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DISORDERS OF ACID‑BASE METABOLISM

Dr. W.E. Schreiber

I.
Control of H+ Concentration
The pH of blood is maintained within a very narrow range, 7.35‑7.45, corresponding to a concentration of 35‑45 nmol/L of H+.  Even small changes in [H+] can affect protein conformation, enzyme activity, neuromuscular excitability and other biologic processes.  The extremes of pH that are compatible with life are about 6.8‑7.8, or 16‑159 nmol/L of H+.

II.
Production and Elimination of Acid
Cellular metabolism generates a huge amount of acid, which then enters the blood and is eventually excreted by the lungs and kidneys.  Two types of acid are produced:

Volatile
‑
Every day, the body produces about 20,000 mmoles of CO2 through the oxidative metabolism of sugars and fats.  CO2 combines with H2O to form carbonic acid, as follows:

H2O  +  CO2        H2CO3       HCO3‑  +  H+
Accumulation of CO2 forces the reaction to the right, generating H+, while removal of CO2 forces the reaction to the left, decreasing H+.  Carbonic acid is called a volatile acid because it can be effectively removed by breathing out CO2 through the lungs.

Fixed

‑
About 50 mmoles of non‑volatile or fixed acids are produced each day through metabolism of sulfur‑containing amino acids and phospholipids and the incomplete oxidation of sugars and fats:

     
    
    
    
Cysteine, methionine  ─────────  sulfate  +  H+
Phospholipids    ─────────    phosphate  +  H+
     
    
    
    
Glucose    anaerobic         lactate  +  H+
These acids are not volatile and must be eliminated by the kidneys.  Another 30 mmoles of alkali is lost from the gastrointestinal tract as part of the digestive process, which effectively increases the fixed acid load by the same amount.

Humans also ingest acidic and alkaline substances (orange juice, drugs, antacids, milk, etc.), but the amount usually pales in comparison to the endogenous production of acid.

III.
Defense Against Changes in pH
The continuous flow of acid from cells into blood requires a system to prevent large swings in [H+].  Buffers are chemical systems that can absorb a limited amount of acid or base with very little change in pH.

The important buffers in blood are:

Bicarbonate
H+  +  HCO3‑
 
H2CO3
Phosphate
H+  +  HPO42‑
 
H2PO4‑
Protein

H+  +  Prot‑
 
HProt

Hemoglobin
H+  +  Hb‑
 
HHb

Hemoglobin, an intracellular buffer, has the highest buffering capacity.  The most important extracellular buffer of blood is the bicarbonate system.  It is an extremely versatile system, as it is connected to respiratory function through CO2 and renal function through HCO3‑:

H2O  +  CO2 (lungs)   H2CO3   HCO3‑ (kidneys)  +  H+
The relationship between pH, CO2 and HCO3‑ is expressed mathematically in the Henderson‑Hasselbalch equation:

     [HCO3‑]

pH  = 6.1   +   log  
────────────
  0.03 x pCO2
Changes in either [HCO3‑] or pCO2 can cause the pH to become abnormal.  Since the production and elimination of volatile and fixed acids is an ongoing process, measurement of these values indicates how well the lungs and kidneys are maintaining a normal steady state.

IV.
Disturbances of Acid‑Base Balance
When the production (and intake) of acid does not match its excretion, one of two situations develops:

Acidosis
‑  a pathological condition resulting from accumulation of H+ (pH)

Alkalosis
‑  a pathological condition resulting from a deficit of H+ (pH)

The mechanism by which an acid‑base disturbance develops may be:

Respiratory
‑  due to a change in the rate of ventilation or gas exchange, reflected

       in pCO2
Metabolic
‑  due to addition or loss of fixed acids (or bases), reflected in [HCO3‑]

Since disturbances may be caused by either mechanism, there are four primary acid‑base disorders.

V.
Compensatory Response
If the pH is driven outside the normal range by a metabolic or respiratory process, the body attempts to restore the pH to normal.  This compensatory response involves the system opposite to the one that caused the disorder, as indicated below.

Respiratory compensation   ‑  Metabolic disorders are compensated by the lungs.  Thenormal

pCO2 of blood is 40 mmHg, whereas the pCO2 of room air is about 0.2 mmHg.  By increasing ventilation the lungs can remove more CO2, which effectively removes volatile acid.  A decrease in ventilation will cause CO2, and thus volatile acid, to be retained.  Respiratory compensation takes effect within seconds to minutes of a change in pH.

Renal compensation  ‑  Respiratory disorders are compensated by the kidneys.  The kidney

controls the excretion of fixed acids by

(1) reabsorbing bicarbonate (normally > 99.9% of filtered load) and (2) excreting H+.  The relative rates of these two processes determines how much fixed acid is excreted.  However, the kidney takes hours to days to fully respond to a change in pH.  Therefore a respiratory acid‑base disorder is classified as acute (< 8 hours) or chronic (> 2‑3 days).

VI
Anion Gap
Electrolyte and acid‑base metabolism are linked through HCO3‑, which is part of both systems.  Changes in the concentration of Cl‑ or other anions can affect the [HCO3‑], since plasma must contain equal numbers of positive and negative charges.

The anion gap is defined as the difference between the major cations and anions of plasma:

(Na+    +    K+)     ──    (Cl‑    +    HCO3‑)

This gap, normally 8‑16 mmol/L, is accounted for by the presence of unmeasured anions:  proteins, sulfate, phosphate, and organic anions.  An increase in the anion gap is seen in several forms of metabolic acidosis and is a useful diagnostic clue.  

