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CHAPTER I
GENERAL INTRODUCTION AND PURPOSE OF INVESTIGATION

1.1. GENERAL INTRODUCTION
A Plethysmograph is an apparatus that measures volume changes of a part of
the body (Van de Woestijne and Vermeire, 1967). The body Plethysmograph
measures the volume changes in the whole body by means of an air-tight
chamber with the subject inside. Sitting in the air-tight chamber, this means
in the body Plethysmograph, the subject inspires and expires the ambient air
from and into the Plethysmograph. The respiration in the Plethysmograph
causes pressure changes with regard to the surroundings. The increase in
pressure in the alveolar space (Рд) during an expiration causes a decrease in
pressure in the Plethysmograph (Ppi), and a decrease in pressure in the
alveolar space during an inspiration causes an increase in pressure in the
Plethysmograph (see fig.l).
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Pplt
inspiration

Pp'l
expiration

Fig.l. Principle of measurement of alveolar pressure (Рд) from Plethysmographie pressure
(Ρρϋ- The rectangle represents the air-tight body Plethysmograph. The patient (as he
often appears to a pulmonary physiologist) is represented simply as his alveoli and con
ducting airway.
The pressure changes in the alveolar space during respiration are the cause
and not the result of pressure changes in the Plethysmograph, and also of the
11

displacements of gas volumes to and from the alveolar space.
One can distinguish two types of body Plethysmograph:
a) Constant-volume Plethysmograph
The pressure changes in the alveolar space are measured as pressure
changes in the Plethysmograph by means of an electronic differential
manometer: 'pressure box' (DuBois et al., 1956). The volume of the
system, Plethysmograph with subject, remains constant. Tammeling
( 1968) prefers this type for practical reasons.
b) Constant-pressure Plethysmograph
The pressure changes in the alveolar space are measured as volume
displacements to and from the Plethysmograph by a spirometer: 'volume
displacement' body Plethysmograph (Mead, 1960; Jaeger and Otis, 1964)
or by.a pneumotachograph with integrator: 'flow displacement' body
Plethysmograph (Bosman et al., 1964; Wasserman et al., 1966).
The pressure in the system, Plethysmograph with subject, remains
constant. Tammeling (1968) prefers this type for theoretical reasons.
In fact the terms 'constant-volume' and 'constant-pressure' Plethysmograph
are misleading since in both types the mass of air within the box undergoes a
volume and a pressure change (Bargeton and Barres, 1969). One can also
speak of a 'closed' and an 'open' Plethysmograph (Barres et al., 1968).
Nevertheless we will apply the original terms, constant volume and constant
pressure, because they are commonly used in the literature.
Fig.2 shows simplified diagrams of:
a. a constant-volume Plethysmograph;
b. a constant-pressure Plethysmograph: 'volume displacement' type;
с a constant-pressure Plethysmograph: 'flow displacement' type.
The evolution in the technique of body plethysmography has always been
handicapped by the problem of the method of recording (Van de Woestijne
and Vermeire, 1967). In the first applications of the body Plethysmograph
both techniques of recording were used as mentioned above: volumetric (=
constant pressure) and manometric (= constant volume). Gad (1881) measur
ed the volume displacements in the Plethysmograph by a small spirometer.
On the other hand Pflüger (1882) suggested to measure the pressure changes
by a mercury manometer in his 'Menschendose'. In general the volumetric
recording has been used; the manometers at that time were not able to
record even slow changes because of their slowness and inaccuracy. After the
development of manometers with better properties the manometric recording became prominent. Bücher (1942) constructed a manometric Plethysmograph. He already made a compensation chamber (see chapter II) to eliminate the thermal drift. The electronic manometers made it possible to record
12
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Fig.2. Simplified diagrams of:
a.
constant-volume Plethysmograph;
b.
constant-pressure Plethysmograph: "volume displacement type ';
с
constant-pressure Plethysmograph: 'ßow displacement type'.

frequencies which cannot be followed by spirometers.
Du Bois et al. (1956) introduced a rapid new method for measuring the
functional residual capacity by means of a constant-volume body Plethysmograph. At the same time they suggested a new method for measuring airway
resistance using the body Plethysmograph (DuBois et al., 1956). Finally they
developed a technique for measuring pulmonary capillary blood flow in man
by means of the body Plethysmograph (DuBois and Marshall, 1957; Lee and
DuBois, 1955; Comroe et al., 1959). In 1960 Mead described a 'volume
displacement' body Plethysmograph supplied by a Krogh spirometer with
very good frequency properties. Afterwards the 'flow displacement' body
Plethysmograph provided with an integrated pneumatogram followed.
Although the body Plethysmograph is not simple and the results are not easy
to interpret, there are still some arguments in favour of it. Woitowitz et al.
(1967) noted the following possibilities:
— objective and quantitative measurement of airway resistance and functional residual capacity;
— early and sensitive diagnosis of reversible and irreversible phases of
obstructive lung diseases;
13

— study of drugs for the bronchial muscles and the bronchial secretions;
— study of asthma bronchiale by means of inhalation tests;
— course and control of therapy in the treatment of bronchial obstruction;
— influence of harmful inhalations such as nicotine, gases, vapour and all
kinds of dust on the airways of man.
Nolte et al., (1968) mentioned the following advantages:
— the measurement can be done quickly and makes few demands on the
subject;
— the measurement is reproducible and nearly independent of the co-operation of the patient;
— the result of the treatment can be checked in an objective way.
Summarizing we may state that by the body Plethysmograph new methods
have been introduced for measuring:
1. functional residual capacity;
2. airway resistance;
3. pulmonary capillary blood flow in man.

1.2. PURPOSE OF INVESTIGATION
In spite of the fact that there are different possible applications of the body
Plethysmograph we have limited our investigation to volume measurements,
because a number of difficulties in this measurement and interpretation still
exist.
Moreover, as far as we know no reports are available of investigations in
which the results are compared between the two types of Plethysmograph.
Since we have a body Plethysmograph working with a constant volume as
well as with a constant pressure, we compared the results of volume measurements in the constant-volume and the constant-pressure Plethysmograph.
Therefore we performed volume measurements:
1. In a lung model under different conditions to avoid biological variations;
2. In a group of 15 healthy male subjects;
3. In a group of 15 patients with obstructive lung disease.
All these measurements were done in the constant-volume and constantpressure Plethysmograph.
We also compared the values of the functional residual capacity measured
by the Helium dilution method with the values obtained in both types of
Plethysmograph in healthy subjects as well as in patients with an obstructive
lung disease.

14

Summary of chapter I
In chapter I body plethysmography is defined and the types of body
Plethysmograph in use are indicated. The possibilities for application of the
body Plethysmograph are pointed out.
The purpose of the investigation is described, i.e., volume measurements
in a lung model, in healthy subjects and patients with obstructive lung disease as well as a comparison of functional residual capacity measurements
between the He-dilution technique and the Plethysmographie technique.
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CHAPTER II

THEORETICAL BASIS OF BODY PLETHYSMOGRAPHY

II. 1.METHOD AND CALCULATION OF THE INTRATHORACIC GAS
VOLUME (ITGV)
The method introduced by DuBois et al. (1956) is based on Boyle's law, i.e.,
that the volume of a gas varies in inverse proportion to the pressure to which
it is subjected at a constant temperature. At the beginning of the test the
subject has an unknown volume of the gas in his chest; at either end-inspiration or end-expiration, when there is no air flow, the pressure of this alveolar
gas is known to be atmospheric. If at that moment the airway is occluded ro
that no pulmonary gas can escape and this gas is compressed by a volontary
expiratory effort, this gas has got a new pressure and a new volume. The
change in pulmonary gas pressure during the airway occlusion can be measured since it can be assumed that mouth pressure equals alveolar pressure in
this closed system. The change in pulmonary gas volume can be measured
using the body Plethysmograph.
The measurement is now performed as follows: the subject, provided
with a noseclip, is sitting in the body Plethysmograph and breathes the
ambient air from the Plethysmograph through a tube provided with a
shutter. The tube is occluded with the shutter at the end of a normal expiration and the subject is asked to make respiratory efforts in spite of the
occlusion. During the occlusion are recorded simultaneously:
1. The changes in mouth pressure. In a closed system the mouth pressure is
considered to be equal to the alveolar pressure if the subject's glottis
remains open and his cheeks are held fairly rigid.
2. The pressure changes or volume displacements in the Plethysmograph,
depending on the type of Plethysmograph in use.
The intrathoracic gas volume at the moment of occlusion of the airway is
calculated as follows. Applying Boyle's law to the lung volume which is
compressed and decompressed alternately during the occlusion, we can state
that:
P.V = C
differentiating gives:
P.dV + V.dP = 0
17

so:

V - - ÜdPÏ Ρ

(1)

In this equation:
V = the unknown intrathoracic gas volume
d V = change of gas volume in the lungs during the occlusion
dP = change in alveolar pressure which can be considered to be equal to
the change in mouth pressure: d P m
Ρ = atmospheric pressure minus water vapour pressure at body
temperature (47 mm Hg at 37 0 C).
Ρ and dPm are known, irrespective of the type of Plethysmograph. For dV,
however, one must distinguish between two types of Plethysmograph.
1. In the constant-pressure Plethysmograph dV is equal to the volume dis
placement to and from the Plethysmograph. Thus dV can be measured
directly by a spirometer or an integrated pneumotachogram.
2. In the constant-volume Plethysmograph dV cannot be measured directly
because only pressure changes take place in this type of Plethysmograph.
The volume changes of the intrathoracic gas volume give rise to pressure
changes in the Plethysmograph (see fig.3).

Fig 3. Measurement of intrathoracic gas volume by body Plethysmographie technique. V
is the gas volume to be measured, and dV (right side) is the increase of volume when the
patient inspires with the airway occluded. The two circles with pointers represent press
ure gauges one measuring airway pressure and the other Plethysmographie pressure, dPm ¡s
the pressure corresponding to the new volume V + dV.
From The Lung Comroe, Forster, DuBois, Briscoe and Carlsen. Nov. ¡965, pag. 20.
Taken and modified with permission from the authors.
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So we have to look for a relation between the pressure changes in the
Plethysmograph and dV.
This relation can be found by adding or withdrawing a well known gas
volume to or from the Plethysmograph and the measurement of the resulting
pressure change in the Plethysmograph.
If the Plethysmograph is 'calibrated' in this way, every pressure change
within the Plethysmograph can be converted to a volume change (dV). This
calibration can be done:
a. when the subject is outside the Plethysmograph;
b. when the subject is inside the Plethysmograph.
If the Plethysmograph is calibrated without the subject, a peculiar complication arises which can be represented as follows.
Supposing the volume of the Plethysmograph being equal to Vpi and the
volume of the subject to Vs, then the gas volume in the Plethysmograph with
the subject inside is equal to (Vpi-Vs). In this case the pressure change in the
Plethysmograph resulting from the addition or withdrawing of a fixed
quantity of gas is larger than with the subject outside the Plethysmograph.
Since the measurement of the intrathoracic gas volume is performed when
the subject is inside the Plethysmograph, the calibration factor between the
pressure change in the Plethysmograph and dV has to be corrected by a
factor F, when the calibration is done with the subject outside the Plethysmograph. This factor F is equal to:
F=-^üV pl -V s
It is obvious that it is better to calibrate with the subject inside the Plethysmograph because two errors can be introduced using the correction factor:
an inexactly measured volume of the Plethysmograph and an inexactly calculated volume of the subject.
The relation between dV and the pressure change in the Plethysmograph
can be calculated by applying Boyle's law to the Plethysmograph:
Ppl · Vpi = С from which follows:
<iVpi = - Ï E i . d P p i

(2)

In this equation:
dVpi = a very small gas volume added to or withdrawn from the Plethysmograph, which can be equalled to dV in (1 )
dPpi = the pressure change in the Plethysmograph resulting from an added
or withdrawn gas volume
Vpi = volume of the Plethysmograph
Ppl = initial pressure in the Plethysmograph.
19

Replacing -^-

by fc and substituting (2) into (1), it follows that for a

constant-volume Plethysmograph:
V =fc.-^Hl.P.F

(3)

In this equation:
V
= the intrathoracic gas volume
fc
= calibration factor which gives the relation between volume and
pressure changes in the Plethysmograph
dPpi = pressure change in the Plethysmograph during the occlusion of the
airway
d P m = pressure change at the mouth during the occlusion
Ρ
= atmospheric pressure minus 47 mm Hg
F
= correction factor which must be omitted when the calibration of the
Plethysmograph is done with the subject inside the Plethysmograph.
The calculation of the intrathoracic gas volume can be simplified by plotting
the mouth pressure changes against the pressure changes or volume displace
ments of the Plethysmograph on a X-Y recorder. In this way a straight line
can be obtained, the slope of which can be calculated. The value of this slope
should be multiplied by a factor K, depending on the adjusted sensitivities of
the equipment. Also the atmospheric pressure (P in the equations) should be
known in cm of water. For this purpose the atmospheric pressure (minus
water vapour pressure at body temperature: 47 mm Hg at 37 0 C) in mm Hg
must be multiplied by a factor 1.36.
From the calculated intrathoracic gas volume must be subtracted:
a. the volume of the instrumental dead space (for our equipment 180 ml);
b. the intra-abdominal gas volume of 120 ml. We will discuss this later.
Summarizing we get the following formulas for the calculation of the
intrathoracic gas volume (ITGV):
A. For the constant-pressure Plethysmograph
dV ι

ITGV = К і . - _ Р І . ( Р в - Р н 2 о ) . 1.36 -300 ml
Kj

(4)

= a constant dependent on the adjusted sensitivities of the mouth pres
sure manometer and the volumograph (= pneumotachograph + integra
tor)
dVpi = volume displacement from and into the Plethysmograph during the
occlusion of the airway
=
dPm
pressure change at the mouth during the occlusion
20

Pß

= atmospheric pressure in mm Hg

Р н 2 0 = water vapour pressure at body temperature in mm Hg.
В. For the constant-volume Plethysmograph
ITGV = K2 . f c . - ^ E l . ( P B - P H 2 o ) . 1 . 3 6 - 3 0 0 m l

(5)

K2

= a constant dependent on the adjusted sensitivities of the mouth
pressure manometer and the Plethysmographie pressure manometer
fc
= calibration factor which gives the relation between volume and
pressure changes in the Plethysmograph. The calibration is done with a
calibration pump of 100 ml when the subject is sitting in the Plethys
mograph and holding his breath. The frequency of the calibration
pump must be nearly the same as the breathing frequency of the
subject during the measurement of the ITGV. If the calibration of the
Plethysmograph is done with the subject outside, the correction factor
F, we mentioned above, must be introduced.
dPpi = pressure change in the Plethysmograph during the occlusion
d P m = pressure change at the mouth during t b e occlusion
PB
= atmospheric pressure in mm Hg
P H 2 0 = water vapour pressure at body temperature in mm Hg.

