Lecture 14
Hypoxia in Health and Disease
Professor Stephen Semple (s.semple@imperial.ac.uk)

Learning Objectives:

1.
Oxygen delivery to the body tissues. Relationship of oxygen delivery to tissues and oxygen consumption.  The development of tissue hypoxia when delivery fails to meet demand with onset of anaerobic metabolism (lactic acid production)
2.
Haemoglobin and blood gas transport.

3.
Definition and causes of hypoxaemia.
4. The relationships between content and gas tension in blood for oxygen (O2) and carbon dioxide (CO2) i.e. the O2 and CO2 dissociation curves.  Factors affecting these curves with particular reference to oxygen uptake in the lung and the downloading of oxygen in the tissues.
5. The ventilatory and symptomatic effects of moving from sea level to high altitude. Description of the process of acclimatization on ascent to high altitude.
6. Definition of respiratory failure and effect on arterial gas tensions.

7.
The relationship between CO2 tension (PCO2) and arterial oxygen tension (PO2) within the lung.  The effect on the relationship of changes in alveolar ventilation and ventilation / perfusion relationships within the lung

Oxygen delivery

O2 delivered  =   Cardiac output   X   O2 content


             
      (Litres / min)            (ml / litre)




 =   5       X      200

 


 =  1000 ml  /  min

  
O2 uptake      =    Cardiac output   X   Arterio-Venous

       (consumption)
        (Litres / min)
           difference








      60 ml




 = 
5     X     60

    


 = 
300ml / min



R.Q
 =   CO2 output    =      250 
= 0.83

   
    

      -----------------
   ---------                                    
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Figure 1.
Coupled oxygen and carbon dioxide transport within the red cell.

In the lung haemoglobin takes up oxygen and releases carbon dioxide, the latter being expired via alveolar ventilation. In the tissues haemoglobin buffers carbon dioxide and releases oxygen. 
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[image: image2.emf]Fig 2. Oxygen dissociation curve. Note steep initial rise in saturation. 

At 10 kPathe haemoglobin is near full saturation. Thereafter there is 

only a small rise in saturation for relatively large increases in kPa.



[image: image3.emf]Fig 3. Oxygen dissociation curve using 0
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(also shown at bottom of graph).
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The difference in haemoglobin concentration is due to variations in 

age, sex, and biological variation within subjects.


OXYGEN AND CO2 DISSOCIATION CURVES 
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A. Bohr Effect

B. Haldane Effect

Oxygen Affinity
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· This is defined as the readiness with which haemoglobin (HB) yields or takes up oxygen (O2) with changes in oxygen tension (PO2). At the same oxygen tension HB with a high affinity (dashed line in figure) will have a higher content of oxygen than blood with a low affinity (continuous line in figure). The change in content (O2 saturation) is shown by arrows in figure above.  A shift in the Dissociation Curve to the left increases O2 affinity whilst a shift to the right decreases affinity. 


[image: image8.emf]
Figure 5

Carbon monoxide affinity for haemoglobin is 250 times higher for haemoglobin than Oxygen. An inspired CO of 0.2% will saturate 80% of the haemoglobin. Note that in the presence of CO the oxygen dissociation curve is shifted to the left (high affinity) impairing oxygen unloading in the tissues. Note the lower affinity in anaemia and the difference in shape. 

Exercise
The increased production of CO2 with exercise leads to an increase in the tissues of PCO2 and fall in pH. This reduces oxygen affinity and increases oxygen release. The disadvantage of this change in affinity leads to a reduction in oxygen uptake in the lung, and a fall in arterial PO2. This disadvantage is offset by the increase in ventilation associated with exercise, which produces a rise in alveolar PO2 and prevents a fall in oxygen saturation.
Hypobaric hypoxia
This hypoxia develops as a result of the inverse relationship between oxygen partial pressure and altitude, resulting in a decrease in the partial pressure of alveolar and arterial oxygen during ascent.
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Figure 5.2 Disgrammaic representation of the hyposic ventiltory response to P
and arterial O sauration (Sa0).




Respiratory response to a fall in barometric pressure as at high altitude


The primary need is to ensure an adequate uptake of oxygen in the lungs at the reduced PO2, alveolar ventilation increases with a corresponding fall in PaCO2 (and rise in pH) with an increased arterial oxygen affinity. The disadvantage of this situation is that the rise in pH (respiratory alkalaemia) puts a ‘brake’ on the respiratory response to the hypoxaemia. Over the next few days at high altitude renal compensation for the alkalaemia leads to a return of the pH to normal, removing the inhibition of breathing.  The result is a further increase in alveolar ventilation and rise in PaO2. Oxygen affinity tends to return to the same level as that which operated at sea level due to: 

    (a) correction of the alkalaemia by renal compensation and 
    (b) increased production of 2-3,DPG.