VII.
Metabolic Acidosis
Metabolic acidosis may be caused by the following mechanisms, clinical examples of which are provided:

1.
Overproduction of endogenously synthesized acids

‑  diabetic ketoacidosis ─ ─ ─  acetoacetate, ß‑hydroxybutyrate

‑  lactic acidosis ─ ─ ─  lactate

2.
Acid production from exogenous substances

‑  methanol ─ ─ ─  formic acid    

‑  ethylene glycol ─ ─ ─  oxalic acid

‑  drugs (e.g., aspirin)

3.
Inability of the kidney to excrete H+ ions

‑  renal failure 

‑  renal tubular acidosis

4.
Excessive loss of alkaline body fluids

‑  diarrhea

‑  surgical drainage of G.I. tract

5.
Retention of Cl‑
‑  ureterosigmoidostomy

‑  NH4Cl ingestion

Diabetic ketoacidosis, lactic acidosis, exogenous acids and renal failure are all associated with an increased anion gap.

Laboratory values:  pH   HCO3‑   pCO2 (compensatory)

VIII.
Metabolic Alkalosis
Metabolic alkalosis may be caused by:

1.
Loss of Cl‑
‑  vomiting

‑  gastric suction

‑  diuretics

2.
Loss of K+
‑  due to  mineralocorticoids (Cushing's, hyperaldosteronism)

‑  Bartter's syndrome

‑  severe K+ depletion

3.
Administration/ingestion of alkali

‑  HCO3‑
‑  milk‑alkali syndrome

4.
Sudden relief from chronic hypercapnia

Laboratory values:  pH   HCO3‑  pCO2 (compensatory)

IX.
Respiratory Acidosis
All forms of respiratory acidosis are caused by a drop in ventilation or impaired gas exchange.  Examples include:

1.
Impaired respiratory drive

‑  trauma or tumor of CNS

‑  drugs

2.
Impaired respiratory mechanics

‑  trauma, pneumothorax

‑  neuromuscular impairment (e.g. poliomyelitis, muscular dystrophy)

3.
Airway obstruction

‑  food, foreign object

‑  chronic obstructive pulmonary disease, asthma

4.
Impaired gas exchange

‑  pulmonary edema

‑  pneumonia

‑  emphysema

5.
Circulatory failure

‑  cardiac arrest

‑  pulmonary embolus

Laboratory values:  
pH    
pCO2    
HCO3‑
N   or
 (acute)

 (chronic)

X.
Respiratory Alkalosis
All forms of respiratory alkalosis are caused by an increase in ventilation.  Examples are:

1.
Drugs

‑  aspirin

2.
Psychogenic

‑  anxiety

3.
Hypoxia

‑   altitude

‑  lung disease (pneumonia, pulmonary edema, pulmonary embolus)

4.
Cerebral disease

‑  trauma, tumor, infection of CNS

5.
Excessive mechanical ventilation

Laboratory values:   
pH    
pCO2    
HCO3   
N   or 
 (acute)




 (chronic)

XI.
Interpretation of Acid‑Base Data
To assess a patient's acid‑base status, measure pH, pCO2, and HCO3‑ in an arterial blood sample.  The careful, stepwise interpretation of these values will reveal which acid‑base disorder is present.

Primary acid‑base disorders
1.
Look at the pH:   
<7.35 indicates acidosis

>7.45 indicates alkalosis

2.
Look at pCO2 and HCO3‑:  determine which of these two components accounts for the deviation in pH.  (pCO2 = acid;  HCO3‑ = base).  If it is pCO2, then the disorder is respiratory;  if it is HCO3‑, then the disorder is metabolic.

3.
Look at the component (pCO2 or HCO3‑) that does not account for the deviation in pH.  Its value should change in such a way as to bring the pH toward normal.  The compensatory responses to primary acid‑base disturbances can be calculated as follows:

Primary Disturbance
Expected Compensatory Response             


Metabolic acidosis
For each mmol/L fall in [HCO3‑],

pCO2 decreases by 1.3 mmHg

Metabolic alkalosis
For each mmol/L rise in [HCO3‑],

pCO2 increases by 0.7 mmHg

Respiratory acidosis

  Acute
For each mmHg rise in pCO2,

[HCO3‑] increases by 0.1 mmol/L

  Chronic
For each mmHg rise in pCO2,

[HCO3‑] increases by 0.4 mmol/L

Respiratory alkalosis

  Acute
For each mmHg fall in pCO2,

[HCO3‑] decreases by 0.2 mmol/L

  Chronic
For each mmHg fall in pCO2,

[HCO3‑] decreases by 0.4 mmol/L


For purposes of calculation, assume normal pCO2 = 40 mmHg and normal HCO3‑ = 24 mmol/L.  These are rules of thumb, and the expected compensatory response may not agree exactly with the actual response.  The compensatory response can bring the pH close to the reference range, but as a rule does not return it to normal.  If the degree of compensation is not appropriate, a mixed acid‑base disorder may be present.

4.
Determine the cause of the acid‑base disorder.  A combination of history, physical exam and additional lab tests usually leads to a specific diagnosis.

Mixed acid‑base disorders
The rules given above allow one to classify a primary acid‑base disorder (i.e., only one disease process).  In some patients a mixed disorder (more than one disease process) is present.  You can recognize a mixed disorder by applying the rules given above and finding that the degree of compensation is inappropriate.  The causes of a mixed disorder are determined by identifying the individual acid‑base disorders and searching for the cause of each.
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