I. Acid/Base Disturbances

A. Respiratory Acidosis – excess of carbonic acid

B. Respiratory Alkalosis – loss of carbonic acid

C. Metabolic Acidosis – excess of acids (fixed acids) or loss of base (HCO3-)

D. Metabolic Alkalosis – loss of acid (fixed acids) or excess of base (HCO3-)

II. Respiratory Acidosis

A. Definition:

1. Respiratory Acidosis is defined as a PaCO2 above 45 which produces a pH below 7.35.  

B. An acute Respiratory acidosis refers to an absence of compensation.   

1. An acute Respiratory Acidosis in which the PaCO2 rises above 50 mm Hg and the pH below 7.25 is often referred to as respiratory failure.
2. In an acute respiratory acidosis, for every 20 mm Hg increase in PaCO2, pH will decrease by 0.10 units

a. Example:

PaCO2 of 60 mm Hg should result in a pH change to 7.30.
PaCO2 of 80 mm Hg should result in a pH change to 7.20. 
PaCO2 of 100 mm Hg should results in a pH change to 7.10.
C. Respiratory acidosis must be carefully distinguished from secondary hypercapnia in which the elevated PaCO2 results from hypoventilation as a response to metabolic alkalosis.
D. Changes in CO2
1. Levels of PaCO2 do not appear to be altered with age from age 3 onwards unlike PaO2.
2. Increased levels of PaCO2 will decrease PaO2 as predicted by the alveolar air equation.
E. Degree of Compensation

1. Uncompensated:  PaCO2 is above 45 mm Hg, pH is below 7.35 and HCO- is normal.

2. Compensated or Chronic Respiratory Acidosis implies that the kidneys have compensated and the pH is in normal range (COPD).  The PaCO2 and HCO- will be elevated but pH is normal.  Full compensation by the renal system may take several days.

3. Partially Compensated:  PaCO2 and HCO3- are elevated, and pH is decreased.

F. Mechanisms for Respiratory Acidosis 

1. Increased CO2 production.

2. Alveolar hypoventilation (decreased ventilation) (pure hypoventilation the PaCO2- PETCO2 is normal).

a. abnormal respiratory drive

b. abnormalities of the chest wall and respiratory muscles

c. Increased deadspace (widening of the PaCO2 – PETCO2 gradient)

G. Causes of Respiratory Acidosis

1. Normal Lungs

a. CNS Depression

i. Anesthesia

ii. Sedative 

iii. Narcotic analgesics (morphine) narcotic overdose manifests itself with slow f.  

(a) COPD patients are particularly vulnerable.  

(b) Narcotics can further suppress respirations even at normal dosages.

b. Neuromuscular diseases (progression can be followed at the bedside with serial measurements of VC and NIF)

i. Poliomyelitis

ii. Amyotrophic Lateral Sclerosis

iii. Guillain Barré 

iv. Myasthenia Gravis

v. Neurological Trauma

(a) Increased ICP

(b) Cerebral Hypoxia

(c) Spinal Cord Defect

(a) Brain 

· Central Sleep Apnea

· Pickwickian Syndrome

· Ondine’s Curse

c. Electrolyte deficiencies (a low K level is also associated with muscle weakness and even paralysis)

i. Need to pay particular attention when weaning a patient)

d. Restrictive Lung Processes

i. Obesity (Pickwickian Syndrome)

ii. Kyphoscoliosis 

iii. Chest Wall Defects

2. Abnormal Lungs

a. Obstructive Lung Diseases 

i. Emphysema

ii. Asthma

iii. Chronic bronchitis

iv. Cystic fibrosis

(a) Over-aggressive oxygen use in COPD

3. Abnormal or Normal Lungs

a. Exhaustion (Status Asthmaticus) 

i. Onset of exhaustion is related to the degree of lactic acidosis that develops.

b. Inadequate mechanical ventilation 

i. Leaks from tubing, ET cuff, chest tube, &/or inappropriate settings.

c. Excessive CO2 production

d. Total parenteral nutrition

e. Sepsis

f. Fever

g. Severe burns

h. NaHCO3 administration (HCO3- + H+ ( H2CO3 ( H2O + CO2)

i. Exercise

j. Compensation for metabolic alkalosis

i. Usually CO2 will not rise more than 50 to 55 mm Hg as a compensatory mechanism. 

