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Abstract 1t is necessary to investigate the heaith effects of ambient air pollution, Population studies of the damage caused by air
poliution have o bo carsied out. In these studies, the initial stages in the development of chronic bronchitls play a decisive mle,
However, these initial stages cannot be assessed appropristely by using the parameters ablained by performing classical hung
function tosis. We developed a simulation mode! that allows us o perfonm thorough investigations of the effects of the
pathological changes in these initial stages on breathing rnechanics. We will focus on the Haing of the small airways with a layer
of sectetion {(mecug). The simulation results which will be presented show the conscquences of this pathophysiological
manifesiation, We will propose a parameter identification procedure which permits an assessment of the severity of these
pathophysiological changes. This method can be nsed in porulation studiss and will allow 2 betier evaluation of the health effects

of airborne contaminants,

1 INTRODUCTION

The inspired polluted air carries harmiul substances o the
body, causing a  serdous  health risk. The alrbome
contaminants lead very often o an impairment of the ung
function. Although the hesith effects of the airbome
contaminants are not always confiped © ihe respiratory
tract, the possible development of lung discases will be the
focus of owr attcntion, Almost all industrialized countrios
have become concerned with the effect of ambient air
pollution {particulate matier, sulfur oxides, ozong, Biirogen
dioxide etz) on the development of chronic obstructive ung
disease, cepeciaily chronic broachitis, Several population
studics have apparently confirmed the opinion that the
development of chronic bronchitis s related w0 the air-
pollution level of the environment

Popuiation studies of the possible damage caused by ahient
air poliution are complicaied and it is particolarly Gitficult to
obigin reliable results, Nevestheless, seliable data are
urgently needed. For instance, legislatoss insist on proof of
effect as a hasis for legal definitions of acceptable air quality.
Acceplable air-quality standards as well  measures 10
improve the air guality sbould ot be based solely on a
simple proof of respiraory morbidity, The population studies
should be based om a more thorough investigation, not
confined 1o the advanced stages of the chronic bronchitis,
Tt rather include and concentrate on the development of the
disease. Hence, the progression of the disease inust be
determined by carrying out @ sequence of pulmonary
function tests. In all the contemporary population studics of
this kind, as for instance those described by Detels «f. al,
110011 and by Schwariz {1989], the deterioration of he
respiratory Tunction is assessed by using classical pulmonary
funclion test data, ss otal airway resistance and FREVL
However, we are able to show in the foliowing that these

parameters are not ideally suited 10 describe the variation of
the patient’s state over time.

In the following, we will focus on an improved method of
assessing the development of a chronic bronchitis caused by
ambient air pollution. The characteristic masifestation of
this disease Is excessive sceretion {mucus) in the small
airways, We developed a special simulation model of the
human respiratory systerm and carried out a series of
shmulation experiments {or varying quantities of secretion
¢mucus) accumulated in the small alrways. We introduced a
specific parameter to describe the exient of such a layer of
mucus and thus the severity of pathological changes in the
developiment of a chronic bronchitls, This parameter is
cssentially belter suited w0 assess the impact of ambicnt air
pollution ihan the classical lung function data, as total
sirway  resistamce and  FEVI, used in contemporary
investigations.

2. ATR POLLUTION AND LONG-TERM CHANGES
IM LUNG FONCTION

in the following, we will concentrale on the development of
a chronic bronchitis solely caused by air pollution. Hence,
we will cxclude smokers and persops that already suffer
from lung diseases, since those persons my have different
sensitivities o air pollution,

2.1 Bevelopment of Chronie Bronehitis Caused by
Adr Pollution

The initial stages of lung damage cansed by air pollution are
characterized by inflammatory and cbstructive changes in
the peripheral airways. Especiaily in the small airways,



resulting in the development of a chronic bronchitis. A
persistently increased secretion of mucus takes place, lining
the airways and eventually causing chronic cough and
recurrent  expectoration.  This  lining of the airways,
especially the small airways, with secretion (mucus) in the
development of chronic bronchitis leads in more advanced
stages to a progressive airways obstruction which can be
recognized by a decline in long function fest parameters,
Further remarks on the progression of the discase can be
found in the descriptions of an expert system for chronic
pulmonary disease of Jaha [1990] and Quatember[ 19901,

