
The kidneys, lungs, and physiologic buffers normally  maintain the serum pH within a 
narrow spectrum, between 7.36 and 7.44. Such precise physiologic control is required for 
normal cellular function. Consequently, disorders of kidneys, lungs, and physiologic buffers 
result in acid-base abnormalities. 

Blood pH is determined by the ratio of CO2 (respiratory influence) to HCO3- (renal 
influence).

Acidaemia: pH < 7.36    Alkaemia: pH > 7.44

Acidosis is a pathological process that lowers the HCO3- or raises the CO2
Alkalosis is a pathological process that raises the HCO3- or lowers the CO2

Physiologic Buffers.

Defined as a weak acid and its salt, which oppose marked changes in pH.

Buffers mitigate the impact of large changes in available hydrogen ion on plasma pH. 
These buffers include;

• haemoglobin
• phosphate
• proteins
• bicarbonate

Bicarbonate.
• Open-ended system w/ continuous removal of organic acid made possible by 

exhalation of CO2.
• Large quantities in kidneys & lungs.

Intracellular Proteins.
• Particularly, albumin & Hb.

Bone as Buffer.
• Large reservoir of bicarbonate & phosphate.
• In reality, only two types of metabolic acidosis are long-lasting enough to cause 

bone demineralisation
• Renal tubular acidosis
• Uraemic Acidosis

Pulmonary Compensation.

This involves a relationship  between peripheral chemoreceptors (carotid bodies) and 
central chemoreceptors (medulla); both of which drive minute ventilation.

• A drop in pH results in increasing minute ventilation (lowering CO2).
• Takes ~ 4-12 hours for respiratory compensation to bring pH back to normal.

ACID-BASE DISORDERS

The human body must be maintained in a precise acid-base 
balance to maintain healthy cellular function. This balance is 
controlled by the lungs, kidneys, and serum buffers, interact-
ing and responding to physiologic changes. Physiologic insults 
such as vomiting, diarrhea, respiratory failure, kidney dysfunc-
tion, diabetes, toxic ingestions, among others can result in 
life-threatening acid-base crises. Identifying and optimally 
treating the underlying condition is often achieved only 
through the diagnostic insights gained from acid-base mea-
surements and calculations. This chapter presents essential 
acid-base physiology, beginning with an overview of the prin-
ciples of acid-base function. This is followed by a discussion 
of primary respiratory acidosis and alkalosis and then meta-
bolic causes of acidosis and alkalosis. Finally, mixed acid-base 
disorders are analyzed. Clinical implications are included along 
with the mathematical knowledge that the emergency physi-
cian requires to expertly manage these complex and poten-
tially life-threatening conditions.

! PRINCIPLES OF DISEASE

The kidneys, lungs, and physiologic buffers normally maintain 
the serum pH within a narrow spectrum, between 7.36 and 
7.44. Each of these three systems dynamically responds to 
small changes in acid-base balance. Such precise physiologic 
control is required for normal cellular function. Consequently, 
disorders of kidneys, lungs, and physiologic buffers result in 
acid-base abnormalities.

Blood pH is determined by the ratio of the serum bicarbon-
ate concentration and Paco2 (partial pressure of CO2 in arterial 
blood). Primary metabolic acid-base disorders and the second-
ary metabolic compensation for primary respiratory distur-
bances alter the serum bicarbonate concentration [HCO3

−]. 
Primary respiratory acid-base disorders and the secondary 
respiratory compensation for primary metabolic disturbances 
alter the Paco2.

The Henderson-Hasselbalch equation relates the concen-
trations of the acid-base pair to the pH. As the pH changes, so 
does the concentration. Because the equation produces a  
logarithmic result, subtle changes in the serum pH can cause 
large and often significant alterations in the concentration of 
the acid-base pair. Clinically, this equation dictates how drugs 
disperse, enzymes react, and medications bind at a given 
serum pH. In humans, hydrogen ion concentration [H+] is 
extremely low (approximately 4 × 10−12 mEq/L) and strictly 
regulated. Normally, blood is slightly alkalemic relative to 

water (pH 7.0). Blood pH must be maintained within relatively 
narrow limits because protein and enzyme systems function 
properly only within a narrow pH spectrum. A pH outside the 
range of 6.8 to 7.8 is generally associated with serious disease 
processes and the potential for considerable morbidity or 
mortality.

Acidemia is defined as a serum pH of less than 7.36. Con-
versely, alkalemia is defined as a pH of greater than 7.44. 
Acidosis is defined as a pathologic process that lowers the 
[HCO3

−] (metabolic acidosis) or raises the Paco2 (respiratory 
acidosis); alkalosis is defined as a pathologic process that 
raises the [HCO3

−] (metabolic alkalosis) or lowers the Paco2 
(respiratory alkalosis). A simple acid-base disorder is a single 
acid-base disturbance with its accompanying compensatory 
response. Mixed acid-base disorders are the result of two or 
more primary disturbances.

