathway to HC03 
and thus inhibits the back leak of HC03 into the lumen. In addition, chronic 
decreases in extracellular fluid volume lead to an adaptation in the proximal 
tubule which is associated with enhanced Na/H antiporter activity, tubular 
hypertrophy, and most likely an enhanced rate of active HC03 absorption. 

It should be noted that there is some evidence for maintenance of metabolic 
alkalosis by chloride depletion per se. In a model of contraction alkalosis, 
Galla et al. (64) have shown that intravenous administration of a mixture of 20 
mM KCl, 20 mM LiCl, 10 mM CaC12 , and 10 mM MgC1 2 does not expand volume but 
corrects alkalosis, while an albumin infusion expands volume but does not correct 
alkalosis. In subsequent studies, Wall et al. (67) found that oral 
administration of choline chloride corrected alkal1sis in spite of having no 
effect on measured plasma volume, hematocrit, or urinary sodium excretion. 
Further studies are necessary to examine the mechanism by which· chloride can 
directly regulate acidification. 

Maintenance of Metabolic Alkalosis by a Primary 
Increase in Hineralocorticoids 

Metabolic alkalosis can be generated and maintained by a primary increase 
in mineralocorticoids. A primary increase in mineralocorticoids refers to an 
increase in mineralocorticoid activity which is not in response to extracellular 
fluid volume contraction. Primary increases in mineralocorticoid activity can 
be seen in 3 sets of pathophysiologic conditions. First, increases in 
mineralocorticoid activity can occur because of primary increases in aldosterone 
secretion, as seen in primary hyperaldosteronism. Second, primary increases in 
mineralocorticoid activity can occur due to primary increases in renin secretion 
which secondarily stimulate aldosterone secretion, such as in renal artery 
stenosis or in renin secreting tumors. Lastly, one can have an increase in a 
non-aldosterone mineralocorticoid as occurs in Cushing's syndrome. These three 
general categories of primary hypermineralocorticoid states can be distinguished 
by measuring renin and aldosterone levels. 

Figure 18 shows the response in human subjects of hydrocortisone 
administration (68). In these subjects, doses of hydrocortisone were 
administered sufficient to obtain a mineralocorticoid effect. As can be seen, 
there is an increase in ammonium excretion as well as net acid excretion, the 
serum HC03 rises and the serum potassium falls. These results can Qe compared 
with the results of Seldin et al. (69) examining the effect of mineralocorticoid 
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administration to human subjects on a low salt diet (Figure 19). As can be seen, 
if human subjects are maintained on a low salt diet, mineralocorticoid 
administration does not lead to a change in serum potassium or Hco3 
concentration. Similar results have been obtained by other groups (70, 71). 
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Figure 19 

Thus, it is apparent that 
mineralocorticoids will not lead to 
hypokalemic alkalosis if subjects are 
maintained on a low salt diet as would 
be seen in secondary 
hyperaldosteronism. 

Figure 20 shows a schematic model 
of a cortical collecting tubule which 
helps to explain the above findings. 
Aldosterone directly stimulates 
electrogenic Na reabsorption in the 
cortical collecting tubule by 
stimulating both apical membrane Na 
permeability, mitochondrial enzymes, 
and the NaK ATPase. This leads to an 
enhanced negative voltage of the tubule 
lumen which secondarily increases the 
rates of K and H secretion. In the 
absence of distal Na delivery, 
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aldosterone cannot stimulate Na absorption and thus cannot change the voltage 
in the lumen. Aldosterone also directly increases H secretion in this epithelium 
(72). However, the observation that mineralocorticoids do not stimulate K or 
H excretion by the kidney in subjects on a low salt diet implies that the direct 
effect~ of mineralocorticoids are of smaller quantitative importance than the 
voltage effects. 

