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P LE THYSMOGRAP H I C  E VALUA T I O N  
O F  A I R WA Y  O B S TRUC T I O N  





STELL ING E N  

1. 

Terecht is herhaaldelijk gesteld, dat stellingen als onderdeel van een 
proefschrift dienen te vervallen. 

2. 

Lichaamsplethysmografie client in het ziekenfondspakket te worden 
opgenomen. 

3. 

Allopurinol bevordert de afzetting van o.a. xanthinekristallen in het 
lichaam. 

Fed. Proc. 27: 1099. 
New Engl. J. Med. 280: 426. 

4. 

Behandeling van acute virushepatitis met corticosteroiden leidt tot 
persisteren van de viremie, waardoor de kans op latere opflikkeringen 
van de hepatitis wordt vergroot. 

5. 

Bij oudere mensen met acute heftige pijn links onder in de buik, 
gevolgd door bloederige diarree, moet op een blanco buikoverzichts
foto gericht worden gezocht naar 'thumb-printing'. 

6. 

Marston in : Diseases of the colon, rectum and anus, 
edited by B. C. Morson, William Heineman Medical 
Books Ltd., London (1969). 

De diagnose cor pulmonale vereist een vectorcardiogram. 





7. 

Bij een 'pulmonary distress syndrome' na schedeltrauma client met 
een neuro-endocriene ontstaanswijze rekening te worden gehouden. 

J. Appl. Physiol. 30: 394. 

8. 

Fluoridering van saccharose ter preventie van caries is te verkiezen 
hoven fluoridering van water. 

T. soc. Geneesk. 49: 473. 

9. 

De profylactische behandeling van hemofilie A patienten met een 
factor VIII concentraat is onvolledig indien de bloedspiegel aan 
factor VIII niet wordt gecontroleerd. 

10. 

Haemophilia, edited by Deutsch and Pilgerstorfer, 
Schattauer Verlag, Stuttgart (1970). 
Plasma Fractions for the Treatment of Hemophilia, 
P. A. Owren et al., Schattauer Verlag, Stuttgart 
(1967). 

De specialist in opleiding client gedurende minstens een half jaar in 
de gelegenheid gesteld te worden wetenschappelijk onderzoek te 
verrichten. 

Ph. H. Quanjer, 'Plethysmographic Evaluation of Airway Obstruction'. 
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CHAPTER I 

INTR O D U C T I O N  

1.1 H I S T O RY 

A plethysmograph is an instrument which records the volume changes of 
isolated organs or parts of a body. The word is derived from Greek : 
nArr{}vvsw = to increase, reacpctv = to write. Plethysmographs are used 
e.g. to record pulsatile blood flow in a limb or finger. A whole body 
plethysmograph is an instrument which is used to measure variations in 
whole body volume which are mainly due to variations in lung volume 
resulting from alterations in alveolar pressure. For this purpose the 
subject is seated in an air-filled box which is either rigid (constant 
volume body plethysmograph) or can change its volume ('constant 
pressure' or volume displacement body plethysmograph) , or in a water
filled tank breathing through a face mask (DuBois, 1969). Changes in 
pressure or volume of the box reflect alterations in alveolar volume due 
to changes in alveolar pressure. 

P. Bert ( 1 870) was probably the first investigator who recognized 
that the difference between the volume displacement at the mouth and 
the simultaneous change in chest volume was caused by compression or 
expansion of intrathoracic gas. Attempts have since been made to use 
the plethysmograph for measurements of thoracic gas volume and 
airway resistance (Sonne, 1923) .  DuBois et al. ( 19 5 6) devised a practical 
method for these measurements. Bedell et al . (1956) used the plethys
mograph to measure the volume of gas in the gastro-intestinal tract. Lee 
and DuBois (1955) ,  and DuBois and Marshall ( 1957) described a method 
for the plethysmographic measurement of pulmonary capillary blood 
flow and gas exchange throughout the respiratory cycle. 

1.2 T H O RA C I C  G A S  V O L U M E  

1.2.1 PNEUMATOMETRIC METHODS 

The principle of this method is based on Boyle's law. In a rigid plethys
mograph the subject and box form a closed system. Therefore expansion 
of gas in the lungs due to a fall in alveolar pressure gives rise to com
pression of gas surrounding the subject, and consequently to elevation 
of plethysmograph pressure. The principle of the method is based on 
the following consideration: If the subject performs respiratory efforts 
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while the airways are closed at the mouth, changes in alveolar pressure 
give rise to alterations in lung volume due to compression or expansion. 
Since there is no airflow into or out of the lungs changes in alveolar 
pressure can be measured at the mouth. Changes in lung volume can be 
measured with a body plethysmograph. Thoracic gas volume can be 
calculated according to Boyle's law from simultaneous measurements of 
the changes in alveolar pressure and in lung volume. 

Gad ( 1 8 8 1 ) proposed to measure thoracic gas volume plethysmo
graphically by a voluntary compression method, recording volume 
changes of the box with a small spirometer. Pfluger (1 8 82) proposed a 
decompression method, recording changes in box pressure with a 
mercury manometer. Despite several attempts to devise a practical and 
accurate method these techniques did not yield reliable results. This was 
due to the insufficient sensitivity of the instruments used. With modern 
techniques, and using both inspiratory and expiratory efforts, DuBois 
et al. ( 1956) were able to measure the volume change due to compression 
or expansion of gas in the lungs both rapidly and accurately. 

1.2.2 GAS DILUTION METHODS 

The pneumatometric techniques for measuring lung volume were 
preceded by gas dilution methods, described as early as 1 800 by Davy 
(Tammeling, 1958 ) .  If the unknown lung volume is connected to a 
known volume containing an indicator gas, mixing of the indicator gas 
is brought about by the breathing movements. The fall in concentration 
of the indicator gas is a measure of lung volume. Since the original 
description a number of modifications regarding the choice of indicator 
gas, measurement of gas concentrations, mixing time, oxygen supply, as 
well as technical improvements on the part of spirometers have con
tributed greatly to the usefulness of this method. For a critical review 
of the closed system gas dilution method the reader is referred to 
Christie (1932) and Tammeling ( 195 8 ) .  In 1940 Darling et al. intro
duced an open system gas dilution method. Nitrogen is washed out of 
the lungs by inspiration of oxygen and subsequently collected in a large 
spirometer. The amount of nitrogen thus washed out of the lungs is a 
measure of lung volume. According to Comroe (1953)  the results of this 
method are equivalent to those of the closed system gas dilution method. 
The last one is probably used most frequently for clinical routine 
purposes for practical reasons. 

1.3 A I RWAY R E S I S TA N C E  

Airway resistance i s  defined as  the ratio between the change in alveolar 
pressure relative to atmospheric pressure, and the instantaneous gas flow 
rate. Alveolar pressure can be measured plethysmographically since 
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changes in this pressure cause compression and expansion of gas in the 
thorax which can be sensed by changes in box pressure or box volume 
as outlined earlier. Flow can be measured by a flowmeter. 1) If, in a 
volume constant plethysmograph, changes in box pressure and flow 
rate are recorded by means of an X-Y recorder a slanting line is 
obtained, the slope of which is a measure of airway resistance. 

One of the earliest attempts to determine airway resistance in man 
was made by Rohrer ( 1915 ) ,  who made anatomical measurements on 
the tracheobronchial tree of a human lung post mortem. On the basis 
of Poiseuille's law and turbulence theory he calculated the cumulative 
resistance to airflow of the entire system and concluded that the small 
airways are the major site of resistance in normal lungs. Weibel's (1963)  
morphometric measurements have shown that this conclusion is  erro
neous because Rohrer grossly underestimated the total cross-sectional 
area and number of the small airways. 

Von Neergaard and \Yiirz (1 927) approached the problem differently. 
They measured intrapleural pressure and separated this into a 'dynamic' 
(essentially resistive) and a 'static' (predominantly elastic) component. 
This approach made it possible to calculate total pulmonary resistance, 
i.e. the sum of viscous lung tissue resistance and airway resistance, but 
not airway resistance alone. Bayliss and Robertson (1939) ventilated 
isolated animal lungs with gases of different density and viscosity. They 
reasoned that airway resistance, but not viscous tissue resistance, would 
vary with the viscosity of gases breathed. This method gave variable 
results. Mcll�oy et al. ( 1955)  pointed out that the different gas mixtures 
in such studies should have equal kinematic viscosities to get the same 
flow patterns. 

Because changes in esophageal pressure, which can be measured with 
an esophageal balloon connected to a manometer, faithfully reflect the 
changes in pleural pressure (Heemstra, 1957 ;  Verstraeten, 1 956 ;  Cher
niack et al., 195 5),  direct measurements of intrapleural pressure have 
been replaced by the esophageal balloon technique. 

Another method was based upon measurement of mouth pressure 
during brief interruptions of airflow. The underlying idea was that in a 
static system mouth pressure equals alveolar pressure. Von N eergaard 
and Wirz ( 1927) , Vuilleumier (1944 ), Otis et al. ( 1950) ,  and Mead and 
Whittenberger (1954 ) ,  using such a technique, found that pressure at 
the mouth during brief interruption of airflow had approximately the 
same magnitude as the 'dynamic' component of pleural pressure. A theo
retical objection to this method is that alveolar pressure after inter
ruption of airflow is not necessarily the same as before interruption; 
since alveolar pressure may change during the transition from flow to 
1) A flowmeter or pneumotachograph is a tube with a fixed resistance. Flow through 

this tube creates a pressure difference across the resistance. This pressure difference 
can be measured by a manometer and is an estimate of volume flow. 
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no flow. Moreover the time available for pressure equilibration between 
alveoli and mouth is not sufficient in patients with severe airway 
obstruction, giving rise to underestimation of airway resistance in these 
subjects (Jaeger, 1960). By extrapolation of the exponential rise in 
mouth pressure during airflow interruption Jaeger (1962) was able to 
compute alveolar pressure and found that airway resistance thus derived 
correlated very well with the one measured with the esophageal balloon 
technique in both normal and diseased subjects. 

In 1956 DuBois et al. studied the response characteristics of the 
respiratory system by applying a sine wave of airflow to the tracheo
bronchial air column during apnoea. They demonstrated that the human 
respiratory system has a resonant frequency at approximately 6 cps. 
Since, at resonant frequency, mechanical impedance is entirely flow
resistive, the ratio of transthoracic pressure to flow amplitude equals 
the total respiratory resistance, i.e. the resistance of the chest wall and 
lung tissue, and the resistance of the airways to airflow. Mead ( 1960) 
demonstrated that measurements could also be made during breathing by 
superimposing forced oscillations on the breathing pattern. In patients 
with chronic obstructive lung disease there is usually no resonant fre
quency demonstrable. However, it can be simulated electrically by 
adding (at frequencies below resonance) or subtracting (at frequencies 
above resonance) a signal proportional to volume acceleration from the 
recorded transthoracic pressure (Grimby et al., 1968) .  The forced 
oscillation method seems to be as effective in detecting abnormalities in 
airway resistance as either the esophageal pressure or plethysmograph 
techniques (Grimby et al., 1968) .  Fisher et al. ( 1968) ,  however, pointed 
out that failure to take into account the lung volume at which the lung 
resistance, airway resistance or total resistance is assessed results in a 
considerable decrease in the ability to discriminate between obstructive 
and non-obstructive lung disease. Plethysmographic assessment of air
way resistance as described by DuBois et al. ( 1956) has the advantage 
that thoracic gas volume can be measured simultaneously. Since a hyper
bolic relationship has been demonstrated between airway resistance and 
thoracic gas volume (Briscoe and DuBois, 195 8) ,  both should be measu
red when evaluating lung disease. 

1 .4 A I M  O F  THE P RE S E N T  S T U D Y  

A number of  methods are routinely applied in clinical practice for the 
detection of abnormalities in airway dynamics during forced and quiet 
breathing, such as assessment of the forced expiratory volume, maxi
mum breathing capacity, and viscous work of breathing. The distri
bution and efficiency of ventilation as well as assessment of static lung 
volumes have also be,en shown to provide valuable information in this 
respect. A disadvantage of some of these tests is that they are dependent 
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upon subject cooperation. Moreover all these tests provide only quali
tative information on airway resistance. It was the purpose of the 
present study: 

to relate plethysmographic measurements of airway resistance and 
thoracic gas volume with results obtained with the more conven
tional methods, such as spirometry, esophageal pressure measure
ments and assessment of intrapulmonary gas mixing ; 
to investigate the relationship between these parameters with a view 
to gaining a better understanding of the mechanics of breathing in 
different manifestations of obstructive lung disease ;  
to  assess the influence of bronchodilating drugs on lung function, not 
only in an effort to study the reversibility of airway obstruction, 
but also by comparing the effect on the different parameters to try 
and unveil the relationships between them; 
to investigate the practicability and usefulness of body plethysmo
graphy for routine purposes. 

By and large lung function tests can be subdivided in forced and 
quiet breathing methods which are performed at very different lung 
volumes and under different conditions with respect to driving pres
sures. Consequently they do not necessarily give equivalent results. 
Discrepancies between both methods, on the other hand, may well 
provide valuable additional information on the subject's condition. For 
this reason attention was paid in this study to the relationship between 
airway resistance assessed during quiet breathing, and forced expiratory 
volume. 
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CHAPTER 2 

P LE THYS M O GRAP H I C  M EASUREMENTS 

2.1 A L V E O L A R  P R E S S U R E  

If a subject i s  placed in  an airtight body plethysmograph the mass of 
gas within the lungs and plethysmograph remains constant. Intra
thoracic gas is compressed during expiration and expands during inspi
ration. Compression results in a diminution of the intrathoracic volume; 
consequently gas in the plethysmograph expands. During inspiration the 
opposite occurs. Alveolar and box pressure are therefore inversely 
related. In a volume constant plethysmograph this can be sensed by a 
suitable manometer; in the constant pressure type changes in alveolar 
pressure are recorded as changes in plethysmograph volume either by 
means of a suitable spirometer or by integration of flow into and out of 
the box. Discussion will be limited to the volume constant plethys
mograph since this type was used in the present study. The relationship 
between alveolar and box pressure can be described either by Boyle's or 
Poisson's law. 

According to Boyle's law a given mass of gas varies in volume (V) 
inversely as the pressure (P) at any stated temperature : 

P.V = (P + L1P). (V- L1V) (2 . 1 )  

This law applies only under isothermal conditions. Part of  the work in 
compressing gas is however converted into heat. If the transformation 
occurs very slowly heat can be exchanged with the surroundings and 
Boyle's law still applies. During fast pressure changes not all the heat is 
transferred and the temperature of the gas changes. If there is no ther
mal interaction between the gas and its surroundings, the change is 
adiabatic. 

According to Poisson's law an exponential relationship exists between 
the pressure and volume of a given mass of gas if adiabatic conditions 
are present : 

P.VY = (P + L1P). (V - L1V) y (2.2) 

The exponent for air, the adiabatic constant (y), is 1 .4,  but is smaller if 
there is thermal interaction with the surroundings. Polytropic conditions 
are present if gas compression is neither purely adiabatic nor isothermal. 
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Pressure changes occur both in the lungs and in the body plethys
mograph. Conditions for heat exchange in the lungs are very favorable 
since 2-5 liter of gas are in contact with an alveolar surface area of 
50-100 m2. Briscoe and DuBois ( 1958 )  measured the volume of air in a 
bottle containing water and a detergent by the plethysmograph tech
nique. They found that the volume was underestimated by 1 5  per cent 
when no froth was present, but correctly measured when froth was 
intimately mingled with air. They concluded that the non-isothermal 
behavior of gas without froth was converted to isothermal conditions 
by the presence of foam and assumed that the human lung must 
resemble the froth filled bottle. Mead and Collier ( 1959) verified that 
isothermal conditions exist in the lung of an anesthetized dog. Nolte 
( 1969) measured intrathoracic gas volume plethysmographically in 7 
healthy persons after normal air breathing (adiabatic constant y = 1.4) 
and after breathing of a gas mixture with adiabatic constant y = 1 .6 1 .  
Since thoracic gas volume in both conditions was the same h e  concluded 
that isothermal conditions exist in the human lung and that therefore 
Boyle's law is applicable. 

Conditions for heat exchange in the plethysmograph are much less 
favorable than in the lungs since the ratio of volume to surface area is 
large (0. 1 5  m) . Moreover the heat conductivity of the walls of the 
plethysmograph may play a role. Smidt and Muysers ( 1968 )  confirmed 
polytropic conditions in a box made of wood. Holmgren, as cited by 
Woitowitz et al. (1 967), found an adiabatic constant of 1 . 1 , and Woito
witz ( 1967) a constant of approximately 1 .2. According to Bargeton 
( 1969) adiabatic conditions are present in the range of respiratory 
frequencies. If however the relationship between changes in box volume 
and box pressure is determined at the same frequency as the intra
thoracic pressure variations, the error cancels out. 

2.2 M E A S U R E M E N T  O F  TH O R A C I C  G A S  V O L U M E  

2.2.1 PRINCIPLE 

The plethysmographic assessment of thoracic gas volume is based on 
Boyle's law. If the subject in the plethysmograph is asked to make 
respiratory efforts against a closed shutter, variations in thoracic gas 
volume due to compression and expansion of gas can be sensed with a 
sensitive manometer. The change in pulmonary gas pressure can be 
measured at the mouth with an appropriate manometer, since mouth 
pressure equals alveolar pressure if there is no gas flow. Thoracic gas 
volume can be calculated from the change in alveolar pressure and the 
concomitant change in box pressure by application of Boyle's law : 

Palv·VL = (Palv + LlPalv) . (VL - LIVL) (2 .3) 
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in which 

VL 
L1VL 
Palv 
L1Palv = 

thoracic gas volume at the moment of airway occlusion; 
change in thoracic gas volume;  
alveolar pressure minus water vapor pressure; 1) 
change in alveolar pressure. 

Rearrangement of equation (2.3)  gives: 

(2.4) 

If L1Palv <Palv, and L1VL <VL, L1VL.L1Palv will be very small and may 
be neglected, so that 

V _ P alv·L1V L L- L1Palv 

Because tissues are incompressible, we have 

(2.5)  

(2.6) 

where L1Vbox is the change in the volume of gas surrounding the subject 
in the plethysmograph. The relationship between the change in box 
volume and the change in box pressure (Ptox) can be  derived by appli
cation of Boyle's law to the gas in the plethysmograph: 

(2.7) 

assuming that L1Vbox <Vtox, and L1Pbox <Ptox· In this equation Pbox 
represents atmospheric pressure, provided that the gas in the plethys
mograph is not saturated with water vapor. It follows from equation 
(2.5) ,  (2.6)  and (2.7) that: 

VL = TGV _ Palv L1Pbox V - Pbox ' L1P alv . box 

2.2.2 METHOD 

(2. 8 )  

Thoracic gas volume determinations were performed according to 
DuBois et al. ( 1956) .  The subject was seated in the plethysmograph, 
breathing through a mouthpiece equipped with a shutter which made it 

1) Water vapor, when saturated, condenses to a liquid upon compression. During 
expansion water evaporates because the surface of the lungs is wet. Therefore the 
partial pressure of water vapor remains constant, and equals 64 em H20 at 37° C. 
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poss�ble to occlude the airways at the mouth. Because the box pressure 
rises until the heat dissipation by the subject is counterbalanced by the 
loss of heat through the wall of the box, the plethysmograph was perio
dically vented to the atmosphere by activating an electromagnetic valve. 
As soon as the box pressure became stable the subject, whose nasal 
airways were occluded by a clip, was asked to compress the cheeks with 
his hands to prevent bulging during airway occlusion. The shutter was 
closed at the end of an expiration and the subject asked to make 
voluntary respiratory efforts against the occluded mouthpiece at panting 
frequency ( 1-2 cps) . In most subjects these efforts are most easily 
performed at this frequency. The alveolar and box pressure variations 
during this manoeuvre were photographically recorded from the screen 
of an X-Y storage oscilloscope when tracings from two consecutive 

6 P alv 

Small TGV 

Large TGV 

.._______._....__ ______ 6 Pbo x 

Fig. 2.1 Principle of the measurement of thoracic gas volume (TGV) by means of 
a volume constant whole body plethysmograph. See text for explanation. 

breathing cycles overlapped. After a number of satisfactory tracings 
had been obtained the subject was asked to hold his breath while box 
volume variations were brought about by a motor-driven syringe 
(50 ml) at a frequency of 11/2 cps. Box pressure deflections associated 
with these volume changes were then photographed from the screen of 
the storage oscilloscope. 

2.2.3 CALCULATION 

Thoracic gas volume can be calculated using equation (2 . 8 )  provided 
that the volume of the empty box, the volume of the subject, and the 
magnitude of the box pressure and the alveolar pressure changes are 
known. During the closed shutter manoeuvre alveolar pressure changes 
can be measured at the mouth. Therefore these pressure changes can be 
easily calibrated by means of a water manometer. Calibration of the 
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box pressure vanatwns, however, is very difficult owing to the fact 
that these changes are very small. If the volume of gas surrounding the 
subject in the box is 5 50 liter, and thoracic gas volume 3 liter, a change 
in alveolar pressure of 1 em H20 causes a box pressure variation of 
only about 0.006 em H20, not taking into account adiabatic or 
polytropic pressure changes in the plethysmograph. Calibration and 
calculations can be considerably simplified in the following way: The 
relationship between a change in box volume and a change in box 
pressure (equation (2 .7) at volume variations of 50 ml has been establi
shed. Substituting equation (2.7) in (2 .8) ,. thoracic gas volume can, be 
calculated from: 

TG - p d1 LIPbox 1 BTPS V - arv-50.-d . ---;:;--p m 2 Ll alv 
(2.9) 

in which d1 is the deflection (in em) per em H20 of the manometer 
measuring P arv, and d2 is the deflection (in em) of the box pressure 

manometer when box volume changes by 50 ml. If cot {}1 = �Pp box 
Ll alv 

(fig. 2 . 1 )  is subsequently substituted in the above equation, and atmo-
spheric pressure assumed to be constant, and equal to 1034 em H20 
(760 mm Hg), thoracic gas volume can be derived froin: 

TGV = cot {}1. 11 .4 8 .5  liter BTPS 
. 2 (2. 10) 

An apparent advantage of the method resulting in equation (2. 10) is 
that it is neither necessary to measure the volume of the empty box or 
the subject, nor the absolute value of box pressure changes and the 
adiabatic or polytropic constant of the plethysmograph. 

The introduction of a constant for barometric pressure facilitates the 
calculations and introduces only a small error. 

· 

2.3 M E A S U R E M E N T  O F  A I RW A Y  R E S I S TA N C E  

2.3 . 1 INTRODUCTION 

Airway resistance (Raw) is usually, derived frorri the ratio between the 
pressure drop along the airways (LIP) and the volume flow (V) : 

LIP 
Raw = --v- (2. 1 1) 

and is usually expressed in em H20.l-1.sec. However, this is a simplifi
cation for the human airways. Detailed information on aerodynamics is 
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given by Dekker (195 8 ,  1961 )  and Olson (1968 ,  1 970). The following is 
a short summary. 

In aerodynamics a distinction is made between laminar and turbulent 
flow. In the presence of laminar flow the pressure drop (LIP1am) along a 
smooth, circular tube is described by Poiseuille's equation : 

LIP = 128 .1J.L 
V lam n.d4 . (2 . 12) 

in which 17 is the viscosity of the gas, L the length of the tube and d its 
diameter. The pressure drop is therefore proportional to volume flow, 
i.e. the resistance is independent of the flow rate. 

The transition from laminar to turbulent flow depends on the Rey
nolds number. This is a dimensionless number which describes the 
relationship between density (p ), viscosity and flow of a gas, and tube 
diameter: 

Re = 4V.e 
n.d.n 

(2. 1 3 )  

In general, flow i s  laminar a s  long as the Reynolds number i s  smaller 
than 2000. For values of the Reynolds number from about 4000 to about 
1 0000 the flow is transition-turbulent, and above 1 0000 the flow is fully 
turbulent. For values between 2000 and 4000 the flow is changing or 
about to change. 

During turbulent flow the pressure drop (LIPturb ) along a tube is 
described by Darcy's equation : 

AP - 8F.L.Q . 2 
LJ turb - 2 d5 · V n .  

(2 . 14) 

The resistance factor F in equation 2 . 14  for smooth tubes according to 
Blasius is : 

F 0 .3 1 64 
Re0.25 (2 . 1 5 )  

I f  the Reynolds number i s  expressed in terms of  flow and substituted in 
Darcy's equation it follows that the pressure drop due to turbulent 
flow is: 

(2 . 1 6) 

Laminar flow regimes are characterized by a parabolic velocity profile, 
turbulent regimes by a flat profile. Establishment of either regime 
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however is only possible in non-branching tubes of constant diameter 
after a certain distance from the orifice of the tube (the entrance length) 
has been covered. The laws governing pressure drops in the airways 
associated with repeated angulations, deceleration and acceleration due 
to abrupt changes in cross-sectional area, as well as the junctioning and 
partitioning of gas flow are still incompletely understood. Especially in 
the proximal airways it is not possible to describe the relationship 
between pressure losses and flow in a simple mathematical equation. 

On the basis of morphometric measurements on human lungs (Weibel, 
1 963)  as originally carried out by Rohrer ( 1915 )  it has become apparent 
that a relationship exists between the distance down the bronchial 
tree and the total cross-sectional area of the bronchi. Consequently 
for a given flow at the mouth linear gas velocity decreases progres
sively as a function of the generation of airway branchings. Several 
authors have calculated the Reynolds number in different generations 
of bronchi (Olson, Dart, and Filley, 1 970; Jaeger, 1 968 ) .  These studies 
revealed that turbulent airflow prevails into the second order of bronchi 
at an inspiratory flow rate of 1 l .sec-1. Measurements and observations 
by Dekker (1?61 )  and Dekker, Van Vollenhove and During (1961 )  
indicate that the mean critical velocity for a constant flow in the 
trachea is reached at 0.20 l.sec-1 during inspiration and 0. 1 6  l.sec-1 
during expiration. They pointed out that the position of the glottis has 
great influence on tracheal flow pattern during inspiration. Even if the 
flow rate is below the critical level for turbulent flow, insufficient time 
is available for a transition to laminar flow due to the periodic nature 
of the respiratory cycle (Olson, Dart and Filley, 1970) . 

This summary leads to the conclusion that during natural breathing 
alveolar pressure is not linearly related to gas flow. Frequently the 
relationship between the two is described by the equation of Rohrer 
( 191 5 ) : 

where K1 

K1.V + K2.V2 

128 .1J.L ( . 
:n.d4 see equatwn( 2 . 1 2) )  

and K2 = · 8�·�; (see· equation( 2 . 14))  

(2. 1 7) 

K1 and K2 are generally considered as constants. It has been demon
strated that the glottis widens during inspiration and becomes narrower 
during expiration (Hyatt and Wilcox, 1961 ; Jaeger and Matthys, 1 968 ) .  
Distension of the airways during inspiration and reduction in  calibre 
during expiration was suggested by· observations by von Neergaard and 
Wirz (1927), Bayliss and Robertson ( 1939) and demonstrated radio
logically by Huizinga ( 1937) .  Similarly Mead and Whittenberger (1953)  
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found that the resistance during the early part of expiration is smaller 
than during the later part. The values of airway conductance measured 
at different lmig volumes, first reported by Briscoe et al. ( 1958), point 
in the same direction. The factors K1 and K2 can consequently not be 
considered as constants. Although curvilinear relationships between 
pressure and flow can be conveniently described by Rohrer's equation it 
should be remembered that the mathematical expression is an approxi
mation. 

Since during quiet breathing turbulent airflow is limited to the large 
airways, calculation of airway resistance from the ratio of alveolar 
pressure and flow rate will introduce only a small error. At high flow 
rates, when turbulent airflow may prevail in large airways into as far 
as the 6th generation of bronchi, such a simplification is not allowed, 
the more so as pressure losses associated with convective acceleration 
and deceleration cannot be neglected. 

2.3.2 DERIVATION 

Airway resistance is derived using equation (2. 1 1  ) .  Airflow can be 
measured by a pneumotachograph. Alveolar pressure can be determined 
plethysmographically (fig. 2.2) as has been discussed in paragraph 2 . 1. 

v� 
� is measured by a flowmeter 

A Palv can be measured because changes in alveolar pressure 

t 
compression - expansion of gas in the lungs ( c.VL) 

t 
compression - expansion of gas in the box ( C.Vbox) 

� 
changes in box pressure (c. P box) 

Fig. 2.2 Schematic representation of the measurement of airway resistance (Raw) 
using a volume constant body plethysmograph. Further explanation in text. 

DuBois et al. ( 1956) described a convenient way to derive airway 
resistance : airflow can be plotted against plethysmographic pressure 
changes (fig. 2.3) which are proportional to alveolar pressure. If the 
airways are then occluded at the mouth, and mouth pressure and box 
pressure changes displayed X-Y under static conditions (in which case 
mouth pressure equals alveolar pressure) the slope of the straight line 
(fig. 2. 1 )  ·relates. alveolar pressure (LIP alv) to box pressure (LIPbox) 
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vanatwns, and serves to calibrate box pressure in terms of alveolar 
pressure. If tidal volume is small compared with thoracic gas volume 
during the two situations, LIP alv and LIP box are related in the same way, 
and we have : 

_Q LIPbox • h p p (f. ) cotu·1 = --;---p , assuming t at alv = mouth 1g. 2.1 , 
n alv 

_Q _ LIPbox (f. ) COt'V'2 - -----v- 1g. 2.3 . 

Airway resistance is derived as the quotient of cot {}2 and cot {}1:  

cot 1J2 _ LIP alv = Raw 
cot {}1 -----v- (2 . 1 8 )  

High Raw 

Fig. 2.3 Principle of the plethysmographic measurement of airway resistance (Raw) 
explained in the text. 

