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SUMMARY 

An important task for anaesthetists in the management of patients at high risk of respiratory 
failure is to prevent the development or to reduce the occurrence of an increase in airway and 
tissue resistance. There is a lack of information in the literature as concerns the differential 
behaviour of the airway and tissue compartments in routine clinical situations with which 
anaesthetists are confronted. These conditions can be observed following i) stimulation of the 
muscarinic receptors by direct irritation or via the vagus, ii) the use of histamine-releasing 
drugs, and iii) modification of the pulmonary blood pressure and/or flow. 

The studies in the current thesis were designed to allow a better understanding of the 
underlying pathophysiological processes described above. Accordingly, we set out to 
investigate separately the changes in the airway and tissue mechanics in experimental animals 
following 

• the administration of volatile agents during direct stimulation of the muscarinic receptors, 

• the administration of a myorelaxant to induce endogenous histamine release with or 
without pretreatment with antihistamines, 

• increased pulmonary blood flow and/or pressure by manipulating these haemodynamic 
parameters independently. 

To achieve these aims, we applied either the alveolar capsule technique during mechanical 
ventilation or forced oscillations at frequencies encompassing the spontaneous breathing rate 
to measure pulmonary input impedance. Airway and tissue mechanical parameters were either 
separated directly from the alveolar pressure signals in the capsule or estimated by fitting a 
linear model to the impedance spectra collected under different experimental conditions. 

The results of these studies pointed to the importance of the assessment of the separate 
contributions of the airways and tissues in the lung constriction occurring during anaesthetic 
management. Volatile anaesthetic agents were shown to prevent both airway and parenchymal 
constriction. Furthermore, antihistamine pretreatment was effective against the bronchospasm 
induced by the endogenous histamine released by a myorelaxant. Finally, maintenance of the 
left atrial pressure in the physiological range was demonstrated to optimize lung function. 

These results may contribute to an understanding of the mechanisms primarily involved in 
compromised lungs and may allow better treatment directed to the compartment responsible 
for the lung function impairment. 
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G L O S S A R Y O F T E R M S 

a = Exponent of the angular frequency 
in the constant-phase tissue model 

Y = Complex propagation wavenumber 
T| = Tissue hysteresivity 
b) = Angular frequency 
CL = Lung compliance 
Crs,dyn = Dynamic compliance 
E2 = Volume-dependent elastance 
EL = Lung elastance 
Eti = tissue elastance 
ETT = Endotracheal tube 
f = Frequency 
Fi0 2 = Fraction of inspired oxygen 
G = Constant-phase tissue damping 
H = Constant-phase tissue elastance 
law = Airway inertance 
ID = Internal diameter 
ip = Intraperitoneal 
iv = Intravenous 
j = Imaginary unit 
L = Length of the wave tube 
MAC = Minimum alveolar concentration 
Mch = Methacholine 

MLR = Multiple linear regression 
Pi = Pressure at the loudspeaker end of the 
wave tube 
P 2 = Pressure at the distal end of the wave tube 
PA = Alveolar pressure 
PA, EE = Alveolar pressure at end-expiration 
Pao = Airway opening pressure 
PCEST = Estimated pulmonary capillary pressure 
P C O 2 = fractional pressure of carbon dioxyde 
PEEP = Positive end-expiratory pressure 
P0 2 = fractional pressure of oxygen 
Ppa = Pulmonary arterial pressure 
Pia = Left atrial pressure 
Ptr = Tracheal pressure 
Pv = Vascular pressures 
Qp = Pulmonary blood flow 
Raw = Airway resistance 
RL = Pulmonary resistance 
Rv = Pulmonary vascular resistance 
Rti = Tissue resistance 
V' = Flow 
V = Lung volume 
WG = Weight gain 
Zo = Characteristic impedance of the wave tube 
ZL = Pulmonary input impedance 
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5. INTRODUCTION 
1.1. Effects of anaesthesia on lung mechanics 
General anaesthesia induces pathophysiological changes in the pulmonary system. Both 
inhalation and the intravenous induction of anaesthesia produce adverse structural and functional 
changes in the respiratory system via loss of the muscle tone of the chest and the diaphragm and 
via the gravitational forces exerted on the dependent regions in the supine position (62). 
Pharmacological stimuli involving the release of various endogenous mediators via an 
anaphylactoid or anaphylactic reaction are the most common and unpredictable effects with 
which patients and anaesthetists are faced on the frequent use of allergic drugs such as 
myorelaxant and narcotic agents, antibiotics and fluid colloid replacements. Mechanical 
stimulation of the upper airways during laryngoscopy, endotracheal intubation, or insertion of a 
laryngeal mask airway may activate either the vagal or the non-adrenergic - non-cholinergic 
system, which may further deteriorate the lung function. All these mechanisms induce adverse 
changes in the airway tone, alter the ventilation distribution, produce atelectasis and/or reduce the 
resting lung volume (35, 62). Although all these effects have the potential to result in 
hypoxaemia, they may initiate a positive cascade, since the constrictor response of the pulmonary 
system is significantly magnified at lower lung volumes (16, 75, 76). Moreover, all these 
respiratory adverse effects are enhanced in patients with an altered lung function, such as in the 
presence of bronchial hyperresponsiveness or pulmonary haemodynamic abnormalities. 

