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ABSTRACT: Respiratory resistance (Rrs) was measured by the forced oscllla· 
tlon technique at 10, 20 and 30 Hz in 54 healthy subjects. The sinusoidal pres
sure oscillations were appJied around the head, rather than at the mouth, so 
as to minimize transmural pressure across extrathoraclc airway walls and the 
corresponding artefact (PesJln et al., J Appl Physiol, 1985, 59, 179~1795). The 
flow (V') and volume (V) dependences of Rrs during the respiratory cycle were 
analysed by least square regression according to: Rrs = K1 + 2·K2·IV'I#· K3·V, 
where K1 and K2 are Rohrer's constants, and where K3 expresses the (nega· 
tive) volume dependence of Rrs. The analysis was made separately on the In· 
spiratory and expiratory phases. 

A good fit was usually found between the data and the model, with a root· 
mean-square error averaging 15% of the mean Rrs at 10 Hz. At all frequen· 
cles K2 and K3 were substantially and significantly larger, and K1 slightly lower 
during expiration than during inspiration. Rrs, Kl and K3 were minimum at 
20 Hz, while K2 exhibited a strong positive frequency dependence. The 
decrease of Rrs from 10 to 20 Hz was entirely explained by the variations of 
Its linear component, and its Increase from 20 to 30 Hz was largely due to Us 
flow dependent component. 

Both the pbaslc variations and the frequency dependence of the coemclents 
suggest that the model Is purely descriptive and that coemcients K2 and K3 
reflect a number of phenomena, Including the variations In glottic aperture 
during the respiratory cycle. 
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Two interesting features of the forced oscillation 
technique (1] for measuring respiratory resistance (Rrs) 
are that the measurements can be made during spon
taneous breathing and that they have a high time reso· 
lution. These two features combined make it possible 
to study the variations of Rrs during the respiratory 
cycle. The latter carry information on the flow 
dependence and volume dependence of resistance, 
which are potentially of clinical and physiological in
terest. 

breathing in healthy subjects; it has also been used 
to study the volume dependence of Rrs in obstructive 
patients (6, 7). 

Previous studies using a large spectrum, random or 
pseudorandom pressure input have shown systematic 
differences between the values of Rrs at different 
moments of the respiratory cycle [2-4]; in these stud
ies, however, the input signal included low frequency 
components (2-5 Hz) and the time resolution was lim
ited to 0.5-1 s. A better time resolution has been 
achieved in studies where all the energy of the input 
signal was concentrated on a single frequency and the 
analysis was ~ade on a cycle-per-cycle basis. This 
approach has been used by PESLIN et al. (5] to describe 
in more detail the time dependence of Rrs during 

The aim of this investigation was to better document 
the cyclic variations of Rrs during quiet breathing in 
healthy subjects and to analyse them in terms of flow 
and volume dependence. 

Material and methods 

The study was performed in 54 healthy subjects, 
recruited among people working in the laboratory. 
Their biometric characteristics are summarized in 
table 1. 
Table 1. Blometrlc characteristics and smoking 
habits of the subjects 

Sex M/F 
Age yrs 
Height cm 
Smoking• 

32/22 
34:10.4 

169:tll 
35/5/14 

Mean:so; •: nonsmokers/ex-smokers/smokers. 
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Respiratory input impedance was measured using a 
variant of the forced oscillation technique, which 
almost eliminates the errors related to the vibrations 
of upper airway walls [8]. It consists of applying the 
pressure variations around the head of the subject, 
rather than at the mouth, which minimizes the 
transmural pressure across the upper airways. This 
was achieved by enclosing the head of the subject in 
a plexiglass chamber [9], or canopy, connected to a 
loudspeaker-type pressure generator [10]. A soft neck
collar ensured a proper seal without compressing the 
airway. To avoid claustrophobic reactions, the front 
of the chamber was kept open, except during the short 
data acquisition periods. The subject breathed through 
a mouthpiece and a Fleisch No. 2 pneumotachograph 
connected to a Celesco differential pressure transducer. 
The sinusoidal pressure variations applied to the 
subject had an amplitude of 1-1.5 hPa peak-to-peak, 
and were measured with a similar transducer matched 
to the first within 1% of amplitude and 2° of phase 
up to 30 Hz. 

