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Lectures 5 & 6
Lung Mechanics I & II
Professor Rob Schroter (r.schroter@imperial.ac.uk)   
Dept. of Bioengineering
Overall objective of Lung Mechanics lectures:

( Appreciate mechanistic aspects of lung mechanics
Detailed objectives:

( 1) Properties of lung tissue
· Lung elastic behaviour and determinants of closure

· The basis of regional ventilation

( 2) Air flow in the lung 

· The fluid-mechanical basis of airflow

· The influence on ventilation

( 3) Flow in collapsible tubes

· Distribution of pulmonary blood flow

· Mechanics of forced expiration

The Respiratory System
The respiratory system consists of:

· controller

· ventilatory pump

· gas exchanger
The lungs are a complex elastic balloon-like structure
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In intact chest:

· Inflation is mainly by contraction of diaphragm, plus some action of chest wall.

· Deflation is passive at rest and by chest wall muscles on exercise

In open chest:

· Inflation is by positive pressure in the trachea

· Deflation is always passive

Basic lung volumes
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VC    ~   Vital Capacity

RV    ~   Residual Volume

FRC  ~   Functional Residual Capacity

VT     ~  Tidal Volume

TLC  ~  Total Lung Capacity  = RV + VC

IRV   ~  Inspiratory Reserve Volume

ERV  ~  Expiratory Reserve Volume
Measurements may be made at BTPS or ATPS ~

· body or ambient temperature [ BT / AT]
· standard pressure [ P ]
· saturated with water vapour [ S ]
Note: 

Respiratory pressures are usually quoted in the units of cm H2O rather than in kilo Pascals.  The cm H2O is a more physically intuitive unit.



For conversion purposes 1 kPa = 10 cm H2O
Lung tissue mechanics
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      Open chest



Intact chest

This has important implications for blood flow:

· In open chest – alveolar tissues are compressed – capillaries are narrowed

· In closed chest – alveolar tissues stretched open – capillaries are dilated
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[image: image7.emf]Effect of lung weight and pleural pressure gradient in intact chest

[image: image8.emf][image: image9.emf]
In intact chest, lung is kept in close contact with chest wall by osmotic processes and so gap is very thin.  The recoil pull of the lung thus creates a suction pressure in the pleural space and the lung surface pressure is negative.

In micro-gravity, the lung surface or intra-pleural pressure is uniform over the outer surface of the lung.

In normal gravity, the effect of lung weight within chest cavity is to “pull” lung away downwards from chest wall in apex and to “squash” lung in basal regions.  This makes pressure in pleural cavity relatively negative in apical region and relatively less so in basal regions.

Open chest or excised whole lung behaviour

a) lungs filled and inflated with saline

b) lungs filled with air

The lung surface pressure (the pressure acting on the pleural surface of the lung parenchyma) is the same everywhere – it is at atmospheric pressure (this reference pressure = 0).  

Lung is inflated by positive pressure in the trachea relative to pressure on the outer surface of the lung.  

[image: image10.emf]Saline filled lung
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Filling the alveolar structures with saline (water) eliminates the air-liquid interface and thus the effects of surface tension.  As a result, it requires less pressure to inflate the lung.

Air filled lung
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[image: image21.emf]
If lung surfactant is absent in the alveoli, it requires considerably more pressure to inflate the lung than in diagram above.

Effects of progressively larger tidal volumes from TLC, hysteresis and ventilation from RV

Full inflation is to about 30 cm H2O in all mammalian species.

