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	ACID BASE BALANCE

(1) Anesthesia Journal (2) www.health.adelaide.edu.au/paed-anaes/javaman/Respiratory/a-b/AcidBase.html

	THE HYDROGEN ION AND pH

	· Enzymes function optimally over a very narrow range of hydrogen ion concentrations. For most enzymes this optimum pH is close to the physiological range for plasma (pH= 7.35 to 7.45).
· The most notable exception is pepsin, with an optimum pH 1.5-3.

· Disturbances in pH may ( abnormal respiratory & cardiac function, derangements in blood clotting and drug metabolism, to name but a few.

	PRODUCTION OF HYDROGEN IONS

	· SMALL AMOUNTS: Formed from oxidation of amino acids & anaerobic metabolism of glucose to lactic and pyruvic acid.

· LARGE AMOUNTS: Produced as result of CO2 release from oxidative (aerobic) metabolism. Although CO2 does not contain hydrogen ions it rapidly reacts with H2O ( carbonic acid (H2CO3), which further dissociates into hydrogen and bicarbonate ions (HCO3-). This reaction is shown below:

· CO2 + H20 <= H2CO3 => HCO3- + H+

· This reaction occurs throughout the body and in certain circumstances is speeded up by the enzyme carbonic anhydrase. Carbonic acid is a weak acid & with bicarbonate, its conjugate base, forms the most important buffering system in the body.

	CONTROL OF HYDROGEN ION CONCENTRATION

	· With hydrogen ion concentration being so critical to enzyme function, the body has sophisticated mechanisms for ensuring pH remains in the normal range. Three systems are involved: blood and tissue buffering, excretion of CO2 by the lungs and the renal excretion of H+ and regeneration of HCO3-.

	1. BUFFERS

· Buffers are able to limit ( in [H+]. This prevents large quantities of H+ produced by metabolism ( in dangerous ( in blood or tissue pH.

· A) BICARBONATE

· Most important buffer system in the body. Although bicarbonate is not an efficient buffer at physiological pH its efficiency is improved because CO2 is removed by lungs and bicarbonate regenerated by kidney. There are other buffers that act in a similar way to bicarbonate, for example: hydrogen phosphate (HPO32-), however, these are present in smaller concentrations in tissues and plasma.

· B) PROTEINS

· Many proteins, esp albumin, contain weak acidic & basic groups within structure. ( Plasma & other proteins form important buffering systems. Intracellular proteins limit pH ( within cells, whilst protein matrix of bone can buffer large amounts of H+ in pts with chronic acidosis.

· C) HAEMOGLOBIN

· Hb is not only important in carriage of O2 to tissues but also in transport of CO2 and in buffering H+.
· Hb binds both CO2 and H+ and so is a powerful buffer. Deoxygenated Hb has strongest affinity for both CO2 and H+; thus, its buffering effect is strongest in tissues. Little CO2 is produced in RBCs and so CO2 produced by tissues passes easily into cell down a conc gradient.

· Direct binding with Hb

· Combines reversibly with terminal amine groups on Hb molecule to form carbaminohaemoglobin. In the lungs the CO2 is released & passes down its concentration gradient into alveoli.

· Bonds with water ( Carbonic acid. See Fig 6

· In tissues, dissolved CO2 passes into RBC down its conc gradient where it combines with water to form carbonic acid (catalysed by carbonic anhydrase). Carbonic acid then dissociates ( Bicarbonate + H+. H+ bind to reduced Hb to form HHb. HCO3- generated by this process pass back into the plasma in exchange for Cl-. This ensures that there is no net loss or gain of negative ions by RBC. In lungs this process is reversed and H+ bound to Hb recombine with bicarbonate to form CO2 which passes into alveoli. In addition, reduced Hb is reformed to return to the tissues.






	2. CARBON DIOXIDE ELIMINATION

· CO2 is responsible for majority of H+ produced by metabolism. ( The respiratory system forms the single most important organ system involved in control of H+. NB: PaCO2 is 1/α to alveolar ventilation (ie: if alveolar ventilation (,  PaCO2 (). ( Relatively small ( in ventilation can have a profound effect on [H+] and pH.
· The importance of PaCO2 and [H+] is underlined by fact that the control of ventilation is brought about by the effect of CO2 on cerebrospinal fluid (CSF) pH.

	3. RENAL HANDLING OF BICARBONATE AND HYDROGEN IONS

· Kidneys not only secrete H+ but they also regenerate bicarbonate ions. The renal handling of electrolytes also influences acid base balance. All aspects of renal involvement in acid base balance are interlinked, but for clarity are dealt with separately below.

· A) REGENERATION OF BICARBONATE: 

· Bicarbonate ions are freely filtered by the glomerulus. The conc of bicarbonate in tubular fluid is equivalent to that of plasma. If bicarbonate were not reabsorbed the buffering capacity of blood would rapidly be depleted. The process of reabsorption of bicarbonate occurs mostly in the proximal convoluted tubule and is summarised in figure 7.



· Filtered bicarbonate combines with secreted H+ forming carbonic acid. Carbonic acid then dissociates to form CO2 and water. This reaction is catalysed by carbonic anhydrase, which is present in the brush border of the renal tubular cells. This CO2 readily crosses into the tubular cell down a concentration gradient.

· Inside the cell the CO2 recombines with water, again under the influence of carbonic anhydrase, to form carbonic acid. The carbonic acid further dissociates to bicarbonate and hydrogen ions. The bicarbonate passes back into the blood stream whilst the H+ passes back into the tubular fluid in exchange for sodium. In this way, virtually all the filtered bicarbonate is reabsorbed in the healthy individual.

