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 LEARNING OBJECTIVES 
 
 
BY THE END OF READING THIS LESSON, THE PRACTITIONER WILL BE ABLE TO: 
 

 Compare and contrast the difference between primary acidosis and primary alkalotic 
states. 

 
 Describe three metabolic problems. Do they result in alkalosis or acidosis? Why? 

 
 Describe three respiratory problems. Do they result in acidosis or alkalosis? Why? 

 
 Describe the process utilized to interpret acid-base disorders. 

 
 Differentiate between oxygen transport and carbon dioxide production and elimination. 

 
 Assess oxygenation at the tissue levels. 
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                                                               Introduction 
 
This is one unit of instruction in a series of physiologic guides to the clinical significance of 
laboratory tests. A complete assessment of acid-base balance should include determinations of 
PaCO2, pH and bicarbonate concentrations, as well as the levels of the other serum electrolytes. 
Diagnostic possibilities include pure metabolic or respiratory acidosis, or a combination of the 
two, and pure respiratory or metabolic alkalosis, or a combination of the two. Respiratory and 
metabolic compensatory mechanisms are frequently involved, and in mixed disturbances in 
clinical circumstances frequently are of a mixed variety. This unit will help you sort out the 
acid-base component and the nuances associated with arterial blood gas interpretation which 
allows you to ascertain and identify arterial blood gas disorders. The oxygenation component of 
the arterial blood gas analysis is in the latter portion of this unit of instruction. Good luck in 
proceeding through this exciting home study instructional strategy.  It enables you, in the 
comfort of your own home, to stay up to date in the rapidly growing field of respiratory care. 
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FIGURE 1: Basic Cellular Physiology 

 

 
 The cell is the fundamental unit of all living tissue. Each cell consists of a 

nucleus, cytoplasm, and organelles surrounded by a cytoplasmic membrane. 
Within the nucleus are the nucleolus (containing RNA), and chromatin granules 
(containing protein and DNA), which develop into chromosomes, the 
determinants of hereditary  
characteristics. Organelles within the cytoplasm include the endoplasmic 
reticulum, ribosome, the Golgi complex, mitochondria, lysosomes, and the 
centrosome. The specialized nature of body tissue reflects the specialized 
structure and function of its constituent cells. 

 
Basic to an understanding of arterial blood gases is the role of oxygen transport as well as the 
production and elimination of carbon dioxide. Gas exchange can be divided into four factors: 
ventilation, distribution of ventilation, diffusion and perfusion (fig. 2 and fig. 3), depending on 

the V/Q matching (fig. 4). 



 

 
 

7

FIGURE 2: RED BLOOD CELL 

 
 

RED BLOOD CELL FLEXIBILITY 

 
These figures are actual depictions of the size and shape of the red blood cell.  The red blood 
cell plays a pivotal role in acid – base balance.  The shifting of the Oxyhemoglobin dissociation 
facilitates the loading of oxygen (Haldane Effect) at the alveolar level (external respiration) and  
the loading of carbon dioxide at the cellular level (internal respiration) as a result of 
metabolism.           
FIGURE 3: RED BLOOD CELL 
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FIGURE 4: V/Q MISMATCH 

 
The matching of Ventilation (effective alveolar Ventilation) and perfusion (blood flow through 
the pulmonary capillaries) is vital to ensure adequate tissue oxygen and carbon dioxide 
elimination to insure cellular homeostasis. 
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FIGURE 5: HEMOGLOBIN DELIVERING OXYGEN TO THE TISSUE 
 

 
 
 
 
Hemoglobin can hold up to four molecules of oxygen when delivering oxygen to tissue cells.  
The oxygen is unloaded at the tissue cell, which allows metabolism to go forward (Krebs 
Cycle).  The Carbonic Anhydrase housed in the red blood cell catalyzes the formation of 
Carbonic Acid from Carbon dioxide and water.  This chemical reaction also takes place in the 
renal tubules. 
 
The saturation of the hemoglobin is predicated on the partial pressure of oxygen, the 
“Oxyhemoglobin Dissociation Curve”.  Cellular homeostasis is maintained by this continuous 
cycle. 
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FIGURE 6:  OXYHEMOGLOBIN DISSOCIATION CURVE 

 
 
 
The loading and unloading of oxygen to the red blood cell is graphically depicted by this 
Oxyhemoglobin dissociation curve. 
 
 
 
 
 
 



 

 
 

12

*HbO2 dissociation curves. The large graph shows a single dissociation curve, applicable 
when the pH of the blood is 7.40 and temperature 38 degrees Celsius. The blood O2 
tension and saturation of patients with CO2 retention, acidosis, alkalosis, fever or 
hypothermia will not fit in this curve because the curve shifts to the right or left when 
temperature, pH, or Pco2 is changed. Effects on the HbO2 dissociation curve of change in 
temperature (upper right) and in pH (lower right) are shown in the smaller graphs. A 
small change in blood pH occurs regularly in the body: e.g. when the mixed venous blood 
passes through the pulmonary capillaries, Pco2 decreases from 46 to 40mm Hg and pH 
lowers from 7.43 to 7.40. During this time, blood changes from a pH of 7.37 dissociation 
curve to a pH of 7.40 curve. (From Comroe, J.H.. Jr.: Physiology of Respiration. Chicago. 
Year Book Medical Publishers) 
 
FIGURE7:  OXYHEMOGLOBIN DISSOCIATION CURVE 
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FIGURE 8: OXYHEMOGLOBIN DISSOCIATION CURVE 
 
 
*The Oxyhemoglobin Dissociation Curve allows for the combining of O2 and Hb at the 
alveolar level as well as facilitating the unloading of O2 at the tissues. The curve is not 
static, and various factors (pH, PaO2, body temperature, and 23 DPG) will cause the 
curve to shift either to the right or to the left. Increases in temperature, H+ ion content, 
CO2, or 23 DPG (due to illness, increased activity or chronic conditions) will cause a shift 
to the right (or a decreased affinity of Hb for O2), thus increasing oxygen availability to 
the tissues and decreasing the O2 content of the blood. 

 
 
 
*The Oxyhemoglobin dissociation curves, showing the basic relationship of blood O2 
transports.  Its shape has great physiologic importance. The full curve above applies to the 
arterial blood of a healthy man at rest, whereas the small section to its right applies to 
venous blood. Point A represents the normal values for arterial blood.   Point V represents 
the normal values for venous blood.  (From Slonim NB and Hamilton LH, Ed 5, St Louis, 
The CV Mosby Co.) 
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FIGURE 9: OXYHEMOGLOBIN DISSOCIATION CURVE 
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HEMOGLOBIN 
 
Having picked up oxygen in the pulmonary capillaries, the red blood cells (hemoglobin) are 
transported to the cells by the cardiac output (CaO2 X C.O.). In the tissue cell (fig. 10), internal 
respiration takes place and the oxygen breaks down glucose to 36 ATP (energy source) and two 
by-products of metabolism, carbon dioxide and water: “carbon dioxide transport”.   Hemoglobin 
not only carries oxygen to the cell, and carbon dioxide away from the cell, but also plays a vital 
role in acid-base balance. 
 
FIGURE 10: CELLULAR METABOLISM 

 
Carbonic Anhydrase, the enzyme, is present both in the red blood cell and the renal tubules.  It 
catalyzes the formation of H2CO3 from CO2 and H2O.  As soon as the KHCO3 is formed, it 

ionizes and the HCO3- diffuses out of the R.B.C. into the plasma.            
 

 
 
The chloride ion enters the cell, in exchange for the bicarbonate ion (Chloride Shift) to preserve 
the electrical neutrality of the cell (fig. 12). 
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FIGURE 11: CHLORIDE SHIFT AND CARBON DIOXIDE TRANSPORT 
 

 
The sodium of the plasma NaCl then combines with the HCO3- from the R.B.C. to form 
NaHCO3 to maintain the normal acid-base balance.  The largest volume of CO2 is transported 
in the blood as bicarbonate (65%).  A graphic representation of this system, oxygen transports 
and carbon dioxide production appears in (fig. 12) “oxygen consumption”.   The earliest sign of 
insufficient oxygen transport to the tissues (hypoxemia) is an increase in heart rate 
(tachycardia). 
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FIGURE 12: OXYGEN COMSUMPTION AND CO2 ELIMINATION 
 

 
 
 
The tissue cell is intolerant of any pH changes. The effects of either acidosis or alkalosis are 
illustrated in (fig. 14), the neurological manifestations of respiratory disturbances in acid base 
balance.  
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FIGURE 13: NEUROLOGICAL MANIFESTATIONS OF RESPIRATORY 
DISTURBANCES IN ACID-BASE BALANCE 

 
 
Inside the red blood cell, in the presence of carbonic anhydrase, carbon dioxide combines with 
water to form carbonic acid, a weak acid. Carbonic acid then dissociates, pulls apart, to form 
hydrogen ions and bicarbonate ions. 
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FIGURE 14: CARBON DIOXIDE ELIMINATION 
 
*Carriage of Carbon Dioxide in the Blood 

A. Carriage in plasma occurs in three distinct ways: 
1.  Carbon dioxide is dissolved in plasma as PCO2, which is in equilibrium 
with PCO2 in red blood cells. 
2. Carbon dioxide is carried predominantly as bicarbonate (HCO3-)  
formed in red blood cells by the kidney. The HCO3- levels in plasma are in 
equilibrium with the HCO3- in red blood cells. 

a. Plasma carbon dioxide will react minimally with water, forming 
carbonic acid, which will dissociate into H+ and HCO3- 

b. The H+ formed is buffered in the plasma and therefore causes 
only a mild decrease in venous pH.   
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Tissue metabolism is always accompanied by a production of a variety of strong acids, 
including sulfuric acid, phosphoric acid and others. Although the amount of these acids 
produced is not constant, some acid production always occurs particularly from protein 
catabolism, which occurs in both fed and fasted states. These acids are added to the extracellular 
fluid (ECF), where they are buffered by the conjugate bases of that compartment. It falls to the 
kidneys to excrete these acids and it does so by the process of acidification of the urine. The 
basic mechanism for the acidification consists of splitting of carbonic acid by the renal tubular 

cells, adding the H+ to the urine and returning the “new” bicarbonate to the renal venous blood 
and hence the body fluids where it regenerates all of the conjugate bases consumed in buffering.  
The Hydrogen ions are secreted into the urine, while being buffered by two types of urine 
buffers:  
 
 Phosphate Buffers – in which the conjugate base form is derived from the plasma and 
leads to the formation of titratable acid  
  

  Ammonia - in which the conjugate base is derived from the synthesis of amino acids by 
the renal tubular cells with the final product in the urine being ammonium ion.  
 
Thus, the sum of titratable acid and ammonium in the urine is a measure of the amount of 
“new” bicarbonate returned to the body fluids. 
 
Elementary Physical Chemistry 
 
 The chemistry of acids and bases is intimately concerned with the hydrogen ion. An Electron 
is a negatively charged particle and a Proton is a stable positively charged subatomic particle. 

An Acid is defined as a substance that can donate hydrogen ions, H+. This is a substance that 
ionizes in solution to give the positive ion of the solvent and is capable of giving up a proton, 
which can accept hydrogen ions. A Base is defined as a substance, which can accept hydrogen 
ions and has the ability to react with acids to form salts.  It is capable of combining with a 
proton to form a new substance. Here are examples of acids and bases:  
 
Acids are HCl and H2CO3 

Bases are OH- and NH3- 
 
An acid always contains at least one hydrogen molecule; however, the same substance may 
behave as an acid or base. The following reaction shows the dissociation of an acid.  
 

 

Note that the tendency of the acid to donate the H+ is counterbalanced by an opposing tendency 

to accept the H+. All dissociation reactions are reversible to some degree.  
 

The concentration of free H+ in a solution is usually represented by the term pH. The pH of a 

solution is inversely proportional to the concentration of H+ in the solution.  
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This relationship in symbols is: 
 

 
 
The above proportion expresses the relationship between hydrogen ion concentration and pH, 

and indicates that an increase in the concentration of dissociated H+ in a solution means that the 
pH is falling. 
 
The addition of an acid or a base to water produces a change in pH. In equivalent 
concentrations, the stronger the acid or base, the greater the resultant change in pH. 
 
Buffers, by their presence in solution, minimize changes in pH. A buffer solution is prepared by 
the addition of two ingredients: a weak acid and a salt of a weak base. The buffer properties of 
this solution are attributable to the actions of the weak acid and its conjugate base. They are 
called a buffer pair. A chemical equilibrium exists when the rate of the reaction in one direction 
is equal to the rate of the reaction in the opposite direction. When a chemical equilibrium is 
disturbed, the constituents of the equilibrium will react in such a way as to partially counteract 
the disturbance.   
 
Buffering Systems 
 
A buffer is a substance that minimizes the change in the concentration of the hydrogen ions (or 
pH) in a solution when hydrogen or hydroxyl ions are added or removed. Buffers in the blood 
include: 
 

1.     HCO3-/H2CO3 Bicarbonate Carbonic Acid Buffer Base System 
 

a. Poor “chemical buffer” at the pH of blood 
 
b. Very important “physiologic buffer” because of the ability to vary  CO2 elimination 

from the lungs and HCO3- elimination by the kidneys 
 
 

2.     Protein buffers (Pr- / HPr) 
 

a.   Hemoglobin (Hb- / HHB and HHbO2) 
 
   1.   Quantitatively the most important chemical buffer system in the blood 
 

              2.   Reduced Hb (Hb-) has a greater capacity to buffer H+ than HbO2- 
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b.   Plasma Proteins 
 
                1.   Most important chemical buffer in plasma 
 
                2.   Less important than Hb 
 

3.     Phosphate (HPO4= / H2PO4-) Buffering System 

   
a. Relatively unimportant buffering system 
 

4. Ammonia (NH3/NH4) Buffering System 
 
Henderson-Hasselbalch Equation = Represents the major buffer system of the body 
 
The Henderson-Hasselbalch equation relates pH to the constituents of the bicarbonate-carbonic 
acid buffer system. This equation is derived from Henderson’s equation:  
 

[H+] = K [H2CO3] 
                [HCO3-] 
 

In clinical chemistry, pH is used rather than [H+]. It is therefore necessary to transform the 
above equation into an expression for pH. The result of that transformation is:  
 

 
  
Having completed a description of certain fundamental definitions it is essential to move 
forward to the derivation of the Henderson-Hasselbalch equation. Any disturbances to a 
chemical equilibrium either by the addition of a reactant or removal of a product are 
accompanied by a response in the direction toward the partial correction of the initial 
disturbance. This is another way of saying that in any state of equilibrium, the product of the 
concentrations of products, divided by the product of the concentrations of reactants is a 
constant, symbolized by “K”. This expression can be rearranged to show that the hydrogen ion 
concentration of a buffered solution equals the constant (K) multiplied by the ratio of the 
concentration of weak acid over conjugate base. This is Henderson’s equation. When this 

equation is transformed into a logarithmic form (in order to use pH rather than H+), the 
equation is known as the Henderson-Hasselbalch equation. This expression, when applied to 
the plasma bicarbonate system, is fundamental to any quantitative treatment of blood acid-base 
equilibrium.  
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Acid-Base Balance is the chemical state of the body’s fluid regulation and homeostasis insures 
this dynamic state of balance. 
 
Acid-Base Component 
 
“HCl” is a symbol for a familiar compound found in the human body. The chemical equation 
below shows the behavior of HCl when it is placed in an aqueous solution (a solution with 
water): 
 

 
 

Another familiar compound found in the human body is HCO3-, and the chemical equation 
below shows its behavior when it is in an aqueous solution: 
 

 
 

“H+” is the symbol for hydrogen ion. 
 
As indicated earlier, a compound which releases a hydrogen ion in an aqueous solution is called 

an acid.  A compound that accepts a hydrogen ion is called a base. HCO3- is a base because it 
accepts a hydrogen ion. This reaction results in H2CO3, which in turn releases the hydrogen ion 
and is consequently an acid. The higher the concentration of acid in a solution, the more acidic 
it is, and the higher the concentration of base, the more alkaline. “Alkali” is another term for 
“base”. The acidity or alkalinity of a solution is ultimately reflected in the concentration of 
hydrogen ions.  This is because acids release hydrogen ions while bases accept them. 
 
One way to measure hydrogen ion concentration is with pH. However, pH and hydrogen ion 
concentration are inversely rather than directly related. Thus, the lower the hydrogen ion 
concentration, the higher the pH, and vice versa. This means that a rising pH indicates greater 
alkalinity and a falling pH, greater acidity.   
 
The normal pH for blood is usually given as 7.40, but a person can function normally with a pH 
deviation that is only slight. Consequently, it is preferable to speak of a normal range for the pH 
of blood of 7.38 - 7.42. When the pH of blood is below the normal range, the condition is called 
acidemia, and when it is above the normal range, alkalemia. 
 
Body fluids contain a number of different acids. The most important acid in terms of its effect 
on the acidity of the blood is carbonic acid, H2CO3. Carbonic acid results from the combination 
of H2O and CO2. CO2 is a product of cellular metabolism: 
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CO2 is expired by the lungs. The amount of CO2 in the blood depends on the amount of CO2 
expired. The latter in turn depends on the exchange of air during respiration in a process called 
ventilation. 
 