II.2. THE VALIDITY OF BOYLE'S LAW IN BODY PLETHYSMOGRAPHY
We applied Boyle's law to the lungs and to the Plethysmograph in order to
Cciculate the ITGV. However, this law is only valid in isothermal conditions.
So we have to investigate whether these conditions are present in the lung
and in the Plethysmograph.
a. In the lungs
Briscoe and DuBois (1958) performed some experiments using a glass
bottle as a lung model. Nolte (1969) also did experiments with a lung model.
These studies as well as our experiments (described in chapter IV), have
shown that no isothermal conditions exist in such a simple lung model. Still
we can predict on a theoretical basis that there are isothermal conditions in
the lungs and that Boyle's law can be applied since the surface of heat
exchange is much greater in the lungs than in the experimental model. This
theoretical prediction is not only confirmed by our experiments with a
bottle in which the exchanging surface is enlarged many times (see chapter
IV), but also by direct measurements in the lungs.
21

Mead and Collier (1959) confirmed the isothermal conditions in the lungs
of an anaesthetized dog. Nolte (1969) has shown that isothermal conditions
exist in the human lungs.
We agree with these authors concluding that for the calculation of the
ITGV, Boyle's law can be applied as far as it concerns the situation in the
lungs.
b. In the Plethysmograph
As already mentioned in chapter I, the volume changes of the alveolar gas
are measured as volume displacements by the constant-pressure Plethysmo
graph. However, in the constant-volume Plethysmograph the volume changes
of the alveolar gas are measured as pressure changes in the Plethysmograph.
For converting these pressure changes to volume changes, it is necessary
to apply Boyle's law. Thus the question arises whether the conditions in the
constant-volume Plethysmograph are isothermal because Bargeton et al.
(1964) pointed out that uncritical application of Boyle's law would result in
an error of about 40% in the calculation of the ITGV.
If no isothermal but adiabatic conditions exist Boyle's law cannot be
applied but Poisson's law pertains:
Boyle's law
: P.V
= С (isothermal conditions)
V

Poisson's law

Cp
Cy
К

: P.V

= С (adiabatic conditions)

= specific heat of the gas at constant pressure
= specific heat of the gas at constant volume
= 1.4 for air and diatomic gases.

Woitowitz et al. (1967) calculated with Boyle's and Poisson's laws the
pressure changes which arise in a Plethysmograph (with a volume of 900
liters at a barometric pressure of 760 mm mercury) after injection of 50,
100, 200 and 1000 ml gas into the Plethysmograph. Using Boyle's law there
was a linear relation between the volume and pressure changes in the Plethys
mograph. Using Poisson's law the relation was not strictly linear but the
deviation was so small that a linear relation can be accepted between the
volume and pressure changes within the Plethysmograph.
The conclusion of Woitowitz was that, although pressure changes and
volume changes do not behave in an exactly isothermal way, a linear relation
can be accepted between them. This relation can easily be found by calibra
tion (see chapter II. 1).
Van de Woestijne and Vermeire (1967) indicated the importance of this
22

calibration. Bargeton and Barres (1969) discussed the relation between
volume and pressure changes in the Plethysmograph. They pointed out that
the error made by applying Boyle's law is automatically cancelled when the
calibration is performed.
We also investigated which conditions existed in our Plethysmograph.
After injection of 100 ml air into the Plethysmograph we measured the
related pressure change; and then we calculated the volume of the empty
Plethysmograph by applying Boyle's law. The volume, calculated in this way,
was 400 ±101. When we measured the dimensions of the Plethysmograph
we found a volume of 470 1. Thus in our Plethysmograph there are neither
isothermal nor adiabatic but polytropic conditions.
For our Plethysmograph we can state:
pVl.2

=

c

Woitowitz et al. (1967) gave the same equation for their Plethysmograph.
Our opinion is that theoretically there can never be a linear relation between
the pressure changes and volume changes in the Plethysmograph. However,
this deviation from linearity is not measurable. In this case, and especially if
a good calibration is performed, possible polytropic or adiabatic conditions
are of no account.

II.3. PRESSURE AND VOLUME CHANGES WITHIN THE PLETHYSMO
GRAPH
In chapters I and II (1-2) we suggested that the pressure changes and volume
displacements which arise in the Plethysmograph are the result of changes in
alveolar pressure only. This suggestion is incorrect. In fact there are other
causes of pressure changes and volume displacements in the Plethysmograph
suchas:
a. Increase in temperature and relative humidity of the air in the Plethysmo
graph;
b. Cyclic changes in temperature and in relative humidity of the respiratory
air;
с The respiratory quotient;
d. Unequal rate of CO2 elimination and 0 2 uptake.
In spite of the fact that only a. is significant in the measurement of ITGV,
b., с and d. will also be discussed because they are general phenomena which
appear when a subject is sitting in the Plethysmograph.
23

a. Increase in temperature and relative humidity of the air within the Plethysmograph
When a subject is sitting in the constant-volume Plethysmograph, the
pressure in the Plethysmograph increases because air is warmed up and
humidified by the subject. In a constant-pressure Plethysmograph the
volume will expand for the same reason.
Jaeger and Otis (1964) measured the volume increase and pointed out
that it had an exponential course: in the first minute the volume increase
was about 500 ml/min, after 5 minutes however it was about 175 ml/min.
The increase in pressure or the volume displacement due to this effect
disturbs the measurement and must be eliminated as much as possible.
There are several ways to eliminate the disturbing effect of the increase in
temperature and relative humidity.
1. One could wait until some degree of equilibrium is reached between the
subject and the surroundings. This might take considerable time. Smidt
and Muysers (1968) stated that some degree of stability is reached
between 5 and 20 minutes in their Plethysmograph. The temperature
then was ranging between 26° and 320C in the Plethysmograph. This is
very unpleasant for the subject and prolongs the measurement.
However, it is not necessary to wait until an equilibrium is reached,
because the time needed to measure ITGV is very short and the increase
in temperature and relative humidity is very slow after a few minutes.
2. The temperature in the Plethysmograph can be kept constant by an air
conditioner as already mentioned by Binger and Davis (1927). A ventilator sucks air out of the Plethysmograph; this air passes over a heatexchanger and returns into the Plethysmograph.
This technique, applied by Bouhuys and Jonson (1966), gives a good
stability of the Plethysmograph and is also pleasant for the subject.
3. Jaeger and Otis (1964) keep the volume of the Plethysmograph constant
by a suction pump which is connected to the Plethysmograph by a thin
needle valve. They state that adjustment of the needle valve is very simple
after an adaptation time of 3 to 5 minutes. At this time the expansion of
the gas volume in the Plethysmograph has become very small and nearly
constant.
4. The pressure increase in the Plethysmograph resulting from a slow rise in
temperature can be cancelled using a compensation chamber. This compensation chamber is a small closed box placed in the Plethysmograph,
well insulated from the surrounding temperature. The Plethysmograph is
connected by a narrow hole to the compensation chamber, so that a slow
pressure change in the Plethysmograph can escape into the compensation
chamber rapidly or slowly depending on the size of the hole.

The compensation chamber can also be used to measure the pressure
changes in the Plethysmograph itself. Generally these pressure changes are
measured in relation to the surrounding atmospheric pressuie. Every
pressure change in the surroundings (draught, wind, opening and closing
of doors etc.) will influence the measurement of pressure changes in the
Plethysmograph. When the pressure changes in the Plethysmograph are
not measured in relation to the surrounding pressure but in relation to
the pressure in the compensation chamber (which is placed in the Plethysmograph insulated from the surroundings), pressure changes in the
surroundings do not influence the measurement.
This arrangement has the advantages mentioned, but has also some disadvantages because the compensation chamber can influence the measurement of the pressure in the Plethysmograph unfavourably.
a) When the size of the hole between the compensation chamber and the
Plethysmograph is too large, a pressure change in the Plethysmograph
will escape to the compensation chamber. Then the measured pressure
change is not equal to the true pressure change in the Plethysmograph.
b) A pressure change in the Plethysmograph in relation to the surroundings will be followed after a certain time by a pressure change in the
compensation chamber in relation to the surroundings. The rate and
extent to which the compensation chamber follows the pressure
change in the Plethysmograph will depend on the size of the hole
between the Plethysmograph and the compensation chamber. So a
phase shift appears between the pressure change in the Plethysmograph and the surroundings, and the pressure change in the compensation chamber in relation to the surroundings.
If now the pressure change in the Plethysmograph is measured in
relation to the compensation chamber, then this pressure change
differs from the pressure change in the Plethysmograph which would
be measured in relation to the surroundings. This difference depends
on the phase shift mentioned above. A large phase shift gives an
inaccurate measurement of the pressure change in the Plethysmograph, a small phase shift gives better results.
A small phase shift can be obtained by a small hole between the
Plethysmograph and the compensation chamber and a high speed of
pressure change in the Plethysmograph, this means a high breathing
frequency.
For further theoretical considerations we may refer to Woitowitz et al.
(1967) and Smidt and Muysers (1968).
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b. Cyclic changes in temperature and in relative humidity of the air in the
Plethysmograph due to respiration
During inspiration cold, dry air from the Plethysmograph is warmed up
and saturated with water vapour in the lungs of the subject. As a result the
volume of the inspired gas increases, so that during inspiration there is an
increase of pressure or a volume displacement in the Plethysmograph. The
reverse occurs during expiration. This means that the pressure change or
volume displacements which are the result of the variations in temperature
and water vapour pressure have the same effect as the pressure or volume
change caused by the respiration. The Plethysmographie measurement of the
pressure changes in the alveolar space during respiration now becomes
difficult.
Jaeger and Otis (1964) reported that a difference of 10C in BTPS
conditions between the inspired and expired air can cause an error of 100%
in the measurement of the alveolar pressure. Muysers et al. (1968) calculated
that, when 500 ml 50% saturated air of 23 0 C are inspired, there is in the
thorax an increase in volume of 23.6 ml due to the rise in temperature and
of 24 ml due to the water vapour saturation. These 47.6 ml cause a pressure
change of 0.6 mm Н г О in a volume-constant Plethysmograph of 900 1 in
poly tropic conditions (P.V
= C).
This pressure change is greater than the pressure change of about 0.1 - 0.3
mm Нг О which is the result of the compression or decompression of the
ITGV when a subject is breathing in a constant-volume Plethysmograph.
There are several ways to overcome the difficulties caused by the difference
in temperature and water vapour pressure between the inspired and expired
air.
1. Barlett et al. (1959) used a complicated temperature regulator to create
BTPS conditions in the Plethysmograph. This is uncomfortable for the
patient.
2. DuBois et al. (1956) had the subject panting through the metal tube
containing the pneumotachograph. Then the volume of the instrumental
dead space is inspired and expired only. There is no heat exchange with
the surroundings when the instrumental dead space is sufficiently
warmed. There is also no gas exchange in the lungs.
3. DuBois et al. suggested that the subject could also breathe in and out of a
bag filled with air at BTPS conditions and placed in the Plethysmograph,
as also described by Sackner et al. (1964) and by Jonson and Bouhuys
(1967). Then there is no difference in temperature and water vapour
pressure between the inspired and expired air.
4. Bargeton et al. (1959) pointed out that the pressure change, caused by
the difference in temperature and water vapour pressure between the
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inspired and expired air, could be calculated. When this pressure change,
which is related to the tidal volume, is subtracted from the total pressure
change in the Plethysmograph, the resulting pressure is proportional to
the alveolar pressure change. This subtraction can easily be made by an
electronic calculator, as described by Muysers et al. (1969).
c. The respiratory quotient RQ
When a subject is sitting in the Plethysmograph the pressure in the Ple
thysmograph will decrease or there is a volume displacement to the Plethys
mograph due to the respiration of the subject if the RQ is less than 1.
This pressure change or volume displacement is not negligible. At a RQ of
0.8 the gas volume of the Plethysmograph will decrease by 80 ml/min if the
uptake of 0 2 is 400 ml/min. This effect is not taken into consideration by
many authors. Bargeton (1957) stated that the influence of the RQ on the
Plethysmographie measurements is negligible but this would not appear to be
so if the above-mentioned calculation is correct. Woitowitz et al. (1967) also
mentioned the problem but they said that the decrease in pressure due to the
RQ can be compensated by the increase in pressure caused by the tempera
ture change. The compensation chamber also helps to keep the pressure
constant in the Plethysmograph. Smidt and Muysers (1968) indicated the
problem but they did not give a solution. Nolte et al. (1968) reported that
the influence of the RQ is not negligible but they did not give any solution
either.
Although opinions differ, the effect of the RQ in the measurement of the
ITGV is small indeed. The counteracting effect of the increase in tempera
ture, the application of a compensation chamber, and also the very short
time of the measurement will minimise the influence of the RQ. Moreover
when the panting technique of DuBois is used, the RQ does not play any
role because there is no gas exchange.
d. Unequal rate of CO2 elimination and О2 uptake
DuBois (1952) and DuBois et al. (1952) presumed the rate of 0 2
transport at the alveolar membrane to be constant during the breathing
cycle, while the rate of C 0 2 transport was variable. This was confirmed by
Serra and Visser (1962), and also by Muysers et al. (1962).
However, this difference is so small as is also the resulting pressure change
or volume displacement, that a significant influence on the measurement of
the ITGV cannot be expected.
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II.4. SOME PROBLEMS OF TECHNICAL MEASUREMENT
a. The relation between the pressure in the mouth and the pressure in the
alveolar space
For the determination of the ITGV we stated that during occlusion of the
airway the pressure in the mouth is equal to the pressure in the alveolar
space. This statement may be criticised.
Woitowitz et al. (1967) noticed that in obstructed airways there is no
equilibrium between the pressure in the mouth and the pressure in the
alveolar space, so an incorrect ITGV is measured. Even in normal subjects
there is not sufficient time for equilibrium to occur at high respiratory rates
(see chapter V).
b. The influence of the abdominal gas volume on the measurement of the
ITGV
Here we meet a big difficulty.
First we an* not sure about the intra-abdominal gas volume under normal
circumstances:
Blair et al. (1947) measured it to be 1000 ml, Bedell et al. (1956) in 47
patients and 13 healthy subjects obtained a mean value of 116 ml. Greenwald et al. (1969) determined 111 ml, Levitt (1971) found a mean value of
90 ml. Comparisons of abdominal X-rays before and after the introduction
of a known gas volume into the intestinal tract suggested a volume of about
100 ml (Bedell et al., 1956).
Secondly, the question arises whether the intra-abdominal gas volume in
normal people is equal to the intra-abdominal gas volume under pathological
circumstances.
Thirdly, we never know in a particular case which part of the intraabdominal gas volume is measured together with the intrathoracic gas
volume.
DuBois noted that, if large, known volumes of gas were introduced into
the stomach or colon, the intrathoracic gas volume did not change. However,
Nolte et al. investigated 11 subjects after introduction of 1000 ml to 1500
ml of air into the stomach. In 7 subjects the plethysmographically measured
residual volume decreased and in 4 subjects it did not change. Smidt and
Muysers (1968) found an increase of the intrathoracic gas volume after the
introduction of air into the stomach.
There are several explanations for these controversial findings:
1. Following the introduction of a large volume of gas into the abdomen,
the diaphragm will rise, so that the intrathoracic gas volume decreases and
the measured sum of the intrathoracic and intra-abdominal gas volume
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does not change.
2. It is a question whether and to what extent the intra-abdominal gas
volume is compressed and decompressed during the measurement. One
can imagine three different cases:
a) The muscles of the trunk compress and decompress the intrathoracic
gas volume and intra-abdominal gas volume equally. In this case a gas
volume will be measured which is equal to the sum of the intrathoracic and intra-abdominal gas volume.
b) The muscles of the thorax compress and decompress only the intrathoracic gas volume. There are no abdominal pressure changes during
the measurement. In this case only the intrathoracic gas volume is
measured.
c) It is exceptional but not impossible that only the intra-abdominal gas
volume is compressed and decompressed. Now the intra-abdominal gas
volume is measured.
This discussion means that in practice an unknown part of the unknown
intra-abdominal gas volume is measured together with the intrathoracic
gas volume. Therefore, an arbitrary amount must be subtracted from the
measured gas volume.
Bedell et al. (1956) measured the intra-abdominal gas volume to be 116
ml in patients and healthy subjects, therefore we subtracted this amount
from the measured ITGV.
However, in order to avoid a useless discussion, one may wonder whether
the term 'intrathoracic' gas volume should not be abolished and replaced
by the term 'measured intracorporeal gas volume'.