Accordingly, an important task of anaesthetists in the management of patients at high risk 
of respiratory failure (i.e. children with bronchial hyperresponsiveness or congenital heart 
disease) is to apply a rational technique for anaesthesia in order to prevent the development or to 
reduce the occurrence of an impairment in lung mechanics. 

1.2. Importance of tissue resistance in altered lung mechanics 
The two major compartments contributing to the lung function are the conductive airways and 
the lung parenchyma (1,4, 28-31,48-50, 64-67, 71, 77, 78, 86). The mechanical properties of the 
airways can be characterized by a flow resistive parameter called the airway resistance (Raw) and 
a factor related to the inertive forces required to accelerate and decelerate the gas in the tracheo-
bronchial tree, the airway inertance (law). Lung tissue mechanics is described by viscoelastic 
elements, including a parameter related to the dissipative or damping properties of the 
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parenchyma the tissue resistance (Rti), and an energy storage modulus characterizing the lung 
tissue elasticity or the lung elastance (EL). 

Studies in both animals (1, 28-31, 48-50, 64-66, 71, 77, 78, 86) and humans (4, 67) have 
demonstrated that the pulmonary tissues contribute significantly to the viscous properties of the 
lung mechanics. The Rti contributes largely (40-60%) to the baseline total lung resistance (RL) 
(4, 31, 66, 67). Contrary to earlier belief, constrictor agents such as methacholine (Mch) (30,49, 
64, 65, 77, 78), exogenous histamine (29,47,48) or endothelin (1) not only contract the airways, 
but also generate a significant, sometimes dominating increase in Rti. In addition, the acute 
allergic reaction has been shown to cause significant increases not only in Raw but also Rti (28). 

Although the routine procedures performed during the induction and maintenance of general 
anaesthesia may also alter both the airway and the parenchymal properties, there is a lack of 
information in the literature about the differential behaviour of the airway and tissue 
compartments. Understanding and identifying the separate contributions of the airway and tissue 
compartments to the lung mechanical response helps anaesthetists deal with the respiratory 
complications that occurr during anaesthetic management. Moreover, an understanding of the 
underlying mechanisms allows a better targeting of the treatment to the compartment primarily 
involved in the compromised lungs. 

1.3. Volatile anaesthetic agents 
Halothane and isoflurane have been used for many years for the induction and maintenance of 
anaesthesia. However, their high metabolism rate, and the high liver toxicity and negative cardiac 
inotropic action of halothane led to demand for the development of novel molecules with fewer 
side-effects. Thus, over the last decade, two new major inhalation agents have been introduced in 
anaesthesia and are now widely used in clinical practice: sevoflurane and desflurane. Both drugs 
have a number of advantages that make their use for anaesthesia attractive. 

Sevoflurane is now the volatile anaesthetic agent of choice under most circumstances for 
anaesthesia in children (44, 58, 70). Sevoflurane has a pleasant odour, which makes it the least 
irritating inhalation agent available (18). It permits rapid and smooth inhalation induction (68) 
because of a low blood:gas solubility coefficient, and it provides cardiovascular stability during 
the induction and maintenance of anaesthesia (37). Desflurane, with an even lower blood:gas 
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solubility coefficient, also maintains stable haemodynamic conditions, and allows a rapid 
awakening after prolonged administration (2). 

Although anaesthesia involves many procedures that have the potential to produce severe 
lung constriction (17, 24, 28, 34, 61), a number of studies have documented significant 
improvements in lung function on the administration of volatile agents (7,11, 33, 36,41, 42, 54, 
71, 73, 86, 88). Some investigations have focused on the protective effects of halothane (36, 
42,73, 88), isoflurane (42, 54) and sevoflurane (42, 54), while others were designed to reverse 
lung constriction with these volatile agents (11, 41) or to investigate their effects on the 
spontaneous airway tone (7, 33, 71, 86). Nevertheless, there is still a lack of knowledge as to 
whether all the routinely used volatile agents display comparable protective effects against 
airway constriction. Furthermore, most of the studies have determined global parameters such as 
RL (7, 33, 36, 41, 42, 54, 73) to characterize the mechanical status of the lungs, the relative 
contributions of the airways and the tissues to the increases in RL therefore remaining unknown. 
The use of a technique with which airway and tissue properties may be determined separately 
provides anesthesiologists, who are primarily concerned with changes in airway mechanics, with 
a better description of the changes in the lungs. 