In certain abnormal conditions, the volume of air exchanged is less than usual. This process is 
called hypoventilation, which results in CO2 being retained in the blood. Similarly, there are 
abnormal conditions in which the volume of air exchanged is greater than usual. This process is 
called hyperventilation, which results in CO2 being depleted from the blood. 
 
There are a number of common pathologic conditions that can cause a person to hypoventilate. 
Two examples are chronic bronchitis and emphysema. 
 
There are also pathologic conditions that can cause a person to hyperventilate, though they are 
fewer in number and less frequent. Two examples are extreme anxiety and excessive 
mechanical ventilation during respiratory support. For example, hyperventilation is often an 
early finding in pulmonary congestion due to left ventricular failure or pneumonia. Initially the 
patient hyperventilates in an effort to compensate for the oxygen deficiency. As the congestion 
worsens, ventilation is hindered, and the patient hyperventilates. 
 

The factors determining the level of HCO3- in the blood are more complex than those 

determining the level of CO2. For example, the HCO3- level is related to the levels of a variety 

of positive and negative ions in the body, such as Na+, K+, and Cl-. It is also related to the level 

of H+ from such acids as HCl and organic acids. 
 
When an acidemia results from a rise in CO2, the underlying process is called “respiratory 

acidosis”, and when it results from a fall in HCO3-, the underlying process is called “metabolic 
acidosis”. Similarly, when an alkalemia results from a fall in CO2, the underlying process is 

called “respiratory alkalosis”, and when it results from a rise in HCO3-, the underlying process 
is called “metabolic alkalosis”.   
 

The body has ways of counteracting disturbances in the balance between CO2 and HCO3-. 
These counteracting mechanisms are termed compensation. The lungs can expire lesser or 

greater volumes of air affecting the level of CO2 in the blood. Blood HCO3- is also subject to 
regulation, but in this case by the kidneys. Normally, the kidneys excrete only a small amount 

of HCO3-, but under certain circumstances, the degree of excretion can vary widely, thus 

affecting the level of HCO3- in the blood. 
 
The acid-base balance of the patient is maintained by special physiologic mechanisms. The first 
line of defense to maintain a normal pH is the blood buffer, which minimizes changes in pH to 
prevent excessive changes in hydrogen ion concentration. The bicarbonate-carbonic acid buffer 
base system is one of three buffering systems.  
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The advantage of this system is that it is quantifiable. It consists of sodium bicarbonate 

(NaHCO3), carbonic acid (H2CO3), and bicarbonate ions ([HCO3-]). Normally, a ratio of one 
part carbonic acid to twenty parts of  
bicarbonate is present in the extra cellular fluid. Disturbances of the acid-base balance will 

produce changes in H2CO3 and [HCO3-]. H2CO3 is formed at the cellular level by the 
production of CO2 following the uptake of oxygen by the cell. It then dissociates in the blood to 

form 65% HCO3-, CO2 and H2O.  The acid-base balance of the body is expressed as an 
arbitrary scale (pH). 
 
The pH scale was devised using the dissociation of water:  
 
1.     The small “p” indicates negative exponent: 
 

 
 
2.     Because our bodies are an “acid producing machine”, the pH of human blood is slightly 
alkalotic to compensate. 
 
       The normal range for arterial pHa is 7.38 to 7.42 (for a PaCO2 of 38 to 42). 

For pulmonary patients, the normal range is broader, normal pHa range is 7.35 to 7.45 (for 
a PaCO2). 

 

A Scandinavian scientist, S.P.L. Sorenson, referred to the concentration 10-7 as “7 puissance 
hydrogen”. This is the French for describing the hydrogen ion exponent of the base 10 on the 
logarithmic scale. Karl Hasselbalch, a Danish biochemist and physician, embraced Sorenson’s 

concept and expressed 10-7 mole/L. as “the negative logarithm of the hydrogen ion activity”. 
The pH is the inverse log of the hydrogen ion concentration. 
 
In the Henderson-Hasselbalch Equation, the dissociation constant for carbonic acid at 37 
degrees centigrade is 6.1.  
 

1.   Plugging the normal values into the formula, and using 6.1 as the constant, we can   
solve the equation for the pH:  

 
                The normal pKA at 37 degrees is 6.1 
                The normal bicarbonate is 24 mEq. / L.  
                The normal carbonic acid is 1.2 mEq. / L. 
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2.     The ratio of bicarbonate to carbonic acid is 20:1. The log of 20:1 is 1.3. If we add 
1.3 to the constant 6.1, the result is 7.4, the normal value for pH. 

                       
The clinical formula becomes: 

 
 3.    This substitution allows use to make the Henderson-Hasselbalch equation clinically 
applicable. If you have a log key on your calculator, you can double check your acid-base 
results.  
 
The Plasma Bicarbonate Buffer System 
 
The plasma bicarbonate buffer system is the single most important buffer system in the body 
fluids. This system achieves its important role by virtue of certain properties that are unique 
among other buffers of the body fluids. One such property is that the weak acid form, H2CO3, 
is in equilibrium with a dissolved gas, CO2. This phenomenon not only modifies the weak acid 
properties of H2CO3, but also establishes a potential relationship between H2CO3 and the 
external environment.  
 
This chemical equation shown below is the quantitative relationship between H2CO3 and its 
dissolved gas and dissociated states at equilibrium: 

 
The reaction by which H2CO3 is produced from CO2 is called the hydration reaction. 
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When the above equilibrium is disturbed by the addition of CO2, H2CO3 and H+ will increase. 
 

Recalling that the definition of an acid is that it is a substance that donates H+, the weak acid 
constituent of the bicarbonate-carbonic acid buffer system is represented by H2CO3. According 
to the definition of an acid, the weak acid constituent of the bicarbonate buffer system is 
H2CO3. 
 
The weak acid component of the bicarbonate buffer system has several unique properties: 
 

a. It is in equilibrium with dissolved CO2 through the hydration reaction. 
b. Dissolved CO2 is in equilibrium with gaseous CO2 in the alveolar air.  
 

The first property makes H2CO3 a much weaker acid than would otherwise be the case, since 
the equilibrium of the hydration reaction is very far in the direction of dissolved CO2. This is 
due to the dissolved CO2 and H2CO3 that are always in equilibrium with each other, and 
because they cannot be distinguished from each other by any analytical method. 
 
This Open System has two attributes: 
 a. It provides a means of removing CO2 (the Lungs).  
 b. It provides a source of CO2 (tissue metabolism). 
 
The qualitative and quantitative advantage of buffers of the bicarbonate buffer base system for 
conducting buffer reactions in a system having these properties is extremely useful. The 
addition of strong acid to a bicarbonate buffer produces H2CO3 and CO2; therefore, CO2 as a 
product of the reaction, is extremely useful.  
 
In a closed system, the numerator of the ratio of the Henderson-Hasselbalch equation falls, 
while the denominator rises. The resultant pH change is relatively large. In an open system, 
however, the CO2 generated from buffering is excreted via the lungs so that the denominator 
remains normal. Thus, the fall in pH in the open system is less than would occur in the closed 
system. By the same token, addition of strong base in a closed system consumes H2CO3 and 
CO2, in the course of the buffer reaction, thereby increasing the numerator while decreasing the 
denominator. In the body, however, ongoing tissue metabolism coupled with a transient 
reduction in CO2 excretion maintains the denominator at the normal level. The pH shift in the 
open system is therefore minimal compared to the closed system. 
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Of the attributes of the open system, namely a means of excreting CO2 and a means of 
providing CO2, this equation becomes quantifiable. Only the former is subject to change (up or 
down) in the interest of regulating the denominator towards normal. Some readers may 
anticipate the phenomenon of respiratory compensation in this connection. In order to keep the 
terminology strict and to present the subject in a stepwise manner, we avoid using this term to 
describe these particular CO2 excretions by the lungs. Indeed, it is probably preferable to 
separate completely the phenomena occurring in the open system from the phenomena of 
respiratory compensation, which is a subsequent secondary process. This approach will be 
adopted here, and the subject of respiratory compensation will be presented later in this text. 
 
Whole Blood Buffer Systems 
 
Blood is a complex fluid containing no less than six different substances, which conform to the 
general definition of a buffer pair, i.e., a weak acid and its conjugate base. Furthermore, these 
buffers are unevenly distributed between the erythrocytes and the plasma. For purposes of 
simplification we will group the blood buffers into two major classes: 
  

a. The bicarbonate system, located principally in the plasma  
b. The non-bicarbonate system, located principally in the erythrocytes  

 
A second useful simplification is to disregard the erythrocyte membrane entirely and to consider 
blood as a homogeneous fluid. This simplification is justified because although the 
intraerythrocytic pH is slightly less than the plasma pH, it varies directly with the plasma pH 
due to the free penetration of the erythrocyte membrane by both members of the bicarbonate 
buffer systems. The usefulness of this simple model of blood in conceptualizing the role of both 
classes of buffers and their interrelationships in response to different types of acid-base 
disturbances will be illustrated in the examples at the end of this text. 
 
In addition to the qualitative and quantitative relationship between H2CO3 and dissolved CO2, 
the bicarbonate system is the principal, but by no means the only buffer in the blood. The 
following is a list of various substances which act as buffers in the blood and their distribution 
between the plasma and the erythrocytes.  
 
 The buffers found only in the erythrocytes are:  
 
  Hemoglobin and Oxyhemoglobin   
  Organic Phosphates   
 

The buffers found only in the plasma are:   
 

  Plasma Proteins  
 
 The buffers found in both erythrocytes and plasma are:  
 
  Bicarbonate   
  Inorganic Phosphate  
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The above distribution implies that the erythrocyte membrane is permeable to small molecules 
but impermeable to large molecules. It is useful to classify the buffers in blood into two groups:  
 
  The bicarbonate system  
  The non-bicarbonate system  
 
Such a division is justified by the unique properties of the bicarbonate buffers in the open 
system as well as by the number and complexity of the non-bicarbonate buffers. The 
bicarbonate and the non-bicarbonate buffers are present in both erythrocytes and plasma.  
 
Hemoglobin and Oxyhemoglobin comprise the most important buffer of the non-bicarbonate 
system. The proportion of the total non-bicarbonate buffering represented by hemoglobin and 
Oxyhemoglobin is 75%.   
 
The distribution of each of the buffers in whole blood is as follows:  
  
 In Plasma:                                                                 % Buffering in Whole Blood 
 
  Albumin 
  Globulins                                                                               7 
   
 In Erythrocytes: 
 
  Organic Phosphate Plasma                                                    3 
  Hemoglobin and Oxyhemoglobin                                        35 
   
 

In both: 
 
  Bicarbonate  (plasma) 35 
  Bicarbonate  (erythrocytes) 18 
  Inorganic Phosphates                                                            2 
 
Buffering Systems 
 
There are six general types of acid-base disturbances:   
  

Gain of strong acid or base 
 Gain or loss of bicarbonate  
 Gain or loss of CO2     
 
 
 



 

 
 

30

All known clinical disorders can be classified into one or the other of these six general types. 
The specific changes in blood acid-base equilibrium can be predicted for each of these six 
disturbances from knowledge of the nature of the buffer reactions as they occur in an open 
system. 
 
A buffer is a substance which minimizes the change in the concentration of the hydrogen ions 
(or pH) in a solution when hydrogen or hydroxyl ions are added or removed. Buffers in the 
blood include: 
 
 
 
 
 

1.     HCO3-/H2CO3 Buffer Base System 
 
          a.   Poor “chemical buffer” at the pH of blood 
 

b.   Very important “physiologic buffer” because of the ability to vary CO2 elimination 

from the lungs and HCO3- elimination by the kidneys 
 

2.     Protein buffers (Pr- / HPr) 
 

          a.   Hemoglobin (Hb- / HHB and HHbO2) 
 
   1.   Quantitatively the most important chemical buffer system in the blood 
 

               2.   Reduced Hb (Hb-) has a greater capacity to buffer H+ than HbO2- 

 
         b.   Plasma Proteins 
 
                1.   Most important chemical buffer in plasma 
 
                2.   Less important than Hb 
 

3.     Phosphates (HPO4= / H2PO4-) 

   
                1.   Relatively unimportant 
 
Bicarbonate Buffer Base System         
 
 
1. Henderson-Hasselbalch Equation: 
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Note: Blood contains almost 1,000 times as much dissolved CO2 as H2CO3 
 
2. Interrelationship between bicarbonate and protein buffer systems 
 

 
 
Measurements to help separate the Respiratory and Metabolic Acid-Base Components 
 
A.   Standard Bicarbonate: The “plasma bicarbonate” concentration when the blood has been 
equilibrated at a PaCO2 of 40 mm. Hg. and the Hemoglobin (Hgb) is fully oxygenated. 
 

Note: Separates the “respiratory” component of the plasma bicarbonate from the 
“metabolic” component (e.g. in acute respiratory acidosis, with a PaCO2 of 80, the “plasma 
bicarbonate” may be 32 meq/L and the “standard bicarbonate” is 24 meq/L). 

 

B.   Buffer Base: The total concentration of anions in meq/L. of blood available to buffer H+ 
chemically, or by elimination of CO2 
 

        1.   For practical purposes, the buffer anions are HCO3-, plasma protein, and hemoglobin. 
 
        2.   Normal buffer base with an Hb of 15 Gm% is 48 meq/L. 
 
        3.   In pure respiratory acid-base disturbances, the “buffer base” remains normal. 
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Note:  Pr- includes hemoglobin and plasma proteins. An increased PaCO2 results in an 

increased HCO3- and a decreased Pr-. The “buffer base” is made up of HCO3- and Pr-, so 
the total buffer base remains the same. 

 
 
         4.   An abnormal buffer base means there is a deviation of the metabolic component. 
 
C.    Base Excess 
 

1.   Used to determine whether there is an increase or decrease in buffer base (metabolic 
component). 

 
2.   Normal: -2 to +2 meq./L. 
 
3.   Positive base excess:  > +2 (means acid has been removed or base has been added) 
 
4.  Negative base excess (“base deficit”) < -2 (means acid has been added or base has    

been removed) 
 
As has already been discussed, the kidneys can respond to a change in blood CO2 by making a 

corresponding change in blood HCO3-, and the lungs can respond to a change in HCO3- by 
making a corresponding change in CO2. Since the effect of any such response is to reverse an 
abnormal trend in pH, the response is called compensation. 
 
Cellular homeostasis is a concept which states very simply that cells can continue to live and 
prosper, and in most instances, to reproduce. This is providing that the fluid environment in 
which they live is maintained with appropriate concentration of the necessary constituents for 
cellular life; as long as the fluid environment of the cell contains the appropriate amounts of 
glucose, fats, proteins, oxygen and electrolytes. Electrolytes form ions in solution. Ions are 

charged particles. Cations are positively charged particles, such as Na+. Anions are negatively 

charged particles, such as HCO3-.  
   
The body is an acid-producing machine which is why the pH of the blood is slightly alkalotic.  
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FIGURE 15: NORMAL ACID – BASE BALANCE 

 
Acid-base blood gas metabolism, and cellular homeostasis are highly integrated processes in 

which certain variables, chiefly pH, PaCO2, [HCO3-] and PaO2 are controlled. There is not a 
day that goes by that respiratory care practitioners, pulmonary technologists, pulmonologists, 
and critical care nurses are not confronted with obtaining and interpreting arterial blood gases. 
Arterial pH and oxygenation levels are among the most critical indices of, not only 
cardiopulmonary function, but also cellular homeostasis. The tissue cell cannot survive if there 
are minute changes in physiologic alterations. For this reason, the overriding goal for critically 
ill patients is to maintain cellular homeostasis. 
 
Arterial blood gas analysis allows the clinician to determine the status of acid-base balance as 
well as the patient’s oxygenation status. 
 
Obtaining the arterial blood gas sample and analyzing the sample are outside the scope of this 
unit; however there are several points which need to be kept in mind. Community standards 
dictate that the radial artery be used to obtain the sample.  
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Other sites should be avoided. Although the radial artery is very accessible and collateral 
circulation is usually adequate, the presence of adequate collateral circulation must be 
established. The technique used to determine the adequacy of ulnar circulation is known as the 
modified Allen Teat. The patient is instructed to clinch his fist, forcing blood from the hand. 
The clinician then applies pressure to both the radial and ulnar arteries. With the blood flow 
restricted, the hand will pale and become blanched. Release of the pressure on the ulnar artery, 
and the return of blood flow to the hand within fifteen seconds indicates that ulnar artery blood 
flow is adequate. The normal response is considered to be a positive response. A negative 
response indicates that the puncture should be avoided.  Sterile technique should be preserved 
and any bleeding or anticoagulation disorders should be investigated.  Quality assurance must 
be an ongoing goal. 
 