· B) EXCRETION OF HYDROGEN IONS

· H+ are actively secreted in the proximal and distal tubules, but the maximum urinary [H+] is around 0.025mmol/l (pH 4.6). Therefore, in order to excrete the 30-40mmol of H+ required per day, a urine volume of 1200 litres would have to be produced. However, buffering of hydrogen ions also occurs in the urine. This allows the excretion of these large quantities of H+ without requiring such huge urine volumes. Hydrogen ion secretion occurs against a steep concentration gradient. Therefore, H+ secretion is an active process and requires energy in the form of ATP.

· The predominant buffers in the urine are phosphate (HPO42-) and ammonia (NH3). Phosphate is freely filtered by the glomerulus and passes down the tubule where it combines with H+ to form HPO42-. H+ are secreted in exchange for sodium ions; the energy for this exchange comes from the sodium-potassium ATPase that maintains the conc gradient for sodium. These events are summarised in figure 8.




· Ammonia is produced in renal tubular cells by the action of the enzyme glutaminase on the amino acid glutamine. This enzyme functions optimally at a lower (more acidic) than normal pH. Therefore, more ammonia is produced during acidosis improving the buffering capacity of the urine. Ammonia is unionised and so rapidly crosses into the renal tubule down its concentration gradient. The ammonia combines with H+ to form the ammonium ion, which being ionised does not pass back into the tubular cell. The ammonium ion is therefore lost in the urine, along with the hydrogen ion it contains. See figure 9 below.



· C) ELECTROLYTES

· Sodium/Potassium: sodium reabsorption and hydrogen ion excretion are interlinked. Sodium reabsorption is controlled by the action of aldosterone on ion exchange proteins in the distal tubule. These ion exchange proteins exchange sodium for hydrogen or potassium ions. Thus, changes in aldosterone secretion may result in altered acid secretion.

· Chloride: The number of positive and negative ions in the plasma must balance at all times. Aside from the plasma proteins, bicarbonate and chloride are the two most abundant negative ions (anions) in the plasma. In order to maintain electrical neutrality any change in chloride must be accompanied by the opposite change in bicarbonate concentration. Therefore, the chloride concentration may influence acid base balance.

	DISORDERS OF HYDROGEN ION HOMEOSTASIS

	· Disturbance of body's acid base balance ( plasma containing either too many H+ (acidaemia: pH <7.35) or too few H+ (alkalaemia: pH >7.45).

· These disturbances may be due to respiratory causes (ie: changes in PaCO2) or non-respiratory (metabolic) causes. When the cause of the acid base disturbance has been discovered, the words acidosis or alkalosis may be used in conjunction with the physiological cause of the disturbance (ie: respiratory acidosis, metabolic alkalosis etc).


	RESPIRATORY ACIDOSIS

	· This results when the PaCO2 is above the upper limit of normal, >6kPa (45mmHg). RA is most commonly due to ( alveolar ventilation ( ( excretion of CO2. Rarely, it is due to excessive production of CO2 by aerobic metabolism.

· a) INADEQUATE CO2 EXCRETION: the causes of decreased alveolar ventilation are numerous:

· AIRWAY OBSTRUCTION

· CENTRAL CAUSES

· Brain injury: Stoke, Trauma.

· Drugs: Anaesthetics, Opiods.

· Sleep apnoea.

· PERIPHERAL NEUROLOGICAL CAUSES

· Nerve Injury: Spinal cord trauma, Phrenic nerve palsy.

· Neuropathy: Guillain Barre Syndrome, Polio myelitis, Motor neurone disease.

· Drugs: Epidural, Local Anaesthetics.

· LUNG DISEASES

· COPD, Severe Asthma, Pneumothorax.

· CHEST WALL CAUSES

· Deformity: Scoliosis, Flail chest, Obesity.

· Muscular weakness: Muscle relaxants, Myaesthnia gravis, Electrolyte disturbance.

· b) EXCESS CO2 PRODUCTION: This may occur in syndromes such as malignant hyperpyrexia, though a metabolic acidosis usually predominates. More commonly, modest overproduction of CO2 in face of moderately depressed ventilation may ( in acidosis. E.g. in patients with severe lung disease a pyrexia or ( carbohydrate diet may ( RAc.


	RESPIRATORY ALKALOSIS

	· Results from the excessive excretion of CO2, and occurs when the PaCO2 is less than 4.5kPa (34mmHg).

· This is commonly seen in hyperventilation due to anxiety states. In more serious disease states, such as severe asthma or moderate pulmonary embolism, respiratory alkalosis may occur. Here hypoxia, due to ventilation perfusion (V/Q) abnormalities, causes hyperventilation (in the spontaneously breathing patient). As V/Q abnormalities have little effect on the excretion of CO2 the patients tend to have a low arterial partial pressure of oxygen (PaO2) and low PaCO2. 


	METABOLIC ACIDOSIS

	· May result from either an excess of acid or ( buffering capacity due to a low [bicarbonate]. Excess acid may occur due increased production of organic acids or, more rarely, ingestion of acidic compounds.

· a) EXCESS H+ PRODUCTION: this is perhaps the commonest cause of MA and results from the excessive production of organic acids (usually lactic or pyruvic acid) as a result of anaerobic metabolism. This may result from local or global tissue hypoxia. Tissue hypoxia may occur in the following situations:

· Reduced arterial oxygen content: E.g. anaemia or ( PaO2. 

· Hypoperfusion: Local or global. Any cause of ( cardiac output may ( MAc (eg: hypovolaemia, cardiogenic shock etc). Similarly, local hypoperfusion in conditions such as ischaemic bowel or an ischaemic limb may cause acidosis. 

· Reduced ability to use oxygen as a substrate. In conditions such as severe sepsis and cyanide poisoning anaerobic metabolism occurs as a result of mitochondrial dysfunction.

