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Two-compartment modelling of respiratory system mechanics 
at low frequencies: gas redistribution or tissue rheology? 
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Two-compartment modelling of respiratory system mechanics at low 
frequencies: gas redistribution or tissue rheology? T. Similowski, J.H.T. Bates. 
ABSTRACT: The mechanical properties of the respiratory system are 
generally Inferred from measurements of pressure and now at the air· 
way opening. Traditionally, these measurements have been related 
through a slngle·compartment model of the respiratory system. 
Recently, however, there has been considerable interest In modelling 
low· frequency respiratory mechanics in terms of two compartments, since 
this gives a much Improved description of experimental data. In this 
paper we consider two classes of two-compartment models that are com· 
patible with pressure-now relationships of air measured at the airway 
opening. One type of model accounts for regional ventilation lnhomo· 
geneity in the lung In terms of two alveolar compartments. The other 
type of model considers pulmonary ventilation to be homogeneous, while 
the tissues of the respiratory system are modelled as being vlscoelastlc. 
In normal dogs, the appropriate two-compartment model has been shown 
to be the vlscoelastlc model. In the case of abnormal physiology, however, 
one must Invoke a model having both vlscoelastlc tissues and ventilation 
inhomogeneities. Additional experimental data are required In order to 
Identify such a model, and to quantify these two phenomena. 
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The respiratory system is comprised of a countless 
number of elements. Its complexity, together with 
the necessity to study respiratory mechanics in physi­
ology as well as in clinics, has generated the need for 
relatively simple models that can mimic the mechanical 
behaviour of the respiratory system to some degree. The 
process called inverse modelling consists first of devis· 
ing a model structure. The parameters of the model are 
then evaluated so as to make the behaviour of the model 
match a set of experimental data as closely as possible. 
The components of the model and their respective 
parameters should have reasonable physiological coun· 
terparts. The small number of respiratory variables that 
can be measured (flows, volumes and pressures, with 
some refinements regarding the level of their measure· 
ments) sets a limit to the sophistication of the models 
used and to the physiological interpretations that can be 
derived from them. 

choosing between these two families of models requires 
more information than is available in the relationships 
between the quantities that are usually measured, namely 
tracheal or transpulmonary pressure and tracheal flow. 

Although a single-compartment model has been, and 
still is, widely used in respiratory physiology, two· 
compartment models appear to be much more appro­
priate in various circumstances. There are two 
physiologically distinct classes of two-compartment 
models of interest for respiratory mechanics: those based 
on gas redistribution between different lung regions and 
those based on intrinsic tissue properties. However, 

The need for two-compartment models 

The simplest model of the respiratory system, which 
is still the most commonly used, is made of two 
lumped elements, one representing an elastance (bal· 
loon), and the other representing a resistance (pipe) (fig. 
1). This model has become so popular that the equation 
governing its behaviour is generally (and erroneously) 
referred to as the "equation of motion of the respiratory 
system", rather than as the "equation of motion of a 
single-compartment linear model of the respiratory 
system". This equation is [1, 2]: 

P(t) = RV(t) + EV(t) (1) 

where P is pressure (usually airway opening pressure 
or transpulmonary pres~ure ), R is the resistance of 
the pipe to gas flow (V), E is the elastance of the 
balloon, V is the volume of the balloon above its 
relaxed volume, and t is time. Equation 1 embodies a 



354 T. SIMILOWSKI, J.H.T. BATES 

number of assumptions. Important among these is that 
the respiratory sy~tem behaves linearly, that is that R is 
independent of V and E is independent of volume. 
Another assumption is that inertia does not play a sig­
nificant role. This postulate is probably valid within the 
range of physiological breathing frequencies up to 2 Hz 
[3] and will be accepted in the rest of this paper. 

R 

Fig. l. - The single-compartment linear model of respiratory 
mechanics. Elastance and resistance are characterized by single 
parameters E and R, respectively. 