Buffer Base 
 
Blood buffer base is the sum of the concentration of all conjugate bases in one liter of whole 
blood.  This includes the sum of the buffer ions, including bicarbonate and proteinase ions.  A 
quantitative relationship exists between the amount of strong acid or strong base added to blood 
and the degree of change in the concentration of the total conjugate bases in blood. In normal 

blood, the concentration (in meq/l) of total conjugate base (that is, [HCO3-] + [Buf-]) is called 
the blood buffer base ([BB]). Addition of strong base produces a rise in [BB] by the amount of 
base added; base excess is therefore present. Addition of strong acid produces a fall in [BB], 
and a base deficit (a negative base excess) is present. Blood base excess ([BE]) can therefore be 
defined operationally as the difference between the [BB] observed in a given blood sample and 
the [BB] of the same blood sample if it had a completely normal acid-base balance (i.e., a 
normal [BB]). A positive value for [BE] indicates only that base has been added; a negative 
value indicates only that acid has been added. In neither case is the source or the mechanism 
responsible for the addition of acid or base revealed. The use of the term negative base excess 
may seem cumbersome. The alternatives, however, are either to use two terms (base excess and 
base deficit) or to use terms negative or positive base deficit. In current usage, the terms 
negative and positive base excess seem so firmly entrenched as to represent accepted 
terminology. 
 
Since hemoglobin is the principle contributor of the non-bicarbonate buffer system and since 
other non-bicarbonate buffers do not show much change from patient to patient, the value for 
normal buffer base of any given blood is largely dependent upon its hemoglobin concentration. 
In other words, there is no single value for normal [BB], which is universally applicable. 
Rather, each normal value must be qualified according to the existing hemoglobin concentration 
of the blood in question.      

pH    =   pK  +  log  [conjugate base] 
                                                                          [weak acid] 
 
The above equation is the most general form of the Henderson-Hasselbalch equation. 
 
 
 



 

 
 

35

There is a homogeneous simplified model of blood containing the blood buffers.  The pH fixes 
and is fixed in turn by the ratios of the concentrations of conjugate base and weak acid of both  
buffer pairs. These interrelationships allow a number of corollaries one of which is that if the 
directional change in the ratio of one class of buffers is known, the directional change in the 
ratio of the other class as well as in the blood pH is known. If the addition of a strong base 
causes both ratios of both classes to rise, the pH therefore rises. These relationships form the 
fundamental basis for the fact that whole blood buffers can be computed from knowledge of the 
plasma bicarbonate system.  
 
The buffering reactions of a gain of a strong acid or a strong base involve both classes of blood 
buffers where the reaction of each class is similar to that of the other.  Thus, strong acid reacts 
with the conjugate base form of each class and the reaction produces the corresponding weak 
acid.  There are other types of disturbances in which the primary cause is a direct gain or loss of 
a member of the bicarbonate system. Such disturbances are buffered in blood exclusively by the 
non-bicarbonate buffer system through the interaction reaction. In this reaction, the weak acid of 
the bicarbonate system reacts with the conjugate base of the non-bicarbonate system. 
Alternatively, in the reverse direction, the reactants are bicarbonate. 
  
The Respiratory Component of Acid-Base Equilibrium 
 
The acid-base properties of hemoglobin and Oxyhemoglobin have been presented. Of greatest 
importance is the change in the affinity for hydrogen ions of the imidazole groups of the 
hemoglobin molecule when oxygen is bound or released by the iron containing groups. Thus, 
Oxyhemoglobin behaves as a stronger acid than reduced hemoglobin.  Because the stronger the 
acid the weaker the conjugate base, reduced hemoglobin behaves as a stronger conjugate base 
than does Oxyhemoglobin.  
 
The reaction sequences occurring when blood passes through the tissues are first presented in 
the                                                                                                                                                                                                                      
cellular physiology section. Oxygen carried by Oxyhemoglobin is unloaded to the tissues, 
which consume it in the course of oxidation of substrates, principally carbohydrates and fats. 
One product of this oxidation is carbon dioxide that diffuses in the blood. In the erythrocyte, 
carbon dioxide is hydrated to form carbonic acid, the reaction being speeded by the presence of 
carbonic anhydrase. 

 
Hydrogen ions derived from the carbonic acid are in turn buffered by hemoglobin, which in its 
reduced form is a stronger conjugate base than Oxyhemoglobin. The buffer reaction produces 
bicarbonate in the erythrocyte, some of which diffuses into the plasma in exchange for chloride 
ions that move into the erythrocyte in order to preserve Electro-neutrality. In terms of the 
principles governing chemical equilibrium, two driving forces can be identified which cause the 
whole reaction sequence to proceed in the direction described. One of these is the consumption 
of oxygen by the tissues and the other is the production of carbon dioxide that presents a source 
of hydrogen ions.    
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The sequence of events occurring when the blood is exposed to alveolar gas in the lungs is 
exactly the reverse of that occurring when blood passes through the tissues. Reduced 
hemoglobin is oxygenated, a reaction which makes it dissociate more hydrogen ions. These in 
turn react with bicarbonate, initially present in the erythrocyte, to form carbonic acid, which 
under the influence of carbonic anhydrase is dehydrated to form carbon dioxide and water. The 
carbon dioxide in turn escapes into the gas phase of the lungs. As erythrocyte bicarbonate is 
consumed, bicarbonate enters from the plasma and chloride ions leave. Arterial blood is thus 
regenerated from venous blood. Two driving forces can be identified in this reaction sequence; 
one of these is the uptake of oxygen by the blood from the alveolar air, while the other is the 
escape of CO2 from the blood into the alveolar air. 
 
Certain fundamental relationships between CO2 production and CO2 excretion have been 
presented. The value for arterial plasma PaCO2 is dependent upon the ratio of the rate of CO2 
production, to the rate of alveolar ventilation. A normal value for arterial PaCO2 indicates a 
normal value for the ratio while a high or low value indicates, respectively, a low or high rate of 
alveolar ventilation relative to the rate of CO2 production. The concept of CO2 balance, 
representing the differences between the rate of CO2 production and the rate of CO2 excretion, 
is also presented. The balance can be positive, negative or zero, and its sign determines the 
direction in which arterial PaCO2 will change without specific references to the initial absolute 
value of the starting point. Thus, for example, when the value is positive, CO2 is being stored in 
the body fluids and this is reflected by a rising value for arterial PaCO2 regardless of whether 
the initial value was high, low, or normal. 
 
The primary alterations in alveolar ventilation produced in the course of disease of the 
respiratory system cause changes in blood acid-base equilibrium.  These changes are initially 
predictable from the buffer reactions occurring with gain or loss of CO2. In such disturbances, 
the primary abnormality is in the respiratory system.  Another group of disturbances are those in 
which the primary abnormality is reflected by changes in the metabolic component. Here the 
respiratory system is basically intact and it responds in a secondary predictable manner such 
that the shift in blood pH produced by the primary abnormality is ameliorated. Such secondary 
changes in alveolar ventilation are mediated by a complex series of control mechanisms that 
involve central and peripheral chemoreceptors as well as the respiratory center itself.   
 
Clinicians must thoroughly understand the importance of these values as a means of identifying 
respiratory and metabolic dysfunction. As part of the systematic assessment of the patient, the 
clinician should be able to analyze the results of these determinations and correlate them with 
the patient’s total clinical condition (fig. 16).  
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The importance of following these determinations can be assessed by the move to point-of-care 
testing and bedside monitoring. The systematic approach to acid-base diagnosis is: 
 
 1.   Search the history for potential processes. 
 
 2.   Are there acid-base clues on physical examination? 
 

3.   In the routine electrolytes, what are: 
  a. CO2 
  b. Undetermined anions (anion gap) 

  c. K+ 

 
 4.   Scan other laboratory data for acid-base clues 
 
 5.   Explain the pH, PaCO2, and HCO3- 
 
FIGURE 16: CARBON DIOXIDE ELIMINATION 
 
The elimination of Carbon dioxide by the lungs is controlled by the CO2 level and the 
hydrogen ion concentration [H+] bathing the medulla.  This controls alveolar ventilation, 
which eliminates carbon dioxide, the volatile acid. 
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The arterial blood gas results are divided into two separate and distinct components. The first 
set of results is the patient’s acid-base balance and the second set of results is the patient’s 
oxygenation status. The acid-base balance of the blood can be either acid or alkaline, because of 
the increase or decrease in free hydrogen ions.  pH is an expression of the acid-base balance. 
The normal range of the pH is 7.38 to 7.42.  Any number below 7.38 is interpreted as acidosis, 
while any number greater than a pH of 7.42 is termed alkalosis (see figures 17 and 18) “acid-
base balance”. 
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FIGURE17: ACID – BASE BALANCE 
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FIGURE 18:   ACID    –   BASE   BALANCE 

 
 
Alterations in acid-base balance may be caused by a primary disturbance in the respiratory 
system or the metabolic systems, or an adjustment in the system which attempts to compensate 
for the primary disturbance.  However, the clinician must be cautioned not to assume 
compensation.  One must first rule out the existence of a mixed respiratory and/or metabolic 
disturbance. 
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FIGURE20: VENTILATORY CONTROL 
 

 
 
                   Respiratory Component (Ventilation)(Lungs) of Compensation 
 
In discussing the ventilatory compensatory mechanism, one must remember that the lungs do 
excrete a volatile acid, carbon dioxide; however, the lungs are not a good compensatory system. 
Due to fatigue and dead space, (they) the lungs’ ability to perform compensatory changes are 
relatively short-lived. It is important to understand the ventilatory compensation mechanism for 
metabolic disorders and the neurological control of breathing (figures 21 and 22) “ventilatory 
control”. 
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FIGURE21: VENTILATOR RESPONSE TIME 
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FIGURE 22: CARBON DIOXIDE ELIMINATION 
 

 
The pressure exerted by CO2 in arterial blood (PaCO2) is proportional to the efficiency of 
ventilation because the arterial carbon dioxide is in direct equilibrium with the amount of 
carbon dioxide in the alveolus. This means that as ventilation is increased, the carbon dioxide 
tension of the blood will decrease. A linear relationship exists between PaCO2, and alveolar 
ventilation over most of the curve; thus PaCO2 is directly related to the rate and depth of 
respiration and is a direct index of the effectiveness of alveolar ventilation. 
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The medulla, bathed in H+,  is the organ that regulates the excretion of CO2 and thus is the 

primary control of acid-base balance. [HCO3-] is used to protect the blood against changes in 

pH because of its ability to take up and release H+. The concentration of [HCO3-] is mainly 
regulated by the kidney by either excreting an acid or alkaline urine. This delicate acid-base 
balance can be reflected in terms of a modified Henderson-Hasselbalch equation. 
 
The buffer pair used in the Henderson-Hesselbach equation is the Bicarbonate-Carbonic Acid 
system (PaCO2 X 0.03 = milliequivalents of carbonic acid). The normal ratio of bicarbonate to 
acid is 20:1. When this ratio is altered, the pH must change.  
 

If the primary disturbance is in the numerator ([HCO3-]), the disturbance is a metabolic 
derangement. A compensatory mechanism in respiration will attempt to cause the denominator 
(PaCO2) to change in the direction necessary to bring the ratio back to 20:1. Conversely, if the 
primary disturbance is the denominator, PaCO2, the derangement is said to be respiratory and 

secondary changes in the numerator ([HCO3-]) will attempt to bring the ratio back to 
physiologic neutrality. Changes in PaCO2 may occur quite rapidly, since changes in respiration 

may rapidly excrete or retain carbon dioxide. Changes in [HCO3-] are primarily the result of 
renal excretion of hydrogen ions with retention of bicarbonate. These changes occur in the 
kidney and are more gradual with compensation taking place over several days, due to the 
effects of glutamine.   
 
The Metabolic Component of Acid-Base Equilibrium (Kidneys) 
 
The mechanism for metabolic compensation of primary ventilatory and metabolic acid-base 

abnormalities is attributed to that fact that the kidneys can selectively retain or excrete H+ and 

HCO3- ions. 
 
When there is a rise in CO2 causing respiratory acidosis, the kidneys attempt to compensate by 

excreting less HCO3-, thus causing a rise in blood HCO3-. Consequently, the values for both 

PCO2 and blood HCO3- are likely to be elevated. Similarly, when there is a fall in blood 

HCO3-, causing a metabolic acidosis, the lungs attempt to compensate by expiring more CO2, 

causing a fall in PCO2. Consequently, the values for both blood HCO3- and PCO2 are likely to 
be depressed. 
 
When there is a fall in CO2 causing respiratory alkalosis, the kidneys attempt to compensate by 

excreting more HCO3-, thus causing a fall in blood HCO3-. Consequently, the values for both 

HCO3- and PCO2 are likely to be decreased. 
 
Since, respiratory acidosis may be caused by either an acute or a chronic condition, the duration 
of the acidosis is diagnostically significant. The kidneys are relatively slow to compensate for a 
respiratory acid-base disturbance.  
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While the lungs usually take only minutes or at most hours to compensate for a metabolic 
disturbance, the kidneys usually take days to compensate for a respiratory disturbance. 
 

Consequently, blood HCO3- is more elevated in chronic respiratory acidosis than in acute 

respiratory acidosis. The degree of HCO3- is thus an index to how long the acidosis has been 
present (and the nature of the underlying disease). 
 
To some extent, the pH is also an index to the duration of a respiratory acidosis. Since 
compensation is slow, pH tends to be lower (more abnormal) in acute respiratory acidosis than 
in  
 
chronic respiratory acidosis. However, a chronic respiratory acidosis can also involve a very 

low pH if it is severe, so that pH is not as reliable an index to duration as HCO3-. 
 
The third laboratory finding, PCO2, is not time-related at all. Any degree of PCO2 elevation can 
be found in either acute or chronic respiratory acidosis, depending only on severity.    
 
Kidneys can compensate for ventilatory abnormalities and the lungs can compensate for 
metabolic renal problems.  
 
As carbon dioxide diffuses into the kidney (renal) cells, it reacts with water, in the presence of 

carbonic anhydrase, to form carbonic acid, which dissociates to form H+ and HCO3- (the same 
mechanism as in the red blood cell), this can be seen as the “renal mechanisms” to achieve 
compensation. 
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FIGURE 19: RENAL BUFFERING MECHANISM 

 
 

The H+ diffuses into the glomerular filtrate and the HCO3- diffuses into the bloodstream. 
 

Thus, the volume of HCO3- diffusing into the plasma is directly dependent upon the plasma 
PaCO2 levels. 
 

The H+ diffusing into the glomerulus is buffered by the following systems: 
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                First-degree buffer (HCO3- ) 

 
                         The CO2 formed diffuses into the plasma 
 
                Second-degree buffer (HPO4  ) 

 
 
                 Third degree buffer (NH3 ) 

 
A blood [BE] of + 15 mEq/L describes an abnormal state of the blood, not a physiologic process 
and could be due to a secondary physiological process or an equivalent process. 
 
Factors that can affect the metabolic component of acid-base equilibrium in blood, must be 
considered. The anatomy of the body water, with special emphasis upon the buffer properties of 
the extracellular fluid, is primarily the function of the renal mechanisms, which regulate the 
metabolic component both under normal conditions and under conditions where the body fluids 
are subject to large loads of acid or base.  
 
The total body water can be divided into several major compartments. The chief division is 
between the intracellular and extracellular fluids.  These are separated from each other by the 
cell membrane. The extracellular fluid in turn is subdivided into interstitial fluid and plasma, 
these two being separated by the capillary membranes. The erythrocytes are recognized as a 
special compartment distinct from the remainder of the body cells that are grouped together in 
the intracellular compartment. For purposes of acid-base mechanisms, concern is with the buffer 
properties of the erythrocytes.  They are distinguished from those of the plasma, and to a greater 
extent from those of the ISF, by the large amount of non-bicarbonate buffer - principally 
hemoglobin and Oxyhemoglobin - which they contain. Plasma, of course, contains small 
amounts of non-bicarbonate buffer and an appreciable amount of bicarbonate, while ISF can be 
regarded as a pure bicarbonate solution. These differences in buffer properties of the various 
compartments have significance in terms of the response of body fluids to gain of strong acid 
and gain or loss of CO2. Intracellular buffers are not well defined and will not be presented in 
this unit, although it should be pointed out that quantitatively they make up a large contribution 
to the buffering of the body fluids. 
 
The acuteness of the situation is indicated by normal serum bicarbonate. After the first few 
hours, the kidneys excrete nonvolatile acids and hydrogen ions, and retain bicarbonate resulting 
in a partially compensated respiratory acidosis. The serum bicarbonate must be known to 
accurately interpret the acuteness of the acid-base disturbance. 
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The terms of metabolic or respiratory acidosis or alkalosis are defined in terms of specific 
abnormal physiologic processes and not in terms of isolated abnormalities in blood acid-base 
equilibrium. While it is true that given acid-base disturbances produce specific directional 
abnormalities in either respiratory or metabolic components of blood acid-base equilibrium, the 
occurrence of these abnormalities in blood is not sufficient evidence per se for the use of terms 
metabolic or respiratory acidosis or alkalosis in any diagnostic sense. Rather such abnormalities 
must be interpreted in the light of other information, usually derived from clinical or 
physiological considerations to allow one to infer their cause. The terminological base of 
reference for naming acid-base disturbances is presented here. 
 