· Another form of metabolic acidosis is DKA. Cells are unable to use glucose to produce energy due to lack of insulin. Fats form major source of energy ( production of ketone bodies (aceto- acetate and 3-hydroxybutyrate) from acetyl coenzyme A. Hydrogen ions are released during the production of ketones ( MAc often observed.

· b) INGESTION OF ACIDS: this is an uncommon cause of metabolic acidosis and is usually the result of poisoning with agents such as ethylene glycol (antifreeze) or ammonium chloride.

· c) INADEQUATE EXCRETION OF H+: this results from renal tubular dysfunction & usually occurs in conjunction with inadequate reabsorption of bicarbonate. Any form of renal failure may ( MAc. There are also specific disorders of renal H+ excretion known as renal tubular acidoses.

· Some endocrine disturbance may also result in inadequate H+ excretion e.g. hypoaldosteronism. Aldosterone regulates sodium reabsorption in the distal renal tubule. As sodium reabsorption and H+ excretion are linked, a lack of aldosterone (eg: Addison's disease) tends to result in reduced sodium reabsorption and, therefore, reduced ability to excrete H+ into the tubule resulting in reduced H+ loss. The potassium sparing diuretics may have a similar effect as they act as aldostrone antagonists.

· d) EXCESSIVE LOSS OF BICARBONATE: gastro- intestinal secretions are ( in sodium bicarbonate. The loss of small bowel contents or excessive diarrhoea results in loss of large amounts of bicarbonate ( MAc. This may be seen in such conditions as Cholera or Crohn's disease.

· Acetazolamide, a carbonic anhydrase inhibitor, used in Tx of acute mountain sickness & glaucoma, may ( excessive urinary bicarbonate losses. Inhibition of carbonic anhydrase slows conversion of carbonic acid to CO2 and water in renal tubule. Thus, more carbonic acid is lost in the urine and bicarbonate is not reabsorbed. The importance of carbonic anhydrase in reabsorption of bicarbonate was illustrated in Fig 7. 


	METABOLIC ALKALOSIS

	· May result from the excessive loss of H+, the excessive reabsorption of bicarbonate or the ingestion of alkalis.

· a) EXCESS H+ LOSS: gastric secretions contain large quantities of hydrogen ions. Loss of gastric secretions, therefore, results in a metabolic alkalosis. This occurs in prolonged vomiting for example, pyloric stenosis or anorexia nervosa.

· b) EXCESSIVE REABSORPTION OF BICARBONATE: As discussed earlier bicarbonate and chloride concentrations are linked. If [chloride] falls or chloride losses are excessive then bicarbonate will be reabsorbed to maintain electrical neutrality. Chloride may be lost from the gastro-intestinal tract, therefore, in prolonged vomiting it is not only the loss of hydrogen ions that results in the alkalosis but also chloride losses resulting bicarbonate reabsorption. Chloride losses may also occur in the kidney usually as a result of diuretic drugs. The thiazide and loop diuretics a common cause of a metabolic alkalosis. These drugs cause ( loss of chloride in the urine ( in excessive bicarbonate reabsorption.

· c) INGESTION OF ALKALIS: Alkaline antacids when taken in excess may (  in mild MAl. This is an uncommon cause of MAl. 


	COMPENSATION

	· Maintenance of pH as near normal is vital- Dysfunction in one system will ( in compensatory changes in the others. 3 Mechanisms occur at different speeds and remain effective for different periods.

· RAPID CHEMICAL BUFFERING: this occurs almost instantly but buffers are rapidly exhausted, requiring elimination of H+ to remain effective. 

· RESPIRATORY COMPENSATION: Respiratory centre in brainstem responds rapidly to changes in CSF pH. Thus, ( in plasma pH or PaCO2 ( in a ( in ventilation within minutes. 

· RENAL COMPENSATION: Kidneys respond to disturbances in acid base balance by altering amount of bicarbonate reabsorbed and H+ excreted. However, it may take up to 2 days for bicarbonate concentration to reach a new equilibrium.

· These compensatory mechanisms are efficient and often return the plasma pH to near normal. However, it is uncommon for complete compensation to occur & OVER COMPENSATION DOES NOT OCCUR.


	INTERPRETATION OF ACID BASE DISTURBANCES IN ABG RESULTS

	· Simplest blood gas machines measure the pH, PCO2 and PO2 of the sample. More complicated machines will also measure electrolytes & [Hb] concentration. Most blood gas machines also give a reading for the base excess and/or standard bicarbonate. These values are used to assess the metabolic component of an acid base disturbance and are calculated from the measured values outlined above. They are of particular use when the cause of the acid base disturbance has both metabolic and respiratory components.

· The Base Excess: is defined as the amount of acid (in mmol) required to restore 1 litre of blood to its normal pH, at a PCO2 of 5.3kPa (40mmHg). During the calculation any change in pH due to the PCO2 of the sample is eliminated, therefore, the base excess reflects only the metabolic component of any disturbance of acid base balance.

· If there is a metabolic alkalosis then acid would have to be added to return the blood pH to normal, therefore, the base excess will be positive.

· However, if there is a metabolic acidosis, acid would need to be subtracted to return blood pH to normal, therefore, the base excess is negative. 

· The Standard Bicarbonate: this is similar to the base excess. It is defined as the calculated bicarbonate concentration of the sample corrected to a PCO2 of 5.3kPa (40mmHg). Again abnormal values for the standard bicarbonate are only due the metabolic component of an acid base disturbance. A raised standard bicarbonate concentration indicates a metabolic alkalosis whilst a low value indicates a metabolic acidosis.

· Flow chart indicates how to approach interpretation of ABGs.