During volume cycling, values for E and R can b,e 
found by fitting Equation 1 to measurements of P, V 
and V using multiple linear regression (4, 5] or a related 
technique such as the electrical subtraction method (6]. 
However, intuition suggests that a more detailed model 
than the one governed by Equation 1 should provide a 
better description of respiratory mechanical data. There 
are two general approaches to increasing the complexity 
of a model in order to more accurately describe a set of 
data. One is to increase the number of mechanical 
degrees of freedom, that is, add more compartments. 
The other is to make the existing elements of the model 
nonlinear, such as by adding a flow-dependent term to 
the parameter accounting for the airway resistance. The 
appropriate approach depends on the data in question. 
For example, a manoeuvre which involves varying flow 
over a wide range may bring out the nonlinear effects 
of a flow-dependent resistance, while a manoeuvre which 
involves a range of different oscillation frequencies at 
the same tidal volume may produce behaviour of a 
predominantly multi-compartment nature. 

There is considerable experimental evidence pointing 
to the necessity of more than one compartment for 

describing respiratory system mechanics at low fre­
quencies. For example, Equation 1 cannot account for 
the frequency dependence of resistance and elastance in 
the range 0-2 Hz [5, 7-11). A model of two or more 
compartments is required, with the compartments having 
different time-constants given by the ratios of the 
compartmental resistances to elastances [12). It has also 
been observed in dogs that relaxed expiration is not 
well described by a single exponential function, as 
Equation 1 would predict, but is extremely well fitted 
by a double exponential function [13, 14]. Here again, 
one is compelled to invoke a two-compartment model 
with a fast and a slow compartment. Similar conclu­
sions can be drawn from the time course of pressure 
(tracheal, transpulmonary or oesophageal pressure) that 
is observed after an end-inspiratory occlusion. If the 
respiratory system behaved as a single-compartment 
linear model, the pressure should immediately drop to 
its static value upon flow interruption and remain fixed 
thereafter. Actually, flow interruption results in a sud­
den drop in pressure followed by a further slow decay 
towards the static value. Flow interruption during expi­
ration results in the opposite effect, with an initial rapid 
jump in pressure being followed by a further slow rise. 
Only a model including a fast and slow compartment 
can account for this kind of behaviour [1, 2], as depicted 
in figure 2. 
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Fig. 2. - (a) A stylized representation of tbe tracheal pressure 
signal resulting from the sudden interruption of flow during con­
stant flow inflation into a single-compartment model (dashed line) 
and a two-compartment model (solid line). (b) The corresponding 
situation for the interruption of expiratory flow, where the tracheal 
pressure is equal to atmospheric (i.e. zero) prior to interruption. 
The arrow indicates the instant of flow interruption for both plots. 
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Two types of two-compartment models 

Linear two-compartment models of the respiratory 
system can be divided into two physiologically distinct 
types. One of these types, the gas redistribution model, 
ascribes the multi-compartment nature of the respiratory 
system to unevenness of gas distribution throughout the 
lungs. Two varieties of gas redistribution model have 
been proposed. The first, which we will call the parallel 
gas redistribution model, has dominated the literature 
since its introduction [12) and consists of a parallel 
arrangement of alveolar compartments connected by 
separate airways to the trachea (fig. 3a). The second, 
which we will call the series gas redistribution model, 
is made of two balloons connected in series [15]: the 
distal balloon represents the lumping of homogeneous 
alveoli, and is connected to the trachea via a proximal 
balloon representing the compliance of the airway tree 
(fig. 3b). 
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An alternative type of two-compartment model, which 
we call the rheologic type, does not assume the exist­
ence of an uneven distribution of ventilation. Instead, 
rheologic models extend the single-compartment model 
by incorporating a viscoelastic [16-18] or plastoelastic 
[19-21] structure in parallel with the components rep­
resenting airway resistance and static elastance, thereby 
accounting for the rbeological properties of the respi­
ratory system tissues. The viscoelastic and plastoelastic 
rheologic two-compartment models are shown in figures 
4a and 4b, respectively, and are characterized by an 
elastic recoil which depends not only on lung volume 
but also on volume history. 