I the development of a chronic bronchitis, the assessment
of long-term pathological changes is very difficuit. Thig is
particularly true for the initial stages. We have to realize that
the peripheral airway (small alrways) have an enormous
functional reserve. This is clearly pointed out by Pride
[1990]. The pathological changes in the initial stages may
cause few symptoms and negligible decline of the
parameters in classical tests of the overall lung functosn,
such as total airway resistance and FEV1. The development
of chronic bronchitis & thus characterized by an insidious
course of chronic airways ocobstruction. Initially, even
considerable pathological changes (ining of the arways
with secretion) will not become evident over a long period of
thme. However, further changes my then lead to progressive
airway obstruction. For studying the healih effects of air
pollution, the investigation of the pathological changes in
the initial {(pre-clinical} stages of the development of a
chronic bronchitis plays a decisive role. For further details
we refer to the descriptions of Gardper [1994], Hongg
{19901, and Schwartz [1904],

2.2 Assessment of Pathological Changes in the
Development of Chronic Bronchitis

In population studies of the development of chronic
bronchitis caused by air pollution, the initial {(pre-clinical)
stages are, as already mentioned above, by far more
important than the established disease.

With conventional lung function iest procedurcs, as for
instance described by Hoppin [1901], Laszlo [1994], and
tmer et. al,, [1991], the reduction in cross-sectional arca of
the small airways in the pre-clinical stage camnot be reliably
detected. In very early stages, lhese pathological changes
cannot be detected at all. Typical hmg function test
parameiers that are frequently used in population studies arg,
as already mentioned above,

(a) the total airway resistance measured by whole body
plethysmography and

{b) the parameter FE¥1 which is measured with a spiro-
meter; it is the volume expired in the first 1 second
interval of forced expiration,

The total airway resistance is a single parameter that is uscd

to indicate the degree of obstruction. It is deterinined on the

basis of pressure-flow loops measured with a whole body
plethysmograph. With this single value, the flow during the
whole inspiration phase and expiration phase is described.

In the normal respiraiory system {physiclogical conditions),

the small airways do not contribute significantly to the total

alrway msistance, This is still tue in the case of small to
moderate reductions in cross-sectional lumen areas of the
small alrways caused by linlng with secretion {mucus) as
this is the case in the initial stages of development of chronic
bronchitis, Therefore, the total airway resistance cannot be
used to describe the progression of the disease in the initial
stages. For the same reasons, the parmmneter FEVI is not
suifed o identify the pathological changes in these inigal
stages of a chronic bronchitis. Hence, we need other lung
functon fest procedures that are sensiiive 0 minor
pathological changes in the small alrways. The single breath
N, test has been proposed in the literature. However, Pride
[1990] pointed out that its value was not as strong as
originally hoped.

In the following we will propose another method for the
evalpation of the pathological changes in the small airways.

2.3 Basic Characteristics of the Proposed Method

The total airway resistance which is obiadned in classical
lang function tests is based on the idea that the airway
resislance remains consiant during breathing, However, the
resistance to flow in the tracheobronchial tree wili change in
the course of breathing. The small to moderate reduction in
cross-sectional lumen arcas by the Hning with secretion
{layer of muecus) in the initial stages of chwonic bronchitis
will only increase the resistance significantly at the end of
the expiration phase and the begin of the inspiration phase,
but during the main part of the respiration cycle the
reductions in lumen cross-sectionals arcas of the small
airways will have almost no influence on the resistance o
flow. The proposed method is based on a newly-developed
very detniled simulation model of the tracheobronchial tree,
At this stage of development, the simulation model allows us
o evaluate the c¢hange of fow patterns in  the
tracheobronchial tree caused by the lining of the small
airways with secrefion {mucus}. More specifically, the model
allows us o perform such investigations o the case of
varying reductions in cross-sectional lumen areas of the
small airways caused by the lining with secretion (inucus).
In doing so, we are able 1o assess the ahove-meationed
significant influence of the narrowing of the luminal areas
on the resistance 0 flow at the end of the expiration phase
and the begin of the inspiration phase. This influence is
represenied by the specific shape of the pressure-flow Ioop.
The pressure-fiow loops obtained by individual simulation
russ can be compared with the pressure-flow loops of a
person measured with a whole body plethysmograph, These
comparisons allow already 2 coarse assessment of the
reductons in cross-sectional lumen arcas. More accurate
resuits can be obiained by applying the formal method of
pwameter  identification.  However, at  this  stage of
devetopment the applicability of our simulation model is still
limited, since we are not yet able o consider the
pathophysiological  changes of the dimengions and
mechanical properties of the walls of the bronchi and
bronchioles.

