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Ven/la/on	  
How	  it’s	  Quan/fied	  &	  Distributed	  



                                     . 
Minute Ventilation ( VE ) 

 .  
VE = VT X breathing frequency 

=  VE X breathing frequency  
=  500 ml X12 b/min 
=  6000 ml/min 
=  6 L/min 



FRC=2400 ml 

VDS= 150 ml 

VA= 350 ml 

Ventilation: Minute, Alveolar & Dead Space 

VE 
500 ml 

 .  
VE =VE X breathing frequency   = 500ml X12= 6.0 L/min 
 .  
VA =VA X breathing frequency   = 350ml X12= 4.2 L/min 
 .    
VDS =VDS X breathing frequency=150ml X12  1.8 L/min 



Alveolar Ventilation 

Alveolar ventilation is the portion 
of  breathing that: 
 
1) reaches the alveoli & 
2) participates in gas exchange 
 
 
  
 





                                           . 
Dead Space Ventilation [VDS] 

1.  the anatomic dead space: the portion of the breath that enters 
and leaves the conducting zones of the airways (nose→ 
terminal bronchioles) 

2.  the alveolar dead space: air that reaches the alveoli but does 
not participate in gas exchange 

 

Includes ventilation of both: 

Alveolar DS + Anatomic DS= Physiologic DS 



Measurement of Dead Space [The Bohr Equation ] 

The Bohr equation is based on the principle that any gas coming out of the 
lungs is a mixture of gas in the dead space & gas in the alveoli. 

VE = VDS + VA You can apply this principle to a gas mixture or a specific gas: 

VE . FECO2 = VDS . FDSCO2 + VA . FACO2 FDSCO2 = FICO2= 0 

VE . FECO2 =       VA        . FACO2 

VE . FECO2 = [VE – VDS] . FACO2 

 VDS      FACO2 – FECO2 
                =  
   VE     FACO2 

 VDS      PACO2 – PECO2 
                =  
   VE        PACO2 

or 

since 

since Fgas = Pgas / PB 

 VDS               PECO2 
                 =   1  -  
   VE         PACO2 

or 



 VDS                    PECO2 

                    =  1  -    
   VE                 PACO2 

measured by collecting expired gas 

PACO2 can not be measured directly, instead it is 
 estimated as: 

PACO2 = Pc’CO2 = PaCO2 

PACO2 

Pc’CO2 
PaCO2 is sampled typically at the radial or femoral 
artery 
 

Measurement of Dead Space [The Bohr Equation ] 

 VDS                    PECO2 

                    =  1  -                  =  0.3                    i.e. 30% of VE is VDS 
 VE                 PACO2 



Using The Bohr Equation in Disease States 

Consider alveoli that are 
ventilated  
but not perfused: 

PECO2  will be less than in health 
 
VDS will be  ??   than in health 
 

The Bohr equation measures the Physiologic DS  [sum of Alveolar DS & 
Anatomic DS] 
 

 VDS                    PECO2 

                    =  1  -    
   VE                 PACO2 



Key Points 

1.  In the normal lung anatomic dead space ≈ physiologic dead 
space,  there is little alveolar dead space. 

2.  Alveolar dead space is not necessarily an anatomically 
identifiable alveolus rather any alveolus with relatively less 
perfusion than normal.  

Examples 
•  pulmonary embolus: pulmonary vasculature occluded by blood clot 
•  hemorrhage: low venous return RV output less relative perfusion 
•  PEEP: pulmonary capillary squeezed by adjacent high alveolar pressure 



Measurement of Anatomic Dead Space 
  [ Fowler’s Method ] 

Based on the principle that the last bit of air you breath in, you breath out first & it 
represents gas in the anatomic dead space [conducting airways]. The remaining expired 
gas represents a mixture of gas in the alveoli & the anatomic dead space. 

Procedure  
•  maximal expiration to RV 
•  maximal inspiration to TLC of 100% O2 
•  maximal expiration to RV performed slowly 
•  measure the [N2] during expiration. 