Summary of chapter II
In this chapter the principle of the measurement of the ITGV by body
Plethysmographie technique using Boyle's law is described.
The equations for the constant-volume and the constant-pressure Plethysmograph are given to calculate the ITGV. The validity of Boyle's law in body
plethysmography is then discussed. Since alveolar pressure changes are
measured in the Plethysmograph as pressure changes or volume displacements other causes of pressure changes or volume displacements, must be
eliminated. The ways this can be done are described. Finally the problem of
equilibrium between mouth pressure and alveolar pressure in a closed
system, and also the problem of the intra-abdominal gas volume are
discussed.
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CHAPTER III

THE EQUIPMENT USED

III. 1. INTRODUCTION
'Les exigences techniques de la Plethysmographie sont particulièrement
sévères; dans la plupart des applications elles conditionneront totalement la
valeur des résultats. Il est donc indispensable que l'appareillage ait été parfaitement mis au point et que l'expérimentateur soit à même de vérifier les
caractéristiques et le fonctionnement de son dispositif.' (Conclusion of Van
de Woestijne and Vermeire in an extensive article about body plethysmography, 1967)
Modem physiologie recording systems are becoming progressively more
complex. To get insight into the behaviour of the system, it is usual in
physics to consider the overall system as composed of a limited number of
components, e.g., a transducer, an amplifier and a recording system
The correct choice of these components is necessary for the success of
any experiment. This choice depends on at least two things:
a) an estimate of the requirements imposed by the experiment,
b) a knowledge of the adequacy with which any given instrument system
will meet these requirements (Fry, 1960).
The physician, who wants to perform reliable measurements, is not
expected to know all the working details of the more complicated systems;
however, he should understand the general problems involved so that he may
estimate experimentally the accuracy with which the device is recording the
physiologic event. He must ask two questions about the recording system:
1. What is its 'physiologic reactance'?
2. What is its accuracy?
Firstly we have to consider the requirements that must be met by the
equipment, then we will describe the equipment used here, and after that we
will discuss its performance, and we will give an answer to the two questions
mentioned.
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III.2. SOME GENERAL REQUIREMENTS FOR THE EQUIPMENT
a. The Plethysmograph
Depending on the type of Plethysmograph used the requirements are
different.
For the constant-volume Plethysmograph:
1. It must be nearly air-tight because pressure changes are measured and
every leak can make the measurement of pressure incorrect. The time
constant must be sufficiently long with regard to the lowest frequency to
be measured.
2. It must be sufficiently large, so that the pressure changes are not to
inconvenient for the subject.
3. It must be mechanically stable. It may not bend by pressure changes in
the Plethysmograph. One must realize that a rise in pressure of 10 mm
H 2 О in the Plethysmograph results in a force of 20 kg on a surface area
of 2 m 2 . If the middle parts of the wall of the Plethysmograph bend by
0.1 mm, this will correspond in a cubic Plethysmograph of 600 1 to a
pressure change of 0.5 mm H 2 0 , which is of the same order as the signal
to be measured (Smidt and Muysers, 1968).
When the Plethysmograph is made of metal, the walls are curved or
supphed with strengthening bars for this reason.
For the constant-pressure Plethysmograph different rules apply:
1. It does not need to be as air-tight as the constant-volume Plethysmograph
because volume displacements are measured via a large opening so that a
small leak is negligible.
2. The size is limited only by the volume of the subject.
3. It can be made of light material and can be moved easily.
b. The electronic manometers
When a subject is panting in the Plethysmograph the pressure changes in
the mouth will be about 50 mm HjO and the pressure changes in the
Plethysmograph about 0.5 mm HjO (Muysers et al., 1969).
If the electronic manometer for the Plethysmograph can measure pressure
with an accuracy of 0.05 mm H 2 0 the accuracy will be 10%.
Both manometers should follow accurately the frequencies of the signal
to be measured, and no distortions should occur. The manometers have to be
correctly calibrated.
с
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The pneumotachograph and the integrator for measuring flow and
volume
Alveolar gas is compressed and decompressed during every breathing

cycle. The volume displacement at the mouth, Vj (tidal volume), is therefore smaller than the volume displacement of the lung, V ' T , that may be
measured by a body Plethysmograph (Jaeger and Otis, 1964). Experimental
data compiled in normal subjects and in patients with obstructive lung
disease confirm the theoretical prediction that the ratio Vj/W'j decreases
with increasing airway resistance, breathing frequency, and lung volume.
The effect was found to be very small in normal subjects ( 3 - 6 ml,
according to Tamme ling, 1968); however, in patients with high airway resistance the effect is great (50 - 100 ml, according to Tammeling, 1968). For the
determination of the airway resistance it is necessary to measure these very
small volume changes. This can be done with a small spirometer or by means
of an integrated pneumotachogram. The pneumotachograph must be symmetrical and linear. Its resistance must be subtracted from the measured
airway resistance. The pneumotachograph must be very sensitive and high
requirements have to be met by the integrator. Using the pneumotachograph
in the measurement of the airway resistance one must remember two further
points:
1. The calibration of a pneumotachograph is generally performed at room
temperature while the actual measurement occurs at body temperature.
At a high temperature the viscosity of a gas is greater than at a low
ture (about %%/0C). When used on body temperature the pneumotachograph will therefore register too large a flow if no temperature
correction is made (Wick et al., 1964).
2. The inspiratory air differs from the expiratory air under BTPS-conditions.
The water vapour pressure of the inspiratory air is lower than that of the
expiratory air, which also leads to errors if not compensated for. Therefore all inspiratory volumes must be corrected to BTPS-conditions (Wick
et al., 1964).
d. Phase shifts
The measured phenomena which may be related to one another may
sljow phase shifts. The phase shifts may be mechanical or electrical in origin.
Mechanical phase shifts may be minimized by the inclusion in the pressure
line of suitable damping devices in the form of a constriction, possibly
variable (Gumming, 1961). The measurement of the mouth pressure can be
delayed with regard to the measurement of the Plethysmographie pressure
during the determination of the IGTV. A special provision is necessary to
eliminate the phase shift between the mouth pressure and the volume displacements into and out of the Plethysmograph if these volume displacements are measured with an integrated pneumotachogram (see further in this
chapter).
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e. Airway resistance
The instrumental resistances in the respiratory path must be as small as
possible. Woitowitz (1967) pointed to the resistance of the mouthpiece.
ƒ. Data recording and processing
To record the data quickly and simply an oscilloscope and a direct
writing X-Y recorder are necessary. Furthermore it is desirable to store the
data on magnetic tape. The use of an electronic desk calculator to quickly
process the data obtained is practically indispensable.

III.3. GENERAL DESCRIPTION OF THE EQUIPMENT
The equipment used is manufactured by Dr. Fenyves and Gut (Leonhardstrasse 26, Basel, Switzerland). It consists of a Plethysmograph, transducers,
amplifiers and a recording system.
a. The Plethysmograph
The Plethysmograph, or chamber, has a content of 470 1. The dimensions
are shown in figure 4.
When an adult person of average height sits inside, it contains approximately 1001 of oxygen, so that while he is in the chamber during the
measurement, which takes about 5 min, no appreciable hypoxia can occur.
The Plethysmograph has a double strength wooden wall of 2.5 cm thickness, while one wall consists of a plexiglass door, also 2,5 cm thick, that can
be hermetically closed with four clamps. It is not absolutely leakproof, the
time constant is 90 s (this means that a pressure step introduced at t = 0, has
decreased to 37% of its initial value after 90 s. On the inside of the door a
hygrometer and a thermometer are mounted, which can be read from the
outside. A compensation chamber of 18 1 has been placed in the top of the
Plethysmograph (see chapter II.4). In the front wall of the Plethysmograph
connections are provided for pressure transducer and pneumotachograph,
the latter is supplied with a heating element. The respiratory tube, also with
heating element, can be connected to:
1. open air,
2. Plethysmograph,
3. a plastic breathing bag,
4. the calibration pump (500 ml) for the pneumotachograph.
The plastic breathing bag is filled with about 3 1 of water thermostatically
controlled.
With the thermostat set at 380C and the heating of the respiratory tube
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switched on we measured a temperature difference of only 0.10C between
inspiratory and expiratory air. In the respiratory tube an electromagnetic
shutter (S in figs 5 and 6) is present that can be controlled from the outside.
Further a cahbration pump is available to get pressure-volume relation for
the Plethysmograph. Also present in the Plethysmograph are an adjustable
seat, a ventilator, an intercom system and an emergency alarm system.

compensation
chamber

Fig.4. Diagram of the body Plethysmograph (Dr. Fenyves and Gut, Basel) with the
dimensions in cm. For further explanation see text.

b. Transducers and amplifiers
To measure pressure signals, different amplifiers are needed, for instance
for Plethysmographie pressure and mouth pressure.
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с п У ^ г & ^ Ь dVpi

Fig.5. Diagram of a constant-pressure body Plethysmograph
with the lung model (bottle and pump).
d Vpi - Integrator - dVpi = Volumograph
Ppl = Plethysmographie pressure, connected to the electronic
Pm
S

('flow displacement

type')

compensator

= Mouth pressure
= Shutter

To measure the volume a pneumotachograph amplifier directly coupled
to an integrator is used: the volumograph. To measure the flow a pneumo
tachograph amplifier only is needed.
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Calibration
pump