Resistance can also be calculated from the area of pressure-volume loops 
(fig. 2.4) on the basis of equations derived by Nisell and Ehrner (1958) .  
These equations, which were applied to esophageal pressure-volume 
loops by these authors, can be equally well applied to alveolar pressure
volume diagrams (Bachofen, 1 969 ;  Quanjer et al., 1 971 ) .  The resistance 
to airflow (Raw) during a respiratory cycle can be derived from : 

R
- 8 . tr.tE f 1 a w = 2 • area o oop 

n2.V T .  (tr + tE) 
(2.19) 

in which Raw is the mean airway res�starice during a tidal breath, V T 

the tidal volume, and tr and tE the time used for inspiration and expi
ration respectively. This equation can be applied if the flow pattern 
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of breathing is a sine wave, even if inspiration and expiration have 
different durations. 

Vr <liter> 

Palv. 

Raw= B.tJ.tE. loop area 
Tt2 . Vr2. <ti +tEl 

tr =time inspiration (sec.) 
tE =time expiration (sec.l 
Vr = tidal volume <U 

Fig. 2.4 Calculation of mean airway resistance (Raw) from a tidal volume-alveolar 
pressure diagram when the time needed for inspiration and expiration are known. 

2.3.3 COMPLICATING FACTORS 

A number of factors complicate the issue because they influence the 
shape of the plethysmographically assessed flow-alveolar pressure 
curves. Once an equilibrium between heat production and heat dissi-· 
pation in the box has been established there is still a difference in 
temperature and saturation between gas in the lungs and in the plethys
mograph. This causes flow-box pressure tracings to exhibit an elliptical 
shape, the loop running clockwise (fig. 2.5a). If the subject stays in the 
plethysmograph for a long period all gas in the box will be saturated 
with water vapor, making the loop alluded to above a little smaller. 
When gas is inspired at BTPS conditions fig. 2.5b is obtained, whereas 
a loop running counterclockwise is obtained when gas at higher than 
body temperature is inhaled (fig. 2.5c). 

It has been demonstrated by DuBois et al. ( 1952) that the respiratory 
quotient varies throughout the respiratory cycle due to an approximately 
constant oxygen uptake whilst the rate of carbon dioxide elimination 
from the lungs is variable. Since the amount of molecules contained in 
the lungs influences box pressure, these cyclic variations will be super
imposed on box pressure variadons due to other causes, as shown· by 
Sackner et al. ( 1964). 

" 

I;"'P r() J 0 APbox. u } exp. 

Temperature of < 37°C 37°C >37°C 
inspired gas 

Fig. 2.5 The influence of the temperature of inspired gas on the shape of the 
plethysmographically assessed flow-alveolar pressure tracings in a healthy subject. 
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The inertia of gas in the airways causes flow to lag behind alveolar 
pressure variations. The inertance of gas was found to equal 0 .014 em 
H20.l-1 .sec2 (Jaeger and Otis, 1 964) .  Taking the additional inertance in 
the measuring tubes (estimated at 0.006 em H20.l-1.sec2) into account 
the phase angle between flow and alveolar pressure at a breathing rate 
of 1 cps and airway resistance equal to 1 em H20.l-1.sec was found to 
be 7° (Jaeger and Bouhuys, 1969).  This phase difference causes a flow
box pressure loop running counterclockwise. During panting, a type 
of breathing used to minimize thermal effects alluded to above, the 
thermal effect is balanced by the inertance at a panting frequency of 
2-21/2 cps (Varene et al. ,  1967, 1 969).  

The cyclic variations in airway geometry referred to earlier affect 
the resistance curve in that airway resistance is smaller at end inspiration 
and larger at end expiration. A figure 8 shaped pressure-flow curve is 
then obtained. Such curves were first described by Mead and Whitten
berger (1953) .  

As a consequence of tidal volume displacements thoracic gas volume 
varies during the respiratory cycle. For equal alveolar pressure, box 
pressure deflections are larger at end inspiration than at end expiration. 
This also causes a figure 8 shaped pressure-flow curve. 

In subjects with chronic obstructive lung disease pressure-flow loops 
running clockwise are frequently observed. These loops have been 
attributed to inhomogeneous ventilation of parallel compartments and 
gas trapping (Ulmer, 1966; Dirnagl et al. , 1967; Nitta and Mochizuki, 
1 967 ; Jaeger and Bouhuys, 1 969; Peslin, 1 96 8 ;  van de Woestijne et al. ,  
1 970) . Expiratory looping has been attributed to airway compression in 
normal as well as in diseased subjects (Alpers and Guyatt, 1 967). 

In this and the following chapters attention will be paid to how 
these factors can be dealt with technically and to what extent they 
influence the interpretation of the results. 

2.3 .4 METHODS 

The subject inspires gas from the plethysmograph which has a lower 
temperature and water vapor pressure than gas in the lungs. On 
inspiration the gas is rapidly warmed to body temperature and saturated 
with water vapor in the airways. Consequently the inspired gas expands 
and thus influences box pressure, which rises. This rise, however, inter
feres with changes of box pressure which reflect alterations in alveolar 
pressure. In order to eliminate thermal and saturation effects inspired 
gas should be at BTPS conditions. Alternatively box pressure changes 
should be corrected for these effects. 

A number of methods have. been described to fulfill these require
ments : a) limitation of the subject's tidal excursions at panting frequency 
(DuBois et al. , 1956);  b) conditioning of breathing gas at BTPS con-
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ditions (Jaeger and Otis, 1964) ; c) electronic simulation of BTPS 
conditions (Bargeton, 1957, 1959 ;  Smidt et al., 1969 ;  Woitowitz et al., 
1969;  Peset et al., 1969). 

a. Panting method. The subject, wearing a noseclip, was seated in the 
plethysmograph breathing through the mouthpiece-flowmeter assembly. 
As soon as the box pressure was stable the subject was asked to press 
the palms of his hands against the cheeks and perform panting at a 
frequency of 1-3 cps. Tidal volumes were kept minimal and generally 
did not exceed 200 ml. X-Y tracings of flow and box pressure were 
photographed from the screen of a storage oscilloscope when tracings 
from two consecutive breaths overlapped. 

During panting differences in temperature and saturation of inspired 
and expired gas are small due to the fact that the tidal volume is small 
and most of the expired gas is subsequently inhaled again. 

b. Rebreathing method. In order to condition inspired gas at BTPS a 
rebreathing system was developed in cooperation with the Laboratory 

Fig. 2.6 The rebreathing system used to condition mspired gas at BTPS conditions. 
The system is explained in the text. t1 and t2 : thermocouples. 
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of Medical Physics 1 ) ,  State Unl.versl.ty, Gronl.ngen. A polyethylene bag 
(volume 15-20 liter) was connected to the mouthpiece-flowmeter 
assembly (fig. 2 .6) .  Heating of gas inside the bag was achieved by two 
devices : a slow reacting one of great capacity, consisting of a copper 
coil through which water, thermostatically controlled at 37° C., was 
circulated, and a faster one of low capacity made up of two bulbs fed 
at variable voltages. A great number of wet sponges was used to humi
dify the gas in the bag. Mixing of gas was achieved by a ventilator. 
Readings of the temperature inside the bag and at the mouthpiece were 
made with thermocouples (type K7, Elektrolaboratorit, Kopenhagen, 
Denmark) . These thermocouples indicated that differences in tempe
rature between inspired and expired gas during measurements varied by 
0 . 1 -0.2° C. Smaller variations could not be attained probably as a con
sequence of heat dissipation through the mouthpiece. The bag could not 
be shown to have any compliance or inertance. Its resistance could not 
be assessed exactly but was smaller than 0.04 em H20.l-1.sec. Studies 
performed with the rebreathing bag will be referred to as the 
rebreathing method. 

Before the subject was admitted to the box sponges inside the 
rebreathing system were wetted with hot water, and a dry bag fixed 
to the mouthpiece-flowmeter assembly. The bag was then flushed with 
oxygen. After the box had been closed the subject, who wore a noseclip, 
breathed into the plethysmograph via the mouthpiece. As soon as the 
temperature within the bag was brought within a range of 37-3 8 °  C. by 
means of the two heating systems, the subject was connected to the 
rebreathing system by activating solenoid operated shutters (fig. 2.6) .  
Flow-box pressure tracings were continuously monitored on the screen 
of the storage oscilloscope and photographed when satisfactory, i.e. 
when the temperature difference between inspired and expired gas had 
reached a minimum as judged by the thermocouple in the mouthpiece, 
and two consecutive breaths yielded overlapping tracings. Whenever 
hyperventilation due to carbon dioxide accumulation occurred measu
rements were stopped and the bag again flushed with oxygen. 

c. Subtraction method. According to Boyle-Gay Lussac's law the product 
of pressure and volume of a mass of gas is inversely related to its tem
perature : 

P.V.T-1 constant (2.20) 

1) The author is indebted to Prof. dr. Jw. van den Berg for his advice, and to 
Mr. F. G. J. Swarte and Mr. L. Martijn for their technical assistance. 
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Applying this law to gas inhaled from the plethysmograph : 

or 

in which 

(Pbar - P:��) .V1 _ (Pbar - P��0) .V2 
T1 

- -
T2 

Pbar barometric pressure; 
P£i;� actual water vapor pressure in the plethysmograph; 
p��o water vapor pressure in the lungs (saturated); 
T1 temperature in the plethysmograph; 
T2 temperature of gas in the lungs ; 
vi volume of gas inspired from the plethysmograph; 
V2 volume of inspired gas at BTPS conditions. 

Rearranging equation (2.22), and substituting 

_ T2 (Pbar - P��)) a -T · (P pH20) 1 bar - arv 

it follows that 

(2 .21 )  

(2.22) 

(2 .23) 

After substitution of (2.23) in (2 .7) and rearrangement o.f the equation 
thus obtained, we have 

V1. (a - 1 ) .Pbar 
Vbox 

(2.24) 

so that box pressure changes due to changes in temperature and 
humidity are linearly related to the inhaled volume, provided that the 
temperature and humidity differences between the gas in the lungs and 
the plethysmograph remain constant. Another assumption is that the 
transition to BTPS conditions occurs instantaneously. Evidence that this 
is the case was obtained by Chapin (1954) and Drorbaugh and Fenn 
(1955) ,  as cited by Bargeton (1957, 1959). 

During expiration the situation is different because heat exchange 
occurs between expired gas and the air in the plethysmograph, only 
part of the heat being lost through the wall of the box. Thus box air is 
warmed until an equilibrium is reached between heat production by the 
subject and heat dissipation through the box wall. During expiration 
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water vapor adds to the humidity of the box air until saturation is 
achieved; by that time additions of water vapor result in condensation 
of equal volumes of vapor. However, if airconditioning is applied, tem
perature and saturation of gas in the plethysmograph can be kept 
constant. 

An electronic method of correcting the box pressure to BTPS con
ditions based on the above mentioned reasoning was described by 
Bargeton ' (i 957, 1959), who corrected the box pressure signal instantane
ously by a signal proportional to the inspired or expired volume. An 
electronic device performing such a correction was constructed by the 
Central Electronic Service 1) , State University, Groningen. Analog 
correction was performed during inspiration as well as during expiration 
by subtracting from the box pressure signal a signal proportional to 
integrated flow at the mouth (fig. 2 .7). Electronic devices operating on 
essentially the same assumptions have also been described by Smidt et 
al. (1969) and Woitowitz et al. (1969). In contrast to the study reported 
here Smidt applies a smaller correction factor during expiration than 
during inspiration (personal communication) . This is in fact more 
correct. At first sight the appropriate solution would be to correct 
during inspiration only. In practice, however, the mouthpiece-flow
meter assembly functions as a heat and humidity exchanger. For this 
reason correction of the box pressure during expiration cannot be equal 
to zero. 

The electronic subtraction unit was employed for measurements of 
airway resistance during quiet breathing. The subject, who wore a nose 
clip, breathed through the heated pneumotachograph 1) after careful 
zero-balancing of the flow signal had been performed. The flow signal 
was fed into the integrator, the output of which was then monitored on 
an oscilloscope screen. The DC-offset to the integrator was balanced in 
such a way that the volume trace had a horizontal basis. The correction 
was manually adjusted by turning a potentiometer. The position of this 
potentiometer was determined before by having a subject without 
cardiopulmonary disease enter the plethysmograph and adjust the correc
tion until a figure 8 or S shaped flow-box pressure tracing was obtained. 
This method of correcting the box pressure is based on the assumption 
that the difference in temperature and saturation between gas in the 
lungs and plethysmograph is constant for two subjects. When using the 
subtraction unit, closed system airconditioning of the plethysmograph 
was applied. The flow of gas along the cooling element was adjusted by 
a stopcock until box pressure became stable. In this way the temperature 

1) The author gratefully acknowledges the help and advice of Mr. P. Cuperus and 
Mr. ]. 0. Bakker in the construction of the electronic subtraction unit, and of 
Mr. F.  G. ]. Swarte and Mr. H. Jonker (Laboratory of Medical Physics, State 
University, Groningen) in constructing a thermostatical control unit for the 
pneumotachograph. 
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Fig. 2.7 Schematic diagram of the subtraction unit which was used to simulate 
BTPS conditions of inspired gas . The flow signal from the pneumotachograph-pressure 
transducer system is electronically integrated to volume. Part of the volume signal is 
subtracted from the box pressure signal via a mixing circuit, yielding a box pressure 
signal which is corrected for thermal and saturation effects. 

and water vapor content in the plethysmograph remained constant. 
Nevertheless small errors in the amount of correction may have occurred 
because the temperature of gas within the lungs of different subjects 
differed slightly. 

In part of the study airway resistance was also assessed from the 
area of the box pressure-tidal volume loop. The curves were obtained 
by X-Y recording of box pressure and integrated flow at the mouth, 
both signals being obtained from the electronic subtraction unit. The 
curves were obtained simultaneously with the flow-box pressure tracings 
and photographed from the screen of the storage oscilloscope when two 
consecutive breaths yielded overlapping tracings. 

After comparative studies on the measurement of airway resistance 
with different techniques had been completed, studies were continued 
with the subtraction method only. Because airconditioning was applied 
the exponential rise in box pressure due to heat and water vapor 
produced by the subject was avoided. Consequently measurements of 
airway resistance (and thoracic gas volume) could be started about one 
minute after the subject had entered the box. 

2.3 .5  CALCULATIONS 

a. Flow-box pressure tracings. Airway resistance calculations are based 
on equation (2 . 1 8) .  In fact assessment of airway resistance requires the 
measurement of the relationship between alveolar and box pressure 
immediately after a satisfactory flow-box pressure curve has been 
obtained. Very frequently, however, the mouth pressure-box pressure 
tracing obtained immediately after the resistance curve during quiet 
breathing was unsatisfactory because of the sudden change in breathing 
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pattern. Therefore mouth pressure-box pressure tracings were obtained 
after a number of flow-box pressure curves had been recorded. Calcu
lations of airway resistance in this study were based on mean tan {}1, 
and were performed by an electronic desk calculating machine. 

I ns p i ration 

Expi ration 

Fig. 2.8 Illustration of the shapes of flow-box pressure tracings obtained in normal 
subjects and in patients with chronic obstructive lung disease. 

Since the shapes of flow-box pressure tracings vary (fig. 2 . 8 )  several 
tangents were drawn (fig. 2.9) and the corresponding airway resistances 
calculated (Peset et al., 1 969). These tangents correspond to the slope of 
the tracing around zero airflow (a) , maximal inspiratory (b) and expi
ratory (f) flow. When expiratory looping was present two tangents (c 
and d) were drawn to replace the one corresponding to maximal expi
ratory flow. Furthermore a line joining the points of maximal inspiratory 
and expiratory flow rates (e) was drawn. Airway resistances calculated 
from the slope of these lines were used in the comparative studies of the 
panting and two quiet breathing methods in· an effort to obtain quali
tative and quantitative information on these curves which could be 

Fig. 2.9 The different tangents drawn to flow-box pressure tracings discussed in the 
text. 
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evaluated statistically. The resistance of the mouthpiece-flowmeter 
assembly was subtracted from all calculated values. 

Unless specifically stated, airway resistance values in this study refer 
to the slope of the flow-box pressure tracing around zero airflow. 

b. Volume-box pressure tracings. Mean airway resistance during a tidal 
breath was calculated from equation (2. 19)  by means of a calculating 
machine. In order to reduce errors to a minimum the area of each 
volume-pressure loop was measured twice with a planimeter, and the 
mean value used in the computations. The resistance of the mouthpiece
flowmeter assembly was subtracted from all calculated values. 

2.4 E Q U I P ME N T  

2.4.1 INTRODUCTION 

Pressure and volume constant plethysmographs have different charac
teristics which may have bearing on the choice of instrument for certain 
types of investigations. The frequency characteristics of a volume con
stant plethysmograph are theoretically only limited by those of the 
manometer sensing the pressure changes. The closed box is therefore 
suited for the recording of fast phenomena. The frequency response is 
however unfavorably influenced by leaks, if present. 

An inconvenience of the volume displacement plethysmograph de
signed by Mead (1 960) is, that in addition to a less favorable frequency 
response, chest volume changes are recorded out of phase by the Krogh 
spirometer. This is a result of the combined effects of the resistances 
to airflow of the spirometer and damping material between spirometer 
and box, the inertance of the spirometer and of gas moving between 
box and spirometer, and of the capacitance of the system. With appro
priate damping of the spirometer-box system and sufficiently small 
volumes of the plethysmograph a frequency response can be obtained 
which suffices for the range of respiratory frequencies (Mead, 1960;  van 
de Woestijne and Bouhuys, 1969 ;  Bachofen, 1 969).  Moreover the phase 
lag between chest volume changes and deflection of the spirometer can 
be corrected via an electronic weighting circuit which mixes the signals 
of spirometer and box pressure manometer (Mead, 1 960).  

The requirements for mechanical stability of the box are obviously 
strict for the volume constant plethysmograph. This has bearing on the 
cost of construction. On the other hand use of a Krogh spirometer poses 
considerable and time consuming technical difficulties. A waterless 
spirometer with low resistance and good dynamic properties can also be 
used but is rather expensive. 

Since gas in the plethysmograph is warmed and moistened as soon as 
the subject enters it, pressure will rise exponentially to a steady state in 
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the volume constant box as will volume in the pressure constant one. 
Periodic venting to atmosphere is an easy remedy in the first type of 
box. However, in the second type of box this is not so easily accom
plished ;  both pneumatic (Jaeger and Otis, 1964 ; Tabingh Suermondt, 
1969) and electronic (Bernstein and Shepard, 1 966) correction systems 
have been devised to overcome this problem. 

Body 
plethysmograph 

Pressure 
transducer 

Reference 
vessel 

Fig. 2.10 System for measuring changes in plethysmograph pressure relative to 
atmospheric pressure. This system allows equilibration to changes occurring slowly 
while damping rapid changes in outside pressure. 

Although sensitivity to changes in barometric pressure is a feature of 
any type of plethysmograph, fast occurring changes can be appro
priately damped in the volume constant box by connecting the reference 
side of the differential manometer via a vessel with a suitable time 
constant to the atmosphere (fig. 2 . 10) .  

Since the plethysmograph was to be used in  studies involving small 
intrathoracic pressure variations at panting or natural breathing fre
quencies, either type of plethysmograph could have been used. A volume 
constant box, however, seemed to be the most appropriate choice in view 
of the fact that noise due to slamming doors and passing cars wa<> 
inavoidable, and that barometric pressure in Groningen is often instable. 
Moreover this type of box can have a larger volume than the volume 
displacement body plethysmograph without upsetting the frequency 
response and is therefore more convenient for disabled subjects. 

2.4.2 GENERAL CONSTRUCTION 

A plethysmograph of own design 1) was made out of 1 5  mm Plexiglass 
(fig. 2 . 1 1  and 2 . 12) .  A cylinder was thought to best fulfill the requi
rements of great mechanical stability. In order to prevent claustro
phobia as much as possible Plexiglass was used. The internal diameter 
of the box is 72 em, height 1 . 55  m, volume approximately 620 liter. 
The top and bottom are sealed by 20 mm Plexiglass plates. The door, 
which fits the cylindrical shape, is closed by two clamps, airtightness 

1) Constructors : Lode Instruments, Groningen, The Netherlands. 
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Fig. 2.11 View of the body plethysmograph1) ,  measuring and recording equipment 
used in the study. A schematic diagram of the equipment is given in fig. 2.12. 

1) Constructors : Lode Instruments, Groningen, The Netherlands. 
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being secured by rubber strips between the doorpost and door. After 
comparative studies involving measurements during panting and quiet 
breathing using the rebreathing system had been completed, the box was 
airconditioned by circulating gas at an adjustable flow rate along the 
cooling element of a commercially available refrigerator. The box can 
be vented to atmosphere via an electromagnetic valve mounted to the 
side of the wall. In order to prevent overload of the sensitive box 
pressure transducer during opening or closure of the box a second 
opening in the wall is present ; this opening is closed by a rubber stopper 
during measurements. Another opening connects the box with a motor
driven syringe (50 ml) which is used for box pressure calibrations. Con
versation between subject and operator is possible via an intercom. 

Inside the box the mouthpiece-flowmeter assembly is adjustable to the 
appropriate height by sliding it along a metal bar fixed to the top of 
the box. Airflow through the flowmeter can be interrupted by activating 
a solenoid operated shutter between mouthpiece and pneumotachograph. 
The mouthpiece is made of Plexiglass and has lateral taps for the 
measurement of oral pressure. In experiments involving the rebreathing 
system a second solenoid operated shutter was used. Use of the two 
valves made it possible to occlude the airways, or direct flow either via 
the pneumotachograph or directly into the box. The resistance of the 
mouthpiece-pneumotachograph assembly was 0.4 and 0.6 em H20.l-1.sec 

CRO X/ t 

� Pbox I wmv I 
vr 

t-----......._-� 'iJ CRO X/Y 

[ZJ 
X!t 

~ 
· a. aircondi t ioning body plet hysmograph pressure amplifiers sub tract ion recording 

equipment b. calibration set 
< box pressure) 

transducers 
in reference 
vessel 

uni t  
int egrator 

Fig. 2.12 Schematic diagram of the equipment used in conjunction with the 
plethysmograph. In a number of subjects in whom measurements of viscous work of 
breathing was assessed simultaneously with airway resistance, another pressure 
transducer was used in addition to the ones shown in the diagram. 
CRO = cathode ray oscilloscope. 
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respectively for the two types of assemblies used. This was assessed by 
relating the driving pressure at the mouthpiece to instantaneous airflow. 

2.4.3 MEASURING DEVICES 

a. Mouth pressure. During occlusion of the airways by the shutter, 
mouth pressure was measured via a lateral tap in the mouthpiece close 
to the oral opening, and sensed by a Statham PM 5 strain gauge pressure 
transducer. The connection between side tap and manometer consisted 
of rigid plastic tubing (internal diameter 6 mm) . The other side of the 
differential manometer was open to atmosphere via a reference chamber 
(see below) . The 90 per cent response time of the manometer with tubing 
was 7 msec. The manometer was initially connected to a Statham 
amplifier type UR 5, in later studies to a Schwarzer carrier preamplifier 
type ET 54 1 .  Calibration was performed by means of a water mano
meter. 

b. Box pressure. Box pressure measurements were made via an opening 
(internal diameter 4 .5 mm) in the wall of the plethysmograph, connected 
via rigid tubing (internal diameter 6 mm) to a Statham PM 1 5  strain 
gauge pressure transducer. Since box pressure changes relative to atmo
spheric are very small in comparison with naturally occurring changes 
in barometric pressure (in a subject of 60 kg with a thoracic gas volume 
of 3 1. and airway resistance equal to 1 em H20.I-1 .sec box pressure 
change at a flow rate of 0.5 l.sec-1 equals 0.003 em H20) , this implies a 
very unfavorable signal to noise ratio. This was greatly reduced by 
connecting the reference side of the box pressure transducer via a vessel 
with a small leak to the atmosphere (fig. 2 . 10) .  A small leak was made 
in the plethysmograph to counteract to some extent the exponential rise 
in box pressure due to the dissipation of heat and water vapor by the 
patient. In later studies this was taken care of by airconditioning. The 
time constants of box and reference vessel were carefully matched and 
ranged between 15 .5  and 26 seconds during the course of this study. 
This means that the frequency response in the range of respiratory fre
quencies was not affected. 

The reference vessel was made of Plexiglass (thickness 10 mm, 
internal volume 5 . 1 8  liter) ; for practical purposes all Statham pressure 
transducers were contained in this box. 

The time constant of the reference system was sufficient to damp 
rapid changes in outside pressure (slamming doors, passing cars) while 
allowing pressure equilibration to slow occurring changes in atmospheric 
pressure. This made it possible to conduct studies ev�n during unfa
vorable weather conditions. To damp vibrations conducted via the floor 
and walls of the room the reference vessel was initially put on foam 
plastic and in a later stage hung to acoustic plates of the ceiling. The 90 
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per cent response time of the manometer including tubing was 7 msec. 
The manometer was initially connected to a Statham amplifier type 
UR 5, in later studies to a Schwarzer carrier preamplifier type ET 54 1 .  

c .  Flow rate. Flow rates were measured with a Fleisch no 2 pneumo
tachograph. The differential pressure across the flow meter was sensed 
with a Statham PM 1 5  strain gauge pressure transducer. Connections 
between flow meter and manometer consisted of rigid plastic tubing 
(internal diameter 6 mm). The 90 per cent response time of the mano
meter was 7 msec. 

Calibrations were performed with a Godart calibration set (type 
59007) which consisted of a set of tubes with fixed resistances, connected 
to a slanting manometer. Calibration of this set was achieved by relating 
the pressure drop across the tubes to the volume displacement. Pressure 
drops were measured at constant flow rate with the slanting manometer, 
volume displacements by collecting the gas in a meteorological balloon, 
the volume of which was subsequently measured using a wet gas meter 
(Elster u. Co. A.-G., type 3 ) .  All volume readings were corrected to 
BTPS. An essentially linear response of the flow meter was found up 
to flow rates of 4 .5  l .sec-1. 

d. Volume. Tidal volume was obtained by electronic integration of flow 
measured at the mouth (paragraph 2.3 .4 sub c) . Volume calibrations 
were performed by connecting the pneumotachograph to a spirometer 
and correcting the volumes to BTPS. 

2.4.4 RECORDING EQUIPMENT 

Flow-box pressure curves were X-Y recorded and photographed from 
the screen of a Tektronix storage oscilloscope (type 564,  3A74, 3A3) .  
This also applies to volume-box pressure, volume-esophageal pressure, 
and mouth pressure-box pressure tracings. Calibrations of box pressure 
were photographed from the storage screen of another Tektronix oscillo
scope . (type 564,  3A74, 2B67).  

In most of the patients separate tracings of flow rate, box pressure, 
esophageal pressure and tidal volume were simultaneously recorded 
on a Schwarzer multichannel recorder type V 1222. 
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CHAPTER 3 

M I S CELLANEOUS METH O D S 

3 .1 L U N G  V O L U M E S  (S P I R O M E T R Y  I N C L U D I N G  RE S I D U A L  
V O L U M E) 

3 .1 .1 METHOD AND EQUIPMENT 

A Lode D53R spirometer, equipped with a blower, was used for the 
measurements of static and dynamic lung volumes. Spirometric assess
ment of residual volume was based on the closed system gas dilution 
method described by Tammeling (195 8 ) .  Helium was used as an 
indicator gas. Measurements of the helium concentration in the spiro
meter were performed with a Mijnhardt Analysor type K1• Oxygen and 
helium were added to the spirometer, raising the oxygen concentration 
to about 30 per cent and the helium concentration to about 1 0  per cent. 
The extra oxygen was only added for safety reasons to prevent 
accidental hypoxia. The patient was connected to the spirometer by 
turning a stopcock at the end of a normal expiration, and asked to 
expire maximally as soon as the connection had been made. After that 
normal breathing was resumed. The oxygen consumption was then 
balanced by a continuous supply of oxygen into the spirometer as esti
mated from the condition of the subject. Readings of the helium concen
tration were made every minute until stable readings were obtained 
during three consecutive minutes, or until the drop in concentration was 
minimal and constant during three consecutive minutes. 

In a later stage of the study the determinations were somewhat 
simplified in that the galvanometer deflections of the helium meter were 
read before and immediately after the addition of helium and oxygen 
to the spirometer, as well as at constant intervals of either four or five 
minutes after connecting the patient to the spirometer. Helium concen
trations at the beginning of the determination were smaller than 2 per 
cent; the analyzer (Mijnhardt Unigas Analysor type UG2) had a linear 
response in the range of 0-2 per cent helium. After the determination of 
residual volume extra oxygen was added to the spirometer and repeated 
determinations performed of vital capacity (VC), forced expiratory 
and inspiratory volume in one second (FEV1 and FIV1) ,  followed by 
assessment of the maximum voluntary ventilation at a breathing fre
quency of 30.min-1 during thirty seconds (MVV30) .  Vital capacity was 
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assessed by measunng the volume that could be inhaled after a full 
expiration. 

In a study conducted in collaboration with the Department of Physi
ology, State University, Utrecht, The Netherlands (Kowalski, to be 
published) a quick method for the determination of functional residual 
capacity and residual volume was compared with plethysmographically 
assessed thoracic gas volume and residual volume. Thoracic gas volume 
was assessed as indicated in paragraph 2.2, and in this study corrected 
for the dead space of the mouthpiece ( 130  ml) . Tidal volume and expira
tory reserve volume were obtained by integration of flow at the mouth 
and recorded on a Bryans recorder (type 26000) . Expiratory reserve 
volume was assessed immediately after the closed shutter manoeuvre. 
Plethysmograhically assessed residual volume was obtained by subtrac
ting mean expiratory reserve volume from mean thoracic gas volume. 
Two to four determinations of thoracic gas volume and expiratory 
reserve volume were made in every subject. 