Compensation, the secondary physiological process that occurs in the secondary system in 
response to a primary disturbance in one component of acid-base equilibrium.  The component 
not primarily affected changes in such a direction as to restore blood pH towards normal. Two 
means of characterizing the degree of compensation present in any given acid-base disturbance 
are presented. (Lungs versus kidneys) 
 
One of these is based strictly upon the presence or absence of evidence of compensation and the 
achievement or lack of achievement of a normal blood pH. Three degrees of compensation are 
recognized: uncompensated, partially compensated, and completely compensated. 
 
The second system is based upon the physiological potential of the organism to achieve the 
expected or maximal degree of compensation which is possible under optimal conditions. Two 
degrees of this type of compensation are recognized. For want of a better term, these have been 
designated as maximal and less-than-maximal. This second basis of classification, although not 
widely employed, is rather useful in the clinical analysis of acid-base problems. 
 
The distinction is made between simple and mixed disturbances of acid-base equilibrium, the 
latter being those in which there are two primary abnormal processes present concurrently; one 
affecting the respiratory component and the other affecting the metabolic component. The 
terminology of such mixed disturbances is entirely consistent with the terminology previously 
presented dealing with the nomenclature of simple disturbances: “all mixed disturbances are 
named by recognizing the simple disturbances which compose them.”   
 
1.   For the purposes of interpretation, the above equation can be simplified to: 

 
2.     The pH is directly related to the HCO3- 

 
3.     The pH is indirectly related to the PaCO2 
 

4.     Actual HCO3- versus Standard HCO3-: 
 

               Actual HCO3- is calculated from the actual measured PaCO2 and pHa 
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Standard HCO3- is calculated from the pH and the PaCO2, after the blood has been 
equilibrated to a PaCO2 of 40 mm. Hg.  

 
  This is also referred to as the CO2 combining power (It is of little clinical significance). 

 
5.     Base Excess 
 

Defined as an indication of the number of mEq / L of total base in excess or deficit of 
normal. 

 
            A true indication of the extent of metabolic acid-base abnormalities 
 
            The total body buffering ability is composed of the following buffering systems: 
 

                            65%   =  HCO3- - H2CO3 system 
 
                            30%   =  Hemoglobin system 
 
                              5%   =  all other blood buffers (i.e., phosphates, ammonium, etc.) 
 
Clinical Causes of Acid-Base Abnormalities 
 
Ventilatory failure caused by the following general categories: 
 
     1.     Cardiopulmonary Disease 
 
     2.     C.N.S. Depression or disease 
 
     3.     Neurologic disease        
 
     4.     Musculoskeletal disease 
 
     5.     Hepatorenal disease 
 
     6.     Fatigue 
 
Ventilatory insufficiency is caused by the following general categories: 
 
     1.     Hypoxemia 
 
     2.     Compensation for metabolic acidosis 
 
     3.     C.N.S. disease 
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     4.     Emotional disorder 
 
Metabolic acidosis caused by the following general categories: 
 
     1.     Renal failure 
 
     2.     Ketoacidosis 
 
     3.     Lactic acidosis 
 
     4.     Ingestion of acids 
 
Metabolic alkalosis caused by the following general categories: 
 
     1.     Hypokalemia manifested by: 
                    a.   metabolic alkalosis 
                    b.   muscular weakness 
                    c.   cardiac arrhythmia 
 
     2.     Gastric suctioning or vomiting 
 
     3.     Massive administration of steroids 
 
     4.     Sodium bicarbonate administration 
 
Oxygenation Component 
 
Generally speaking, the oxygen content of the blood depends on the hemoglobin level and the 
degree to which hemoglobin is oxygenated in the lungs. A person takes in oxygen from the 
atmosphere.  When it reaches the alveoli in the lungs, it diffuses from the alveolar spaces into 
blood entering the pulmonary circulation (with CO2 diffusing in the opposite direction). The 
amount of O2 available for diffusion at any given moment depends on the amount of oxygen-
rich air that is inspired and the amount of oxygen-depleted air remaining at the end of 
expiration. 
 
The four factors of gas exchange are: 
                                       

Ventilation 
Distribution of Ventilation 
Diffusion 
Perfusion 
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The oxygenation process in the lungs can be hindered by obstruction, by restriction, or by 
reduction of the recoiling properties of the lungs. All these events interfere with air exchange 
(ventilation) and they can cause hypoventilation, a term referred to earlier in respect to the 
expiration of CO2. Hypoventilation has two components or resulting disturbances, CO2 
retention and oxygen deficiency. Blood CO2 rises and blood O2 falls. 
 
The second abnormality that can compromise the oxygenation process is an uneven distribution 
of air in the lungs relative to the distribution of blood. There is a mismatch between ventilation 
and perfusion. The symbol for ventilation is “V” and the symbol for perfusion is “Q” and this 
type of abnormality is termed V/Q mismatch, or imbalance.  
 
The third abnormality is a decrease in the diffusion capacity. The oxygenation process can be 
hindered through a reduction in the size of the diffusion surface or an increase in thickness.  
This kind of abnormality is called a diffusion defect. 
 
The fourth and final abnormality is in extreme cases when some alveoli receive little or no 
inspired air. In other words, a certain portion of the venous blood pumped from the right side of 
the heart passes completely deoxygenated into the arterial blood pumped from the left side of 
the heart. Consequently, this type of abnormality is termed a veno-arterial shunt. 
 
All gases exert pressure, and this pressure is exerted by a gas whether it is free (as in the 
atmosphere), confined to a container (gas in the lungs), or dissolved in a liquid (as in the 
plasma). When two or more gases are mixed together, each gas exerts a pressure as if it were the 
only gas present. The total pressure of the mixture is the sum of the individual pressures of the 
component gases. Each component gas thus exerts only part of the total pressure, and this part is 
called its partial pressure. When O2 diffuses into blood, most of it combines chemically with 
hemoglobin, but a small part simply dissolves into plasma. 
 
Similarly, when CO2 diffuses into blood, most of it combines chemically with water, but a 
small part also simply dissolves into plasma. Both dissolved O2 and dissolved CO2 are thus 
present in circulating plasma. 
 
The PaO2 and the SaO2 are only partially related to the acid-base status but are important in 
evaluating tissue oxygenation. The four factors of hypoxemia are: 
                                       

Decreased Ventilation 
                                    Abnormal Distribution of Ventilation 
                                    Decreased Diffusion Capacity 
                                    Decreased Perfusion 
 
Decreased perfusion is defined as perfusion in excess of ventilation. Normally there exists a 3% 
to 5% anatomic shunt as a result of blood from the pleural, bronchial, and The Besian veins 
emptying into the left heart. Alveolar shunting refers to perfusion but not ventilated alveoli, 
again perfusion in excess of ventilation or decreased ventilation relative to perfusion. 
Physiological shunting is the sum of the anatomic and alveolar shunting. 
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After the oxygen loads onto the red blood cell, it is then transported to the tissue cells. The 
amount of oxygen is determined by how much is dissolved in the plasma and how much oxygen 
is chemically combined with the hemoglobin.  
 
 
Most of the oxygen is chemically combined with hemoglobin and transported by the 
hemoglobin molecules (98%). The result of this chemical reaction is Oxyhemoglobin. There is a 
limit to the capacity of hemoglobin to combine with oxygen. For example, 15 Gm. of 
hemoglobin (which is a normal amount for 100 ml. of blood) can combine with no more than 
20.1 ml. of oxygen. It is rare for this entire capacity to be used, and the degree to which it is 
used is called the Oxyhemoglobin  
saturation. For example, if 95% of the hemoglobin is in the form of Oxyhemoglobin, the 
saturation is said to be 95%. 
 
Assuming a normal cardiac output and hemoglobin level, it is the degree of Oxyhemoglobin 
saturation that determines the amount of oxygen delivered to the body’s tissues. 
 
For example, a saturation of 90% to 100% is usually sufficient for normal functioning. A 
saturation of 36% to 84% is associated with varying degrees of hypoxemia, and a saturation of 
35% or lower is usually incompatible with life. A saturation of 85% to 89% is considered 
transitional, that is, hypoxemia may or may not be obvious. 
 
The remaining oxygen (approximately 2%) is physically dissolved in the plasma. It is therefore 
useful to consider the PaO2 and the SaO2 together as an indicator of the total amount or volume 
of oxygen in the blood, which is available to the tissues. To determine the exact volume of 
oxygen physically dissolved in blood multiply the Pa2 by the solubility coefficient of oxygen in 
blood (0.003 ml. O2 per millimeter of mercury per 100 ml. of blood). To determine the total 
volume of oxygen, this number is added to the amount of oxygen combined with hemoglobin. 
The grams of hemoglobin, multiplied by 1.36, times the percent saturation per 100ml. 
(milliliters of O2 per 100 ml. of blood) is the amount of oxygen content expressed in volumes 
percent. 
 
The formula: 
 
                         CaO2           =          chemically combined             +          physically dissolved 
 
                                                   (1.36  X  hemoglobin  X  SaO2)   +              (PaO2 X 0.003) 
 
 
                          CaO2         =           20 vol. %  or 20 ml. per 100 ml. of blood 
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The relationship between the oxygen tension and the percentage of hemoglobin saturated with 
oxygen is illustrated by the Oxyhemoglobin dissociation curve. It can be seen from this S-
shaped curve that an increase in PaO2 from a low value causes a much greater rise in total 
arterial oxygen content since the largest volume of oxygen is that associated with hemoglobin. 
 
 
Arterial Blood Gas Parameters 
 
        Acid-Base Component                                       Oxygenation Component 
 

   pH          PaCO2                 HCO3-   or  B.E.                                  PaO2           SaO2       CaO2 
  
 Respiratory   Metabolic    Oxygenation 
 Component  Component    Component 
                    
 
NORMAL VALUES 
 
 Parameter  Normal  Acceptable  Normal  
   Arterial  Range   Venous  
 pH   7.40 7.38 - 7.42 7.35 
 
 PaCO2 40  mmHg 38 - 42 mmHg  46 mmHg 
 

 HCO3-  24 meq/L  22 - 26 meq/L  24 meq/L 

 
 B.E. 0 meq/L  -2.5  -  +2.5 meq/L 0 meq/L 
 
 PaO2  97 mmHg 80  - 100 mmHg        40 mmHg 
 
 SaO2 98%  95% - !00% 70 - 75% 
 
 HgB  14 gms 12 - 16 gms. 14 gms. 
 
 CaO2 20 vol% 18 - 2 1 vol% 15 vol% 
 
NOTE: 
 

Normal room air arterial blood gases can be evaluated by adding the PaO2 and PaCO2 
together. 

 
  The total should fall between 110 - 140 
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Lower values may indicate V/Q mismatch, diffusion defect, shunting or venous 
blood. 

 
Higher values (>130) would indicate supplemental oxygen in use, a bubble in the 
sample or technical error 

 
 
 
PRESENTED IN A DIFFERENT FORMAT, THESE NORMALS ALSO REPRESENT 
NARROW NORMAL RANGES: 
 
  pH = 7.38 to 7.42 
 
  PaCO2 = 38 TO 42 mm. Hg. 
 
  Actual Bicarbonate = 23 to 26 mEq / L 
 
  Base excess = - 2.5 to +2.5 mEq / L 
 
  PaO2 = > 80 mm. Hg. 
 
  SaO2 = > 95% 
 
How to read an A.B.G. 
 
1.     Look at the pH. Is it normal, acidotic, or alkalotic? 
 

2.     Think which way the PaCO2 and the HCO3- should go from normal. 
 

3.     Look at the PaCO2 and the HCO3- + B.E. 
 
4.     Which one is causing the primary deviation? 
 
              PaCO2 = ventilation problems 
 

              HCO3- +  B.E. = metabolic problems 
 
5. Look at the oxygenation status. 
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TO REITERATE: 
 
  Look at the pH first. Is it acidosis, alkalosis or normal? 
 
  Second, determine what component causes the deviation 
 
  Third, consider the underlying problem. 
 

Finally, assess the oxygenation status of the patient. Remember, oxygen is the 
fuel of the body. 

 
  
Interpretation of the Results 
 
Examples of clinical interpretation ranges for Arterial Blood Gases analysis: 
 
1.  pHa  < 7.30 and PaCO2  > 50 mm. Hg.: Acute ventilatory failure or respiratory acidosis 
 
2.  pHa  > 7.50 and PaCO2 < 30 mm. Hg.: Acute ventilatory insufficiency or respiratory 
alkalosis   
 
3.  pHa between 7.30 - 7.50 and PaCO2 > 50 mm. Hg.: Chronic ventilatory failure or respiratory                                              
acidosis    
 
4.  pHa between 7.40 - 7.50 and PaCO2 < 30 mm. Hg.: Chronic ventilatory insufficiency or 
respiratory alkalosis    
 
5.  pHa < 7.3 and PaCO2 within normal range: Acute metabolic acidosis    
 
6.  pHa > 7.50 and PaCO2 within normal range: Acute metabolic alkalosis 
 
7.  pHa < 7.30 and PaCO2  < 30 mm. Hg.: Partially compensated metabolic acidosis      
 
8.  pHa > 7.50 and PaCO2 > 50 mm. Hg.:  Partially compensated metabolic alkalosis 
                                                                      (rarely seen clinically) 
 
9.   pHa between 7.30 - 7.40 and PaCO2 < 30 mm. Hg.: Compensated metabolic acidosis                
 
10. pHa between 7.40 - 7.50 and PaCO2 > 50 mm. Hg.: Compensated metabolic alkalosis                
                                                                                            (rarely seen clinically) 
 

11.  A blood-gas determination with a pH = 7.30, PaCO2 and [HCO3-] is representative of that 
found in pure respiratory acidosis. 
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RELATING THE BLOOD GAS VALUES TO CELLULAR PHYSIOLOGICAL 
FUNCTION 
 
 
VENTILATION SITUATIONS: (PaCO2) BEST REFLECTS SUFFICIENT OR  
      ADEQUATE VENTILATION 
 
  ABG VALUE             INTERPRETATION                         RESPONSE 
 
35 - 45 MM.HG.    NORMAL VENTILATION     DON’T COMMIT TO MECHANICAL VENT. 
                                                                          DON’T CHANGE VENTILATION 
 
ABOVE 45 mmHg  PATIENT NOT  VENTILATE PATIENT 
                                     VENTILATING             INCREASE EFFECTIVE ALVEOLAR VENT. 
 
BELOW 35 mmHg PATIENT IS OVER  POSSIBLE OXYGENATION OR  
                             VENTILATING           NEUROLOGICAL PROBLEMS 
 
 
NOTE: 
 
ABNORMAL PaCO2 WITH A NORMAL PH  =  C.O.P.D. PATIENT 
 
 
 
 
 
OXYGENATION SITUATIONS: (PaO2, FIO2) 
 
 
    ABG VALUE         FIO2               INTERPRETATION                RESPONSE 
 
80 - 100 MM.HG.     .21   NORMAL OXYGENATION CHECK SaO2 & HgB 
 
Below 80           .21 - .59    HYPOXEMIA due to: 
  (HYPOXEMIA)                       1. POOR VENTILATION  INCREASE VENTILATION 
                                                         (High PaCO2) 
 

   2. V/Q MISMATCH INCREASE FIO2 
                                                        (NORMAL PaCO2) 
 
Below 80                   .60   HYPOXEMIA due to: 
  (HYPOXEMIA)                       3.  SHUNTING                   INSTITUTE CPAP OR PEEP    
 
Above 100          .22 - 1.00    OVER OXYGENATION          DECRESE FIO2, PEEP or CPAP 
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  (HYPEROXEMIA)    
 
NOTE: 
  
 DECREASE THE FIO2 FIRST, IF ABOVE .60 
 
 ONCE THE FIO2 IS BELOW 60mmHg, THEN REDUCE PEEP/CPAP. 
 
 
 
 
 
 
 

An Approach to the Analysis of Arterial Blood Gases 
and Acid-Base Disorders 

A REVIEW : OVERVIEW 

I. Introduction 
II. Basic concepts 
III. Stepwise approach to diagnosing acid-base disorders  

 Step 1: Acidemic or Alkalemic?  
 Step 2: Is the primary disturbance respiratory or metabolic?  
 Step 3. For a respiratory disturbance, determine whether it is acute or 

chronic.  
 Step 4.For a metabolic acidosis, determine whether an anion gap is present.  
 Step 5. Determine whether other metabolic disturbances co-exist with an 

anion gap acidosis.  
 Step 6. Assess the normal compensation by the respiratory system for a 

metabolic disturbance.  