We should point our here that using the term "com­
partment" with regard to viscoelasticity extends its 
definition somewhat beyond that normally encountered 
in physiology. A compartment is normally meant to be 
a region within which the material of interest (gas, drug, 
etc.) is uniformly mixed. The dynamics of the material 

b 

Fig. 3. - (a) The parallel gas redistribution model of respiratory mechanics featuring two alveolar compartments connected in parallel to a 
common resistance. (b) The series gas redistribution model featuring a distal alveolar compartment connected serially to a proximal airway 
compartment. 
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Fig. 4. - (a) The viscoelastic rheologic model of respiratory mechanics. The dashpot Rz and spring E2 in combination constitute a Maxwell 
element which accounts for the stress adaptation properties of the tissues. (b) The plastoelastic rheologic model. The dry friction (Coulomb) 
element C dissipates energy at a rate independent of its velocity, and together with spring E2 constitutes a Prandtl body. In both models the 
analogue of lung volume is the distance between the two horizontal bars, while the analogue of applied pressure is the tension between the 
bars. 
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in such a region is invariably described in terms of a 
linear first-order differential equation. This clearly 
applies to each compartment of the gas redistribution 
models described above. Viscoelastic properties, on the 
other hand, are generally represented in terms of col­
lections of springs (elastances) and dashpots (resistances) 
[22], such as the model shown in figure 4a. Now we 
apply the term compartment to any physiological entity 
the dynamics of which are described by a first-order 
equation. In the model in figure 4a, the parallel arrange­
ment of the dashpot R1 and the spring E1 represents the 
fast compartment, whereas the series arrangement of 
the dashpot R2 and the spring E2 (which together con­
stitute a Maxwell body) represents the slow compart­
ment. A Maxwell body can account for the slow phase 
of relaxed expiration, as well as stress adaptation related 
phenomena such as the slow pressure changes that follow 
flow interruption [18, 22-25). During ventilation, when 
the cycling period is close to its time constant, a Maxwell 
body can also predict the dissipative Lissajous pressure­
volume loop [18, 22), often and inappropriately referred 
to as dynamic hysteresis. At significantly higher or lower 
frequencies, the pressure-volume loop of the Maxwell 
body closes to become a single straight line. 

The finding of significant quasi-static pressure­
volume hysteresis in isolated lungs has lead to the 
introduction of plastic elements in the rheologic model­
ling of the respiratory system [19). The plastoelastic 
model (fig. 4b) differs from the viscoelastic model (fig. 
4a) by the substitution of a dry friction (Coulomb) 
element in place of the viscous element (dashpot) in the 
slow compartment. The Coulomb element gives rise to 
hysteresis when flow is reversed quasi-statically, with 
an amount of energy dissipation which is only dependent 
on the volume reached when the direction of flow 
changes [26]. Recent data, however, suggest that static 
hysteresis in vivo, at least in normal dogs, is minimal 
[27, 28). This also seems to be the case in spontaneously 
breathing humans at rest [29). Thus, the viscoelastic 
model appears to be the most appropriate simple 
rheological model for describing the mechanical behav­
iour of the respiratory system, at least within the tidal 
volume range. Although the contribution of plastic 
elements could be more important at higher volumes, 
the rest of this review will be restricted to considera­
tions of rheologic models of the viscoelastic type. 

The equations which govern the behaviours of the 
two-compartment models considered above are as fol­
lows. The equation for the parallel gas redistribution 
model (fig. 3a) is derived in the Appendix of [2) to be: 

P(t) (R1 + RJ + P(t) [E1 + E2] = V(t) {R1R2 + R,Re + R2Re] 
+ V(t) (E1(~ + Re)+ E2(R1 + Re)] tV(t) (E1E2] (2) 

where the standard dot notation for time derivatives has 
been used (a single dot means the derivative with respect 
to time, while two dots means the second derivative 
with respect to time). R

1
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and Re are the 

parameters of the model shown in figure 3a. 
The equation for the viscoelastic rheological model 

(fig. 4a) is derived in the Appendix of [18] to be: 

P(t) [Rl) + P(t) [El) = V(t) [R,~] + 
V(t) [E,Rl + E2(RI + RJ) + V(t) [E,El] (3) 

The equation for the series gas redistribution model 
(fig. 3b) is obtained in an analogous manner as: 

P(t) (Rl] + P(t) [EJ = V (t) {R1R2] + 
V(t) {E2R1 + E1(R1 + R2)) + V(t) (E1E1] (4) 

The key point about Equations 2 to 4, from the point 
of view of deciding between them, is that they have 
exactly the same form. That is, there are precisely 
corresponding terms in P(t) and V(t) and their time­
derivatives in each equation. This means that, given a 
set of measurements, of P(t) and V(t), it is impossible 
to say whether the system relating the two signals is of 
the gas redistribution type or of the rheologic type. 

