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I. Oxygen Transport
A. Oxygen is carried in the bloodstream 2 ways:

1. Dissolved in the blood plasma (PO2).

2. Chemically combined with Hb inside the RBC (SO2).

The total amount of oxygen carried in the blood is a combination of dissolved PaO2 and O2 combined with Hb and is called the Oxygen Content  (CaO2 or CO2.)

B. A decreased PaO2 represents a decreased amount of oxygen dissolved in the blood and is called hypoxemia.
1. (PaO2
(
Hypoxemia
C. A decreased total amount of oxygen at the tissue level is called hypoxia.
II. Blood Gas Normal Values


	Arterial
	Venous

	PaO2
	100 mm Hg (80 – 100 mm Hg)
	PO2
	40 mm Hg  (35 – 45 mm Hg)

	SaO2
	97% (greater than 94%)
	SO2
	70 – 75%

	CaO2
	20 Vol%
	CO2
	15 vol%

	%COHb
	0 – 3%
	
	

	
	0 - 10% Smoker
	
	

	%MetHb
	0 – 3%
	
	

	Hb
	12 – 17 gm% 

(grams/100 mL of blood)
	
	


III. Oxygen Dissolved in the Plasma

A. Dissolved in plasma means that when a gas, like oxygen, enters the plasma, it maintains its precise molecular structure and moves freely throughout the plasma in its normal gas state.  
B. Dissolved Oxygen is measured by the PO2.  (PaO2 or PO2) 
C. The amount of oxygen that dissolves in the plasma is a function of Henry’s Law, which states that the amount of oxygen dissolved in a liquid (plasma) is proportional to the partial pressure of the gas.  

D. At normal body temperature, about .003 ml of oxygen will dissolve in 100 mL of blood for every 1 mm Hg of PO2.  

E. Dissolved O2 is a linear relationship

F. Normal Value

1. The amount of oxygen dissolved in the healthy individual is 0.3 vol% (means .3 mL of O2 will dissolve in 100 mL of blood or 0.3 mL of O2 will dissolve in 1 dL of blood).
a. PaO2  x  .003  =  dissolved oxygen in vol%


b. 100 mm Hg  x  .003  =  0.3 vol%

2. In terms of total oxygen transport, the dissolved oxygen (PaO2) represents a very small % of the total.

G. How is it measured?

1. Clark Electrode

2. Transcutaneous Monitor (infants)

Oxygen Bound to Hemoglobin

H. Hemoglobin

1. Normal value is 12 - 16 gm% (gms/100 mL of blood or gms/1 dL of blood).

2. Most of the oxygen that diffuses into the capillary blood rapidly moves into the RBC and chemically attaches to the hemoglobin.

3. Each RBC contains approximately 280 million Hb molecules, specialized to transport oxygen and CO2.

4. Normal adult Hb (Hb A) consists of four heme groups (iron) and four amino acid chains that collectively constitute globin (protein).

5. Oxygen will combine with the heme group.  Since there are four heme/iron groups in each Hb molecule, a total of four oxygen molecules can combine with each Hb molecule.  When four O2 molecules are bound to one Hb molecule, it is said to be 100% saturated with oxygen.  

6. Hb bound with oxygen is called oxyhemoglobin. 

7. Hbreduced + O2 = HbO2
8. Hb not bound with oxygen is called reduced hemoglobin or deoxyhemoglobin.
9. The globin consists of 2 alpha chains each with 141 amino acids and 2 beta chains each with 146 amino acid chains.

10. Normal Fetal Hb (HbF) has two alpha chains and two gamma chains.  This increases the hemoglobin molecule’s attraction for oxygen and facilitates the movement of oxygen across the placenta.

11. Adult Hb gradually replaces fetal Hb over the first year of life.  

12. Abnormal Hb

a. Sickle Cell (Hb S)

b. Methemoglobin: Drugs and chemicals such as nitrites can change the iron molecule (heme) from the ferrous state to the ferric state.

i. This eliminates the ability of Hb to transport oxygen.  

ii. This type of Hb is called Methemoglobin

iii. MetHb is treated with methylene blue dye.

c. Carboxyhemoglobin

i. COHb% is normally 0-3% but can be as high as 10% in smokers

ii. The treatment for COHb% is 100% oxygen and/or a  hyperbaric chamber.
I. Measurement of Oxygen bound to Hb
1. The % of oxygen bound to Hb is the SaO2 or SO2.