Measurements were made during quiet breathing, 
with input frequencies of 10, 20 and 30 Hz. The 
order of the frequencies was randomized. The 
pressure and flow signals were sampled for periods of 
25 s and digitized at a rate of 16 points per cycle. 
Rrs was obtained on a cycle-per-cycle basis by 
computing the Fourier coefficients of the signals at the 
frequency of interest, after subtracting the low
frequency breathing component [11]. Rrs variations 
during the respiratory cycle were analysed by least 
square regression according to: 

Rrs = K1 + 2·K2·IV'I - K3.V (1) 

where V' is the respiratory component of the 
measured flow, and V the corresponding volume 
changes computed by digital integration. This model 
derives from the equation proposed by RoHRER [12] to 
describe the pressure-flow relationship in the airways: 

P = K1 ·V' + K2·V'2 (2) 

where Kl and K2 are two constants and correspond, 
respectively, to the resistance at zero flow and to the 
change of resistance per unit change in flow. The 
forced oscillation method does not provide the ratio of 
pressure and flow, but the ratio of their variations, 
which, for small amplitudes, is given by the deriva
tive of equation (2): 

AP/AV' = K1 + 2·K2-Y' (3) 

In addition to allowing for negative (expiratory) flow 
values, equation (1) incorporates a third coefficient K3 
to account for any volu me dependence of Rrs. 
As resistance is known to usually decrease when lung 
volume increases [13], a sign minus has been intro
duced, so as to deal with positive coefficients . 
For the analysis, the mean lung volume during the 
measurement was taken arbitrarily as the reference 

volume; it follows that K1 represents zero-flow resist
ance atmid-tidal volume. As the flow dependence of 
Rrs could be different during inspiration and expira
tion, the analysis was made separately for the two 
phases. 

The statistical analysis was made using standard 
linear regression and Student's t-test for unpaired or, 
when possible, paired data. 

Results 

The variations of Rrs along the respiratory cycle in 
a representative example are shown in figure 1. 
In almost all subjects, the following pattern was seen: 
1) Rrs increased during the early part of both inspira
tion and expiration, and decreased during the later 
parts of the phases; these variations were clearly 
related to the absolute value of respiratory flow; 2) Rrs 
was usually lower at end-inspiration than at end
expiration, suggesting some degree of negative volume 
dependence. Also shown in the figure are the varia
tions of Rrs computed from equation (1) with the 
coefficients obtained by least square regression. In 
most instances the equation explained much of the 
observed variations: at 10 Hz, the root-mean-square 
error (Erms) represented 14±13% and 15±9% of the 
mean resistance during inspiration and expiration, 
respectively. The corresponding figures at 30 Hz were 
19% and 21%. In the subjects in whom the error 
exceeded 20%, it was generally observed that Rrs 
increased unexpectedly and markedly at some time 
during the recording period, most frequently at end
expiration, probably due to partial glottic closure. This 
was the case in 13% and 20% of the instances at 10 
Hz for inspiration and expiration, respectively. It was 
thought preferable to discard the corresponding data; 
therefore, the results presented below pertain to the 
data where Erms did not exceed 20%. 

The results are summarized in figure 2. During both 
inspiration and expiration mean Rrs was significantly 
lower at 20 Hz than at 10 and 30 Hz (p<0.001). 
K1 also decreased significantly from 10 to 20 Hz 
(p<0.001) and increased slightly but not significantly 
from 20 to 30 Hz. Inspiratory and expiratory values 
of Rrs and K1 were strongly correlated (r0!:0.85 at all 
frequencies). Rrs was slightly larger during expiration 
(p<0.001 at 10 Hz; p<0.05 at 20 Hz), while K1 was 
slightly lower (p<O.OOI at 20 Hz; p<0.05 at 30 Hz). 
Both K2 and K3 were much larger during expiration 
(p<0.001 at all frequencies) and the values obtained 
during the two phases were in general less tightly 
correlated (r=0.63-0.85 for K2; r=0.45-0.78 for K3). 
K2 exhibited a strong positive frequency dependence, 
doubling roughly from 10 to 30 Hz, while K3, like 
Rrs and K1, was minimum at 20 Hz. 