1.4. Effects of endogenous histamine release 
An anaphylactoid reaction with direct mast cell degranulation or an anaphylactic reaction 
following an antigen-antibody interaction, leads to the liberation of numerous humoral mediators 
with bronchoactive properties (9). Among these mediators, histamine is most commonly released 
following the administration of anaesthetic agents and is responsible for the adverse pulmonary 
effects encountered during anaesthesia (27, 34, 55, 57, 61, 79). Of the anaesthetic agents, the 
myorelaxants are the most potent histamine-releasing drugs (27, 34, 55, 57, 61, 79), and 
mivacurium has been demonstrated to elevate the plasma histamine level significantly (over 3-
fold) (57). Although the effects of exogenous histamine on the mechanical properties of the 
respiratory system have been well established (29, 47, 73), the consequences of the endogenous 
liberation of histamine on the lung mechanics have not been investigated. 
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1.5. Interaction between pulmonary haemodynamics and lung mechanics 
A number of previous studies have demonstrated that changes in pulmonary haemodynamic 
conditions alter the mechanical properties of the lungs (3, 5, 6, 8, 10, 12, 13, 15, 20, 22, 26, 38-
40,43, 51, 60, 72, 83, 84). A compromised lung function has been observed in clinical situations 
involving an abnormally high pulmonary blood flow (Qp) (13,20,22,43, 60) and/or an elevated 
pulmonary arterial pressure (Ppa) (3, 5, 6, 8, 10, 38, 51, 72, 83, 84). Nevertheless, the results of 
these previous studies lead to inconsistent conclusions as to which of the pulmonary 
haemodynamic parameters has the dominant effect on the lung mechanics. 

The elevated Qp has been reported to be the primary cause of the decreased lung compliance 
(CL) in adults with cardiac failure (20) and in children with congenital heart disease (22,43, 60), 
although normal CL values have also been found in children with a high Qp and a normal Ppa (5, 
26). Conversely, a high Ppa has been demonstrated to play a major role in determining the 
mechanical properties of the lungs, since changes were observed only when Ppa was elevated (5, 
26, 83, 84). Finally, other authors observed an abnormal lung function only when an increased 
Qp was associated with an elevated Ppa (6, 38). In clinical practice, it is possible to influence the 
pulmonary haemodynamic parameters relatively selectively by pharmacological means; hence, it 
is important to clarify the mechanism responsible for the adverse changes in the lung mechanics. 

1.6. Aims of the present thesis 
The primary aim of the present thesis is a better understanding of the behaviour of the respiratory 
system through study of the separate airway and tissue mechanical responses occurring in routine 
anaesthetic practice. Studies were therefore designed to reproduce the phenomena described 
above and to characterize the involvement of the airways and the lung tissues separately. The 
specific aims of the present thesis were: 
• To estimate the protective effects of common volatile anaesthetic agents against constriction 

in the airway and lung tissue compartments in order to establish the optimum choice of the 
volatile agent in situations with a high risk of enhanced airway reactivity. We hypothesize that 
the more recently introduced inhalation agents exert bronchoprotective properties comparable 
to those of the gold standard halothane. 

• To investigate the effects of histamine-releasing anaesthetic drugs on the airway and 
parenchymal mechanics separately; and to compare the results with those obtained by the 
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direct administration of histamine. We hypothesize that the lung function abnormalities 
following endogenous histamine release are due to changes in lung tissue viscoelasticity 

• To characterize the respective roles of the pulmonary capillary pressure and blood flow in the 
altered airway and parenchymal mechanics following acute changes in the pulmonary 
haemodynamics. We expect that the increases first occur at the parenchymal level and the 
elevations in Raw and Rti are highly dissociated. 

2. METHODS 
2.1. Animal models and materials 
The animal model in each protocol was chosen in accordance with the ability to manipulate the 
experimental conditions and to measure the lung mechanics. All protocols were approved by the 
Institutional Animal Welfare Committee. 

2.1.1. Open-chest piglets 
Eighteen piglets weighing 4.5 to 8 kg were randomly assigned to one or other of three groups: 8 
piglets in a control group, 5 piglets in the sevoflurane group and 5 piglets in the halothane group. 
In the piglets in the control group, anaesthesia was induced with pentobarbital (10 mg/kg iv) 
prior to tracheal intubation and ventilation of the lungs and maintained with 5 mg/kg iv every 45-
60 min. The piglets in the sevoflurane and halothane groups received inhalation induction with 
either sevoflurane or halothane through a mask. Anaesthesia was maintained with the 
corresponding agent at a minimum alveolar concentration (MAC) of 1. The MAC values of 
sevoflurane and halothane in piglets have been reported to be 2.12% ± 0.39% and 0.9% ± 0.12%, 
respectively (45). The end-tidal anaesthetic concentration was monitored continuously with a 
respiratory gas monitor (Artema MM 207C, Sweden). 

The trachea was intubated in all piglets with a 5 mm internal diameter (ID) cuffed tube. 
Fentanyl (2 pg/kg) was administered after tracheal intubation to ensure adequate analgesia, 
followed by a continuous iv infusion at 1 pg/kg/hr. Mechanical ventilation was maintained with a 
volume-controlled ventilator (Harvard Apparatus Model, 708). The arterial blood pressure was 
continuously monitored in the right femoral artery, and the internal jugular vein was cannulated 
to allow methacholine administration. 
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2.1.2. Open-chest rats 
Fourty-one adult male Sprague-Dawley rats (293-434 g) were anaesthetized with pentobarbital 
(40 mg/kg ip) and placed in the supine position. The rats were then tracheotomized with a 
polyethylene cannula (14-gauge, Braun, Melsungen, Germany) and mechanically ventilated 
(Model 683, Harvard Apparatus, South Natick, MA, USA) with a tidal volume of 10 ml/kg at a 
frequency of 75/min and an inspired oxygen fraction (Fi02) of 0.3 in air. The femoral artery was 
prepared surgically in a sterile manner and then cannulated (28-gauge catheter, Portex, Hythe, 
GB) for blood sampling and continuous arterial blood pressure monitoring with a calibrated 
pressure transducer (model 156 PC 06-GW2, Honeywell, Zürich, Switzerland). The femoral vein 
was prepared in the same way as the femoral artery and cannulated for drug delivery. Muscle 
paralysis was achieved by the iv administration of pancuronium bromide (1 mg/kg initial dose, 
supplemented with 0.3 mg/kg every 40 min). The thorax was opened by means of a midline 
thoracotomy and the ribs were widely retracted. Following the chest opening, a positive end-
expiratory pressure of 2.5 cmH20 was maintained. 