End-inspiratory interruption of flow provides a sig­
nificant example of this ambiguity. If this technique is 
applied to the parallel gas redistribution model (fig. 3a), 
the initial drop in pressure that is observed immediately 
upon flow interruption (fig. 2a) is due to the cessation 
of energy dissipation within the airway tree [2]. The 
subsequent decay in pressure (fig. 2a) is then due to gas 
redistribution from the compartment with the higher 
pressure at the instant of interruption to the one with 
the lower pressure (a phenomenon often referred to as 
"pendelluft"). A similar explanation pertains to the series 
gas redistribution model (fig. 3b) [2). When an end­
inspiratory occlusion is applied to the viscoelastic 
rheologic model, the initial drop in pressure is again 
due to the immediate cessation of energy dissipation, 
this time in the dashpot R

1 
(fig. 4a). The slow pressure 

decay, however, is due to the relaxation of the spring 
E

2 
against its dashpot R

2
• The parameters of both gas 

redistribution models and the viscoelastic rheologic 
model can be assigned values so that all models will 
produce exactly the same overall behaviour, making 
them indistinguishable from the perspective of pressure­
flow relationships observed at the airway opening. 
Nevertheless, the underlying physiological mechanisms 
giving rise to this behaviour in the models are very 
different. Clearly, it would be convenient to have some 
means of deciding which of the models was best for 
describing a particular situation. 

Deciding between gas redistribution and 
rheologic models 

Normal lungs 

In order to decide if the respiratory system is better 
described in terms of a gas redistribution or a rheologic 
model it is necessary to make additional measurements, 
besides flow and pressure of air at the airway opening. 
This has been done recently in normal dogs in which 
alveolar pressures were measured directly using the 
alveolar capsule technique on several different lung 
surface sites simultaneously [21]. When an interruption 
was performed during expiration, the tracheal pressure 
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exhibited an initial very rapid jump similar to that 
idealized in figure 2b. At the instant of interruption, 
the alveolar pressures were found to equal that value 
to which the tracheal pressure jumped, while the 
subsequent slow further increase in tracheal pressure 
was experienced identically by the alveolar pressures. 
These results show that the secondary pressure change 
was due to something distal to the alveoli, and so must 
have been stress recovery of the lung tissues, proving 
that the viscoelastic rheologic model is the most 
appropriate two-compartment model for describing 
normal canine pulmonary mechanics during flow­
interruption manoeuvres. Studies on intact dogs with 
oesophageal balloons [18, 25], and on dogs in which 
alveolar capsules had been placed without opening 
the chest [24], showed that a similar model could be 
invoked for the chest wall as well. These s.ame models 
also predict the type of low-frequency dependence 
of resistance and elastance that has been observed 
during periodic forcing of the respiratory system 
(18]. 

Abnormal lungs 

There are many abnormalities of the lungs in which 
significant inhomogeneities of ventilation exist, such as 
during induced bronchoconstriction and in a parenchyma! 
diseases like adult respiratory distress syndrome. A 
model to account for pulmonary mechanics in these 
situations must feature not only tissue rheologic prop­
erties, but also regional differences in mechanical 
properties. Such a model must therefore have at least 
three compartments - two for different lung regions and 
another for tissue rheology - and for the reasons 
discussed above, cannot be identified only from meas­
urements of pressure and flow of air at the airway 
opening. Indeed, it has been shown in dogs treated 
with histamine aerosol that the relaxed expiration 
volume-time profile is still extremely well described by 
a sum of two exponentials [14], yet significant regional 
inhomogeneities during bronchoconstriction have been 
demonstrated throughout the lung [30, 31). Thus, under 
such conditions both gas redistribution and tissue 
rheology must be important. One therefore needs to have 
additional experimental data in order to determine the 
contributions of gas redistribution and tissue rheology 
to the mechanical behaviour of the inhomogeneous lung. 