At all frequencies the coefficients of variations of 
K1 in the group were similar to those of Rrs, while 
the variabilities of K2 and K3 were much larger. 
At 10 Hz all coefficients, except inspiratory K3, were 
significantly larger in women than in men and were 
significantly correlated to body height. 
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Fig.l. - Representative example of the variations of total respiratory resistance (Rrs), measured with a frequency of 10 Hz, during quiet 
breathing; the dots correspond to experimental values, and the continuous line to the best fit by equation (1). The respiratory component 
of the flow signal and the spirogram are also shown. 
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Fig. 2. - Mean values and standard errors of total respiratory resistance (Rrs) and of the coefficients obtained by fitting equation (1) to 
inspiratory and expiratory data separately. Kl: zero-flow resistance at mid-tidal volume; K2, K3: variations of Rrs with flow and volume, 
respectively. : inspiration; - - ~ - - : expiration. 

Discussion 

The analytical problems related to the computation 
of respiratory impedance variations during breath
ing have been extensively discussed by HOROWITZ 

et al. [14]. The method used in this study is 
very similar to that described by them. The only 

difference is that they assumed that respiratory flow 
was constant during a forced oscillation cycle, while 
we allowed for a linear variation of flow as a func
tion of time [11]. The analysis was made on a 
cycle-per-cycle basis, which has been shown to give 
the best results when resistance is time-dependent [14). 



TIME DEPENDENCE OF FORCED OSCillATION RESISTENCE 89 

Like HOROWITZ et al. (14] we tested the method by 
analysing simulated signals obtained by superimposing 
sinewaves upon spo ntaneous flow recordings; in 
agreement with them we found that the errors related 
to breathing were small for measurements at and above 
10Hz. 

The pattern of change of Rrs seen in this study is 
consistent with previous observations [2, 5, 6, 14]: 
Rrs usually presents two maxima and two minima 
during any single respiratory cycle. The minima are 
approxi matel y locate d a t end - inspira t ion and 
end-expiration, and the maxima coincide roughly with 
the maxim um inspiratory and expi ra tory fl ows, 
respectively. In addition, in most instances, the end
inspiratory value is lower than the end-expiratory 
value. These variations may result from a number of 
causes: 1) the non-linearity of the pressure-flow 
relationship in the airways due to a non-laminar flow 
regime, and to singular losses at the level of the glottis 
and airway bifurcations [15]; 2) the influence of lung 
volume and transmural pressure on airway dimensions 
(13); 3) the changes in glottic aperture during the. res
piratory cycle (16]; 4) probably to a much lesser 
extent, the variations in chest wall impedance result
ing from respiratory muscle contraction [17]. Some 
of these factors, for instance factor 3, clearly have lit
tle to do with lung volume and airway flow per se, 
but may be responsible for Rrs variations synchronous 
with these variables. Moreover, several, if not all, 
of the above factors may be responsible for both vol
ume and flow dependence of Rrs. This is true of glot
tic aperture, which increases during inspiration, but is 
also related to respiratory flow [16); it is also the case 
for the changes in diameter of the large airways which 
have been shown to be out-of-phase with lung volume 
changes [18]. Finally, forced oscillation measurements 
on analogues of the glottis (8 and 12 mm I.D. orifices) 
during simulated breathing have shown that their 
resistance was systematically lower during increasing 
than during decreasing "respiratory" flow, both during 
inspiration and expiration (unpublished observations); 
this effect is probably related to an unsteadiness of the 
velocity profiles in the neighbourhood of the orifice; 
it suggests that, even with a fixed airway geometry, 
the resistance of non-linear structures may vary out
of-phase with respiratory flow. For these reasons, it 
is clear that a model such as equation (1) will pro
vide at best a good description of the data, but that 
the coefficients expressing the apparent volume and 
flow dependence of Rrs will be difficult to interpret 
in terms of specific physiological mechanisms. 

