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Changes in respiratory resistance to low dose carbachol inhalation and to pneumatic
trouser inflation are correlated.  A.M. Lorino, F. Lofaso, H. Lorino, A. Harf.  ©ERS
Journals Ltd 1994.
ABSTRACT:  Inflation of the leg compartments of pneumatic trousers increases
thoracic blood volume.  The resultant response in respiratory impedence was inves-
tigated in nine normal volunteers, and compared with the response to increasing
doses of inhaled carbachol.

Respiratory impedance was measured by the forced oscillation technique (4–32
Hz), and respiratory resistance at zero frequency (R0) was extrapolated from lin-
ear regression analysis of resistive impedance versus frequency.

The mean increase in R0 was 31% after inhalation of 125 µg carbachol, and 21%
after inflation of pneumatic trousers.  The percentage changes in R0 following pneu-
matic trouser inflation highly correlated those induced by inhalation of 125 µg car-
bachol (r=0.98)

Our data demonstrate that, even in normal subjects, pneumatic trouser inflation
causes an increase in respiratory resistance, which can be predicted by the response
to a low dose of carbachol.  These results support the assumption that cholinergic
agents might not only be bronchoconstrictors but also vasodilators of the bronchial
vessels.  At a low dose, the vasodilating action of carbachol could be the major fac-
tor involved in the respiratory response.
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The effects of an increase in thoracic blood volume
(TBV) on the forced expiratory volume in one second
(FEV1) appear to vary among subjects, according to their
bronchial responsiveness and to experimental conditions.
In response to a slight increase in TBV induced by infla-
tion of a pneumatic trouser, no change in FEV1 was
observed in normals [1], whereas a slight fall was observed
in asthmatics [2].  By contrast, in response to a larger
increase in TBV induced by vascular volume expansion,
a fall in FEV1 was observed both in normals and asth-
matics [3].  Compared to the normals, a larger capillary
bed has been reported within the airway walls of the
asthmatics [3], which might explain their bronchial response
to even a small increase in TBV.

As regards the effects of a slight increase in TBV on
the airway response to bronchial challenge, enhanced
responses to bronchoconstrictive agents have been doc-
umented not only in asthmatics but also in normals [1,
2].  Thus, one wonders whether a slight increase in TBV
may affect airway calibre without resulting in a detectable
change in FEV1.  Therefore, we  investigated, separate-
ly, the respiratory responses to inflation of pneumatic
trouser and to inhalation of carbachol, an agent which is
not only a constrictor of the bronchial smooth muscle
but also a dilator of the bronchial and pulmonary ves-
sels [1, 4].  In order to evaluate these responses, we used
the forced oscillation technique, which has proved to be

more sensitive than forced expiration for the detection
of subclinical airway abnormalities [5].

Materials and methods

Subjects

After the experimental protocol had been approved by
the Research Ethics Committee of our Medical School,
the study was performed in 9 healthy young volunteers
(1 female and 8 males), aged 19–22 yr.  All were non-
smokers and had normal lung function and no history of
pulmonary or cardiovascular disease, or of atopy.  They
were fully informed of the nature of the experiment and
gave informed consent.

Respiratory Impedance 

Respiratory impedance (Zrs) was measured by the
forced noise technique.  The forced pseudorandom noise
used in this study was composed of 29 harmonics (4–32
Hz) of the fundamental (1 Hz), with enhanced ampli-
tudes at the lower frequencies to limit the influence of
spontaneous breathing.  The phases were calculated in



