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Introduction
Blood gas analysis is an important routine

investigation in patients who present with respiratory
distress with the objective of knowing the acid-base status
and to decide about the need for intervention. The
usefulness of this diagnostic tool is dependent on being
able to correctly interpret the results. Disorders of acid-
base balance can be found in as many as 9 of every 10
patients in the Intensive Care Unit (ICU)1 which means
that acid-base disorders may be the most common clinical
problems we will encounter in the ICU.

ACID-BASE BALANCE: BASIC PHYSIOLOGY
The pH is a measurement of the acidity or alkalinity

of the blood. Hydrogen ions (H+) concentration in
extracellular fluid is determined by the balance between
the partial pressure of CO2 and concentration of
bicarbonate (HCO3) in fluid. This relationship is expressed
as follows1:

H+ (n Eq/L) = 24 X ( pCO2/HCO3 )
pH and Hydrogen ions (H+) concentration2:
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Hydrogen ions (H+) in extracellular fluid are
expressed in nano equivalents per litre. Hydrogen ions (H+)
is generally expressed as pH because nano equivalents is
very small unit. A normal (H+) of 40 meq/l corresponds to
a pH of 7.40. pH of a solution is inversely related to
concentration of hydrogen ions. The pH of a solution is
measured on a scale from 1 (very acidic) to 14 (very
alkalotic). A liquid with a pH of 7, such as water, is neutral
(neither acidic nor alkalotic). The normal blood pH range
is 7.35 to 7.45. When the pH is below 7.35, the blood is
said to be acidic. When the pH is above 7.45, the blood is
said to be alkalotic.

The Intracellular and extracellular pH are generally
maintained at very constant levels. The body pH is
stabilized by the buffering capacity of the body fluids. A
buffer is a substance that has the ability to bind or release
hydrogen ions (H+) in solution, thus keeping the pH of the
solution relatively constant despite the addition of
considerable quantities of acids or bases.

THE RESPIRATORY BUFFER RESPONSE
A normal by-product of cellular metabolism is

carbon dioxide (CO2). Approximately 15,000 meq. Of CO2
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is generated daily and excreted by the lungs. CO2 is carried
in the blood to the lungs, where excess CO2 combines
with water (H2O) to form carbonic acid (H2CO3). The
blood pH will change according to the level of carbonic
acid present. This triggers the lungs to either increase or
decrease the rate and depth of ventilation until the
appropriate amount of CO2 has been re-established.
Activation of the lungs to compensate for an imbalance
starts to occur within 1 to 3 minutes3.

THE RENAL BUFFER RESPONSE
In an effort to maintain the pH of the blood within

its normal range, the kidneys excrete or retain bicarbonate
(HCO3). About 1 meq/kg of non volatile acids are
generated daily and are being excreted by the kidneys. As
the blood pH decreases, the kidneys will compensate by
retaining HCO3 and as the pH rises, the kidneys excrete
HCO3 through the urine4. Although the kidneys provide
an excellent means of regulating acid-base balance, the
system may take from hours to days to correct the
imbalance. When the respiratory and renal systems are
working together, they are able to keep the blood pH
balanced by maintaining 1 part acid to 20 parts base.

ACID BASE CONTROL
The concentration of hydrogen ions (H+) in

extracellular fluid is normally kept < 10 nEq/L and the
stability of pH depends upon the constant pCO2/HCO3

ratio. So a change in one component is accompanied by
proportional change in other component to maintain
constant pH. Thus, an increase in pCO2 (respiratory
acidosis) must be accompanied by an increase in HCO3

to keep the pH constant. A respiratory disorder always
initiates a compensatory  metabolic response and vice-
versa. The initial change in pCO2 or HCO3 is called primary
acid base disorder and the subsequent response is called
compensatory or secondary acid base disorder. The
compensatory responses are not enough to maintain the
pH constant; they only limit the change in pH.