in the foliowing, the new simulation model will be described
and it will be pointed out how the model can be exploited to
assess the development of a chroni¢ bronchitis in ity initial
SLages.
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3. SIMULATION MODEL OF THE HUMAN
RESPIRATORY SYSTEM

The newly developed model is a noplinear pulmonary
simulation model that describes the fluid  mechamical
characteristics of the human respiratory system. The model
is based on the morphometric analysis of the geometry and
dimensions of the human tracheobronchial ze performed by
Weibel [1064], Tt is a umped paraneter model in which
each of the 24 zones in Weihel's scheme s represented as a
separate component. In doing so, the nondinear character of
the relationship beiwesn wansmura] pressure and volume
{cross-sectional aren, length) of each of these zones has been
taken into account. The model was programmed in ACSE.
On the basis of this ACSL simulation program, several
simulation experiments were cartied out in order
invesigate the effect of alierations in the mechanics of
breathing  which are caused by pulmonary  discascs,
especially by a chronic bronchitis. Moreover, the simulation
experiments which have already been carried out and which
will be described later constitte the conceptoal basis for the
aceomplishment of paraneter identification tasks in the ficld
of diagnosis,

3.1 Objectives And Sallent Fealures of our
Modeling Approach

The tange of applicability of the known pulmonary maodels,
as for mstance those described by Fry [1968] and Yerbraak
et ab, [19911, is Hmited. This is particulary tue when
atlempting o identify  parametors  of  discase
{pathophysiological parameters) that are dosely eelated ©
the location, the degree aid the extent of 3
pathophysiclogical process. Our modeling offorts aim
primarily at a simulation model that can be vsed in the area
of diagnosis. More specifically, our objective is a model that
can be taken as the basis for an identification of
pathophysiological parameters  that  would  allow  an
assessment of the patient’s condition. The intended purpose
of our development is the constructon of a simulation model
with the following salient features:

(@) It eontaing all system variables necessary o analyze
pathophysiclogical changes in the degree of dewall
physicians would require for an exact functionai and
morphnlogical description of these allerations tiat will
cause an impatmment of the respitatory syslem.

(b No concessions have been mader We avoided the
oversimplifications inherent in previous models, namely
an excessive lumping together and a linear treatinent of
the breathing dynamics.

{¢) Our model also allows system identification methods
(parameter identification methods) 1o be employed
appropriately, thus achicving a diagnosis guided by
parameters of disease that are directly related to the
morphology of the pathophysiological manifestations.
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In the first step, we bullt a model of the aormal respiratory
system (healthy average adull). This model can be adapted w
specific pathophysiological changes. These adaptations are
2asy 10 carry out, even interactively at rum time betwecn
individual simulation runs. At this stage of development, we
will only deal with chronic bronchils and pulmonary edema.
In addition, we will restrict owselves in the following o a
single hut very important pathophysiological manifesiation,
namely the lining of the small alrways with an excessively
thick layer of secrciion {mucus). In the very early stages of
chronic bronchitis, this Hping of mucus, which is strctdy
limiled © the small alrways, s the only significant
pathophysiological alteration, since at least at the beginning
of chronic bronchits, the effect of pathophysiological
altorations of ihe bronchi walls and capeciaily of the walls of
the bronchioles within the region of the small airways is not
predominant, Moreover, in the initial stage the contribution
of all the other sections of the tracheobronchial tree to the
pathophysiological process is insignificant. Although the
design principles of the newly-developed model would
permit an application for ail kinds of breathing mancuvers,
we will resiriot curselves In this stage of development to the
case of guict breathing (vespiratory flow characteristic of
resting conditions). Moreover, we will confine ourselves o a
version of the modet for pure mouth breathing that ocours in
a subiect with an occluded nose cavity and a plece of fexible
tuhing held fionly in his mouth. We assume {at this siage of
developmenty that hwmidified and warmed  air (BTPS
conditions) is hreathed in, as is usually the case in lung
function esis with a whole body plethysmograph. The model
as programmed in the simulation language ACSL. We also
used the facilities of the ACSL language system lor the
visualization of the simulation results. Tor further details of
we refer to the description of the newly developed model by
Quatember el al, [1994] and Quatember et al., {19951