· First examine the pH; as discussed earlier a high pH indicates alkalaemia, whilst a low pH acidaemia.

· Next look at the PCO2 and decide whether it accounts for the change in pH. If the PCO2 does account for the pH then the disturbance is a primary respiratory acid base disturbance.

· Now look at the base excess (or standard bicarbonate) to assess any metabolic component of the disturbance.

· Finally, one needs to decide if any compensation for the acid base disturbance has happened. Compensation has occurred if there is a change in the PCO2 or base excess in the opposite direction from that which would be expected from the pH. For example in respiratory compensation for a metabolic acidosis the PCO2 will be low. A low PCO2 alone causes an alkalaemia (high pH). The body is therefore using this mechanism to try to bring the low pH caused by the metabolic acidosis back towards normal. 

· By now the complexity of acid base disturbance should be clear!! As in many complex concepts examples may clarify matters. In the following examples work through the flow charts to interpret the data.

· Example 1: A 70 year old man is admitted to the intensive car unit with acute pancreatitis. He is hypotensive, hypoxic and in acute renal failure. He has a respiratory rate of 50 breaths per minute. The following blood gas results are obtained:

· pH 7.1,        PCO2 3.0kPa (22mmHg),         BE -21.0mmol

· From the flow charts: firstly, he has a severe acidaemia (pH 7.1). The PCO2 is low, which does not account for the change in pH (a PCO2 of 3.0 would tend to cause alkalaemia). Therefore, this cannot be a primary respiratory acidosis. The base excess of -21 confirms the diagnosis of a severe metabolic acidosis. The low PCO2 indicates that there is a degree of respiratory compensation due to hyperventilation. These results were to be expected given the history.

· Example 2: A 6 week old male child is admitted with a few days history of projectile vomiting. The following blood gases are obtained:

· pH 7.50,       PCO2 6.5kPa (48mmHg),         BE +11.0mmol

· The history points to pyloric stenosis. There is an alkalaemia, which is not explained by the PCO2. The positive base excess confirms the metabolic alkalosis. The ( PCO2 indicates there is some respiratory compensation


	BASIC ANATOMY

	ALVEOLI

	· TYPE I cells

· Form nearly continuous lining of alveolar wall

· TYPE II cells

· Aka septal cells

· Fewer in number

· Found in between Type I cells

· Secrete alveolar fluid

· Surfactant (phospholipids & lipoproteins)

· ( lowers surface tension


	OXYGEN TRANSPORT FROM AIR TO TISSUES

	ATMOSPHERE TO ALVEOLUS

	· Atmospheric Air has total pressure of 760 mmHg (1 atmosphere of pressure = 760mmHg = 101kPa = 15lbs/sq. in).

· Air is made up of 21% oxygen, 78% nitrogen and small quantities of CO2, argon and helium.

· The pressure exerted by the main two gases individually, when added together, equals the total surrounding pressure or atmospheric pressure. 
· The pressure of oxygen (PO2) of dry air at sea level is therefore 159 mmHg (21/100 x 760=159).

· However by time inspired air ( trachea it has been warmed and humidified. Humidity is formed by water vapour which as a gas exerts a pressure. At 37oC the water vapour pressure in the trachea is 47 mmHg. 
· Taking the water vapour pressure into account, the PO2 in the trachea when breathing air is (760-47) x 21/100 = 150 mmHg.

· By the time the oxygen has reached the alveoli the PO2 (due to removal of O2 by pulmonary capillaries) has fallen to about 100 mmHg. 

	ALVEOLUS TO BLOOD

	· Blood returning to the heart from the tissues has a low PO2 (40 mmHg) and travels to the lungs via the pulmonary arteries.

· The pulmonary arteries ( pulmonary capillaries, which surround alveoli. 
· Oxygen diffuses from the ( pressure in the alveoli (100 mmHg) to the area of ( pressure of the blood in the pulmonary capillaries (40 mmHg).

· After oxygenation blood moves into the pulmonary veins which return to the left side of the heart to be pumped to the systemic tissues.

· In a 'perfect lung' the PO2 of pulmonary venous blood would be equal to the PO2 in the alveolus. Three factors may cause the PO2 in the pulmonary veins to be less than the PAO2:
· VENTILATION/PERFUSION MISMATCH
· Perfect Lung: Alveoli receive equal share ventilation + Capillaries receive equal share of cardiac output = ventilation and perfusion would be perfectly matched. 

· Diseased lungs: ( V/Q mismatch. Some alveoli > ventilated than others (most extreme form of this is shunt where blood flows past alveoli with no gas exchange taking place (figure 1).

· Well ventilated alveoli (( PO2 in capillary blood) cannot make up for the oxygen not transferred in the underventilated alveoli - there is a max amount of O2 which can combine with Hb.

· Pulmonary venous blood (mixture of pulmonary capillary blood from all alveoli) will ( have < PO2 than PO2 in alveoli (PAO2).

· Even N lungs have some degree of V/Q mismatch; Upper zones are relatively overventilated compared with lower zones.

· SHUNT: Examples…
· Atelectasis (collapsed alveoli).

· Consolidation of the lung.

· Pulmonary oedema.

· Small airway closure.

· SLOW DIFFUSION: Blood vessels compensate in lung disease, by constricting ( blood flow to > ventilated areas (Aka: hypoxic pulmonary vasoconstriction).

	BLOOD TO TISSUE

	· When considering the adequacy of oxygen delivery to the tissues, three factors need to be taken into account:

· Haemoglobin concentration

· Cardiac output

· Oxygenation

	OXYGEN DELIVERY AND CONSUMPTION

	· OXYGEN DELIVERY: The quantity of oxygen made available to the body in 1 minute. This is equal to the cardiac output  x the arterial oxygen content ie. 5000ml blood/min x 200 mlO2/1000 ml blood =1000ml O2/min. 