TYPES OF ACID-BASE DISORDERS:
Respiratory Acidosis

Respiratory acidosis is defined as a pH less than
7.35 with a PaCO2 greater than 45 mm Hg5. Acidosis is
caused by an accumulation of CO2 which combines with
water in the body to produce carbonic acid, thus, lowering
the pH of the blood. Any condition that results in
hypoventilation can cause respiratory acidosis. These
conditions include:
� Central nervous system depression related to head

injury.
� Central nervous system depression related to

medications such as narcotics, sedatives, or
anesthesia.

� Impaired respiratory muscle function related to
spinal cord injury, neuromuscular diseases, or
neuromuscular blocking drugs6.

� Hypoventilation due to pain, chest wall injury/
deformity, or abdominal distension.
Respiratory Alkalosis
Respiratory alkalosis is defined as a pH greater than

7.45 with a PaCO2 less than 35 mm Hg. Any condition
that causes hyperventilation can result in respiratory
alkalosis. These conditions include:
� Psychological responses, such as anxiety or fear.
� Pain.
� Increased metabolic demands, such as fever, sepsis,

pregnancy, or thyrotoxicosis.
� Medications, such as respiratory stimulants.
� Central nervous system lesions.
� High altitude.
� Severe anaemia.
� Aspiration.
� Pulmonary disorders like pneumonia and pulmonary

edema.
Metabolic Acidosis7

Metabolic acidosis is defined as a bicarbonate level
of less than 22 mEq/L with a pH of less than 7.35.
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Metabolic acidosis is caused by either a deficit of  base in
the bloodstream or an excess of acids, other than CO2.
Diarrhoea and intestinal fistulas may cause decreased levels
of base. Causes of increased acids include:

� Renal failure.
� Diabetic ketoacidosis8.
� Anaerobic metabolism.
� Starvation.
� Salicylate intoxication9.
Metabolic Alkalosis10

Metabolic alkalosis is defined as a bicarbonate level
greater than 26 mEq/L with a pH greater than 7.45. Either
an excess of base or a loss of acid within the body can
cause metabolic alkalosis. Excess base occurs from
ingestion of antacids, excess use of bicarbonate, or use of
lactate in dialysis. Loss of acids can occur secondary to
protracted vomiting, gastric suction, hypochloremia, excess
administration of diuretics, or high levels of aldosterone.

COMPONENTS OF THE ARTERIAL BLOOD GAS
The arterial blood gas provides the following values:
pH
Measurement of acidity or alkalinity, based on the
hydrogen (H+) ions present.
The normal range is 7.35 to 7.45
PaO2

The partial pressure of oxygen that is dissolved in
arterial blood.
The normal range is 80 to 100 mm Hg.
SaO2

The arterial oxygen saturation.
The normal range is 95% to 100%.
PaCO2*
The amount of carbon dioxide dissolved in arterial
blood.
The normal range is 35 to 45 mm Hg.

HCO3**
The calculated value of the amount of bicarbonate

in the bloodstream.
The normal range is 22 to 26 mEq/litre.
B.E.

The base excess indicates the amount of excess or
insufficient level of bicarbonate in the system. The normal
range is �2 to +2 mEq/liter. (A negative base excess
indicates a base deficit in the blood.)

*when change occurs in PaCO2, then condition is
called respiratory acid base disorder: an increase in PaCO2

is respiratory acidosis and decrease in PaCO2 is called
respiratory alkalosis.

**when change occurs in HCO3, then condition is
called metabolic acid base disorder: a decrease in HCO3

is metabolic acidosis and increase in HCO3 is called
metabolic alkalosis.