[image: image10]
2,3-bisphosphoglycerate binds to deoxyhaemoglobin in the tissues leading to its increased production via bisphosphoglycerate synthase and hence accumulation in the red cells 

Acclimatisation at high altitude in Lowlanders

In lowlanders (residents at sea level) the ventilatory response to hypoxia at high altitudes is insufficient to restore the Pa,02 to that at sea level. The lowlander therefore becomes hypoxaemic.  The response to hypoxia is very variable between individuals and when the ventilatory response to hypoxia is poor and, at increasing levels of high altitude, the hypoxaemia may be severe leading to impaired cognitive function.
Initially on arrival at high altitude lowlanders often feel unwell with poor physical and mental function. They may have headache, anorexia, nausea and even vomiting, photophobia and they sleep poorly. These symptoms are usually mild but when severe the condition is referred to as acute mountain sickness.
Acclimatisation occurs over the next 2 to 10 days with resolution of symptoms and improved performance. Ventilation and Pa,02 increase with a fall in Pa,C02. The benefits of the increased ventilation and Pa,02 have been attributed to: (1) renal compensation for the respiratory alkalaemia as described above and (2) a slow increasing ventilatory sensitivity to hypoxia which may go on increasing beyond the usual period of acclimatisation. The mechanism(s) whereby this change in sensitivity occurs are unknown but it is assumed it is due to a change in function of the peripheral or central chemoreceptor’s or both.
The adverse effects of moving to high altitudes can be ameliorated or avoided by slowing the ascent to two days, or longer for the higher altitudes. Rapid ascent over a few hours will usually lead to the unpleasant effects of acute mountain sickness and may be complicated by impaired cognitive function.  

At altitudes above about 5500 m (18,000 ft) the ventilatory response is dominated by the strength of the hypoxic stimulus leading to a severe respiratory alkalaemia, increased oxygen affinity and hence increased uptake of oxygen in the lung.  Thus  elite climbers on the summit of  Everest, breathing ambient air, will have an arterial pH > 7.7, a Pa,C02~ of 1 kPa and a Pa,02~ 3.7 kPa.  However this increased uptake of oxygen in the lungs is achieved at a cost, namely reduced downloading of oxygen in the tissues which severely limits exercise capacity.

High Altitude Pulmonary Oedema (HAPE) and High Altitude Cerebral Oedema (HACE)

A small number of lowlanders (approximately 1%) who suffer with benign (mild) acute mountain sickness (AMS) proceed to develop oedema of the lungs (HAPE) or brain (HACE) or a combination of these two serious medical emergencies. In addition to the usual symptoms and signs of AMS subjects with HAPE develop severe breathlessness, often accompanied by chest pain, dry cough and, less often, haemoptysis.  The chest X- shows patchy pulmonary oedema. The alveolar hypoxia in patients with HAPE leads to reflex pulmonary artery vasoconstriction, pulmonary hypertension which may lead to right heart failure. However these changes do not account for the pulmonary oedema. A more likely cause would be left ventricular failure but there is no evidence of impaired left ventricular function.  This leaves “capillary leak” as the most likely cause of the pulmonary oedema.  Analysis of the oedema fluid at bronchoscopy (carried out on a small number of patients) had a high protein content, red cells and macrophages-all consistent with a “vascular leak.”
The presentation of patients with HACE like HAPE usually follow AMS but then  the patients develop severe headache, impaired cognitive and physical function with clouding of consciousness which may proceed to coma.  Examination of the retina will often show retinal haemorrhages and less often papilloedema. The cerebral oedema may lead to impaired neurological function such as occulomotor palsies, impaired walking ability (ataxia) and extensor plantar responses.

Treatment.  Usually no treatment is required for benign AMS except possibly analgesia for headaches.  A useful prophylactic drug for the amelioration of the unpleasant effects of AMS is acetazolamide which leads to a mild metabolic acidaemia and the consequent respiratory compensation leads to a beneficial rise in ventilation and Pa,02 which enhances acclimatisation.
Successful treatment of both HAPE and HACE depends on transferring the patient to the lowest possible altitude on oxygen in the shortest possible time. Diuretics and steroids may provide temporary or partial amelioration but alone do not reduce the untreated high mortality of~ 50%.   The exception is the use of nifedipine in HAPE which lowers pulmonary arterial pressure and therefore reduces the after-load on the right ventricle.
RESPIRATORY FAILURE

The respiratory apparatus in its function as a gas exchange system maintains the gas tensions of carbon dioxide (Pa, CO2) and Oxygen (Pa, O2) within quite narrow limits.  This control of gas tensions is dependent on alveolar ventilation and gas exchange within the lung. If either or both fail respiratory failure is the result. The limits defining failure are an arterial oxygen tension, less than 8 kPa (60 mmHg) and a carbon dioxide tension above 6.7 kPa (48 mmHg), the patient being at rest and breathing air.

Classification of Respiratory Failure

Respiratory failure can be classified into 3 groups:

Type 1 Hypoxaemic failure in which a low Pa, O2 is associated with a normal (or low) Pa, CO2.  The disorder of function in this condition is a disturbance of ventilation to perfusion relationships within the lung, whilst overall alveolar ventilation remains normal (point B)  
Type 2 Ventilatory failure.  This condition results from alveolar hypoventilation and produces a raised PaCO2 and low Pa, O2 (point A)

Type 3 Combined hypoxaemic and ventilatory failure in which features of type 1 and 2 are mixed, the defect including both alveolar hypoventilation and a disturbance of ventilation – perfusion relationships within the lung.  This produces a raised Pa, CO2 and low Pa, O2 (point C).