Phase I 
first bit of gas expired from TLC, 0% N2:  
pure anatomic dead space gas 

Phase II 
transition phase,  
mixture of 100% O2 in anatomic DS & alveolar gas 

Phase III  “alveolar plateau”, gas from alveoli 

VDS measured as the volume expired between beginning of expiration & mid point of Phase II,  
determined geometrically 

volume 

VDS 

I 

II 

III 



Summarize & Conceptualize 

•  Summarize how “dead space” is 
measured by the Bohr versus 
the Fowler technique. 
 

•  Specify what characteristic of the 
measured gas makes it a 
suitable candidate for 
determining the type of dead 
space measured with the two 
methods above. Explain why. 



 
Is Ventilation Adequate for Gas Exchange? 

Although you can distinguish between minute ventilation, dead 
space ventilation and alveolar ventilation and you can 
measure these variables this knowledge is not adequate to 
answer the question above. 

•  What additional information do you need to answer this 
question? 



O2 Consumption & CO2 Production At Rest 

 . 
VCO2 = 200 ml/min 
 . 
VO2   = 250 ml/min 
        

 .       .  
VCO2/ VO2 = RER 

 .          .  
VCO2/ VO2 = RQ In short hand R stands for: 

Respiratory Exchange Ratio [RER] & 
Respiratory Quotient [RQ] 

        .       . 
R = VCO2/ VO2 = 0.8 
values during rest 
with a mixed diet of 
carbohydrate & fat 



 
 

Gas Exchange in The Lungs Takes Place in  
The Respiratory Zone of The Airways 

 [airways with alveoli] 

Gas exchange depends on: 
                                     . 
1. Alveolar Ventilation (VA) 
                                    . 
2. Alveolar Perfusion (QA) 

O2 
CO2 



 L ! R ! 

Pulmonary Circulation 

Systemic Circulation 
Tissues 



 L ! R ! 

Blood supply to the conducting zone 
provided by the systemic circulation 

Blood supply to the respiratory zone 
provided by the pulmonary circulation 

Pulmonary Circulation 

Systemic Circulation 

Tissues 



 L ! R ! 

Pulmonary Circulation 

Systemic Circulation 

Tissues 

Pulmonary artery Pulmonary vein 

Systemic artery Systemic vein 

deoxygenated blood 

oxygenated blood 



 
Two Key Equations in Medicine Describing 

 The Variables That Impact  
Alveolar PCO2  & PO2 

 
1) Alveolar Ventilation Equation (a.k.a. PCO2 equation) 
2) Alveolar Air Equation 

 



 
Alveolar Ventilation Equation 

                .          . 
PACO2 ∝ VCO2 / VA  the alveolar air equation above rearranged for partial pressure of CO2  

       .           . 
          or    PaCO2 ∝ VCO2 / VA         the Alveolar & arterial values of CO2  

                                  are assumed to be similar  
 

Be clear on the following definitions: 
- hyperventilation versus hyperpnea 
- hypoventilation versus hypopnea 

normal resting range for PaCO2 = 40±5 mmHg 

 .          . 
VCO2 = VA X FACO2      this relationship rearranged to express alveolar ventilation will be 

 .       .                                                          
VA = VCO2 / PACO2 X K  since the partial pressure of a gas is proportional to its fraction   



Important Terminology 

•  Hypoventilation: Ventilation inappropriately low for the metabolic demands. 
Alveolar/arterial PCO2 is elevated, alveolar/arterial PO2 is low. 
Antonym: hyperventilation 

•  Eupnea: Normal spontaneous breathing. Ventilation is matched to metabolic 
demands. 

•  Hyperpnea: Increased ventilation that matches increased metabolic  demands      
e.g. during moderate exercise      Antonym: hypopnea 

•  Tachypnea: Increased frequency of breathing. Ventilation may or may not be 
changed depending on tidal volume. Antonym: bradypnea 

•    Dyspnea: Subjective sensation of difficult or labored breathing.   
                     Orthopnea is dyspnea associated with lying down 

•   Apnea: temporary absence or cessation of breathing (airflow) 

It can happen normally such as after hyperventilating or swallowing or the 
cessation of breathing can be sign of a disease process. 



Alveolar Air Equation 

                                            
PAO2 = PIO2 - PACO2  / R   simple form  
 
                                            
PAO2 = [PB - PH2O ] X FIO2 - PACO2  / R   
 
                                            
PAO2 = [760 - 47 ] X FIO2 - PACO2  / 0.8   
 
                                            
PAO2 = [713] X FIO2 - PACO2 / 0.8   
 



Application of Alveolar Air Equation 

•  At 18,000 ft, PB is half sea level (760 
mmHg).  Determine the PAO2. 