2. The normal SaO2 is 97% (attempts should be to keep value 94% or greater).

3. The normal SO2 is 70 - 75%.

4. Oxygen saturation can be measured two ways:

a. Pulse oximeter (bedside monitoring)

i. This is only estimation, although a fairly reliable one.

ii. CO-Oximeter (blood gas machine)

IV. Oxygen Content
A. Calculation

1. CaO2 = (1.34 x SaO2 x Hb) + (0.003 x PaO2)

2. CO2 = (1.34 x SO2% x Hb) + (0.003 x PO2)
3. CćO2 = (1.34 x Hb) + (PAO2 x .003)
a. ** Each 1 gram of Hb will carry 1.34 mL of oxygen
4. The first half of the equation represents O2 bound to Hb and is normally 19.7 vol% in the arterial system.

5. The second half of the equation represents O2 dissolved in the plasma and is normally 0.3 vol% in the arterial system.

B. Normal Values

1. CaO2 is normally 20 vol%.

2. CO2 is normally 15 vol%.

3. CćO2 is normally 22 vol%.

4. The Ca-O2 is the difference between the arterial and venous oxygen content.  

5. This is normally 5 vol% and represents the amount of oxygen going to the tissues

6. **CaO2 - CO2 or Ca-O2
V. Oxygen Dissociation Curve
A. Normal Curve

1. The oxygen dissociation curve is a graphical display showing the relationship between the % of Hb that is chemically bound to oxygen and the PaO2 (dissolved oxygen).

2. % Hb saturation (SaO2) is on the vertical axis and PaO2 on the horizontal axis.

3. The curve is a sigmoidal shaped curve (not linear) with a steep portion between 10 and 60 mm Hg and a flat portion between 70 and 100 mm Hg.  

4. The steep portion of the curve shows that oxygen rapidly combines with Hb as the PaO2 increases.  Beyond this point (60 mm Hg), a further increase in the PaO2 produces only a slight increase in oxygen/Hb binding.  

5. In the clinical setting, we try to keep the PaO2 above 60 mm Hg, which means we stay on the flat portion of the oxygen dissociation curve.  If the patient’s PaO2 is allowed to drop below 60 mm Hg, the patient will deoxygenate very quickly.  

6. Even though the PaO2 represents only a small percentage of the total oxygen content, it is very important.  The PaO2 provides the driving pressure to help push oxygen onto the hemoglobin molecule. 

7. If the PO2 decreases, the SO2 will decrease.  

8. The normal values correlating SaO2 to PaO2 are below:

	PO2
	SO2

	25 – 27 mm Hg
	50%

	40 mm Hg
	70%

	50 mm Hg
	80%

	60 mm Hg
	90%

	100 mm Hg
	97%

	250 mm Hg
	100%


B. Significance of the Steep Portion of the Curve

1. PaO2 reductions below 60 mm Hg produce a rapid decrease in the amount of oxygen bound to Hb.  Clinically, therefore, when the PO2 continues to fall below 60 mm Hg, the quantity of O2 delivered to the tissue cells may be significantly reduced.

C. Shifts in the Oxygen Dissociation Curve

1. Left Shift in the Oxygen Dissociation Curve

a. A left shift in the ODC increases the affinity (or bonding) of oxygen to Hb.

b. This shift normally occurs at the lungs where oxygen is being picked up.

c. A left shift means that at any given PaO2, more Hb will be saturated with oxygen.

d. Factors which shift the oxygen dissociation curve to the left include: 

i. ( Temperature

ii. ( H ions, ( pH (alkalosis)

iii. ( PCO2
iv. ( 2,3 DPG

v. COHb%

e. MetHB%

f. Fetal Hb

2. Right Shift in the Oxygen Dissociation Curve

a. A right shift in the ODC decreases the affinity (or bonding) of oxygen to Hb.

b. This shift normally occurs at the tissue level where oxygen is being unloaded.

c. A right shift means that at any given PaO2, less Hb will be saturated with oxygen.

d. Factors which shift the oxygen dissociation curve to the right include:

i. ( Temperature

ii. ( H ions, ( pH (Acidosis)

iii. ( PCO2
iv. ( 2,3, DPG 

e. Significance of Shifts in the Oxygen Dissociation Curve

i. When the PaO2 is within normal limits (80 – 100 mm Hg), a shift in the oxygen dissociation curve to the right or left does not significantly affect the hemoglobin molecule’s ability to transport O2.

ii. This is because shifts occur on the flat portion of the curve.

iii. When the PaO2 falls below normal, a shift to the right or left can have a marked effect on the hemoglobin molecule’s ability to pick up or release oxygen.  This is because shifts occur on the steep portion of the curve.  