Physiologic Buffers

Physiologic buffers, defined as a weak acid and its salt, oppose 
marked changes in pH after the addition of an organic acid or 
a base, as follows:

H buffer Na buffer H Na+ − + − + ++ +!

The human body uses three important physiologic buffers 
to minimize surges in pH: (1) the bicarbonate/carbonic acid 
system (primarily located in red blood cells), (2) intracellular 
protein buffers, and (3) phosphate buffers located within bone. 
Patients with malnutrition or chronic disease, and thus low 
albumin and bone density, and anemic patients have an inef-
fective buffering capability.

Bicarbonate/Carbonic Acid Buffer System

The bicarbonate/carbonic acid buffer system is unique among 
physiologic buffering systems. The system is open-ended; 
continuous removal of organic acid is made possible by the 
exhalation of carbon dioxide (CO2). In equilibrium, the equa-
tion is as follows:

H HCO H CO H O CO+ −+ +3 2 3 2 2! !

Bicarbonate is present in large quantities and can be con-
trolled by the lungs and kidneys; thus, it serves as the major 
contributor to the maintenance of acid-base balance. Clini-
cally, its importance is in the transient buffering of serum and 
interstitial fluid.
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Renal Compensation.

The kidneys play little role in acute compensation of acid-base disorders, as they  do not 
immediately respond to changes in pH.

• Requires 6-12 hours of sustained acidosis to result in active excretion of H+.
• H+ usually excreted in form of ammonia (NH+), with retention of HCO3-.
• Conversely, 6+ hours of alkaemia stimulates renal excretion of HCO3- and 

retention of H+ in form of organic acids.

In metabolic acidosis the kidney  attempts to preserve Na+ by exchanging it for excreted H+ 
or K+. 

• The quantity  of potassium excreted depends on the level of acidosis & the serum 
K+ level.

• In the presence of large H+ load, hydrogen ions move from ECF into intracellular 
fluid, displacing K+ outside the cell (maintaining electroneutrality).

In metabolic alkalosis, there is a shift of H+ extracellularly (in exchange for K+ and Na+) 
with renal excretion of K+ to preserve H+.

• Kidneys will also excrete H+ in cases of severe hypokalaemia (eg. prolonged NG 
suctioning) to preserve K+.

• Paradoxical aciduria is a clinical clue to the magnitude of hypokalaemia.

DIAGNOSTIC STRATEGIES.

Thorough Hx & examination:
• PMHx
• Current medications
• Toxic ingestion
• Vomiting / diarrhoea 
• Hydration status 
• Urine output
• Level of consciousness 
• Respiratory rate 

Bloods:
• Serum electrolytes 
• pH
• Anion gap & delta gap
• Osmolar gap

In cases of severe acidosis, there is significant overall depletion of 
total body K+ despite serum hyperkalaemia.



THE ANION GAP.

• Normal AG = 12 (±3)

• Estimates ʻunmeasured anionsʼ 
• Albumin
• Phosphate
• Sulfate
• Organic anions (citrate).

• If AG is raised; consider an excess in organic acids or other acidic substances.

THE DELTA GAP.

• Helps to resolve the possibility of;
• Mixed acid-base disorder
• Further differentiation of an elevated AG metabolic acidosis.

• ∆G > +6 = metabolic alkalosis or respiratory acidosis
• ∆G < -6 = a mixed disorder (greater loss of HCO3-).
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Intracellular Protein Buffers

Many protein buffers in blood are effective in maintaining 
acid-base homeostasis. Plasma proteins, particularly albumin 
and hemoglobin, can buffer large amounts of H+, preventing 
significant changes in the pH. If hemoglobin did not exist, 
venous blood would be 800 times more acidic than arterial 
blood, circulating at a pH of 4.5 instead of the normal venous 
pH of 7.37.

Bone as Buffer

Bone contains a large reservoir of bicarbonate and phosphate 
and can buffer a significant acute acid load. Bone is probably 
involved in providing some buffering (mostly ionic exchange) 
in most acute acid-base disorders, but there is very little 
research in this area. In terms of duration, only two types of 
metabolic acidosis are long-lasting enough to be associated 
with the loss of bone mineral (through release of calcium car-
bonate): renal tubular acidosis and uremic acidosis. In uremic 
acidosis, loss of bone crystal is multifactorial (changes in 
vitamin D metabolism, phosphate metabolism and secondary 
hyperparathyroidism) and acidosis is only a minor factor.

Pulmonary Compensation

The second compensatory system for pH changes involves a 
relationship between the peripheral chemoreceptors, located 
in the carotid bodies, and central chemoreceptors, located in 
the medulla oblongata. Both these receptors influence respira-
tory drive and can initiate changes in minute ventilation. A 
drop in pH stimulates the respiratory center, resulting in 
increased minute ventilation. This in turn lowers the Paco2, 
driving the pH toward the normal range. Conversely, an 
increase in pH decreases ventilatory effort, which increases 
Paco2 and lowers the pH back toward normal. A diabetic 
patient in ketoacidosis hyperventilates to compensate for the 
organic acidemia and would be expected to have a low Paco2. 
This compensatory response is the expected reaction to a fall 
in serum pH. In general, compensatory processes return the 
pH toward normal over a period of 4 to 12 hours, but do not 
fully normalize it. Respiratory alkalosis is the only primary 
acid-base disorder in which the pH does often normalize with 
time.