The principle of the quick method of assessing functional residual 
capacity and residual volume is based on forced rebreathing of a 5 0  per 
cent helium in oxygen mixture contained in a bag-in-box system which 
is connected to a spirometer (Godart Expirograf). If the unknown lung 
volume is V L, the volume of the balloon VB, the dead space of the 
balloon and tubing V DB, and of the stopcock which connects the patient 
to the balloon VDP, the helium concentration at the onset of the determi
nation c1, and at the end c2, lung volume can be calculated according to : 

(3 . 1 )  

Residual volume i s  then found by  subtracting expiratory reserve 
volume, recorded on the spirometer, from VL. 

The dead space of the stopcock was determined volumetrically with 
water and was 120 ml. The dead space of the balloon and tubing was 
assessed by filling the emptied balloon with a 5 0  per cent helium in 
oxygen mixture. If the galvanometer deflection for this gas mixture is 
C0, and the deflection for the gas mixture in the balloon C1, the dead 
space of the balloon can be derived from: 

' (3 .2)  

and was found to be 270 ml. 
The katapherometer which was used for these measurements consisted 

of a measuring head and amplifier. The measuring head was made up 
of two identical Wheatstone bridges. Since the temperature coefficient 
of the thermal conductivity of helium and carbon dioxide is different, 
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the katapherometer was made insensitive to expired carbon dioxide by 
the application of different excitation currents and different amplifi
cation of the bridge outputs. The difference between the output of the 
two bridges was fed into the amplifier. The response of the kataphero
meter was linear in the range of 0-50 per cent helium. 

All measurements were made in the sitting position. The balloon 
was filled with 2 liter of 50 per cent helium in oxygen. The subjects 
were connected to the bag-in-box system at the end of a normal expi
ration and encouraged to expire maximally and inspire all the gas from 
the balloon during about 1 minute. By that time stable helium concen
trations had been obtained in all but one of the patients. Investigations 
were ended by assessing vital capacity three times. 

3. 1.2 CALCULATION 

Residual volume (RV) was initially derived from measurements with 
the helium dilution method by relating the galvanometer deflections to 
those of a calibration curve. This curve was constructed by adding 
known volumes to a spirometer containing standard volumes of a helium 
oxygen mixture in nitrog·�n as used during actual determinations. Gal
vanometer deflections were than plotted against the volume increments 
of the spirometer. During the determinations of residual volume helium 
dissolves in blood. In order to correct for this 'disappearance' of helium 
from the spirometer-lung system galvanometer readings were extra
polated in accordance with Van Veen, Orie and Hirdes (1952) and 
Tammeling (195 8 ) .  By relating the extrapolated galvanometer reading 
to the calibration curve, functional residual capacity (FRC) was found, 
and by subtracting expiratory reserve volume (ER V) the residual 
volume. 

In a later stage, when using small concentrations of helium in order 
to secure a linear response of the helium meter, the following galvano
meter readings were used for the computation : C0 = reading before 
addition of the indicator gas, Cmax = reading after addition of the 
indicator gas, c4 = reading four minutes after connecting the patient 
to the spirometer, C8 = reading eight minutes after connecting the 
patient to the spirometer. 
DeP,ending on the efficiency of ventilation the CcC8 readings were 
replaced by C3-C6, C5-C10, etc. Let the volume of the spirometer at the 
moment the patient is connected be V�, and the volume of lungs VL, 
then : 

(3 . 3 )  

It can be shown that Ce = 2C4 - C8 (3 .4) 
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Substituting equation (3 .4) in (3 .3) ,  and rearranging the equation : 

(3 .5)  

Equation (3 .5)  was used to assess functional residual capacity, i .e .  the 
lung volume at the moment the patient was connected to the spirometer. 
No corrections were made for the dead space of the mouthpiece ( 130  
ml) . The volume of  the spirometer in  the above equation represented 
the dead space of the spirometer system plus the volume of air, oxygen 
and helium which were subsequently added. The measurement of the 
dead space of the spirometer was carried out along the same lines as 
described for the balloon in the quick rebreathing method. 

The values of vital capacity, forced expiratory and inspiratory 
volume in one second were the best of three determinations. Some sub
jects were able to inhale the vital capacity in less than one second; 
forced inspiratory volume in those cases has been calculated as 1 00 per 
cent of the vital capacity. All values of static and dynamic lung volumes 
were expressed in liter BTPS by multiplying the ATPS value with 1 .08 .  
This correction factor was based on a temperature of  gas in  the spiro
meter ranging between 22-24 °C. 

Normal values for lung volumes have been published by Tammeling 
( 1961 ) .  These were converted to linear regression equations which were 
then used to calculate normal values on the basis of sex, height and age. 
It has been demonstrated (Tammeling, 1961 ; Respiration and Circu
lation, 1971 )  that taking the weight into account adds little to the 
precision of normal values. Numerous investigations have shown that 
the relationship of the residual volume, vital capacity, functional 
residual capacity, forced expiratory volume expressed as a percentage 
of the vital or total lung capacity, with age is somewhat curvilinear. The 
normal values derived from the linear regression equations did not 
differ by more than 1 per cent from the values which were used to 
calculate the equations. In view of the fact that the coefficient of 
variation of normal values is 1 0  per cent, this inaccuracy was accepted. 
The regression equations given below refer to BTPS conditions ; volumes 
are expressed in liter, height in meter, and age in years. The equations 
only apply to adults (age limits 1 8-70 years) of normal body size 
(height women : 1 .50- 1 . 80  m; men : 1 .65-1 .90 m) and normal body shape. 

Forced inspiratory volume was considered to be a constant fraction 
(0. 80) of the vital capacity; this was an estimation which was not based 
on actual measurements. 

men 
women 

TLC 
TLC 

1 0.670 height 
7 .808  height 

1 2. 1 60 
7. 878 
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men + women : RV/TLC 0.003 1 age + 0 . 140 
FRC/TLC 0.0021 age + 0.400 

vc (-0.003 1 age + 0. 863)  TLC 
FEV1 (-0.0050 age + 0.740) TLC 
FIV1 (-0.0025 age + 0.690) TLC 
MVV30 (-0.1260 age + 22.700) vc 

In the study performed with the quick rebreathing method functiona] 
residual capacity (FRC, VL) was computed according to equation (3 . 1 ) .  
Residual volume was obtained by  subtracting the largest expiratory 
reserve volume recorded on the spirometer from functional residual 
capacity. Corrections were made for the dead space of the balloon and 
the stopcock. Values were converted to BTPS by multiplication with a 
constant factor (1 .08) .  All calculations were performed with an elec
tronic desk calculating machine. 

3 .2 V I S C O U S  W O R K  O F  B RE A TH I N G  A N D  L U N G  E L A S T I C I TY 

3 .2. 1 METHOD AND EQUIPMENT 

The esophageal pressure method was used for the measurement of trans
pulmonary pressure, i.e. the pressure difference between the esophagus 
and mouth either under static conditions or during tidal breathing. 
Esophageal pressure measurements, when combined with measurements 
of volume, have proven to be of great value in assessing the elastic and 
viscous properties of the lung (Buytendijk, 1949 ;  Donleben, 1959 ; Hil
vering, 1963 ). It is out of the scope of this study to describe the prin
ciple and problems of this method in detail. Reviews have been given 
by Donleben (1959) and Hilvering (1963) and can also be found in the 
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Fig. 3.1 Example of simultaneous recordings of flow-box pressure, volume-box 
pressure and volume-esophageal pressure diagrams in a patient with severe airway 
obstruction. 
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'Handbook of Physiology' (1964 ) .  Suffice it to mention that the slope 
of the esophageal pressure-volume diagram is a measure of lung elasti
city, and the area of the pressure-volume loop a measure of viscous 
work of breathing performed to overcome airway and viscous tissue 
resistance. 

Transpulmonary pressure was measured in a sitting position with an 
esophageal balloon (length 15 em, perimeter 2 .5 em) attached to a rigid 
polyethylene catheter (length 1 00 em, internal diameter 1 . 5  mm) . The 
balloon was passed through a nostril after local anesthesia and positioned 
in the lower third of the esophagus. 20-30 minutes after its introduction 
the balloon was filled with 0.5-1 ml of air. Previous studies revealed 
that stable pressure recordings could often not be obtained shortly after 
introduction of the balloon due to esophageal contractions (Donleben, 
1 959 ;  Hilvering, 1963) .  An electrical signal representing tidal volume 
and vital capacity was obtained from a battery operated linear potentio
meter attached to a Lode D53R spirometer. Esophageal pressure was 
measured with a Godart P-amplifier. Pressure-volume tracings were 
recorded on a Bryans X-Y recorder (type 22000, slewing speed 50 em. 
sec-1) .  After 6-1 0  loops had been recorded during tidal breathing the 
subject was asked to inspire slowly and maximally and then expire 
slowly to residual volume and back to initial breathing level. The semi
static pressure-volume traces were recorded in order to avoid major 
effects of stress-relaxation but not used for calculations. Static pres
sure-volume diagrams were then obtained by periodic airway occlusion 
during at least one second while the subject slowly expired from total 
lung capacity to residual volume. 

In later studies pressure-volume diagrams were photographed from 
the screen of a storage oscilloscope, tidal volume and vital capacity 
being obtained by integration of flow at the mouth. During quiet 
breathing these loops were obtained simultaneously with flow-box 
pressure and volume-box pressure tracings (fig. 3 . 1 ) .  

3 .2.2  CALCULATIONS 

The esophageal pressure method was used for the calculation of viscous 
work of breathing (Wvisc), static compliance (Cstat) ,  and maximal inspi
ratory static pressure (PTLc) . In accordance with Hilvering (1963)  
viscous work of breathing was expressed in g.cm.ml-1 : 

W . = surface area loop 
VISC height loop (3 .6) 

where the height of the loop represents tidal volume. Static compliance 
was derived from the slope of the linear part of the interrupted volume
esophageal pressure curve above functional residual capacity. Maximal 
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inspiratory static pressure was measured after a very slow maximal 
inspiration in order to avoid major effects of stress relaxation (Marshall 
and Widdicombe, 1960, Tammeling, 1971) ,  and was the difference 
between the static pressure at full inspiration and zero transpulmonary 
pressure. 

Standard values for viscous work of breathing, static compliance and 
maximal inspiratory static pressure were derived from investigations of 
Hilvering ( 1963)  and data published by Turner et al. ( 1968 ) : 

Wvisc 
Cstat 
PTLC 

-0. 19  TLC + 3 . 17  
0 .0177 TLC + 0.0054 age 
-0.40 age + 44.0 

g.cm.ml-1 
1 . (  cmH20)-1 
cm H20 

where volumes are expressed in liter BTPS, and age in years. 
Calculations of standard and observed values were performed by an 

electronic desk calculating machine. Values of viscous work of breathing 
are the mean of three to four determinations, for static compliance the 
mean of two to three determinations, and for maximal inspiraJory static 
pressure the mean of two to three determinations. 

If discrepancies in vital capacity were great during measurements of 
static compliance, only the value of maximal inspiratory static pressure 
corresponding with the largest vital capacity was used. 

3.3 I NT R A P U L M O N A R Y  G A S  M I X I N G  

Intrapulmonary gas mixing was investigated by means o f  nitrogen 
wash-in and wash-out curves. Nitrogen was washed out of the lungs by 
oxygen with an open system method. Gas was sampled from the mouth
piece through a needle valve and analyzed by a Sasme nitrogen 
analyzer, the output of which was recorded on a Godart Omniascriptor. 
Calibrations for 79 per cent nitrogen were made by sampling room air, 
and for zero per cent by sampling pure oxygen from a cylinder. After 7 
minutes the subject was asked to breathe out maximally. The maximum 
nitrogen concentration of that breath (normally less than 2 per cent) 
was used as an index of the efficiency of ventilation (pulmonary 
nitrogen emptying rate) . 

After 7 minutes of nitrogen wash-out the patient was connected to 
room air again. During the subsequent wash-in of nitrogen, changes in 
expired nitrogen concentration were recorded at a paper speed of 
25 mm.sec-1. The slope of the alveolar 'plateau' of the third or later 
breath, expressed in per cent change per second, was used to assess 
uneven ventilation in accordance with Greve (1960). The upper limit 
of normal is 3'0/o .sec-1 (Visser, 1966 ) .  The pulmonary nitrogen emptying 
rate and the multiple single breath curves were assessed with the subject 
in the sitting position. 
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3 .4 B L O O D G A S  A N A L Y S I S  

Analyses of blood samples obtained from radial or brachial artery were 
performed within half an hour after sampling. Blood was collected 
anaerobically in 1 0  ml glass syringes, the dead space of which contained 
a heparin solution (2000 U.ml-1) and a mixing ring (Gimeno, 1968 ,  
1969) . Care was taken not to collect blood during hyperventilation or 
breath-holding. If the samples could not be analyzed forthwith the 
syringe was temporarily stored in a refrigerator at + 3 °C. Analyses of 
Pa02 and PaC02 were performed with Radiometer membrane electrodes 
(type 5 046 and 5036) ,  those of pH with a Radiometer 297/G2 capillary 
glass electrode, thermostatically controlled at 3 8 °C. Readings were 
made on a pH meter (type 27) in conjunction with a gas monitor. 

3 .5 H I S TA M I N E  THRE S H O LD 

The sensitivity of the airways to histamine was determined according to 
De Vries' method (1961 ) .  The lowest concentration of histamine causing 
a decrease in the vital capacity and/or the forced expiratory volume of 
10 per cent or more of the initial value was called the histamine 
threshold value. Normally this value is more than 32 mg.ml-1. 

The threshold was not determined as a part of this study and not 
available in all subjects. For purposes of presentation histamine thresholds 
were given the following scores : 0 = threshold larger than 32 mg.ml-1 ; 
1 = threshold smaller than or equal to 32  mg.ml-1 but larger than 
8 mg.ml-1 ; 2 = threshold smaller than or equal to 8 mg.ml-1. Scores 
were based on the poorest values found in the past years. · 

3.6 I NTRA C U TA N E O U S  A L L E R G Y  

Tests of intracutaneous allergy of  the reagin type were always preceded 
by scratch tests (Roelfsema, 1966 ; van der Lende, 1969) . If these proved 
to be positive the allergen was administered intracutaneously in higher 
dilutions in order to prevent systemic reactions. For intracutaneous 
tests about 0.05 ml of the allergen (wheal 4-5 mm diameter, mutual 
distances l i/2-2 em) was injected into the forearm. The following 
allergens were used : house-dust 0.5 mg.ml-1 ; combined pollen 1 000 
Noon U.ml-1 ; epidermals 0 .25 mg.ml-1 ; different moulds as a mixture 
0 .2 mg.ml-1 ; Coca-buffer as a control, and histamine 0.01 mg.ml-1 as a 
control of non-specific reactivity of the skin. After tightening the skin, 
the circumference of the wheal was marked with a ball-point. After 1 0  
minutes the wheals were measured; only i f  the wheal extended clearly 
beyond its original limits were reactions considered to be positive. In 
this study intracutaneous tests of allergy were either scored as negative 
(0) or positive (1 ) .  
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3.7 E O S I N O P H I L I A  O F  B L O O D  AND S P U TU M  

The number of  eosinophils in  the sputum was determined according to 
Mulder's technique (1948 ) .  Coloring and fixation were performed with : 
eosin 1 per cent, 1 0  ml, formaline 40 per cent, 1 ml, aqua dest. 1 00 ml. 
The degree of eosinophilia was expressed in : grade 0 = no eosinophils ; 
grade I = some eosinophils between other polynuclear leucocytes ; 
grade II = 1 -5 groups of eosinophils in the preparation ; grade III = 
more than 5 groups of eosinophils ; grade IV = (almost) exclusively 
eosinophilic leucocytes. Grade II and over were considered as positive 
eosinophilia. In this study grade 0 and I were scored as zero, grade II 
and III as 1, and grade IV as 2. Scores were based on the highest values 
found in the past years. 

Eosinophils in peripheral blood were counted in a Blirker chamber 
and expressed as multiples of 1 1  per ml blood. Under basal conditions 
the upper limit of normal is 24 X 1 1  (Veening, 1 95 8 ;  Varekamp, 1965) .  
Since many of the patients were out-patients most values in this study 
do not refer to basal conditions. Moreover many patients were treated 
with corticosteroids which are known to suppress eosinophilia. As with 
the histamine threshold and intracutaneous allergy, assessment of the 
degree of eosinophilia was not schemed as a part of this study. Data 
are therefore not available on all subjects. The following scores, based 
on the highest values found in the past years, were given : 0 = less than 
25 X 1 1  eosinophils per ml ; 1 = between 25 X 1 1  and 35 X 1 1  eosino
phils per ml; 2 = more than 35 X 1 1  eosinophils per ml. 

3 .8  Q U A N T I F I C A T I O N  O F  S Y M P T O M S  A N D  C O M P L A I N T S  

For statistical purposes, and for easier presentation of  data, scores were 
given for cough, phlegm, asthmatic attacks, wheezing, and dyspnoea. 
Asthmatic attacks were considered to be present if attacks of shortness 
of breath with wheezing occurred at rest which were not clearly 
precipitated by bronchial infections. The scores on wheezing were not 
only based on the patient history, but also on repeated physical findings 
during hospitalization or during visits to the out-patient department. 
Similarly the degree of dyspnoea was not only based on the patient 
history, but also on observations on the patient's condition during 
repeated examinations. The following scores were given: 
Cough: 0 = persistant cough during less than 3 months a year ; 1 = 
persistant cough during more than 3 months a year, but not every 
day ; 2 = persistant cough every day of the year. 
Phlegm: 0 = persistant phlegm during less than 3 months of the year ; 
1 = persistant plegm during more than 3 months a year, but not on 
every day; 2 = persistant phlegm every day of the year. 
Asthmatic attacks: 0 = none ; 1 = less than two each year during the 
last two years ; 2 = two or more each year during the last two years. 
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Wheezing: 0 = none, or not every year; 1 = not every month of the 
year during the last two years ; 2 = every month of the year during the 
last two years. 
Dyspnoea: 0 = none, or only during heavy exercise ;  1 = none when 
at rest, but present on hurrying or on climbing slight hills at normal 
pace; 2 = usually present at rest. 

3 .9 D A TA P R O C E S S I N G  

The computation o f  airway resistance, thoracic gas volume, and other 
parameters of lung function obtained during spirometry and with the 
esophageal balloon method were performed with a printing calculating 
machine with facilities for key board and punch tape programming 
(Diehl Combitron S20). Programs were developed which took care of 
the calculation of observed values as well as of normal values. 

Thus the inaccuracies normally occurring in computing the results 
could be eliminated. Use of this calculating machine proved to be of 
value in many other pulmonary function studies because the printed 
output could be used not only for the presentation of data on suitable 
preprinted forms but also for administrative purposes. In addition the 
machine was used for the less complicated statistical problems. 

3.10 S TA T I S T I C S  

The following statistical test were used for the evaluation of  the results : 
arithmetic mean, standard deviation and coefficient of variation 
linear regression equations and computation of correlation coeffi
cients 
Student's t-test of difference between means for paired and unpaired 
observations 
Student's t-test of mean differences 
significance of difference between correlation coefficients 
analysis of variance 
x2-test 
partial correlation coefficient 

When it was necessary to eliminate the influence of a third variable (z) 
on the correlation between two variables x and y (correlation coefficient 
rxy) ,  the partial correlation coefficient r xy.z was calculated according to 
the following equation : 

rxy.z = (rxy - rxz·ryz) .[ (1 - fiz) (1 - riz) ] -o.s 

These statistical techniques were carried out with a TR 4 computer 1) or 
with the desk calculating machine available in our laboratory. Some of 

1) University Mathematical Center (Head: Dr. D. W. Smits) 
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the programs for the Combitron S20 were commercially available 1 ) , 
the others were developed in the laboratory. For that purpose a hand
book on statistics (de Jonge, 1963,  1 964) was consulted. The results of 
the tests were considered statistically significant at a level smaller than 
5 per cent. 
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CHAPTER 4 

SUBJECTS :  D E F I N I T I O N  O F  HEALTH AND D I SEASE 

4.1 C H R O N I C  O B S TR U C T I VE L U N G  D I S E A S E  

The definition of health, in spite of the changing concepts in the past, 
poses a smaller problem than the diagnosis of health. Unfortunately the 
inverse applies in the case of lung disease. This is due to the fact that 
there is no universal agreement on the cause(s) of chronic obstructive 
lung disease. On the basis of locally, nationally and internationally 
varying criteria obstructive lung disease has been diagnosed as asthma, 
asthmatic bronchitis, emphysema, chronic bronchitis, etc. Not always 
were the concepts and criteria underlying these diagnoses clear. Fletcher, 
on the basis of conclusions reached at the CIBA symposium in London 
in 195 8 (CIBA, 1959), proposed to refer to this entire group as chronic 
non-specific bronchopulmonary (lung) disease (CNSLD) .  The term 
CNSLD applies if at least one of the following symptoms is found:  
chronic or recurrent cough with expectoration, and paroxysmal or 
persistent excessive breathlessness, which are not solely attributable to : 

localized lung diseases (tuberculosis, pneumonia, etc. )  
generalized specific infective lung disease (e.g. miliary tuberculosis) 
the pneumoconioses 
primary cardiovascular or renal diseases 
collagen diseases and the generalized pulmonary fibroses and gra
nulomata 
diseases of the chest wall 
diseases of the upper respiratory tract 
psychoneurosis. 

The term CNSLD, based on the above mentioned criteria, narrows 
down the spectrum of lung diseases to which it can be applied. It still 
encompasses manifestations of lung disease which vary in the frequency, 
duration and severity of symptoms and signs, functional and anatomical 
disturbances, disability, etc. Therefore it is desirable to be more specific 
about the gradation of symptoms and signs, and other parameters 
which are thought to supply information on the mechanisms which have 
contributed to these signs and symptoms. To fulfill these requirements a 
concept on obstructive lung disease is a prerequisite. 
The hypothesis of the Groningen work group, which is shared by others, 
is that CNSLD is caused by a combination of endogenous and exogenous 
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factors. However, in Groningen the influence of endogenous factors is 
thought to be more important than in the view of others (Orie, 1 961 ; 
de Vries, 1963 ; van der Straeten, 1964 ; Weller et al., 1 969;  van der 
Lende et al., 1970) . The theory is that in patients with CNSLD a 
hereditary basis is probably present (basis factors) which leads to distur
bances in, or interferes with, the reaction pattern (fundamental factors) .  
In the presence of exogenous irritants (provoking factors) symptoms and 
signs become apparent. The clinical manifestation of CNSLD, finally, 
is the result of an interaction between the symptoms and signs due to 
basic, fundamental and provoking factors, and factors of a more 
random nature (attendant factors) .  These attendant factors may be 
subdivided in sequelae of CNSLD, complicating diseases and miscel
laneous factors having a pathoplastic effect. The concept is schema
tically shown in fig. 4 . 1 .  

ENDOGENOUS FACTORS EXOGENOUS FACTORS 

Basic Factors 
(metabolic? hormonal?) 

+ 

Provoking Factors 
(smoking, occupational 
hazards, atmospheric 
pollution) 

Fundamental Factors 
(allergy? hyperreactivity� / 

Symptoms and signs + Attendant Factors 
- sequelae of CNSLD 
- complicating diseases 
- miscellaneous factors 

/ 
CLINICAL MANIFESTATION 

Fig. 4.1 The role of various factors in the development of CNSLD, according 
to the hypothesis of the Groningen work group. 

CNSLD, which will be referred to as chronic obstructive lung disease, 
was considered to be present in this study if one of the following com
plaints was present : 

chronic or recurrent cough with expectoration 
attacks of dyspnoea with wheezing, at rest 
wheezing during most days or nights 
shortness of breath on exertion, i .e. at least on walking up a slight 
hill, or on hurrying on the level 

which could not be solely explained by the causes of complaints listed 
in the first paragraph. 
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The following features were thought to be indications for the existence 
of fundamental factors, giving more specific information on the nature 
of chronic obstructive lung disease :  

a histamine threshold of  32 mg.ml-1 or  lower 
one or more positive skin reactions of the reagin type 
an increased number of eosinophils in the peripheral blood (more 
than 25 X 1 1  per ml) or in the sputum (more than grade I) .  

Evidence for the existence of chronic obstructive lung disease was also 
derived from : 

prolonged expiration, wheezing, dry d.les 
- a vital capacity or forced expiratory volume (FEV1) which was less 

than 90 per cent of the predicted value. 
An effort was made to quantify most of these data ; to this end scores 

were given to various of these parameters, as described in more detail in 
chapter 3 .  

4.2 'N O RM A L' S U B J E C T S  

Normal subjects were accepted a s  such on  the basis of anamnestic data, 
physical examination, chest radiographs and spirometric data. Because, 
in the context of this study, it was thought that it was important to 
exclude as much as possible all subjects suffering from diseases which 
could in any way interfere with a normal pulmonary function, the 
selection was based on the following criteria : 

anamnestic data should be negative for all complaints listed earlier 
as positive characteristics of chronic obstructive lung disease 
physical examination should be negative with respect to wheezing, 
r&les, prolonged expiration, chest wall disease including scoliosis, 
kyphosis and kyphoscoliosis, signs of left and/or right ventricular 
failure whether past or present 
chest radiographs should be negative with respect to signs of pleural, 
pulmonary, myocardial, mediastinal or diaphragmatic disease 
subjects should not suffer from diseases of the upper respiratory 
tract or from collagen diseases 
the vital capacity and forced expiratory volume (FEV1) should be 
within normal limits, i.e. not less than 90 per cent of the predicted 
value 1) .  

The limitations of  these criteria in selecting normal subjects are 
obvious. No account was taken for example of smoking habits and 
physical training. Whereas in the patients data are based on repeated 
examinations, this was usually not the case in normal subjects. The 
limitations were mainly the result of the difficulty of finding normal 
subjects according to stricter criteria in a hospital. 
1) Predicted values were derived from a study in which by and large the same 

criteria had been applied for the selection of normal subjects (Tammeling, 1961 ) .  
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CHAPTER 5 

THORA C I C  GAS VOLUME 

5 . 1  M E A S U RE M E N T S  I N  H E A L  T H Y  S U B J E C T S  

In  1 5  healthy subjects the plethysmographic measurements of  intra
thoracic gas volume were compared with those of functional residual 
capacity determined with the closed system helium dilution method 1) . 
Thoracic gas volume was measured 4-5 times ; immediately thereafter 
functional residual capacity was assessed. Both measurements were per
formed in the sitting position. The results are presented in table 5 . 1  
together with the values o f  vital capacity and forced expiratory volume 
expressed as a percentage of the predicted value. The differences 
between thoracic gas volume and functional residual capacity were not 
statistically significant (Student's t-test of mean differences, p >0.25) .  

In an additional study subjects, who were seated in the plethys
mograph, were connected via the mouthpiece to a spirometer outside the 
box. First the functional residual capacity was measured with the 
helium dilutiott method. As soon as this determination had been finished 
thoracic gas volume was assessed 5 times. This setup made it possible to 
monitor breathing level continuously. The results of this study, per
formed in 9 healthy subjects, are given in table 5 .2. The differences 
between thoracic gas volume and functional residual capacity were 
again not statistically significant (Student's t-test of mean differences, 
p >0.95) .  

In  10  healthy subjects 5 replicate determinations were made of  
thoracic gas volume during the panting procedure and a t  the end of  a 
quiet expiration. As a rule subjects sat more erectly in the plethys
mograph during determinations of thoracic gas volume than during 
measurements of functional residual capacity with the helium dilution 
method. To assess a possible influence of the sitting position on the 
measurements, thoracic gas volume during quiet breathing was measured 
both in the normal erect position adopted in the plethysmograph, and 
in a position which closely resembled the one adopted during measure
ments of functional residual capacity. Table 5 .3  summarizes the mean 
values of thoracic gas volume. 