As mentioned in the Methods section, the model 
used to analyse the data (equation 1) applies to small 
pressure and flow oscillations, in which case the flow 
dependence of the measured resistance is equal to two 
times Rohrer 's constant K2. When such is not the 
case, one may expect that the flow dependence will 
be less and that, consequently, K2 will be underesti
mated. In this study, the amplitude of the pressure 
swings in the head generator was between 1-1.5 hPa 
peak-to-peak and the flow amplitude varied with the 

subject's impedance. The latter, including the imped
ance of the pneumotachograph, was on average 3.2 
and 5.8 hPa·s·/·1 at 10 and 30 Hz, respectively, giving 
oscillatory flows of 0.3-0.5 i-s·1 peak-to-peak at 10 Hz 
and 0.15-0.25 l·s·1 at 30 Hz. The applicability of 
the model to these experimental conditions was 
evaluated by computer simulation: the simulated 
system included a linear compliance and inertance, and 
a flow-dependent resistance obeying Rohrer 's equation; 
pressure data corresponding to given oscillatory and 
respiratory flow inputs were digitally generated; 
the data were analysed in exactly the same way as 
human data. The simulation showed: 1) that the 
relative error on K2 only depended upon the ratio of 
oscillatory and respiratory flow amplitudes; namely, 
it was independent of oscillatory and respiratory 
frequencies, of the values of K1 and K2, and of 
inertance and compliance; 2) that K2 was underesti
mated by 1.5, 6.5, 18.6 and 50.9% for flow 
amplitude ratios of 0.4, 0.6, 0.8 and 1, respectively; 
3) that for a nominal value of 2 hPa ·s·L·1 the 
corresponding overestimations of K1 were 0.4, 1.8, 5.2 
and 13.5%; 4) that the error on the mean resistance 
was always small (-3.5% for an amplitude ratio of 1). 
As, in this study, the amplitude ratio may be estimated 
to 0.4-0.6 at 10 Hz and 0.25-0.35 at 30 Hz, these data 
suggest that our K2 values were accurate at 30 Hz and 
only slightly underestimated at 10 Hz. In particular, 
only a very small part of the large positive frequency 
dependence of K2 can be attributed to the decreasing 
oscillatory flow amplitude with increasing frequency. 
To verify this point we repeated the measurements 
in eight of our subjects using a constant flow 
amplitude of 0.2 I-s·1 rather than a constant pressure 
amplitude; the frequency dependence of K2 was 
found to be similar to that observed in the group. 
We conclude that the amplitude of the pressure input 
in our study was not inadequate to estimate the model 
parameters. 

While Rohrer's model has frequently been applied 
to respiratory resistance [19-21], there is only one 
previous study, to our knowledge, where the variations 
of Rrs have been analysed with a model allowing 
for both flow and volume dependence [5]. In that 
model, the conductance (Grs =I ·Rrs·1) was assumed 
to vary linearly with lung volume, so that the volume 
dependence was represented by a hyperbolic term: 

Rrs = 2·K2·IV'I + 1/(a + b·V) (4) 

This representation is more consistent than equation (1) 
with the changes observed when measuring airway 
resistance by body plethysmography at different lung 
volumes [13, 22, 23]. However, it is not necessarily 
a better description of the volume dependence of 
Rrs during breathing which, as mentioned above, may 
depend upon a number of factors in addition to lung 
volume per se. The form shown in equation (1) 
was essentially chosen because it lends itself better 
than equation (4) to standard linear regression. 
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Actually, the two forms are almost equivalent for 
small volume changes, in which case it may be shown 
that: 

b = I:J.Grs/AV • K3/KP (5) 

Another difference between the two studies is that we 
analysed inspiratory and expiratory data separately, 
whilst, in the previous study, it was assumed that 
coefficients a and b were the same during inspiration 
and expiration. The rationale of the latter approach 
may be that Rrs at zero flow and at a given volume 
should be the same whether the volume in question 
is reached by an inspiratory or an expiratory manoeu
vre; in particular one could advocate that Rrs should 
be the same at the very end and at the very begin
ning of the cycle. There is actually little evidence that 
such is the case and we have observed in many 
instances fast variations of Rrs at the transition 
between the expiratory and inspiratory phases; the 
time resolution of the method, however, does not per
mit studying such variations very accurately. In prac
tice, another condition for the identity of inspiratory 
and expiratory coefficients is that the model should 
describe the data perfectly, e.g. Rrs should be linearly 
and independently related to lung volume (or its 
reciprocal) and respiratory flow. This was not always 
the case: in some instances Rrs, when plotted as a 
function of V', was seen to increase curvilinearly with 
increasing flow; in others it was seen that the amount 
of looping of the Rrs-V' graph, which is interpreted 
by the model as volume dependence, was substantially 
different during the two phases. It is on the basis of 
these observations that we preferred to analyse 
inspiratory and expiratory data separately. As 
discussed below, the analysis revealed large and 
significant phasic differences for both K2 and K3. 