Based on the above data, it can be inferred that mineralocorticoids will 
be important in the generation and maintenance of alkalosis whenever high 
mineralocorticoid levels are associated with maintained distal Na delivery. This 
will occur in primary increases in mineralocorticoids as discussed above, where 
high mineralocorticoid levels lead to volume expansion and thus high distal Na 
delivery. Diuretics may also cause this picture, with volume contraction leading 
to high aldosterone levels and the diuretic maintaining distal delivery. Only 
diuretics which work proximal to the cortical collecting tubule would be expected 
to have such an effect which could then generate and maintain metabolic 
alkalosis . Bartter's syndrome and magnesium deficiency are in many respects 
similar to diuretic ingestion in that these patients have high renin and 
aldosterone levels, hypokalemic alkalosis, and are not hypertensive. 

Maintenance of Metabolic Alkalosis by Potassium Depletion 

Potassium depletion affects renal function in many ways which can affect 
the kidney's ability to maintain metabolic alkalosis. These are listed in Table 
1. Potassium depletion can lead to a decrease in glomerular filtration rate 
which would lower the filtered load of Hco3 and secondarily help to maintain 
metabOlic alkalosis ( 73). In addition, potassium depletion has been demonstrated 
to stimulate rates of proximal (74) and distal tubular (75,76) hydrogen 
secretion . Lastly, potassium depletion leads to an adaptive increase in the 
enzymes which synthes i ze ammonia, causing increased rates of ammoniagenesis in 
the proximal tubule (77) . Based on all of these effects, one would expect 
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Table 1 

EFFECTS OF K+ DEPLETION ON RENAL ACIDIFICATION 

1. • GFR + • FLHC03 

2. t Proximal tubular H+ secretion 

3. t NH3/NH4+ synthesis in the proximal tubule 

4. t Collecting duct H+ secretion--direct effect 

5. ~ Aldosterone secretion 

potassium depletion to both generate and maintain metabolic alkalosis. However, 
potassium depletion has one additional effect, which is to inhibit aldosterone 
secretion. This effect will inhibit renal acidification. The net result of this 
is that potassium depletion in human subjects leads to a small increase in the 
plasma [ HC03] ( 78,79). Thus, in humans, potassium depletion alone will generally 
not cause metabolic alkalosis. However, a few patients have been described where 
severe potassium depletion with serum potassium concentrations less than 2 mEq/1 
are associated with maintenance of metabolic alkalosis (80). 
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Figure 21 

Based on the discussion above, it is 
clear that if aldosterone were non
suppressible, the other effects of potassium 
depletion would dominate and would lead to 
metabolic alkalosis. Figure 21 shows results 
of experiments where DOC, a mineralocorticoid 
is administered to dogs either on a normal 
dietary K intake or on a low dietary K intake 
(81). As can be seen, DOC leads to little 
change in net acid excretion in dogs on 
normal K intake. However, if dogs are 
maintained on a low K intake DOC leads to 
a large increase in net acid excretion. 
Thus, in this setting where suppression of 
mineralocorticoid levels is of no importance, 
K depletion markedly enhances renal net acid 
excretion. This point is further made in 
Figure 22 where the relationship between 
plasma HC03 and plasma K is noted in patients 
with primary hyperaldosteronism (82). As 
can be seen, patients with the most severe 
K depletion have the most marked metabolic 
alkalosis . 

In summary, K deficiency does 
contribute to -the generation and maintenance 
of metabolic alkalosis in a number of 
settings . In states of primary 
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hyperminuralocorticoidism, where K defici~ncy cannot suppress mineralocorticoid 
levels, it markedly enhances renal acidification and thus contributes. In 
addition, in states of metabolic alkalosis associated with volume contraction, 
mineralocorticoids will probably be less important in the maintenance of 
alkalosis because of the low distal Na delivery and K deficiency should increase 
renal acidification (79). Lastly, as noted above, in a few patients with severe 
K deficiency and plasma K levels less than 2 mEq/1, metabolic alkalosis can be 
maintained solely by K deficiency (80). 