3.2 Sinmmiution Experiments

Tn: this stage of development, several simuiation experinenis
have already  been  caried  out A comprehensive
experimental program 15 planned for the future. The
simuiation experiments described below include simauladons
of the normal respiratory sysicm as well as simulations of
the respiratory sysiem in {he presence of an excessively thick
layer of secretion {nuces) in the small airways. The lining
of the walls of the airways with a layer of liquid resulis in an
ohsiruction. The experiments were based on the assumption
of a uniform reduction of cross-sectional area in all sections
of the small airways. In our investigations, we introduced a
specific parmmeler o deseribe the extent of such a layer of
secretion. This parameter, denoted by RED,, represents the
yniform reduction of cross-sectional arca in sections of the
tracheobronchial ree from generation 11 to generation 23
caused by the amount of accumuaiated mucus at the end of
the expiratory phase.

Figure 1 depicts the varintion of the alveolar gas pressure
Dave e 0tl flow {mouth) fyew and the flow inlo the
alveoiar space Ty, with time o case of a normal respiratory
BySigin.
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Fig.1. Variation of Pyve. fuoun and fgy, with time - normal
respiratory system

Fig.2 shows the variation with time of the same variables as
in Fig.1; however, this is a case of a uniform reduction in
cross-sectional arcas of all sections of the small airways
specified by the parameter value RED A =75%.

Figures 3 and 4 show the same simulation resulis
represented in another way.
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Fig.2, Variation of pyve. fucon and oy, with time -
reduction of RED,=75% in cross-sectional arcas
of small airways
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The alveolar gas pressure is now recorded on the axis of
abscissa and the rates of gas flow at the mouth and the gas
fliow into the alveolar space on the ordinates. The curves in
Fig.3 and 4 are calied pressure-flow loops. This method of
representation corresponds  with  the  usual  way  of
represeniing the measurement results obtained from a whole
body plethysmograph. A direct comparison of simufation
results and measurement data is thus possible,
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4. BEXPLOITATION OF OUR SIMULATION MODEL
FOR THE ASSESSMENT OF HEALTH EFFECTS
ABSOCIATED WITH AIR POLLUTION

The comparison of a patient’s measured pressure-flow loop
with simulated pressure-flow loops for different values of the
parameter RED, as described in the previous paragraph ig
stitl a rathber crude way o arrive al a parameler value for the
patient’s condition describing the pathological change,
namely the thickness of the layer of seorgtion in the small
airways. However, there are proven formal methods o
reliably idemtify the value of RED, that describes the just
mentionzd pathological change. The methods are based on
the aforementioned whole body plethysmographical data, It
is thus possible o exploit much more of the potental
physiological and diagnostic infonmation contalned in the
plot of the pressure-flow loop delivered from the whole body
plethsymograph than would be possible with a conventional
analysis of the body plethysmogpraphical data, since such an
analysis would only result in parameters ke, for instance,
the total airways resistance and the parameter FEVIL
However, these parameiers are not saited {0 assess the
pathological changes in the initial stages of chronic
bronchitis,

5, CONCLUSEONS

The pulmonary model which has been presented in this
paper will be extended and refined. In this siage of
development it is already possible to simulate the effect of an
accumnulation of secretion {mucus) in the small airways on
the hreathing process. This pathological change & decisive
for an appropriaie asscssment of the health effects of
ambient air pollution. Already in  this smage of i
development, the model can be used to study the impact of
air poliution. In the future, the model will allow more
accurate mvestigation. It will be possible o study further
pathophysiological processes. We also plan o0 bnprove
parameter identification {porameter estimalion) programs
and Lo exiend the capabilities 1o intlude the dentification of
further significant parameters of disease.
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