· Oxygen delivery (mls O2/min) = Cardiac output (litres/min) x Hb concentration (g/litre) x 1.31 (mls O2/g Hb) x % saturation
· OXYGEN CONXUMPTION: ~250 ml of O2 are used every minute by a conscious resting person (oxygen consumption) and ( ~ 5% of the arterial oxygen is used every minute. The Hb in mixed venous blood is about 70% saturated (95% less 25%).

· In general there is more oxygen delivered to the cells of the body than they actually use. When oxygen consumption is ( (eg. during exercise) the increased oxygen requirement is usually provided by an ( cardiac output.

· However, the following will result in an inadequate delivery of oxygen…

· a ( CO

· ( Hb concentration (anaemia)

· ( Hb O2 saturation
· …unless a compensatory change occurs in one of the other factors. 
· Alternatively, if oxygen delivery falls relative to oxygen consumption the tissues extract more oxygen from the haemoglobin (the saturation of mixed venous blood falls below 70%)(a-b). A reduction below point 'c' in figure 4 cannot be compensated for by an increased oxygen extraction and results in anaerobic metabolism and lactic acidosis





	SUMMARY Of OXYGEN CASCADE (( in PO2 From Air ( Mitochonria)

	




	· PO2 in Dry Air
	159

	· PO2 in Trachea:
	150 mmHg

	· PO2 in Alveoli:
	100 mmHg

	· PO2 in Pulmonary Arteries
	

	· PO2 in Mitochondria
	4-20 mmHg

	· (PO2 in Systemic blood)
	

	· (PO2 in Pulmonary Arteries)
	40 mmHg


	PHYSIOLOGICAL CONTROL OF BREATHING

	CENTRAL CONTROLLING AREA (Respiratory Centre [RC] in Medulla)

	AFFERENT PATHWAY (input)

· Central Chemoreceptors:

· In floor of 4th ventricle detecting pH…

· ( pH in CSF ( Hyperventilation (e.g. Exercise, DKA)

· ( pH in CSF ( Inhibition of RC ( ( Hypoventilation

· Peripheral Chemoreceptors

· Carotid body in division of common carotid artery, detecting arterial O2 concentration ( Glossopharyngeal nerve ( RC.

· Aortic bodies in arch of aorta, detecting O2 conc in arterial blood ( Vagus nerve ( RC.

· Carotid has > influence & regulates breathing, breath by breath.

· If PaO2 < 10kPa (80mmHg) / or a PaCO2 > ~ 5kPa, (40mmHg) ( immediate & marked ( in breathing + ( In Cardiac Output.
· (O2 Tx may rarely ( ventilation in pts suffering from severe COPD. Some of these pts lose sensitivity to CO2 & rely on (PO2 to stimulate breathing. In these pts, when ( concs of O2 are given, serious hypoventilation and hypercapnia can result due to the fact that their hypoxia is reversed.)

· Brain

· Hyperventilation can be stimulated by numerous factors:

· Anticipation of exercise, stress, ( emotion

· Response to (( blood loss. Co-ordinated by autonomic system in hypothalamus and vasomotor centre in the brain stem.
· Lung
· Receptors in bronchi walls allow a hold of breathing for reflexes e.g. coughing, sneezing.

· Stretch receptors in lungs / chest wall prevent further inspiration. (a small stretching may though ( further inspiration. Used to intiate breathing in surgery via +ve pressure).

· Stretch receptors in lung vasculature ( hyperventilation (as in cardiac failure)

	EFFERENT PATHWAY (output)

· Inspiratory neurones:

· Active during inspiration, Inactive during expiration

· ( Spinal cord (
· C3,4,5 (Phrenic Nerve) ( Diaphragm [trauma above C3 ( fatal]

· T1-12 (                            Intercostal muscles

· Cervical Plexus (             Accessory muscles of insp in neck

	DRUGS

	· Opioid drugs (E.g. morphine) depress RC’s response to hypercarbia. 
· Effects can be reversed by naloxone. 
· Volatile anaesthetic agents ( RC in similar fashion, although ether has < effect on respiration than the other agents. Volatile agents also alter pattern of blood flow in lungs, ( ( V/Q mismatch & ( efficiency of oxygenation. NO has only minor effects on respiration. 

· Depressant effects of opioids & volatile agents are additive and close monitoring of respiration is necessary when combined.


	HYPOXIA

	TYPES OF HYPOXIA

	· Hypoxaemia is when O2 tension in arterial blood is < 80mmHg (10.6kPa). Hypoxia is a deficiency of O2 at tissue level & divided into 4 types. 

	
	O2 Tension
	Hb
	Blood Flow
	Toxic agent ( Cells ( use O2

	HYPOXIC
	(
	N
	N
	(

	ANAEMIC
	
	(
	N
	(

	STAGNANT/ISCHAEMIC
	N
	N
	(
	(

	HISTOTOXIC
	N
	N
	N
	(

	RECOGNITION OF HYPOXIA

	· Clinical signs and symptoms include:

· Altered mental status (agitation, confusion, drowsiness, coma) 

· Cyanosis.
· Dyspnoea, tachypnoea or hypoventilation.
· Arrhythmias. 

· Peripheral vasoconstriction often with sweaty extremities.
· Systemic hypotension / HT depending on underlying Dx. 