H. Treatment 

1. For acute or partially compensated acidosis, goal is to improve alveolar ventilation &/or decrease CO2 production

a. Bronchial hygiene 

b. Lung expansion techniques

c. Non-invasive ventilation

d. Mechanical ventilation

e. Tracheostomy (decreased anatomic Vd)

f. Reduce CO2 production (change diet, reduce fever etc…)

I. Chronic Hypercapnia

a. Chronic Bronchitis, (“Blue Bloaters) have hypercapnia

i. Possible mechanisms include:

(a) reduction in ventilatory drive (15% of population have a reduced ventilatory response to CO2
(b) These individuals are more susceptible to CO2 retention in the face of respiratory disease (a genetic influence is possible).

(c) Respiratory muscle dysfunction (flattening of the diaphragm and hyperinflation).

(d) Increased  Vd (wasted ventilation)

(e) Increased airway resistance and increased compliance (( elastic load)

ii. Patients with Hypercapnia have reduced Vt, high f and lower minute ventilations then patients with eucapnia.

iii. If hypoventilation is chronic and pH is in the normal range, corrective action to lower the PaCO2 could be harmful and induce an alkalosis.  For example, normalizing the PaCO2 from 80 mm Hg to 40 mm Hg would immediately increase the pH from 7.28 to 7.54.  This rapid lowering of PaCO2 and increased pH has the potential to:

(a) decrease cerebral blood flow

(b) decrease cardiac output

(c) precipitate seizures

(d) cardiac arrhythmias

iv. Problems during mechanical ventilation can result if high minute ventilations are used since air trapping will worsen.

v. Permissive Hypercapnia is an intentional increase in PaCO2 that is often done in patients with low lung compliance (ARDS) and patients with Status Asthmaticus. 

(a) The higher PaCO2 are “permitted” in exchange for lower Vt and plateau pressures to protect the patient from volutrauma.  

(b) The rise in PaCO2 should be done gradually over time.  

(c) In ARDS you can use higher f because of decreased time constants that may help to normalize the PaCO2 better

(d) In Asthma, the increased time constants in the lung prevent the use of higher f, as they will result in auto-PEEP.  

vi. Tracheal Gas Insufflation is sometimes used to wash out the PaCO2 in the anatomic deadspace resulting in a lower PaCO2 for the same minute ventilation.

(a) Place a bronchoscope adapter on the end of the ET tube.

(b) Place a umbilical catheter through the adapter so it lies 1 inch from carina.

(c) Hook the catheter to a flowmeter at 6 L/min (continuous flow or delivered only during expiration)

J. Renal response to Respiratory Acidosis

1. Increased secretion of H+ ions 

2. Increase reabsorption of HCO3-
3. Increased Cl excretion

a. Loss of chloride occurs as the HCO3- elevates

b. Unless adequate Cl- is supplied, plasma HCO3- may remain markedly elevated after the chronic hypercapnia has resolved and may appear as a metabolic alkalosis.

c. These patients should be treated with Chloride replacement therapy,

4. Increased ammonia formation

K. Symptoms of Hypercapnia 

1. Symptoms vary between acute and chronic CO2 retention.

2. Patients with chronic hypercapnia may have no or minimal neurological symptoms despite PaCO2 levels greater than 100 mm Hg.  

3. Cerebral blood flow appears to be normal in chronic hypercapnia.  

4. Clinical signs usually include morning headaches, mild irritability, lethargy and a disturbed sleep pattern.  

5. Symptoms may be minimal because of desensitization of dyspnea and changes in the set point of the respiratory controller.