2.1.3. Open-chest rabbits 
Fifteen adult male Californian white rabbits (2.2-2.6 kg) in the supine position were studied. 
Anaesthesia was induced in the animals by an intramuscular injection of xylazine (5 mg/kg), 
followed by an iv injection of midazolam (1 mg/kg) and xylazine (4 mg/kg) via an ear vein. The 
rabbits were then tracheotomized with a polyethylene cannula (3.5 mm ID, Portex, Hythe, UK) 
and mechanically ventilated (Model 900C, Siemens-Elema, Sweden) with a tidal volume of 10 
ml/kg at a frequency of 30/min and an FiC>2 of 0.3 in air. Continuous iv infusion of midazolam 
(1 mg/kg/h) and fentanyl (40 pg/kg/h) was then started via the ear vein and was maintained 
throughout the study. The femoral artery was prepared surgically in a sterile manner and next 
cannulated (28-gauge catheter, Braun, Melsungen, Germany) for blood sampling and continuous 
arterial blood pressure monitoring. The femoral vein was prepared in the same way as the 
femoral artery and cannulated for venous blood sampling and for drug delivery. The thorax was 
opened by means of a midline thoracotomy following an additional iv bolus of fentanyl (25 
pg/kg) and the ribs were widely retracted. Following the chest opening, a positive end-expiratory 
pressure of 3 cmH20 was maintained. 
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2.1.4. Isolated rat lungs 
Twenty adult male Sprague-Dawley rats (360-390 g) were prepared as described above 
(section 2.1.2). Following cannulation of the femoral vein and the artery, the rats were fully 
anticoagulated with 1.5 IU/g iv heparin. Thirty-five ml of blood diluted in colloid solution was 
then gently withdrawn over 5 min via the arterial cannula, while the collected blood was 
continuously replaced by an iv infusion of colloid solution (hydroxyethyl-starch 6%). A constant 
intravascular volume and a mean systemic blood pressure above 50 mmHg were maintained by 
this manoeuvre to minimize the risk of lung ischaemic lesions. The collected diluted blood was 
centrifuged (4000 rpm for 10 min) and 17 ml of plasma was extracted. The resulting concentrated 
blood with a haematocrit level of ~ 35% served as priming perfusate. 

A midline sternotomy was next performed and the chest was widely retracted. A 
polyethylene catheter (14-gauge, Braun, Melsungen, Germany) was placed into the main 
pulmonary artery via the right ventricular outflow track, advanced to immediately below its 
bifurcation and connected to medical grade silicone tubing (1.47 mm ID, Ulrich, St. Gallen, 
Switzerland). The left ventricle and the left atrium were then widely opened, allowing free 
outflow of the remaining blood and resulting in complete exsanguination and the death of the 
animal. 

The lungs were immediately flushed through the pulmonary artery cannula with 30 ml of 
cold (10 °C) 6% hydroxyethyl-starch solution from a height of 30 cm to minimize the warm 
ischaemic time period until reperfusion. Another catheter was placed in the left ventricle through 
the left ventriculotomy, in which a Combifix®-Adapter (Braun, Melsungen, Germany) was 
tightly fixed, and connected to medical grade silicone tubing. Finally, a third catheter 
(polyethylene tubing, ID 0.88 mm, Portex, Hythe, GB) was introduced directly into the left 
atrium for the measurement of the left atrial pressure (Pla). The surgical preparations were 
performed in a sterile manner. The lungs and the heart were extracted in a single block, dissected 
free of adjacent tissue and weighed. 
Perfusion of the isolated lungs. The experimental set-up is shown schematically in Fig 1. In a 
thermostabilized, humidified Plexiglas chamber, the heart-lung block was suspended from an 
isometric force displacement transducer (Grass FT03, Quincy, MA, USA), which continuously 
measured weight changes. The lungs were ventilated with room air mixed with 5% CO2, and a 
respiratory rate of 50/min, a tidal volume of 7 ml/kg and a PEEP of 2.5 cmKfeO were maintained. 
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The perfusion circuit was primed with the rat's own blood after filtration (standard 
200 pm filter to remove possible debris). Lung perfusion was performed from a reservoir 
positioned initially to correspond to a Ppa of 15 mmHg and adjusted thereafter to different 
heights to produce various Ppa values (see below). The distal extremity of the left ventricle 
outflow cannula was placed at a sufficient height to obtain a Pia of 7.5±2 mmHg at the beginning 
of the perfusion, which produces West zone 3 conditions (Ppa > Pia > alveolar pressure). The 
blood dripping from this cannula was collected in a 5-ml cylinder, and was aspirated from this 
reservoir with polyethylene tubing passing through a roller pump (Ismatec Pump, Glattburg, 
Zürich, Switzerland). A transit-time flowmeter (T-201 CDS, Transonic Systems Inc., Ithaca, NY, 
USA) was placed between the perfusion reservoir and the catheter cannulating the main 
pulmonary artery, for the continuous monitoring of Qp. The priming volume of the tubing and 
reservoirs was 18 ml. 