The analysis of variance revealed that the mean values differed signi
ficantly (p <0.01) .  Further analysis revealed that thoracic gas volume 

1) This investigation was carried out by Dr. H. A. de Ruyter. 
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during panting was significantly larger than during quiet breathing 
(p <0.01 )  but that the values of thoracic gas volume during quiet 
breathing in either of the two sitting positions did not differ signifi-
candy (p >O.OS) .  There was significant interaction between the subjects 
and the panting procedure as well as between the subjects and the sitting 
positions. 

subject sex age vc FEV1 FRC TGV TGV-FRC 
yr Ofopred. 0/opred. liter liter liter 

D. F 36 117 125 2.64 2.83 0.19  
J. F 26 97 1 07 1 .87  1 .8 8  0.01 
v. F 22 96 1 06 2.80 2.31 -0.49 
J. F 3 1  1 01 98 2.00 2.27 0.27 
w. M 34 104 107 1 .94 1 . 88  -0.06 
0.  M 28 99 1 03 2.47 2.54 0.07 
v. F 25 100 1 1 8  2.80 2.98 0.1 8 
G. F 21 107 108 2.17  2.81 0.64 
H. M 33  1 01 99 3 .67 3 .44 -0.23 
P. M 31  1 1 2  107 3 .40 3 .07 -0.33 
H. M 35  98  97  3 .07 2.75 -0.32 
R. M 30 107 1 06 2.64 2.60 -0.04 
D. F 24 96 97 2.47 2.84 0.37 
D. F 25 97 1 01 4.64 4.10 -0.54 
0.  M 23 1 04 101 3 .1 8 2.60 -0.58 

Mean 28 1 02 105 2.78 2.73 -0.05 
SD 5 6.2 7.7 0.74 0.57 0.36 

TABEL 5 . 1  Comparison of  functional residual capacity (FRC) and thoracic gas 
volume (TGV, mean of 4-5 determinations) in 1 5  healthy subjects. 

subject sex age vc FEV1 FRC TGV TGV-FRC 
yr 0/opred. 0/opred. liter liter liter 

s.  M 33  1 08 1 14 3.78 3 .70 -0.08 
P. M 3 1  1 1 3  107 2.70 2.77 0.07 
B .  F 29 99 103 4.1 8 3.93 -0.25 
H. M 25 94 106 2.28 2.12 -0.16 
P. M 24 105 109 4.40 4.58 0.18 
G. M 28 98 1 1 3  4.73 4.99 0.26 
H. M 36 96 1 01 4.13 4.15 0.02 
w. M 27 1 00 109 2.42 2.52 0.1 0  
Q. M 32 1 08 103 3 .36 3 .25 -0. 1 1  

Mean 29 1 02 107 3.55 3 .56 0.01 
SD 3.8 6.4 5 0.90 0.97 0.17 

TABLE 5 .2 Comparison in 9 healthy subjects of 'simultaneously' assessed functional 
residual capacity (FRC) and thoracic gas volume (TGV) . 
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subject sex age vc FEV1 TGV1 TGV2 TGV3 
yr Ofopred. 0/opred. liter liter liter 

G. M 25 106 1 12  4.41 4 .48 4.75 
0. M 28 109 105 6 .04 5 .79 5 .66 
S.  M 27 90 95 4 .16 3 .59 4.07 
N. M 31  109 1 17  4.26 3 .81  3 . 81  
D .  F 38 106 125 3.47 3 .19 2.5 1  
M. M 29 97 105 3 .37 3 . 15  3 . 13  
s. M 29 90 96 2.54 2.06 2.01 
B. F 31  99 103 4.30 4 .15  4.04 
s. F 22 90 105 2.69 2 .92 2.80 
w. M 29 100 106 3 .67 3 .41 3 .29 

Mean 29 100 107 3 .89 3 .66 3 .61 
SD 4.4 7.8 9.1 1 .00 1 .01 1 .09 

TABLE 5.3 Measurements of thoracic gas volume in 10  subjects during panting 
(TGV1) ,  during quiet breathing sitting erectly (TGV2) and in a relaxed 
position (TGV3) .  Mean values of 5 determinations. 

In one healthy subject the accuracy of the pneumatometric method 
was investigated by connecting the subject in the plethysmograph via 
the mouthpiece to a spirometer outside the box. Thoracic gas volume 
was determined both before and after inspiration of gas from the spiro
meter. The difference between both thoracic gas volumes was related to 
the volume change of the spirometer in liter BTPS (fig. 5 . 1 ) . Mean dif
ferences were not statistically significant (Student's t-test, p >0. 10) .  
The correlation between the change in spirometer volume and the change 
in thoracic gas volume was highly significant (r = 0.96, p <0.001 ) .  If 
the change in spirometer volume is x liter, and the change in thoracic 
gas volume y liter, regression equations based on 25 measurements are : 

y = 1 .03 X + 0.02 
X = 0. 8 8  y + 0 .15  

The reproducibility of  thoracic gas volume determinations was inves
tigated in the same healthy subject by making 29 successive measure
ments. Mean thoracic gas volume was 3 .93 liter, standard deviation 0 . 12  
liter, and the coefficient of  variation 3 . 1  per cent. 

5.2 D I S C U S S I O N  

Since the plethysmographic method measures the total amount o f  gas 
in the body, whether in communication with the airways or not, measu
rements of thoracic gas volume might be influenced by gas in the gastro
intestinal tract. Whereas during quiet breathing pressure changes in the 
lung are opposite to those in the abdomen, this need not be the case du
ring respiratory efforts against the closed shutter ; many subjects tend to 
assist respiratory movements with abdominal muscles during this pro-
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Fig. 5.1 Scatter diagram of the change in thoracic gas volume (LfTGV) when 
inspiring gas from a spirometer (LfV spir. ) outside the plethysmograph. Results of 
25 measurements in one healthy subject. 

cedure. Bedell et al. ( 1956) measured the intra-abdominal gas content 
during breath-holding with open glottis by relating pressure changes in 
the abdomen (measured with a balloon in the stomach) to concomitant 
pressure changes in the plethysmograph. They found that the average 
intra-abdominal gas content was 1 15 ml in 1 3  healthy subjects and 1 1 6 
ml in 47 patients with lung disease. Any influence on measurements of 
thoracic gas volume is therefore small. DuBois et al. (1956) showed that 
addition of gas volumes up to 1 500 ml into the stomach and colon did 
not alter values of thoracic gas volume appreciably. This might be due 
to the fact that either the diaphragm was raised and total thoracic and 
abdominal gas volume measured, or to the fact that the diaphragm was 
not raised but intra-abdominal gas not compressed. Nolte et al. ( 1968 )  
introduced 1 liter of  air into the stomach of  1 1  volunteers and found 
that mean thoracic gas volume was slightly lower than before this intro
duction. On the other hand Smidt and Muysers (as cited by Woitowitz 
et al., 1967) observed a rise in thoracic gas volume of 0.9 liter after 
introduction of 1 liter of gas into the stomach. Van de Woestijne and 
Vermeire (1 967) observed a mean rise in thoracic gas volume of 4 1 2  ml 
after introduction of 1 liter of air into the stomachs of 7 healthy 
subjects. 
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These findings indicate that the determinations may possibly be 
affected by the presence of large amounts of gas in the gastro-intestinal 
tract. In normal circumstances however this is not the case, as evidenced 
by the small amounts of gas present in the abdomen and the good 
agreement between gas dilution and plethysmograph techniques in 
healthy subjects. 

The good agreement found in healthy subjects (table 5 . 1  and 5 .2) 
between functional residual capacity and thoracic gas volume has pre
viously been reported by many other investigators. Similarly the repro
ducibility and accuracy (fig. 5 . 1 )  are comparable to the values reported 
by DuBois ( 1956), Lovejoy (1958)  and Pelzer ( 1965) .  Moreover the 
results show (table 5 . 1 )  that although in general the agreement between 
functional residual capacity and thoracic gas volume is very good, in 
individual cases considerable differences between the two values can be 
found. These may reflect shifts in breathing level due to psychological 
factors, but also a difference in sitting position (table 5 . 3 ) .  

Differences in  thoracic gas volume during panting and quiet breathing 
may be quite large (table 5 .3 ) .  This probably reflects the fact that a 
level of lung inflation is adopted which offers the least resistance to 
breathing during either breathing pattern. 

5 .3 M E A S U R E M E N T S  IN P A T I E N T S  W I TH C H R O N I C  
O B S TR U C T I V E  L U N G  D I S E A S E  

In  50  patients with chronic obstructive lung disease measurements of 
functional residual capacity (helium dilution method) and thoracic gas 
volume were made both before and after bronchodilation. Measurements 
were started either at about 8 30 or 14°0 h. Functional residual capacity 
and other spirometric data were obtained 20 minutes to P/2 hours after 
the plethysmographic measurements of airway resistance and thoracic 
gas volume, and were repeated in the same order 30 minutes after the 
intramuscular injection of 25 mg thiazinamium (Multergan®), a bron
chodilating drug with antihistaminic and anticholinergic properties 
(Booy-Noord et al., 1957). The bronchodilating effect of thiazinamium 
remains almost constant 30  minutes to 2 hours after the injection (G. de 
Vriest et al., to be published) . 

On the basis of the one-second forced expiratory volume as a percen
tage of the predicted value the patients were arbitrarily divided in 4 
groups (table 5 .4) .  The mean scores on respiratory symptoms, eosino
philia of blood and sputum, intracutaneous allergy, histamine threshold, 
as well as mean values on arterial blood gases are given in table 5 .4 ;  
details on the scoring are described in chapter 3 ,  p .  39-4 1 .  Lung function 
data on these patients are presented in table 5 .5 .  Values of thoracic gas 
volume and airway resistance are the mean of 2-4 determinations. 
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Group 
FEV1°/opred. 

I 
>750fo 

II III 
50-70% 40-500/o 

IV 
<400fo 

No. of subjects 13 1 1  12 14 
Age (yr) 39 47 60 57  
Height (m) 1 .68 1 .69 1 .73 1 .72 
Cough 0.9 1 . 1  1 .4 1 .2 
Phlegm 0.7 0.8 1 .3 1 .2 
Wheezing 0.8 1 .3 1 .1 1 .5 
Asthmatic attacks 1 .1 1 .0 0.6 0.2 
Dyspnoea 0.2 0.6 0.9 1 .2 
Eosinophilia (blood) 1 .2 0.7 0.7 0.1 
Eosinophilia (sputum) 1 . 1  0.8 0.8 0.3 
Intracutaneous allergy 1 .0 0.9 0.9 0.4 
Histamine threshold 1 .3 1 .7 1 .8 * 

pH (b) 7.43 7.43 7.41 7.43 
Pa02 (mm Hg) (b) 93.2 87.4 83 .3 80.0 
PaC02 (mm Hg) (b) 37.2 42.5 47.0 44.9 
pH (a) 7.42 7.43 7.41 7.43 
Pa02 (mm Hg) (a) 97.3 90.4 78.9 76.4 
PaC02 (mm Hg) (a) 39.6 41 .6 47.9 42.3 

TABLE 5 .4 Mean scores on respiratory symptoms and miscellaneous data on 50 
patients with chronic obstructive lung disease, subdivided in four groups 
on the basis of forced expiratory volume as a percentage of the predicted 
value (FEV10fopred.) . An explanation on the scoring is given in chapter 3 .  
Values o f  p H  and arterial blood gas tensions are given before (b) and 
after (a) the intramuscular administration of 25 mg thiazinamium 
(Multergan ®). 
* too few data available. 

In all groups thoracic gas volume was significantly larger than 
functional residual capacity, except in group I (Student's t-test, p >0.05) .  
If the results of one outlier in group I (fig. 5 .2) were to be omitted from 
the calculations the mean difference between thoracic gas volume and 
functional residual capacity would be 0 .22 liter. Regression equations 
expressing the relationship between thoracic gas volume and functional 
residual capacity, as well as correlation coefficients between the two 
variables are given in table 5 .6 for the subgroups and for all patients. 
Before bronchodilation no significant correlation between thoracic gas 
volume and functional residual capacity was found in group III. If the 
values for one outlier in this group are omitted (fig. 5 .2) the correlation 
coefficient is also statistically significant in this group (r = 0.77, 
p <0.01 ) ,  as it is in the other groups. 

After bronchodilation thoracic gas volume was still significantly 
larger (Student's t-test, p <0.01 )  than the functional residual capacity 
except in group I (p >0.40) and II (p >0.05) ,  but the differences were 
now smaller. The mean values of functional residual capacity (table 5 . 5 )  
were somewhat smaller after than before bronchodilation, but the diffe
rence was not statistically significant (Student's t-test, p >0.60 for 
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Group 
FEV10fopred. 
No. of subjects 

TLC predicted 
TLC (b) 
TLC (a) 
VC predicted 
vc (b) 
VC (a) 
FEV1 predicted 
FEV1 (b) 
FEV1 (a) 
FIV 1 predicted 
FIV1 (b) 
FIV1 (a) 
Raw (b) 
Raw (a) 
N20fo.sec-1 1) (b) 
N20fo.sec-1 1) (a) 
N20fo 7 min2) (b) 
N2°/o 7 min2) (a) 
FRC (b) 
FRC (a) 
TGV (b) 
TGV (a) 
TGV-FRC (b) 
TGV-FRC (a) 

>750fo 
1 3  

5 .51  ± 1 .21 
6 .04 ± 1 . 31  
6 .07 ± 1 .21 
4.09 ± 0.96 
4 . 11  ± 1 . 13  
4.27 ± 1 .05 
2.99 ± 0.93 
2.83 ± 0.97 
3.26 ± 1 .25 
3 .27 ± 0.77 
3.50 ± 1 .32 
3.78 ± 1 .29 
1 .9 ± 0.8 
1.1 ± 0.7 
2.5 ± 2.2 
2.3 ± 1 .6 
1 .0 ± 1 .7 
0.2 ± 0.4 
3.14 ± 1 .04 
3 .20 ± 0.94 
3 .47 ± 1 . 1 8  
3 .40 ± 1 . 1 5  

+ 0.33 ± 0.65 
+ 0.20 ± 0.89 

II 
50-750fo 

1 1  

5 .82 ± 1 .02 
6 .28 ± 1 .78 
6.35 ± 1 .85 
4.20 ± 0.82 
3.76 ± 1 . 10  
3 .98 ± 1 . 13  
2.86 ± 0.76 
1 .72 ± 0.50 
2.1 1 ± 0.83 
3 .37 ± 0.67 
2.74 ± 0. 84 
2.98 ± 1 .00 
2.9 ± 1 . 1 1  
1 .6 ± 0.8 
7.6 ± 5.1 
6.8 ± 5. 1  
1 .8 ± 1 .4 
1 .6 ± 1 .3 
3 .68 ± 1.31  
3 .63  ± 1 .32 
4.38 ± 1 .47 
3.89 ± 1 .26 

+ 0.70 ± 1 .31  
+ 0.26 ± 1 .21 

III 
40-500fo 

12 

6 .28 ± 0.73 
7.05 ± 1 .67 
6 .94 ± 1 .37 
4.20 ± 0.76 
3 .59 ± 1 .08 
4.02 ± 1 .07 
2.74 ± 0 .81 
1 .24 ± 0.44 
1 .53  ± 0.68 
3 .35 ± 0.61 
2.59 ± 0.86 
2.84 ± 0.97 
3.8 ± 1 . 8  
2 .3  ± 1 . 1  

1 0.7 ± 4.3  
8 .5 ± 4.2 
3.6 ± 2.6 
3.2 ± 2.6 
4.66 ± 1 .14 
4.30 ± 1 .00 
5 .98 ± 1 .27 
4.99 ± 1 .01 

+ 1 .22 ± 1 .70 
+ 0.69 ± 1 .24 

IV 
<400fo 

14 

6.14 ± 0.84 
6.44 ± 1 .58 
6.32 ± 1 .41 
4.02 ± 0.71 
2.72 ± 0.59 
3.06 ± 0.63 
2.64 ± 0.47 
0.79 ± 0.23 
1 .02 ± 0.33 
3 .28 ± 0.51  
1 .84 ± 0.43 
2.10 ± 0.50 
4.9 ± 2.8 
3.7 ± 2.3 

1 1 .0 ± 4.8  
1 1 .3 ± 6.2 

3.4 ± 2.2 
4.2 ± 3 .0 
4.64 ± 1 .38  
4 . 39  ± 1 .17 
6 .37 ± 2.01 
5.12 ± 1 .78 

+ 1 .73 ± 1 .91  
+ 0.73 ± 1 .35 

all subjects 

50 

5 .94 ± 0.98 
6 .45 ± 1 .58  
6.41 ± 1 .46 
4.12 ± 0.79 
3 .52 ± 1 .10 
3 .81 ± 1 .06 
2.80 ± 0.75 
1 .63 ± 0.98 
1 .96 ± 1 . 19  
3 .32 ± 0.62 
2.65 ± 1 .08 
2.91 ± 1 .1 3  
3 . 4  ± 2.1 
2.2 ± 1 .7 
8 . 1  ± 5.4 
7.4 ± 5 .6 
2.5 ± 2.3 
2.4 ± 2.6 
4.06 ± 1 .36 
3 .90 ± 1 .19 
5 .08 ± 1 .92 
4.37 ± 1 .5 1  

+ 1 .02 ± 1 .39 
+ 0.47 ± 0.97 

TABLE 5.5 Mean values and standard deviations of lung function data on 50 
patients with chronic obstructive lung disease, subdivided in four groups 
on the basis of forced expiratory volume as a percentage of the predicted 
value (FEV1°/opred.) . Volumes are expressed m liter BTPS, airway 
resistance (Raw) in em H20.l-1 .sec. Values are given before (b) and after 
(a) intramuscular administration of 25 mg thiazinamium (Multergan®) . 
1) slope of the alveolar plateau of the multiple single breath nitrogen 

wash-in curve (see chapter 3) . 
2) pulmonary nitrogen emptying rate (see chapter 3) . 

group I-IV) . On the other hand the decrease in thoracic gas volume 
after bronchodilation was statistically significant in group III, IV, and 
the entire group (p <0.05),  but not in group I (p >0. 80) and II 
(p >0.40). Whereas in all patients the mean decrease in functional 
residual capacity was 0 . 1 6  liter (4 per cent), mean thoracic gas volume 
was 0 .71 liter ( 1 3 . 8  per cent) smaller after administration of thiazina
mmm. 

No correlation was found between airway resistance and the diffe
rence between thoracic gas volume and functional residual capacity 
(TGV-FRC) in any of the groups (r = 0.23 before, and r = 0.24 after 
bronchodilation in group I-IV, p >O.OS) .  Correlations were also investi
gated between the difference between thoracic gas volume and functional 
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Fig. 5.2 The relationship between thoracic gas volume (TGV) and functional 
residual capacity (FRC, closed system helium dilution method) in 50 patients with 
chronic obstructive lung disease before (left) and after (right) administration of 25 
mg thiazinamium (Multergan®) . The group was subdivided into four subgroups on the 
basis of FEV1°/opredicted : • >75°/o ; o 50-75% ; + 40-50°/o ; * <400fo. 

residual capacity (TGV-FRC) and other parameters. Significant corre
lations were found with the product of thoracic gas volume and airway 
resistance, the pulmonary nitrogen emptying rate, and forced expiratory 
volume expressed either as a percentage of the predicted value or as a 
percentage of the vital capacity, both before and after bronchodilation. 
A significant correlation was also found with the slope of the expired 
nitrogen concentration during wash-in of nitrogen, but only before 
bronchodilation. With few exceptions significant correlations were not 
found in the separate groups of patients. Correlation coefficients and 
their significance are given in table 5 .7 .  

The slope of the alveolar plateau of the nitrogen wash-in curve 
(p >0.50),  the breathing frequency at which it was measured (p >0.90), 
and the pulmonary nitrogen emptying rate (p >0.80) did not change 
significantly after administration of thiazinamium (Student's t-test). 

In two patients with chronic obstructive lung disease 27 replicate 
measurements of thoracic gas volume were performed. In the first 
patient (vital capacity 85 percent, and one-second forced expiratory 
volume 59 per cent of the predicted value) mean thoracic gas volume 
was 4 .32 liter, standard deviation 0.1 8 liter, coefficient of variation 4 
per cent. In the second patient (vital capacity 94 per cent, and one
second forced expiratory volume 37  per cent of the predicted value) 
mean thoracic gas volume was 6 .73 liter, standard deviation 0.43 liter, 
coefficient of variation 6 per cent. 

In cooperation with the Department of Physiology, State University, 
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Utrecht, The Netherlands, a study was conducted on another group of 
5 8  patients with respiratory symptoms. In this group a comparison was 
made of thoracic gas volume with the functional residual capacity 
determined with a helium rebreathing method (chapter 3, paragraph 1 ,  
p .  33 ) .  In  the same patients a comparison was also made a t  the 
same time of residual volume assessed plethysmographically (R V = 

time between residual volume assessed plethysmographically (R V = 

TGV-ERV) and with the helium rebreathing method (RV = FRC
ERV). Lung function and other data on these patients are presented in 
table 5 . 8 . Mean thoracic gas volume exceeded the mean functional 
residual capacity by 0. 1 8  liter; this difference was statistically signifi
cant (Student's t-test of mean difference, p <0.005) .  The correlation 
between both variables was good (r = 0 . 8 8, p <0.00 1 ;  fig. 5 . 3 ) .  Residual 
volume assessed plethysmographically was 0 . 15  liter larger than the 
one measured with the helium rebreathing method ; this difference was 
also statistically significant (p <0.005 ) .  The correlation between residual 
volume as determined with both methods (fig. 5 .3)  was good (r = 0. 89, 
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Fig. 5.3 The relationship of plethysmographically assessed thoracic gas volume (TGV) 
and residual volume (R V) with the functional residual capacity (FRC) and residual 
volume (RV) respectively measured with the helium rebreathing method in 10 healthy 
subjects (o) en 58 patients with obstructive lung disease (•) .  

p <0.001 ) .  The correlation of the difference between thoracic gas 
volume and functional residual capacity (TGV-FRC) with the product 
of airway resistance and thoracic gas volume (r = 0. 32), as well as with 
the forced expiratory volume expressed as a percentage of the predicted 
value (r = -0.28) was poor but statistically significant (p <0.05) ; no 
correlations were found with airway resistance and with forced ex
piratory volume expressed as a percentage of the vital capacity. 
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Group I II III  IV I-IV 

FEV1°/opred. >750/o 500/o-750/o 400/o-500/o <400/o All subjects 

n 1 3  1 1  12  14 50 

TGV 0.95 FRC + 0.49 1 .01 FRC + 0.68 0.68 FRC + 2.73 0.85 FRC + 2.44 1 .09 FRC + 0.66 

FRC 0.74 TGV + 0 .58  I 0.80 TGV + 0.18  0 .37 TGV + 2.50 0 .40 TGV + 2.10 0.53 TGV + 1 .38 

r 0.84 0.90 0.50 0.58 0.76 

TGV* 0.79 FRC + 0.87 0.92 FRC + 0.57 0.74 FRC + 1 .08 1 .33 FRC - 0.72 1 .08 FRC + 0.1 8 

FRC* 0.54 TGV + 1 .39 1 .00 TGV - 0.24 0.73 TGV + 0.68 0.57 TGV + 1 .45 0.67 TGV + 0.98 

r* 0 .65 0 .95 0 .73 0.87 0 .85  

TABLE 5 .6 Relationship between functional residual capacity (FRC) and thoracic gas volume (TGV) in  50 patients with chronic obstruc
tive lung disease subdivided in four groups on the basis of forced expiratory volume expressed as. a percentage of the predicted 
value (FEV10fopred.). Regression equations and correlation coefficients (r) are given before and after (*) intramuscular injection 
of 25 mg thiazinamium (Multergan®). 



Group II III IV I-IV 

Raw (b) 0.23 -0.12 -0.29 -0.02 0.23 
Raw (a) -0.03 -0.07 0.34 0.29 0.24 
Raw.TGV (b) 0.53 0.55 0.15 0.32 0.49*** 
Raw.TGV (a) 0.31 0.09 -0.21 0.68** 0.48*** 
N2°/o.sec-1 (b) 0.33 0.54 -0.10  0.05 0.34* 
N2°/o.sec-1 (a) 0.19 0.1 8 -0.41 -0.39 0.00 
N2°/o 7 minutes (b) 0.5 1 0.52 0.20 0.19 0.28* 
N2°/o 7 minutes (a) 0.73** 0.33 0.00 0.67** 0.47*** 
FEV10foVC (b) -0.40 -0.15 -0.12 -0.34 -0.47*** 
FEV10foVC (a) -0.27 -0.08 -0.1 1 -0.41 -0.38** 
FEV1° lopredicted (b) -0.42 -0.37 -0.15 -0.45 -0.46*** 
FEV1°/opredicted (a) -0.22 -0.28 -0.28 -0.46 -0.35* 

TABLE 5 .7 Correlation of the difference between thoracic gas volume and func
tional residual capacity, with several other parameters in 50 patients 
with chronic obstructive lung disease, subdivided in four groups on the 
basis of the one second forced expiratory volume expressed as a 
percentage of the predicted value (see table 5 .4) . Data on alveolar 
ventilation apply to 45 patients. Correlation coefficients are given 
before (b) and after (a) the intramuscular administration of 25 mg 
thiazinamium (Multergan®). The significance of the correlation coeffi
cients is indicated by : * p <o.OS ; ** p <0.01 ; *** p <0.001 .  
N2°/o.sec-1 : change in  expired nitrogen concentration per second during 
wash-in of nitrogen. 
N2°/o 7 minutes : pulmonary nitrogen emptying rate. 

Mean SD 

Age (yr) 46.4 ± 16.6 
Height (m) 1 .70 ± 0.08 
Weight (kg) 69.4 ± 10.1 
FRC predicted (liter BTPS) 2.89 ± 0.51 
FRC He-rebreathing (liter BTPS) 3.48 ± 0.90 
TGV (liter BTPS) 3 .67 ± 1 .02 
VC predicted (liter BTPS) 4.17 ± 0.76 
VC measured (liter BTPS) 3 .78 ± 0.94 
R V predicted (liter BTPS) 1 .64 ± 0.39 
RV He-rebreathing (liter BTPS) 2.09 ± 0.90 
R V plethysmograph (liter BTPS) 2.24 ± 0.95 
FEV1 predicted (liter BTPS) 2.91 ± 0.68 
FEV1 measured (liter BTPS) 2.47 ± 0.98 
Raw (em H20.1-1 .sec) 3 .1  ± 1 .8 
Raw.TGV (em H20.sec) 12.0 ± 8 .3 

TABLE 5.8 Data on 58  subjects with respiratory symptoms in whom thoracic gas 
volume (TGV) arid residual volume determined in the body plethys
mograph were compared with functional residual capacity (FRC) and 
residual volume (R V) measured with a helium rebreathing method. 
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5.4 D I S C U S S I O N  

Differences between thoracic gas volume and functional residual capa
city of the magnitude found in this study have been reported on before 
in studies on patients with chronic obstructive lung disease and have 
been attributed to the existence of poorly and non-ventilated lung com
partments. DuBois ( 1956) suggested that simultaneous use of a gas di
lution and plethysmographic method would permit accurate determi
nation of the volume of non-ventilated gas. This was confirmed by 
Bedell et al. ( 1956) in a study on patients with pulmonary emphysema, 
pneumothorax and pulmonary cysts. In one of these patients thoracic 
gas volume was twice as large as functional residual capacity measured 
with an open system nitrogen wash-out method. Herzog ( 1968)  was 
able to verify that the gas content of a solitary lung cyst was 1 100 ml 
by the combined use of the plethysmographic and helium dilution 
method, and measurement of the cyst co.P,tent after its surgical removal. 
Results similar to those reported in the present study were obtained by 
Barnhard et al. ( 1960), Ross et al. (1 962), Tierney and Nadel ( 1962), 
Ferris (1 960), Nicklaus et al. ( 1967), Nolte ( 1 967), Woitowitz et al. 
( 1 967), Smidt and Muysers ( 1968) ,  Keller et al. ( 196 8),  Meisner ( 196 8) ,  
Reichel ( 1968 ,  1969), Corbeel ( 1969), and Herzog ( 1969) . 

The agreement between the gas dilution and plethysmograph method 
is good in patients with small intrathoracic gas volumes and minor 
degrees of airway obstruction (fig. 5 .2) . In view of the sometimes large 
discrepancies between the two methods it is worthwhile to elaborate in 
more detail on the sources of error. Since thoracic gas volume and 
functional residual capacity are not assessed at the same time it is 
possible that spontaneous variations of the resting expiratory level 
occur. One would then expect these variations to occur randomly, 
but the results in patients are not consistent with this supposition. 
Moreover such spontaneous variations can hardly explain differences 
of over 1 liter. The fact that after bronchodilatation the different 
results of both methods become significantly smaller, and that the 
difference between thoracic gas volume and functional residual capacity 
correlates with the degree of lung function impairment (FEV1°/opred.), 
seem to indicate that it is the degree of airway obstruction itself which 
in some way causes the discrepancies. It could be postulated that 
measurements were not made at the end of a quiet expiration, which 
would lead to a faulty estimation of the resting expiratory level. Since 
exactly the same method was used in the healthy subjects, in whom 
differences between thoracic gas volume and functional residual capa
city were found to be insignificant, this source of error is unlikely. 
Moreover values of thoracic gas volume are mostly the mean of 4 
determinations, thus diminishing the effect of one or two faulty measu-
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rements. In very dyspnoeic subjects sufficient time elapsed between suc
cessive measurements to prevent major changes in lung inflation as 
evidenced by visual control of the subject, continuous recording of 
integrated flow at the mouth, and the small variations between succes
sive measurements of thoracic gas volume. The results of the study on 
the reproducibility of plethysmographic measurements also speak 
against this possibility. 

As in healthy subjects the influence of intra-abdominal gas on ple
thysmographic measurements must be very small. Bedell et al. (1956) 
found that the mean gastro-intestinal gas content in patients was about 
1 1 6  ml, which is very small in comparison with the values of thoracic 
gas volume in patients. In some patients there was roentgenologic evi
dence of the existence of bullae in the lungs. It is possible that gas in 
these bullae behaved non-isothermally. Adiabatic behavior would result 
in an underestimation of lung volume. If one third or half of the intra
pulmonary gas would behave adiabatically this would result in an 
underestimation of thoracic gas volume by 1 3  and 20 per cent respecti
vely. This souree of error cannot explain the difference because mean 
thoracic gas volume was 25 per cent larger than the mean functional 
residual capacity instead of being smaller. Adiabatic gas compression 
would only occur in a few patients in this study. The correct prediction 
of the gas content of a lung cyst by Herzog (vide supra) is evidence in 
favor of isothermal behavior of gas in larger, isolated lung spaces . 

Measurements of thoracic gas volume are based on the assumption that 
during interruption of airflow there is complete equilibration between 
alveolar and mouth pressure. If, however, some airways are completely 
occluded, fluctuations of mouth pressure during the closed shutter 
manoeuvre may not be representative of those in mean alveolar pressure 
because air trapping may occur in areas where pulmonary compliance 
differs from the mean for the lung as a whole (Tierney and Nadel, 
1 962). This might lead to slight under- or overestimation of alveolar 
pressure. Mouth pressure might also differ from mean alveolar pressure 
because the time available is inadequate for equilibration of pressure in 
the presence of nearly obstructed airways (Ferris, 1 960 ; Smidt and 
Muysers, 1968) .  In that case a phase difference would occur between 
mouth pressure and box pressure, changing the normal rectilinear mouth 
pressure-box pressure relationship into a loop. A slight degree of looping 
in some cases of marked airway obstruction was observed by Pelzer 
and Thomson ( 1969) and occurred also in some subjects in the course 
of this study. Such curves were however rejected since such phase 
differences may result in marked overestimations of thoracic gas volume. 
Smidt and Muysers suggested that looping of the mouth pressure-box 
pressure relationship may be prevented by asking the subject to perform 
the closed shutter manoeuvre at lower than panting frequency. In our 
experience it was thus not always possible to eliminate this looping, even 
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in the absence of detectable bulging of the cheeks, lips or floor of the 
mouth. 