Fig.6. Diagram of a constant-volume body Plethysmograph with the lung model (bottle
and pump).
Ppl = Plethysmographie pressure, connected to the compensation chamber
Pm = Mouth pressure
S
= Shutter

An electronic compensator is present, it will be described later.
The pressure signals are measured by electronic differential manometers.
These are placed in two separate cases, in such a way that they are close to
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the transducers.
The electronic manometers are enclosed in a box of insulating material
(polystyrene). A thermostat keeps the manometers at a constant tempera
ture. The drift due to temperature changes is thus kept to an acceptable
level.
The thermostatic controllers are mounted in the same rack as the ampli
fiers. The differential manometers are connected with the transducers by
thick walled plastic tubing.
To measure the Plethysmographie pressure one inlet of the electronic
differential manometer is connected to the Plethysmograph, the other inlet
to the compensation chamber (see fig.6). The mouth pressure is compared to
the atmospheric pressure. A Fleisch pneumotachograph measures flow in
terms of a pressure drop. This pressure drop over the pneumotachograph is
also measured by a differential manometer, as mentioned above. The pneu
motachograph involved in volume measurements is linear and symmetrical to
101/s. The pneumotachograph in the respiratory tube is linear and sym
metrical to 5 1/s.
To measure the mouth pressure an amplifier is used with a sensitivity
ranging up to 100 cm H 2 0 . The amplifier has two zero settings: one for the
amplifier (electrical zero) and one for the signal (zero pressure).
The Plethysmographie pressure amplifier is the same as the mouth pres
sure amplifier but with ranges up to 20 mm ЩО. Furthermore this amplifier
has an attenuator at the output by which the amplitude of the signal for the
recording system can be varied. The pneumotachograph measures the pres
sure drop in a Fleisch transducer by means of the electronic differential
manometer. Using the data of the Fleisch transducer the flow can be calcu
lated. This flow can be integrated to give a volume. We call the combination
of pneumotachograph and integrator the volumograph. For the integrator it
is important that in the absence of a pressure no electrical signal is seen. This
can be realised with the aid of a zeroing potentiometer. There is a reset
possibility to reset the zero point quickly. It is possible to shift the zero
point without influencing the measurement.
The Fleisch transducer of the respiratory tube is connected via a differen
tial manometer to a pneumotachograph amplifier. By means of this amplifier
it is possible to record a pneumotachogram The zero can be set as men
tioned above. The pneumotachogram can be integrated. A marker is pro
vided that indicates when flow direction changes, in other words the start of
inspiration and expiration can be defined.
The electronic compensator can be used in many measurements. For
instance corrections of various phenomena can be made, such as compensa
tion of phase shifts and corrections of temperature effects. The size of
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correction is made by means of the trace on the oscilloscope. We used the
electronic compensator for the measurement of the ITGV, to compensate
the phase shift between the mouth pressure and the volume displacement
into and out of the Plethysmograph measured by the volumograph. The
volumograph measures a flow only when a pressure change is present. To
synchronise mouth pressure and volumograph, part of the Plethysmographie
pressure is used to give a start signal to the volumograph.
FREQUENCY: cycles/mm

dVpl
10

dV
15-

20

25'

30Without
•-Electronic Compensator

With
Electronic Compensator

Fig. 7. Functioning of the electronic compensator at differentfrequenciesof the pump.
There is a loop-shaped recording without the electronic compensator. When the electronic
compensator is correctly adjusted, a straight Une is obtained the slope of which remains
unchanged at different frequencies of the pump. For further explanation see text.
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To demonstrate the operation of the electronic compensator we did the
following experiment. 500 ml of room air are pumped into the Plethysmo
graph through the respiratory tube containing the pneumotachograph (fig.S
dV). This amount of gas will leave the Plethysmograph through the volumograph in the front wall of the Plethysmograph (fig.5 dVpi). In recording the
volumes passing through both pneumotachographs (y = dVpi; χ = dV) simul
taneously on a X-Y oscilloscope, a loop is generated because the volume
measurements are not in phase (fig.7). While air is being pumped through the
respiratory tube there must be a rise in pressure in the Plethysmograph
before the air can leave the Plethysmograph via the volumograph.
The building up of a pressure takes time, therefore a phase shift between
the pneumotachograph and the volumograph occurs. In order to compensate
for this phase shift the pressure change in the Plethysmograph, which is
measured continuously (Ppi in fig.5), is used.
The electrical signal representing pressure change is fed into the electronic
compensator. Here a part of this signal is added to the electrical signal from
the volumograph. In this way it is possible to have output signals in phase.
Thus volume displacements can be brought in phase with pressure
changes in the Plethysmograph and therefore also with pressure changes at
the mouth, since both pressure changes are caused simultaneously by the
thoracic movements, or by the pump in our experimental model described in
chapter IV. The exact adjustment of the electronic compensator is found
when the above mentioned loop has been changed into a straight line by
setting the electronic compensator (see fig.7).
This way of compensating phase shifts has already been described by
Mead (1960) and Grimby et al. (1968). Later, the theoretical basis of this
problem was discussed by Van de Woestijne and Bouhuys ( 1969) as well as
by Clément and Van de Woestijne (1969). They were only concerned with
volume displacement Plethysmographs and not with flow displacement
Plethysmographs. In fact, one cannot speak of a constant-pressure Plethysmograph because pressure changes are present in the 'constant-pressure'
Plethysmograph. The terms 'constant volume' and 'constant pressure' are
therefore misleading (Bargeton, 1969).
с. Recording systems
The signals to be measured are led via a selection panel to the recording
systems. At this selection panel the signals to be recorded on tape, with
simultaneous display on the oscilloscope screen, can be selected. The phe
nomena can be displayed simultaneously on the X-Y recorder or at a later
time from the magnetic tape recorder.
40

1. THE MAGNETIC TAPE RECORDER

This is a modified 4-channel audio-recorder (Philips, type EL 3534 A/16
A). To make it possible to record low-frequency signals on tape it uses
frequency-modulating in its electronic system. It is possible to use normal
audio tape. The accuracy is defined by the constancy of the tape speed. The
recorder has 4 speeds: 19 - 9.5 - 4.75 and 2.375 cm/s. (7.5 - 3.75 - 1.87 0.937 inches/s.)
Two channels can be used to reproduce the recorded signals. The recording is always made at the highest speed: 19 cm/s. The signals may be replayed at a slower speed for more accurate assessment and recording. The
reel diameter is 18 cm, the possible duration of recording is 45 min.
2. THE OSCILLOSCOPE

To watch the recordings directly, an oscilloscope with a screen of 5
inches is used. Each of the horizontal and vertical amplifiers of this oscilloscope have a selector switch so that always two of the three available
signals can be plotted against each other. On the horizontal amplifier a time
base can be introduced. The range of the time base is 0.5 to 1000 cm/s, and
is adjustable continuously. The time-base unit has a single shot facility. The
selector switch on the oscilloscope defines which signals are recorded on the
horizontal and vertical axis of the recorder.
3. THE X-Y RECORDER

The X-Y recorder (model 680; Bolt Beranek Inc.) is of the Potentiometrie
type and is adjusted to normal millimeter (A4 size) paper.
4. THE DUAL-CHANNEL WRITER

This is also of the Potentiometrie type. Two signals can be recorded
against time. The time base is adjustable to 30 - 60 - 300 or 1200 mm/s, the
recording width is 5 cm/channel.

III.4. TESTING THE EQUIPMENT
a. Physiologic reactance
The concept of 'physiologic reactance' has been emphasized by Burton
(1954) to describe the usually undesirable effect of the recording system on
the physiologic event. The presence of the sensing probe of the recording
instrument may alter the structure of the organism at its site of contact so
that the function of the organism at that point bears very little relation to its
normal function. For example, in the measurement of bio-electric phenom41

ena, if the impedance of the recording system and sensing probe to the flow
of electricity is small, the probe will act as a short circuit and thus the
electrical potential at the site of contact will be abnormally attenuated. In
this case the adaption of the recording system to the measuring object is
incorrect.
With most measuring instruments commonly used in hospitals, the
working of the apparatus is not a problem in itself, but the physician is faced
with the problem of the physiologic reactance. Body plethysmography
creates quite the opposite situation, the instrument hardly interferes with
the measuring object but the pitfalls and problems are in the apparatus itself.
Bargeton and Barres (1969): 'As far as biological conditions are concerned,
the body Plethysmograph is unmatched since there is no interference between measuring instrument and the test subject'.
b. Some phenomena influencing the accuracy
b.l. STATIC ACCURACY

Static accuracy means the reliability of the instrument to record signals
varying extremely slowly. Static accuracy implies stability, i.e., freedom
from base-line shift and drift of calibration or gain factor. Instability necessitates frequent base line and calibration checks, which aside from complicating the operation of the system allows at best only approximate corrections of the record.
The static accuracy of a system concerning base line stability and stability
of the calibration factor may be studied by observing the response of the
system to various static input signals over a period of time.
(1) Base line stabiUty
The total base line stability of the equipment is defined by the stability
of the measuring, amplifying and recording systems together.
To control the base line stability of the measuring system and amplifiers,
we have preset the amplifiers of the volumograph, the Plethysmographie
pressure and the mouth pressure at maximum sensitivity, and then, with
open Plethysmograph, observed the zero lines appearing on the meters and
being recorded on the tape during a period of time. After one hour there was
no measurable change in the position of the zero.
Because of the importance of the recording system we investigated it
carefully.
With the tape recorder we observed the base line stabiUty by having the
recorder run at a very low speed, applying a zero signal at the inputs and
observing the recording over a period of time. It appeared from the registra42

tions that the base line stability at the lowest speed of the tape was some
what less than at the highest speed, but still negligible. The same held for the
Χ- Y recorder.
(2) Linearity
To study linearity we investigated the overall response of the system
The system processing the mouth pressure signal (furtheron called: m.p.
system) was calibrated with a large water manometer (U-tube) for the range
of 10 to 100 cm water, and with an inclined plane water manometer for the
range of 0 to 10 cm water. The deflection of the meter was linear. For the
positive and negative values the symmetry was better than 2%.
manometer

capillaries

I

balloon
valve

II

III

Fig.8. Diagram of the pneumatic attenuator. For further explanation ¡ее text.

For the caübration of the Plethysmographie pressure system (furtheron
called: p.p. system) a pneumatic attenuator was used (fig.8). The pneumatic
attenuator has three capillaries connected in series. The resistances of the
capillaries are known exactly. The capillary ratios at the points А, В and С of
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figure 8 are: А/В = 10/1 ; А/С = 110/1. The attenuator works as follows. The
pressure in the bottle is increased to some fixed value by means of an
inflating balloon. Because of the free flow via the capillaries a fixed pressure
ratio will occur between points А, В and C. This fixed ratio is used for the
calibration.
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Fig.9. Plethysmographie pressure (Pp¡) versus mouth pressure (Pm)

The linearity of the p.p. system is also controlled by means of the pneumatic attenuator. Here the m.p. system was used as a reference. In figure 9
the deflection of the p.p. system is plotted against the m p. system. The
mouth pressure system was connected to point A and the Plethysmographie
pressure system to point С (fig.8). Because the line in figure 9 shows no
curvature, the p.p. system appears to be also linear. For the pneumotachoFor the pneumatograph directly coupled with the integrator the volumograph, the linearity was checked. Observations showed that the overall
linearity of flow generator and volumograph was better than 2%.
The linearity of the recorders can be tested by applying a triangular wave
of low frequency. From the shape of the two lines in figure 10 measured
from the tape recorder the linearity of this recorder appears to be better
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Fig. 10. Linearity of the tape recorder.
Time base = 5 s/division. Amplitude: Vin =2 V/division, Vout. = 0.2 V/division.

than 5%. In the same way the linearity of the X-Y recorder was studied. For
the X-Y recorder the deviation from linearity was too small to be measured.
b . 2 . DYNAMIC ACCURACY

Dynamic accuracy of a measuring system requires that the applied
dynamic signal will be handled by the system without distortion. Dynamic
accuracy in linear systems is determined by amplitude, phase characteristics,
and noise.
( 1 ) Noise
Noise is a general term to describe the time-varying disturbances that arise
from various sources. In our system mechanical and electrical noise are
present. Unless extremely high levels of amplification are necessary, electrical noise is not a large problem in modern recording systems. With our
equipment electrical noise is negligible. Mechanical noise however is sometimes difficult to reduce to an acceptable level. It usually arises from vibra45

tions or accelerations in the system. For the tape recorder the constancy of
speed is important. We checked the fluctuations in the tape speed of the
recorder and found the deviation negligible.
(2) Amplitude and phase characteristics
We checked the dynamic response of the measuring system first. The
dynamic response of a system can be determined experimentally by driving
it with a known input signal and observing its response. Sine waves are often
used for this purpose. The ratio of the amplitude of the response of the
system compared to the amplitude of the input signals as a function of
frequency is called the amplitude characteristic.
The phase characteristic of a system is defined by the phase shift between
the input and output sinusoidal signals as a function of frequency. The phase
angle by which the output signal from the system lags behind the input
signal may be measured and plotted against frequency. Amplitude and phase
characteristics together determine the so-called frequency response.
We checked the characteristics of the amplifiers and recorders. It appeared from the observations that amplifiers and recorders have no limiting
influence on the measurements.
There are several methods of measuring frequency responses of a body
Plethysmograph, for instance a loudspeaker-amplifier-sine-wave generator
system as described by Mead (1960). A second method, which is the one we
used, is the step response method. It is more convenient here for practical
purposes to check the total system. In principle both methods are of equal
value (e.g., Skilling, 1968).
To generate a step response the sensing probe of the system is subjected
to a stepwise pressure change. The step response is the output signal as a
function of time after a sudden change in the input signal. The behaviour of
a system is completely defined by the way the system responds to such a
step. We generate a stepwise pressure change by puncturing an inflated
balloon in the constant-volume Plethysmograph. The sudden change in pressure was measured via the differential manometer on the Plethysmographie
pressure amplifier. Figure 11 shows the result. The idealized shape of a step
response is shown in figure 12. Some important characteristics (e.g., Skilling,
1968; Wesseling and Van Vollenhoven, 1969) of a step response are:
1. The rise time = the time during which the output signal increases from
10% to 90% of the output signal, resulting from the stepwise signal
change applied to the input. The rise time is connected to the highest
frequency that can be handled by the system.
2. The sag = the time during which the output signal decreases from 90% to
10% of its maximum value. The sag is connected to the lowest frequency
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Fig.ll. Step response of the constant-volume
y-axis: 0.8 mm H^O/division.