D. Bohr Effect 
1. The Effect of CO2 (pH) on the oxygen dissociation curve is the Bohr Effect. 

2. The Bohr effect is most active in the capillaries of working muscles (myocardium, skeletal).
3. As the PCO2 level increases, the oxyhemoglobin saturation decreases.

4. The curve is shifted to the right  (this occurs at the tissue level as CO2 levels rise)

5. As the PCO2 level decreases, the oxyhemoglobin saturation increases.

6. The curve is shifted to the left (this occurs at the lungs as CO2 levels decrease)

E. Temperature

1. Increased body temperature shifts the curve to the right.  Thus actively metabolic tissue (exercise) that has an elevated temperature enhances the release of oxygen as blood flows through the muscle capillaries.  

2. As temperature decreases, the curve shifts to the left.  This is why you turn blue while swimming in cold water.  You have enough oxygen but it is not being released to the tissues.  You will start to shiver as your body attempts to produce heat.

F. 2,3 Diphosphaglycerate (2,3 DPG)

1. The RBC contains a large quantity of the substance 2,3, DPG.  It forms a loose chemical bond with the globin chains of deoxygenated Hb.  It stabilizes the molecule in its deoxygenated state, reducing its affinity for O2.  Without 2,3 DPG, Hemoglobin’s affinity for O2 would be so great that the normal O2 unloading at the tissue level would be impossible.   

a. ( 2,3 DPG concentrations occur during times of hypoxia, anemia or high altitudes.

b. ( 2,3 DPG levels are found in stored blood and septic shock.

G. Fetal Hemoglobin

1. HbF shifts the curve to the left.

2. This higher affinity enhances the transfer of oxygen from maternal blood to the fetal blood.

H. Carboxyhemoglobin

1. Carbon Monoxide has about 210 times the affinity of oxygen for Hb.

2. This shifts the curve to the left.  

3. Thus, any oxygen molecules that do combine with hemoglobin are unable to be unloaded easily at the tissues.  

I. Methemoglobin 

1. Met Hb also shifts the curve to the left and prevents oxygen unloading at the tissue.

P50
2. A common point of reference on the oxygen dissociation curve is the P50.  

3. The P50 is the partial pressure at which 50% of the hemoglobin is saturated with oxygen. 

4. The normal P50 is 25-27 mm Hg.  

5. Clinically, there are a number of conditions that can shift the oxygen dissociation curve either to the right or to the left. 

a. A shift to the right in the oxygen dissociation curve causes a decrease in the affinity of oxygen for the hemoglobin molecule.  

i. This results in less saturation at a given PO2.  

ii. This increases the P50.

iii. A right shift enhances oxygen unloading at the tissue level.

b. A shift to the left in the oxygen dissociation curve causes an increased affinity of oxygen for the hemoglobin molecule.  

i. This results in a greater saturation at a given PO2.

ii. The P50 will decrease.

iii. A left shift facilitates the loading of oxygen onto hemoglobin as blood passes through the lungs.
Oxygen Transport Studies

J. Oxygen Delivery
1. The total amount of oxygen delivered or transported to the peripheral tissues is dependent on the body’s ability to oxygenate blood (PaO2, SaO2, shifts in the O2 dissociation curve), the actual hemoglobin concentration (and presence of abnormal Hemoglobin species), and the cardiac output (T).

2. The formula for oxygen delivery is
3. DO2 =T x (CaO2 x 10)

4. Normal Value is 

DO2 = 5 L/min x (20 vol% x 10) = 1,000 mL O2/min

5. When oxygen delivery decreases, an individual’s hemoglobin concentration or cardiac output will often increase in an effort to compensate for a reduced oxygen delivery.  (An example is what occurs with polycythemia).
6. Arterial – Venous Oxygen Content Difference (Ca-O2)
7. Ca-O2 is the difference between the CaO2 and the CO2.  The venous blood used to compute the CO2 is obtained from the pulmonary artery.