As apparent from fig. 5 .2 thoracic gas volumes as large as 9 .80 liter 
were observed, implying a total lung capacity of over 1 0  liter. Such 
values have also been reported by other authors. Corbeel (1969) deter
mined total lung capacity plethysmographically in patients with ob
structive lung disease and compared these values for 2 1  patients with 
particularly high volumes at the same time with a helium dilution me
thod and a radiological method of estimating total lung capacity des
cribed by Barnhard ( 1960). He found that plethysmographically assessed 
total lung capacity exceeded the one measured with the gas dilution 
method by 34 .6 per cent, but the radiologically determined value by 
only 3 .9 per cent. Similarly Barnhard ( 1960), Loyd ( 1966) and Nicklaus 
( 1967) found a good agreement between roentgenologic and plethysmo
graphic methods, but a poor agreement between plethysmographic and 
gas dilution techniques. 

These findings indicate that the plethysmographic measurement of 
thoracic gas volume is a reliable and accurate method not only in 
healthy subjects, but also in patients with airway obstruction. Diffe
rences between thoracic gas volume and functional residual capacity 
must then be attributed to the fact that they do not measure the same 
lung volume. 

The dilution methods can only measure the volume of gas in venti
lated portions of the lung. In obstructive airway disease well ventilated, 
poorly and non-ventilated gas compartments coexist, the last compart
ment not being measured by this technique. In order to include the 
poorly ventilated compartments in the measurements, the rinsing or 
mixing period should be sufficiently prolonged. Indeed Ross et al. 
( 1962) and Tierney and Nadel (1962) found that if the period of 
nitrogen wash-out was extended to 1 2-1 8 minutes instead of the usual 
7 minutes, differences between functional residual capacity and thoracic 
gas volume became negligible. Corbeel (1969) however found that pro
longation of measurements with a closed system helium dilution method 
up to 30 minutes could not entirely eliminate the difference between 
both methods. He found that the larger the difference between func
tional residual capacity calculated from a 1 0  minute equilibration 
period, and thoracic gas volume, the larger was the final difference 
after 3 0  minutes of gas mixing, and related this to the volume of the 
slow space. On the other hand Labadie and van Eenige (1971)  found 
that in patients with chronic obstructive lung disease residual volume 
determined during a 30  minute mixing period with the closed system 
helium dilution method agreed very well with the plethysmographically 
assessed residual volume. Reichel ( 1968 ,  1969) modified the closed system 
helium dilution method in that vital capacity manoeuvres were perfor
med by the subject at two minute intervals during the determination of 
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functional residual capacity, and that the oxygen concentration in the 
spirometer was controlled. With this method he found a very good 
agreement between thoracic gas volume and functional residual capacity 
in patients with airway obstruction, the mean difference being 91 ml. 
When functional residual capacity was assessed during quiet breathing 
during a 1 0  minute wash-in period without vital capacity manoeuvres, 
and the constant fall in the helium concentration at the end of the deter
mination extrapolated to time zero, a mean difference of 1 302 ml was 
found between thoracic gas volume and functional residual capacity. 

These findings may be explained by the fact that : 1) the distribution 
of helium to poorly and normally non-ventilated compartments occurs 
only if these patients take a deep breath or mixing times are prolonged 
beyond the usual duration of the measurements ; 2) alternatively the 
poorly ventilated compartments were excluded from the measurements 
by the use of the extrapolation method. 

Extrapolation of a constant fall in the helium concentration at the 
end of the determination of functional residual capacity is based on the 
following considerations. Although helium is relatively insoluble it 
dissolves in blood and tissues. Tammeling ( 1958) estimated the rate of 
diffusion of helium across the alveolocapillary membrane at 0.3 ml per 
per cent helium per minute. Birath and Swenson ( 1956) found that the 
helium loss due to diffusion into blood and tissues after equilibration 
amounted to 3 .65 ± 1 .06 ml in the first three minutes and 7.65 ± 
0.94 ml in the first six minutes. On the basis of these data Hathirat et 
al. ( 1970) concluded that in a system of 1 0  liter the decrease in helium 
concentration due to its solubility should be less than 0.05 per cent, and 
in a 5 liter system less than 0 . 1  per cent in their studies. Assuming a loss 
of 0 .3 ml helium per per cent helium per minute, and an initial concen
tration of 2 per cent helium in a 6 .5 liter spirometer as in our study, the 
loss of helium due to diffusion into blood and tissues would be about 
5 ml. When measuring a functional residual capacity of 4 liter, this loss 
would result in overestimation of lung volume by 420 ml or about 1 0  
per cent. I f  mixing has been completed the constant fall i n  helium con
centration due to diffusion can be corrected for by the extrapolation to 
the concentration at time zero. , 

The second reason for extrapolation is related to the volume st"i:lbili
sation of the spirometer-lung-system. Any increments or decrements in 
the volume of this system caused by inadequate supply of oxygen affect 
the helium concentration and cause an error in the measurement of lung 
volume. The constant volume of the spirometer-lung system cannot be 
derived from the position of the spirometer bell, because this position 
reflects the combined effects of changes in lung volume, oxygen con
sumption, oxygen supply and carbon dioxide absorption. When the 
oxygen supply is based on an estimation of the metabolic rate of the 
patient, as was the case in the present study, it is essential that both the 
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metabolic rate and the oxygen supply remain constant during the deter
minations. In this way the influence of inadequate oxygen supply on 
the helium concentration remains constant and can be cancelled out by 
extrapolation. The problem of this method is, however, that it cannot 
distinguish between a constant fall in helium concentration caused by 
washing in of helium in poorly ventilated lung compartments, and the 
fall due to methodological factors. If no extrapolation is performed the 
functional residual capacity will as a rule be overestimated, but if the 
constant fall is corrected for, it will of necessity be underestimated in 
subjects with poorly ventilated lung compartments. Similar conside
rations hold for the nitrogen wash-out method because the contribution 
of nitrogen washed out of the blood and tissues to the total volume of 
gas washed out will result in overestimation of the functional residual 
capacity. 

Using the closed circuit helium dilution method the problem of 
adequate oxygen supply can be solved by monitoring oxygen concen
tration in the spirometer. This however provides no solution for the 
problem of differentiating between a fall in helium concentration caused 
by washing in of poorly ventilated compartments and of helium loss 
due to diffusion into blood and tissues. 

An attractive feature of the quick method of measuring functional 
residual capacity and residual volume (Kowalski, to be published) is 
that determinations can be made in little over one minute. With this 
method some error in the measurement of lung volumes may be intro
duced by deviations of the respiratory quotient from unity because the 
carbon dioxide is not absorbed and no oxygen supplied during deter
minations. Another source of error is the diffusion of helium into blood 
and tissues. Because the concentration of carbon dioxide rises expo
nentially during determinations it is difficult to make an estimate of the 
error due to deviations of the respiratory quotient from unity. The 
combined effects of helium diffusion and gas exchange probably intro
duce an error of less than two per cent. 

The comparative study between the plethysmographic and the helium 
rebreathing method (table 5 . 8 , fig. 5 .3 )  indicated that the mean value 
of thoracic gas volume exceeded functional residual cap,acity by 5 per 
cent, and that residual volume as assessed with both m�thods differed 
by 6.3 per cent. With respect to the degree of airway obstruction, the 
group of patients investigated with the helium rebreathing method was 
not comparable with the group investigated with the 'classical' closed 
system helium dilution method. Twelve of these patients however had a 
forced expiratory volume which was less than 50  per cent of the 
predicted value. In these patients the difference between thoracic gas 
volume (mean 4 .59  liter) and functional residual capacity (mean 4 .20 
liter) was about 1 0  per cent. But the difference between residual volume 
assessed in the plethysmograph (mean 3 .44 liter) and with the helium 
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rebreathing method (mean 3 .24 liter) was only 6 per cent. The mean 
FEV1°/opred. in this group of patients was 4 1  per cent. In the group of 
patients investigated with the 'classical' closed system helium dilution 
method with comparable airway obstruction as judged by the forced 
expiratory volume (group III and IV, see table 5 .5 ,  mean FEV1'0/opred. 
3 8  per cent) mean thoracic gas volume (6. 19  liter) was about 25 per 
cent larger than mean functional residual capacity (4 .65 liter) . Although 
the groups are not entirely comparable because of differences in thoracic 
gas volume, these findings indicate that the reduction of methodological 
errors and achievement of gas mixing in a short time favorably influence 
the differences between the pneumatometric and gas dilution method. At 
the same time these data show that, in spite of the negligible differences 
in residual volume, the values of thoracic gas volume and functional 
residual capacity differ considerably. Apparently patients chose a higher 
level of lung inflation when in the plethysmograph. At the time of the 
study no investigation was carried out to look into a possible influence 
of different sitting positions during the two measurements. On the other 
hand such differences were not apparent from visual control. Because 
many patients found it somewhat frightening to enter the plesthysmo
graph it is more likely that shifts in breathing level had an emotional 
basis. 

The difference between thoracic gas volume and functional residual 
capacity is often called the volume of trapped gas, i .e .  the volume of 
the poorly and non-ventilated lung compartments. The findings above 
point to the fact that shifts in breathing level are not negligible if the 
measurements are not performed simultaneously, giving rise to an over
estimation of gas trapping. This may in part explain the poor correla
tion found between the difference between thoracic gas volume and 
functional residual capacity, and the pulmonary nitrogen emptying rate 
or the change in expired nitrogen concentration per second during wash
in of nitrogen (table 5 .7) .  The interpretation is further complicated by 
the fact that neither parameter of alveolar ventilation provides any 
information on non-ventilated lung compartments. Furthermore the 
information on ventilated compartments is only qualitative whereas the 
volume of trapped gas is quantitative information. If we accept the 
fact that by application of the extrapolation method functional residual 
capacity is underestimated because the poorly ventilated compartments 
are partly excluded from the measurements, interpretation of the above 
mentioned relationships becomes even more complex because the poorly 
ventilated space is then common to both the volume of trapped gas and 
the parameters on alveolar ventilation. With these limitations in mind 
the poor correlation between the volume of trapped gas and the slope 
of the alveolar plateau during wash-in of nitrogen probably indicates 
that in the presence of uneven ventilation the amount of trapped gas 
may vary greatly, both in terms of total volume and in the relative 
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contribution of poorly and non-ventilated compartments to this volume. 
The correlation between the volume of trapped gas and the end

expiratory concentration of nitrogen after 7 minutes of nitrogen wash
out was very poor, but differed significantly from zero. After broncho
dilation the correlation was somewhat, but not significantly, better. 
Bedell et al. ( 1956) published data on 1 1  patients with emphysema in 
whom mean thoracic gas volume was 5 .61  liter and mean functional 
residual capacity measured with an open system nitrogen wash-out 
method 1 .0 8  liter smaller. This group of patients seems to be com
parable to the ones investigated in the present study with the helium 
dilution method. From the data of Bedell a significant correlation can 
be calculated between the volume of trapped gas (TGV-FRC) and the 
pulmonary nitrogen emptying rate (r = 0.63, p <0.05) .  This correlation 
coefficient does not differ significantly from the one found in the 
present study. 

These results, and the findings that after bronchodilation a) the 
volume of trapped gas is significantly lowered; b) uneven ventilation is 
somewhat but not significantly improved; c) the pulmonary nitrogen 
emptying rate is not affected, point to the fact that thiazinamium acts 
by opening up airways to poorly and non-ventilated spaces within the 
lung, thus improving alveolar ventilation only quantitatively. Thus the 
combined use of plethysmographic and gas dilution methods may add 
an extra dimension to investigations on the effect of drugs on alveolar 
ventilation which cannot be derived from studies in which gas dilution 
methods are used exclusively. 

At first sight it is surprising that no correlation was found between 
the volume of trapped gas and airway resistance. However, this may be 
explained by the relationship between airway resistance and thoracic 
gas volume. The relationship is such that in most subjects the product 
of airway resistance and thoracic gas volume is about constant at diffe
rent lung volumes. When airway resistance is reverted to its reciprocal, 
airway conductance, the relationship between thoracic gas volume and 
airway conductance is linear, as first demonstrated by Briscoe et al. 
( 1 95 8) .  This implies that airway resistance is volume dependent. It is 
therefore likely that failure to take the lung volume at which resistance 
was measured into account has had an unfavorable influence on the 
correlation. Indeed a significant correlation is found between the 
volume of trapped gas and the product of airway resistance and thoracic 
gas volume. Because thoracic gas volume is included in both variables 
the relationship between them is complex. If for that reason the plethys
mographic measure of airway resistance is replaced by the forced expi
ratory volume expressed either as a percentage of the vital capacity or 
of the predicted value, a poor but significant correlation (table 5 .7) is 
again found, confirming a relationship between the degree of airway 
obstruction and the volume of trapped gas. 
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The practical implication of this and similar studies seems to be that 
measurements of residual volume, functional residual capacity and 
total lung capacity should preferably not be made with the classical gas 
dilution methods because the underes6mation of these volumes is related 
to the degree of airway obstruction. Total lung capacity can be measured 
from postero-anterior and lateral chest X-rays (Barnhard, 1960 ;  Loyd 
et al. ,  1 966 ; Nicklaus et al. ,  1967; Corbeel, 1969), which are frequently 
routinely made. If vital capacity is measured with a conventional spiro
meter, residual volume is also known. A limitation is that measurements 
of total lung capacity are unreliable in the presence of many dia
phragmatic adhesions, ill-defined radio-opaque structures and infil
trations. Alternatively the closed circuit helium dilution method can be 
modified according to Reichel (p. 61 ), or use can be made of the helium 
rebreathing method which is also based on forced rebreathing manoeu
vres, being less time consuming than Reichel's method. Prolonged wash
in or wash-out methods with their inherent methodological errors give 
approximately the same results as body plethysmography but are very 
uncomfortable for the patient. 

An apparent advantage of the body plethysmograph is that this 
instrument allows repeated determinations of the volumes under discus
sion to be made with minimal subject cooperation. In very obstructed 
patients, however, it was our experience that it was incidentally not 
possible to obtain a rectilinear relationship between oral and plethys
mograph pressure. Probably in such patients insufficient time is avail
able for pressure equilibration in the presence of obstructed airways. In 
one or two instances measurements of thoracic gas volume could not be 
reliably made because the subject had no teeth ; support of the cheeks 
and lips was then insufficient to prevent bulging during the closed 
shutter manoeuvre, giving rise to a looped appearance of the mouth 
pressure-plethysmograph pressure curve. In one instance a patient 
refused to enter the plethysmograph. The high cost of the equipment 
and the fact that one needs a well trained technician have up to now 
probably set limits to a more widespread use of this instrument. 

Even though the closed system helium dilution method and the 7 
minute nitrogen wash-out method often yield considerably smaller 
values for lung volume than the one found with the plethysmograph, 
this does not mean that these methods should be abandoned. From a 
clinical point of view the difference between thoracic gas volume and 
functional residual capacity is interesting information because it indi
cates the volume of gas which is normally not participating in alveolar 
ventilation or offers only a minor contribution to gas exchange. As such 
it can be used as a measure of functional disorder. 
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CHAPTER 6 

COMPA R I S O N  OF METHODS F O R  M E A S UR I N G  
A I R WA Y  RES I S TANCE 

6.1 M E A S U R E M E N T S  I N  H E A L TH Y  S UB JE C T S  

In  a total o f  37  healthy subjects comparative studies were made of 
airway resistance during panting and during quiet breathing using two 
methods as described in paragraph 2 .3 .4 .  The group consisted of 8 
female and 29 male subjects. Lung function data are given in table 6. 1 .  

In 3 5  o f  the subjects the panting method was compared with the 
rebreathing method. First, airway resistance was assessed from flow-box 
pressure tracings with the rebreathing method. Thereafter the patient 
was asked to detach the plastic bag. Measurements were then made of 
airway resistance during panting and followed by the determination of 
thoracic gas volume at the end of a quiet expiration. In each subject 
two to four determinations were made of airway resistance with both 
methods, and four of thoracic gas volume. 

In 14 subjects two to four flow-box pressure tracings were first 
obtained with the rebreathing method. After the subject himself had 
detached the plastic bag, the same number of tracings was obtained 
using the subtraction method. The investigation was then ended by the 
determination of thoracic gas volume at the end of a normal expiration, 
of which four replicate measurements were made. 

In 12 of the subjects the procedure was somewhat different in that 
measurements of airway resistance were made during panting and during 
quiet breathing, using both the rebreathing and the subtraction method. 
Here measurements were started with the recording of flow-box pres
sure curves using the rebreathing method. After the subject had detached 
the polyethylene bag from the mouthpiece assembly, recordings were 
made using the subtraction method. Finally airway resistance was 
assessed during panting and the study ended by the determination of 
thoracic gas volume. Again two to four flow-box pressure tracings were 
obtained for each method, and four replicate determinations made of 
thoracic gas volume. 

Since flow-box pressure curves are straight, figure 8 or S shaped in 
normal subjects, a single tangent insufficiently defines the different 
shapes of such tracings. Rohrer's equation (equation 2 .14)  was not used 
in view of the fact that it falls short of defining curves in which looping 
is present. Although such loops were not observed in the healthy subjects 
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Predicted 
Measured 

Predicted 
Measured 

6.35 
6.34 

6.19 
6 .42  

TLC 

± 
± 

± 
± 

vc 

1 .22 4.75 ± 1 .04 
1 .20 4.82 ± 1 .10 

0.95 4.43 ± 0.78 
1 .33 3 .54 ± 1 .01 

FRC FEV1 

2.89 ± 0.59 3 .54 ± 0.94 
3 .31  ± 0.74 3 .80 ± 0 .88  

2.62 ± 0.44 2.99 ± 0.69 
4.03 ± 1 .21 1 .33 ± 0 .51 

TABLE 6.1 Lung function data on 37 healthy subjects (upper two lines) and 43 
patients with chronic obstructive lung disease (lower two lines) . 
Volumes are expressed in liter BTPS. Total lung capacity (TLC = 
R V + VC) was measured with the closed system helium dilution 
method. Values for total lung capacity and functional residual capacity 
in healthy subjects refer to 27 subjects. 

they were frequently found in patients with chronic obstructive lung 
disease (see paragraph 6.2) .  In order to handle curves of healthy subjects 
and patients in the same way, which was suitable for statistical analysis, 
different tangents were drawn to the flow-box pressure tracings as 
indicated in paragraph 2 .3 .5  (fig. 2-9) . A Telefunken TR 4 computer of 
the University Mathematical Center performed the calculation of airway 
resistances, thoracic gas volume, and the analysis of variance. The resis
tance to airflow of the mouthpiece assembly was subtracted from all 
calculated airway resistances. The results are presented in table 6.2 .  

Mean airway resistance (Rawa) determined with the panting method 
was in the lower range of values found by other authors (table 6 .3 ) .  
Mean airway resistance of the same subjects determined with the 
rebreathing method differed only significantly for Rawb (p <0.05) .  In 
14 subjects in whom the rebreathing method and subtraction method 
were compared (table 6 .2), the rebreathing method yielded the highest 
values and the subtraction method the lowest ones. Statistical signifi
cance of the findings is indicated in table 6 .2 .  

In the same studies a comparison was made between differences in 
the shape of the flow-box pressure curves obtained with the different 
methods. Since it was not always easy to discriminate S shaped from 8 
shaped curves these have been pooled. The incidence of the different 
curves is indicated in the table. No statistically significant differences 
were found between the different methods (x2-test, p >0.05) .  

The reproducibility and accuracy of airway resistance measurements 
was studied in 3 subjects 1) . Measurements were made during panting. 
Results on the reproducibility are given in table 6 .4 .  The results were 
poorest in subjects L.G. but acceptable in the two other subjects ; the 

1) This study was carried out by Dr. H. A. de Ruyter. 
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Shape of flow
box pressure 

tracings 

No. of subjects 
Panting 
Rebreathing 
Stat .  analysis 

No. of subjects 
Reb rea thing 
Subtraction 
Stat. analysis 

35  

14  

No. o f  subjects 12  
Panting 
Reb rea thing 
Subtraction 
Stat. analysis 
Panting/Rebreathing 
Panting/Subtraction 
Rebreathing/Subtraction 

Airway resistance 
(em H20.l-1.sec) 

f 1- f f 
0.95 
0.93 

0.93 
0.74 

+ 

0.99 
0.88 
0.72 

+ 
+ 
+ 

1 .98 
2.36 

+ 

2.02 
1 .74 

+ 

1 .93 
1 .92 
1 .64 

+ 

1 .54 
1 .66 

1 .48 
1 .26 

+ 

1 .47 
1 .40 
1 . 16  

+ 
+ 

2 . 18  
2.27 

1 .94 
1 .95 

1 .98 
1 . 8 1  
1 .85 

Shape of curves 
No. of subjects 

+ 
7 
5 

3 
2 

2 
2 
1 

f 
28 
30  

1 1  
12  

10  
1 0  
1 1  

TABLE 6.2. Comparison o f  plethysmographically assessed airway resistance 
(em H20.1.-1.sec) applying the panting, rebreathing and subtraction 
method on normal subjects. See also fig. 2.8 and fig. 2.9 for the shape of 
the flow-box pressure curves. Statistical significance of differences in 
airway resistance (analysis of variance) or in the shapes of the curves 
(x2-test) is indicated by : + p <o.05, and :  - p >o.o5. 

error in measuring the slope of the flow-box pressure and the mouth 
pressure-box pressure tracings was about 5 per cent. Both slopes were 
used in measurements of airway resistance. The sum of errors may 
therefore have been 1 0  per cent. In addition reading errors were made 
in calibration of the flow meter and of the mouth pressure manometer. 
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The accuracy of measurements was investigated by interposing resis
tances between the subject's mouth and the flowmeter. The total resis
tance should then be the sum of airway and interposed resistance. Taking 
the aforementioned sources of error into account this was the case when 
relatively small resistances were added (table 6 .5 ) .  One of the resistances 
was very large and may have altered airway dynamics. 

Authors 

DuBois et al (1956) 
Marshall (1956) 
Briscoe (1958) 
Butler (1960) 
Nadel (1961) 
Pelzer (1964) 
Blide (1964) 
Jaeger (1964) 

No. of 
subjects 

21 
12  
17  
10  
48  
82  
1 1  
40 

Raw Method 

1 .50 panting 
0.99 
1 .23 
1 .30 
1 .14  
1 .14  
1 .41  
1 .26 quiet breathing 

TABLE 6.3 Data on airway resistance (Raw, em H20.l-1 .sec) in healthy subjects 
published by different authors. 

Subject A.J. T.F. L .G. 
Sex F F F 

Age (yr) 24 22 28  
No. o f  determinations 32 27 27 
Mean Raw 1 .1 1 .0 1 .0 
SD 0.19 0.17 0.32 

TABLE 6.4 Data on the reproducibility of measurements of a1rway resistance in 
three healthy subjects. 

Subject A.J. T.F. L.G. 

Raw 1 . 1  0.9 1 .0 
Rl 12.0 12.2 9.4 
R2 2.1 2. 1 1 .9  
Rs 4.4 4 .1  3 .6 
(Raw + Rl) Raw 15 .7 14.3 1 1 .8  
(Raw + R2) Raw 2.7 2 .9 2.4 
(Raw + Rs) Raw 4.9 4.9 4.4 

TABLE 6.5 Data on the accuracy of measurements of added resistances. Resistances 
(R1, R2 and R3) were interposed between the subject's mouth and the 
flowmeter. Values are m em H20.l-1 .sec. 
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6.2 M E A S U R E M E N T S  I N  P A T I E N T S  W I TH C H R O N I C  
O B S TR U C T I VE L U N G  D I S E A S E  

I n  6 female and 37  male patients with chronic obstructive lung disease 
comparative studies were performed of airway resistance measurements 
during panting and during quiet breathing. Mean values of the scores 
on respiratory complaints, allergy, histamine threshold, eosinophilia of 
blood and sputum are presented in table 6.6, and mean values of spiro
metric data in table 6 . 1 .  

In  2 8  patients airway resistance was first assessed with the rebrea
thing method, followed by the panting method and measurement of 
thoracic gas volume. In these patients the measurements were repeated 
in the same order 3 0  minutes after the intramuscular injection of 25 mg 
thiazinamium (Multergan®) . 

In the remaining patients airway resistance was first measured with 
the rebreathing method, followed by the subtraction method and assess
ment of thoracic gas volume. Because some curves had to be discarded 
and not all patients had sufficient time to be studied before and after 
bronchodilation, data were available on 1 1  subjects before and 1 3  sub
jects after bronchodilation (table 6.7) ; 9 subjects in this group were 
studied both before and after the administration of 25 mg thiazinamium. 

Age (yr) 5 1  Dyspnoea 1 .0 
Height (m) 1 .72 Eosinophilia (blood) 0.6 
Cough 1 .3 Eosinophilia (sputum) 0.8 
Phlegm 1 .2 Intracutaneous allergy 0.8 
Wheezing 1 .3 Histamine threshold 1 .6 
Asthmatic attacks 0.4 

TABLE 6.6 Mean scores on respiratory symptoms and miscellaneous data on 43 
patients with chronic obstructive lung disease. Details on the scoring 
are given in chapter 3 .  

As in the healthy subjects different tangents were drawn to the flow
box pressure tracings. The airway resistances calculated from the dif
ferent tangents are presented in table 6.7.  Rawa, Rawb, Rawc and Rawe 
were significantly larger with the rebreathing than with the panting 
method (analysis of variance p <0.05) before bronchodilation. After 
bronchodilation Rawa, Rawb, Rawe and Rawf were significantly larger 
with the rebreathing method. Differences in airway resistance were 
insignificant for the two quiet breathing methods (table 6 .7) with the 
exception of Rawc before bronchodilation. 

Although expiratory looping was observed more frequently with the 
rebreathing than with the panting method these differences were not 
statistically significant (x2-test, p >0.05) .  The shape of the curves was 
identical when both quiet breathing methods were compared (table 6.7). 
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In patients exhibiting a loop during quiet breathing but not during 
panting mean maximal alveolar pressure was 6 .0 em H20 during quiet 
breathing and 3 . 8  em H20 during panting. These differences were sta
tistically highly significant (Student's t-test, p <0.005) .  When loops 
were present with both methods these values were 6 .5 and 6.4 em H20 
respectively, the differences not being statistically significant (Student's 
t-test, p �0.05) . 

In patients who were studied both before and after bronchodilation 
mean decrease in thoracic gas volume was 7 per cent, and in airway 
resistance Rawa-e 37 per cent with the panting and 40 per cent with the 
rebreathing method. Rawf could be assessed in only a limited number of 
cases ; for that reason any change in its magnitude could not be reliably 
interpreted. An expiratory loop was present in 1 5  patients before, and 
in 9 patients after bronchodilation ; the decreased incidence of the loop 
was not statistically significant (x2-test p >0.05) .  The area of the loop 
decreased in all patients after bronchodilation. 

6.3 D I S CU S S I O N  

a .  Comparison between methods. The panting and rebreathing methods 
yielded apparently the same results in normal subjects. Airway resis
tance, however, has been calculated using mouth pressure-box pressure 
tracings obtained at the end of a quiet expiration. In 1 0  normal subjects 
thoracic gas volume during panting was found to be 6 .3 per cent larger 
than during quiet breathing (paragraph 5 . 1  and 5 .2, table 5 .3 ) .  Therefore 
airway resistance during panting must have been overestimated by 
approximately the same amount. This does not appreciably upset the 
good correspondence between the panting and rebreathing method found 
in the healthy subjects. 

A small but significant difference was observed in patients between 
airway resistance during panting and quiet breathing which cannot be 
explained by this source of error. This may be interpreted as evidence 
confirming the frequency dependence of airway resistance in patients 
with chronic obstructive lung disease found by Grimby et al. ( 1968)  and 
Otis et al. ( 1956 ). An alternative explanation is that the role of volume 
displacement from the airways due to their compression and expansion 
differs during these breathing manoeuvres. During forced expirations 
volume displacement due to airway compression averages about half 
the dead space volume in patients with airway obstruction (Tammeling, 
1 966) and will give rise to bronchial volume displacements that are 
equal for either breathing manoeuvre provided that the level of lung 
inflation and trans pulmonary pressure change are the same. Volume 
displacement from the alveoli is very limited in the panting manoeuvre 
relative to volume displacement during quiet breathing. Consequently 
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Shape of flow
box pressure 

tracings 

No. of subjects 28 
Panting (b) 
Rebreathing (b) 
Stat. analysis 
Panting (a) 
Rebreathing (a) 
Stat. analysis 

No. of subjects 13  
Rebreathing (b) 
Subtraction (b) 
Stat. analysis 

No. of subjects 1 1  
Rebreathing (a) 
Subtraction (a) 
Stat. analysis 

2.91 6.91 
3.19 8 .64 

+ + 
1.75 4.32 
2.00 5 .05 

+ + 

2.26 6 .27 
2 .12 6.30 

1 .5 1  3 .83 
1 .49 3 .70 

Airway resistance 
(em H20.l-1.sec) 

10.57 12.16 
12.5 1 10.44 

+ 
6.80 7.72 
6.66 7.01 

1 6.43 1 1 .67 
14.37 10.23 

+ 

10.96 6.56 
9.71  6.78 

4.91 
6 .17 

+ 
2.99 
3.69 

+ 

4.55 
4.27 

2.74 
2 .64 

5 .59 
5 . 10  

3 .82  
4.92 

+ 

4.26 
4.1 1 

2 .13  
2.33 

Shape of curves 
No. of subjects 

13 15 
6 22 

19 9 
13  1 5  

9 4 
9 4 

8 3 
8 3 

TABLE 6.7. Comparison of plethysmographically determined airway resistance 
(em H20.l.-1.sec) applying the panting, rebreathing and subtraction 
method on patients with chronic obstructive lung disease. See also 
fig. 2.8 and 2.9 for the shape of the flow-box pressure tracings. Studies 
were performed before (b) and after (a) the intramuscular admini
stration of 25 mg thiazinamium (Multergan ®). Statistical significance 
of differences in airway resistance (analysis of variance) or in the 
shapes of the curves (x2-test) is indicated by : + p < 0.05, and :  
- p > 0.05 . 

the contribution of bronchial volume changes to airflow measured at 
the mouth will be larger during panting than during a quiet breath. Thus 
the lower airway resistances are to be found during panting. 
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Since the glottis stays open during panting (DuBois, 1969) rather 
than varying as it does during quiet breathing, this may affect measure
ments of airway resistance. In fact this might explain the differences in 
airway resistance found in patients with the panting and rebreathing 
method (table 6.7) .  In normal subjects, however, this difference was not 
observed. The diameter of the glottis therefore was probably of minor 
influence on the measurements. This is in accordance with the results 
of Jaeger and Otis (1964) who found that airway resistance during quiet 
breathing was smaller than during panting, as in the present study. 
They attributed this to the fact that many of their normal subjects 
panted with relatively large tidal volumes. Since airway resistance is 
expected to increase with ventilation as the flow becomes more tur
bulent, the larger discrepancy than found in our study can be explained 
on that basis. 

b.  The shape of the curve. The main problem of assessing airway resis
tance is to estimate to what extent the shape of the flow-box pressure 
curve is influenced by deviations from BTPS conditions in the rebrea
thing system, by incorrect simulation of these conditions, or by a panting 
manoeuvre which is either performed too slowly, too deeply, or both. In 
normal subjects a difference of 1 °C. between in- and expired gas causes 
about a 100 per cent error in the measurement of alveolar pressure when 
tidal volume is equal to about one-third of the thoracic gas volume. 