III. Respiratory Alkalosis

A. Definition


1. An ABG in which the PaCO2 is below 35 mm Hg (hypocapnia) and results in a rise in the pH.

2. Ventilatory elimination of CO2 exceeds its production.

B. Acute respiratory alkalemia implies a sudden change in pH
C. In an acute respiratory alkalosis, for every 10 mm Hg decrease in PaCO2, pH will increase 0.10 units

1. Example:
PaCO2 of 30 mm Hg, should result in a pH change of 7.50
PaCO2 of 20 mm Hg, should result in a pH change of 7.60 


D. Chronic respiratory alkalemia implies the kidneys have compensated and the pH is normal.
E. Clinical Signs of acute hypocapnia
1. Paresthesia

2. Numbness

3. Tingling sensation in the extremities

4. Convulsions/seizures/tetany

5. Constriction of blood vessels in the brain causes light-headedness and dizziness
F. Degree of Compensation

1. Uncompensated or Acute Respiratory Alkalosis is characterized by a low PaCO2, high pH and a normal HCO3-.  

a. A slight drop in HCO3- is expected from the effect of the hydration reaction.

2. Partially Compensated:  The kidneys dump HCO3- but the process may take several days. 

a. Partially compensated respiratory alkalosis is characterized by low PaCO2, low HCO3- and an alkalotic pH.

3. Completely compensated:  Low PaCO2, low HCO3- and a pH on the alkaline side of normal.

a. This is sometimes referred to as chronic respiratory alkalosis.

b. Compensation by the kidney may take hours to days to complete.

c. HCO3- rarely decreases below 12-14 mEq/L in patients with chronic respiratory alkalosis.

d. If this occurs it suggests a component of metabolic acidosis.

G. Treatment 

1. Remove the stimulus causing the hyperventilation:

a. Hypoxemia/hypoxia

b. Reduce fever

c. Pain medication

d. Tranquilizer/sedative

e. Drug screen

f. Change ventilator settings

g. Assess the need for oxygen therapy
h. This is the most common acid base disturbance associated with lung inflation strategies (iatrogenically induced respiratory alkalosis such as mechanical ventilation, IPPB, Incentive Spirometry)

H. Therapeutic Uses of Hypocapnia

1. Acute respiratory alkalosis can cause pulmonary artery vasodilatation resulting in decreased pulmonary vascular resistance and is valuable in treating Persistent Pulmonary Hypertension in the Newborn (PPHN).  This will help to decrease the R-L shunt across the patient ductus arteriosus.
2. Respiratory Alkalosis may be used  iatrogenically in patients with head injury.  

a. Keep PaCO2 between 25 – 30 mm Hg and PaO2 high (100 mm Hg).
b. Although an acute reduction in PaCO2 does produce a rapid decrease in ICP, it also reduces cerebral blood flow, resulting in secondary damage from cerebral ischemia.  

c. Current recommendations is that it be used only transiently & performed only with elevated ICP being confirmed by a pressure monitor.

I. Kidney Compensation

1. Retain H+ ions (stops producing acid urine). 

2. The kidneys stop H+ ion formation.

3. There is decreased ammonia formation.

4. There is decreased Cl- excretion.

5. There is an increase in HCO3- excretion (more alkaline urine).


J. Causes of Respiratory Alkalosis


1. Hypoxia/hypoxemia 

a. Assess the patient for oxygen delivery; Hb, SaO2, CaO2, PaO2, CO

2. Anxiety

3. Fever

4. Infection

5. Toxins

6. Hepatic encephalopathy

a. ( ammonia accumulates in the blood and simulates ventilation via the CNS.

7. Pain

8. Stimulant drugs 

a. Salicylates (e.g. aspirin overdose)

b. Nicotine

c. Xanthines

d. Catecholamines

e. Analeptics such as doxapram

9. Sepsis

10. Meningitis

11. Hypobarism (high altitude)

12. Acute asthma

13. Pneumonia

14. Pulmonary edema

15. CNS lesion/Tumors

16. Iatrogenic hyperventilation (mechanical ventilation/IPPB, deep breathing exercises)

17. Ascites (results in a restrictive lung disease) 

18. Final trimester of pregnancy (restrictive problem + increased levels of progesterone)

19. Compensation for metabolic acidosis

IV. Metabolic Acidosis
A. Definition

1. A metabolic acidosis is an acid base abnormality in which the HCO3- is decreased below 22 mEq/L and the pH is decreased below 7.35.  The lungs will attempt to compensate by increasing ventilation (hyperventilation) to lower the PaCO2 and return the pH toward normal.