IV. Specific Acid-Base Disorders and Diagnoses 
 

I. Introduction 

This document is designed to provide a practical approach to arterial blood gas analysis 
and will provide basic principles for understanding acid-base disturbances commonly 
encountered in medical practice. Although physiologic equations will appear throughout, 
the derivation and physiologic basis will not be discussed. Prior background in the 
physiology of respiratory system and acid-base disturbances is strongly recommended, 
but not required to complete this section.  
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II. Basic concepts 

The anatomy of an arterial blood gas (ABG) as seen most often in the medical record: 

7.40/40/98/24, or 

pH/PaCO2/PaO2/HCO3
- 

pH: arterial blood pH 
PaCO2: arterial CO2 pressure, mm Hg (often written more simply as 
PCO2) 
PaO2: arterial O2 pressure, mm Hg (often written more simply as PO2) 
HCO3

-: serum bicarbonate concentration, mEq/liter 

Hypoxia refers to reduced oxygen pressure in the alveolus. Hypoxemia refers to low 
arterial PaO2. At or near sea level (in Iowa), the following equation will estimate the 
average value for arterial PaO2: 

PaO2 = 104.2 - (0.27 x age)  

In the alveolus a reciprocal relationship exists between oxygen and carbon dioxide. 
Carbon dioxide accumulation as a result of inadequate ventilation displaces oxygen. 
Also, a normal gradient of about 10 mmHg exists between alveolar oxygen pressure 
(PAO2) and the arterial oxygen pressure (PaO2). Generally, there is no gradient between 
the alveolar carbon dioxide pressure (PACO2) and the arterial PaCO2. The ABG PaCO2 
and PaO2 values will reflect these relationships. The reciprocal relationship between the 
PAO2 and PACO2, is illustrated by the Alveolar Gas Equation shown below. The second 
of the two following equations is simplified for Iowa atmospheric conditions and 
breathing ambient air (FiO2 = fraction of inspired oxygen which is .21 for ambient air, the 
correction factor for PCO2 is derived by dividing by R (respiratory quotient) which is 
estimated to be 0.8.  See your physiology book for more details):  

PAO2 = FiO2(700) - (PACO2 x 1.25), or 

PAO2 = 147 - (PACO2 x 1.25) (for Iowa) 

The PACO2 is equivalent to PaCO2 because there is no gradient. The PAO2 to PaO2 
gradient is normally close to 10 (up to 21 in older individuals) and is written as follows: 

P(A-a)O2 = 10 mmHg 
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These relationships are most pertinent in cases of hypercarbia or elevated PaCO2, due to 
impaired ventilation. Impaired ventilation results in respiratory acidosis which is 
discussed in greater detail in the next section. The following table illustrates the effect of 
increased PACO2 in a patient with a normal P(A-a)O2 gradient of 10.  

Table 1. Effect of PACO2 on PaO2 

PACO2 & PaCO2 PAO2 PaO2 

40 97 87 

64 67 57 

80 47 37 

Acidemia and alkalemia refer to the alterations in the blood pH. Both respiratory and 
metabolic disorders can contribute to alterations in pH and are referred to as a respiratory 
acidosis or respiratory alkalosis, and a metabolic acidosis or metabolic alkalosis. A single 
disorder may account for the observed acidemia or alkalemia, but often more than one 
disorder occurs concurrently. These are referred to as mixed or complex acid-base 
disorders. For example an alkalemic ABG may exhibit a mixed respiratory acidosis and a 
metabolic alkalosis. Identifying the simple as well as the complex acid-base disorders 
will be possible by applying the stepwise approach outlined in the next section. 

III. Stepwise approach to diagnosing acid-base disorders 

The following is a six-step logical approach to analyzing acid-base disorders utilizing the 
ABG and serum electrolyte data. It was originally proposed by Narins and Emmett (3) 
and further refined by Morganroth (1,2). These steps are based on sound physiologic 
principles, yet require an elementary understanding of those principles on the part of the 
student.  

 Step 1: Acidemic or Alkalemic?  

The pH of the arterial blood gas measurement identifies the disorder as alkalemic or 
acidemic.  

Normal arterial blood pH = 7.40  0.02 

Acidemic: pH < 7.38  
Alkalemic: pH > 7.42 
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 Step 2: Is the primary disturbance respiratory or metabolic?  

This step requires one to determine whether the disturbance affects primarily the arterial 
PaCO2 or the serum HCO3

- 

A respiratory disturbance alters the arterial 
PaCO2 (normal value 40, range 38-42). Go 
to step 3. 

A metabolic disturbance alters the serum 
HCO3

- (normal value 24, range 22-26).  

 If HCO3
- < 22, metabolic acidosis is 

present. Go to step 4.  
 If HCO3

- > 26, metabolic alkalosis is 
present, is respiratory compensation 
adequate? Go to step 6.  

The Henderson-Hasselbalch equation provides the basis for the relationship between the 
blood pH and PaCO2, HCO3

-, and it is shown below. The calculation, however, has no 
practical value. 

pH = pK + log [HCO3
-/PaCO2] x K, or 

[H+] = 24 x PaCO2/HCO3
- 

 Step 3. For a respiratory disturbance, determine whether it is acute or 
chronic.  

A respiratory acidosis results from accumulation of PaCO2 and a respiratory alkalosis 
results from hyperventilation or a low PaCO2 (specific causes of respiratory acidosis and 
alkalosis are listed in section IV). For acute disturbances a PaCO2 variation from normal 
by 10 mm Hg is accompanied by a pH shift of approx. 0.08 units. A chronic disturbance 
reflects renal mediated HCO3

- shifts. Renal compensation requires several hours to 
develop and is maximal after 4 days. Therefore during chronic disturbances, a PaCO2 

variation from normal of 10 is accompanied by a smaller pH shift of only 0.03 units. 
Also, the renal correction brings the pH back toward normal, but not completely. These 
relationships are spelled out in the following equations:  

Acute respiratory acidosis: pH decrease = 
0.08 x (PaCO2 - 40)/10 
Chronic respiratory acidosis: pH decrease = 
0.03 x (PaCO2 - 40)/10 

Acute respiratory alkalosis: pH increase = 
0.08 x (40 - PaCO2)/10 
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Chronic respiratory alkalosis pH increase = 
0.03 x (40 - PaCO2)/10 

 Step 4. For a metabolic acidosis, determine whether an anion gap is present.  

The anion gap calculation simplifies the diagnosis of the cause for a metabolic acidosis.  

What is the anion gap? The normal anion gap is 12 mEq/L. The anion gap is the 
calculated difference between negatively charged (anion) and positively charged (cation) 
electrolytes, which are measured in routine serum assays. The total of measured cations 
represented by sodium (Na+), is greater than the total measured anions, HCO3

- and 
chloride (Cl-). Turned around, that difference or gap also can be viewed as the 
unmeasured anion concentration. The unmeasured anion concentration dominates the 
balance between the unmeasured serum anions and cations as illustrated in Table 2. 

Table2. Anion Gap reflects the unmeasured anion and cations. 

Unmeasured Anions vs Unmeasured Cations 

Proteins, mostly albumin 15 mEq/L   Calcium 5 mEq/L 

Organic acids 5 mEq/L   Potassium 4.5 mEq/L 

Phosphates 2 mEq/L   Magnesium 1.5 mEq/L 

Sulfates 1 mEq/L     

Totals: 23 mEq/L   11 mEq/L 

Thus the balance favors the unmeasured anions by 12 mEq/L, which is the normal anion 
gap. The unmeasured anions rarely change enough to affect anion gap interpretation. 
Knowledge of the unmeasured anions is not essential to the calculation of the anion gap. 
However, one needs to understand the concept in order to recognize the rare instances 
when the anion gap is not 12 for reasons other than a metabolic acidosis. These 
exceptions are listed at the end of this section.  

The causes of an anion gap acidosis differ from those of a normal or non-anion gap 
acidosis (see causes of metabolic acidosis in section IV). The anion gap determination is 
an excellent tool for narrowing the list of potential causes of a metabolic acidosis. The 
simple calculation is shown below. The anion gap calculation requires values for the 
serum Na+, Cl-, and HCO3

-: 

Anion gap = Na+ - (Cl- + HCO3
-), 

Anion gap metabolic acidosis, anion gap > 
12 
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Normal or non-anion gap acidosis, anion 
gap  12  

The calculation of the anion gap provides reliable data with the following rare exceptions 
(One should come back to these later after one has a solid grasp of the six-step system for 
acid-base analysis):  

Patients with a low serum albumin (e.g. cirrhosis, nephrotic syndrome, 
malnutrition) have an anion gap acidosis, but the measured anion gap is 
normal or < 12. The reason is that albumin has many negative charges on 
its surface and accounts for a significant proportion of the unmeasured 
anions (see Table 2). Severe hypoalbuminemia may exhibit a normal 
anion gap as low as 4. Therefore in severe hypoalbuminemia if the anion 
gap increases and approaches 12, one must suspect an additional 
metabolic cause for the increased anion gap (see causes of anion gap 
acidosis in section IV) 

Alkalemic patients with pH > 7.5, the anion gap may be elevated due to 
metabolic alkalosis and not because of additional metabolic acidosis. This 
is probably due to unmeasured anion accumulation. Specifically, the 
negative charges on the surface of albumin become more negative in 
alkalemic conditions which would increase the unmeasured anions (Table 
2) and the anion gap. The distinction between whether an anion gap is due 
to alkalemia or an underlying acidosis in an alkalemic patient needs to be 
considered in some clinical situations. 

 Step 5. Determine whether other metabolic disturbances co-exist with an 
anion gap acidosis.  

A non-anion gap acidosis or a metabolic alkalosis (section IV for specific causes) may 
exist concurrently with an anion gap acidosis. This determination requires one to account 
for the increase in the anion gap and determine whether additional variation in HCO3

- 
exists. If no other metabolic disturbance exists, then the following calculation would 
result in 24: 

Corrected HCO3
- = measured HCO3

- + 
(anion gap - 12) 

If the corrected HCO3
- varies significantly above or below 24, then a mixed or more 

complex metabolic disturbance exists. To be more specific, if the corrected HCO3
- is 

greater than 24, a metabolic alkalosis co-exists. If the corrected HCO3
- is less than 24 

then a non-gap acidosis co-exists. 
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The following examples help one understand how this step works. A patient with a anion 
gap metabolic acidosis has a HCO3

- of 10 mEq/L and an anion gap of 26. By calculating 
the corrected HCO3

- one finds the result to be 24 and can conclude that no other 
metabolic disturbance co-exists. If this patient had a HCO3

- of 15 and an anion gap of 26, 
then the corrected HCO3

- would calculated to 29, a value significantly greater than 24. 
One would then conclude that metabolic alkalosis co-exists with the gap acidosis.  

 Step 6. Assess the normal compensation by the respiratory system for a 
metabolic disturbance.  

The respiratory system responds quickly to a metabolic disturbance and most predictably 
to a metabolic acidosis. The change in PaCO2 exhibits a linear correlation with the change 
in HCO3

-. The equation that predicts the respiratory response to a metabolic acidosis is 
called Winter’s formula: 

Expected PaCO2 = (1.5 x HCO3
-) + (8  2) 

In the setting of a simple metabolic acidosis, the measured PaCO2 will fall within the 
range predicted by Winter’s formula. If a respiratory disturbance is occurring 
concurrently with the metabolic acidosis, it would be defined by the direction the PaCO2 
varies outside the range predicted by Winter’s formula, not by the PaCO2 variation from 
the normal value of 40.  

Working through the following example illustrates how to utilize Winter’s formula to 
assess the respiratory response to metabolic acidosis. If the serum HCO3

- is 10 mEq/L, 
the PaCO2 should be between 21 and 25 according to Winter’s formula. If the measured 
PaCO2 falls outside of this range, then an additional respiratory disturbance must be 
occurring concurrently. If the measured PaCO2 is less than 21, then the additional 
disturbance is a respiratory alkalosis. If the measured PaCO2 is greater than 25, then the 
additional disturbance is a respiratory acidosis.  

Winter’s formula does not predict the respiratory response to a metabolic alkalosis. The 
magnitude of respiratory response to metabolic alkalosis is not easily predictable. When 
present, the respiratory response to metabolic alkalosis is hypoventilation, but the degree 
of PaCO2 increase does not exhibit a linear relationship with the HCO3

-. Two general 
rules hold up for the respiratory response to a metabolic alkalosis: 

 a patient will increase PaCO2 above 40 but not 
greater than 50-55 to compensate for a metabolic 
alkalosis.  

 a patient will be alkalemic (pH > 7.42) if the PaCO2 
is elevated to compensate for a metabolic alkalosis 
(If the patient is acidemic, pH < 7.38, then an 
additional respiratory acidosis is present).  
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IV. Specific Acid-Base Disorders and Diagnoses 

1. Respiratory Acidosis:  

Respiratory acidosis results from hypoventilation which is manifested by 
the accumulation of CO2 in the blood and a drop in blood pH. Examples of 
specific causes can be categorized as follows: 

 Central Nervous System Depression (Sedatives, CNS disease, 
Obesity Hypoventilation syndrome)  

 Pleural Disease (Pneumothorax)  
 Lung Disease (COPD, pneumonia)  
 Musculoskeletal disorders (Kyphoscoliosis, Guillain-Barre, 

Myasthenia Gravis, Polio)  

2. Respiratory Alkalosis: 

Respiratory alkalosis results from hyperventilation which is manifested by 
excess elimination of CO2 from the blood and a rise in the blood pH. 
Examples of specific causes are listed below: 

 Catastrophic CNS event (CNS hemorrhage)  
 Drugs (salicylates, progesterone)  
 Pregnancy (especially the 3rd trimester)  
 Decreased lung compliance (interstitial lung disease)  
 Liver cirrhosis  
 Anxiety  

3. Anion Gap Acidosis 

Anion gap acidosis results from accumulation of acidic metabolites and is 
manifested by a low HCO3

- and an anion gap > 12 (anion gap calculation 
discussed in step 3). Examples of specific causes: 

 Uremia  
 Ketoacidosis (diabetic hyperglycemia, EtOH withdrawal)  
 Alcohol poisons or drug intoxication (methanol, ethylene glycol, 

paraldehyde, salicylates)  
 Lactic acidosis (sepsis, left ventricular failure)  

One may use a mnemonic device to remember these items. MULEPAK is 
a mnemonic commonly used (Methanol, Uremia, Lactic acidosis, 
Ethylene glycol intoxication, Paraldehyde intoxication, Aspirin, 
Ketoacidosis).  
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4. Non-Anion Gap Acidosis 

Non-anion gap acidosis results from loss of bicarbonate or external acid 
infusion and is manifested by a low HCO3

-, but the anion gap is <12 
(anion gap calculation is discussed in step 3). Examples of specific causes: 

 GI loss of HCO3
- (diarrhea)  

 Renal loss of HCO3
-  

 Compensation for respiratory alkalosis  
 Carbonic anhydrase inhibitor (Diamox)  
 Renal tubular acidosis  
 Ureteral diversion  

 Other causes: HCl or NH4Cl infusion, Cl gas inhalation, 
Hyperalimentation  

A mnemonic device may be used to remember this list of causes. The 
commonly used mnemonic is ACCRUED (Acid infusion, Compensation 
for respiratory alkalosis, Carbonic anhydrase inhibitor, Renal tubular 
acidosis, Ureteral diversion, Extra alimentation or hyperalimentation, 
Diarrhea). 

 

5. Metabolic Alkalosis 

Metabolic alkalosis results from elevation of serum bicarbonate. Examples 
of specific causes: 

 Volume contraction (vomiting, overdiuresis, ascites)  
 Hypokalemia  
 Alkali ingestion (bicarbonate)  
 Excess gluco- or mineralocorticoids  
 Bartter’s syndrome  

References:  
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A REVIEW : IN DEPTH 

 

I. Introduction to Arterial Blood Gases 

Arterial blood gases are an important diagnostic tool for the evaluation of 
patients. They are useful for determining both the oxygenation status as 
well as the acid-base balance of the patient. This program is designed to 
teach the basic principles of arterial blood gas analysis. A background in 
respiratory physiology is recommended, but not required to understand 
this method. The program will teach a practical and systematic approach 
to understanding of oxygenation and acid-base disturbances encountered 
in medical practice. For trainees, a review of the basic terminology and 
physiology is included.  

II. Basic Concepts: Arterial Blood Gas 

In the written medical record, the arterial blood gas often appears as a series of values as 
below: 

7.40 / 40 / 98 / 24, or 
pH / PaCO2 / PaO2 / HCO3

- 

where pH  = arterial blood pH  
 PaCO2 (or PCO2) = arterial pressure of CO2, in mm Hg 
 PaO2 (or PO2) = arterial pressure of O2, in mm Hg 
 HCO3

- = serum bicarbonate concentration, in mEq/liter 

The term hypoxia refers to reduced oxygen pressure (partial pressure of oxygen) in the 
alveolus. The term hypoxemia refers to reduced oxygen content in arterial blood (the 
suffix "-emia" refers to something "in the blood"). A normal arterial pressure of O2 is 
dependent on the atmospheric pressure, temperature, inspired O2 content, and the 
patient's age. Assuming the patient is breathing room air at sea level, a patient's PaO2 
may be estimated at 

PaO2 = 104-(0.27 x age) 
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III. Basic Concepts: Gas Exchange 
 
A patient can be hypoxemic for two basic reasons; oxygen may not be delivered to the 
alveolar air sacs (hypoventilation) or oxygen in the alveoli may not enter into the blood 
stream. Hyperoxia is not a term which is clinically used, however, we hope that our 
patients have normoxemia, or normal levels of oxygen (generally attached to 
hemoglobin) with or without oxygen supplementation. 