Renal Compensation

The kidneys play little role in the acute compensation of acid-
base disorders because they do not immediately respond to 
changes in pH. More than 6 to 12 hours of sustained acidosis 
results in active excretion of H+ (predominantly in the form 
of ammonium, NH4

+, with retention of bicarbonate, HCO3
−). 

Conversely, more than 6 hours of alkalemia stimulates renal 
excretion of bicarbonate with retention of H+ in the form of 
organic acids, resulting in near-normalization of pH.

In metabolic acidosis, there is either an excess production 
or an infusion of H+ (e.g., lactic acid production, ketoacid pro-
duction) or an excessive loss of anion (HCO3

−) and accompany-
ing sodium and potassium cations (Na+, K+; e.g., diarrhea). In 
general, the kidneys attempt to preserve Na+ by exchanging 
it for excreted H+ or K+. The quantity of potassium excreted 
depends on the level of acidosis and the serum K+ level. In 
the presence of an H+ load, hydrogen ions move from the 
extracellular fluid (ECF) into the intracellular fluid. For this 
to occur, K+ moves outside the cell into the ECF to maintain 
electroneutrality. In cases of severe acidosis, significant overall 
depletion of total body K+ stores can occur despite serum 

hyperkalemia. Clinically, this is the rationale for initiating 
intravenous administration of K+ in the patient with diabetic 
ketoacidosis (DKA) and good renal function, despite an often 
elevated serum K+ level.

In metabolic alkalosis, there is a shift of H+ extracellularly, 
accompanied by an electroneutral shift of serum Na+ and K+ 
intracellularly. Renal excretion of K+ also occurs in an attempt 
to preserve H+. If the alkalosis continues, the renal compensa-
tion may be unable to keep pace, especially if hypokalemia 
ensues. With excessive total body depletion of K+ (usually as 
the result of nasogastric suction or some other inciting event), 
the kidney paradoxically begins to excrete H+ in an attempt to 
retain K+; thus, an aciduria can coexist with a serum alkalosis. 
This paradoxical aciduria is a clinical clue to the magnitude of 
hypokalemia and explains why renal compensation is unable 
to correct for alkalosis until K+ levels are restored.

Conditions that change serum K+ also alter serum pH. 
Excessive diuresis, occurring without potassium supplementa-
tion, generate a mild alkalemia, as H+ is shifted intracellularly 
to support the extracellular osmotic movement of K+. Con-
versely, excessive administration of potassium can cause H+ to 
shift extracellularly, which may produce a mild acidosis.

! DIAGNOSTIC STRATEGIES

A stepwise clinical approach to acid-base disorders starts with 
a well-conducted history and physical examination. Particular 
attention should be paid to the patient’s past medical history, 
current medications, chance of toxic ingestion, occurrence of 
vomiting or diarrhea, level of consciousness on admission, 
respiratory rate, skin turgor, and urine output.

Evaluation progresses with analysis of serum electrolytes 
and pH, and calculation of any anion gap, and calculation of 
the delta gap. These calculations assist in determining the 
type of acidosis or alkalosis present and whether it is part of a 
mixed condition. The anion gap (AG) can be calculated as 
follows:

AG Na Cl HCO= − +( )+ − −
3

Traditionally, a normal AG has been considered 12 ± 3 mEq/
L. This number can vary from one laboratory to another 
(mostly based on whether potassium is included in the calcula-
tion) and the clinician should take this possibility into consid-
eration. The “gap” provides an estimate of unmeasured anions 
in plasma, primarily albumin plus small amounts of sulfate, 
phosphate, and organic anions (e.g., citrate). If there are excess 
organic acids in the circulation, the organic acids dissociate and 
the resulting H+ is titrated by HCO3

−, which increases the 
AG. If the AG is increased, especially when it is more than 
10 mEq/L above the upper limit of the reference range, the 
clinician should consider an excess in organic acids or acidic 
substances. With smaller gaps up to one third of patients will 
not have a metabolic acidosis. The concept of a “low” AG 
(<3 mEq/L) may be useful in the diagnosis of lithium toxicity, 
immunoglobulin G myelomas, and hypoalbuminemia of 
chronic disease.

Calculating the delta gap (∆G = deviation of AG from normal 
− deviation of HCO3

− from normal) may help resolve the pos-
sibility of a mixed acid-base disorder or further differentiate 
an elevated AG metabolic acidosis. Mathematically refined 
and with normal values substituted, the equation is as 
follows:

∆G calculated AG measured HCO= −( ) − −( )−12 24 3

Values greater than +6 equate with metabolic alkalosis or 
respiratory acidosis. Values less than −6 imply a greater loss of 
HCO3

−, suggesting a mixed disorder.
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