B. Degree of compensation

1. Compensated (chronic):  pH will be in normal range and HCO3- and PaCO2 will be decreased.

2. Partially compensated:  pH, HCO3- and PaCO2 will all be decreased.

3. Uncompensated (acute):  pH and HCO3- will be decreased and PaCO2 will be normal.

C. A metabolic acidosis may result from the accumulation of some fixed acid in the blood or the loss of normal blood base.

D. A patients biochemical profile should be evaluated.  This includes:

1. Electrolyte concentrations

2. Glucose

3. BUN and Creatinine

4. Oxygenation status

E. The first step after gathering the information is to calculate the anion gap.  When the anion gap is normal, a loss of blood base is more likely the cause of the metabolic acidosis.  

F. The causes of metabolic acidosis can therefore be separated into two groups:

1. Those associated with the accumulation of fixed acids (high anion gap)

2. Those associated with the loss of base (normal anion gap)

G. The major conditions resulting in metabolic acidosis include: 

1. Renal Failure

2. Lactic Acidosis

3. Diarrhea

4. Ketoacidosis

5. Electrolyte disturbances (( K+ or Cl-)

6. Addition of acids (poisons)

H. Treatment of Metabolic Acidosis

1. Treat underlying cause

a. Lactic Acidosis – improve oxygen delivery (O2 therapy, transfusion, increase CO, correct shift in oxygen dissociation curve, identify abnormal Hemoglobin species)

b. Ketoacidosis – give glucose

c. Renal Failure – hemodialysis

d. Electrolyte replacement

2. Give NaHCO3 or THAM

a. NaHCO3 is given as 1mEq per kg of ideal body weight

I. Anion Gap

1. An electrolyte abnormality is often the first laboratory sign of an acid-base disorder.  

2. ALWAYS evaluate electrolytes in a metabolic acid-base abnormality.  

3. The electrolytes that should be evaluated include: Na+, K+, Cl-, HCO3-, magnesium, and phosphate.

4. The anion gap is only used to determine a category of metabolic acidosis

5. The anion gap calculation is the sum of the routinely measured cations minus the routinely measured anions:
AG  =  (Na+  +  K+)  -  (Cl-  +  HCO3-)

6. However, since K+ is a small value numerically, it is usually omitted from the equation:
AG  =  Na+  -  (Cl-  +  HCO3-)

7. The normal anion gap without the K+ is 12 + or – 4 mEq/L.

8. The normal anion gap with the K+ is 16 mEq/L + or – 4 mEq/L

9. Normally in the body, there is an electrochemical balance, so that the sum of all negatively charged electrolytes = the sum of all positively charged electrolytes.

a. Cations  =  Anions


	Anions
	Cations

	Proteins
	15 mEq/L
	Calcium
	5 mEq/L

	Organic Acids
	5 mEq/L
	Magnesium  
	1.5 mEq/L

	Phosphates
	2 mEq/L
	Potassium  
	4.5 mEq/ L

	Sulfates
	1 mEq/L
	Sodium
	140 mEq/L

	Chloride

	104 mEq/L
	
	151 mEq/L

	Bicarbonate
	24 mEq/L
	
	

	
	151 mEq/L
	
	


10. Chloride + Bicarbonate 128 mEq/L and Sodium = 140 mEq/L, which leaves an Anion Gap of 12 mEq/L

11. An anion gap greater than 20 mEq/L usually indicates an anion gap acidosis.

12. This indicates an increased amount of fixed or nonvolatile acids in the bloodstream.  

13. The most common causes associated with an increased anion gap are: M-U-D-P-I-L-E-R-S

a. Methanol (Wood Alcohol) ingestion

b. Uremia (Azotemic Renal Failure) 

i. Hallmark of renal failure includes:  

(a) Anemia

(b) Hyperkalemia

(c) Abnormal urine output

ii. Azotemia is the accumulation of nitrogenous waste in the blood from protein metabolism.

iii. The specific blood values that are elevated are BUN and Creatinine

(a) Normal level for BUN is 10 – 20 mg/dL.