A patient can be hypercarbic, or have elevated levels of CO2 in the blood, which is due 
to an inability to normally exchange gas in the lungs. 

 
 
IV. Basic Concepts: Acid-Base Disturbances 

The terms acidemia and alkalemia refer to alterations in blood pH, and are the result of 
underlying disturbance(s) (metabolic and/or respiratory). Again the suffix "-emia" refers 
to the blood. The terms acidosis and alkalosis refer to the processes that alter the acid-
base status. There can be (and often are) more than one of these processes simultaneously 
in a patient. 

Processes that alter the acid-base status of a patient can be divided into metabolic or 
respiratory processes. Metabolic processes are those that primarily alter the bicarbonate 
concentration in the blood. A decrease in serum bicarbonate (an alkali or base) leads to a 
metabolic acidosis, while an increase in serum bicarbonate leads to a metabolic 
alkalosis. Respiratory processes alter the pH of the serum by changing the carbon 
dioxide levels. Carbon dioxide accumulation causes an acid state in the blood (through 
carbonic acid), and as respirations (respiratory rate and/or tidal volume) increase, the 
body eliminates more carbon dioxide (acid) and is left with an respiratory alkalosis. 
Alternatively, a decrease in ventilation leads to retention and increased levels of CO2, and 
thus a respiratory acidosis. In conclusion, pH altering processes can be one of four 
types: metabolic acidosis, metabolic alkalosis, respiratory acidosis, or respiratory 
alkalosis. Again, one or more of these processes may be present in a patient with an 
abnormal acid-base status. 

 
 
V. Systematic Analysis of Arterial Blood Gases 

Arterial blood gases are obtained for two basic purposes: to determine oxygenation and to 
determine acid-base status. To ensure complete interpretation of these points, it is 
important to systematically examine each component of the arterial blood gas. This 
module will now demonstrate how to systematically determine oxygenation, and then 
evaluate the acid-base status. 



 

 
 

68

Determining Oxygenation and (A-a) Gradient 
{Alveolar-arterial oxygen gradient} 

An important part of interpreting blood gases is to assess oxygenation. An arterial oxygen 
concentration of less than 55 mm Hg, associated with an oxygenation of less than 90%, is 
poorly tolerated in humans, therefore a PaO2 of less than 55 is termed hypoxemic. 
However, "normal" oxygenation decreases with age as the lungs become less efficient at 
diffusing oxygen from the alveolus to the blood. Again, normal oxygenation for age can 
be estimated 

PaO2 = 104.2 - (0.27 x age) 

Or more crudely, normal oxygenation for age is roughly 1/3 of the patient's age 
subtracted from 100. Using this estimation, a 60-year-old patient should have a PaO2 of 
80. Values less than this would be considered hypoxemic for age. 

Calculating the alveolar-arterial oxygen gradient (A-a gradient) can determine if 
hypoxia is a reflection of hypoventilation (in other words, decreased because of a rise in 
PaCO2) or due to deficiency in oxygenation. Unlike oxygen (for which alveolar 
concentrations are higher than arterial concentrations), carbon dioxide freely diffuses 
across the alveolar membrane such that the arterial and alveolar concentrations are 
identical. As a patient hypoventilates, he (or she) will accumulate CO2 in the body (more 
carbon dioxide is produced through metabolism than can be eliminated) and thus the 
blood (where we measure it as PaCO2). The carbon dioxide displaces the oxygen in the 
alveolus. This reciprocal relationship between oxygen and carbon dioxide in the alveolus 
is described by the alveolar gas equation: 

PAO2 (partial pressure of oxygen in the alveolus)= 150-1.25( PACO2) 

PA refers to the partial pressure of a gas in the alveolus, and Pa refers to the partial 
pressure of a gas in the arterial blood. 

This equation assumes that the patient is breathing room air (21% O2) at atmospheric 
pressure.  

Where does 150 come from? :  

(atmospheric P - water vapor P) x FIO2. At room temperature, at sea 
level, atmospheric pressure = 760 mm Hg; in the lung, the air is fully 
saturated with water, giving a water vapor pressure of about 47. Room Air 
is about 21%, thus at room air, the PAO2 = 0.21(760-47) = 149.7, or 
about 150. 

AND where does 1.25 come from? This is a fudge factor which is derived 
from the respiratory quotient. The formula actually requires that the 
PACO2 be divided by the respiratory quotient, which is defined as the ratio 
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of CO2 produced to O2 consumed (and which depends on diet and 
metabolism). We estimate the RQ to be 0.8, and the reciprocal of 0.8 is 
1.25. 

This value is the partial pressure of oxygen within the alveolus. Because the carbon 
dioxide freely diffuses from arterial blood to alveolar airspaces, the PACO2 is equal to the 
PaCO2, which is measured in the arterial blood gas. The above equation can then be 
rewritten as 

PAO2 = 150-1.25( PaCO2) 

To determine the gradient of oxygen pressures between the alveolus and the arterial 
blood, subtract the arterial oxygen pressure from the alveolar oxygen pressure, or 

A-a gradient = PAO2 - PaO2 
or 

A-a gradient = [ 150-1.25 (PaCO2) ] - PaO2 

A normal A-a gradient is 10-20 mm Hg, with the normal gradient increasing within this 
range as the patient ages. An increased A-a gradient identifies decreased oxygen in the 
arterial blood compared to the oxygen in the alveolus. This suggests a process that 
interferes with gas transfer, or in general terms, suggests ventilation-perfusion mismatch. 
A normal A-a gradient in the face of hypoxemia suggests the hypoxemia is due to 
hypoventilation and not due to underlying lung disorders. 

A-a gradient when the patient is not breathing room air is calculated as: {(FIO2)(760-47) - 
(1.25)(PaCO2)} - PaO2. 

 
 
 
VI. Step 4: more info: 
 

This step is only necessary if you have already determined that there is a metabolic 
acidosis (low HCO3 with an acidosis/acidemia).  

Processes that lead to a metabolic acidosis can be divided into those with an increased 
anion gap and those without an increased gap. The anion gap is the difference between 
the measured serum cations (positively charged particles) and the measured serum anions 
(negatively charged particles). (Of course, there is no real gap; in the body the number of 
positive and negative charges are balanced. The gap refers to the difference in positive 
and negative charges among cations and anions which are commonly measured.)  
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The commonly measured cation is sodium. (Some people also use potassium to calculate 
the gap; that results in a different range of normal values, and we will not use potassium 
to calculate the gap subsequently.) The measured anions include chloride and 
bicarbonate. Thus the anion gap can be summarized as: 

Anion gap = [Sodium] - ([Chloride] + [Bicarbonate]) 
Or 

AG = [Na+] - ([Cl-] + [HCO3
-]). 

The normal anion gap is 12. An anion gap of greater than 12 is increased. This is 
important, because it helps to significantly limit the differential diagnosis of a metabolic 
acidosis. Various mnemonics exist for the causes of an increased anion gap metabolic 
acidosis (often referred to simply as a gap acidosis), one of which is MULEPAK. The 
most common etiologies of a metabolic acidosis with an increased anion gap include:  

Methanol other alcohols, and ethylene glycol intoxication 

Uremia (renal failure) 

Lactic acidosis 

Ethanol  

Paraldehyde and other drugs 

Aspirin  

Ketones (starvation, alcoholic and diabetic ketoacidosis) 

 

VII. More info on step 5: 

This step is only necessary if you have already determined that there is an increased 
anion gap metabolic acidosis. 

In this case, does the increase in anion gap completely explain the acid base disorder, or 
is there another metabolic process present? Remember that in an anion gap metabolic 
acidosis, the bicarbonate is decreased due to the presence of unmeasured anions. For 
every molecule of this anion present, one molecule of bicarbonate is lost. Thus if the 
concentration of this unmeasured anion (the increase in the anion gap above normal) is 
added to the concentration of serum bicarbonate, this "corrected bicarbonate" value 
should be equal to a normal serum bicarbonate concentration. If the corrected bicarbonate 
is not normal, an additional metabolic disturbance is present. The corrected bicarbonate 
concentration is calculated: 

Corrected HCO3- = measured HCO3
- + (anion gap - 12).  
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If the corrected HCO3
- is less than normal (less than 24 mEq/liter) then there is an 

additional metabolic acidosis present. Corrected HCO3
- values of greater than 24 

mEq/liter reflects a co-existing metabolic alkalosis.  

For example, in a diabetic ketoacidosis with a measured HCO3
- of 12, and an 

anion gap of 24 [which is increased by 12 over normal], the corrected HCO3
- 

would = 12 + (24-12) =24, which is normal, and suggests that no secondary 
metabolic process was ongoing.  

On the other hand, if the diabetic patient also had gastroparesis and had been 
vomiting, causing a loss of gastric acid and therefore a metabolic alkalosis, the 
measured bicarbonate may be 18 and the anion gap 24. The corrected HCO3

- 
would then = 18 + (24-12) =30, which is elevated, indicating two simultaneous 
metabolic problems: metabolic acidosis (from the diabetic ketoacidosis) and 
metabolic alkalosis (from the loss of gastric acids). 

 

VIII. More info step 6: 

This step is only necessary if you have already determined that there is a primary 
metabolic disturbance. 

The body responds to a metabolic acidosis by increasing respirations and thus decreasing 
carbon dioxide (acid) in the blood. This response is predictable, and there is a linear 
relationship between the PaCO2 and serum bicarbonate. This relationship is expressed in 
the "Winter's formula": 

Expected PaCO2 = [1.5 x serum HCO3
-] + 8 ± 2. 

If the measured PaCO2 is greater than the expected PaCO2, then the respiratory system is 
not compensating for the metabolic acidosis, and a respiratory acidosis is also present. 

The respiratory system does not respond as predictably to a metabolic alkalosis as it does 
to a metabolic acidosis. Suffice it to say that (regardless of the serum HCO3

- level) the 
respiratory system rarely reacts by retaining CO2 to a pressure greater than 50-55 mm Hg, 
and that a value greater than that suggests an abnormal (i.e. primary) respiratory acidosis. 

 

IX. Sample Problem: Determining Oxygenation 

Below is a clinical example of an acid-base disorder. You will be led through the 
systematic analysis of the disorders present in this patient. 
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A 22 year old man presents with confusion. He has had diabetes since age 12, and has 
been suffering from an intestinal flu for the last 24 hours. He has not been eating much, 
has vague stomach pain, stopped taking his insulin, and has been vomiting. His glucose is 
high and he has the following electrolytes and arterial blood gases:  

 Na+ 130 mEq/L  
 Cl- 80 mEq  
 HCO3

-10mEq/L  

 

 pH 7.20  
 PaCO225 mm Hg  
 PO2 68 mm Hg  

Interpret the ABG values and determine the acid-base abnormalities. 

 

Sample Problem: Determining Oxygenation - Solution 

Patient values: Na+ 130, Cl- 80, HCO3
- 10. ABG 7.20/25/68 

A 22 year old man should have a PaO2 of 100 - 1/3 of 22, or about 93 mm Hg. Therefore 
he is hypoxemic for age. The A-a gradient is calculated (we can use the easy formula 
because he's breathing room air) 

A-a gradient = [ 150 - 1.25 (PaCO2) ] - PaO2 
Or  

[150 - 1.25 (25)] - 68 = 51 

This is about 51, which is markedly elevated from normal (about 10) for his age. This 
suggests that there is a primary lung problem and that his hypoxia is not related to 
hypoventilation. One might hypothesize that he aspirated in his confusional state, but this 
would need further investigation.  

 

Sample Problem: Acidemic or Alkalemic? 

Step 1: Acidemic or Alkalemic? 

Patient values: Na+ 130, Cl- 80, HCO3
- 10. ABG 7.20/25/68 

The pH is 7.20, which is less than normal (7.38-7.42), so the patient is acidemic.  
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Step 2: Respiratory or Metabolic disturbance? 

Patient values: Na+ 130, Cl- 80, HCO3
- 10. ABG 7.20/25/68 

The PaCO2 is low (< 40), so the respiratory system is not causing the acidosis. 

The bicarbonate is low (< 24), which indicates a metabolic acidosis. 

So the patient has a metabolic acidosis. Step 3 relates to primary respiratory 
disturbances, so it does not apply to this patient. Skip to step 4 of the systematic analysis. 

 Step 4: Is there an increased anion gap? 

Patient values: Na+ 130, Cl- 80, HCO3
- 10. ABG 7.20/25/68 

Since this is a metabolic acidosis, we calculate the anion gap. The anion gap is calculated 
by subtracting the anions (Cl-, HCO3

-) from the cations (Na+).  

[Na+] - ([Cl-] + [HCO3
-]) = 130-(80+10)= 130-90= 40 mEq/liter. The normal anion gap is 

twelve, so the anion gap is increased. 

So, the patient has a metabolic acidosis with an increased anion gap.  

 

Step 5: Are there other metabolic disturbances present in a patient with an anion gap 
metabolic acidosis? 

Patient values: Na+ 130, Cl- 80, HCO3
- 10. ABG 7.20/25/68 

Calculate the HCO3
- concentration corrected for the anion gap (corrected HCO3

-).  

Remember that for each mEq of unmeasured anion gap present above normal (12 
mEq/liter), the HCO3- decreases by 1 mEq/liter. The anion gap is 40, which is 28 
mEq/liter above normal, so to correct the HCO3- for the anion gap, you add this value to 
the measured HCO3-.  

Corrected HCO3
- = measured HCO3

- + (AG-12) = (10) + (40-12) = 38.  

The corrected HCO3- is much higher than a normal HCO3
- (24), suggesting there is a 

metabolic alkalosis present also. 

So far there is a metabolic acidosis with an increased anion gap and a co-existing 
metabolic alkalosis.  
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Step 6: Is the respiratory system compensating for a metabolic acidosis? 

Patient values: Na+ 130, Cl- 80, HCO3
- 10. ABG 7.20/25/68 

Use Winter's formula to determine what the expected PaCO2 is for the given 
bicarbonate. 

Expected PaCO2 = 1.5 (HCO3
-) + 8 ± 2 = 1.5 (10) + 8 ± 2 = 23 ± 2. 

The PaCO2 is expected to be between 21 and 25, and the measured PaCO2 falls within the 
expected range, indicating the respiratory system is compensating appropriately. 

In summary, the patient is hypoxemic from a primary lung process. He also has a 
metabolic acidosis with an increased anion gap, a coexisting metabolic alkalosis, and a 
compensatory respiratory alkalosis.  
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Test Your Skills 

The following pages provide case scenarios including arterial blood gases and serum 
electrolytes. You will be asked to evaluate the oxygenation of the patient as well as 
identify all acid-base abnormalities present. We suggest that you analyze each problem 
with regard to: A) Oxygenation (including A-a gradient); B) Acid-Base status 
(following the 6-step method described above). The first case will guide your thinking, 
and each additional case will offer less help, allowing you to show off your skills.  

Case #1 
 
A 24-year-old student on the 6-year undergraduate plan is brought to the ER cyanotic and 
profoundly weak. His roommate has just returned from a semester in Africa. The patient 
had been observed admiring his roommate's authentic African blowgun and had scraped 
his finger on the tip of one of the poison darts (curare). 

Electrolytes and ABG results: Na 138, Cl 100, HCO3
- 26, and ABG 7.08/80/37. 

1. Is the patient hypoxemic?  

 Yes 

 No 
 
If you checked yes: YOU ARE CORRECT!  

A PaO2 of 37 mm Hg is much lower than 55 mm Hg, which is the definition of 
hypoxemia. 

If you checked no: INCORRECT  

Actually, this patient is quite hypoxemic. A 24-year-old man should have a PaO2 of [100 -
-1/3 of age (24)], or a PaO2 of 92. His is quite low for his age. In fact, a PaO2 of less than 
55 mm Hg is hypoxemic in any age group and quite dangerous. 

2. Does the patient probably have a pneumonia to account for his extreme 
hypoxemia? 

 Yes 

 No 
 
If you checked yes: INCORRECT  
 
If you checked no: YOU ARE CORRECT!  
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It is unlikely that this patient has a pneumonia (or any other lung process) to account for 
his hypoxemia. This is because he has a normal A-a gradient. This is calculated  

A-a gradient = [ 150 - 1.25 (PaCO2) ] - PaO2 

Or [150 - 1.25 (80)] - 37 = 10. This is a normal A-a gradient, so the hypoxemia is solely 
due to hypoventilation (from the curare, which causes paralysis of the diaphragm and all 
other muscles). 

Case #2: 
 
A 42 year old diabetic female who has been on insulin since the age of 13 presents with a 
4 day history of dysuria which has progressed to severe right flank pain. She has a 
temperature of 38.8ºC, a WBC of 14,000, and is disoriented. 

Her electrolytes are Na+ 135, K+ 4.8, HCO3
- 12, Cl- 99 

ABG: 7.23 / 25 / 118  

1. Is this patient hypoxic? 

 Hypoxic 

 Not hypoxic 
 
If you marked Hypoxic: SORRY, INCORRECT  
 
If you marked Not hypoxic: YOU ARE CORRECT  

A PaO2 of 118 mm Hg is well above this patient’s expected PaO2 of 86 (100 minus 1/3 of 
42). It doesn't get much easier than this. 