order to minimize the peak-to-peak amplitude of the
excitation signal.  The forced signal, generated by a
digital-to-analogue converter, excited, through a power
amplifier, two 60 W loudspeakers attached to a 12 l rigid
chamber.  The amplitude of the resulting pressure oscil-
lations was limited to 2 cmH2O peak-to-peak, which
resulted approximately in 0.2–0.5 l·s-1 peak-to-peak ampli-
tudes of superimposed flow.  The forced pressure exci-
tation was applied at the mouth of the subject, who was
wearing a noseclip and supporting his cheeks.  Mouth
pressure was measured by means of a differential pres-
sure transducer (Sensym SCX 01D, ±70 cmH2O), and
mouth flow by means of a screen pneumotachograph
(Jaeger Lilly, Rp=0.35 cmH2O·s·l-1) connected to a sim-
ilar transducer.  Pressure and flow signals were low-pass
filtered (Butterworth, 8th order, cut-off frequency=32
Hz), and sampled at 128 Hz for 16 s. The data were then
high-pass filtered (3rd order, cut-off frequency=3.5 Hz)
to eliminate the low harmonics of the breathing noise.
A Fast Fourier Transform algorithm was applied to adja-
cent 4 s periods.  Impedance data were calculated from
the auto- and cross-spectra obtained by averaging the
spectra of 3 consecutive manoeuvres.  Impedance data
corresponding to a coherence value higher than 0.9 were
retained for analysis, and fitted by a four parameter model.
The real part of impedance was submitted to linear regres-
sion analysis, which yielded the respiratory resistance
extrapolated at 0 Hz (R0), and the slope (S) of the lin-
ear relationship of resistive impedance versus frequency
(fig. 1).  The imaginary part of impedance was submit-
ted to multilinear regression analysis which yielded the
respiratory compliance (Crs) and inertance (Irs) (fig. 1).

The quality of the fit was assessed by calculating the
mean relative difference (RD) between the response of
the model and that of the subject, according to the fol-
lowing equation proposed by OOSTVEEN et al. [6]:

n
1    Σ [(Re,m,i-Re,s, i)2 + (Im,m,i -Im, s,i)2 ]1/2

RD =  n   i=1 [(Re, s, i)2 + (Im, s, i) 2]1/2

where n is the number of data points, and Re and Im are
the real and imaginary parts of the impedance of the
model (index m) and of the subject (index s).  

Experimental protocol

All subjects were studied on two different days, at
about the same time.  The order of the investigations
was randomized.

On one study day, bronchopulmonary responsiveness
was assessed from the changes of R0 in response to inhala-
tional bronchial challenges of increasing doses of car-
bachol (125, 250 and 500 µg) following an initial challenge
with physiological saline.  Saline and carbachol were
aerosolized with an ultrasonic nebulizer (De Vilbiss 5610
D), which delivers particles with a mean mass-median
aerodynamic diameter of 3 µm.  Aerosols were admin-
istered at 5 min intervals by means of an electronic breath-
operated dosimeter (Médiprom FDC 88).  At the end of
the test, 200 µg of salbutamol, a ß2-adrenergic agonist,
were administered in two puffs (Ventoline, Glaxo Laboratory,
France), and Zrs was measured 10 min later, to verify
recovery.  For each administration, Zrs was measured in
the erect posture, 2 min after cessation of aerosol deliv-
ery.  R0 was expressed as a percentage of the basal value
assessed after saline administration.

On the other study day, with the subject in the erect
posture and wearing uninflated medical pneumatic trou-
sers (Gladiator Airpants, Jobst Institute Inc., Toledo,
USA), control values of the mechanical parameters derived
from Zrs were estimated.  Control values of transfer fac-
tor of the lungs for carbon monoxide (TLCO), alveolar
volume (VA), and functional residual capacity (FRC)
were then measured with the single-breath technique,
using a water-sealed spirometer (Volugraph Diffusimat,
Mijnhardt, Holland).  With the subject in the supine posi-
tion, the leg compartments were slowly inflated up to a
pressure of 8 kPa.  The subject resumed the erect posi-
tion, and after a 20 minute period, measurements of Zrs,
TLCO and lung volumes were repeated. Pressure in both
compartments was periodically checked during the exper-
iment and readjusted if necessary.  Arterial blood pres-
sure and heart rate were monitored throughout the study
(Finapress BP Monitor, Ohmeda 2300, BOC Group Inc,
USA). 

Statistical analysis

Statistical analysis was performed using analysis of
variance, paired Student's t-test and linear regression
analysis.  A value of p<0.05 was considered as statisti-
cally significant.

Results

No significant difference was observed between the
basal values obtained for any respiratory parameter on
the two days of the experiment (tables 1 and 2).