Deflation to negative pressures ~ minimum volume > tissue volume.  Gas is trapped in lung
Mathematical definition of curve
· Enables objective definition of lung elasticity / compliance 
· can fix curve in space

· Identify deflation and inflation inflexion points on curves
· reason – closure as explained below
· Inflexion point always above P = 0 indicating lungs inherently tend to close 
· They do not collapse

[image: image22.png]TLC

ALVEOLAR
PLATEAV





[image: image23.emf]
[image: image24.emf]
[image: image25.emf][image: image26.emf]
Upper portion of P-V curve

[image: image27.emf][image: image28.emf]
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‘k’ is remarkably constant throughout mammalian species – normal value ~ 0.1 cm H2O –1

Emphysema k ~ 0.3 - 0.6 cm H2O –1  


Fibrosis k ~ 0.08 – 0.09 cm H2O –1  


Asthma k ~ 0.1 cm H2O –1
Given alveolar size:   k ( as fibre volume density (
Given fibre volume density: k (  as alveolar diameter (
[image: image32.emf]In chest: effect of pleural pressure gradient

Not all parts of lung at same point on local P-V curve ~ this influences distribution of ventilation.


[see next page of notes]
Distribution of ventilation

[image: image33.emf]
At rest: on inflation diaphragm is pulled down:

· causing a decrease in intra-pleural pressure.  
· change in pressure is the same throughout the lung

In normal upright subjects:

· apical parts expand less than the basal region

· thus ventilation is biased towards base of lung.
In old age and some lung diseases:

· can be ventilating near RV below inflection point

· ventilation distribution is inverted.
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On exercise: [as explained later in notes] ventilation increases everywhere and is more uniformly distributed from apex to base.



Regional compliance



Progressive effect of resistance

Dominates




on distribution

Interdependence of lung units

So far, have assumed lung is homogeneous.

When local variations in stiffness have interdependence.

· alveolar / alveolar 

· alveolar / duct

· alveolar / airway

· alveolar / pulmonary arteries
[image: image35.emf]
If abnormal unit is more stiff than usual

~ the surrounding alveoli are over expanded.  
If the abnormal unit is more distensible

~ surrounding alveoli are less distended.

[image: image36.emf]Inflation

Normal alveolus

Abnormal unit

Parenchymal interdependence

Interdependence also operates between airways or blood vessels and alveoli. 

Airways and vessels are held open by surrounding alveoli.  If airways are intrinsically less stiff than usual they will be over-distended.
Very important in both disease (e.g. emphysema) and normal function.

Limits of tissue strain

Simple over-distension
· Increased alveolar duct thickening

~ hyper-strain on parenchyma

· Zip fastener effect of redistribution of stress to other fibres when ruptured

Shear wave trauma and transmission through parenchyma 
· Tissue relatively weak in shear (particularly at high lung volume)

~ any wave through tissue will cause shear
~ reflection sites at apices of lobes and spine on chest

(e.g. impact in vehicle accidents)
Lower portion of P-V curve

Mechanism of airway closure

As lung volume decreases, all airway diameters decrease.  


Relationship between surfactant lining and airway diameter changes   



For large diameters, 





the lining is kept thin, covering the airway surface; 



When diameter reduces to a critical level 





the radial tension effects pull the liquid lining closed.

[image: image37.emf]
Location of closure along pathway depends on both surface tension and diameter

Note: closure occurs at positive airway pressures.  Process avoids atelectasis.

· Problem of early closure in emphysema – airways not held open.

· Diving mammals – overall compression.

Pattern of closure up the lung on deflation

[image: image38.emf]
Total  ΔV / ΔP = 4 Δv / ΔP             = 3 Δv / ΔP                             = 2 Δv / ΔP
Bottom first to close on deflation and last to reopen on inflation
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Effective rate of closure:
~ from slopes of real and theoretical P-V curve

Fraction open    =
(ΔV / ΔP) real




(ΔV / ΔP) theoretical
Distribution of closure (and opening):

~ dependent on pleural pressure gradient

Identification of closure from washout curve

[image: image40.emf]
Breathe out to RV.  Begin inspiration and inhale small bolus of marker gas “C”.  
1. Inhale to TLC.
2. Breathe out slowly to RV.