PREPARATION FOR ARTERIAL SAMPLING11

Following points must be considered before
obtaining sample to avoid errors in blood gas measurement.
Steady State

Blood sampling must be done during steady state
whenever there is initiation or change in oxygen therapy
or changes in ventilatory parameters with patients on
mechanical ventilation. In the patients without overt
pulmonary disease a steady state is reached between 3-
10 minutes and in patients with chronic airways obstruction
it takes about 20-30 minutes.
Anticoagulants

Excess of heparin may affect the pH. Only 0.05 ml
is required to anticoagulate 1 ml of blood11. Because dead
space volume of a standard 5 ml syringe with 1 inch 22
guage needle is 0.2 ml, filling the syringe dead space with
heparin provides sufficient volume to anticoagulate a 4 ml
blood sample.
Delay in processing of sample

Because blood is a living tissue, O2 is being consumed
and CO2 is produced in the blood sample. The delay may
affect the blood gas values. In case of delay, the sample
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should be placed in ice and such iced sample can be
processed up to 2 hours without affecting the blood gas
values.
Venous Sampling12

Arterial blood provides more information than venous
blood with regard to acid-base and oxygenation status.
However venous blood from a well perfused patient may
provide a gross indication of acid-base status but is
unacceptable for oxygenation status. Following points may
help in recognizing inadvertent venous sampling (i) Failure
to observe a sudden flash of blood in the needle on
puncturing the vessel(ii) Incompatibility of values with
clinical condition (iii) Low PaO2 and high PaCO2 (iv) SpO2

by pulse oximetry more than SaO2 by ABG analysis13.

STEPS TO AN ARTERIAL BLOOD GAS
INTERPRETATION14,15

STEP-I: TO IDENTIFY THE PRIMARY ACID
BASE DISORDER

In the first part of approach, the measured PaCO2
and pH are used to determine the acid base disturbance16.
PART 1 :

An acid base abnormality is present if either the
PaCO2 or pH is outside the normal range, however a
normal PaCO2 or pH does not exclude the presence of an
acid base abnormality.
PART 2:

If the pH and PaCO2 are both abnormal, then
compare the directional change. If the both changes in
same direction ( both increase or decrease), the primary
acid-base disorder is metabolic and if both changes are in
opposite direction, the primary acid-base disorder is
respiratory.
PART 3:

If either  pH or  PaCO2 is normal, there is mixed
metabolic and respiratory acid-base disorder. If the pH is
normal, the direction of change in PaCO2 identify the
respiratory disorder and if PaCO2 is normal, the direction
of change in pH identifies the metabolic disorder.

STEP-II:  TO EVALUATE THE
COMPENSATARY RESPONSE17

The aim in this stage is to determine the additional
acid base derangement.
PART 1

If there is primary metabolic acidosis or alkalosis
then use the measured serum bicarbonate by equation 1
and 2.
Expected PaCO2 = (1.5 x HCO3) + (8+2)

[for metabolic acidosis]
(Equation � 1)

Expected PaCO2 = (0.7 x HCO3) + (21+2)
[for metabolic alkalosis]

          (Equation � 2)
If measured PaCO2 is equal to expected PaCO2,

then the condition is fully compensated. If measured value
is more than the expected value, it shows that there is
superimposed respiratory acidosis and if measured value
is less than the expected value, it shows superimposed
respiratory alkalosis.

PART 2
If there is primary respiratory acidosis or respiratory

alkalosis then PaCO2 should be used to calculate the
expected pH by equation 3,4,5 and 6.
Expected  pH = 7.40- [0.008 X (PaCO2-40)]

[ acute respiratory Acidosis]
                                                 (Equation � 3)
Expected  pH = 7.40+ [0.008 X (40-PaCO2)]

[ acute respiratory Alkalosis]
                                                (Equation � 4)
Expected  pH = 7.40-  [0.003 X (PaCO2-40)]

[ chronic respiratory Acidosis]
                                               (Equation � 5)
Expected  pH = 7.40+ [0.003 X (40-PaCO2)]