The mean Ppa and Pia were recorded continuously with pressure transducers (Honeywell, 
Model 156 -PC 06-GW2, Zürich, Switzerland) zeroed at the level of the lung hilus. Pulmonary 
vascular resistance (Rv) was calculated as Rv = (Ppa-Pla)/Qp. Pulmonary microvascular pressure 
(PCEST) was estimated by applying the Gaar equation (23) ( P C E S T = P I A + 0.44 x [Ppa-Pla]). 
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Weight, Ppa, Pia and Qp were sampled at a rate of 50 Hz by an analog-to-digital converter. These 
signals, together with the calculated PCEST, were displayed continuously by data acquisition 
software (Biopac, Santa Barbara, CA, USA) and were stored on a microcomputer (AST, 
Limerick, Ireland). 

The temperature and pH of the perfusate were measured with a pH-meter (691 pH-meter, 
Metrohm, Herisau, Switzerland). The pH was maintained between 7.35 and 7.45 and was 
corrected with sodium bicarbonate or a change of the inspired CO2 if this was indicated by the 
blood gas analysis (model 505, Acid Base Laboratory, Copenhagen, Denmark). Steady-state gas 
exchange was confirmed by the stable PO2, PC0 2 , and haematocrit levels during the experiments. 

2.1.5. Monitoring of vital signs 
In all experimental animals, the airway pressure was measured continuously with a calibrated 
pressure transducer (Validyne DP 45, Northridge, CA, USA). Rectal temperature was monitored 
with a temperature sensor (Thermalert, model TH-8, Physitemp, Clifton, NJ, USA) and was 
maintained at 37±0.5 °C with a heating pad (Miostar, Zürich, Switzerland). Airway and arterial 
pressures, heart rate and rectal temperature were displayed and stored on a microcomputer at a 
sampling rate of 50 Hz via an analog/digital interface converter (Biopac, Santa Barbara, CA, 
USA). 

Arterial blood samples were analysed radiometrically (model 505, Acid Base Laboratory, 
Copenhagen, Denmark), and the parameters of mechanical ventilation were adjusted to maintain 
normal gas exchange if necessary. The concentrations of O2 and CO2 were monitored throughout 
the study (UltimaTM, Datex/Instrumentarium, Helsinki, Finland). 

2.2. Measurement of lung mechanics 
2.2.1. Alveolar capsule technique in piglets 
After chest opening via a mid-line sternotomy, small plastic capsules were glued to the pleural 
surface with cyanoacrylate glue (Loktite). The underlying alveoli were brought into 
communication with the capsule chamber by puncturing the pleura with a 25-gauge needle. Three 
capsules were glued to either right or left upper or middle lobes. A piezoresistive pressure 
transducer (Endevco 8507C-2) was lodged into each capsule to measure the alveolar pressure 
(PA). 
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The measurement equipment, consisting of a pressure port and transducer (Endevco 
8510B-2) to measure the airway opening pressure (Pao) and a pneumotach (Hans Rudolph Inc. 
K.C., Mo. USA) to measure flow (V'), was placed between the piglet's tracheal tube and the 
ventilator circuit. The Pao and V' signals and PA were amplified (PR signal conditioner, Endevco 
4423), low-pass filtered (Frequency Devices, 902LPF, 8 pole Bessel filters) and stored on a 
computer, using an acquisition and analysis package (Anadat & Labdat, RHT Infodat, Montreal, 
Canada). The respiratory mechanics were calculated from measurements of Pao, V' and volume 
(V), recorded during mechanical ventilation, using a multi-linear regression implementation of 
the equation: 

P a o = E L . V + R L V ' + P A , E E ( 1 ) 

The constant term in Equation 1 (PA, EE) reflects the end-expiratory alveolar pressure. CL is the 
reciprocal of EL. The contribution of the pulmonary tissue to RL is calculated from the equation: 

PA = E t i .V + R t i . V ' + K (2) 
where Eti is the tissue elastance (Eti). Raw during mechanical ventilation is calculated by 
subtracting Rti from RL. 