Plethysmograph,

x-axis: 50 ms/divisio¡
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that can be handled by the system.
3. The resonance frequency = the oscillation frequency (approximately)
observed in the overshoot upon application of an input signal step. Thus
this frequency is the inverse of the cycle time observed.
4. The percentage overshoot. This can also be measured from the step
response.
Measurements in figure 11 give the following results:
1. The rise time = 16 ms; the highest frequency which can be handled by the
system ^

0 3

' Л . з ss 22 Hz. (e.g., Skilling, 1968).

2. The sag is greater than 90 s; the lowest frequency which can be handled
0 35
accurately by the system — -ηττ — 0.004 Hz.
3. The resonance frequency s

= 20 Hz.

4. The overshoot s 24%.
The same method (step response) has been applied to the constant-pressure
Plethysmograph with nearly the same results.

III.5. CONCLUSIONS
After having tested the equipment we will try to give an answer to the
question:
Can the phenomena that we want to measure, be measured by the equip
ment used?
Concerning the air-tightness of the Plethysmograph, the time constant is
90 s. For the lowest frequency to be measured this is adequate.
Because the Plethysmograph is used as a constant-volume and as a con
stant-pressure Plethysmograph, the content of 470 1 appears to be a reason
able compromise. The construction gives no problems for both types of
measurement.
It appears from the measurements that the requirements for stability,
noise and linearity are largely met for the measuring systems as well as for
the recording system.
The average frequency of breathing is about 11-14/min (about 0.2 Hz) in
healthy individuals under basal conditions (Comroe, 1965). During 'panting'
the frequency is much higher: 180 to 240/min (3 to 4 Hz). The highest
frequency that such a breathing pattern can reach is 7 Hz. The measuring
and recording systems can certainly process these signals.
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The step response shows that the applied signals, within the limitations
fixed above, can also be processed without distortion by the system as a
whole.
Finally a general comment can be made about the over-all error.
The determined inaccuracy of 0.02 mm HjO for the Plethysmographie
pressure in measuring a pressure of 1 mm HjO leads to an error of 2%
maximally.
The determined inaccuracy of 1 mm HjO for the mouth pressure in
measuring a pressure of SO mm H 2 0 leads also to an error of 2% maximally.
Measuring a volume displacement of 100 ml with an inaccuracy of the
volumograph of 1 ml the error is 1% maximally.
The measuring error in the equipment is introduced by the mouth pres
sure system, the Plethysmographie pressure system and the volumograph.
The maximum error in these systems is not more than 2%. The reading error
can be made negligible.
When we insert all the possible errors combined in the equations used to
calculate the ITGV it follows:
a. For the constant-pressure Plethysmograph:
I T G V

= K l

· dFV ± 2% • ( Р В - р Н , 0 ) · 1-36 - 300 ml

The maximum error made by the system will be Ξ* 4%.
b. For the constant-volume Plethysmograph:
1TGV

• K>· d P ^ % · S r S - ^в-Рн.о) · 1.36 - 300 ml

The maximum error made by the system will be s 6%.

Summary of chapter III
Since high requirements have to be met by the equipment used in body
plethysmography, the equipment is described extensively in this chapter, and
its accuracy is tested. To study the frequency responses of the total system
the step response method is used.
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CHAPTER IV

RESULTS FROM THE EXPERIMENTAL MODEL

IV. 1. INTRODUCTION
It seems desirable to check the accuracy of the volume measurements by the
body Plethysmograph by measuring a known volume in a lung model.
Several authors have built a lung model.
Briscoe and DuBois (1958) made measurements in a lung model which
consisted of a bottle connected to a rubber bulb which was squeezed by the
hand of an operator sitting in the Plethysmograph and holding his breath
during the observations. The bottle contained 0.1 liter of Dreft detergent
solution and 4 liters of air. The volume measured by the Plethysmographie
procedure was 3.4 liters. When the Dreft was partly converted into a fine
froth filling the whole bottle, the gas volume was correctly estimated at 4
liters.
Wardlaw, Kerr and Spices (1967) described a mechanical model to facilitate dynamic calibration of the body Plethysmograph. Their model consisted
of a plexiglass box of 16x16x16 cm internal dimensions. The hinged lid
acting as a 'diaphragm' was fitted with an airtight gasket and was driven by a
motor.
Nolte, Reif and Ulmer (1968) made measurements in a model which
consisted of a cylindric plexiglass box with a content of 13 liters. The
bottom was a rubber membrane acting as a 'diaphragm' and was driven by a
motor.
We used a very simple model which can be made easily in every laboratçry. It consists of a Harvard pump (model 607) connected by wide rubber
tubes to a glass bottle with a large opening. The frequency (0-50/min) and
the stroke volume (0-1000 ml) of the pump can be adjusted deliberately.
This model was placed in the Plethysmograph and could be controlled from
the outside when the door of the Plethysmograph was closed (see fig.5 and
6).
With this model we made 4 series of experiments:
1. Measurement of the gas content of the bottle containing a known gas
volume of 6100 ml.
2. Measurement of the gas content of the bottle filled with pellets of alumi51

num paper. The known gas volume in the bottle was again 6100 ml.
3. Measurement of the gas content of the bottle containing a solution of
soap (500 ml) and 5600 ml of gas.
4. The same measurement as in 3., but now the solution of soap was shaken
until the bottle was filled with foam. The known gas volume in the bottle
remained equal to 5600 ml.
Each experiment was performed in the constant-pressure as well as in the
constant-volume Plethysmograph. The measurement in the constant-volume
Plethysmograph was always followed immediately by a measurement in the
constant-pressure Plethysmograph or vice versa in random sequence. These
paired measurements were done 10 times at arbitrary moments. For every
calculation we took the mean of 3 successive recordings. Volume measurements of the bottle were done with a constant stroke volume of the pump
(80 ml) and with different frequencies of 10, 20 and 30 a minute.
For the calculation of the gas volume in the bottle we used the equations
given in chapter II.
For the statistical analysis we used Student's t-test for paired measurements and the means and also Pearson's correlation test. The level of significance was fixed at 0.05.

IV.2. RESULTS
The results of our experiments are listed in tables I, II and III. Table I shows
that we never found a significant systematic difference in the volume measurements of the bottle between the constant-volume and constant-pressure
Plethysmograph whatever the content of the bottle or the frequency of the
pump. However, the real gas volume in the bottle was obtained only when
the bottle was filled with foam with the exception of the measurements in
the constant-volume Plethysmograph at a frequency of 10/min (table II). At
this low frequency of the pump the foam has a strong tendency to precipitate, making the measurements of the gas volume in the bottle very difficult.
The deviation from the real gas volume in the bottle was very large when
the bottle was empty (about 900 ml), but smaller when the bottle was filled
with aluminum pellets (about 200 ml).
Table III shows that there is a correlation between the frequency of the
pump and the measured volume in the bottle: as the frequency increases the
measured volume decreases except in one case when the bottle was filled
with foam and when measuring in the constant-pressure Plethysmograph.
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TABLE I
Comparison of the measured gas volume in the bottle
between both types of Plethysmograph

Real gas content
in the bottle
in ml

Mean values of the
measured volume
in ml
Constant- Constantvolume
pressure
Plethys Plethys
mograph mograph

Standard deviation

Constantvolume
Plethys
mograph

Constantpressure
Plethys
mograph

Student's t-test
for paired
measurements
t

Conclusion

Ρ

Empty bottle
6100 ml
freq/min

Bottle
+ aluminum pellets
freq/min

Bottle
+ 500 ml soap solution
freq/min
Bottle
+ 500 ml foam
freq/min

10
20
30

5201
5371
5051

5209
5327
5026

128.6
137.9
61.1

169.0
63.4
80.1

-0.14
1.02
0.80

P>0.8
0.4>P>0.2
0.6>P>0.4

6018
5904
5811

6020
5905
5765

63
38
42

78
35
50

-0.04
-0.12
1.97

P>0.80
P>0.80
0.10>P>0.05

6100 ml
10
20
30
5600 ml
20

4756

4770

177.1

5668
5590
5585

5600
5566
5561

68
110
65

205.2

0.40

0.8>P>0.6

5600 ml
10
20
30

70
96
88

2.17 0 . 1 0 > P > 0 . 0 5
0.80 0.60 > P > 0.40
0.84 0 . 6 0 > P > 0 . 4 0

no systematic significant
difference between both
Plethysmographs

no systematic significant
difference between both
Plethysmographs
no systematic significant
difference between both
Plethysmographs
no systematic significant
difference between both
Plethysmographs

TABLE И
Comparison of the measured gas volume with the real gas volume in the bottle
in both types of Plethysmograph
Real gas content
in the bottle
in ml

Mean values of the
measured volume
in ml
Constant- Constantvolume
pressure
Plethys Plethys
mograph mograph

Student's t-test for mean values
in both Plethysmographs
Constant-volume
Plethysmograph

Conclusion

Constant-pressure
Plethysmograph

Empty bottle
6100 ml
freq/min

Bottle
+ aluminum pellets
freq/min

10
20
30

5201
5371
5051

5209
5327
5026

testing is not necessary

testing is not necessary

6100 ml
10
20
30

6018
5904
5811

6020
5905
5765

t = - 4.05
t=-15.89
t=-21.76

P<0.01
P<0.01
P<0.01

t = - 3.20
t=-17.35
t=-20.77

P<0.01
P<0.01
P<0.01

Bottle
+ 500 ml soap solution 5600 ml
freq/min

Bottle
+ 500 ml foam
freq/min

20

4756

4770

t=-15.07

P<0.01

t=-15.07

P<0.01

5600 ml
10
20
30

5668
5590
5585

5600
5566
5561

t= 3.16 0 . 0 5 > P > 0 . 0 1
t= 0.28 0 . 8 0 > P > 0 . 7 0
t= 0.77 0 . 5 0 > P > 0 . 4 0

t= 0.01
P>0.9
t= 1.45 0 . 2 0 > P > 0 . 1 0
t= 1.40 0 . 2 0 > P > 0 . 1 0

large, systematic and sig
nificant difference be
tween the real and
measured gas content in
the bottle in both Ple
thysmographs
small, systematic and sig
nificant difference be
tween the real and
measured gas content in
the bottle in both Ple
thysmographs
large, systematic and sig
nificant difference be
tween the real and
measured gas content in
the bottle in both Ple
thysmographs
no systematic difference
between the real and
measured gas content in
the bottle in both Ple
thysmographs except in
the constant-volume Ple
thysmograph at a fre
quency of lO/min

TABLE IH
Frequency dependence of the measured gas volume in the bottle
in both types of Plethysmograph
Mean values of the
measured volume
in ml

Real gas content
in the bottle
in ml

Pearson's correlation test
between pump frequency
and measured volume

Constant-volume Constant-pressure Constant-volume
Plethysmograph Plethysmograph
Plethysmograph

Conclusion

Constant-pressure
Plethysmograph

Empty bottle
6100 ml
freq/min

Bottle
+ aluminum peUets
freq/min

Bottle
+ 500 ml foam
freq/min

10
20
30

6 1 0 0

5101
5371
5051

5209
5327
5026

6018
5904
5811

6020
5905
5765

г =-0.360
r=-0.454
0.05 > P > 0 . 0 2 5 0 . 0 1 > P > 0 . 0 0 5

„^

10
20
30

r=-0.87
Ρ <0.0005

r=-0.19
P<0.0005

5600 ml
10
20
30

5668
5590
5585

5600
5566
5561

r=-0.39
0.025 > P > 0 . 0 1

r=-0.19
Ρ > 0.05

As the frequency of the
pump increases, the meas
ured volume decreases.

As the frequency of the
pump increases, the meas
ured volume decreases.

As the frequency of the
pump increases, the meas
ured volume decreases
except in the constantpressure Plethysmograph.