8. If the CaO2 is 20 vol% and CvO2 is 15 vol% than the difference is 5 vol%.

9. This means that 5 mL or oxygen will go to the tissues for every 100 mL of blood.

K. Oxygen Consumption

1. The amount of oxygen extracted by the peripheral tissues during the period of one minute is the oxygen consumption or oxygen uptake (O2).

a. This is calculated by the Fick Equation
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2. The normal oxygen consumption is 250 mL/min.

3. Factors that increase oxygen consumption are:

a. Exercise

b. Seizures

c. Shivering

d. Hyperthermia

e. Hyperthyroidism

f. Increased WOB



4. Factors that decrease oxygen consumption are:

a. Skeletal muscle relaxation or paralysis (drug induced)

b. Poisons (cyanide poisoning prevents cellular metabolism)

c. Hypothermia

5. O2 divided by the BSA is the O2 index
a. This is normally 125 to 165 mL/min/m2.

VI. Shunt

A. Definition

1. Shunting is defined as the portion of blood flow (cardiac output) that does not take place in gas exchange.  This results in the mixing of arterial blood and venous blood often causing hypoxemia/hypoxia

B. Anatomic Shunt

1. Normal Anatomic Shunt

2. Normal value is 2-5%
3. Pleural, Thebesian and Bronchial veins empty into the arterial circulation.

4. Abnormal Anatomic shunts can also occur from congenital heart defects, vascular lung tumors and fistulas.

a. Cardiac Shunts (Cardiac Defects)

b. Right to left cardiac shunt

c. Left to right cardiac shunts

5. Low PaO2 does not respond to oxygen therapy (refractory hypoxemia).

6. Cardiac Shunts are true (absolute) shunts

C. Capillary Shunts

1. True (Absolute) Shunt

2. No ventilation in relationship to perfusion.

3. Low PaO2 does not respond to oxygen therapy (refractory hypoxemia).

4. True shunts are treated with PEEP or CPAP.

5. Common causes of true shunts are atelectasis, pneumonia, or pulmonary edema.

D. Relative Shunt (
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1. Areas of perfusion in excess of ventilation

a. Some ventilation is present.

b. Relative shunts do respond to oxygen therapy.

c. Relative shunts are caused by uneven distribution of ventilation (bronchospasm or excessive mucous).

E. Physiologic Shunt (
[image: image3.wmf]T

S

Q

Q

&

&

)

1. A physiologic shunt is the combination of anatomic and capillary shunts

F. Shunt Equation
Equation:
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Where CćO2 = (1.34  x  Hb) + (PAO2 x 0.003), and 

PAO2 = [(PBARO - 47 mm Hg) x FIO2] - (PaCO2/0.8)

1. Clinical Significance of Shunting

a. A shunt less than 10% is normal.

b. A shunt between 10 – 20% is indicative of an intrapulmonary abnormality but is seldom clinically significant.

c. A shunt between 20 – 30% represents a significant disease and may be life-threatening in patients with limited cardiovascular reserve or CNS function 

d. When the shunting is greater than 30% a life threatening situation exists and aggressive measures are necessary.

VII. Types of Hypoxemia

A. High altitude

1. High Altitude Response to Hypoxemia
a. Alveolar Ventilation (A) is increased. 

i. Respiratory Alkalosis

· ( PaCO2 and (pH

b. Polycythemia occurs.

i. The kidneys to increase bone marrow production of RBC secrete erythropoietin.

ii. Erythropoiesis is the medical name for increased RBC production. 

c. Increased A-a gradient

i. Larger Lungs (Increase DLCO of about 20-25%)

d. Increased Cardiac Output

e. Pulmonary Hypertension

i. Result of pulmonary vasoconstriction secondary to hypoxemia.

f. Acute Mountain Sickness

i. Symptoms

· Headache

· Fatigue

· Dizziness

· Palpitations

· Nausea/vomiting

· Loss of appetite

· Insomnia

ii. Time Interval

· Symptoms occur within 6-12 hours of ascent to higher altitude

· Usually after 5th day person has acclimated

g. High Altitude Pulmonary Edema

i. Treatment: 100% oxygen and descent to lower altitude

B. Hypoventilation
C. / mismatch (relative shunt)

D. True Shunts

E. Diffusion Defects

VIII. Types of Hypoxia
A. Hypoxemic Hypoxia

1. PaO2 will be low

a. Examples include:  

i. High altitude

ii. Shunt

iii. / mismatch

iv. Diffusion defect

v. Hypoventilation

B. Anemic Hypoxia

1. PaO2 may be normal or high 

a. Example of hypoxia without hypoxemia

b. Examples include:  

i. Decreased Hemoglobin

ii. Abnormal Hemoglobin such as carboxyhemoglobin or methemoglobin.