PAO2 = [PB - PH2O ] X FIO2 - PACO2  / R               
 
PAO2 = [380 - 47 ] X 0.21 - 40  / 0.8 = 20              
 

PAO2 = [380 - 47 ] X 0.21 - 20  / 0.8 = 45              SaO2 = ? 

But PACO2  will be substantially lower than 
normal, since in response to hypoxia 
there is hyperventilation so replace 40 
with a lesser value, say 20 mm Hg 



Distribution of Alveolar Ventilation 



Intrapleural Pressure Gradient 



Intrapleural Pressure Gradient 



Intrapleural Pressure Gradient 



 
Regional Distribution of Alveolar Ventilation 

 From FRC 



 
Regional Distribution of Alveolar Ventilation 

From RV 



Summarize & explore more questions…. 

Specify the effects of gravity on 

1)  intrapleural pressures in the upright lung 

2)  regional lung volume 

3)  regional static compliance. 

Predict the intrapleural pressure  gradient in a 
person in the lateral decubitus position, lying on 
their side. 

Which side would be considered the “gravity  
dependent” region? 

How could you test whether gravity is the only cause of 
the regional distribution of alveolar ventilation?  



 
Pulmonary Circulation & Its Distribution 

Resin cast of  
pulmonary arteries 

Resin cast of  
pulmonary veins 

Any	  sugges/ons	  to	  the	  media	  ar/st?	  



 
Blood Flow to the Lungs 

Pulmonary Circulation 

Systemic Circulation 



 L ! R ! 

Blood supply to the conducting zone 
provided by the systemic circulation 
(≈2% of C.O.) 

Blood supply to the respiratory zone 
provided by the pulmonary circulation 

Pulmonary Circulation 

Systemic Circulation 

Tissues 



< 500 ml blood in pulmonary circulation 

75 ml blood in pulmonary capillaries 



Gas Exchange in the Lungs Takes Place at the  
Respiratory Zone of the Airways [Airways with Alveoli] 

O2 
CO2 

•   gas exchange: across small pulmonary arterial  
    vessels [histologically not capillaries-functionally 
    capillaries]  &  pulmonary capillaries 

•   there are about 280 billion pulmonary     
    capillaries for about 300 million alveoli    
    resulting  in a gas exchange surface of 
    about  60-100 m2 



Comparison of Vascular Pressures 
in the Systemic & Pulmonary Circulations 

•   10 fold difference in mean 
arterial pressure   

•    structural basis: 
less smooth muscle in the     
pulmonary vessels resulting in 
greater distensibility & 
compressibility 

•    major drop in pressure 
in the pulmonary circulation 
is through capillaries 

•    major drop in pressure 
in the systemic circulation 
is through the arterioles 



Right Heart Catheterization 
Measuring the R-side Pressures 

A Swan-Ganz catheter introduced  
through a peripheral vein (femoral/ 
brachial/ jugular) is advanced 
toward the chest by normal flood 
flow. It allows for RA, RV & 
pulmonary artery “wedge” 
estimates LA pressure. 
nb: static column of blood between 
wedged balloon & LA 

Pulmonary Vascular Resistance 
                          . 
PVR = ΔP/ΔQ  = PPA – PLA / C.O. 
                        =  15   –   5   /    5 
                        =   2 mmHg/L/min                



Passive Influences on PVR  
Difference in Surrounding Pressure 

•  Alveolar vessels:  pulmonary capillary pressure – alveolar pressure 

•  Extra-alveolar vessels pulmonary arterial or & venous pressure –   
      intrapleural pressure 

Lung inflation: 
 
•  collapses alveolar vessels   
via stretch of alveolar wall 
 
•  expands extra-alveolar  
vessels via radial traction 



Lung Volume Impacts  
Pulmonary Vascular Resistance 



 
Active Influences on  

Pulmonary Vascular Resistance 
Increase PVR Decrease PVR 
Alveolar Hypoxia 
Alveolar Hypercapnia 
humoral: NE / E humoral: Ach 

humoral: Histamine humoral: Bradykinin 
humoral: PGF2α  / PGE2 humoral: PGE1 

humoral: Thromboxane humoral: nitric oxide  
humoral: Angiotensin 

•  physiologic role of humoral factors ? 
 