IV.3. DISCUSSION
In our experiments with the model we never saw a significant systematic
difference between both types of Plethysmograph. One may wonder which
method should be prefered. In our experience the use of the constantvolume Plethysmograph is preferable. However, it is theoretically more exact
to work with a constant-pressure Plethysmograph because the volume displacements in the Plethysmograph are measured directly and not indirectly
by means of a calibration with a syringe. Finally, the choice of Plethysmograph depends on the phenomena to be measured: fast phenomena can be
better measured in the constant-volume Plethysmograph (Naedts et al.,
1964), slow phenomena in the constant-pressure Plethysmograph (Mead,
1960), but it has to be realized that, using the constant-pressure Plethysmograph of the 'flow displacement' type, the slow phenomena should not be
allowed to be so slow that the flow through the pneumotachograph cannot
be measured accurately.
The fact that we never found a significant systematic difference between
the two types of Plethysmograph might suggest that the pressure changes in
the constant-volume Plethysmograph occur in isothermal conditions. This is
not correct. The explanation for the absence of a difference is the calibration
of the constant-volume Plethysmograph. In order to find a relationship between volume and pressure changes of the Plethysmograph, we used a
syringe of 100 ml, pumping air into and out of the Plethysmograph at the
very same frequency as the Harvard pump during the measurements. In this
method of calibration an adiabatic or polytropic condition of the Plethysmograph should not have any influence on the calculation because this factor is
involved in the calibration (Bargeton et al., 1964; Woitowitz et al., 1967;
Van de Woestijne and Vermeire, 1967; Nolte et al., 1968).
The measured gas volume in the bottle always has a negative correlation
with the frequency of the pump, with only one exception mentioned above.
We did not investigate the frequency dependence of the bottle filled with
a solution of soap because this bottle can be considered as an empty bottle
with a gas content of 5600 ml. For the frequency dependence several causes
are possible:
1. When the frequency of the pump increases it is possible that gas with ever
increasing temperature reaches the bottle. However, the pump was connected with the bottle by wide and long tubes through which the gas
could be cooled easily. Besides, one might wonder whether the heated gas
can ever reach the bottle because there is only 'a pendeling' of gas into
and out of the bottle, the temperature being constant.
2. The pressure changes in the empty bottle will not be isothermal; the
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deviation from the isothermal condition will be greater as the frequency
of the pump increases. If a better heat exchange can be obtained by
enlargement of the surface of the bottle, pressure changes in the bottle
can occur more isothermally. The enlargement of the surface can be
achieved by filling the bottle with pellets of aluminum or better with
foam.
In the last case one might expect that there is a better agreement between
the measured gas content and the real gas content in the bottle whereas
the frequency dependence will diminish.
Indeed we could confirm experimentally that the measured values agree
better with the real values when filling the bottle with pellets of aluminum
paper or foam. We could not confirm that there is a decreasing frequency
dependence starting from the empty bottle filled with foam except in the
constant-pressure Plethysmograph, the bottle being filled with foam. Nevertheless, we agree with Briscoe and DuBois (1958) and Bargeton and Barres
(1969) that the good results in the bottle with foam have to be attributed to
the better isothermal conditions.
We have found that the calculation of the gas volume in the bottle is
often erroneus if a loop-like recording is obtained. It seems to be very
difficult to determine exactly the slope of the axis of an ellipse-shaped loop,
even in the case of an apparently nearly perfect shape of the ellipse.
In the constant-pressure Plethysmograph this looping of the recording is
due to a difference in phase between the pressure changes at the bottle side
of the valve and the volume displacements of the Plethysmograph when the
valve is closed during the measurement. It should be noted that volume
displacements can only occur when the pressure in the Plethysmograph is
changing in relation to the environment.
In order to bring in phase the volume displacements and the pressure
changes near the valve, we used an electronic compensator, the principle of
which is described in chapter III. The way of compensating phase shifts
electrically was already described by Mead (1960) and Grimby et al. (1968).
Later, the theoretical basis of this problem was discussed by Van de Woestijne and Bouhuys (1969) as well as by Clément and Van de Woestijne
(1969). However, it always concerned volume-displacement Plethysmographs
(supplied with a spirometer) and not flow-displacement Plethysmographs
(supplied with a pneumotachograph).
If phase shifts are eliminated in the way described, in fact one cannot
speak of a constant-volume or a constant-pressure Plethysmograph because
the pressure changes in the 'constant-pressure' Plethysmograph are used in
order to compensate for phase shifts.
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The terms 'constant volume' and 'constant pressure' are therefore misleading (Bargeton, 1969) as already mentioned in chapter I.

Summary of chapter IV
With an experimental model composed of a glass bottle connected to a
Harvard pump, a comparative study was made of volume measurements in a
Plethysmograph working with a constant volume or with a constant pressure.
The phase shifts between the volume displacements and the pressure changes
in the bottle were electrically eliminated by an electronic compensator, the
principle of which is described in chapter III.
In the volume measurements a significant systematic difference was never
found between the constant-volume and the constant-pressure Plethysmograph. There was a great difference between the real gas content and the
measured gas content of the bottle in both types of Plethysmograph when
the bottle was empty; the difference was smaller when the bottle was filled
with pellets of aluminum paper whereas no difference was found when the
bottle was filled with foam of soap, except in one case.
A negative correlation existed between the frequency of the pump and
the measured gas content in the bottle except in one case. The possible
causes for this correlation are discussed.
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CHAPTER V

RESULTS IN HEALTHY SUBJECTS

V.l. INTRODUCTION
The intrathoracic gas volume (ITGV) was measured in 15 healthy male sub
jects, aged 21-43, with the constant-volume and the constant-pressure
Plethysmograph. If the measurement of the ITGV by the Plethysmograph
was done at the end of a normal expiration functional residual capacity
(FRC) was measured: FRCpi. This value was compared with the FRC meas
ured by the Helium closed circuit technique: FRCHB· This technique and
also the nitrogen wash-out technique (both dilution techniques) for the
measurement of the FRC are described in 'The Lung' Comroe, Forster,
DuBois, Briscoe and Carlsen; nov. 1965; 13-19. A detailed description of the
Helium closed circuit technique can be found in the thesis of Tammeling
(1958) and in: 'L'Exploration Fonctionnelle Pulmonaire' (Schrijen and
Peslin, 1964).
V.2. RESULTS
The results of our measurements are listed in table Г . For the statistical
analysis we used Student's t-test for paired and mean measurements. The
level of significance was fixed at 0.05. The results showed:
1. That there was no significant systematic difference between the con
stant-volume and the constant-pressure Plethysmograph (t = 1.60;
0.2>P>0.1);
2. That there was a significant systematic difference between the Plethysmo
graphie and the Helium method: FRCpi - FRCHe = 904 ml; S.D. 278 ml
(t = 12.59 ; Ρ < 0.01 ). See figure 13.
V.3. DISCUSSION
We checked reports which described similar measurements. Some investi
gators compared the FRC measured by the Helium or N 2 technique with the
FRC measured by the Plethysmographie technique. The results are listed in
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TABLE IV
Comparison of measurements of functional residual capacity
by the Helium dilution method (FRCHe) and by the Plethysmographie method (FRCpi)
in IS healthy male subjects

Nr
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Age
year
32
28
43
39
32
25
22
37
32
21
29
22
29
29
37

Mean values in ml
Standard deviation
Student's t-test

Height
cm
174
181
184
172
172
172
185
180
181
186
183
188
184
176
186

Weight
kg
78
70
88
80
70
56
65
72
84
76
74
77
80
72
76

FRCHe

f
c.v.

FRCpi
c.p.

f

2900
3000
2450
2800
2750
2770
3250
3050
3500
3800
2750
3775
3000
3250
2880

11
19
16
14
10
15
13
9
18
15
10
13
12
15
10

4095
3709
3798
3920
3441
3871
4220
4148
4045
4261
3468
4490
4160
3970
4086

4005
3713
3790
3930
3367
3783
4273
4136
4130
4226
3470
4397
4068
3850
4146

46
24
60
78
86
92
48
72
76
46
80
90
62
60
60

3062
388

(13)
( 3)

3979
288

3952
292

(65)
(19)

c.v. = constant-volume Plethysmograph
ср. = constant-pressure Plethysmograph
f
= frequency of breathing/min during the measurement

Diff.
(c.v.-c.p.)
+ 90

+

4
8

- 10
+ 74
+ 88
- 53
+ 12
- 85
+ 35
+ 2
+ 93
+ 92
+ 120
- 60
+ 27
64
t=1.60
0^>P>0.1

FRCpi FRCpi-FRCHe
(mean)
(mean)
4050
3711
3794
3925
3404
3827
4246
4142
4088
4244
3469
4444
4114
3910
4116

1150
711
1344
1125
654
1057
996
1092
588
443
719
669
1114
660
1236

3966
288

904
278
t=12.59
P<0.01

TABLE V
Measurements of functional residual capacity by the Helium or N2 method
and the Plethysmographie method in healthy subjects as reported by several authors
Authors

Nr

Sex

Age
year

FRCHe
or

FRCpi

FRCN2

DuBoiset al. (1956)
Tiemey and Nadel (1962)
Smidt and Colm (1961)
Fruhinan(1968)
Brunes and Holmgren (1966)
Woitowitzetal.(1967)
Reicheletal. (1969)
Own results
Nolte et al. (1968)
Nolte et al. (1969)
Bachofen and Scherrer (1966)
Jaeger and Otis (1964)

f
FRCpi-FRCHe
(breathing
or
frequency/min) FRCpi-FRCNj

6
3
13
8
21
23
141
118
69

m
w
m
m
m
w
m
w
m

22-43

2.97

2.97

panting

2540
27-40
30-50
24
15-64
15-64

4.49
3.46
2.87
2.19
2.97
2.17

15

m

21-43

3.06

4.51
3.39
3.07
2.64
4.25
3.62
3-4
4-6
3.96

panting
panting
panting
panting
quiet
breathing
panting
panting
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9
107
74
30
22
20
4

m
m
w
m
w
m
w

20-40
20-30
20-30
19-34

3.87
3.02
2.49
3.94
2.63
4.24
3.44

panting
panting
panting
panting
panting
panting: ± 200
18.6

21-49

0.200
0.450
1.090
1.450
13%
20%
0.904

table V. This table does not indicate whether the FRC measured by the
Plethysmograph was compared with the Helium dilution or the N 2 dilution
technique, since Ourednik et al. (1969) found no statistically significant
difference between the two dilution techniques. Caltagirone et al. (1969)
also compared the FRC measured by Helium and N 2 technique. They be
lieved that taking all the necessary precautions for a correct analysis of the
N2 and He either method may be used.

FRC
3800
3600
3400
3200
30002800
2600-

2600

2800

3000 3200

3400 3600

3800

400O

4200 4400
FRC l

P

Fig.13. Functional residual capacity measured by the Helium dilution method (РКСце)
and the Plethysmographie method (FRCpi) in 15 healthy male subjects. The regression
line is indicated: у = 0.94χ - 661.93.

DuBois et al., (1956), Smidt and Cohn ( 1961 ), Tierney and Nadel ( 1962),
Fruhmann (1968) and Quanjer (1971) found a good correlation between the
dilution technique and the plethy smographic technique. However, Brunes and
Holmgren (1966), Woitowitz et al. (1967), Reichel et al. (1968) and Reichel
(1969) did not find a good correlation. In our investigations no corresponding
values could be found between both methods. Woitowitz et al. ( 1967) investi
gated a large number of subjects and found appreciable differences between the
two methods. They are the only investigators who made measurements at
normal breathing rates; all the others used the 'panting' technique of
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DuBois: breathing rate about 200/min. Our measurements were made at a
breathing frequency of about 65/min.
There are several possibilities as to why the results of the two methods
may be different:
1. Breathing frequency during the occlusion of the airway.
2. Difference in position of the subject during the measurements.
3. Influence of the abdominal gas volume.
4. Shifting of the resting breathing level.
5. Artefacts in recordings.
6. Insufficient mixing of Helium into the alveolar space.
Ad 1. Breathing frequency during the occlusion of the airway
As already mentioned in chapter II.2 there may be not sufficient time for
equilibrium to occur between alveolar pressure and mouth pressure especially at high frequencies of breathing.
Woitowitz et al. (1967) showed an increase of FRCpi from 4.1 to 4.6 1) in
15 normal patients when the breathing frequency increased from 20 to
90/min. This was confirmed by Smidt and Muysers (1968). Jaeger and Otis
(1964) found in 24 subjects an increase of the FRCpi by 0.8 1 when the
breathing frequency increased from 18.6 to ± 200/min ('panting'). They
advised that a frequency of breathing should be chosen at which equilibrium
between mouth and alveolar pressure can occur. Particularly in obstructive
lung diseases several seconds are necessary for the equilibrium (Jaeger,
1962).
Ad 2. Difference in position of the subject during the measurements
The FRC supine is much lower than that in the sitting position. Linderholm (1963) found in 7 young healthy male subjects a difference of 1.04 1
(2.56 to 3.60). Brunes and Holmgren (1966) found in 60 healthy young
women a difference of 0.45 1 between FRCpi and FRCHB- This was attributed to the more erect position used in the Plethysmograph compared with
the spirometer measurement. Timbal et al. (1966) extensively investigated
the relation between the FRC and gravity. They gave correction factors for
the change in the FRC, when changing from the lying (0°) to the upright
position (90°).
0°
1
+15°
1.06
+30°
1.18
+45°
1.26
+60°
1.25
+75°
1.35
+90°
1.36
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In our laboratory, during the FRC measurement using the Helium technique
the subject is sitting in a chair which has an angle with the horizontal
position of +60°. In the Plethysmograph the subject is sitting in the upright
position (+90°). The FRCpi is then larger by a factor Т^гО-е. 10%) than
theFRCHe·
This can explain part of the difference found between the two methods
in our experiments.
Ad 3. Influence of the abdominal gas volume
In chapter 11.4:2 we have extensively described this influence.
Ad 4. Shifting of the resting breathing level
The resting expiratory level may fluctuate by as much as 100 ml in
healthy individuals and by as much as 400 ml in patients with emphysema
(Comroe et al., 1965). Since changes in this level lead to corresponding
changes in FRC, duplicate determinations cannot be expected to agree pre
cisely. At the determination of the FRCpj it is necessary to record the
spirogram of the subject in order to be sure that a normal quiet breathing
level is reached. The occlusion of the airway must be done at the right time
in a subject breathing at normal frequency.
With the 'panting' technique of DuBois the subject may be breathing
above the resting expiratory level. Then too large a FRCpi is measured.
Recording the slope dPpi/dPm or dVpi/dPm at maximal inspiration or
expiration in order to measure the total lung capacity or the residual volume
gives incorrect values because an effective compression or decompression of
the volume in the thorax is impossible due to the rigidity of the thorax and
the diaphragm in such a position (Ferlinz et al., 1969).
Ad 5. Artefacts in recordings
Weber et al. (1968) pointed out that all sorts of artefacts in recording the
slope dPpi/dP m or dVpi/dP m may occur. They gave examples of a number
of deviations from the normal slope. The possible artefacts can be divided
into three groups:
1. Influences giving deviations which can be recognised easily: swallowing,
hiccups, large leaks of the Plethysmograph, too much squeezing and
sucking instead of panting.
2. Influences which make measurement of the slope difficult or impossible
because a curved line or even a looplike recording is obtained. They are:
the RQ effect, the temperature effect (warming up of the air in the
Plethysmograph), and the pressure changes in the surroundings. As al64