[image: image41.emf]
Phase IV coincides with inflexion point.  Implications of posture ~ supine / lateral decubitus
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Effect of inhaling from FRC   - no Phase IV

Work of breathing

Ventilatory muscle work = about 5% of metabolism in normals.  In lung disease this essential work can become a higher fraction of total possible with impaired lungs.
Work = (P.dV over inspiratory path.  Recovery on deflation is lost.

Increased work in disease due to:
· ~ gas transfer problems 

· poor O2 uptake due to 
· increased membrane thickness or 
· lack of alveolar surface area 
· ~ lung mechanics problems 
· ~ due to 
· increased resistance to breathing or 
· increased stiffness of lungs 
Effects of disease on work of breathing:
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[image: image44.emf]
[image: image45.emf]
· Narrowing of airways increases resistance during breath
· Loss of compliance increases 
pressure required to distend lungs
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Effects of breathing pattern:

Can change breathing strategy and:

· double frequency and halve tidal volume ~ increase work of breathing per minute
· halve frequency and double tidal volume ~ increase work of breathing per minute

Ventilation mechanics

Breathing pattern
[image: image47.jpg]| Gas meter | 15

Volume

Concentration

Anatomical
dead space
| |

\

gas

Alveolar

_.____».
Volume
expired




Ti = insp. Time;        Te = exp. Time;          Ttot = total time

As breathing demand increases:

First eliminate breath hold,

then increase frequency

then frequency and tidal volume
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Maximum tidal volume is much less than VC because of shape of PV curve
Flow conditions in straight tubes
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[image: image50.emf]Alveolar – airway / vascular interdependence Alveolar – airway / vascular interdependence


During inspiration:




~ Local airway velocities fall to 0.1 cm/sec in terminal airways



~ Reynold’s number [Re] ~ 10,000 -> 0.01    [Re = ρ u d/(]


~ Turbulence has little effect on ΔP

Poiseuille’s Law originally used (a linear law):
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Where:

( = viscosity



L = tube length



d = tube diameter


ρ = density
Concept of airflow (or airway) resistance
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Resistance = pressure drop / flow rate
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Pressure–flow relations in the respiratory tract are generally non-linear.

Hence R is very dependent on instantaneous flow rate
Nose
Complex airflow patterns:

Steady slow flows; flow alternates between sides; sniffing

In particular, nose breathing has highly non-linear resistance  



Nose R  ~  1 -> 4 cm H2O/litre/s

Change from nose to mouth when breathing hard at flow rates above about 1 litre / sec
~ this is effectively for all but quiet breathing at rest


Mouth R  ~  0.25 cm H2O/litre/s
Mouth

Mouth passage is larger diameter 
- lower resistance than nose path

– bypasses exchangers ~ thus poor defense


Resistance is still flow rate sensitive, but much less so than nasal route
Larynx 
Very high resistance to flow but poorly studied ~ calibre varies with lung volume.

Lower airway: 

Inspiratory R slightly non-linear.         
Expiratory R highly non-linear when forced

Usually R lower < ½ R total.
During forced expiration R lower very high

Overall  ΔP for normal breathing 1.5 – 2 cm H2O above recoil pressure 




( i.e. ~ less than 1 cm H2O in lower airway) 
[image: image55.png]


Trumpet model of bronchial airways vs network of tubes

Pressure drop must:

1) overcome friction

2) accelerate / decelerate airflow


ΔP tot = ΔP friction + ΔP convective acceleration
[image: image56.png]




ΔPconv. acc.  =                    

where ( = density 

On inspiration, air slows down toward alveoli ~ convective acceleration term is negative

On expiration, air speeds up towards trachea ~ convective acceleration term is positive
ΔP conv acc. is really more complicated because of complicated flows in bronchi.