 Sympathetic & parasympathetic innervation of the pulmonary 
vasculature is sparce & its significance controversial. 



 
Summarize & Think About It 

•  Consider the factors that affect pulmonary 
vascular resistance (PVR). How do these 
differ from factors that affect systemic 
vascular resistance (TPR) 

•   Contrast the effect of low oxygen on  
    vessel diameter in the pulmonary   
    circulation versus the systemic circulation. 
 
    How is this difference useful? 
 
    When is it not beneficial? 



 
 

Pulmonary Blood Flow 
Regional Distribution 

 
There is a hydrostatic pressure difference of about 23 mmHg 
from the top to bottom of the lungs (30 cm height) 

Hydrostatic Pressure (P) 

P = ρhg 

h = height (depth) of  fluid  column 

ρ = density of the fluid  

g = acceleration of gravity 



 
The “Zones” of the Lung 

 Interaction Between Gravity & Extravascular Pressures 

•  increase in both arterial  
and venous hydrostatic 
pressures from the tip to 
the base of the lungs due to 
gravity  

•  relative alveolar, arterial, venous pressure in each “zone” determines driving pressure 
 

•  but constant alveolar 
pressure  

•   the pulmonic valve ≈15 cm below the tip of the lungs, Pa ≈ 15 mmHg 

•  in zone III additional contributing factors are distention & recruitment of vessels 



The Theoretical Zone Model  
Applied To Reality 

Zone I  At rest during systole Pa > PA , 
this region is perfused. However it can 
function as alveolar dead space, 
ventilated but not perfused, when PA > 
Pa  e.g.a patient on high PEEP/ after 
hemorrage / a patient with low Pa  
(e.g. anesthesia)  
 
Zone II  Part of the lung 3 cm above the 
heart. Exercise leads to an increase in 
C.O. & Pa, the boundary between zones 
II & III shifts up. 
 
Zone III most of the lung 

  

Zone I 

Zone II 

Zone III 

Consider changes in body position; Lying on the side/ upside down 
 



At the base of the lungs, radial traction on extra-alveolar vessels is less [less 
negative pleural pressure] hence there is greater contribution to resistance to 
blood flow. 

There Is A Region of Reduced Flow 
 Near The Bottom of The Lungs “Zone 4”  

Occurs at 
 

•  low lung volumes 
•  in pulmonary edema 
 
•  Increase in interstitial 

pressures at the base of 
the lungs decreasing 
extra alveolar vessel 
caliber 



Consider the average range of total alveolar ventilation  and blood flow 
(perfusion) to through the pulmonary circulation and their ratio and 
compare it to regional lung units. 

 . 
Qc = 4-6 L/min 

 . 
VA= 4-6 L/min 
 .      . 
VA/Qc = 0.8-1.0 

 

Matching of Ventilation & Perfusion At Alveoli 
Affects Gas Exchange 

                                  .  . 
The consequence of V/Q matching at alveolar level is important to gas exchange. 
 
To appreciate the importance of V/Q matching at alveolar level, consider a 
scenario where there is perfusion to only the L-lung & ventilation to only the R lung. 
What would the V/Q be? 



Regional Distribution of Blood Flow 

Blood Flow 



Ventilation 

Regional Distribution of Alveolar Ventilation 



Ventilation-Perfusion Mismatch 

1 

3 

2 
note that the change or 
gradient in blood flow 
is greater than the 
change or gradient for 
alveolar ventilation 
from the top to the 
bottom of the upright 
lung 



.    . 

.    .  .    .  .   . 

 
Partial Pressure of Respiratory Gases in 

Hypothetical Gas Exchange Units 



dead space: V/Q = ∞ 
shunt: V/Q = 0 

 
The PO2-PCO2 Diagram & Ventilation Perfusion Mismatch 

 



Differentiate between the 
apex & the base-- 
 
• the site with highest V/Q 
lowest PCO2 + highest     
PO2  
 
• the site with the greatest 
quantity of gas exchange 

Regional Differences In Gas Exchange 