2.2.2. Forced oscillation technique 
a) Wavetube technique in rat lungs 
The wavetube technique was used to measure the lung input impedance (ZL), as described in 
detail previously (65). This technique was specially designed to measure the forced oscillatory 
input impedance of small animals without a need to estimate the oscillatory flow (1, 28, 64, 65). 
Briefly, a three-way tap was used to switch the tracheal cannula from the respirator to a 
loudspeaker-in-box system at end-expiration. The pressure in the box chambers was set to 
2.5 cmH20 to keep the mean transpulmonary pressure constant during the measurements. The 
loudspeaker delivered a computer-generated small-amplitude (<1 cirJLO) pseudorandom signal 
(15 non-integer multiples between 0.5 and 21 Hz) through a 100-cm long, 2-mm ID polyethylene 
tube. Two identical pressure transducers (model 33NA002D, ICSensors, Malpitas, CA, USA) 
were used to measure the lateral pressures at the loudspeaker end (Pi) and at the tracheal end (P2) 
of the wave-tube. The Pi and P2 signals were low-pass filtered (5th-order Butterworth, 25-Hz 
comer frequency), and sampled with an analog-digital board of another microcomputer at a rate 
of 256 Hz. Fast Fourier transformation with 4-s time windows and 95% overlapping was used to 
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calculate the pressure transfer functions (P1/P2) from the 6-s long recordings. ZL was calculated 
as the load impedance of the wavetube (85): 

ZL = Zo sinh(yL)/[(Pi/P2) - cosh(yL)] 
where L is the length, Zo is the characteristic impedance, and y is the complex propagation 
wavenumber of the wavetube. The latter two parameters are determined by the geometrical data 
and the material constants of the tube wall and the air (21). 
b) Oscillatory measurements in rabbits 
The measurement system for collection in rabbits was similar to that used previously (29-31,48). 
Briefly, the tracheal cannula was detached from the respirator and was connected to a 
loudspeaker-in-box system at end-expiration. The pressure in the box chambers was set to 
3 cmiLO to keep the mean transpulmonary pressure constant during the measurements. The 
loudspeaker delivered the computer-generated small-amplitude pseudorandom signal, with a 
frequency range from 0.5 to 21 Hz, through a screen pneumotachograph (11 mm ID), which was 
used to measure V'. The pressure drop across the screen was measured with a differential 
pressure transducer. An identical pressure transducer was used to measure the tracheal pressure 
(Ptr) during oscillations via a side-port of the endotracheal tube. 

The signals Ptr and V' were low-pass filtered, and sampled with an analog-digital board 
of another microcomputer at a rate of256 Hz. Fast Fourier transformation with 4-s time windows 
and 95% overlapping was used to calculate ZL (ZL = Ptr/ V') from the 10-s long recordings. 
c) Separation of airway and parenchymal parameters 
To separate the mechanical properties of the airways and the parenchyma, the distinct difference 
in the frequency dependences of the two compartments at low oscillation frequencies was utilized 
(29-31,48-50, 64). It has been well established that the airways can be described by a frequency-
independent Raw and law (29-31, 48-50, 64). In contrast, the parenchymal resistance and 
reactance have both been shown to decrease roughly inversely with increasing frequency. On the 
basis of these characteristics, the airway and parenchymal properties were separated by fitting a 
model incorporating an airway compartment containing Raw and law, in series with a constant-
phase tissue model (30) including damping (G) and elastance (H), to the ZL spectra by 
minimizing the differences between the measured and modelled impedance values: 

ZL= Raw + jcolaw + (G-jH)/©a 
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where j is the imaginary unit, © is the angular frequency (2nf), and a = (2/7i)arctan(H/G). 
Impedance data at frequencies coinciding with the heart rate and its harmonics often exhibited 
poor reproducibility in subsequent measurements under identical experimental conditions and 
were therefore omitted from the model fitting. Tissue hysteresivity (q) was calculated as G/H. 
The reported Raw and law values were corrected for the resistance and inertance, respectively, of 
the measurement set-up, including the tracheal cannula. 

2.3. Study designs 
2.3.1. Prevention of methacholine-induced lung constriction by halothane and sevoflurane 
in piglets 
The Mch-induced changes in respiratory mechanics in the control group were compared with the 
changes seen in the sevoflurane and halothane groups. The animals in the sevoflurane and 
halothane groups received 1 MAC of the relevant anaesthetic agent. After measurement of the 
baseline respiratory mechanics, the piglets received a continuous infusion of Mch (15 pg/kg/hr) 
and the respiratory mechanics was measured each 2 min until a stable response was attained (at 
least 10 min). The Mch infusion was then stopped and the respiratory mechanics was allowed to 
return to the baseline. The Mch infusion was subsequently recommenced and the response 
measured again, as described above. This procedure was repeated twice, after which the 
concentration of the volatile agent was increased to 1.5 MAC and further respiratory mechanics 
data were collected. 

2.3.2. Protective effects of volatile agents against methacholine-induced 
bronchoconstriction 
Following 4-6 successive baseline ZL recordings, the iv infusion of Mch was started at a rate of 
32 pg/kg/min with a constant-flow infusion pump (ID2S, model ID 2 ET, Asnieres, France). ZL 
was then recorded at 1-min intervals and 4-6 impedance measurements were made after the 
establishment of a stable level of constriction. 