C. Circulatory Hypoxia

1. PaO2 may be normal.

a. Example of hypoxia without hypoxemia

b. Examples include:  

i. Shock

ii. CHF

iii. MI

D. Histotoxic Hypoxia

1. PaO2 may be normal (example of hypoxia without hypoxemia)

2. Example includes:  (Cyanide Poisoning)
IX. Cyanosis

A. Definition: A blue-gray or purplish discoloration seen on the mucous membranes, fingertips and toes whenever the blood in this area contains at least 5 gm% of reduced hemoglobin (5 grams of reduced Hb per 100 mL of blood).

B. With a normal hemoglobin level, this corresponds to a PaO2 of approximately 30 mm Hg and a saturation of 13vol%.

C. Whether of not cyanosis is present when the patient is hypoxic is often dependent on the Hb concentration.

D. Patients with polycythemia often show signs of cyanosis at higher PaO2 and saturations and patients with anemia may not show signs of cyanosis even in severe hypoxic states.  

X. Polycythemia
A. Cause:  When pulmonary disorders produce chronic hypoxemia, the hormone erythropoietin responds by stimulating the bone marrow to increase the RBC production.  This increase in RBC production is called erythropoiesis.  

B. Polycythemia that results from the hypoxemia is an adaptive mechanism designed to increase the oxygen carrying ability of the blood.

C. Effects of Polycythemia

1. The advantage of increased oxygen-carrying capacity is offset by the increased viscosity of the blood when the hematocrit reaches 55 to 60%
2. Because of the increased viscosity, a greater driving pressure is needed to maintain a given flow rate.  The work of the right and left ventricles must increase in order to generate the pressure needed to overcome the increased viscosity.  This can lead to left and right ventricular hypertrophy and eventually left heart failure (Congestive Heart Failure) or right heart failure (Cor Pulmonale)
XI. Equations
Given the following, calculate the CaO2, CO2 and the Ca-O2:

A. Hb: 6 gm%
SaO2: 84%
PaO2: 80 mm Hg
SO2: 66%
PO2: 43 mm Hg

B. Hb: 12 gm%
SaO2: 67%
PaO2: 55 mm Hg
SO2: 45%
PO2: 35 mm Hg 

C. Hb: 14.5 gm% SaO2: 88%
PaO2: 78 mm Hg
SO2: 70%
PO2: 40 mm Hg 

D. Hb: 8.8 gm%
 SaO2: 75%
PaO2: 40 mm Hg
SO2: 66%
PO2: 35 mm Hg 

E. Hb: 10 gm%
SaO2: 78%
PaO2: 55 mm Hg
SO2: 69%
PO2: 36 mm Hg 

F. Hb: 10 gm%
SaO2: 75%
PaO2: 40 mm Hg
SO2: 87%
PO2: 77 mm Hg 

G. Hb: 12 gm%
SaO2: 66%
PaO2: 44 mm Hg
SO2: 93%
PO2: 89 mm Hg 

H. Hb: 8.5 gm%
SaO2: 68%
PaO2: 55 mm Hg
SO2: 95%
PO2: 83 mm Hg 

I. Hb: 14 gm%
SaO2: 75%
PaO2: 40 mm Hg
SO2: 79%
PO2: 60 mm Hg 

J. Hb: 18 gm%
SaO2: 78%
PaO2: 50 mm Hg
SO2: 96%
PO2: 93 mm Hg 

Given the following information, calculate the % shunt

Hb: 13g%
PBARO: 750 mm Hg 
PaO2: 50 mm Hg 
FIO2: 70% 

PaCO2: 43 mm Hg
SaO2: 
85%
PO2: 37 mm Hg
SO2: 65%

K. PAO2 =




L. CćO2 =

M. CaO2 = 

N. CO2 = 





O. S/T  =



 _____________________________________________________________________

Given the following information, calculate the % shunt

Hb: 8g%
PBARO: 740 mm Hg 
PaO2: 67 mm Hg 
FIO2: 70% 

PaCO2: 55 mm Hg
SaO2: 92%
PO2: 38 mm Hg
SO2: 
68%


P. PAO2 =




Q. CćO2 =

R. CaO2 = 

S. CO2 = 





T. S/T  =
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