A method of controlling BTPS conditions devised by Bargeton (1 957) 
works as follows. When tidal volume, obtained by integration of flow 
at the mouth, is recorded on the Y -axis and box pressure on the X -axis, 
a loop is formed. No difference in temperature and water vapor pres
sure between inspired and expired gas is supposed to be present when 
the line joining the points of maximal and minimal volume is vertical. 
Essentially this method of control is based on the assumption that no 
phase shift between flow and alveolar pressure occurs at the point of 
zero airflow. In our experiments this method of control was satisfactory 
only if the flow-box pressure curves were closed lines (as in normal 
subjects) or exhibited looping occurring exclusively during expiration. 
If the loop extended into inspiration the temperature within the rebrea
thing system had to be raised up to 45 °C. in some instances before a 
vertical axis of the tidal volume-box pressure curve was obtained. 
Apparently appreciable phase difference between flow and alveolar 
pressure occurs in patients in whom this type of curve is obtained. 

As shown by Otis et al. ( 1956) non-uniform distribution of mecha
nical properties within the lungs leads to frequency dependence of com
pliance and airway resistance and consequently to uneven distribution 
of ventilation. In their theoretical analysis compliance and airway resis
tance of the component parts of the lung did not vary during a 
breath. In this situation the phase difference alluded to above leads to 
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a pressure-flow loop (Otis et al. ,  1 956 ;  Kamimura, 1963 ; Ulmer, 1965 ; 
Nitta and Mochizuki, 1967;  Peslin, 1 968 ; Jaeger and Bouhuys, 1 969 ;  
Mochizuki, 1 970;  van de Woestijne et  al., 1 970) . I t  has been well docu
mented in human pathology that changes in the diameter and length of 
airway passages take place resulting in increased airway resistance 
during expiration as compared with inspiration, making the expiratory 
loop larger than the inspiratory portion. If inspiratory resistance is 
normal it seems justifiable to expect no appreciable phase difference 
between flow and alveolar pressure, whereas a pressure-flow loop 
occupying inspiration and expiration will be obtained in patients with 
both inspiratory and expiratory airway obstruction. 

Mochizuki ( 1970) measured the time difference between the peaks of 
flow and box pressure during inspiration and expiration by means of an 
automatic time discriminator, since it was too complicated to analyze 
the correlation between non-uniform ventilation and phase difference 
between flow and pressure during the entire respiratory cycle. He found 
that in normal subjects the pressure preceded the airflow slightly in both 
phases of respiration. When airway resistance was spatially uneven the 
airflow preceded pressure appreciably both during inspiration and ex
piration. This pattern was consistently found in patients with deformity 
of the spinal column. In patients with emphysema the airflow signifi
cantly preceded in the expiratory phase, but in the inspiratory phase the 
pressure preceded somewhat, i.e. a reversion occurred between the two 
phases. On a lung model he simulated airway occlusion during expira
tion due to obstructive material such as sputum, thus imitating an 
opening pressure during expiration. With such a check-valve, pressure 
changes preceded flow in both respiratory phases, suggesting that a 
valve-like mechanism may be operative in this particular pattern of 
time difference between peaks of flow and pressure. 

In normal subjects expiratory looping could be elicited by breathing 
near residual volume. This probably reflects significant increase in 
expiratory airway resistance due to diminution of airway diameter and 
airway closure. Airway closure in normal subjects commences at about 
45 per cent of the total lung capacity, starting in the dependent por
tions of the lung (Milic-Emili et al., 1 966 ; Dollfuss et al., 1 967 ;  Suther
land et al., 1 96 8 ;  Robertson et al., 1 969 ;  Leblanc et al., 1 970) . Since 
air trapping occurs more readily in patients with chronic obstructive 
lung disease it is tempting to relate the expiratory loop to narrowing 
and closure of airways upon expiration (Alpers and Guyatt, 1 967), thus 
also increasing regional inhomogeneity. In fact the loop was almost 
always present in patients with pronounced airway obstruction (as 
judged from history, physical examination and spirometric measure
ments) and absent in patients with mild obstructive lung disease. No 
looping was observed in this study at an airway resistance lower than 
2.3 em H20.I-1.sec. 

· 
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The smaller incidence of the loop during panting than during quiet 
breathing may indicate that during panting gas was either almost 
exclusively distributed to lung compartments with small time-con
stants 1) , that pressure gradients were sufficiently limited to prevent 
dynamic changes of airway calibre, or that airway closure did not 
occur as a result of the small tidal excursions at a higher level of lung 
inflation. In patients exhibiting an expiratory loop during quiet brea
thing but not during panting, maximal expiratory alveolar pressures 
were significantly higher with the former breathing pattern. No such 
differences were observed when the loop was either present or absent 
with both methods. Since differences in the mechanical properties of 
the airways and surrounding structures were cancelled out by having 
every subject serve as his own control, the different incidence of the 
loop during panting and quiet breathing may express differences in the 
magnitude of dynamic airway compression. This would imply that in a 
number of panting subjects the shape of the flow-box pressure curve 
would fail to demonstrate that airway obstruction increases considerably 
during expiration, while this could readily be shown to occur during 
quiet breathing. Although this conclusion is attractive, it can only be 
made with caution as in this study no attempt was made to demonstrate 
that panting and quiet breathing were performed at the same level of 
lung inflation. Since both the airway resistance and the patency of 
airways are dependent upon lung volume apart from airway pathology, 
and the fact that in 10 normal subjects (see paragraph 5 .2) thoracic gas 
volume during panting was found to be slightly but significantly larger 
than during quiet breathing, different levels of lung inflation during 
these breathing patterns might partially or completely explain the obser
ved difference in the incidence of expiratory looping. Mean airway 
resistance in the patients decreased by 40 per cent after bronchodilation. 
To displace the same volume of gas in the same time at lower airway 
resistance, smaller alveolar pressures will suffice. As a result of the 
smaller transmural pressure gradients dynamic airway compression is 
then also reduced. This probably explains the smaller incidence and the 
consistently smaller area of the pressure-flow loop after bronchodilation. 
Indeed maximal expiratory alveolar pressure decreased significantly 
after administration of thiazinamium, regardless of the shape of the 
curve. The fact that this was achieved at a thoracic gas volume which 
was 7 per cent lower than before bronchodilation indicates that, apart 
from increased patency of airways as indicated by a decrease in airway 
resistance (table 6.7), air trapping was also significantly reduced. This 
is compatible with the findings in the previous chapter. 

1) The time constant of a region is the product of the compliance of the lung tissue in 
the region, and of the resistance of all airways supplying that region, and has the 
dimension of time. 
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c. Bronchodilation. Thiazinamium has anticholinergic and antihistaminic 
properties (Booy-Noord et al., 1 957) ; the exact mechanism of its bron
chodilating effect is however not clear due to this dual effect. If it 
decreases airway muscle tone only, mechanical stability of the airways 
decreases, resulting in a potentially increased susceptibility to dynamic 
airway compression. One of the well-known side effects of this drug, 
however, is that patients receiving the drug complain of a dry mouth; 
in that case sputum production is as a rule greatly reduced. It is there
fore likely that part of its bronchodilating effect results from a reduc
tion of mucus secretion into the airways. No verified details are known 
about a possible influence of the drug on gland and wall thickness. 
Changes in these would also affect airway resistance. At any rate, since 
uneven ventilation is a result of regional differences in airway resis
tance and compliance, and airway resistance decreases considerably 
after bronchodilation, it is tempting to relate the disappearance of expi
ratory looping and the reduced loop area to a more even ventilation 
distribution, although a reduction in the volume of trapped gas may be 
a more important factor. Knudson and Constantine (1967) found that 
inhalation of isoproterenol aerosol in 1 0  symptomatic asthmatics increa
sed the ventilation of the already well ventilated portions of the lung 
to the detriment of the poorly ventilated areas, thus increasing uneven
ness of ventilation. Their results might be explained by the fact that 
well ventilated areas receive a larger dose of aerosol than poorly venti
lated areas. On the other hand such an explanation can only be valid as 
long as systemic effects of the drug can be excluded. If e.g. an increase in 
heart rate is noted it is likely that airways supplying poorly ventilated 
regions of the lung will also be affected by the bronchodilating agent 
via the bronchial and pulmonary circulation. In our study the airways 
will be affected irrespective of the degree of airway obstruction since 
the bronchodilator was administered intramuscularly. 

d. Complicating factors. The magnitude of the differences in airway 
resistance during panting and quiet breathing found in this study is 
relatively small. These differences are probably not only caused by 
different technical and pathological factors discussed, but also by other 
complicating factors listed in paragraph 2.3 .3 . Of these the temperature 
effects are the most important ones. Adequate control of the tempe
rature in the rebreathing bag, or the amount of correction with the 
electronic subtraction unit, requires measurement of the difference in 
temperature (and saturation) between inspired and expired gas. Measu
rements of the temperature of gas were conducted in the polyethylene 
bag of the rebreathing system and in the mouthpiece. Even so it was 
impossible to obtain a temperature in the bag with which no temperature 
differences between inspired and expired gas were measurable in the 
mouthpiece; minimal differences ranged between 0 . 1  and 0 .2 °C. This is 
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most likely due to heat dissipation from the pneumotachograph and to 
dissipation of heat through the mouthpiece. 

The alinearity between alveolar and box pressure caused by the 
changes in thoracic gas volume is negligible during panting owing to 
the small tidal excursions. During quiet breathing maximal alveolar 
pressure in this study is overestimated by approximately 7.5 per cent in 
normals and 6 per cent in patients with chronic obstructive lung disease 
when the subtraction method is used. Use of the rebreathing system leads 
to a slightly different situation. Here the small resistance of the bag 
introduces an additional error. By applying Boyle's law to the combined 
system of box, lungs (TGV, Raw) and bag (Vbag ,  Rbag) equation 6 . 1  can 
be derived which expresses the relative error (E) in the measurement of 
alveolar pressure : 

E J' Vbag·Rbag 1 000;0 J' TGV.Raw
. (6 . 1 )  

The resistance of  the bag could not be  exactly assessed but was smaller 
than 0.04 em H20.l-1 .sec. Assuming an Rbag of 0.03 em H20.l-1 .sec and 
a Vbag of 20 liter the mean error in the measurement of airway resis
tance with the rebreathing system is about 1 5  per cent in normals and 
3-6 per cent in subjects with obstructive lung disease, depending on the 
severity of airway obstruction. Whereas in patients this error will 
escape detection this cannot be the case in normals. If due allowance is 
made for this error and the one introduced by differences in thoracic 
gas volume, airway resistance values with the panting and rebreathing 
method agree fairly well, being somewhat higher than those obtained 
with the subtraction method in normals. These findings differ somewhat 
from those of Woitowitz et al. ( 1969) who found that their electronic 
system indicated the lower airway resistances somewhat higher, and the 
higher airway resistances somewhat lower than the rebreathing method. 

In order to alleviate the cyclic variations in the rate of carbon 
dioxide production during respiration Jaeger and Otis (1964) filled the 
rebreathing bag with a gas mixture of 5 per cent carbon dioxide in 95 
per cent oxygen. However, this method has some objections. Astin 
(1970) and Astin and Penman ( 1967) demonstrated that airway resis
tance was significantly lowered in subjects with chronic obstructive 
lung disease when they inspired a gas mixture of 30 per cent oxygen in 
nitrogen. The same objection applies to the rebeathing method as it was 
used in the present study. Before measurements were started the bag 
was flushed with oxygen, raising its concentration probably to well 
above 50 per cent. Since some time elapsed between successive measure
ments of airway resistance, due to difficulties in maintaining correct 
temperatures in the rebreathing bag for much longer than 30 seconds, 
carbon dioxide accumulation occured as evidenced by hyperventilation. 
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Nevertheless in patients airway resistances measured from different 
tangents were almost identical with both quiet breathing methods and 
somewhat higher than during panting. In the normal subjects it is also 
unlikely that these factors have influenced the results to a significant 
extent. 

e. Practical application. The panting method offers the advantage of 
simpler instrumentation and practically eliminates the problem of 
alinearity between alveolar and box pressure, effects of temperature and 
saturation of gas, of the respiratory quotient and of cyclic variation in 
airway geometry. The more obstructed the patient was, however, the 
harder it was to limit the tidal excursions sufficiently at panting fre
quency. Therefore many patients did not perform very well with this 
method. It was also felt that the smaller incidence of the flow-box pres
sure loop, although statistically not significant, decreased the amount of 
visual information on the patients condition in comparison with the 
two quiet breathing methods, because expiratory looping was a feature 
peculiar to more severe degrees of airway obstruction. 

The major disadvantage of the reb.reathing method is that it takes 
much time to reach BTPS conditions which can only be maintained for 
short periods. Consequently this method of assessing airway resistance 
often took much time; sometimes 20 minutes were necessary before four 
satisfactory flow-box pressure tracings had been obtained. Another 
source of trouble ·was condensation of water at the inside of the poly
ethylene bag which caused artefacts in the pressure-flow curve. This was 
due to gravitational forces acting on the walls of the bag. This made 
it necessary to open the plethysmograph and remove condensed water 
from the bag. The consequent delay in the procedure, the dissipation of 
heat from the bag, and the occurrence of hyperventilation due to accu
mulation of carbon dioxide in the bag caused some discomfort to the 
patient. 

The subtraction method also created problems. As a result of expan
sion and saturation of gas, the volume of inspired gas is smaller than the 
volume subsequently expelled from the lungs. Electronic correction of 
box pressure based on the volume of in- and expired gas therefore gives 
rise to electronic drift of the box pressure signal. This was counteracted 
when using the subtraction method by DC-balancing the integrator in 
such a way that drift of the volume signal was eliminated. This caused 
some electronic box pressure drift in subjects exhibiting expiratory 
pauses. Another source of instability was caused by variations in end
expiratory intrathoracic gas volume during subsequent respiratory 
cycles since in such cases box pressure correction is not zero when flow 
at the mouth stops. Both sources of drift occurred especially in normal 
subjects and were minimized by encouraging the subject to increase 
respiratory frequency slightly. 
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In patients with airway obstruction the subtraction method combined 
both ease of operation with rapid assessment of airway resistance. For 
clinical purposes the results were comparable with those obtained with 
the two other methods. For this reason, and because this method required 
minimal cooperation and caused no discomfort to the patients, it was 
decided to employ this method in further studies. 
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CHAPTER 7 

RELA T I O N S H I P  B ETWEEN AIRWAY R E S I S TAN CE, 
VIS COUS WORK OF B REATHING AND FORCED 
EXP IRATORY VOLUME, B EFORE AND AFTER 
BRONCHOD ILATION 1) 

7.1 I NTR O D U C T I O N  

Among the various methods which are available to assess airway 
obstruction, most frequent use is made of a forced expiration. Other 
methods employ a natural breathing pattern, such as the esophageal 
pressure method and body plethysmography. Apart from differences in 
breathing pattern, airway dynamics during forced and quiet breathing 
also differ with respect to driving pressure and lung volume. These 
methods need not yield equivalent results, raising the question as to the 
mechanism behind the differences, and to whether a quiet breathing or 
forced breathing method should be employed in detecting abnormalities 
in airway resistance. To answer these questions a study was performed 
in two series of patients with chronic obstructive lung disease, in whom 
no symptoms or signs of atelectasis, pleural thickening, pulmonary 
fibrosis, kyphoscoliosis or bronchial carcinoma were present. 

The first series of patients consisted of 10 female and 34 male subjects. 
Most patients in this series have been included in the comparative stu
dies on thoracic gas volume and functional residual capacity assessed 
with the closed system helium dilution method, and in the study on 
airway resistance measurements during panting and quiet breathing, as 
described in paragraph 2 . 3 .4 .  Using the criteria of Simon (1962) 27 of the 
subjects (group Ia) had no radiological signs of pulmonary emphysema, 
whereas these were present in the remaining 1 7  patients (group Ib) . 
Characteristics of these patients are presented in tables 7 . 1  and 7.2. In 
groups Ia and Ib airway resistance and thoracic gas volume were asses
sed, followed immediately by the measurement of viscous work of 
breathing, and of total lung capacity and its subdivisions. These deter
minations were repeated in the same sequence 30  minutes after the 
intramuscular injection of 25 mg of thiazinamium (Multergan®) . 

In another series of 5 1  patients (group II) with chronic obstructive 
lung disease airway resistance and viscous work of breathing were 

1) Parts of this chapter have previously been published in : Bull. Physio-path. Resp. 
(1971), 7: 539. 
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simultaneously assessed, followed immediately by measurement of 
thoracic gas volume, and total lung capacity and its subdivisions. Again 
the determinations were repeated in the same sequence 30  minutes after 
the intramuscular injection of 25 mg thiazinamium. In the majority of 

Group ra Ib II 
Number of subjects 27 17 5 1  
Age (yr) 47 60 46 
Height (m) 1 .68 1 .72 1 .74 
Cough 1 .1 1 .3 1 .2 
Phlegm 0.9 1 . 1  1 . 1  
Wheezing 1 .2 0.9 1 . 1  
Asthmatic attacks 0.6 0.3 0.7 
Dyspnoea 0.5 1 .0 0.8 
Eosinophilia blood 0.6 0.1 0.7 
Eosinophilia sputum 0.5 0.3 0.6 
Intracutaneous allergy 0.7 0.7 0.8 
Histamine threshold 1 .4 1 .7 1 .2 

TABLE 7.1 Mean scores on respiratory symptoms and miscellaneous data on patients 
with chronic obstructive lung disease. Group ra: no roentgenologic signs 
of emphysema; Group Ib : roentgenologic evidence of emphysema; 
Group II : evidence of emphysema not taken into account. An explanation 
of the scores on symptoms and signs is given in chapter 3 .  

patients, however, spirometric measurements after bronchodilation were 
limited to assessment of the vital capacity and forced expiratory volum�. 
Characteristics of the patients are included in tables 7 . 1  and 7.2 . In this 
group X-ray signs of pulmonary emphysema were not taken into 
account; with respect to age, respiratory complaints and other charac
teristics group Ia and group II were comparable (tables 7 . 1  and 7.2) . 

In series I airway resistance (Raw) was measured from the slope of 
the flow-box pressure tracing around zero airflow. Two to four measu
rements were made of airway resistance and thoracic gas volume. In 
series II mean airway resistance during a tidal breath (Raw) was 
measured from the area of the tidal volume-box pressure loop in addition 
to the measurement of airway resistance from flow-box pressure tra
cings. In these patients flow-box pressure, volume-box pressure and 
volume-esophageal pressure tracings were obtained quadruplicately, as 
were measurements of thoracic gas volume (paragraph 2 .3 .4, figures 3 . 1  
and 7.7) . All determinations in patients belonging to series I and I I  were 
either started at about 830 or 14°0 and were finished within tl/2 hours 
after the administration of the bronchodilator. 
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7.2 R E SU L  'TS 

a. Series I. In series I airway obstruction was more .pronounced in sub
jects with radiological signs of emphysema than in those without, as 
judged from the mean values of forced expiratory volume, viscous work 

Group 
Number of subjects 

TLC (liter BTPS) 
predicted 
before 
after 

VC (liter BTPS) 
predicted 
before 
after 

FRC (liter BTPS) 
predicted 
before 
after 

FEV1 (liter BTPS) 
predicted 
before 
after 

FIV1 (liter BTPS) 
predicted 
before 
after 

TGV (liter BTPS) 
predicted 
before 
after 

Raw (em H20.1-1.sec) 
before 
after 

Raw (em H20.l-1.sec) 
before 
after 

Wvisc. (g.cm.ml.-1) 
before 
after 

Cstat (l. (cm H20)-1) 
before 
after 

P TLO (em H20) 
before 
after 

ra 
27 

5 .70 
5 .60 
5 .61 

3 .99 
3 .34 
3 .68 

2 .55 
3 .27 
3 .28 

2.70 
1 .77 
2 .07 

3 .23 
2.35 
2.55 

2.55 
4.23 
3 .77 

2 .7 
1 .4 

6 .4 
3.6 

0.21 
0.25 

18 . 8  
1 8 .0 

Ib 
17  

6.23 
7.52 
7.35 

4.1 6  
3 .48 
3 .84 

3 .01 
5 .39 
5 .02 

2.63 
1 . 1 1  
1 .34 

3 .33 
2 .28 
2 .53 

3 .01 
6.80 
5 .52 

3.2 
2.2 

9.4 
5.3 

0.35 
0.42 

14.5 
13 .4 

II 
5 1  

6.36 
6 .60 

4.56 
4.02 
4.24 

3 . 15  
3 .93 

3 .21 
2.10 
2.58 

3 .65 
3 .28 

3 . 15  
4.97 
4.63 

3 .8  
2 .5  

4 .8  
2 .9  

5 .0 
3 .. 1 

0.30 
0.34 

17.5 
17.4 

TABLE 7.2 Lung function data before and after intramuscular administration of 
25 mg thiazinamium (Multergan®) on 3 groups of patients with chronic 
obstructive lung disease. See text and the legend of table 7 .1  for 
explanation of the three groups of patients. Abbreviations are explained 
in the appendix. 
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Fig. 7.1 The relationship between airway resistance (Raw) and viscous work of 
breathing (W vise.) in 44 patients with chronic obstructive lung disease before (left) and 
after (right) the intramuscular administration of 25 mg thiazinamium (Multergan®) . 
Roentgenologic evidence of pulmonary emphysema was absent (open triangles) in 27 
subjects and present (black triangles) in 1 7  subjects. 

of breathing and airway resistance (table 7.2 ) .  Roentgenologic evidence 
of emphysema was supported by the significant elevation of total lung 
capacity in group Jb. The same holds for the decrease in lung elasticity 
as evidenced by the higher static compliance and possibly by lower 
values of maximal static inspiratory pressure than in group ra; because 
of age differences between both groups the last mentioned findings must 
be interpreted with caution. 

Improvement of all lung function variables after administration of 
thiazinamium was statistically significant (Student's t-test, p <o.OS) 
except for total lung capacity and functional residual capacity in 
group ra. 

A moderate correlation was found between airway resistance and 
viscous work of breathing (fig. 7 . 1 ) .  The correlation coefficient was not 
statistically significant in group Jb, but significant in the group of 
patients without roentgenologic signs of pulmonary emphysema (group 
ra), as well as in the whole series I. After bronchodilation with thiazina
mium (fig. 7 . 1 )  the scatter was still large. Correlation coefficients for 
the whole series, and for group ra differed significantly from .zero again; 
this was not the case in patients with roentgenologic signs of emphysema 
(table 7 .3) .  No significant differences were found between the correla
tion coefficients of either groups, both before and after bronchodilation. 
The same holds for the comparison of the correlation coefficients of 
each patient group before and after bronchodilation (p >o.OS) .  

The correlation coefficient between forced expiratory volume expres
sed as a percentage of the predicted value, and airway resistance was 
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00 
00 

Raw Raw.TGV Raw Raw Raw.TGV 

Group Ja Ib Ja+b Ja Ib Ja+b II II I I  

Wvisc. (b) 0.68*** 0.32 0.61 *** 0.8 1*** 0.64** 0.77*** 0.81 *** 0.92*** 0.80*** 

Wvisc. (a) 0.70*** 0.28 0.55*** 0.79*** 0.08 0.50*** 0.75*** 0.89*** 0.75*** 

FEV1°/o predicted (b) -0.66*** -0.48* -0.63*** I -0.74*** -0.83*** -0.77*** -0.73*** -0.76*** -0.80*** 

FEV10fo predicted (a) -0.46* -0.69** -0.55*** -0.65*** -0.75*** -O.Go··· I -0.75*** -0.77··· I -0.8 1*** 

Raw (b) - - - - - - - 0.93*** -

Raw (a) - - - - - - - 0.90*** -

TABLE 7.3 Correlation of several lung function parameters before (b) and after (a) the intramuscular administration of 25 mg thiazinamium 
(Multergan®). See text and legend of table 7.1 for explanation of the three groups of patients with chronic obstructive lung disease. 
Abbreviations are explained in the appendix. 
Statistical significance of the correlation coefficients is indicated by: * p <0.05 ; ** p <0.01 ; *** p <0.001 .  
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Fig. 7.2 The relationship between airway resistance (Raw) and on�-second forced 
expiratory volume expressed as a percentage of the predicted value (FEV10fopred.) in 
44 patients with chronic obstructive lung disease before (left) and after (right) the 
intramuscular administration of 25 mg thiazinamium (Multergan®). Roentgenologic 
evidence of pulmonary emphysema was absent (open triangles) in 27 subjects and 
present (black triangles) in 17 subjects. 

not very high (fig. 7.2 ) .  The correlation coefficients for the separate 
groups and the whole series (table 7 .3)  were statistically significant. 
After bronchodilation the scatter was nearly as large as before in both 
groups. Again the correlation coefficients for series I as well as those of 
the separate groups were statistically significant (table 7 .3) .  Differences 
between the correlation coefficients of group Ia and Ib were not signifi
cant, both before and after bronchodilation; the same holds for the 
differences between the correlation coefficients before and after bron
chodilation in group ra, group Ib and in series I (p >O.OS) .  

Because o f  the curvilinear relationship between airway resistance and 
forced expiratory volume (fig. 7.2), and possibly between airway resis
tance and viscous work of breathing (fig. 7. 1 ) ,  airway resistance was 
substituted by airway conductance (the reciprocal of airway resistance), 
specific conductance (the conductance per liter of thoracic gas volume), 
and by the product of airway resistance and thoracic gas volume. Only 
by the last substitution were better correlations achieved, which in 
group Jb were significantly better than those found for airway resis
tance (p <o.OS) .  The curvilinear relationship between the variables 
remained present after the above mentioned substitutions. 
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Fig 7.3 Relationship between simultaneously assessed airway resistance (Raw, flow
box pressure t·racing) and viscous work of breathing (W vise. ) in 51 patients with 
chronic obstructive lung disease without roentgenologic signs of pulmonary fibrosis. 
Left: before (W vise. = 1 .05 Raw + 1 .00), and right: after (W vise. = 0.87 Raw + 
0.92) the intramuscular administration of 2S mg thiazinamium (Multergan®) . 

b. Series II. In series II the improvement in vital capacity, forced expi
ratory volume, airway resistance and thoracic gas volume after broncho
dilation was statistically significant (Student's t-test, p <0.05) .  

In this group of patients highly significant correlations were found 
between airway resistance determined from the flow-box pressure curve 
(Raw) and the· volume-box pressure diagram (Raw), as well as between 
viscous work of breathing and these two methods of measuring airway 
resistance (table 7 .3) .  The relationship between these variables (figures 
7.3 , 7.4 and 7.6) was linear by visual inspection. After bronchodilation 
the relationship between the different variables was again essentially 
linear; the correlation coefficients were highly significant and did not 
differ significantly from those found before bronchodilation (p >0.05) .  
The correlation between Raw and viscous work of breathing (table 7 .3 )  
did not differ· significantly from the one found between Raw and 
viscous work of breathing (p >0.05) . 

As in series I a curvilinear relationship was observed between airway 
resistance and forced expiratory volume expressed as a percentage of the 
predicted value (fig. 7 .6) ; after bronchodilation the relationship seems 
to be linear, but the scatter · is large. The correlation between these 
variables (table 7 .3)  was statistically significant. 
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Fig. 7.4 Relationship between simultaneously assessed mean airway resistance {R.aw, 
volume-box pressure diagram) and viscous work of breathing (W vise. )  in 51 patients 
with chronic obstructive lung disease without roentgenologic signs of pulmonary 
fibrosis. Left: before (W vise. = 0.87 Raw + 0.89), and right: after (Wvise. = 
0.79 Raw + 0.79) the intramuscular administration of 25 mg thiazinamium 
(Multergan®) ,  
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Fig. 7.5 Relationship between airway resistance assessed from flow-box pressure 
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(Raw = 1 .28 Raw - 0.13) and right: after (Raw = 1 . 1 8  Raw - 0.02) administra
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Fig. 7.6 Relationship between mean airway resistance {Raw, volume-box pressure 
tracing) and one-second forced expiratory volume expressed as a percentage of the 
predicted value (FEV10fopred.) in 51 patients with chronic obstructive lung disease 
before (left) and after (right) the intramuscular administration of 25 mg thiazinamium 
(Multergan®). 