DIFFERENTIAL DIAGNOSIS OF METABOLIC ALKALOSIS 

An understanding of the mechanisms responsible for maintenance of metabolic 
alkalosis leads to an understanding of the clinical approach to the patient 
(Table 2). The causes of metabolic alkalosis can generally be divided into three 
categories: saline responsive; saline unresponsive, normotensive; and saline 
unresponsive, hypertensive. Distinction between these groups is generally made 
on the basis of assessment of the blood pressure and the urinary chloride 
concentration. The urinary chloride is used rather than the urinary sodium as 
an estimate of the patient's effective arterial blood volume, because it is not 
affected by HC03 excretion. Intermittent bicarbonaturia in patients with 
alkalosis can lead to natriuresis in volume contracted patients, leading to the 
false impression of an expanded volume. 

The first category of causes of metabolic alkalosis includes the saline 
responsive causes. These conditions are characterized by a normal blood pressure 
and a contracted effective arterial volume. Urinary chloride is generally less 
than 15 mEq/1 because of the contracted volume. Conditions which are . saline 
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Table 2 

DIFFERENTIAL DIAGNOSIS OF METABOLIC ALKALOSIS 

Saline Responsive 

< 15 mEq/liter 

Normal 

Vomiting, NG suction 
Posthypercapneic 
Diuretics 
Congenital 

chloridorrhea 

Saline Unresponsive 

Normal 

Diuretics 
Bartter's 
Mg deficiency 
Severe K 

deficiency 

> 15 mEq/li ter 

Increased 

1° t mineralocorticoid 

responsive are the ones which rely completely on volume contraction for their 
maintenance. 

At the other extreme are pa t ients with primary increases in 
mineralocorticoid levels. These patients have increased extracellular fluid 
volumes and are hypertensive. Urinary chloride concentration is generally 
greater than 15 mEq/1. Volume contraction plays no part in their maintenance. 

A somewhat intermediat-e category includes the saline unresponsive 
normotensive condit i ons. It should be noted that diuretics are listed under this 
category as well as under saline responsive. Diuretics lead to the generation 
and maintenance of alkalosis through the combined effects of high 
mineralocorticoid levels and maintained distal Na delivery. Alkalosis is then 
further maintained by contraction of the extracellular fluid volume such that 
if pat i ents are maintained on a low salt diet and their diuretic is stopped they 
will remain alkalotic. In this setting, alkalosis is saline responsive and Uc1 
i s <15 mEq/1 . However, if patients continue to take diuretics, Uc1 will be >15 
mEq/1 and their alkalosis may not respond completely to saline infusion. As 
noted earlier, Bartter's syndrome and magnesium deficiency appear 
pathophysiologically similar to diuretics ingestion. Severe K deficiency in 
Table 2 refers to patients with plasma potassium of less than 2 mEq/1. 

TREATMENT OF METABOLIC ALKALOSIS 

The treatment of metabolic alkalosis is best achieved by correcting the 
factor which is maintaining the metabolic alkalosis. In addition, it is 
somet i mes helpful to correct the factor which generated the alkalosis. If 
patients have a metabol i c alkalosis which i s maintained by volume contraction, 
admin i stration of NaCl should correcte the alkalosis. While it is not necessary 
to give potassium to these pat i ents to cor rect the alkalosis, one frequently 
administers KCl to correct the hypokalemia . Other treatment approaches which 
can be used are magnesium replacement in magnesium deficiency, potassium 
replacement in severe potassium deficiency, removal of the source of excess 
mineralocorticoid in appropriate patients, cessation of diuretic therapy, or 
cessation of nasogastric suction. In patients in whom nasogastric suction is 
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necessary, addition of H2 receptor blockade may decrease the tendency to generate 
the metabolic alkalosis (83). 