· Nausea, vomiting and other gastrointestinal disturbance.
· Cyanosis means blueness of the tissues and is due to an (( amount of deoxygenated Hb in peripheral blood vessels. Cyanosis appears whenever the arterial blood contains >1.5grams of deoxygenated Hb in each 100mls of blood (N: Hb15g/100ml). Cyanosis can often be detected in a patient with a N Hb level when O2 saturation is <90%. When the O2 saturation falls in anaemic patients, cyanosis is often absent.
· Hypoxia at tissue level may still exist even when SaO2 and PaO2 are within normal limits, if there is

· ( Cardiac output

· Anaemia

· Failure of tissues to use oxygen (e.g. cyanide poisoning).

· In this situation the blood lactate conc ( due to anaerobic metabolism.


	CAUSES OF ARTERIAL HYPOXAEMIA (Pao2<8 kPa)

	ALVEOLAR HYPOVENTILATION

· Respiratory depression from sedation or analgesia

· Respiratory muscle weakness:

· Prolonged mechanical ventilation

· Catabolic effects of critical illness

· Muscle relaxants or steroids

· Phrenic nerve damage (cardiac surgery or trauma)

· Neuromuscular disorders (Guillain­Barré, etc)

· Obstructive airways disease

	DIFFUSION

· Pulmonary oedema

· Acute respiratory distress syndrome (particularly with fibrosis in

· later stages)

	VENTILATION­PERFUSION MISMATCH

· Alveolar collapse

· Acute respiratory distress syndrome

· Pneumothorax

· Obstructive airways disease

· Drugs—pulmonary vasodilators

	MANAGEMENT OF ARTERIAL HYPOXAEMIA

	ACTION
	· REASON

	Oxygen
	· 

	Sit Up
	· ( Diaphragmatic Descent

	Continuous +ve airways pressure
(In valve opens at Pressure of 2.5­10 cm H2O)
	· Valuable for patients with low lung volumes (alveolar collapse, pulmonary oedema, pneumonia)

· Avoided in pts with bronchospasm and at risk of gas trapping.

	Non­invasive +ve pressure ventilation (pressures greater than 20 cm H2O during

inspiration)
	· Patients with respiratory pump failure and COPD

	Biphasic +ve airways pressure (delivers 2 levels of pressure: Higher pressure provides the inspiratory pressure support & the lower pressure is maintained during expiration, ( ( functional residual capacity.)
	· Patients who require both assistance with the work of breathing and improved VQ matching.


OXYGEN­HAEMOGLOBIN DISSOCIATION CURVE
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· The curve shifts to the right (i.e. Hb loses O2 > readily) with:

· ( Temperature

· ( 2,3­diphosphoglycerate concentrations
· ( CO2 (acidosis)

· ( pH (acidosis)
	MEASURING OXYGEN IN THE BLOOD

	PULSE OXIMETRY

	· O2 saturation of Hb (Saturation should always be SaO2> 95%)
· Chronic respiratory disease & Cyanatic heart disease may be <.

· Saturated / Desaturated Hb absorb light at different wavelengths

· Accurate > 70% (+/- 2%), but < accurate <70%.

· A pulse oximeter gives no information on any of these other variables: 

· The oxygen content of the blood 

· The amount of oxygen dissolved in the blood 

· The respiratory rate or tidal volume i.e. ventilation 

· The cardiac output or blood pressure
· Limitations: Only measures O2 saturation ( when interpreting readings the shape & importance of O2 saturation curve must be remembered. Curve is flatter when O2 Sat is > 93%. ( Relatively large increases ( in O2 tension (PaO2) will ( small ( in saturation. In contrast, when Sat falls < 90%, the O2 tension will ( rapidly with falls in O2 Sat.

· Specific reasons for inaccuracy:

· ( In Peripheral blood flow produced by peripheral vasoconstriction (hypovolaemia, severe hypotension, cold, cardiac failure, some cardiac arrhythmias) or peripheral vascular disease. These result in an inadequate signal for analysis. 

· Venous congestion, particularly when caused by tricuspid regurgitation, may ( venous pulsations which may produce ( readings with ear probes. Venous congestion of the limb may affect readings as can a badly positioned probe.
· Bright overhead lights in theatre, surgical diathermy, shivering may cause difficulties in picking up an adequate signal. 

· Pulse oximetry cannot distinguish between different forms of haemoglobin. Carbo-xyhaemoglobin is registered as 90% oxygenated Hb &10% desaturated Hb- ( the oximeter will overestimate the saturation. Presence of methaemoglobin will prevent the oximeter working accurately and the readings will tend towards 85%, regardless of the true saturation. 

· When methylene blue is used in surgery to the parathyroids or to treat methaemoglobinaemia a shortlived reduction in saturation estimations is registered. 

· Nail varnish may cause falsely low readings. However the units are not affected by jaundice, dark skin or anaemia.

	ARTERIAL BLOOD GASES (<80mmHg is abnormal [10.6kPa])

	RISKS:

· Spasm, Intraluminal Clotting, Bleeding And Haematoma Formation, Transient Obstruction Of Blood Flow. Infection.
· Risks ( arterial flow to distal tissue unless collateral arteries available

· ( Femoral / Brachial arteries not ideal (poor collateral supply)

· Radial artery used (Acessible, easily palpable, good collateral supply).

ABG PROCESS

· Make sure no air bubble (Air ( ( in true CO2, ( in true O2).

· Cool sample to 5oC unless analysis is quick (Cells within sample are still metabolically active).

RELATION BETWEEN PH AND PACO2

· For every ( in Paco2 of 20 mm Hg (2.6 kPa) > N, the pH falls by 0.1

· For every ( of Paco2 of 10 mm Hg (1.3 kPa) < N, the pH rises by 0.1.

· Any ( in pH outside these parameters is therefore metabolic in origin.