After completion of the first Mch challenge, the rats were randomly assigned to the five 
protocol groups. In the control group (n=8), the same dose of Mch was infused twice to test the 
reproducibility of the responses, while pentobarbital was injected iv (10 mg/kg every 40 min) to 
maintain anaesthesia. The anaesthesia was maintained in the other groups with halothane (n=9), 
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isoflurane (n=8), sevoflurane (n=8) or desflurane (n=8). When the 1 MAC end-tidal 
concentration of the volatile agent was achieved (1%, 1.4%, 2.4% and 6.9% for halothane, 
isoflurane, sevoflurane and desflurane, respectively) and stable haemodynamic conditions had 
been established, ZL measurements were performed to obtain new baseline and the Mch 
challenge was repeated at the same concentration rate of 32 pg/kg/min. Finally, the volatile agent 
concentration was increased to 2 MAC and data were collected again before and during Mch 
infusion. 

2.3.3. Effects of endogenous histamine on lung mechanics in rabbits 
The rabbits were randomly assigned to one or other of the following two protocol groups. No 
pretreatment was performed in one group of rabbits (n = 8), while the animals in the second 
group received antihistamine pretreatment (n = 7) with both HI (clemastine 1 mg) and H2 
(ranitidine 10 mg) receptor blockers administered iv 1 hr prior to the measurements. There was 
no significant difference in body weight between the study groups (2.38±0.13 kg and 2.50±0.09 
kg for the rabbits without and with antihistamine pretreatment, respectively). 

In both groups of rabbits, the lungs were hyperinflated by superimposing two inspiratory 
cycles to standardize the volume history. Following 4-6 successive baseline ZL recordings, an iv 
bolus of mivacurium (2 mg/kg) was administered. ZL was measured in 1-min intervals until 10 
min followed by impedance measurements every 5 min up to 25 min after the mivacurium 
injection. 

Following the last ZL recording, a recovery period of 30 min was allowed for the rabbits 
and another set of baseline ZL recordings were collected. An iv bolus of histamine (10 pg/kg) 
was injected and five ZL recordings, 1 min apart, were collected. 

All technically acceptable ZL data under control conditions were averaged and were fitted 
by the model. Model parameters obtained from the average of 4-8 ZL spectra during the peak 
response to mivacurium were used to characterize the lung mechanics under these conditions. 
Histamine responses were represented by model parameters identified from the peak responses in 
ZL following administration of the constrictor drug. 

Arterial and venous blood samples were taken 1, 3 and 6 min following mivacurium 
administration. Two ml of blood was placed into a cold container (EDTA) and immediately 
centrifuged (900 g at 4 °C for 10 min). Separated plasma was stored at -20 °C until assay. 
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Histamine levels in the serum were then determined by enzyme immunoassay (Immunotech, 
Marseille, France). Histamine concentrations were obtained from the bound enzymatic activities 
and the levels were calculated via a standard curve obtained with the standards supplied with the 
measurement kit. Reference values were established from blood samples taken from awake 
rabbits of the same strain. 

2.3.4. Interactions between pulmonary haemodynamics and lung mechanics in isolated rat 
lungs 
After the start of the perfusion, a period of 20-30 min was allowed for the respiratory and 
haemodynamic variables to establish steady-state conditions and for the preparation to become 
isogravimetric. If isogravhnetric conditions were not reached within 30 min of perfusion, or Qp 
was lower than 5 ml/min at normal Ppa and Pla values, the lungs were excluded (this occurred in 
<10% of the experiments because of technical problems in the surgical preparation). 
The lungs were then randomly assigned to one or other of the following three groups: 

In one group of lungs (n = 7), the perfusion of the lungs was established by applying 
normal levels of Ppa (17.5 mmHg) and Pla (7.5 mmHg). The resulting flow (5-6 ml/min) was 
then kept constant for each lung during the experiments, while the mean P C E S T was altered from 5 
mmHg to 25 mmHg in steps of 5 mmHg. This was accomplished by elevating the perfusion 
reservoir to increase Ppa and simultaneously adjusting Pla through elevation of the outflow level 
of the left ventricular cannula to a sufficient height. 

In the next group of lungs (n = 7), Qp was doubled stepwise from 2.5 ml/min to 15 
ml/min, while the mean P C E S T was kept at an approximately physiological value of 10 mmHg in 
order to investigate the role of the altered pulmonary blood flow on the lung mechanics. In this 
group, elevation of the perfusion reservoir was associated with a lowering of the outflow level of 
the left ventricular cannula. 

Finally, Qp was altered while P C E S T was kept high. In these lungs (n = 6), a P C E S T of 20 
mmHg was set after the perfusion had reached the steady state, and Qp was decreased from 30 
ml/min in 5-ml/min steps until a Qp of 5 ml/min was achieved, and it was then decreased to 2.5 
ml/min. This was accomplished by decreasing and increasing the heights of the perfusion 
reservoir and the outflow of the left ventricular catheter, respectively. The changes in Qp made it 
necessary to alter the blood volume delivered by the roller pump into the perfusion reservoir. A 
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period of 5-10 min was necessary in all lungs to establish the steady-state conditions following a 
change in either P C E S T or Qp. Four-to-six Z L recordings were collected thereafter in each 
haemodynamic condition and were ensemble-averaged. The weight gain (WG) was calculated 
during ZL measurements, i.e. when steady-state conditions had been established, and it was used 
as an oedema index. There was no statistically significant difference in the size of the lungs in the 
various protocol groups. 