Mean values of R0, S, Crs and Irs obtained during car-
bachol bronchial challenge are given in table 1.   Carbachol
inhalation increased R0 and decreased Irs in a dose depen-
dent way.  Decreases in S and Crs were observed only
at the highest dose of carbachol.  Respiratory response
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Fig. 1. – Typical data of respiratory impedance (Z).  Real part (Zr)
and imaginary part (Zi) are plotted as functions of frequency (f).  Cross:
measured values;  solid lines: fit of models Zr = R0 + Sf and Zi =
2 π f Irs - 1/ (2 π f Crs).  R0: respiratory resistance extrapolated at zero
frequency;  S:  frequency dependence of resistance;  Irs:  respiratory
inertance;  Crs:  respiratory compliance.
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to carbachol inhalation did not reveal hyperresponsive-
ness in any subject, i.e. none of the volunteers doubled
his basal value of respiratory resistance (R0), even at the
highest dose of carbachol.
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Fig. 2.  –  Increases in respiratory resistance at zero frequency (∆R0)
following inflation of pneumatic trouser, plotted in relation to ∆R0 fol-
lowing inhalation of 125 µg carbachol.  ∆R0 are expressed as a per-
centage of the corresponding R0 basal values.  Circles:  data from
individual subjects;  straight line:  regression line. 

∆R
0 

tro
us

er
s 

 %

∆R0 carbachol  %

y = 0.75 × - 2.2
r = 0.98

60

100

80

60

20

40

20 40 800
0

● ● ●

●

●

●

●

●

●

Table 1.  –  Effects of carbachol inhalation on respira-
tory mechanics

Carbachol µg

0        125 250       500

R0 cmH2O·s·l-1 2.18 2.93* 3.13** 3.83***
(0.51) (1.18) (1.14) (1.68)

S cmH2O·s·l-1·Hz-1 0.018 0.018 0.011 -0.004**
(0.14) (0.14) (0.022) (0.036)

Irs cmH2O·s2·l-1 0.014 0.013* 0.012** 0.011***
(0.002) (0.002) (0.003) (0.003)

Crs  l·cmH2O-1 0.031 0.031 0.030 0.024**
(0.010) (0.010) (0.011) (0.007)

Data are presented as mean±SD (n=9) obtained after inhalation
of increasing doses of carbachol.  R0: resistive impedance
extrapolated at zero frequency;  S:  slope of the linear rela-
tionship between respiratory inertance and frequency;  Irs:  res-
piratory inertance; Crs:  respiratory compliance. *, **, and ***:
significantly different from basal value corresponding to 0 µg
carbachol (p<0.05, 0.01 and 0.001 respectively).

Table 2.  –  Effects of trouser inflation on respiratory
mechanics

BI AI

R0 cmH2O·s·l-1 2.21 (0.38) 2.73* (0.94)
S cmH2O·s·l-1·Hz-1 0.017 (0.015) 0.015 (0.019)
Irs cmH2O·s2·l-1 0.014 (0.002) 0.014 (0.04)
Crs l·cmH2O-1 0.032 (0.011) 0.031 (0.010)

Data are presented as mean±SD (n=9) obtained before inflation
(BI) and after inflation (AI) of the pneumatic trousers.  *:  sig-
nificantly higher than before inflation (p<0.05).  For abbrevi-
ations see legend to table 1.

Table 3. – Effects of trouser inflation on alveolar diffu-
sion parameters

BI AI

TLCO mmol·min-1·kPa-1 11.19 (1.52) 10.73 (1.37)
VA l 6.54 (1.24) 6.48 (1.23)
KCO mmol·min-1·kPa-1·l-1 1.74 (0.25) 1.69 (0.24)
FRC  l 3.29 (0.63) 3.22 (0.61)

Data are presented as mean±SD (n=9) obtained before inflation
(BI) and after inflation (AI) of the pneumatic trousers.  TLCO:
transfer factor of the lungs for carbon monoxide;  VA:  alve-
olar volume.

Mean values of R0, S, Crs and Irs obtained with the
uninflated pneumatic trousers are listed in table 2.  Inflation
of the leg compartments caused a significant increase in
R0 (p<0.05) but did not affect the other mechanical para-
meters (table 2).  When expressed as percentage of basal
values, the mean increase in R0 was about 21% (p<0.02),
with a wide range of responses (0–66%).  After pneu-
matic trouser inflation, FRC remained unchanged and
no significant change was observed in either TLCO or the
KCO (TLCO/VA) ratio (table 3).  Similarly, arterial blood
pressure and heart rate remained statistically unchanged.