One potential means of obtaining this information is 
to examine the pressure-flow relationships obtained with 
gases of different viscosity and density. If regional 
ventilation inequalities are of major importance, vary­
ing the gas density and viscosity should alter their 
consequences. On the other hand, the intrinsic tissue 
properties of the respiratory system should not be altered 
by changes in the characteristics of the gas used for 
ventilation. Such experiments done in notmal rabbits 
have shown that the amplitude and time course of the 
slow phase of the post-interruption pressure changes 
was not modified by the use of a hydrogen-oxygen 
mixture, as compared to air (32J. More recently, a 

similar approach has given strength to the hypothesis 
that maldistribution of ventilation may play a more im­
portant role than viscoelasticity in smokers [33]. In acute 
animal experiments, it is possible to use the alveolar 
capsule technique to measure alveolar pressures at sev­
eral lung surface sites simultaneously. Although one is 
left with a rather severe sampling problem given the 
number of alveoli in a lung, it does allow some idea of 
the degree of pressure inhomogeneity throughout the 
lung and the time-constants associated with various lung 
regions [31]. 

Conclusions 

The study of respiratory system mechanics is typically 
characterized by a situation in which mathematical 
modelling is of central importance. This is because the 
investigator must attempt to infer the nature of the 
underlying system from a data set that, although usually 
very precise, is nevertheless taken from only a limited 
number of measurement sites. The particular problem 
considered in this paper is that of modelling respiratory 
mechanics in terms of more than one compartment 
during low-frequency manoeuvres (that is, close to the 
range of normal breathing frequencies). Normal physi­
ology seems to be well characterized by a two­
compartment model, and direct measurements of 
alveolar pressures have shown that gas redistribution is 
relatively unimportant during low-frequency manoeu­
vres. Thus, the normal lung is most appropriately 
represented in terms of two compartments, as a 
homogeneous lung surrounded by viscoelastic tissue. 
Abnormal physiology cannot be so simply represented, 
however, since significant ventilation inhomogeneities 
throughout the lung have been demonstrated. In such a 
situation one is compelled to invoke a model featuring 
both tissue rheology and ventilation inhomogeneity. Such 
a model cannot be uniquely identified from measure­
ments of pressure and flow of air at the airway opening. 
Gaining the additional data necessary to assess the extent 
and nature of each of these two phenomena is currently 
an important research area. 
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Mod~le a deux compartiments de la mecanique du systeme 
respiratoire a basses frequences: redistribution des gaz ou 
rhiologie tissulaire? T. Simi/owski, J.H.T. Bates. 
RESUME: Les proprietes mecaniques du respiratoire sont 
generalement deduites de mesures de pression et du debit A 
l'ouverture des voies aeriennes. Traditionnellement, ces 
mesures ont ete mises en relation dans un modele du systeme 
respiratoire A basse frequence en termes de deux 
compartiments, car ceci decrit de fa~on nettement amelioree 
les donnees experimentales. Dans cette etude, nous 
considerons deux categories de modeles A deux compartiments, 
qui sont compatibles avec les relations pression-volume de 
!'air mesure A l'ouverture des voies aeriennes. Un type de 
modele rend compte de l'inhomogeneite de la ventilation 
regionale dans le pouman en termes de deux compartiments 
alveolaires. L'autre type de modele considere que la ventila­
tion pulmonaire est homogene, alors que les tissus du systeme 
respiratoire sont modelises comme etant visco-elastiques. Chez 
les chiens normaux, le modele approprie a deux compartiments 
s'avere 8tre le modele visco-elastique tissulaire. En cas de 
physiologie anormale toutefois, I' on do it fa ire appel A un 
modele prenant en compte A la fois la visco-elasticite tissulaire 
et les inhomogeneites de ventilation. Des donnees 
experimentales complementaires sont indispensables pour 
!'identification d'un modele de ce type et pour quantifier ces 
deux pbenomenes. 
Eur Respir J., 1991, 4, 353-358. 