[image: image11]
Figure 6
The reciprocal relationship between PO2 and PCO2 within the lung, the oblique continuous line defines this relationship in a normal ventilated lung. Thus if PCO2 goes up due to alveolar hypoventilation then PO2 goes down see Point A (and visa versa for alveolar hyperventilation).  Because the oblique line is linear, addition of the PCO2 and PO2 will give the same value at any point on the line (approximately 16 KPa).  This relationship is very useful in characterising type 1 from type 2 respiratory failure.  

Example: A: Type 2 (ventilatory failure).  (PCO2 10KPa, PO2 7.5KPa)

Example: B: Type 1 (hypoxaemic failure) (PCO2 3.5 KPa, PO2 8.0 KPa)

Example: C:  Combined type 1 and 2 failure (PCO2 7.5KPa, PO2 5.0KPa)

[image: image12.emf]
Figure 7.

CO2 Dissociation Curve. 

N is the PC02 and CO2 content of blood leaving a normal lung with normal VA/Q ratios averaged at 0.8 (see N in fig). In disease of the lung there are low VA/Q areas (H) and normal and high VA/Q areas (L). When blood from these areas mix in the left side of the heart the areas of high VA/Q compensate for the low VA/Q areas and resulting arterial PC02 is slightly raised but within the normal range. This normality is achieved because the CO2 dissociation curve is nearly linear and also because any rise in PC02 stimulates the chemoreceptors leading to an increase of ventilation of the high VA/Q areas.
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Figure 8
This is a hypothetical example to illustrate the effect of ventilation to perfusion inequalities in the lung on arterial O2 tension and saturation as in hypoxaemic (type 1) respiratory failure.         
· The normal VA/Q areas(N) contribute blood to the pulmonary venous system with a normal PO2  (11KPa) and saturation(96%)
· The low VA/Q(L) areas contribute blood with a PO2 of 5KPA and saturation 75%(20% drop from normal).
· The high VA/Q(H) areas contribute blood with a PO2 of 16KPa and saturation of 100%(rise from normal of only 4% see hatched area)
· The blood from the three regions of the lung with different VA/Qs mix in the pulmonary venous system and the left side of the heart. The resulting PaO2(F) is 7.5KPa with an O2 saturation of 75%
· Thus the areas of high VA/Q do not compensate for the low VA/Q areas due to the sigmoid shape of the oxygen dissociation curve
Haemoglobin (Hb)


molecular weight 64,500


Consists of two alpha and two beta chains with each chain having a haem molecule comprising a porphyrin and a ferrous ion.  Thus one molecule can combined with 4 molecules of oxygen.  In deoxyhaemoglobin there are tight electrostatic bonds between the globin chains with the haem molecules placed in ‘crevices’ with a low affinity for oxygen.  When the surrounding tension of oxygen is raised there is at first a small increase in uptake of oxygen by Hb for a rise in oxygen tension.  However, once one molecule of oxygen is taken up there is alteration in the configuration of the Hb molecule rendering the other oxygen binding sites accessible leading to a steep increase in oxygen content for small rises in oxygen tension (PO2).  This is responsible for the sigmoid shape of the oxygen association curve.


Other factors leading to changes in the binding of oxygen to the haem group are:


(1)  pH, CO2 tension (PCO2) and temperature.


(2)  the concentration of 2-3diphosphoglycerate (DPG)








Hypoxia (oxygen lack)





Hypoxaemia (hypoxic hypoxia)


		Arterial PO2 <10.7 kpa, 80 mmHg


		Arterial O2 saturation <93%


		Arterial O2 content reduced (ml O2 /100 ml blood)





Causes:	Alveoler hypoventilation


		Impaired gas exchange with the lung


		Reduced barometric pressure (high altitude)





There are other causes of hypoxia where the arterial PO2, oxygen saturation and usually the oxygen content are normal.


		Anaemic hypoxia


		Stagnant hypoxia


		Histotoxic hypoxia








Compensatory mechanisms for hypoxia


		Alveolar hyperventilation


		Increased cardiac output


		Improved pulmonary perfusion


		Changes in regional blood flow


		Polycythaemia


		Anaerobic metabolism
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Fig 2. Oxygen dissociation curve. Note steep initial rise in saturation. At 10 kPa the haemoglobin is near full saturation. Thereafter there is only a small rise in saturation for relatively large increases in kPa.
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Fig 3. Oxygen dissociation curve using 02 content of blood. The top line (red) is total 02 content, the line below (black) is 02 bound to haemoglobin and the space between the line is dissolved 02 (also shown at bottom of graph).
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Fig 4. 02 dissociation curve using 02 bound to haemoglobin in mmol/L. The difference in haemoglobin concentration is due to variations in age, sex, and biological variation within subjects.
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