The values of Rrs found in this study at 10 Hz 
(2.16±0.56 hPa·s·J·1 in men and 2.99±0.71 hPa·s·/'1 

in women for the whole respiratory cycle) were 
similar to those observed by others at the same or at 
a slightly lower frequency [3, 24, 25]. Also, the 
finding that expiratory resistance was slightly larger 
than inspiratory resistance is in agreement with previ· 
ous observations, both with the forced oscillation 
technique (4, 20, 26] and with other methods [27). 
This fact is usually attributed to a smaller glottic 
opening during expiration, as demonstrated by 
STANESCU et al. [16], and also to gas convective 
acceleration from alveoli to mouth [15). The implica
tion of these non-linear factors is supported by the fact 
that the linear component of Rrs, as expressed by 
coefficient K1, was not larger during expiration (fig. 
2), while the other coefficients were much greater. An 
interesting finding is that K1 was actually a little 
larger at all frequencies during inspiration than during 
expiration. The reason for this difference could be 
tissue resistance, which has been shown recently to 
be substantially larger during inspiratory than during 
expiratory manoeuvres, presumably in relation to 
increased level of muscle activity (26]. 

Flow dependence of respiratory resistance and its 
components has been studied in the past using a vari
ety of techniques and during various respiratory 
manoeuvres [5, 19-21, 26, 27]. The values of K2 ob
tained in these studies varied from about 0.1-1.2 
hPa·s2·/·2 during inspiration, the lowest values being 
found during a slight hyperventilation [20), and the 
largest during quiet breathing and constant flow 
manoeuvres (5, 26]. Larger values were also usually 
found during expiration than during inspiration [5, 20, 
21]. These facts again point to the role of glottic 
aperture as a major factor in the flow dependence of 
Rrs. The values observed in this study during quiet 
breathing (0.65 and 1.18 hPa·s2·f~ for inspiration and 
expiration, respectively, at 10 Hz) are just a little 
lower than those previously found by PESUN et al. [5] 
in similar conditions (0.95 and 1.49 hPa·s2· /·2 at 
4--6Hz). 

To facilitate comparison with other studies, the 
apparent volume dependence of Rrs will be discussed 
in terms of AGrs/AV, as computed from K3 and Kl 
according to equation (5). At 10 Hz AGrs/AV aver
aged 0.146 hPa·1·s·1 during inspiration and 0.377 
hPa·1·s·1 during expiration. These figures are larger 
than previously observed during quiet breathing by the 
forced oscillation technique (0.05 hPa·1·s·1 [5]), but 
similar to those found when measuring airway con
ductance (Gaw) at different lung volumes by body 
plethysmography (!:J.Gaw/AV = 0.22-0.28 hPa·1·s·1 [13, 
22, 28]). This similarity suggests that the increase in 
airway diameter with increasing lung volume is cer
tainly a major factor of AGrs/AV. The large differ
ence between inspiratory and expiratory values, 
however, also incriminates the phasic opening and clo
sure of the glottis [16] and, possibly, the unsteadiness 
of the velocity profiles. Finally, there is some indi
cation that tissue resistance may also contribute to the 
negative volume dependence of Rrs [24, 26]. 

As illustrated in figure 2, all of the coefficients 
exhibited some frequency dependence, but with 
substantial and systematic differences between them. 
Both slightly positive and slightly negative frequency 
dependences of Rrs have been described in normal 
subjects [28]; the differences between series seem to 
be largely due to a variable contribution of the upper 
airway artefact, that is of the shunt pathway consti· 
tuted by the upper airway walls [8]. In this study, we 
used a method which almost eliminates the artefact by 
minimizing the transmural pressure across the upper 
airways [8]. The latter, however, is not zero due to 
the pressure drop along the pneumotachograph and, as 
pointed out by CAUBERGHS and V AN DE WOESTIJNE (29), 
along the proximal part of the upper airways. At the 
frequencies and with the equipment used in this study, 
a large part of the residual error would 
probably be due to the comparatively large impedance 
of the Fleisch No. 2 pneumotachograph. To assess the 
influence of this factor, we repeated the measurements 
in nine subjects with a pneumotachograph exhibiting 
a lower impedance (Fleisch No. 3) which should 
substantially decrease the pressure drop in question. 
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We did not observe any systematic differences in 
either the mean resistance, the coefficients of equation 
(1), or their frequency dependence. We conclude that 
the residual upper airway artefact with the head gen
erator was small enough for the purposes of this study. 