Now use the systematic method to evaluate the acid-base disorders present.  

Step 1: acidemic or alkalemic? 

 Acidemic 

 Alkalemic 
 
If you selected Acidemic: YOU ARE CORRECT  
 
If you selected Alkalemic: SORRY, INCORRECT  

The pH is less than 7.40, so the patient is acidemic. 

Step 2: So is the acidemia primarily from a respiratory or metabolic process? 
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 Respiratory 

 Metabolic 
 
If you answered Respiratory:  SORRY, INCORRECT  
 
If you answered Metabolic: YOU ARE CORRECT  

The PaCO2 is low (< 40), so the respiratory system is not causing the acidosis. The 
bicarbonate is low (< 24), which indicates a metabolic acidosis. So the patient has a 
metabolic acidosis. 

Step 3: Is the metabolic acidosis associated with an increased anion gap? 

 Increased anion gap 

 Normal anion gap 
 
If you answered Increased anion gap: YOU ARE CORRECT  
 
If you answered Normal anion gap: SORRY, INCORRECT  

The anion gap is calculated by subtracting the anions (Cl- and HCO3
-) from the cations 

(Na+), or 135 - [99 + 12] = 24. This is elevated compared to a normal anion gap of 12. 

Step 5: In a patient with an increased anion gap metabolic acidosis, are there other 
metabolic processes present? 

 Additional metabolic processes present 

 No additional metabolic processes present 
 
If you answered Additional metabolic processes present: SORRY, INCORRECT  
 
If you answered No additional metabolic processes present:  YOU ARE CORRECT  

Remember that for each mEq of unmeasured anion gap present above normal (12 
mEq/liter), the HCO3

- decreases by 1 mEq/liter. The anion gap is 24, which is 12 
mEq/liter above normal, so to correct the HCO3

- for the anion gap, you add this value to 
the measured HCO3

-. Corrected HCO3
- = measured HCO3

- + (AG-12) = (12) + (24-12) = 
24. The corrected HCO3

- is normal (24 ± 2), so there are no metabolic processes present 
other than the anion gap metabolic acidosis. 

 

Step 6: Is the patient's respiratory system compensating adequately for the 
metabolic acidosis? 
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 Adequate respiratory compensation 

 Inadequate respiratory compensation 
 
If you chose Adequate respiratory compensation: YOU ARE CORRECT  
 
If you chose Inadequate respiratory compensation:  SORRY, INCORRECT  

To answer this question, use the Winters equation to predict the PaCO2 for a given 
bicarbonate concentration. This predicts that the PaCO2 is equal to 1.5 times the HCO3- 
plus 8± 2, or in this case: 

PaCO2 = 1.5 (12) + 8± 2 = 24 to 28. 

The measured PaCO2 of 25 falls within this range, so the respiratory system is indeed 
compensating adequately. 

Case #3 
 
A 71-year-old male, retired machinist, is admitted to the ICU with a history of increasing 
dyspnea, cough, and sputum production. He has a 120 pack-year smoking history, and 
quit 5 years previously. On exam he is moving minimal air despite using his accessory 
muscles of respiration. He has acral cyanosis. 

His electrolytes are Na+ 135, Cl- 93, HCO3
- 30. 

His ABG is 7.21 / 75 / 41.  

1. What is the etiology of this man's hypoxemia? 

 Increased (PA-Pa) O2 gradient 

 Pneumonia 

 Hypoventilation due to COPD 

 Pulmonary embolism 
 
If you answered Increased O2 gradient: SORRY, INCORRECT  
 
If you answered Pneumonia: SORRY, INCORRECT  
 
If you answered Hyperventilation: YOU ARE CORRECT  
 
If you answered Pulmonary embolism: SORRY, INCORRECT  

His (PA-Pa) O2 gradient, or A-a gradient, is calculated to be 147 - (1.25)(75) - 41=12. This 
normal A-a gradient means that oxygen is freely passing from the alveoli to the 
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pulmonary capillaries, and thus any hypoxia must be due to a decrease in ventilation 
rather than a parenchymal process. Pneumonia and pulmonary embolism are two 
processes that are associated with an increased A-a gradient; a normal A-a gradient 
makes these diagnoses very unlikely. 

2. Name the acid-base disturbance(s) present. 

 Acute respiratory acidosis 

 Chronic respiratory acidosis 

 Acute and chronic respiratory acidosis 

 Acute metabolic acidosis 

 Chronic metabolic acidosis 
 
If you answered Acute respiratory acidosis: SORRY, INCORRECT  
 
If you answered Chronic respiratory acidosis: SORRY, INCORRECT  
 
If you answered Acute and chronic respiratory acidosis: YOU ARE CORRECT  
 
If you answered Acute metabolic acidosis: SORRY, INCORRECT  
 
If you answered Chronic metabolic acidosis: SORRY, INCORRECT  

This is a respiratory acidosis as evidenced by the elevated PCO2. Acute respiratory 
processes alter the pH by 0.08 for every 10 mm Hg the PCO2 changes. If this process 
were an acute respiratory acidosis, his pH would change by  

(0.08)x(35/10)= 0.28, 

resulting in a pH of 7.12. Chronic respiratory processes affect the pH by 0.03 for every 
10 mm Hg of pCO2. For a PCO2 of 75, the resulting pH would be 7.29. Because the pH is 
between these two values, the current process is an acute and chronic respiratory acidosis. 

 

 

We sincerely hope this review and these case studies have increased 
your knowledge of ABGs, and hope you take another course from us 
real soon! 
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Glossary 
 
Acapnia- a condition of carbon dioxide deficiency in blood and tissues due to a low PCO2. 
 
Acid- a substance that can donate hydrogen ions. This is a substance that ionizes in solution to 
give the positive ion of the solvent and capable of giving up a proton, which can accept 
hydrogen ions.  
 
Acid-Base Balance - the chemical state of the body’s fluid regulation and homeostasis insures 
this dynamic state of balance. 
 
Acid-Base Disturbances - defined and named in terms of abnormal physiological processes 
rather than in terms of specific measured abnormalities in the blood. 
 
Acidemia- a condition which uncompensated reduction in alkaline substances or 
uncompensated increase in circulating acid substances results in increased acidity of the blood, 
so that the pH drops below 7.35. 
 
Acidosis - an abnormal physiological process in which acid is gained or base is lost 
 
Alkalosis - an abnormal physiological process characterized by gain of base or loss of acid. 
 
Anion- an ion carrying a negative charge. Since unlike forms of electricity attract each other, 
the ion is attracted by, and travels to, the positive anode. 
 
Apnea- absence of respiration (temporary). 
 
Base - a substance that has the ability to react with acids to form salts and capable of combining 
with a proton to form a new substance. 
 
Base excess- 
 

1.   Used to determine whether there is an increase or decrease in buffer base 
(metabolic component). 

          2.   Normal: -2 to +2 mEq/L. 
 

3.   Positive base excess:  > +2 (means acid has been removed or base has been 
added) 

 
4.   Negative base excess (“base deficit”) < -2 (means acid has been added or 
base has been removed). 

 
Bradypnea- abnormally slow respiratory rate 
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Buffer- a substance (salt of the blood) tending to preserve the original hydrogen ion 
concentration by minimizing large changes in H+ concentration to prevent gross changes in the 
pH. 
 

Buffer base - the total concentration of anions in mEq/L. of blood available to buffer H+ 
chemically, or by elimination of CO2 
 

         1. For practical purposes, the buffer anions are HCO3-, plasma protein, and hemoglobin. 
 

2. Normal buffer base with a Hb of 15 Gm% is 48 mEq/L. 
 
         3. In pure respiratory acid-base disturbances, the “buffer base” remains normal. 
 

 
 

Note:  Pr- includes hemoglobin and plasma proteins. An increased PaCO2 results in an 

increased HCO3- and a decreased Pr-. The “buffer base” is made up of HCO3- and Pr-, 
so the total buffer base remains the same. 

 
         4.   An abnormal buffer base means there is a deviation of the metabolic component. 
 
Cation- an ion carrying a positive charge, which travels to the negative cathode. 
 
Compensation - the secondary physiological process occurring in response to a primary 
disturbance in one component of acid-base equilibrium. 
 
Dyspnea- breathlessness, subjective (inferred) complaint. 
 
Electrolyte-  a substance which, in solution, conducts an electric current and is decomposed by 
the passage of an electric current. Acids, bases and salts are common electrolytes. 
 
Electron - a negatively charged particle 
 
Eupnea- normal respiration. 
 
Hypercapnia- increased ventilation due to an excess of CO2. 
 
Hyperpnea-  abnormally deep respiration, used solely to describe depth, not rate. 
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Hyperventilation- an increasing alveolar ventilation determined by serial PCO2 indicating a 
declining trend. 
 
Hypocapnia- decreased ventilation due to loss of CO2. 
 
Hypopnea- decrease in the minute volume exchange. 
 
Hypoventilation- a decreasing alveolar ventilation determined by serial PCO2 indicating a 
rising trend. 
 
Hypoxia-  low oxygen. 
 
Hypoxemia- insufficient oxygenation of the blood. 
 
Ion- an electrically charged atom, or a group of atoms, responsible for transmitting a current 
through solutions (they may be positively or negatively charged, but their sum is neutral). 
 
Metabolic Acidosis - an abnormal physiological process characterized by: 
  
 1.   a primary gain of strong acid by the ECF 
 
 2.   a primary loss of bicarbonate from the E.C.F. 
 
Metabolic Alkalosis - an abnormal physiological process characterized by: 
 
 1.   a primary gain of strong base or primary loss of strong acid by the E.C.F. 
 
 2.   a primary gain of exogenous bicarbonate by the E.C.F. 
 
Nanomoles- one billionth  
 
Oligopnea- retarded or infrequent breathing, slow rate, may be shallow or abnormally deep in 
CNS abnormalities. 
 
Orthopnea- Dyspnea in a supine position, improved by sitting up (heart failure or paroxysmal 
nocturnal Dyspnea). 
 
pH- negative (inverse) log of the H+ concentration. 
 
Proton - a stable positively charged subatomic particle 
 
Respiratory Acidosis -an abnormal process in which there is a primary decrease in the rate of 
alveolar ventilation relative to the rate of CO2 production. 
 
Respiratory Alkalosis- an abnormal process in which there is a primary increase in the rate of 
alveolar ventilation relative to the rate of CO2 production. 
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Salt- a compound consisting of a positive ion other than hydrogen and a negative ion other than 
hydroxyl. 
 
Standard Bicarbonate - the “plasma bicarbonate” concentration when the blood has been 
equilibrated at a PaCO2 of 40 mm. Hg. and the Hemoglobin (Hgb) is fully oxygenated. 
 

Note:   Separates the “respiratory” component of the plasma bicarbonate from the 
“metabolic” component. (e.g. in acute respiratory acidosis, with a PaCO2 of 80, the 
“plasma bicarbonate” may be 32 mEq/L. and the “standard bicarbonate” of 24 mEq/L.) 

 
Tachypnea- abnormally rapid respiration, greater than 18 per minute. 
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APPENDICES 
 

A. Respiratory Acidosis 

 

Body excretes 13,000 mEq/day of volatile acid.  If excess acid is not eliminated 

as CO2, acidosis results. 

  

 Etiology – any condition which impedes effective alveolar ventilation 

 

1. Pulmonary disease 

2. Sedative drugs 

3. Sleep 

4. Diseases of the respiratory muscles 

5. Mechanical asphyxia 

6. CNS lesions 

7. Carbonic anhydrase inhibitors 

8. Extreme obesity 

9. Extreme acidosis 

10. Inspired CO2 (O2 tent, etc.) 

 

Signs and Symptoms 

 

 Confusion 

 Personality change 

 

Treatment 

 

 Increase effective alveolar minute ventilation 

Note: Increased acidity of the CSF may persist for up to 72 hours after ABG 

correction 

 

B. Respiratory Alkalosis 

 

Abnormal respiratory drive 

Excessive amount of body acid is eliminated 
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 Etiology 

1. Psychogenic hyperventilation 

2. Response to metabolic acidosis 

3. Reflex hyperventilation (pulmonary hypertension, pneumothorax, etc.) 

4. Hypoxia (alveolar-capillary block, altitude) 

5. Bacteremia 

6. Hypermetabolic states (fever, thyrotoxicosis, etc.) 

7. Drugs (salicylates, progesterone, etc.) 

8. CNS lesions 

9. Pregnancy 

10. Mechanical ventilation 

11. Hepatic failure 

 

Signs and Symptoms 

 

 Increased muscle irritability 

 Paresthesia (tingling sensation of fingers, toes, lips) 

 Tetany (over excitation of muscles) 

 Convulsions 

 Unconsciousness 

 Tachypnea (hyperventilation) 

 

Treatment 

 Correct underlying problems 

 

C. Metabolic Alkalosis 

 

Etiology 

 

1. Acid loss or base retention 

a. Vomiting 

b. Antacid therapy 

c. Organic salts (lactate, etc.) 

d. Paradoxical aciduria 

e. Diarrhea (with pancreatic insufficiency) 
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2. Potassium and/or chloride depletion 

a. Lack of intake 

b. Renal loss 

1. Osmotic diuresis (diabetes, etc.) 

2. Diuretics 

3. Steroids 

4. Renal disease 

5. Chronic alkalosis 

c. GI loss (stomach, colon) 

d. Burns 

e. Glycogen deposition 

 

Signs and Symptoms – few distinct indications 

 Confusion 

 Restlessness 

 Lethargy – headache 

 Paresthesia 

 Hypoventilation 

 

D. Metabolic Acidosis 

 

Any disease state where pH = < 7.38 and PaCO2 > 40 

Reduction in plasma HCO3 

Accumulation of acids not normally found in significant quantities (Lactic acid, 

ketoacid) 

 

1. Renal failure (primary, pre-renal) 

2. Secondary to respiratory alkalosis 

3. Cellular hypoxia 

a. Pulmonary disease 

b. Decreased cardiac output 

c. Shock 

4. Acid intake (NH2Cl, methionine, acid-ash diet, etc.) 

5. Ketosis (diabetes, starvation, etc.) 

6. Carbonic anhydrase inhibitors (Diamox) 
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7. Transfusion 

8. Renal tubular acidosis 

9. Dilution acidosis 

10. Severe diarrhea 

11. Salicylate intoxication 

12. Methyl alcohol, paraldehyde, etc. 

13. Intestinal and biliary fistulae 

14. Adrenal insufficiency 

15. Uretero-enterostomy 

16. Potassium load 

 

Etiology 

 

  EXOGENOUS (ingestion of some form) 

 

1. Salicylate Overdose 

Acid  also induces lactic acidosis (acid mechanism + 

respiratory alkalosis) < 30mgm % 2 tabs q4h prn pain 

60mgm % - toxic range blood level 80 to 100mgm % - 

lethal intoxication, high mortality rate in spite other heroic 

measures and renal dialysis 

2. Methanol (wood alcohol)  formaldehyde, severe optic nerve 

toxicity 

3. Ethylene Glycol (Antifreeze) skid-row alcoholics – intentional or 

unintentional 

4. Ammonia Chloride – used to treat metabolic alkalosis, 

metabolized to NH3 + HCl  metabolic acidosis 

 

ENDOGENOUS CAUSES (Derangement which occurs within the body) 

 

1. Lactic Acidosis – Results from inadequate oxygenation of tissues 

principally from inadequate tissue perfusion. The normal patterns 

of gycolysis are interrupted and lactic acid is released into the 

blood metabolism without oxygen (anaerobic).   

a. Hypovolemic (dehydration): Hemorrhagic (GI bleed) 

(stress ulcer, Cardiogenic (MI) (CO) 
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b. Bacterial: Sepsis 

2. Diabetic Keto-Acidosis 

-Deficiency of insulin 

-Inability of the body to utilize insulin properly 

-Leads to defective metabolism 

-Releases keto acids into the blood 

Without insulin, the cells metabolize adipose tissue producing 

“KETO-ACIDS” which produce Ketone bodies, fruity breath, 

Kussmaul breathing and cardiac arrhythmias. 

    

3. Decreased Kidney function – The normal function of the kidney is 

to excrete both organic and inorganic acids approximately 

100mEq per day.  At 80% insufficiency (20% renal function 

remaining = 20% preservation = 4 –5 mgm% excreted) 

 

Renal failure 

Renal Tubular Acidosis 

 Kidney function otherwise normal 

 Normal: 

  BUN 

  Creatinine 

  No protein loss 

  No peripheral edema 

  No hypertension 

Glomerulus – convoluted tubules perform precise 

metabolic function 

Not enough renal tubules – irradiation of sufficient 

Glomerulus; unable to excrete acid 

     Proximal RTA 

     Distal RTA 

Glomerulonephritis: Excrete excessive HCO3- (urine 

alkaline) 

Deficient H+ excretion 

 

4. Intestinal Tract Disorders 

Stomach (secretes HCl, pH = 1.0) 
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Secretes HCO3- 

Duodenum 

Jejunum 

Ileum 

Colon 

Diarrhea – secretes HCO3- 

 Fluid  dehydration 

 Lactic acid 

 HCO3- lost from body in equal amounts with sodium 

Bladder CA – (rare) Ileostomy 

Ureters are diverted into GI tract sigmoid or iliac portion 

of small intestine.  Endogenous form of NH4Cl 

intoxication is reabsorbed into body. 