7.3 D I S CU S S I O N  

A relatively poor correlation between forced expiratory volume and 
airway resistance (figures 7.2 and 7.6, table 7 .3)  has previously been 
described by Sobol ( 1964) , Stein (1966), Pelzer (1969) and Grimaud et 
al. ( 1970). The figures demonstrate that airway resistance may be in a 
normal range when forced expiratory volume expressed as a percentage 
of the predicted value is clearly pathological, both before and after 
bronchodilation. The rather poor correlation is obviously influenced by 
the fact that the relationship between the two is not linear (figures 7 .2 
and 7.6) . A linear relationship could not be obtained by substitution of 
airway conductance, specific airway conductance or the product of 
airway resistance and thoracic gas volume, for airway resistance. 

Although in general a decrease in the forced expiratory volume 
relative to the predicted value is associated with an elevation of airway 
resistance, it is clear that one method cannot be used to replace the 
other one. Part of the discrepancies can be explained by the fact that 
the lung volume at which airway resistance is determined cannot be 
ignored. A linear relationship between airway conductance and thoracic 
gas volume was demonstrated by Briscoe and DuBois (195 8)  in normal 
subjects and subsequently confirmed by other authors. According to 
Pelzer and Thomson (1969) this is also the case in patients with chronic 
obstructive lung disease. Sobol et al. ( 1969) however pointed out that 
the conductance-volume line is not straight over a wide range of lung 
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volumes and does not pass through the origin; consequently the product 
of airway resistance and thoracic gas volume would not be constant. 
According to Lloyd (1962) and Pelzer (1969) a constant still reasonably 
represents the graph in the normal range of volume variations. Dis
regarding the displacement of the origin this can be expressed in the 
hyperbolic form as : resistance x volume = constant. This presentation 
has the advantage that the constant increases as the abnormality 
mcreases. 

Using the product of resistance and lung volume as a measure of 
abnormality, only 4 out of 44 patients in series I had a combination of 
a 'constant' within the normal range (upper limit in normal subjects in 
the present study 8 em H20.sec) and a forced expiratory volume before 
bronchodilation which was less than 90 per cent of the predicted value; 
after bronchodilation, however, such a combination was observed in 1 7  
patients. Apparently the different results are due to differences in both 
methods. 

On the basis of intrabronchial pressure measurements in combination 
with a forced oscillaton method, Macklem et al. ( 1968) concluded that 
the contribution of peripheral airways to airway resistance amounted 
to 25 per cent. In addition they showed that occlusion of 50 per cent 
of the small airways (diameter smaller than 2 mm) resulted in an 
increase of total airway resistance by approximately 0.2 em H20.l-1.sec. 
These findings show that measurements of airway resistance are not 
very sensitive to obstruction in very small airways, and that a patho
logical value of airway resistance is an indication of severe and diffuse 
obstruction of these small airways, assuming that an increase in the 
resistance of central airways does not occur. This assumption probably 
rarely applies to human pathology. 

Studies by Dayman (1961) ,  Fry and Hyatt (1960), Mead et al. ( 1967) 
and Pride et al. ( 1967) have greatly clarified the mechanics of breathing 
during a forced expiration. Alveolar pressure is the sum of pleural (Pp1) 
and static recoil pressure (Pst. Cl)) of the lungs : Palv = Ppl + Pst. (l) · 
Because alveolar pressure represents the total pressure drop between 
alveoli and atmosphere, there will be some point within the airway where 
intrabronchial pressure equals pleural pressure. Assuming that pressure 
outside intrathoracic airways equals pleural pressure, all segments 
downstream from the 'equal pressure point' will be compressed. Any in
crements in pleural pressure cause further compression of these segments 
and therefore do not necessarily contribute to an increase in flow. Under 
these circumstances, in the analysis of Mead et al. (1967), flow is deter
mined by the static recoil pressure of the lungs and the resistance of the 
airways upstream from the equal pressure point. As soon as positive 
pleural pressures are reached equal pressure points rapidly move 
upstream in intrathoracic airways, and in normal subjects become fixed 
in the neighbourhood of lobar bronchi. When dynamic airway com-
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Fig. 7.7 Example of effort independent flow limitation during a normal expiration 
in a patient with severe obstructive lung disease. The left side of the illustration 
shows a volume-flow tracing obtained during a number of quiet breaths (a) and 
during a forced expiration following a quiet inspiration (b), demonstrating that 
maximum expiratory flow rates are reached during normal expirations. The right
hand side shows simultaneously obtained flow-box pressure, volume-box pressure and 
volume-esophageal pressure tracings of the same patient. 

pression occurs flow rates are highly effort independant. As volume 
decreases progressively, however, the chest wall resists further volume 
changes ; therefore pleural pressure falls rapidly and the equal pressure 
point moves back towards the mouth, thus making the last part of a 
forced expiratory manoeuvre effort dependent again. 

This analysis shows that volume displacements during forced expira
tions are dependent upon lung recoil and peripheral airway resistance 
- both depending in part upon lung volume - and are independent of 
subject effort as soon as dynamic airway compression occurs. On the 
other hand airway compression usually does not occur during quiet 
breathing. Consequently measurements of. forced expiratory volume and 
airway resistance differ in several respects : a) measurements of airway 
resistance are less sensitive to obstruction in small airways than the 
forced expiration method, which is also sensitive to changes in static 
recoil of the lungs ; b) because of the dynamic airway compression of 
central airways (i.e. airways downstream from the equal pressure point) 
measurements of volume displacements during forced breathing manoeu
vres are relatively insensitive to airway obstruction in larger airways, 
as opposed with measurements of airway resistance. 
!: If peripheral ·airway resistance is very high, dynamic airway com
pression might also occur during quiet breathing, especially if static 
lung recoil is at the same time decreased. That such a situation actually 
occurs has been observed by Fry and Hyatt (1960), Takishima et al. 
( 1967), and Grimaud et al. ( 1970). Effort independent flow limitations, 
as judged from volume-flow curves made during quiet breathing and 
during a forced expiration at the same level of lung inflation (fig. 7 .7) 
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were also observed in this study, but were not systematically investi
gated. In this situation the dynamics of a quiet expiration are the same 
as during a forced expiration, and both airway resistance and forced 
expiratory volume will reveal severe disturbances. It is to be expected 
th'at under these circumstances the correlation between these two varia
bles will be very good. Nevertheless both methods still measure different 
things, i.e. the forced expiration method measures mainly the resistance 
of airways upstream from equal pressure points and the plethysmo
graphic method mainly the resistance in downstream segments. 

Because measurements of airway resistance and viscous work of 
breathing were made under comparable measuring conditions, a good 
correspondence between the two was expected. However, in the first 
series of patients the correlation was rather poor and not even statisti
cally significant in patients with roentgenologic evidence of emphysema 
(fig. 7 . 1 ,  table 7.3) ,  both before and after bronchodilation. Bachofen 
(1 969) showed that in patients with chronic obstructive lung disease 
viscous lung tissue resistance was very small in comparison with 
airway resistance, whereas it was large in patients with roentgenologic 
and functional evidence of pulmonary fibrosis. In this study the poor 
correlation between work of breathing and airway resistanc,e cannot be 
explained by a variable contribution of tissue resistance to work of 
breathing because care was taken to exclude patients in whom signs of 
pulmonary fibrosis were present. 

The discrepancy between both measurements was especially large in 
patients whose flow-box pressure tracings exhibited looping and in 
whom viscous work of breathing was high. Because of the time lapse 
between both measurements, changes in any of the two variables, and 
differences in lung volume and breathing frequency may have occurred, 
thus influencing the results. Another problem in these patients is 
associated with the measurement of airway resistance from the slope of 
the flow-box pressure curve around zero airflow. Measurement of 
airway resistance from the ratio of changes in alveolar pressure and 
instantaneous volume flow is essentially based on the assumption that 
both occur in phase. Due to the compressibility of gas, however, changes 
in alveolar pressure precede airflow at the mouth. The phase difference 
depends on the magnitude of the airway resistance and of the com
pression ( = compressibility X compressed volume), as well as on 
breathing frequency. In the presence of a large airway resistance the 
phase difference between pressure and flow cannot be neglected. As long 
as this phase difference is not exactly known measurements of airway 
resistance are problematic. Besides, the slope of the pressure-flow curve 
accounts for only a minor part of the respiratory cycle during which 
changes of airway calibre associated with variations in lung volume, 
dynamic compression during inspiration or expansion during expiration, 
as well as turbulent airflow are minimal. On the other hand viscous 
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work of breathing is calculated from a volume-pressure loop which 
covers the entire respiratory cycle. 

In the second series of patients (group II), in whom measurements 
of airway resistance and viscous work of breathing were made simul
taneously, the relationship between the two variables was linear (visual 
inspection) and the correspondence very good (figures 7.3 ,  7.4, table 7.3) ,  
regardless of whether airway resistance was measured from the slope of 
the flow-box pressure tracing around zero airflow or from the area of 
a volume-box pressure loop. In this study variations in the subject's 
condition, breathing level and breathing frequency were eliminated by 
using simultaneous X-Y recordings ; these findings suggest that the poor 
correlation found in the first series of patients might be attributed to 
the time lapse between measurements, changes in any of the two varia
bles, and differences in lung volume and breathing frequency. 

Airway resistance calculated from a volume-box pressure diagram 
(:Raw) was almost invariably higher than the one calculated from a 
flow-box pressure tracing (Raw), but the correspondence between the 
two was good (fig. 7 .5) .  An advantage of measuring mean airway 
resistance during the entire respiratory cycle is that the area of the 
volume-box pressure loop is not affected by a phase difference between 
alveolar pressure and airflow. Furthermore changes in airway resistance, 
which may be especially large during expiration, are taken into account. 

Application of the equation derived by Nisell and Ehrner (paragraph 
2 .3 .2) to volume-box pressure curves poses a problem. This equation is 
based on the assumption that the breathing pattern is a sine wave. Par
ticularly in patients with severe airway obstruction, however, deviations 
from a sinusoidal breathing pattern may be considerable. This intro
duces an error in the calculation of airway resistance. Another problem, 
which also applies to flow-box pressure tracings, is associated with the 
fact that alveolar and box pressure are not linearly related when lung 
volume varies, because for the same change in alveolar pressure changes 
in box pressure are larger at the end of an inspiration than at the end of 
an expiration. In this study no account was taken of this alinearity; the 
relationship between alveolar and box pressure during the closed shutter 
manoeuvre at the end of a quiet expiration was used for the calculations. 
Therefore mean airway resistance has been somewhat overestimated. 
The magnitude of this error decreases as thoracic gas volume increases, 
as explained in chapter 6 .  

In spite of  these limitations the findings in the second series of 
patients underline that body plethysmography can fully r eplace the 
determination of viscous work of breathing by the esophageal balloon 
method, provided that roentgenologic signs of extensive pulmonary 
fibrosis are lacking. Thus the amount of inconvenience caused to the 
patient can be greatly reduced and results be obtained in considerably 
less time. 
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In the introduction the question was raised whether quiet or forced 
breathing methods should be employed to detect abnormalities in airway 
resistance. On the basis of theoretical considerations and experimental 
evidence presented both by other authors and in this study, the answer 
is apparently that one method does not replace the other one but rather 
that they provide supplementary information. Measurements of airway 
resistance are most sensitive to obstruction in larger airways. These are 
the airways which are dynamically compressed during a forced expira
tion; consequently the forced expiration method is not very sensitive to 
changes in the resistance of these airways, but rather to obstruction in 
airways which are not compressed. 
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CHAPTER 8 

RELATIONSHIP B E TWEEN A I R WAY R E S I S TA N C E, 
THORA C I C  GAS VOLUME, ALVEOLAR VENTIL A T I O N  
AND ARTE R I AL B L O O D  GASES 

8 . 1  I N T R O D U C T I O N  

In  the previous chapters evidence was presented that in  patients with 
chronic obstructive lung disease airway resistance, thoracic gas volume 
and viscous work of breathing improved significantly after the intra
muscular injection of 25 mg thiazinamium (Multergan®) .  Furthermore 
evidence was obtained that the volume of the poorly and non-ventilated 
compartments in the lungs was reduced, but that uneven distribution of 
ventilation remained unchanged. 

Because the relationship between lung mechanics and alveolar venti
lation is rather complex, as is the relationship between lung mechanics, 
alveolar ventilation and lung perfusion, it is worthwhile to review some 
data from the literature. 

8.2.1  FACTORS INFLUENCING ALVEOLAR VENTILATION 

a. Time-constants. Otis et al. ( 1956) considered the respiratory system 
as an analog of an electrical circuit consisting of many parallel units each 
with a resistor (R) and a capacitor (C) in series. The RC product is the 
time-constant of such a system and determines the phase angle by which 
flow leads pressure at any given frequency. The impedances of indi
vidual lung units depend upon breathing frequency: at high breathing 
frequencies flow is preferentially distributed to low-resistance lung 
units. This concept states that in the presence of unequal time-constants 
emptying and filling of lung regions occurs asynchronously, and that 
regional gas flow distribution and volume change are frequency 
dependent. 

Ingram and Schilder (1967) tested this theory using nitrogen wash-out 
curves in subjects exhibiting frequency dependence of compliance 
(indicating unequal time-constants in different lung regions) . They 
demonstrated that the distribution of ventilation was indeed altered 
when breathing frequency was changed at fixed tidal volume and func
tional residual capacity. 
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b. Gravity. Even in healthy subjects ventilation is not evenly distributed. 
Normally the upper lobes are less well ventilated than the lower lobes. 
This has been attributed to the hydrostatic gradient that exists in the 
lungs as a result of gravity. Due to the vertical pressure gradient lung 
units with differing transpulmonary pressure lie upon different parts of 
the static compliance curve of the lung and have different effective 
compliances (Milic-Emili et al., 1966;  Dollfuss et al., 1 967) . This may 
explain the fact that at volumes exceeding the functional residual 
capacity the lower zones ventilate preferentially. 

c. Airway closure. Another factor which determines the distribution of 
ventilation at low lung volumes is airway closure. Burger and Macklem 
(1968) found that in normal subjects, who were breathing 1 00 per cent 
oxygen, airway closure occurred below 20 per cent of the vital capacity. 
They estimated the diameter of collapsed airways at 0 .9 mm. These 
experiments confirmed the results of earlier studies in which radioactive 
xenon had been used. Dollfuss et al. ( 1967) and Sutherland et al. ( 1968) 
demonstrated that in normal seated young subjects airway closure in 
the dependent lung zones commenced at lung volumes below about 
40-45 per cent of the total lung capacity, and at residual volume 
affected about half the lung units, trapping about 700 ml. Leblanc et al. 
( 1970) found that the lung volume at which airway closure commenced 
increased linearly with age. Thus in seated normal subjects older than 
about 65 years ventilation to the dependent lung zones was reduced 
during normal breathing; when lying down this was the case in subjects 
older than about 44 years. Consequently in these subjects parts of the 
lungs will be entirely non-ventilated while others are underventilated 
to varying degrees. 

d. Flow rate. At slow rates of airflow the compliance is the major 
determinant of the regional distribution of ventilation above functional 
residual capacity in normal subjects, airway resistance playing little or 
no part (Bryan et al., 1964) .  At high flow rates, however, regional dif
ferences in airway resistance do influence the pattern of lung emptying. 
This is in accordance with the time-constant concept (vide supra) . 
Robertson et al. ( 1969) found that fast inspiration, starting from 
residual volume, of boli of 133Xe produced flattening of the expiratory 
slope of the 133Xe alveolar plateau when compared with the one 
obtained after a slow inspiration, implying that sequential distribution 
was present at this volume. 

Clarke et al. ( 1969) and Jones et al. ( 1969), using argon as a tracer 
gas and the later part of the slope of the alveolar plateau as an index of 
uneven ventilation, found that the dispersion of ventilation to volume 
ratios increased at high flow rates. This was interpreted as evidence 
that at high flow rates the contribution of the upper zones increased in 
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the early and middle phases of the expiratory vital capacity. This effect 
was enhanced in older subjects. By studying subjects in different body 
positions they found that with slow expirations the slope of the alveolar 
plateau was markedly affected by posture. At high flow rates changes in 
the pattern of sequential emptying indicated that resistance in the 
dependent zones increased disproportionally whatever the posture. They 
therefore concluded that gravity was the major determinant of regional 
differences in airway resistance in normal subjects. 

e. Airway obstruction. In the presence of airway obstruction there is an 
inversion of the normal pattern of ventilation distribution, i .e. alveolar 
ventilation of the basal regions in the lungs deteriorates whereas the 
ventilation of the upper zones may remain unchanged when compared 
with normals (Anthonisen et al., 196 8 ;  Peset et al ., 1970) . These authors, 
using radioactive xenon in order to obtain topographical information, 
found that changes in the distribution of ventilation occurred before 
signs of airway obstruction could be detected by means of conventional 
spirometry or measurement of the peak flow rate. 

f. Stratification. Since the studies of Rauwerda (1946) it was 'widely 
accepted that the change in the concentration of a tracer gas in alveolar 
gas is not a result of stratified inhomogeneity in the lungs, but that it 
is an index of uneven parallel ventilation (Fowler, 1947) . More recently 
Cumming et al. ( 1967), however, concluded that in normal subjects two
thirds of the slope of the alveolar plateau is due to the effects of stratifi
cation. Consequently a change in this slope is not a specific index of a 
change in sequential lung emptying. 

8.2.2 FACTORS INFLUENCING PULMONARY PERFUSION 

a. Mechanical factors. In seated normal subjects perfusion of the depen
dent lung zones is better than in the upper zones. This has been attributed 
to the vertical pressure gradient within blood vessels which dilate the 
lowermost vessels. Thus the ventilation-perfusion ratios of different 
lung regions are by and large the same. Anthonisen et al. (1968) found 
a good matching between ventilation and perfusion in supine subjects 
with chronic obstructive lung disease; Peset et al. ( 1970), however, 
observed that in sitting patients with airway obstruction the perfusion 
of basal lung regions remained unchanged when compared with normals, 
in the presence of an inverted pattern of alveolar ventilation. 

b. Hypoxia. Many studies using different techniques showed that local 
hypoxia causes a diversion of blood flow from the hypoxic areas 
(Dirken and Heemstra, 1 94 8 ;  Fishman et al., 1955 ;  Defares et al. ,  1960 ; 
Arborelius, 1965, 1969;  Lopez-Majano et al. ,  1966;  Isawa et al., 1967) . 
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The reaction in normals is quick and starts within a few minutes 
(Lopez-Majano, 1 968) .  Longstanding hypoxia as well as acute respi
ratory failure causes pulmonary hypertension due to a vasoconstrictor 
response (Motley et al., 1947;  Sluiter, 195 5 ;  Abraham et al., 1969) . By 
the inhalation of 24 and 28 per cent oxygen the pulmonary hypertension 
in acute respiratory failure can often be reverted to a level close to the 
pulmonary arterial pressure seen after recovery from the acute illness 
(Abraham et al., 1969). In patients with chronic obstructive lung disease 
associated with long standing hypoxia and chronic pulmonary hyper
tension, a considerable decrease in the pulmonary arterial pressure can 
be obtained by continuous and prolonged administration of oxygen · 
(Abraham et al., 1968) .  

These findings point out that the effect of hypoventilation on arterial 
blood gas tensions depends upon the extent to which regional hypo
ventilation is matched by underperfusion. The findings of Abraham et 
al. indicate that a quick improvement of perfusion usually does not 
occur in the presence of long standing hypoxia; therefore improvement 
of regional ventilation in these subjects might not lead to improvement 
in arterial oxygen and carbon dioxide tension. 

8.3 P A T I E N T S  A N D  M E TH O D S 

In view of the fact that in many patients in this study data were col
lected on lung mechanics, alveolar ventilation and arterial blood gas 
tensions, it seemed worthwhile to analyze these data to try and find out 
whether relationships between them could be found. Data were available 
on 50 patients with chronic obstructive lung disease; these patients have 
been reported on in chapters 5, 6 and 7. Pulmonary function data and 
other characteristics on these patients are presented in tables 8 . 1  
and 8 .2 .  

The investigations were started at  8 30 or  14°0, about 30 minutes after 
the introduction of an esophageal balloon. First 6 ml of blood was col
lected from the radial or brachial artery during normal ventilation. The 
patient then entered the body plethysmograph. In 34 patients airway 
resistance and viscous work of breathing were assessed simultaneously; 
in these subjects static compliance and maximal static inspiratory pres
sure were also determined in the plethysmograph. In the remaining 
subjects airway resistance and thoracic gas volume were assessed after 
the collection of arterial blood samples, after which the subject left the 
plethysmograph for the determination of viscous work of breathing, 
static lung compliance and maximal static inspiratory pressure. Sub
sequently measurements were made using nitrogen wash-in and wash
out curves, and static and dynamic lung volumes assessed using spiro
metry. The investigations were repeated in the same sequence 30 minutes 
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after the intramuscular injection of 25 mg thiazinamium and were 
finished within l1/2 hours after its administration. In a number of sub
jects, however, measurements of the functional residual capacity and 
one-second forced inspiratory volume were not repeated. 

Mean SD 

Number of subjects 5 0  
Age (yr) 52.0 ± 16 .1  
Height (m) 1 .71 ± 0.08 
Cough 1 .2 ± 0.8 
Phlegm 1 .0 ± 0.9 
Wheezing 1 .0 ± 0.7 
Asthmatic attacks 0.6 ± 0.8 
Dyspnoea 0.8 ± 0.7 
Eosinophilia blood 0.5 ± 0.8 
Eosinophilia sputum 0.6 ± 0.7 
Intracutaneous allergy 0.8 ± 0.4 
Histamine threshold 1 .2 ± 0.8 

TABLE 8.1 Mean scores on respiratory symptoms and miscellaneous data on 
patients with chronic obstructive lung disease. An explanation on the 
scoring is given in chapter 3 .  

predicted before after 
mean SD mean SD 

TLC (liter BTPS) 5 .99 6.25 ± 1 .70 _1) 
vc (liter BTPS) 4 .15  3 .41 ± 1 .1 1  3 .71 ± 1 .08 
FRC (liter BTPS) 2.82 3 .81 ± 1 .52 _1) 
FEV1 (liter BTPS) 2 .81  1 .67 ± 1 .01 1 .94 ± 1 .1 7  
FIV1 (liter BTPS) 3 .31  2.59 ± 1 .08 _1) 
TGV (liter BTPS) 2.82 5 .05 ± 1 .85 4.40 ± 1 .49 
Raw (em H20.1-1.sec) <2 3 .1  ± 1 .2 2.0 ± 1 .7 
Wvjsc. (g.cm.ml-1) <3 6.4 ± 3.8 3 .9  ± 2.0 
Cstat (l. (cm H20)-1) <o.35 0.29 ± 0.20 0.36 ± 0.26 
P TLO (em H20) >23 19.2 ± 7.9 1 8 .6 ± 9.3 
N20fo.sec-1 <; 3  8 .5 ± 2.9 7.7 ± 5.3 
N20fo 7 minutes <; 2  2.2 ± 2.2 2.2 ± 2.6 
pH 7.40 7.42 ± 0.03 7.42 ± 0.04 
Pa02 (mm Hg) >90 84.7 ± 1 1 .0 85 .4 ± 1 2.2 
PaC02 (mm Hg) <45 42.4 ± 5 .4 42.4 ± 5 .8  

TABLE 8 .2  Pulmonary function data on 50 patients with chronic obstructive lung 
disease before and after intramuscular administration of 25 mg thiazi-
namium (Multergan®). Abbreviations are explained in the appendix. 
1) measurements not repeated. 
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8 .4 R E S ULTS 

a. Lung mechanics. The vital capacity, one-second forced expiratory 
volume, airway resistance, thoracic gas volume and viscous work of 
breathing were significantly altered (table 8 .2) by the administration of 
thiazinamium (Student's t-test, p <0.05) .  

b .  Indices o f  ventilation. For the sake of  convenience we will refer to 
the slope of the alveolar plateau of the single breath nitrogen wash-in 
curve as to the index of uneven ventilation. Admittedly this slope is not 
a specific index of uneven parallel ventilation but also influenced by 
stratified inhomogeneity in the lungs (paragraph 8 . 1 . 1  sub f) . 

Uneven ventilation was present in the group as a whole. The mean 
value of the index of uneven ventilation decreased somewhat after the 
administration of thiazinamium (table 8 .2), but not significantly (Stu
dent's t-test, p >0.40). 

The mean value of the pulmon�ry nitrogen emptying rate was some
what elevated. After bronchodilation the mean value remained unaltered 
(table 8 .2) . Breathing frequencies, which influence the index of uneven 
ventilation, did not ·differ significantly before or after bronchodilation 
(Student's t-test, p >0.95) . No data· were collected on tidal volume 
during determinations using wash-in and wash-out curves. --

c. Arterial blood gas tensions. None of the patients had acidosis or 
baseosis ; the mean value of the pH was therefore normal, and was not 
influenced by thiazinamium. The mean value of the arterial oxygen 
tension (table 8 .2) was subnormal and did not change significantly 
after bronchodilation (Student's t-test, p >0.70) . 

The mean value of the arterial carbon dioxide tension was in a normal 
range (table 8 .2) . The standard deviation was rather large, expressing 
the fact that slight hypocapnia as well as hypercapnia were observed. 
After administration of thiazinamium the mean value was not changed 
significantly (Student's t-test, p >0.95 ) .  

d .  Correlations. Airway resistance correlated significantiy with the 
pulmonary nitrogen emptying rate (table 8 .3)  before as well as after 
bronchodilation; the correlation after the administration of thiazi
namium was significantly better than before (p <0.05 ) .  A significant 
correlation was also found between airway resistance and the arterial 
oxygen tension; the correlation was somewhat, but not significantly, 
better after bronchodilation. Thoracic gas volume correlated signifi
cantly with the arterial carbon dioxide tension, the index of uneven 
ventilation, and the pulmonary nitrogen emptying rate. After broncho
dilation a poor but significant correlation was also found between 
thoracic gas volume and the arterial oxygen tension (table 8 .3 ) .  As in 
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previous chapters airway resistance and thoracic gas volume were sub
stituted by the product of the two; this substitution did not improve the 
correlations with the other parameters of pulmonary function. 

Both the arterial carbon dioxide and oxygen tension correlated signi
ficantly with the index of uneven ventilation and with the pulmonary 
nitrogen emptying rate. 

Raw 
Raw 
TGV 
TGV 
Raw.TGV 
Raw.TGV 
Pa02 
Pa02 
PaC02 
PaC02 
N20fosec-1 
N20fosec-1 
N20fo 7 min. 
N20fo 7 min. 

(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 

Pa02 PaC02 

-0.51*** 0.24 
-0.61*** 0 .11  
-0.23 0.51 *** 
-0.38** 0.44** 
-0.47*** 0.35* 
-0.64*** 0.20 

-0.27 
-0.29* 

N2°/o.sec-1 N2'0fo, 7 minutes Age 

0.27 0.42** 0.32* 
0.24 0.73*** 0.38** 
0.57*** 0.62*** 0.31* 
0.42** 0.70*** 0.17 
0.39** 0.55*** 0.37** 
0.21 0.62*** 0.22 

-0.36** -0.61*** -0. 18  
-0.44** -0.60*** -0.50*** 

0.53*** 0.44** 0.50*** 
0.37** 0.38** 0.33* 

0.45*** ' 0.36** 
0.31* 0 .17 

0.28* 
0.1 6  

TABLE 8.3 Correlations between various parameters of pulmonary function in 50 
patients with chronic obstructive lung disease. Correlation coefficients 
are given before (b) and after (a) the intramuscular administration of 
25 mg thiazinamium (Multergan®) . The significance of correlation coef
ficents is indicated by : * p <o.OS ; ** p <o.01 ; *** p <o.001 .  Abbre
viations are explained in the appendix. 

LfRaw 
LfTGV 
LfRaw.TGV 
L1Pa02 
LfPaC02 
L1N21l/<r.sec-1 

L1Pa02 

0 .15 
0.22 
0.23 

LfPaC02 

0.29 
0.17  
0.31* 
0.05 

L1N20fo .sec-1 LfN2°/o 7 minutes 

0.33* -0.32* 
0.25 0.03 
0.38** -0.37* 
0 .15  -0.14  
0.31* 0.08 

-0.22 

TABLE 8 .4 Coefficients of correlation between changes in various parameters of 
pulmonary function. Calculations were based on the difference between 
the value before and after intramuscular administration of 25 mg thia
zinamium (Multergan®), and refer to the same patients as in table 8 .3 .  
The significance of  correlation coefficients i s  indicated by : * p <o.os ; 
** p <0.01 . Abbreviations are explained in the appendix. 
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Because of interrelationships between the different parameters, the 
correlation coefficients in table 8 .3 were corrected for a possible 
influence of age, airway resistance and thoracic gas volume according 
to the method indicated in paragraph 3 . 1 0. These corrections did not 
significantly alter any of the correlation coefficients. 

Changes induced by the administration of thiazinamium in any of 
the various measures of pulmonary function were also correlated with 
each other. The results are presented in table 8 .4 ;  few significant corre
lations were observed. These correlations should be regarded with 
c':l-ution because they are influenced by the initial values of the variables. 

8.5 D I S C US S I O N  

The discussion will b e  focussed on the correlations o f  airway resistance 
and thoracic gas volume with the indices of alveolar ventilation and 
with the arterial blood gas tensions, and to changes in these correlations 
induced by administration of thiazinamium. 