The frequency dependence of Rrs seen in this study 
is in agreement with our previous observations: Rrs 
decreased from 10 to 20 Hz, and increased thereafter. 
The main factors which have been incriminated to 
explain a negative frequency dependence of Rrs are 
parallel inhomogeneities of respiratory tissues [10, 30) 
and airway wall compliance [31). On the other hand, 
inertial distortion of velocity profiles in the airways 
could be responsible for a positive frequency depend
ence of Raw [32). 

It is interesting to assess how the different terms of 
equation (1) contribute to the overall frequency 
dependence of Rrs. In this respect, one should first 
point out that, although K3 is strongly frequency 
dependent, the volume term plays a negligible role. 
This is because we arbitrarily took as a reference (i.e. 
V=O) the mean lung volume during the sampling 
period. It follows that the mean volume and the mean 
value of K3·V are close to zero during both inspira
tion and expiration (they would be strictly zero if the 
volume varied linearly with time). In other words, the 
volume term does not contribute to the mean value of 
Rrs. 

The respective importance of the other terms may 
be seen in figure 2. It is noteworthy that K1 
decreases slightly more than Rrs from 10 to 20 Hz, 
and increases little thereafter. So the linear compo
nent of Rrs would be entirely responsible for the 
initial negative frequency dependence. This supports 
the view that the latter is due to some linear process, 
such as parallel inhomogeneities [10, 30, 31). On the 
other hand, it may be seen in figure 2 that the contri
bution of the flow dependent term, that is the differ
ence between Rrs and Kl, increases with frequency: 
it was on average of 0.47, 0.67 and 0.89 hPa·s·l-1 at 
10, 20 and 30 Hz, respectively, during inspiration, and 
of 0.70, 0.90 and 1.17 hPa ·s ·I-1, at the same 
frequencies during expiration. It therefore appears that 
the flow dependent component of Rrs is largely 
responsible for its positive frequency dependence. 
As K2 increases similarly during inspiration and 
expiration, it is likely that asymmetrical factors such 
as airway branching, convective acceleration and 
phasic variations in glottic aperture are not involved
A contribution of the tissues may also be ruled out 
since tissue resistance does not seem to be flow 
dependent [20, 26). One is, therefore, left with the 
hypothesis that inertial distortion of velocity profiles, 
a known cause of positive frequency dependence of 
Rrs [32), could be a non-linear process. 

Finally, an unexpected finding in this study was that 
K3 was also frequency dependent and, like Rrs, 
presented a minimum at 20 Hz. Is is difficult to 
imagine that the frequency of the input signal could 
influence the changes in airway dimensions, including 
those of the glottis, during the respiratory cycle_ 

Tissue resistance varies slightly with lung volume [26) 
and has been shown to be extremely frequency de
pendent below a few Hz in relation to lung and chest 
wall visco- and/or plastoelasticity [33, 34). It is 
unlikely, however, that these phenomena may play a 
substantial role at the much higher frequencies used 
in this study. A possible explanation, although rather 
unlikely in healthy subjects, could be the existence of 
several compartments in parallel, exhibiting different 
volume dependences of their respective properties; in 
such a system, the relative impedance of the compart· 
ments would vary with volume in a frequency depend
ent manner. Another possibility is that the variations 
of K3 reflects the influence of frequency dependent 
phenomena which are not related to lung volume 
per se, but slightly out of phase with flow; a poten
tial factor could be the unsteadiness of velocity 
profile in the airways_ Further studies are needed to 
test these hypotheses and, more generally, to clarify 
the physiological and physical basis of K2 and K3. 
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