Determinants of resistance in the airways
Poiseuille’s Law originally used (a linear law):
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Where:

( = viscosity



L = tube length



d = tube diameter

Real pressure-flow relation in the bronchial airways (a non-linear law):
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       ΔP friction  =   

During expiration:  



~ Pressure – flow relation is complicated  [forced expiration - explained later]
Distribution of resistance along airway path
[image: image59.png]











RT = R1 + ½ R2 + ¼ R3 + …..


Resistance of large airway generations (to about generations 8 – 10) is high.

Therefore majority of ΔP is in larger airways.

[image: image60.png]


Important clinically:

1) occlude many small airways ~ no effect
2) any increase in resistance means:
ALSO require narrowing of large airways to observe an increase in R
Volume dependence of resistance

Increasing lung volume increases airway diameter ~ therefore fall in resistance
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Pleural pressure gradient 
– airways at bottom of lung will be less expanded than at top.

– causes regionally different resistance ~ greater at base

[image: image62.png]VOLUME (litres)

10

V = 7.66 — 6.98e932°F R? = 0.981

20 30 40 50

PRESSURE (cmH,0)



Colateral ventilation 

Parasitic ventilation


– if primary pathway is blocked  


~ Pores of Kohn in alveoli; 


~ Channels of Lambert in small airways

Mixing and diffusion in airways

General Flow Patterns

The airways are not long straight tubes with simple parabolic flows

There is considerable mixing of new and residual air during inhalation.

Inspiratory flow

Expiratory flow
Early gas diffusion and uptake models were based on Poiseuille flow with no mixing of tidal gas and residual gas.

· Diffusion occurred at end of breath by simple molecular diffusion.

· Molecular diffusivity will fall as gas density (() increases 

– both would predict an increase in resistance to gas transport in the alveoli.
Problem of decreasing a-A O2 differences in diving and carbon monoxide uptake experiments

Steady state CO uptake in humans

CO uptake should fall (not rise) with dense gas in alveoli because of increased resistance to simple molecular diffusion in peripheral air spaces.   

Problem is one of Taylor mixing.


New marked gas [A] behind front between residual and inhaled air


Boundary pulled out as time t (or distance x) goes on


Axial and radial molecular diffusion both occur: 

· axial diffusion causes small spread of front

· radial diffusion moves gas to region of different convection speed









At x = u.t  (ie position of mean flow)

marker concentration = 50%



Front is most pulled out if no diffusion.


As D increases so profile steepens.

Effective dispersion coefficient K is >> D

Gas with lower D will penetrate more effectively into alveolar compartment and hence greater transport across wall despite higher peripheral molecular diffusion resistance.

Hence mixing in airways during inhalation has significant effect on alveolar gas exchange.
[Note – Taylor dispersion also applies to dye and drug dispersion in blood vessels]

Flow in collapsible tubes

Many biological examples of such flows:

· Flow in veins

· Korotkoff sounds

· Lung pulmonary blood flow

· Nasal inhalation and narrowing of external ali
· Mictruition

General concepts
Factors controlling flow are complicated


In general:


Tube diameter depends on difference between internal and external pressures.  


Internal pressure gradient and flow along tube also depend on diameter.

There are 3 principal cases:


Case 1 
~
Pe > Pu > Pd 
~
Tube collapsed – no flow


Case 2 
~
Pu > Pe > Pd 
~
Tube flutters – intermittent flow


Case 3 
~
Pu > Pd > Pe 
~
Tube fully open – steady flow

Application to distribution of pulmonary blood flow


Zone 1 
Palv > Pa > Pv  
No blood flow (not usual in normals)

Zone 2 
Pa > Palv > Pv 
Flow increases as Pa – Palv rises

Zone 3 
Pa > Pv > Palv 
Condition below heart level

Zone 4 
Same as Zone 3
Lung weight compresses pre alveolar




arteries, increasing resistance to flow


Application to forced expiration

Extremely complex process involving interactions between:

1) Flow characteristics in airways

2) Parenchymal elasticity

3) Airway elasticity

Forced expiration of considerable interest to clinicians in hope of detecting lung disease