(b) Normal level for Creatinine is 0.5 to 1.5 mg/dL

(c) Creatinine is less affected by diet and therefore a better indicator of renal function. 

c. Diabetic Ketoacidosis

i. When glucose is unavailable within body cells, fat is metabolized at an accelerated rate.  

ii. Fat metabolism leads to increased production of ketones (Ketoacids) which causes a metabolic acidosis.

(a) Beta hydroxybutyric acid 

(b) Acetoacetic acid 

(c) Acetone

· A small portion of acetoacetic acid produces acetone which is responsible for the fruity odor of the patients breath.  The accumulation of these two acids is called ketosis.

ii. Primary cause is elevated blood sugar as found in diabetes (normal blood glucose levels 70 – 120 mg/dL).

iii. Other causes include:

(a) Starvation

(b) Alcoholic ketoacidosis

d. Paraldehyde ingestion

e. Isopropyl Alcohol (Rubbing Alcohol) ingestion

f. Lactic Acidosis

i. Most common cause of metabolic acidosis.

ii. Usually due to hypoxia 

iii. Normal blood lactate levels are less than 1.8 mEq/L or mmol/L or 18 mg/dL

iv. Slight elevations may occur up to 3 mM/L levels above 3 tend to lower the pH.

v. In shock conditions, lactic acid levels closely follow mortality rates.

(a) Lactic acid levels less than 4.3 mEq/L; almost all patients recover.

(b) Lactic acid level between 4.4 and 8.0 mEq/L show a 33% chance of survival.

(c) If lactic acid level is greater than 8 mEq/L there is only a 10% chance of survival.

g. Ethylene Glycol (Antifreeze) ingestion

h. Rhabdomyolysis

i. Salicylate (Aspirin) ingestion

14. Cause of Metabolic Acidosis without an increased anion gap:
a. Diarrhea (normal anion gap)

i. Large quantities of base are excreted along with fluid and electrolytes in the stool.

b. Carbonic Anhydrase Inhibitor

i. Carbonic Anhydrase in important in the renal tubular cells in order to facilitate NaHCO3 reabsorption.  

ii. If the action of Carbonic Anhydrase is inhibited (as occurs with the use of a diuretic called Acetazolamide [Diamox]).  When Diamox is given it results in HCO3- excretion in the urine. 

c. Renal Tubular Acidosis

i. This is failure of the renal tubular cells to reabsorb NaHCO3 so the acidosis produced is from a lose of base.

d. Enteric drainage tubes

e. Early renal disease

f. Sulfur and hydrogen sulfide drugs

V. Metabolic Alkalosis

A. Metabolic Alkalosis is very common in acute illness and the most frequently seen acid-base disturbance.

1. More than ½ of all surgical patients are likely to be alkalemic.

B. It is caused from a loss of fixed acids from the body or by the accumulation of base. 

C. The lungs will attempt to compensate by retaining PaCO2 (hypoventilation).  

1. Compensated metabolic alkalosis is rare.

2. PaCO2 levels will only climb to the 50 or 55 mm Hg range.  Above this level, the elevated PaCO2 stimulates chemoreceptors to increase ventilation.

D. Degree of compensation:

1. Compensated metabolic alkalosis -  pH would be normal with an elevated PaCO2 and HCO3-
2. Partially compensated metabolic alkalosis – pH, PaCO2 and HCO- would all be elevated.

3. Uncompensated metabolic alkalosis – pH and HCO3- would be high, PaCO2 would be normal.
E. Causes of Metabolic Alkalosis

1. Hypokalemia

2. Ingestion of large amounts of alkali or licorice (glycyrrhizic acid – structure similar to aldosterone) 

3. Gastric fluid loss (loss of K and Cl)

a. Vomiting

b. Excessive Nasogastric tube suction 

4. Hyperaldosteronism – (loss of K)

5. Diuretics (loss of K)

6. Bicarbonate Administration (addition of base)

7. Adrenocortical hypersecretion (tumor)

8. Steroids (loss of K)

9. Overventilation (via mechanical ventilator) of a chronic hypercapnic patient.

F. Treatment

1. Electrolyte replacement

2. Volume Replacement

3. Carbonic Anhydrase Inhibitors, such as Diamox. 