8.5.1  AIRWAY RESISTANCE AND ALVEOLAR VENTILATION 

In this study airway resistance did not correlate significantly with the 
index of uneven ventilation, neither before nor after bronchodilation 
(table 8 . 3 ) .  This can be explained by the fact that m�asurements of 
airway resistance provide overall information on the condition of the 
airways and not on the distribution of resistance, whereas determina
tions on the existence of uneven ventilation are based on regional 
inhomogeneity of the mechanical properties of the lungs. 

The change in airway resistance and the change in the index of 
uneven ventilation (table 8 .4),  induced by thiazinamium, showed a poor 
but significant correlation. This points to a tendency towards more 
even ventilation distribution as airway resistance decreased. There was, 
however, co:nsiderable interindividual variation. This is probably due 
to the fact that the group is rather inhomogeneous. It included both 
young patients with minor airway obstruction which was to a large 
extent or completely reversible, and older subjects with extensive lung 
disease which was only partially reversible. However, the group was too 
small to allow a separation in more homogeneous subgroups. 

Whereas the decrease in the absolute values of airway resistance was 
significant after the administration of thiazinamium, this was not the 
case for the index of uneven ventilation. As outlined earlier (paragraph 
7. 3) airway resistance reflects mainly the resistance in larger airways. 
If, in the pr�sence of uneven ventilation, the resistances of airways 
supplying different lung units are affected equally by a bronchodilating 
drug, the overall airway resistance falls but regional inhomogeneities 
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persist. Our results indicate that this was probably the case in the 
present study. Although this conclusion holds for the entire group, the 
interindividual variation indicates that differences in pathophysiological 
mechanisms were present, i .e. in some subjects uneven ventilation was 
aggravated while in others it decreased after administration of thiazi
namium. These differences may be explained by a varying effect of the 
bronchodilator on low and high resistance lung units. 

The significant correlation between airway resistance and the pul
monary nitrogen emptying rate, both before and after bronchodilation 
(table 8 .3) ,  indicates that a relationship exists between airway resis
tance and the efficiency of ventilation. It does not necessarily indicate 
a causal relationship. The pulmonary nitrogen emptying rate is in
fluenced by the tidal volume, dead space volume, breathing frequency, 
the volume of the ventilated lung spaces and the distribution of ven
tilation. Breathing frequency before and after bronchodilation did not 
differ significantly. No data were available on tidal volume which 
probably also remained unaltered. In many subjects determinations of 
the functional residual capacity, which provide information on the 
volume of ventilated lung spaces, were not repeated after the · admini
stration of thiazinamium. However, most of the patients were included 
in the group reported on in paragraph 5 .3 ,  in which study no significant 
changes in the functional residual capacity were observed after admini
stration of thiazinamium. It is therefore likely that the same holds in 
this group. Considering the fact that airway resistance decreased signi
ficantly after bronchodilation, but that the mean value of the pul
monary nitrogen emptying rate remained unaltered, one might con
clude that alveolar ventilation was not improved by thiazinamium. 
However, there is another possible explanation. The pulmonary nitrogen 
emptying rate is only an index of the concentration in alveolar gas at 
the end of a 7 minute wash-out period. There is no certainty that it 
represents the mean alveolar nitrogen concentration; in fact it is likely 
that it only reflects the concentration of the poorest ventilated lung 
compartment still communicating with the mouth during a maximal 
expiration. In the presence of airway closure during such an expiration, 
lung units with an even higher alveolar nitrogen concentration go unde
tected. Therefore the pulmonary nitrogen emptying rate is a rather poor 
index of the efficiency of ventilation. In the present group the findings 
indicate that poorly ventilated compartments remain present after 
bronchodilation without giving any clue to any changes, if present, 
in the volume of these compartments. 

The changes in airway resistance showed a significant negative corre
lation with changes in the pulmonary nitrogen emptying rate (table 8 .4 ) . 
Apparently the wash-out of poorly ventilated regions in the lung 
became somewhat poorer as airway resistance fell. This might be due 
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to an increase in the volume of the poorly ventilated space as a result 
of opening up of previously non-ventilated compartments. It is also 
possible that this volume increased because more widespread airway 
closure occurred during the respiratory cycle at the smalle.r thoracic gas 
volumes (table 8 .2) .  

-

Thoracic gas vohtme correlated significantly both with the index of 
uneven ventilation and with the pulmonary nitrogen emptying rate, 
before as well as after the administration of thiazinamium. This is inter
preted as an expression of the fact that, in the presence of asynchronous 
and uneven ventilation, the time-constants in the lungs are of a magni
tude leading to hyperinflation of the lungs. This hyperinflation pro
bably also leads to an increase in the stratified inhomogeneity, but no 
data were collected to support this hypothesis. 

It was suspected that many of the above mentioned correlations were 
influenced by interrelationships with other variables. If, for example, 
the duration of signs of chronic obstructive lung disease has any 
influence on the magnitude of airway resistance and ventilation-per
fusion imbalance, then age will be one of the determinants in the corre
lation between the two. For that reason the correlation coefficients were 
corrected for a possible influence of age, airway resistance and thoracic 
gas volume. The partial correlation coefficients (not shown) did not 
differ significantly from the correlation coefficients presented in table 
8 . 3 .  Therefore these interrelationships do not upset the above reasoning. 

8.5.2 LUNG MECHANICS AND ARTERIAL BLOOD GASES 

A significant negative correlation was observed between airway resis
tance and the arterial oxygen tension (table 8 .3 ) .  Similarly age correlated 
significantly with airway resistance and with the arterial oxygen 
tension. The above mentioned correlation coefficient was not signifi
cantly different when corrected for the influence of age (r = -0.47 
before, and r = -0.54 after bronchodilation, p <0.00 1 ) .  Hence eleva
tions of airway resistance are as a rule accompanied by ventilation
perfusion imbalance as judged from the arterial oxygen tension. Another 
explanation might be that hypoxia affects airway resistance. Astin, and 
Penman (1967) found that in patients with obstructive lung disease a 
decrease in airway resistance, averaging 20 per cent, occurred after 
breathing of a gas mixture containing 30  per cent oxygen. The changes 
in airway resistance in their study were largest in patients in whom 
arterial oxygen tension rose most. Although their observations may in 
part explain the correlation found in this study, they do not explain it 
fully; no correlation was observed between the change in arterial oxygen 
tension and the change in airway resistance after administration of 
thiazinamium It is therefore more likely that the hypoxia is caused by 
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poor matching between ventilation and perfusion due to region?-1 dif
ferences in the mechanical properties of the lung, and that the influence 
of hypoxia on airway resistance plays only a minor role. Evidence in 
favor of this explanation is the significant correlation of the arterial 
oxygen tension with the index of uneven ventilation and with the pul
monary nitrogen emptying rate (table 8 .3 ) .  

The blood gas tensions, uneven ventilation and pulmonary nitrogen 
emptying rate were not influenced by the bronchodilator, whereas the 
parameters of lung mechanics were. This indicates that the major change 
induced by thiazinamium is in lung mechanics. Apparently the matching 
between ventilation and perfusion is not influenced by this drug. 
Assuming that in these patients the volume of trapped gas was reduced 
after bronchodilation, as was the case in the subjects discussed in para
graphs 5 . 3  and 5 .4, the results in this study may be interpreted in several 
ways. It is possible that the ventilation was increased in regions which 
were not perfused. Alternatively changes in regional ventilation were 
accompanied by changes in regional perfusion which preserved the 
previously existing overall matching between the two. No differen
tiation between both possibilities can be made on the basis of the present 
results because the techniques used give no information mi regional 
shifts in ventilation and perfusion. More information on the effects of 
drugs on these variables can possibly be obtained from studies using 
radioactive isotopes. 

The effect of thiazinamium on arterial blood gas tensions is equiva
lent to that of other bronchodilating drugs. Helander (1967) observed 
an improvement in arterial oxygenation after intravenous admini
stration of aminophylline. Rees et al. ( 1967, 1969), on the other hand, 
failed to find such improvement and even observed a fall in the arterial 
oxygen tension after intravenous administration of this drug. Similarly 
a variable effect of the intravenous administration of isoproterenol on 
arterial oxygen tension was found by Williams et al. ( 1963 ), Lockhart 
et al. ( 1967), and Stone et al. ( 1970) . Knudson and Constantine (1967) 
administered isoproterenol aerosol to healthy subjects and to ten symp
tomatic asthmatics. They found a decrease in airway resistance and an 
increase in the forced expiratory volume, but a decrease in the arterial 
oxygen tension and the steady state diffusing capacity. These changes 
were only observed in asthmatics. They suggested that inhalation of 
isoproterenol increased the ventilation of the well-ventilated portions 
of the lung to the detriment of the poorly ventilated portions, thus 
increasing the unevenness of ventilation-perfusion ratios within the 
lungs. 

DaCosta and Hedstrand (1970), and Hedstrand (1970), using ter
butaline 1) administered subcutaneously, found that the resistive work 
1) a beta-sympathomimetic drug. 

1 09 



of breathing was significantly reduced but mean arterial oxygen tensions 
not influenced in twelve asthmatic subjects. Similar results were 
obtained by Palmer and Diament (1969) using a combinaton of iso
proterenol and practolol 1) . Stone et al. ( 1970) found that intravenous 
administration of propanolol 1) resulted in a small and insignificant 
decrease of the one-second forced expiratory volume while the arterial 
oxygen tension increased in the presence of an unchanged alveolar 
ventilation. 

The comparison of our data with those from the literature demon
strates that neither thiazinamium nor any of the other bronchodilating 
drugs influences arterial blood gas tensions favorably in a larger group 
of patients, even if airway resistance and lung volume are favorably 
affected. 

The correlation between thoracic gas volume and blood gas tensions 
is complex; theoretically they need not be associated. The blood gas 
tensions are determined by the ventilation-perfusion ratios within the 
lungs, and by the presence of hypo-, norma- or hyperventilation, shunts 
and disturbances in the transfer of gas. In the presence of an increased 
lung volume neither of these factors need be abnormal. It is well known 
that the arterial oxygen tension is a more sensitive index of ventilation
perfusion imbalance than the carbon dioxide tension. This is due to the 
fact that a hyperventilated area can compensate, or more than compen
sate, for a poorly ventilated region with respect to carbon dioxide but 
not to oxygen. The lack of a significant relationship between lung 
volume and arterial oxygen tension, but the presence of a significant 
correlation between lung volume and arterial carbon dioxide tension is 
puzzling. We had expected to find the reverse on the basis of the above 
mentioned reasoning and can offer no explanation. 

8 .6 C O N CLUS I O N  

The results demonstrate that thiazinamium is a potent bronchodilator, 
thus causing a significant improvement in the work of breathing. At the 
same time it influences the resting lung volume favorably. For the group 
as a whole, however, uneven ventilation persists. The same applies to 
uneven ventilation-perfusion ratios, as reflected by the arterial oxygen 
and carbon dioxide tensions. 

These conclusions are somewhat limited because the group of subjects 
in this study was not homogeneous with respect to age, the duration 
and severity of lung disease, clinical picture and other factors. It is 
therefore necessary to extend this study in a more homogeneous group. 
Also the use of techniques which provide quantitative information on 
alveolar ventilation probably provide better information than the 
measures used in this study. 
1) a beta-adrenergic receptor blocker. 
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CHAPTER 9 

CONCLUS I O N S  

A number o f  aspects o f  body plethysmography were investigated i n  this 
study: measurement of airway resistance and thoracic gas volume, the 
relationship of these variables with other parameters of lung mechanics, 
with indices of alveolar ventilation and with arterial blood gases. 
Furthermore the influence of a bronchodilating drug (thiazinamium, 
Multergan®) was assessed in patients with chronic obstructive lung 
disease. We will summarize the results of this study in the order in 
which they were presented in the previous chapters. 

9.1 THORA C I C  G A S  VOLUME 

The plethysmographic measurements of thoracic gas volume during 
quiet breathing in healthy subjects agree well with those obtained with 
the closed system helium dilution method, indicating that in these sub
jects gas trapping does not occur. Consequently in healthy subjects the 
plethysmographic method does not provide information on lung volume 
which cannot be obtained with the gas dilution method which is 
cheaper. Even so an apparent advantage of the body plethysmograph 
is that many replicate determinations of thoracic gas volume can be 
made in the time needed to measure the functional residual capacity only 
once. 

Many investigators measure the thoracic gas volume on panting sub
jects, i.e. immediately after a satisfactory flow-box pressure tracing is 
obtained during panting, the shutter in the mouthpiece is activated and 
a mouth pressure-box pressure tracing recorded. We have found that 
panting is performed at a little larger lung volume than quiet breathing. 
This implies that when one compares normal values of the functional 
residual capacity with the observed values of thoracic gas volume, it is 
better to make measurements at the end of a quiet expiration. Alterna
tively it is necessary to establish new normal values for the plethys
mographic measurements. 

In patients with chronic obstructive lung disease the lung volume 
measured with the plethysmograph is almost invariably larger than the 
one assessed with the closed system helium dilution method. The dis
crepancies are larger the severer the airway obstruction. The gas dilution 
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method provides information on the volume of the ventilated lung 
spaces, i .e. the volume available for gas exchange. Clearly this infor
mation differs from the one obtained with the body plethysmograph, 
because the last one includes a variable lung volume which is not acces
sible during normal breathing. Here the plethysmograph provides 
additional information on the patient. This can be used in a number of 
ways. In the presence of airway obstruction the volume of trapped gas 
indicates to what extent lung volumes are underestimated by the gas 
dilution method, providing a measure of functional disorder of its own 
right. In the abs·::!nce of airway obstruction the difference between 
thoracic gas volume and functional residual capacity indicates e.g. the 
content of a lung cyst or the volume of gas in a pneumothorax. The 
combined use of the plethysmographic and gas dilution method is also 
useful in studies on the effects of a bronchodilating drug. Because the 
functional residual capacity, the pulmonary nitrogen emptying rate and 
the slope of the alveolar plateau of the nitrogen wash-in curve were not 
significantly altered by thiazinamium, one might conclude that this 
drug affected neither the lung volume nor the distribution and efficiency 
of ventilation. The results presented in chapter 5, however, indicate 
that both the resting expiratory lung volume and the volume of trapped 
gas were significantly reduced after administration of the broncho
dilator. Consequently the slope of the nitrogen multiple single breath 
curve and the pulmonary nitrogen emptying rate do not refer to the 
same lung volume, even though their absolute values before and after 
bronchodilation remained unchanged. 

Plethysmographic measurements of lung volume in patients can be 
replaced to some extent by modifications of the gas dilution method. 
The modification proposed by Reichel (1968) - repeated vital capacity 
manoeuvres and control of the oxygen concentration in the spirometer 
during the measurements - or the helium rebreathing method developed 
by Visser and Kowalski (to be published) provide information which is 
equivalent to the one obtained with the plethysmograph. This is only 
true as long as airways open up during a vital capacity manoeuvre. In 
the presence of gas spaces which do not communicate with the airways, 
or airway occlusion e.g. caused by tumors, the plethysmograph will 
yield the higher lung volumes. Prolongation of mixing or rinsing times 
is not an attractive solution for the patient and introduces an error in 
the measurement due to diffusion of the tracer gas into or out of the 
blood and tissues. 

9 .2 A I RWAY R E S I S TA N C E  

The panting method i s  an elegant solution for a number of technical 
problems associated with the measurement of alveolar pressure. It was 
our experience that very obstructed patients found it very difficult to 
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limit their tidal excursions at panting frequency. In these subjects the 
measurements took a rather long time. Furthermore expiratory looping 
was less frequently observed during panting than during quiet breathing. 
This looping was peculiar to patients with airway obstruction, providing 
important qualitative information on the subject's condition. 

The rebreathing method was not very well suited for the quick 
assessment of airway resistance. The dissipation of heat from the ba5, 
and the occurrence of hyperventilation due to accumulation of carbon 
dioxide made the prolonged stay in the plethysmograph rather un
pleasant. In this connection it should be mentioned that airconditioning 
of the interior of the plethysmograph contributed greatly to subject 
comfort. For this reason we recommend its application strongly, espe
cially if the instrument is used in clinical investigations. 

The subtraction method combined ease of operation with rapid assess
ment of airway resistance during quiet breathing. This method did not 
inconvenience the patient in any way. A disadvantage of this method 
was that measurements were a little more difficult in normal subjects 
than with the panting method. In paragraph 9.5 we will pay attention 
to the problem of correct simulation of BTPS conditions with the sub
traction method. 

The comparison of the three methods for measuring airway resistance 
showed insignificant differences in healthy subjects between the panting 
and rebreathing method. The subtraction method indicated airway 
resistance a little lower than the two other methods for reasons which 
are obscure. In patients with chronic obstructive lung disease the two 
quiet breathing methods yielded equivalent results with respect to the 
value of airway resistance and the shape of the resistance curve. The 
panting method indicated airway resistance a little lower; although the 
difference was statistically significant, it was negligible for practical 
purposes. 

After administration of thiazinamium airway resistance was signi
ficantly reduced ( 40 per cent) in patients with obstructive lung disease, 
regardless of which method was used. The shape of the flow-box pres
sure tracing was also influenced in that expiratory looping occurred less 
frequently. This might be due to a decrease in the volume of trapped 
gas, less widespread closing of airways during the respiratory cycle, and 
to a significant decrease in the time-constants of lung units (which would 
decrease the phase difference between pressure and flow) . 

9.3 A I RWAY R E S I S T A N C E, V I S C O US W O RK O F  B RE A T H I N G  
AND O NE - S E C O ND F O R C E D  E X P IRATO RY V O L U M E  

The plethysmographic measurements of  airway resistance are more 
sensitive to pathology of the larger airways than of small airways. The 
reverse applies to the forced expiration method. In chapter 7 we have 
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explained that a forced expiration leads to dynamic compression of the 
larger airways. Application of still greater pressures to the lungs causes 
the resistance of the compressed segments to rise further. In that situa
tion the expiratory flow rate is mainly determined by the resistance of 
uncompressed airways and elastic lung recoil. Since the dynamics of a 
forced expiration are usually quite different from those of a quiet 
breath, the rather good correspondence between airway resistance and 
one-second forced expiratory volume expresses a complex relationship 
rather than a simple one. Because of these differences plethysmographic 
measurements of airway resistance are particularly useful when com
bined with the determination of the forced expiratory volume. If e.g. 
the forced expiration method indicates pathology and airway resistance 
is normal, this may indicate small airway disease, loss of elastic lung 
recoil, or both. On the other hand severe obstruction of the smaller 
airways may lead to the development of pressures during a normal 
expiration sufficient to cause dynamic airway compression, especially 
if accompanied by loss of elastic lung recoil. Plethysmographic measure
ments will then reveal q high airway resistance; this information is then 
not specific for intrinsic obstruction in the larger airways because it 
reflects in part the effects of dynamic airway compression. 

One of the factors that should be taken into account when evaluating 
the absolute values of airway resistance is the volume at which it is 
determined. This can be done by using either the product of airway 
resistance and thoracic gas volume, or more properly the slope of the 
conductance-volume line. The last method requires many measurements 
of airway resistance at different lung volumes and cannot be easily 
applied in patients with obstructive lung disease. Substitution of the 
product of resistance and lung volume for airway resistance resulted 
in a significantly better correlation with the one-second forced expira
tory volume in subjects with chronic obstructive lung disease with 
roentgenologic signs of emphysema, but not in obstructed patients 
without signs of emphysema. 

The good correspondence between simultaneously assessed v1scous 
work of breathing and airway resistance in patients with chronic 
obstructive lung disease without signs of pulmonary fibrosis indicates 
that one method may replace the other one. Therefore such measure
ments can be made more conveniently in the body plethysmograph if 
one does not require information on the elastic properties of the lungs . 
Flow-box pressure tracings may be used solely, because airway resis
tance calculated from these curves correlates very well with the one 
from a volume-box pressure tracing. In addition the shape of flow-box 
pressure curves provides relevant qualitative information which is not 
so easily obtained from the volume-box pressure diagram. 
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9.4 A I R WAY R E S I S TA N CE, TH O RA C I C  G A S  V O LUME, A L VE O L A R  
VENT I L A T I O N  A ND A RT E R I A L  B L O O D  G A S E S  

The results presented in chapter 8 demonstrate that there was no  corre
lation between the distribution of ventilation and airway resistance. 
The absence of correlation implies that measurements of airway resis
tance are useful : information obtained with one method is supplemen
tary to the information obtained with the other method, each one 
illuminating different aspects of pulmonary function. There was a ten
dency towards more even ventilation distribution after the admini
stration of thiazinamium. On the other hand there was an indication 
that the wash-out of the poorly ventilated lung spaces, as judged from 
the pulmonary nitrogen emptying rate, became somewhat poorer after 
bronchodilation. This may reflect more extensive closing of airways 
during part of the respiratory cycle, or an increase in the volume of the 
poorly ventilated space due to opening up of previously non-ventilated 
compartments. 

It was found that elevations of airway resistance were usually accom
panied by insufficient matching between ventilation and perfusion, 
as judged from the arterial oxygen tension. The correspondence 
between both variables was not close enough to allow an accurate pre
diction of the arterial oxygen tension from airway resistance. After 
bronchodilation with thiazinamium a significant improvement occurred 
in thoracic gas volume and airway resistance, but neither in ventilation 
distribution nor in arterial blood gases. The main effect of this broncho
dilator was therefore an improvement in lung mechanics. The gain for 
the patient was a significant reduction in viscous work of breathing. The 
unaltered arterial oxygen tension after bronchodilation in the presence 
of a presumably reduced volume of trapped gas may be a result of ven
tilation in non-perfused lung zones which were previously not venti
lated, or to shifts in ventilation and perfusion which preserved the 
previously existing balance between the two. 

The group of subjects in whom this part of the investigation was 
performed was inhomogeneous .  It is desirable that further investigations 
are carried out in more homogeneous groups. In these groups the effect 
of a bronchodilating drug can be studied better when other parameters 
of alveolar ventilation and perfusion are also available. In this context 
e.g. nitrogen wash-out curves obtained by plotting the logarithm of the 
end-tidal nitrogen concentration versus the cumulative expired volume, 
the Becklake index, or the study of the continous distribution of specific 
tidal volume (G6mez and Filler, 1966) should be mentioned. These 
techniques require equipment which was not available during the present 
study. Another relevant technique is the study of the regional distri
bution of ventilation and perfusion, using radioactive isotopes. 
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9.5 C O M P L I C A  'T I N G  F A C T O R S  

9.5. 1 TECHNICAL 

Although the use of the subtraction method offers a number of advan
tages, it has a drawback. The correction of box pressure changes for the 
effects of the difference in temperature and saturation of inspired and 
expired gas is established on subjects without cardiorespiratory disease. 
It is, however, possible that the temperature of gas in the lungs of dif
ferent subjects varies, and that small changes in the temperature and 
saturation of gas in the plethysmograph occur. Even though the error 
thus introduced in measurements of airway resistance is not great in 
obstructed patients, it would be desirable to have more certainty that 
these errors do not influence the results. For this reason experiments are 
now being carried out with a new system which provides gas at BTPS 
conditions. It consists of a vessel containing water. The temperature of 
the water is thermostatically controlled by the temperature difference 
between inspired and expired gas .  Air from the plethysmograph is 
intimately mingled with the water in the vessel by means of a centri
fugal pump, and circulated at a flow rate of 1 l .sec-1 by means of a 
ventilator to an insulated dome inside the plethysmograph, from which 
the subject inhales. This BTPS system and the plethysmograph form a 
closed system. Because the dome is open the system offers no resistance 
to airflow; the problem of condensation of water in the polyethylene 
bag of the BTPS system used in the present investigation is not present 
any more, eliminating artificial changes in the shape of pressure-flow 
curves due to gravitational factors. Use of the new BTPS system would 
lead to a rapid rise in the temperature and saturation of gas inside the 
plethysmograph, but this is counteracted by airconditioning. It is hoped 
that this method may in due time replace the subtraction method. Insuf
ficient experience is as yet available to judge its practicability. 

9.5 .2 BIOLOGICAL 

The existence of rhythmic variations in many functions, among them 
pulmonary function, has been described by numerous authors. The 
poorest values during the daytime in these pulmonary function para
meters are observed early in the morning. Improvement then occurs, 
reaching a maximum a little after noon, after which some deterioration 
commences. The investigations performed in patients took 4-41/2 
hours; the results may therefore have been influenced by naturally 
occurring changes in the pulmonary function. On the other hand these 
rhythmic changes have probably not influenced the conclusions since the 
effects were cancelled out by the fact that the investigations were 
started in the morning in half of the patients, and in the afternoon in 
the remaining patients. 
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Very little is as yet known about the time relationship between the 
effect of drugs on lung mechanics and on haemodynamics. If phase 
differences occur between changes in airway resistance, alveolar venti
lation and pulmonary perfusion after the administration of a drug, these . 
can only be detected by repeated measurements at constant time inter.
vals. This was not feasible in the present study because the measurements 
which were performed took already much of the patient's time. Never
theless studies in which attention is paid to this aspect of drug effects 
may well shed new light on the properties of different drugs, and on the 
interrelationships between many parameters of pulmonary function in 
different types of patients. 

9.6 U S E F ULNE S S  O F  P L E TH YS M O GRAP H I C  M E A S U RE M E N T S  

In the preceding paragraphs and chapters evidence has been presented 
which demonstrates that plethysmographic measurements of airway 
resistance and thoracic gas volume provide useful information which 
cannot be obtained with other methods. Each technique illuminates 
different aspects of pulmonary function. It is therefore clear that the 
body plethsmograph should not be used to replace other methods, but 
rather that the combined use of these methods should be recommended. 

Many people believe that the plethysmograph is more sensitive in 
assessing airway obstruction than the forced expiration method. It is 
our view that measurements of airway resistance and the forced expira
tory volume are not equivalent. We have demonstrated that a normal 
airway resistance may be found in subjects in whom the one-second 
forced expiratory volume is abnormal, indicating obstruction in small 
airways to which plethysmographic measurements are not very sensitive. 
On the other hand we have frequently been able to perform measure
ments in the plethysmograph in patients for whom the forced expiration 
method was too strenuous. 

The curvilinear relationship between airway resistance and one
second forced expiratory volume (fig. 7.2 and 7.6) suggests that minor 
degrees of airway obstruction are more easily detected with a forced 
expiration method. For this reason we believe that plethysmographic 
measurements of airway resistance are not very useful in epidemiological 
studies. These studies deal with a population in which airway obstruc
tion is present in only a minor proportion of the subjects, in the 
majority of cases not being severe. Because forced expiration methods 
are much simpler, less expensive and not less sensitive in detecting air
way obstruction, we believe that these should be favored. The plethys
mograph is, however, very suited for measurements of lung volumes 
since these can be performed both accurately and rapidly. 

The body plethysmograph is an expensive and rather complicated 
instrument. For this reason it does not belong in every pulmonary 

1 19 



function laboratory. Proper use of the instrument can only be made, in 
our opinion, in laboratories in which sufficient know-how is pre
sent with regard to pulmonary pathophysiology, measurement of flow 
and pressures, physical and electronical problems. This is usually the 
case in the larger laboratories, in which also sufficiently trained labora
tory personnel is to be found. Here the plethysmograph can be properly 
used for routine and research purposes. It is our experience that the use 
of the plethysmograph stimulates the thinking about pulmonary patho
physiology and thus in the long run promotes a better understanding of 
mechanisms in lung disease. This in itself is sufficient justification for 
the investment. 
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A P P E ND I X 

TLC 

vc 

RV 

FRC 

TGV 

TGV-FRC 

Raw 

Raw 

Raw.TGV 

Wvisc. 

Cstat. 

pH 

List of abbreviations used in figures and tables 

total lung capacity (liter BTPS) determined with the closed system 
helium dilution method. 

inspiratory vital capacity (liter BTPS) determined with a water
sealed spirometer. 

residual volume (liter BTPS) measured with the closed system helium 
dilution method. 

functional residual capacity (liter BTPS) measured with the closed 
system helium dilution metho.d. 

one-second forced expiratory volume (liter BTPS) measured using a 
spirometer. 

one-second forced expiratory volume expressed as a percentage of 
the observed vital capacity. 

one-second forced expiratory volume expressed as a percentage of 
the predicted value. 

one-second forced inspiratory volume (liter BTPS) measured using 
a spirometer. 

thoracic gas volume, i.e. the volume of gas in the thorax at the end 
of a quiet expiration. 

the difference between plethysmographically assessed thoracic gas 
volume and the functional residual capacity determined with the 
closed system helium dilution method; the difference between the 
two is often referred to as the volume of trapped gas. 

airway resistance (em H20.l-1.sec) assessed from a flow-plethysmo
graph pressure curve around zero airflow. 

mean airway resistance during a tidal breath (em H20.l-1.sec) deter
mined from a tidal volume-plethysmograph pressure diagram. 

the product of airway resistance and thoracic gas volume (em 
H20.sec) ; this product was used to take into account the volume at 
which airway resistance was assessed. 

viscous work of breathing (g.cm.ml-1) assessed with the esophageal 
balloon method. 

static complicance (l. (cm H20)-1) ; the slope of a static pressure
volume curve in the tidal volume range, determined with the 
esophageal . balloon method. 

maximal static inspiratory pressure (em H20) at full inspiration, 
assessed with the esophageal balloon method. 

the slope of the alveolar plateau of the multiple single breath curve 
during wash-in of nitrogen after a previous period of nitrogen wash
out; this slope was used as a measure of uneven ventilation. 

the pulmonary nitrogen emptying rate : the end-expiratory nitrogen 
concentration upon expiration to residual volume at the end of a 
7 minute nitrogen wash-out period. The percentage was used to 
indicate the efficiency of ventilation. 

the negative logarithm of the hydrogen ion concentration to indicate 
the acidity of arterial blood. 

the partial oxygen tension (mm Hg) in arterial blood. 

the partial carbon dioxide tension (mm Hg) in arterial blood. 
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