           [ chronic respiratory Alkalosis]
                                    (Equation � 6)
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For respiratory acidosis: If measured pH is lower than
expected pH for acute, uncompensated condition, there is
superimposed metabolic acidosis and if measured pH is
higher than expected pH for chronic compensated
condition, there is superimposed metabolic alkalosis.
For respiratory alkalosis: If measured pH is higher than
expected pH for acute, uncompensated condition, there is
superimposed metabolic alkalosis and if measured pH is
lower than expected pH for chronic compensated
condition, there is superimposed metabolic acidosis.
Rule of thumb: In acute respiratory acidosis, HCO3 will
increase by 1 mmol/L for every 10 mmHg increase in
PaCO2. In chronic respiratory acidosis, HCO3 will
increase by 4 mmol/L for every 10 mmHg increase in
PaCO2. In acute respiratory alkalosis, HCO3 will decrease
by 2 mmol/L for every 10 mmHg decrease in PaCO2. In
chronic respiratory alkalosis, HCO3 will decrease by 4
mmol/L for every 10 mmHg decrease in PaCO2.

STEP-III:  TO EVALUATE THE �GAPS� FOR
METABOLIC ACIDOSIS18

A measurement that is of some value in the
differential diagnosis of metabolic acidosis is the anion gap.
This gap is the difference between concentration of
unmeasured cations and the concentration of unmeasured
anions. It consists of most parts of proteins in anionic forms.
The normal value of anion gap is 8-16 mEq/L. The anion
gap is calculated by following equation, given below19

        Na � (Cl + HCO3 ) =  Unmeasured Anions �
Unmeasured Cations.

The difference between two groups is due to the
albumin concentration.
Effect of albumin on anion gap20: As described above
that albumin is a major source of unmeasured anions and
a 50 % reduction in the albumin concentration will results
in a 75 % reduction in anion gap.
Interpretation of anion gap: On the basis of anion gap,
the metabolic acidosis are grouped into, high anion gap
acidosis or normal anion gap acidosis.

High anion gap metabolic acidosis21: The high anion
gap acidosis is caused by the addition of a fixed (non
volatile) acid to extracellular fluid.

Causes:
Lactic acidosis
Ketoacidosis (Diabetes, alcoholism, starvation)
End stage renal failure
Methanol ingestion
Ethylene glycol ingestion
Salicylates
Normal anion gap metabolic acidosis : The

normal anion gap acidosis is caused by the net increase in
chloride concentration in the  extracellular fluid.

Causes:
Diarrhea
Isotonic saline infusion
Early renal insufficiency
Renal tubular acidosis

OTHER QUANTITATIVE MEASURES OF GAS
EXCHANGE ABNORMALITY IN LUNGS:

1. Dead space ventilation
2. Intrapulmonary shunt fraction
3. The A-a PO2 gradient

Dead space ventilation22: The calculation of dead space
ventilation (VD/VT) is based on the difference between
the PaCO2 in exhaled gas and end capillary (arterial) blood.

Intrapulmonary shunt fraction: The intrapulmonary
shunt is derived by the relationship between the O2 content
in arterial blood, mixed venous blood and pulmonary
capillary blood23.

The A-a PO2 gradient24: The po2 difference between
alveolar gas and arterial blood (PAO2 � PaO2) is an
indirect measure of ventilation-perfusion abnormalities. The
PAO2 � PaO2 (A-a PO2) gradient is determined with
alveolar gas shown below :
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PAO2 = PIO2*-(PaCO2/RQ)
* PIO2 = FIO2 (PB-PH2O)
In a healthy subject breathing room air at sea level,

FIO2 =0.21, PB =760 mmHg, PH2O =47 mm Hg, PaO2 =90
mmHg, PaCO2 =40 mm Hg and RQ=0.8.
A-a PO2 = [0.21(760-47) � (40/0.8)]-90= 10 mmHg.

SUMMARY
Understanding arterial blood gases can sometimes

be confusing. A logical and systematic approach using these
steps makes interpretation much easier. Applying the
concepts of acid base balance will help the healthcare
provider follow the progress of a patient and evaluate the
effectiveness of care being provided.
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