 

 Signs and Symptoms 

 Shortness of breath (Kussmaul Respiration) 

 Weakness 

 Stupor 

 Unconsciousness 

 Coma 

 

 Treatment 

Must first distinguish and/or differentiate underlying acute problems from chronic 

problems, especially in patients with partially compensated respiratory acidosis. 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

91

DIFFERENTIATING ACID-BASE STATES 

Metabolic 

State 

Bicarbonate/ 

Carbonic Acid 

Ratio Log10Ratio* pK of 

Carbonic Acid

pH 

Normal Balance 24 millimol/liter 

1.2 millimol/liter 

(40 mmHg) 

20 

1 

1.3 +6.1 = 7.40 

Respiratory 

Acidosis 

24 millimol/liter 

2.4 millimol/liter 

(80 mmHg) 

10 

1 

1.0 +6.1 = 7.10 

Respiratory 

Acidosis 

(Compensated) 

48 millimol/liter 

2.4 millimol/liter 

(80 mmHg) 

20 

1 

1.3 +6.1 = 7.40 

Respiratory 

Alkalosis 

24 millimol/liter 

0.6 millimol/liter 

(20 mmHg) 

40 

1 

1.6 +6.1 = 7.70 

Respiratory 

Alkalosis 

(Compensated) 

12 millimol/liter 

0.6 millimol/liter 

(20 mmHg) 

20 

1 

1.3 +6.1 = 7.40 

Metabolic 

Acidosis 

12 millimol/liter 

1.2 millimol/liter 

(40 mmHg) 

10 

1 

1.0 +6.1+ = 7.10 

Metabolic 

Acidosis 

(Compensated) 

12 millimol/liter 

1.2 millimol/liter 

(20 mmHg) 

20 

1 

1.0 +6.1 = 7.40 

Metabolic 

Alkalosis 

48 millimol/liter 

1.2 millimol/liter 

(40 mmHg) 

40 

1 

1.6 +6.1 = 7.70 

Metabolic 

Alkalosis 

(Compensated) 

48 millimol/liter 

2.4 millimol/liter 

(80 mmHg) 

20 

1 

1.3 +6.1 = 7.40 

*The ratio of bicarbonate to carbonic acid expressed logarithmically 
Values in this table are idealized to make the differentiation between the various acid-base 
states as sharp as possible.  In actual clinical situations, compensation is rarely complete (that is, 
to 7.40) since the imbalance increases, compensation becomes less effective.  For example, a 
serum bicarbonate of 48 millimol/liter is almost never encountered in a patient; 40 millimol/liter 
is probably the upper limit.  When you do find compensation is complete, suspect a mixed 
primary disturbance. 
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POST TEST 
 
 
1. Of the listed electrolytes, which one has the greatest effect on muscle function: 

 
a. Calcium 
b. Magnesium 
c. Potassium 
d. Sodium 

 
2. Of the listed electrolytes, which one has the greatest effect on water balance: 
 

a. Calcium 
b. Magnesium 
c. Potassium 
d. Sodium 

 
3. A decrease in Hydrochloric Acid may result from which of the following: 

 
I. Vomiting 
II. G.I. suctioning 
III. Diarrhea 

 
a. I and II only 
b. I, II, and III 
c. I and III only 
d. III only 

 
4. Which of the following are fundamental properties of hemoglobin? 

 
I. Carry Oxygen 
II. Carry Carbon Dioxide 
III. Buffer acids within the blood 
IV. Enables body to retain blood 
V. Buffers acids within renal tubules 

 
a. I, III, IV, and V only 
b. I, II, III, IV, and V 
c. I, II, and III only 
d. I, II, and IV only 
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5. The following is (are) true regarding the Henderson-Hasselbalch equation: 
 

I. It utilizes the Phosphate buffering system 
II. The normal base to acid is 20:1 
III.  

 
IV. Represented by a major buffer system of the body 

 
a. All of the above 
b. II, III, and IV only 
c. I, II, and IV only 
d. III only 

 
6. At a pH of 7.40, the ratio of bicarbonate to carbonic acid is approximately: 

 
a. 1:1 
b. 10:1 
c. 20:1 
d. 40:1 

 
7. An ACID is defined as a substance that can: 

 
I. Donate hydrogen ions 
II. Accept hydrogen ions 

  III. Give up (donate) a proton 
   

 
a. I only 
b. I, II, and III only 
c. I and II only 
d. I and III 

 
8. A BASE is defined as a substance that can: 
 

I. Donate hydrogen ions 
II. Accept hydrogen ions 
III. Give up (donate) a proton 

 
a. I only 
b. I, II, and III only 
c. I and II only 
d. II only 
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9. The pH of a solution is: 

 
I. Inverse log of the [H+] 
II. Negative log of the [H+] 
III. Concentration of free hydrogen ions 
IV. Inversely proportional to the [H+] 

 
a. I only 
b. I and III only 
c. All of the above 
d. II only 

 
10. The buffering systems are: 

 
I. Bicarbonate Carbonic Acid Buffer Base System 
II. Proteins 
III. Phosphates 
IV. Minimizers of the changes of [H+] 

 
a. I only 
b. I and III only 
c. All of the above 
d. II only 

 
11. Which of the following may induce metabolic alkalosis? 
 

I. Hypokalemia 
II. Hypernatremia 
III. Gastric suctioning or Vomiting 
IV. Massive administration of steroids 

 
a. III only 
b. II and IV only 
c. I, III, and IV only 
d. All of the above 
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12. A patient enters the hospital with the following signs and symptoms:  normal color with 
some dyspnea and arterial blood gases on room air of pH = 7.20, PaCO2 = 42, PaO2 = 
100, Sat. = 98%, HgB = 6gm, HCO3

- = 15.5 mEq/L, B.E. = -11mEq/L.  This patient 
should be treated with: 

 
I. Oxygen 
II. Packed red blood cells 
III. Carbogen 
IV. NaHCO3 

 

a. I only 
b. III only 
c. I and II only 
d. I, II, and IV only 

 
 
 
 
 
13. The following are fundamental properties of hemoglobin: 
 

I. Carry Oxygen 
II. Carry Carbon dioxide 
III. Electrolyte balance 
IV. Blood Osmolarity 
V. Plays a role in Acid-Base Balance 

 
a. I, III, IV, and V only 
b. All of the above 
c. I, II, and V only 
d. I, II, and IV only 
 
 

 
14. Which of the following will cause a METABOLIC ACIDOSIS? 
 

I. Intake of strong diuretics, such as Lasix 
II. Deficiency of insulin 
III. Diarrhea 
IV. Vomiting 
V. Intake of strong diuretics, such as Diamox 

 
a. All of the above 
b. I, II, and III only 
c. II, III, and V only 
d. I, II, III, and V only 
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15. pH may be said to be a: 
 

I. Measure of acidity 
II. Measure of alkalinity 
III. The negative log of the hydrogen ion concentration 

 
a. I only 
b. I and II only 
c. All of the above 
d. I and III only 
e. III and V only 

 
 
 
 
 
16. A buffer base may be defined as: 
 

I. The sum of buffer ions 
II. The sum of Bicarbonate and Proteinase ions 
III. Bicarbonate dissolved in plasma 

 
a. I only 
b. II only 
c. III only 
d. I and III only 
e. I and II only 

 
17. Respiratory alkalosis may result from: 
 

a. alveolar hypoventilation 
b. alveolar hyperventilation 
c. diuretic therapy 
d. corticosteroid therapy 
e. physical activity 
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18. The largest volume of CO2 is transported in the blood in what form: 
 
a. Dissolved in the plasma 
b. Bicarbonate 
c. Combined with hemoglobin 
d. Dissolved in the red blood cell 
e. Combined with plasma protein 

 
19. The formation of H2CO3 from CO2 and H2O 
 

a. takes place in the blood flowing in the great veins  
b. occurs rapidly without the help of catalyst 
c. is catalyzed by an enzyme present in red blood cells (carbonic anhydrase) 
d. none of the above 

 
 
 
 
 
20. The Henderson-Hasselbalch equation inter-relates which of the following parameters? 
 

a. PaCO2, PaO2, pH 
b. HCO3

-, PaO2, pH  
c. HCO3

-, PaCO2, pH  
d. PaO2, PaCO2, HCO3

- 
e. HCO3

-, PaCO2, Cl- 
 

 
 
21. The correct form of the Henderson-Hasselbalch equation is? 
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22. The normal values for the Henderson-Hasselbalch equation are: 
 

I. pKa at 37 degrees = 6.1 
II. Bicarbonate = 24 mEq / L 
III. Carbonic acid = 1.2 mEq / L 
IV. Bicarbonate = 48 mEq / L 

 
a. I only 
b. I and III only 
c. I, II, and III only 
d. All of the above 

 
 
23. The elimination of Carbon dioxide by the lungs is controlled by: 
 

I. H+ bathing the medulla 
II. Oxygen bathing the medulla 
III. The relationship between PaCO2 and alveolar ventilation 
IV. The volatile acid 

 
a. IV only 
b. I, II, and III only 
c. I, III, and IV only 
d. I and II only 
 
 

24. The buffering systems of the kidneys are: 
 

I. The tissue buffers 
II. Bicarbonate reabsorption 
III. Phosphate system 
IV. Ammonia system 

 
a. IV only 
b. I, II, and III only 
c. III and IV only 
d. II, III, and IV only 
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25. The four factors of gas exchange are: 
 

I. Ventilation 
II. Distribution of Ventilation 
III. Diffusion 
IV. Perfusion 

 
a. I only 
b. I and III only 
c. III and IV only 
d. All of the above 

 
26. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.44 
PaCO2 28 mmHg 
HCO3

- 19 meq / L 
Base Excess (BE) -4.0 meq / L 
PaO2 138 mmHg 

 
a. Uncompensated respiratory alkalemia and a metabolic acidemia with 

hyperoxemia 
b. Uncompensated metabolic acidosis with mild hypoxemia 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Partially compensated respiratory acidosis with hypoxemia 

 
 
 
 
 
 
27. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.46 
PaCO2 33 mmHg 
HCO3

- 23 meq / L 
Base Excess (BE) 0 meq / L 
PaO2 82 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Uncompensated (mild) respiratory alkalemia with adequate oxygenation 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Partially compensated respiratory acidosis with hypoxemia 
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28. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.48 
PaCO2 50 mmHg 
HCO3

- 35 meq / L 
Base Excess (BE) +11 meq / L 
PaO2 79 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Uncompensated metabolic acidosis with mild hypoxemia 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Partially compensated metabolic alkalemia with adequate oxygenation 

 
 
 
29. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.33 
PaCO2 33 mmHg 
HCO3

- 16.5 meq / L 
Base Excess (BE) -7.0 meq / L 
PaO2 85 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Uncompensated metabolic alkalosis  with mild hypoxemia 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Partially compensated metabolic acidemia with adequate oxygenation 
 
 
 
 
 

30. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.33 
PaCO2 48 mmHg 
HCO3

- 23 meq / L 
Base Excess (BE) -3.2 meq / L 
Standard HCO3

- 22 meq / L 
PaO2 62 mmHg 

 
a. Compensated metabolic alkalosis with hyperoxemia 
b. Uncompensated metabolic alkalosis with mild hypoxemia 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Combined respiratory and metabolic alkalemia with hypoxemia 
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31. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.31 
PaCO2 58 mmHg 
HCO3

- 28.5 meq / L 
Base Excess (BE) +1.3 meq / L 
PaO2  65 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Uncompensated metabolic acidosis with mild hypoxemia 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Partially compensated respiratory alkalosis with hypoxemia 
 
 

 
32. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.33 
PaCO2 52 mmHg 
HCO3

- 26 meq / L 
Base Excess (BE) 0 meq / L 
PaO2 55 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Uncompensated metabolic acidosis with mild hypoxemia 
c. Uncompensated respiratory alkalosis with hypoxemia 
d. Partially compensated respiratory acidosis with hypoxemia 
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33. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.52 
PaCO2 50 mmHg 
HCO3

- 22 meq / L 
Base Excess (BE) -3.2 meq / L 
PaO2 0 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Incorrect results 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Partially compensated respiratory acidosis with hypoxemia 
 
 

 
34. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.32 
PaCO2 52 mmHg 
HCO3

- 25.5 meq / L 
Base Excess (BE) -1.0 meq / L 
PaO2 60 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Uncompensated metabolic acidosis with mild hypoxemia 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Partially compensated respiratory alkalosis with hypoxemia 

 
 

 
 
 

 
35. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.49 
PaCO2 33 mmHg 
HCO3

- 28 meq / L 
Base Excess (BE) +3.0 meq / L 
PaO2  92 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Combined respiratory and metabolic alkalemia with adequate oxygenation 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Partially compensated respiratory acidosis with hypoxemia 
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36. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.31 
PaCO2 80 mmHg 
HCO3

- 37 meq / L 
Base Excess (BE) +8.5 mEq / L 
PaO2  55 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Uncompensated metabolic acidosis with mild hypoxemia 
c. Uncompensated respiratory alkalosis with moderate hypoxemia 
d. Partially compensated respiratory acidosis with moderate hypoxemia 

 
 
37. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.37 
PaCO2 30 mmHg 
HCO3

- 16.5 meq / L 
Base Excess (BE) -7.0 meq / L 
PaO2  85 mmHg 

 
a. Compensated metabolic acidosis with normal oxygen 
b. Uncompensated metabolic alkalosis with mild hypoxemia 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Partially compensated respiratory acidosis with hypoxemia 

 
 
 
 
 
38. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.33 
PaCO2 25 mmHg 
HCO3

- 12.5 meq / L 
Base Excess (BE) -11.5 meq / L 
Standard HCO3

- 13 meq / L 
PaO2  99 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Uncompensated metabolic acidosis with mild hypoxemia 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Partially compensated metabolic acidosis with adequate oxygenation 
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39. Which clinical feature represents the earliest sign of hypoxemia? 

a. Tachycardia 
b. Tachypnea 
c. Cyanosis 
d. Polycythemia 

 
 
40. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.30 
PaCO2 60 mmHg 
HCO3

- 28 meq / L 
Base Excess (BE) +1.0 meq / L 
PaO2 50 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Uncompensated respiratory acidosis with hypoxemia 
c. Combined respiratory and metabolic acidosis with severe hypoxemia 
d. Partially compensated respiratory alkalosis with mild hypoxemia 

 
 
41. A patient has the arterial blood gas result below, your interpretation is: 
 

pHa 7.46 
PaCO2 42 mmHg 
HCO3

- 29 meq / L 
Base Excess (BE) +6.0 meq / L 
PaO2  96 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Uncompensated metabolic alkalemia with adequate oxygenation 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Partially compensated respiratory alkalosis with hypoxemia 
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42. A patient has the arterial blood gas result below, your interpretation is: 
 

pHa 7.39 
PaCO2 42 mmHg 
HCO3

- 24 meq / L 
Base Excess (BE) 0 meq / L 
PaO2 75 mmHg 

 
a. Compensated metabolic acidosis with hyperoxemia 
b. Uncompensated metabolic acidosis with mild hypoxemia 
c. Normal acid-base status with mild hypoxemia 
d. Partially compensated respiratory acidosis with hypoxemia 

 
 
 
43. Given: 
 

pHa 7.32 
PaCO2 30.6 mmHg 
HCO3

- 15.4 meq / L 
PaO2 96.8 mmHg 

 
 The most likely cause of the acid-base condition would be: 
 

a. Hypoventilation 
b. Hypokalemia 
c. Ketoacidosis 

 
 
 
44. A patient has the arterial blood gas results below, your interpretation is: 
 

pHa 7.43 
PaCO2 30 mmHg 
HCO3

- 18.5 meq / L 
Base Excess (BE) -4.0 meq / L 
Standard HCO3

- 22 meq / L 
PaO2 90 mmHg 

 
a. Compensated metabolic alkalosis with hyperoxemia 
b. Uncompensated metabolic alkalosis with mild hypoxemia 
c. Uncompensated respiratory acidosis with hypoxemia 
d. Completely compensated respiratory alkalosis with adequate oxygenation 
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45. A 37-year-old, unconscious male was found by police slumped over the steering wheel 

of his car.  When received in the Emergency Department, he was noted to be breathing 
heavily and had an odor of alcohol on his breath. 

 
Blood gas and laboratory values come back with the following results: 
 

pHa 6.95 
PaCO2 15 mmHg 
HCO3

- 8 meq / L 
PaO2 108 mmHg 
Glucose 385 

 
a. Acute respiratory alkalosis and metabolic acidosis 
b. Acute respiratory acidosis and metabolic alkalosis 
c. Chronic respiratory acidosis 
d. Respiratory and metabolic acidosis 
e. Respiratory and metabolic alkalosis 
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