ready mentioned these effects can be cancelled by a compensation
chamber.
3. Influences which cannot be recognised directly and lead to incorrect
measurement of the FRCpi. They are: breathing or panting with a par
tially closed glottis; movements of the abdomen instead of panting; leaks
at the mouth-piece, the shutter, or the noseclip.
Ad 6. Insufficient mixing of Helium into the alveolar space
Reichel et al. (1969) stated that not only in obstructive patients but also
in healthy subjects the mixing of Helium into the alveolar space is insuffi
cient. After the end of the mixing time (usually less than 5 minutes in
healthy subjects) they continued the measurement. During this period they
asked the subject to perform several vital capacities. They observed a further
step by step reduction of the end concentration of Helium until a final value
was reached (see fig. 14). The FRC measured by this method was larger than
the FRC measured by the conventional method.

СОПССПІГЛІКЛ

Fig.14. Slope of Helium concentration in the spirometer of a healthy subject breathing at
rest and following the performance of a series of vital capacities. Reproduced with per
mission from the authors (Reichel et al., 1969).
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However, this method seems to be very difficult because the oxygen
concentration in the spirometer cannot be kept constant when the subject
performs vital capacities, irrespective whether a volume stabilization or a
direct concentration stabilization is used. An exact stabilization of the
oxygen concentration is absolutely necessary if the He-concentration is
measured by a device based on heat conductivity, since this device is not
only sensitive to a change in He-concentration but also to a change in oxygen
concentration. For details we may refer to the thesis of Beneken Kolmer
(1967).
Our conclusion is that there are many causes which could give differences
between the Helium dilution and the Plethysmographie method at the determination of FRC.
Furthermore with the Helium method the volume of the alveolar gas in
free communication with the major airways is measured; with the Plethysmographie method however, the volume of the gas in the thorax, whether in
free communication with the airways or not, is measured.
We wish to emphasize that both methods may not necessarily be expected to give the same results. If the same results are found it is by chance
because it looks as if two different things are measured by two different
methods, especially if we assume that air trapping may exist even under
normal circumstances, and that this trapped air cannot be measured by the
Helium method.
Summary of chapter V
In this chapter we showed by means of FRC measurements in 15 healthy
subjects that no significant systematic difference was found between the
constant-volume and constant-pressure Plethysmograph. We discussed the
significant systematic difference found between the Plethysmographie
method and the Helium method during the determination of FRC. We concluded that it was not necessary that both methods give the same results.
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CHAPTER VI

RESULTS IN PATIENTS WITH OBSTRUCTIVE LUNG DISEASE

V.l. INTRODUCTION
As a test for an obstructive lung disease we took the following criteria:
1. A significantly prolonged expiratory time on physical examination.
2. A decrease in FEVi" ^forced expiratory volume). This is a test which
measures the volume expired by maximal effort in one second. The
volume in one second can be expressed as percent of the measured vital
capacity (i.e., FEVi" /VC%). This parameter can be used to determine the
degree of obstruction.
3. Increase of residual capacity, especially the percentage increase of the
residual capacity with regard to the total lung capacity, is important.
We investigated 15 patients, aged 42-73, with an obstructive lung disease; the
FEVi"/VC w a s l e s s th 3 1 1 50% (normal value: more than 65%). Functional
residual capacity was measured twice with the Helium dilution method in a
closed circuit. The duration of the test was 10 min; it appeared always to be
longer than the mixing time. The FRC was also measured with the constantvolume and the constant-pressure Plethysmograph.

V.2. RESULTS
The results of the measurements are listed in table VI. For the statistical
analysis we used Student's t-test for paired and mean measurements. The
level of significance was fixed at 0.05. The results showed:
1. That there was no significant systematic difference between the con
stant-volume and the constant-pressure Plethysmograph (t = 1.1016;
0.3 < P < 0.4).
2. That there was a large significant difference between the Plethysmogra
phie and the Helium method (t = 10.604; Ρ < 0.001).
We also looked for a correlation between the difference (FRCpi — FRCHe)
and the degree of obstruction expressed in FEVi"/VC%. Therefore, the
parameter-free test of Spearman was used. It appears that a not significant
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TABLE VI
Companson of measurements of the functional residual capacity
by the Helium dilution method (FRCHe) and by the Plethysmographie method (FRCpi)
in 1S patients with obstructive lung disease

Nr
1
2
3
4
5
6
7
8
9
10
11
12
13
14
IS

Age
year

Height
cm

63
57
63
73
56
58
60
66
42
56
70
56
67
60
62

Mean values in ml

SD.
Student's t-test

175
173
177
169
.165
181
184
165
183
165
158
167
176
163
172

Weight
kg
57
48
59
61
61
84
79
57
77
70
63
77
84
45
74

FRCHe

f

4500
4000
3425
3750
4175
5600
5750
4275
4800
3600
4100
4500
4425
3900
3600

15
11
15
29
24
14
14
14
14
10
19
18
13
31
23

5950
7230
5290
7545
6016
8425
6270
6430
6870
5220
6840
7260
6600
6190
6270

5690
7010
5460
7675
5820
8355
6210
6570
6780
5020
6790
7580
6460
6020
6300

66
54
60
60
54
84
42
44
40
36
34
32
24
34
40

4293
681

(18)
( 6)

6560
844

6516
893

(47)
(16)

FRCp!
C.V.
c.p.

f

Diff
FRCpi FRCpi-FRCHe
(mean)
(c.v.-c p.) (mean)
+ 260
+ 220
- 170
- 130
+ 196
+ 70
+ 60
- 140
+ 90
+ 200
+ 50
-320
+ 140
+ 170
- 30
44
169
t=1.016
03<P<04

5820
7120
5375
7610
5918
8390
6240
6500
6825
5120
6815
7420
6530
6105
6285

1320
3120
1950
3860
1743
2790
490
2225
2025
1520
2715
2920
2105
2205
2685

6538
864

2245
820
t=10 604
Ρ < 0.001

FEVr/VC%

31
29
47
37
30
23
43
34
42
50
27
33
41
24
35
(35)
( 8)

с ν - constant-volume Plethysmograph, с p. = constant-pressure Plethysmograph, f = frequency of breathing/mm dunng the measurement

inverse relation existed (t = -1.909; 0.3 > Ρ > 0.2).

VI.3. DISCUSSION

For the determination of FRC in patients with obstructive lung disease most
of the authors found differences between the Plethysmographie and the
dilution methods. Bedell et al. (1956) found differences of 1.6 1; Woitowitz
et al. (1958); 1.5 to 2 l;Tiemey et al. (1961) up to 2.5 1; whereas Matthys et
al. (1970) found differences up to 3 1. In our investigation we also found
large differences (mean: 2.245 1; S.D. 0.82 1).
In chapter V we mentioned several possibilities as to why the results of
the two methods may be different. All these possibilities hold here, especial
ly the last one, i.e., insufficient estimation of non-ventilated lung areas with
the dilution methods. Again we will insist on the fact that with the dilution
methods only the ventilated parts in the lung are measured, i.e., the alveolar
gas in free communication with the airways during the time of the test. With
the Plethysmographie method the total gas volume in the thorax is measured
whether in free communication with the major airways or not. The dif
ference between the two methods should give the amount of 'trapped air'.
Several authors, e.g., Reichel et al. (1968) as mentioned in chapter V,
have criticized the measurement of FRC by means of the dilution methods,
especially in patients with emphysema.
a. Bamhard et al. (1960) published a new radiographic method for the
determination of total lung capacity (TLC). They stated that the gas
dilution methods underestimated the lung volume in emphysema. A good
agreement was found between the radiographic measurements and the
Plethysmographie measurements in 6 emphysematous patients. Loyd et
al. (1966) modified the Bamhard radiographic method and concluded
that the radiographic method produced reliable measurements of TLC
and that it was a reliable prediction of the plethysmographically deter
mined TLC. The difference between the two methods was 62 ml (S.D.
532 ml).
b. Emmanuel, Briscoe and Coumand (1961) described a new method for the
measurement of FRC in chronic pulmonary emphysema by a gas dilution
method, i.e., the wash-out of nitrogen from the lung during prolonged
oxygen breathing. The Nj eliminated from the lung during 15 minutes, or
longer, of oxygen breathing was measured. The FRC determined by their
method in 11 patients with chronic pulmonary emphysema exceeded the
value obtained by conventional FRC measurement by between 0.804 and
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2.025 1. The magnitude of this discrepancy agrees well with that seen
when body Plethysmographie estimates are compared with conventional
measurements of FRC.
с Gas may be 'trapped' in the lung because of chronic organic disease, as in
emphysema, or it may be temporarily trapped due to bronchospasm as in
asthma. Lovejoy et al. (1961) studied the degree of trapped air in normal
subjects and in patients due to the inhalation of constricting aerosols.
From their studies it would appear that dust inhalation causes temporary
but marked physiologic changes in the lungs including gas trapping even
in normal subjects.
d. Ross et al. (1962) made a comparative study using gas dilution and
Plethysmographie techniques for the determination of FRC in patients
with pulmonary emphysema. It is remarkable that Ross et al. have found
for the FRCpi nearly the same value in 9 emphysematous patients (i.e.,
6.33 1; S.D. 1.44 1) as we did in 15 patients with obstructive lung disease
(i.e., 6.53 1; S.D. 0.86 1). They discussed the dilution techniques exten
sively and concluded as follows:
The lung can be divided into 3 types of spaces: the normally venti
lated, the pathologically slowly ventilated, and the non ventilated. It
seems likely that the 7 minute nitrogen technique measures primarily
the normally ventilated space while the Plethysmographie technique
determines the total gas volume. On the other hand, it is apparent that
the open circuit Helium and prolonged nitrogen techniques give a
measurement which includes both the normally ventilated and the
slowly ventilated areas. These studies would suggest, then, that while
the difference in determinations of functional residual capacity by 7
minutes nitrogen and Plethysmographie methods is an estimate of the
amount of trapped and slowly ventilated space in the lung; the differ
ence between the value for functional residual capacity by either an
open circuit Helium or prolonged nitrogen washout and that by
Plethysmograph is a true measurement of completely non ventilated
areas within the thorax.'
The conclusion is that the difference between a carefully performed deter
mination of FRC by the Helium dilution method and that obtained from the
Plethysmograph is an indication of the amount of 'trapped air' in the lung
which can be of great interest in the study of patients with obstructive lung
disease. However, it is a pity that the Plethysmographie method for the
determination of FRC is still complex and many problems are not yet
solved.
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Summary of chapter VI
In this chapter we showed by means of FRC measurements in 15 patients
with obstructive lung disease that no systematic significant difference was
found between the constant-volume and the constant-pressure Plethysmograph.
We discussed the large differences found in 15 patients with obstructive
lung disease after the determination of FRC by the Helium dilution
method and the Plethysmographie method. Insufficient mixing of Helium
during the dilution period at the measurement of FRC seems to be a very
important factor for the difference found between both methods. The comparison of the values of FRC determined by both methods gives an esumate
of the amount of 'trapped air' in the lungs.