As shown in figure 2, a highly significant correlation
was found between the percentage changes in R0 fol-
lowing pneumatic trouser inflation and the percentage
changes in R0 in response to the lowest dose of carba-
chol (r=0.98, p<0.0001).  The response to 125 µg inhaled
carbachol was significantly greater than that to trouser
inflation (p<0.02).  By contrast, no significant correla-
tion was found between the percentage changes in R0

following pneumatic trouser inflation and those induced
by higher doses of carbachol.

Discussion

During the past few years, several studies relating to
normals and asthmatics have stressed that the vascula-
ture might influence both basal values of airway resis-
tance and airway response to cholinergic agonists [1–3,
7, 8].  However, in response to an increase in TBV, no
systematic increase in airway resistance was demon-
strated when airway calibre was assessed by the FEV1

parameter.  The small increase in TBV induced by pneu-
matic trouser inflation did not change FEV1 in normals
[1], whereas it slighty decreased baseline FEV1 in asth-
matics [2].  By contrast, a larger increase in TBV induced
by vascular volume expansion resulted in a fall in FEV1

in both normals and asthmatics [3].  Lastly, as regards
the airway response to cholinergic agonists in normals,
even a small increase in TBV has been shown to enhance
the decrease in FEV1 induced by methacholine [1].  All
these results suggest, either that a minimum increase in
TBV is necessary to induce an airway response, or that
the FEV1 is not sensitive enough to detect slight changes
in airway calibre, such as those possibly induced by a
small increase in TBV.



In the present study, the effects of carbachol inhala-
tion and of pneumatic trouser inflation on airway resis-
tance were assessed by the changes in the mechanical
parameters derived from respiratory impedance.   Impedance
data were described by a four parameter model (R0, S,
Irs, Crs), which has proved sufficiently sensitive to detect
early airway abnormalities [5].  The adequacy of the
model to describe respiratory impedance is illustrated by
the mean relative difference, which was always less than
7%.  Over the 4–32 Hz frequency range, pulmonary resis-
tance represents 70–80% of respiratory resistance [9],
and the airways are responsible for most of pulmonary
resistance [10].  Therefore, in the following account, the
changes in resistive impedance are interpreted in terms
of airway resistance.

In this study, only the bladders of the lower limbs of
the pneumatic trouser were inflated, to ensure that lung
volumes, particularly FRC, remained unchanged.  Resp-
iratory impedance was always measured in the standing
posture.  In this way, it could be assumed that the vari-
ations in airway resistance did not originate either from
a decrease in FRC, nor from a postural change [11].  The
fact that the basal values for R0 were the same on the
two days of the experiment allowed comparisons to be
made between percentage changes.

Respiratory response to pneumatic trouser inflation

Firstly, our data demonstrate that, even in nonhyper-
reactive subjects, pneumatic trouser inflation results in
a significant increase in airway resistance, which varies
widely among individuals, ranging 0–66% of the base-
line value in our nine normal subjects.  These findings
differ from those of REGNARD et al. [1] who did not demo-
nstrate any effect of trouser inflation in their normal sub-
jects.  This apparent discrepancy may be attributed to
the methods used to assess the bronchial response.  In-
deed, it is likely that the FEV1 parameter derived from
the forced expiration technique, and the respiratory resis-
tance R0 derived from the forced oscillation technique,
do not provide comparable assessments of airway resis-
tance.  For example, FEV1 has been found to be unchanged
when shifting from the sitting to the supine position [12],
whereas resistive impedance has been reported to sig-
nificantly increase [11, 13].  In contrast to the R0 para-
meter which corresponds to airway resistance assessed
during quiet breathing, i.e. at a mean level of lung vol-
ume close to the FRC, the FEV1 is measured during an
expiratory effort, over a wide pulmonary volume range,
and at a higher mean level of lung volume.  Furthermore,
the forced expiration is preceded by a deep inflation,
which has been observed to temporarily decrease flow
resistance in normals whose airways are constricted [14].
In addition, the forced expiration itself generates high
alveolar pressures, which may affect pulmonary and tra-
cheobronchial blood distribution in the same way as
positive end-expiratory pressure [15, 16].  Lastly, the
forced oscillation technique has proved to be more sen-
sitive than the forced expiration technique by allowing
detection of early airway abnormalities in subjects exposed
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to respiratory irritants, at a stage when the FEV1 was not
yet modified [5].