In certain patients, it may be difficult to correct the metabolic 
alkalosis. This most frequently occurs in patients who's metabolic alkalosis 
is maintained by decreased effective arterial volume, but who's cardiovascular 
system cannot tolerate addition of NaCl. In these situations, one must ask 
themselves how important it is to correct the metabolic alkalosis. Based on the 
discussion at the beginning of this manuscript, patients in whom one would want 
to aggressively correct metabolic alkalosis would include a number of categories. 
First, there are patients with chronic lung disease in whom intubation is 
imminent or extubation is difficult, and metabolic alkalosis needs to be 
corrected in order to improve the drive to respiration. In addition, myocardial 
ischemia is probably an indication for correction of metabolic alkalosis. Thus, 
patients in whom a myocardial infarction is evolving, patients who are having 
chest pain post infarction, or patients with unstable angina would probably 
represent groups in whom metabolic alkalosis should be treated aggressively. 
In addition, ill patients with cerebral dysfunction in whom cerebral 
hypoperfusion is a possible contributing factor may also be considered a group 
for aggressive treatment of alkalosis. 

If metabolic alkalosis needs to be treated aggressively and cannot be 
treated by correcting the cause of the generation or maintenance, a number of 
options still exist. First, ammonium chloride can be given (84). This is 
generally a safe way to administer acid if given orally. However, if g :ven 
intravenously, especially in patients with liver disease, ammonium chlol'ide' 
administration may cause ammonia toxicity. Arginine hydrochloride has been used 
in the past to lower the plasma [Hco3] but has been removed from the market 
because of life-threatening hyperkalemia (85-88). 

The most commonly used approach toward correcting alkalosis in these 
difficult patients is administration of carbonic anhydrase inhibitors (89,90). 
Carbonic anhydrase inhibitors such as acetazolamide inhibit the kidney's ability 
to reabsorb HC03 and thus cause the kidney to at least partially correct the 
metabolic alkalosis (91). For reasons which are not totally understood, carbonic 
anhydrase inhibitors are frequently not as effective as would be expected. Thus, 
while they may drop the plasma Hco3 somewhat they often do not drop the plasma 
HC03 to normal or as far as is necessary (91). 

In addition, carbonic anhydrase inhibitors can produce hypercapnea in 
patients with lung disease which can be extremely dangerous in the patient who 
is already hypercapneic (92-94). Carbonic anhydrase is normally present within 
red blood cells and is involved in co2 movement into red cells in peripheral 
tissues and movement from red cells into the alveoli in the lungs. Thus, 
carbonic anhydrase inhibition can prevent red cell uptake of co2 in peripheral 
tissues and can prevent release of C02 in the lungs (94,95). The latter can lead 
to an increase in the PC02 of the arterial blood, while the former leads to an 
even further increase in the PC02 in peripheral tissues. Generally, patients 
with normal lungs can respond to this by increasing respiration and preventing 
the increase in the PC02 of the arterial blood (96). However, patients with lung 
disease cannot respond adequately and further increases in ~rterial PC02 as well 
as even larger increases in tissue PC02 may be dangerous to the patient (92-94). 
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A safe approach to the aggressive treatment of metabolic alkalosis which 
is gaining support is the use of hydrochloC'ic acid infusions (97-104). In
general, hydrochloric acid can be safely administered as a 0.15-0.25 normal 
solution in normal saline or D5W given through a central line. It is imperative 
that the position of the central line in the superior vena cava be verified by 
chest x-ray prior to initiating infusion. There are a large number of series 
published showing that such an infusion is safe (97-104). If the physician 
wishes, the HCl can be added to an amino acid solution in TPN and given centrally 
(105). In addition, there is also a report in which HCl was given in an amino 
acid solution with intralipid through a peripheral vein (106). 

Based 
1. 

2. 

3. 

SUMMARY 

on the above discussion, a number of points deserve reemphasis: 
In certain settings metabolic alkalosis may contribute to mortality 
and should be considered a life-threatening condition which should 
be treated aggressively. 
The kidney possesses numerous mechanisms which help to prevent 
metabolic alkalosis. Maintenance of metabolic alkalosis fo r any 
length of time means that renal homeostatic mechanisms for HC03 
excretion have been disrupted. 
Understanding the mechanisms by which the kidney's ability to correct 
alkalosis may be perturbed, leads to an understanding of the clinical 
approach to differential diagnosis and treatment of the patient. 
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