72

SUMMARY

The body Plethysmograph is an apparatus by which volume changes of the
whole body can be measured. These volume changes can be measured as
volume displacements to and from the Plethysmograph (constant-pressure
plathysmograph), or via pressure changes in the Plethysmograph (constantvolume Plethysmograph).
DuBois and co-workers (1956) introduced a method to measure functional residual capacity (FRC) and airway resistance by means of the body
Plethysmograph. They also described a technique to measure pulmonary
capillary blood flow (chapter I).
In spite of the fact that there are therefore several possible applications of
the body Plethysmograph we have limited our investigation to volume measurements, because a number of difficulties in this measurement and its interpretation still exist. Moreover, as far as we know no reports are available of
investigations in which the results are compared between the two types of
Plethysmograph. Therefore, we made a comparative study of volume measurements in a constant-volume and a constant-pressure Plethysmograph.
These volume measurements were performed:
1. In a lung model under different conditions to avoid biological variations.
2. In a group of 15 healthy subjects.
3. In a group of 15 patients with obstructive lung disease.
We also compared the values of FRC measured by the Helium dilution
method with those obtained in both types of Plethysmograph, in healthy
subjects as well as in patients with obstructive lung disease.
Before performing measurements with the body Plethysmograph we
described the method based on Boyle's law, and derived the equations to
ffleaeure a volume in the constant-volume and the constant-pressure Plethysmograph (chapter II. 1). Because Boyle's law is only valid in isothermal conditions, we investigated whether these conditions are present in the lung as
well as In the Plethysmograph (chapter II.2). A number of factors which
influence the measurement unfavourably are described, and the possibilities
of correcting or eliminating these disturbing factors are indicated (chapter
11.34).
Since high requirements have to be met by the equipment used in body
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plethysmography, we described it extensively and tested its accuracy (chapter
III). The step response method was used to study the frequency responses of
the total system.
It seems desirable to check the accuracy of volume measurements by the
body Plethysmograph by measuring a known volume in a lung model
(chapter IV). This model consisted of a glass bottle connected to a Harvard
pump (model 607).
Four series of volume measurements were performed:
1. Measurement of the gas content of the bottle containing a known gas
volume of 6100 ml.
2. Measurement of the gas content of the bottle filled with pellets of aluminum paper. The known gas volume in the bottle was again 6100 ml.
3. Measurement of the gas content of the bottle containing a solution of
soap (500 ml) and 5600 ml of gas.
4. The same measurement as in 3, but now the solution of soap was shaken
until the bottle was filled with foam. The known gas volume in the bottle
remained equal to 5600 ml.
The results are listed in tables I, II and III. In the volume measurements
no significant systematic difference was found between the constant-volume
and the constant-pressure Plethysmograph.
A big difference was found between the real gas content and the measured gas content of the bottle in both types of Plethysmograph when the
bottle was empty; the difference was smaller when the bottle was filled with
pellets of aluminum paper whereas no difference was found when the bottle
was filled with foam of soap, except in one case. The conclusion was that
reliable volume measurements can be done in a model that satisfies the
highest requirements of heat exchange, in that there are isothermal conditions in the model during the measurement. The human lung can be seen as
such a model.
Afterwards FRC was measured in 15 healthy subjects with the constantvolume and the constant-pressure Plethysmograph (chapter V). This value
was compared with the FRC measured by the Helium dilution method. The
results are listed in table IV. No significant systematic difference was found
between the FRC measured by the constant-volume and the constantpressure Plethysmograph. Differences however, were found between the
Plethysmographie method and the Helium dilution method in estimating
FRC. Several possibilities as to why the results of the two methods may be
different are discussed:
1. Breathing frequency during occlusion of the airway.
74

2.
3.
4.
5.
6.

Difference in position of the subject during the measurements.
Influence of the abdominal gas volume.
Shifting of the resting breathing level.
Artefacts in recordings.
Insufficient mixing of Helium into the alveolar space.
We wish to emphasize that both methods may not necessarily be expected to give the same results. If the same results are found it is by chance,
because it looks as if two different things are measured by two different
methods, especially if we assume that 'air trapping' may exist even under
normal circumstances, and that this 'trapped air' cannot be measured by the
Helium dilution method.
Finally FRC was measured in 15 patients with obstructive lung disease in
the constant-volume and the constant-pressure Plethysmograph (chapter VI).
Again we compared these values with the FRC measured by the Helium
dilution method. The results are listed in table VI. Here also no significant
systematic difference was found between the FRC measured in the constant-volume and the constant-pressure Plethysmograph. The large differences found in estimating FRC between the Helium dilution method and the
Plethysmographie method are discussed. Insufficient mixing of Helium
during the dilution period of the measurement of FRC seems to be the most
important factor.
If FRC in patients with obstructive lung disease is measured by the Plethysmographie method and the Helium dilution method, the difference
between the two methods gives an estimation of the amount of 'trapped air'
in the lung.
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SAMENVATTING

De lichaamsplethysmograaf is een apparaat waarmee volumeveranderingen
van het gehele lichaam gemeten kunnen worden. Deze volumeveranderingen
kunnen als volume verplaatsingen in en uit de plethysmograaf gemeten worden (druk-constante plethysmograaf) óf via drukveranderingen in de plethysmograaf (volume-constante plethysmograaf).
DuBois en medewerkers (1956) ontwikkelden een methode om door middel van de lichaamsplethysmograaf de functionele residuale capaciteit (FRC)
en de ademwegweerstand te bepalen. Ook beschreven zij een techniek om de
bloedstroom in de longcapillairen te meten (hoofdstuk I).
Ondanks het feit dat er dus verschillende toepassingen zijn van de
lichaamsplethysmograaf hebben wij ons in dit onderzoek toch beperkt tot
volume metingen daar tal van moeilijkheden bij deze meting nog niet opgelost
zijn. Ook zijn, zover ons bekend, nog geen publikaties verschenen over een
onderzoek waarin de resultaten worden vergeleken van beide typen plethysmografen. Daarom hebben wij een vergelijkend onderzoek ingesteld naar
volumemetingen, welke met de afzonderlijke typen kunnen worden behaald.
Achtereenvolgens werden metingen verricht:
1. In een longmodel onder verschillende omstandigheden om zodoende biologische veranderingen uit te schakelen.
2. Bij 15 gezonde proefpersonen.
3. Bij 15 patiënten met een obstructieve lungfunctiestoomis.
Tevens hebben wij bij de proefpersonen en de patiënten de FRC bepaald
met de gesloten Helium verdunningsmethode en deze vergeleken met de door
middel van de plethysmograaf gevonden waarde.
Alvorens metingen met de plethysmograaf te doen hebben wij de
methode, welke gebaseerd is op de wet van Boyle, beschreven en de formules
voor de meting van een volume in de druk-constante en volume-constante
plethysmograaf afgeleid (hoofdstuk II. 1). Daar de wet van Boyle slechts
geldt onder isotherme voorwaarden, is nagegaan of er aan deze voorwaarden
zowel in de longen als in de plethysmograaf voldaan wordt (hoofdstuk II.2).
Een aantal factoren die de meting ongunstig kunnen beïnvloeden zjjn
beschreven en de mogelijkheden om deze storende factoren te corrigeren of
op te heffen zijn besproken (hoofdstuk II.3-4).
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Daar hoge eisen dienen gesteld te worden aan de apparatuur die bij de
lichaamsplethysmografie gebruikt wordt, hebben wij deze uitvoerig beschreven en de nauwkeurigheid en betrouwbaarheid ervan gecontroleerd (hoofdstuk III). Om de frequentiekarakteristiek van het hele systeem na te gaan
werd gebruikt gemaakt van de sprongkarakteristiek.
Het leek ons wenselijk om de betrouwbaarheid van volumemetingen door
middel van de lichaamsplethysmograaf na te gaan door een bekend volume te
meten in een longmodel (hoofdstuk IV). Dit longmodel bestond uit een
glazen fles verbonden met een Harvard pomp (model 607). Vier series van
metingen werden gedaan:
1. Meting van het gasvolume in de fles, bevattende een bekend volume:
6100 ml.
2. Meting van het gasvolume in de fles gevuld met stukjes aluminiumfolie.
Het bekende volume in de fles was weer 6100 ml.
3. Meting van het gasvolume in de fles gevuld met 500 ml zeepoplossing en
5600 ml gas.
4. Dezelfde meting als in 3, doch nu was de zeepoplossing geschud tot de
fles volledig gevuld was met schuim. Het bekende gasvolume in de fles
bleef 5600 ml.
De resultaten zijn vermeld in tabellen I, II en III. Er werd geen systematisch significant verschil gevonden tussen de volume-constante en de drukconstante Plethysmograph. Er werd een groot verschil gevonden tussen de
werkelijke inhoud van de fles en de gemeten inhoud wanneer de fles leeg
was; het verschil was kleiner wanneer de fles gevuld was met aluminiumfolie,
terwijl geen verschil werd gevonden wanneer de fles gevuld was met schuim
uitgezonderd in één geval. De conclusie van dit onderzoek was dat betrouwbare volumemetingen gedaan kunnen worden in een longmodel dat aan de
hoogste eisen van warmte-uitwisseling voldoet, zodat isotherme voorwaarden
in het model worden verkregen. Onder een dergelijk model kan de menselijke
long gerekend worden.
Vervolgens werd de FRC bepaald bij 15 gezonde proefpersonen met de
druk-constante en volume-constante plethysmograaf (hoofdstuk V). De gevonden waarde werd vergeleken met de FRC bepaald met de gesloten Helium
verdunningsmethode. De resultaten zijn vermeld in tabel IV. Er werd geen
systematisch significant verschil gevonden tussen de FRC bepalingen met de
volume-constante en druk-constante plethysmograaf. Er werden wel verschillen gevonden tussen de plethysmografische methode en de Helium-verdunningsmethode bij de bepaling van de FRC. Een aantal mogelijke oorzaken
waardoor de resultaten van beide methodes verschillen worden besproken:
77

1.
2.
3.
4.
5.
6.

Ademfrequentie tijdens het afsluiten van de ademweg.
Verschil in houding van de proefpersoon gedurende de metingen.
Invloed van het abdominale gasvolume.
Verschuiving van het ademniveau.
Artefacten bij de meting.
Onvoldoende menging van Helium in de alvéolaire ruimte.
Wij zijn van mening dat het niet noodzakelijk is dat beide methodes
dezelfde resultaten geven. Indien toch met beide methodes dezelfde resultaten gevonden worden, is dit toeval, want het lijkt waarschijnlijk dat twee
verschillende grootheden met twee verschillende methodes gemeten worden,
speciaal indien wij veronderstellen dat 'air trapping' zelfs in normale omstandigheden niet onmogelijk is en dat deze 'trapped air' niet gemeten kan worden met de Helium-verdunningsmethode.
Tenslotte werd de FRC bepaald bij 15 patiënten met een obstructieve
longfunctiestoomis in de volume-constante en druk-constante plethysmograaf (hoofdstuk VI). De gevonden waarde werd weer vergeleken met de
FRC bepaald met de Helium verdunnings methode. De resultaten zijn vermeld in tabel VI. Weer werd er geen systematisch significant verschil gevonden tussen de volume-constante en de druk-constante plethysmograaf.
Het grote verschil gevonden tussen de Helium verdunningsmethode en de
plethysmografische methode werd besproken. De onvoldoende menging van
Helium gedurende de verdunningsperiode bij het meten van de FRC schijnt
de belangrijkste factor te zijn. Wanneer de FRC bepaald wordt met de
Helium verdunningsmethode en met de plethysmografische methode bij
patiënten met een obstructieve longfunctiestoornis, geeft het gevonden verschil een indruk van de hoeveelheid 'trapped air' in de long.
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Я4

STELUNGEN

1.
Er is geen verschil in resultaten bij volumemetingen in een druk-constante en
volume-constante lichaamsplethysmograaf.
Dit proefschrift

2.
Er zijn ernstige bezwaren aan te voeren tegen de 'panting' techniek van
DuBois (1956) bij de bepaling van de functionele residuale capaciteit door
middel van de lichaamsplethysmograaf.
Dit proefschrift

3.
De vermindering van de functionele residuale capaciteit die optreedt bij bepaalde vormen van acute respiratoire insufficiëntie is nadelig voor de gaswisseling, en kan bestreden worden door kunstmatige beademing met invoering
van een positief druk plateau tijdens de uitademing.
McINTYRE, R.W., A.K. LAWS and P.R. RAMACHANDRAN
(1969). Positive Expiratory Pressure Plateau: improved gas
exchange during mechanical ventilation. Canad.Anaesth.Soc.J.,
16: 477-486

4.
Patiënten voor tandextracties onder narcose dienen liggende behandeld te
worden.
BOURNE J.G. (1970). Deaths with anaesthetics. Anaesthesia,
25: 473-481

5.
De uitgebreide ervaring opgedaan door de anaesthesist in de operatiekamer,
dient hij ter beschikking te stellen ook voor andere gebieden van 'critical
patient саге'.
SAFAR, P. and A. GRENVIK (1971). Critical Care Medicine.
Chest, 59: 535-547

6.
Het antwoord op de vraag of een patiënt al dan niet een bepaalde operatie
onder narcose kan verdragen dient uiteindelijk door de anaesthesist gegeven
te worden, daar hij alleen de kennis en ervaring verondersteld wordt te
bezitten van de invloeden die de gehele ingreep op de patiënt heeft.
7.
Ondanks het feit dat een longfunctieonderzoek regelmatig als praeoperatief
onderzoek aangevraagd wordt, is de verkregen informatie voor velen soms
moeilijk te begrijpen.
8.
De heftige pijn, misselijkheid, angst en motorische onrust ten gevolge van een
myocardinfarct worden in eerste instantie het meest effectief en met de
minste bijwerkingen bestreden met 'thalamonal' 1 à 2 ml intraveneus.
9.
Alle snijdende specialisten die later mogelijkerwijs op eigen verantwoordelijkheid algemene anaesthesie zullen geven, moeten tijdens hun opleiding theoretische en praktische ervaring opdoen in het geven van deze anaesthesie en het
bestrijden van de complicaties.
Dit behoort in de opleidingseisen verwerkt te zijn.

10.
Het verdient aanbeveling de stage hartbewaking, zoals deze in de vooropleiding voor anaesthesiologie aan ons instituut is ingevoerd, te verplichten. Deze
stage komt niet alleen de patiënt, doch ook de anaesthesist ten goede.
11.
Een nachtkastje op wieltjes, waarop een lachgas- en een zuurstofcylinder
gemonteerd zijn, voldoet aan de huidige, wettelijke veiligheidsvoorschriften
voor een narcose-apparaat.
12.
In België wordt bij een wegomlegging van de weggebruiker verondersteld, dat
hij juist in het betreffende gebied de weg zonder verdere aanduidingen weet
te vinden.
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Nijmegen, 17 december 1971