The increase in TBV induced by inflation of the leg
compartments of pneumatic trousers has been estimated
at about 200–250 ml in the erect posture [4, 2].  The
small amplitude of this increase may explain why we
observed no changes in TLCO, VA or KCO (table 3).  Our
results are in accordance with those of ABRAHAM et al.
[17]  who did not detect change in diffusing capacity of
the lungs for carbon monoxide after inflation of all the
bladders of pneumatic trousers.  In the same way, we
did not demonstrate any effect of pneumatic trouser infla-
tion on Crs.  This may be due to the fact that either the
resulting increase in pulmonary blood volume was too
small to induce stiffness in lung tissues, or the sensitiv-
ity of our Crs parameter was too low to detect small
change in lung compliance.  The frequency dependence
of resistive impedance (S), which reflects distribution of
flow among intrathoracic parallel inhomogeneities
[18], was not affected by pneumatic trouser inflation
(table 2).  Thus, it is likely that the airway narrowing
induced by trouser inflation was quite homogeneous.

The fact that Irs was not affected by pneumatic trouser
inflation could appear inconsistent with the observed
increase in Rrs.  In fact, as tissue inertance is less than
10% of Irs [6], Irs mainly reflects airway inertance, which
is proportional to the reciprocal of cross-section.  Thus,
the dependence of Irs on the airway radius (r) is weaker
than the dependence of airway resistance (r–2 vs r–4).
Furthermore, airway inertance and resistance may be dif-
ferently affected by the velocity profile.  Indeed, when
the airway calibre is reduced, the velocity profile tends
to become blunter.  Airway inertance then tends to
decrease, whereas airway resistance tends to increase.
Thus, the influence of the velocity profile on Irs may
counterbalance, or even overbalance the influence of
changes in cross-section, whereas both these influences
tend to increase Rrs.  This might explain why Irs remained
unchanged after pneumatic trouser inflation (table 2) but
decreased after carbachol inhalation (table 1).

Relationship between respiratory responses to pneu-
matic trouser inflation and to carbachol inhalation

The most interesting finding of this study lies in the
strong correlation found in our subjects between the res-
piratory response to pneumatic trouser inflation and the
respiratory response to the lowest dose of 125 µg car-
bachol.  A plausible, though highly speculative, expla-
nation of these results is that both responses originate
from a modification in the airway vasculature.  Carbachol,
besides its direct action on the cholinergic receptors of
the tracheobronchial smooth muscle, also has vasodilat-
ing effects on the bronchial and pulmonary vessels [2,
19].  This vasodilatation would be mediated by the release
of endothelium-derived relaxing factor, caused by the
activation of muscarinic receptors [20]. 

Pneumatic trouser inflation induces transient haemo-
dynamic changes [21, 22].  At the time of respiratory
impedance measurement, i.e. 20 min after inflation, a
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steady hemodynamic state was achieved, with decreased
blood volume in the lower limbs and increased TBV.
The fact that values for arterial blood pressure and heart
rate were then similar to their preinflation values, sug-
gests a sympathetic reflex systemic vasodilatation evoked
by cardiopulmonary receptor stimulation in response to
the increase in venous return [21, 23].  The tracheo-
bronchial vessels, which belong to the systemic vascu-
lature, were probably affected by this vasodilatation.  

Thus, although originating from different mechanisms,
tracheobronchial vasodilatation might be the main fac-
tor involved in the increase in airway resistance observed
after inhalation of a low dose of carbachol or inflation
of pneumatic trousers.  The fact that no correlation was
found between the respiratory responses to the higher
doses of carbachol and to the pneumatic trouser infla-
tion, suggests that the respective contributions of the
vasodilation and of the direct action on the muscarinic
receptors of airway smooth muscle to the airway response
could vary with the dose of cholinergic agents.

The effects of an increase in TBV and of carbachol
inhalation could be cumulative.  This might explain the
enhanced airway response to methacholine observed in
normals either after trouser inflation [1], or when shift-
ing from the sitting to the supine position [12], and the
hyperresponsiveness observed in patients with impaired
left ventricular function [7].  

In summary, our study demonstrates that, even in nor-
mal subjects, inflation of the lower limbs of a pneumatic
trouser induces an increase in respiratory resistance com-
parable to the one resulting from the inhalation of a low
dose of carbachol.  These results suggest that the air-
way vasculature plays a major role in both these types
of bronchoconstriction.  However, further investigations
are still required to verify this assumption and specify
the mechanisms involved in each of these responses.
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