	RESPIRATORY FAILURE

	· TYPE 1: ( PaO2 + N PaCO2 (hypoxaemia + no CO2 retention)
· TYPE 2: ( PaO2 + ( PaCO2 (hypoxaemia + hypercapnia)

· ( PaCO2 may be caused by:

· Reduction in minute ventilation (central or pump failure)

· Obstruction of airflow

· Mismatch with perfusion giving a relative increase in dead space ventilation and reduction in alveolar ventilation.


	MANAGEMENT OF ARTERIAL HYPOXAEMIA

	( PaCO2 + N pH
	· Chronic ventilatory failure (renal mechanisms have long enough to compensate)

	( PaCO2 + ( pH
	· Acute alveolar hyperventilation

	( PaCO2 + ( pH (7.35 to 7.40)
	· 1o Metabolic acidosis in which respiratory system has normalised pH

	( PaCO2 + ( pH (<7.35)
	· Rare: Suggests a severe metabolic acidosis or some limitation on the ability of the respiratory system to compensate

	N PaCO2 +( pH (> 7.45)
	· 1o Metabolic alkalosis to which the respiratory system has not responded


LUNG VOLUMES AND CAPACITIES

	Tidal Volume:
	Volume of 1 breath

	Minute Ventilation (MV)
	Total volume of air inhaled and exhaled in 1 minute

Respiratory Rate x Tidal Volume

e.g. MV = 6 litres / minute

	Anatomical Dead Space
	Volume of air in conducting airways eg mouth trachea larynx and bronchi

	Alveolar Ventilation Rate
	Volume of air/ min that reaches the alveoli and other respiratory portions.

e.g. 350mL/breath x 12 breaths / min = 4200mL/ min

	Vital Capacity
	Maximum volume of air which can be exchanged from inspiration to full expiration

	Inspiratory reserve volume
	Maximum additional volume which can be inhaled after normal tidal inspiration.

	Tidal Volume
	Volume of air exchanged during normal quiet breathing.

	Expiratory Reserve Volume
	Maximum additional volume which can be exhaled following normal tidal expiration

	Functional Residual Capacity
	Volume of air which is available for gaseous exchange following tidal expiration

	Residual Volume
	Volume of air which cannot be expelled even during forced expiration

: Approximately 25cm3 for each kg body mass.

	VO2 Max
	VO2 max is the maximum volume of oxygen consumed by the body each minute during exercise, while breathing air at sea level. Because oxygen consumption is linearly related to energy expenditure, when we measure oxygen consumption, we are indirectly measuring an individual's maximal capacity to do work aerobically.

	PEFR


	The PEFR is the maximum rate of airflow that can be achieved during a sudden forced expiration form a position of full inspiration.

The good points about PEFR are:

· the PEFR reflects the calibre of the airways and is most useful for day-to-day monitoring of asthma 

· the PEFR device is cheap and convenient

The bad points about PEFR are that the value depends on:

· effort 

· technique


· Outline of Lecture 01 (01-13 PP; Fessler)

· PFTs and Statics

· PULMONARY FUNCTION TESTS (PFTs)

· General

· Three classes of lung dysfunction: restrictive, obstructive, diffusion defect

· PFTs are an adjunct to diagnosis

· Spirometry

· FEV1/FVC: fraction of vital capacity that can be forcibly expelled in 1 sec, nl = 80%

· Obstructive: ( FEV1/FVC, ( FVC

· Due to: increased resistance, decreased lung recoil pressure, increased airway tone

· Restrictive: nl FEV1/FVC, ( FVC

· Due to: stiffening of the chest wall, stiffening of lung, muscle weakness

· Flow volume curve

· Upper airway obstruction: greater effect on inspiratory flow

· Lower airway obstruction: greater effect on expiratory flow

· Arterial oxygen

· Due to shape of oxyhemoglobin curve, the PaO2 of a blood mixture is closer to the lower of the component solutions => hyperoxic alveoli can’t counter hypoxic alveoli well

· 90% saturation achieved at PaO2 60 mmHg, so PaO2 < 50 is bad

· [alveolar air equation]  PAO2 = FIO2 (Pb – 47) – PaCO2/0.8  

· A-a gradient (alveolar-arterial) nl <20 room air or <100 100% O2

· Causes of hypoxemia (( PaO2)

· V/Q mismatch: hyperoxic units can’t compensate for hypoxic ones, ( A-a, O2 correctable

· Shunt: like a severe V/Q mismatch, ( A-a but not O2 correctable

· Hypoventilation: CO2 displaces alveolar O2, ( PaCO2

· Decreased diffusion: hypoxia and ( A-a with exercise and not at rest (see below)

· Decreased FIO2: high altitudes, A-a normal

· Arterial CO2

· [alveolar ventilation equation]  PaCO2 = .863 
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· Causes of hyperventilation (( PaCO2)

· Pain

· Anxiety

· CNS lesion

· Metabolic acidosis compensation

· Causes of hypoventilation (( PaCO2)

· total ventilation ( = dead space + alveolar ventilation)

· dead space ventilation

· Acid/base balance

· Metabolic vs respiratory acidosis and alkalosis

· 1mmHg PaCO2 ( ( 0.008 pH (acute) or ( 0.003 pH (chronic—renal compensation)

· Diffusing capacity

· [Fick’s Law]  Flux = K ((P/(L) (Area) = DL / (P

· Measure diffusion constant with carbon monoxide

· Low DLCO is usually a result of decreased gas transfer area

· Since RBCs reach O2 equilibrium quickly compared to transit time through alveolar capillary, most diffusion problems do not cause dyspnea at rest.  But, exercise (( CO ( ( flow ( ( transit time) may cause dyspnea and thereby unmask a diffusion problem.