If a subject breathes out VC exhalations with increasing effort:





This is called the Maximum Expiratory Flow Volume curve (MEFV curve)


Detailed shape of curve is repeatable for a given subject



~ normals breathe out > 75% VC in 1 second (FEV 1)



~ peak flow rate depends on chest wall strength and airway resistance



~ peak flow and envelope usually (not always) increased breathing helium



~ near RV flow possibly controlled by chest wall

Mead Model of expiratory flow limitation


1)   Consider situation of mouth closed:



~  lung at fixed volume with 



~  elastic recoil pressure is Pel


~  chest wall exerting active positive pleural pressure Ppl
Then:



~  Alveolar pressure

Palv  =  Pel  +  Ppl


~  Airway pressure

Pint  =  Palv

There is a positive net outward pressure in alveoli and airway

2)   When mouth is opened – flow occurs:


~  Internal airway pressure [Pint] falls towards mouth



~  at some position along airway  Pint  =  Ppl

At this point there is a zero airway transmural pressure

Further towards the mouth there is a negative net inward pressure
3)   Beyond the “equal pressure point” there is a tendency for airway collapse



~  potential mechanism for flow limitation



~  would expect unstable airway flutter (never been detected)

Mead Model can explain general shape of MEFV curve because 



~  flow rate achieved is effort independent - depends only on Pel


~  as volume falls, so does Pel – hence flow rate falls toward RV

Wave speed theory

The velocity of the flow through a collapsible elastic tube is limited by the speed of the pressure wave controlling the flow conditions.  
The local flow velocity must be less than the wave speed at that site  [ u  (  Cw ]
In a simple elastic tube: 
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   Where ( = fluid density; D = tube distensibility

Distensibility is defined as:
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Where A = local tube cross-sectional area


Lung mechanics during forced expiration:


Airway internal pressure falls towards the mouth



~ so individual airways become less distended (and A falls).  

As in diagram above – moving along airways from alveoli to mouth:



~  distensibility (D) rises then falls



~  local wave speed (Cw) falls then rises



~  local flow velocity (u) rises towards the mouth because of geometry

If flow rate is low enough, local velocities (u) are always below critical.  However, once flow velocity and wave speed curves touch, flow becomes limited.






Critical airway where u = Cw will be at positive distending pressure so collapse not evident.

Flow limitation is a “silent” process without need for flutter of airways.

Changing from air to helium breathing has an uncertain and unpredictable effect on MEFV curve:



~  distribution of pressure loss along airways changes – so does distribution of (D)


~  wave speed will also change because gas density is altered


Airway distensibility (D) will depend upon local interdependence between airway and alveoli.

Distensibility will be less than for isolated airway or that predicted from pressure – area curve obtained for homogeneous deflation of lung

Influence of disease or gas properties on the MEFV curve
Need to consider effects on:


Local wave speed:



1 - 
Gas ρ


2 - 
Distensibility


Local distensibility:



1 - 
Overall lung volume



2 - 
Lung elastic recoil pressure



3 - 
Local internal airway pressure





Frictional drop from alveoli (geometry, gas µ & ρ)




Convective acceleration (geometry, gas ρ)



4 - 
Local airway diameter



5 - 
Local airway stiffness




Smooth muscle tone





Interdependence with surrounding alveoli


Local airway velocity:



1 - 
Distance along airway tree



2 - 
Local distensibility criteria 1 – 4 above
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See later in notes for explanation of this curve
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P = 0





Alveolar pressure  =


pressure due to surface tension + elastic recoil pressure
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Pressure drop due to blood flow ~ 7 cm H2O


Internal vessel pressure at apex may be negative





The limiting envelope (below ~ 85%VC) cannot be exceeded – however hard the effort





Cross-sectional area, distensibility and wave speed are linked 


– as in the diagram
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Work = (P.dV
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