· Lung volumes

· Know your alphabet soup: IRV, TV, ERV, RV, VC, IC, FRC, TLC

· Measure ventilated units with helium dilution or nitrogen washout (based on mass balance)

· Measure total thoracic gas volume with body plethysmograph (based on Boyle’s Law)

· STATICS

· The lung is an elastic structure, and concepts of PV relationships, compliance, stressed and unstressed volume, elastic instability, critical transmural opening pressure, elastic recoil pressure all apply

· All PV curves are taken by convention during expiration

· PV relationship for the lung shows hysteresis due to surfactant, with higher pressures in inspiration

· PV relationship for chest wall shifts left for inspiration and right for expiration due to respiratory mm contraction

· Relevant pressure gradients are across chest wall and across pleural surface

· Determinants of

· Compliance: tissue properties, surfactant (increases compliance)

· TLC: lung stiffness, chest wall stiffness, strength of inspiratory mm

· FRC: inward recoil of lung and outward recoil of chest wall

· RV: critical transmural opening pressure





























































































































































PCO2: NORMAL


(4.5 – 6 KPa or


34 – 45 mmHg)




















EXCESS H+ PRODUCTION


(N due to anaerobic respiration ( lactic acid)


Arterial oxygen content: E.g. anaemia


Hypoperfusion: Local or global. Any cause of ( Cardiac output or local hypoperfusion in conditions such as ischaemic bowel. 


( Ability to use oxygen as a substrate. In conditions ( mitochondrial dysfunction e.g. severe sepsis, cyanide poisoning.


DKA: Production of Ketone bodies


INGESTION OF ACIDS


E.g. Antifreeze, Ammonium Chloride


INADEQUATE SECRETION OF H+


Renal failure


Hypoaldosteronism (e.g. Addison’s)( ( Na reabsorbtion (Na / H+ pump cant work).


EXCESSIVE LOSS OF BICARBONATE


(( Diarrhoea ( Loss of Na Bicarb


Mneumonic for Metabolic Acidosis:MUDPILES


Methanol, Metformin, Uraemia, DKA, Paracetamol, Iron, Lactate, Ethylene, Salicylate





EXCESS H+ LOSS:


Prolonged Vomiting


EXCESSIVE REABSORPTION OF BICARBONATE:


Prolonged Vomiting ( ( Cl ( Bicarb needed for buffering.


Diuretics ( ( loss of Cl in urine.


INGESTION OF ALKALIS:


Alkaline antacids in excess





Anxiety


Severe Asthma


Moderate PE





INADEQUATE CO2 EXCRETION…


AIRWAY OBSTRUCTION


CENTRAL CAUSES:


Brain injury: Stoke, Trauma.


Drugs: Anaesthetics, Opiods.


Sleep apnoea.


PERIPHERAL NEUROLOGICAL:


Nerve Injury: Spinal cord trauma, Phrenic nerve palsy.


Neuropathy: Guillain Barre Syndrome, Polio myelitis, Motor neurone disease.


Drugs: Epidural, Local Anaesthetics.


LUNG DISEASES


COPD, Severe Asthma, Pneumothorax.


CHEST WALL CAUSES


Deformity: Scoliosis, Flail chest, Obesity.


Muscular weakness: Muscle relaxants, Myasthenia gravis, Electrolyte disturbance.


EXCESS CO2 PRODUCTION…


Malignant hyperpyrexia





PCO2: NORMAL


(4.5 – 6 KPa or


34 – 45 mmHg)





PCO2: HIGH


(> 6 KPa or 


>45 mmHg)





PCO2: LOW


(<4.5 KPa or


< 34mmHg)





PCO2: LOW


(<4.5 KPa or


< 34mmHg)





ALKALAEMIA





(High pH: >7.45)








Primary Metabolic Acidosis + Respiratory Compensation





Primary Metabolic Acidosis





Mixed Respiratory & Metabolic Acidosis*








Primary Respiratory Acidosis





Primary Respiratory Acidosis + Renal Compensation





B/E: NEGATIVE


(<-2.4)








B/E: POSITIVE


(> 2.2)





B/E: POSITIVE


(> 2.2)





B/E: NORMAL


(-2.4 – 2.2)








SUMMARY FOR DETERMINING CAUSE OF pH IMBALANCE:





1. 	pH	Is there Acidaemia / Alkalaemia?


2a. 	PCO2	Can this account for the change?  Go to 3


2b. 	B/E	Can this account for the change?  Go to 4


2c.	PCO2 & B/E	Can both account for the change? Go to 5


3.	Cause is Primarily Respiratory +/- Metabolic Compensation


4.	Cause is Primarily Respiratory +/- Metabolic Compensation


5.	Cause is Mixed Respiratory + Metabolic





PCO2: HIGH


(> 6 KPa or 


>45 mmHg)





B/E: Negative


(<-2.4)








Primary Metabolic Alkalosis + Respiratory Compensation





B/E: NEGATIVE


(<-2.4)








PCO2: LOW


(<4.5 KPa or


< 34mmHg)





B/E: NORMAL


(-2.4 – 2.2)








Primary Metabolic Alkalosis





Primary Respiratory Alkalosis + Renal Compensation








Primary Respiratory Alkalosis








Pneumonic for Acid / Base: This is brought to to by A & B;


With a mean Bicarb of 24 and mean PCO2 of 5.3


NB: Bicarb may be given instead of B/E…Normal range = 24-30








B/E: POSITIVE


(> 2.2)








ACIDAEMIA





(Low pH: <7.35)








* This is very dangerous and may occur in severe diseases such as septic shock, multiple organ dysfunction, cardiac arrest.





PCO2: HIGH


(> 6 KPa or 


>45 mmHg)





+





+





Mixed Respiratory & Metabolic Acidosis*
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