2.4. Statistics 
One-way or two-way analysis of variances (ANOVA) was used, as appropriate, for comparisons 
between the protocol groups or treatments. Statistical significance was accepted at the 5% level. 

3. RESULTS 
3.1. Prevention of methacholine-induced changes in parenchymal mechanics by halothane 
and sevoflurane 
There was no difference in animal size, ventilation parameters baseline lung mechanics between 
the protocol groups (data not shown). 

The Mch infusion (15 pg/kg/hr) resulted in a mean increase in RL of 100% (range 31% to 
197%) in the control group. This increase was caused almost entirely by a mean increase in Rti of 
282% (range 116% to 483%), with no change in Raw (mean 10%). CL decreased by 49% 
following Mch (Table 1). 

Table 1. Changes (% of baseline, group meaniSEM) in respiratory mechanics following Mch infusion (15 

pg/kg/hr) in the three study groups. 

Control Halothane Sevoflurane P* 
RL 100 ± 20 36 ± 3 38 ± 9 0.019 
Rti 283 ± 56 111 ± 7 105 ± 20 0.016 
Raw 10 ± 5 5 ± 5 4 ± 2 0.6 
CL -49 ± 6 - 28 ± 1 -29 ± 4 0.016 

* Compared with Mch-induced changes in the control group by using ANOVA. 
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Figure 2. Changes in airway and parenchymal mechanics in 
piglets 

Both sevoflurane and halothane 
markedly attenuated the Mch-
induced increase in RL. The 
mean percentage changes in RL 
after Mch in the sevoflurane (36 
± 6%) and halothane (38 ± 20%) 
groups were significantly less 
than in the control group (100 ± 
58%) (Table 1, Figure 2). The 
increase in Rti was also 
significantly less in both the 
sevoflurane (111 ± 16%) and 
halothane (105 ± 47%) groups 

as compared with the control group (283 ± 158%). The decrease in CL was likewise 
significantly less when the Mch infusion was commenced in the presence of sevoflurane (28%) 
or halothane (29%) than in the control group (49%). After the increase of halothane and 
sevoflurane to 1.5 MAC, we observed a further attenuation of RL and Rti, respectively, with no 
significant difference in either group (- 10.8% and - 6.8% for RL, p=0.12; - 20 % and - 17% for 
Rti, p=0.37). 

3.2. Common volatile anaesthetic agents and methacholine-induced bronchoconstriction 
Figure 3 depicts the changes in the airway and tissue parameters during Mch challenges in the 
five groups of rats. In agreement with previous findings (64, 65), iv Mch induced marked 
increases in Raw and G, essentially no change in law, and slight increases in H. While the rats 
were anaesthetized with pentobarbital, the first Mch challenge induced the same magnitude of 
change in the lung parameters in all protocol groups. The baseline values of Raw, G and H before 
each Mch challenge were very similar in all groups. However, in consequence of the significantly 
higher density of the volatile agents as compared with that of the carrier gas, law exhibited a 
significant increase with increase of the volatile agent concentration. This effect was most 
marked with desflurane, which requires the highest relative concentration to achieve 1 MAC. The 
Mch-induced increases in Raw were reproducible in the control group, with no statistically 
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Figure 3. Values of airway resistance (Raw) and Inertance (law), and tissue damping (G) and elastance (H) 

(left) and their relative percentage changes from the baseline values (BL) (right) In response to 3 

consecutive methacholine challenges in the control group and in rats where iv pentobarbital anaesthesia (0 

MAC) was followed by inhalations of volatile agents at 1 MAC or 2 MAC. *: p<0.05 compared to control (Mch 

0 MAC) Mch challenge; f : p<0.05 compared to parameter values at 1 MAC. #: p<0.05 between the CTRL 

group and the groups under volatile. 
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significant difference in response 
following the three successive challenges. 
Mch, however, generated a markedly 
lower (p<0.005) airway constriction when 
the anaesthesia was maintained with the 
volatile agents. Increase of the 

6 MIN concentration of the volatile agents to 2 
MAC tended to enhance their protective 
effects, although this dose dependence 
was not statistically significant. The 
comparisons of the groups revealed no 

statistically significant difference between the volatile agents as concerns the ability to protect 
against Mch-induced airway constriction. Although law increased with increasing volatile agent 
concentration, as a consequence of the increased density of the gas mixture in the lungs (data not 
shown), Mch had no effect on this parameter. 

The increases in the parenchymal parameters during Mch infusion were always far lower 
than those in Raw. No statistically significant difference in the elevation of G was found between 
the Mch challenges in the control group, whereas all the volatile agents decreased the elevations 
in G significantly (p<0.05). There was no difference between the volatile agents in moderating 
the increases in G. The elevation of the concentration of sevoflurane or desflurane from 1 to 2 
MAC tended to intensify their protective effects, whereas such dose-dependent effects were not 
obvious with halothane and isoflurane. The slight, though statistically significant increases in H 
were not affected by administration of the volatile agents. 

3.3. Endogenous histamine release in rabbits 
Plasma histamine levels under control conditions and following mivacurium administration are 
demonstrated in Fig. 4 for the two groups of rabbits. There was a significant increase in venous 
plasma histamine level at 1, 3 and 6 min following mivacurium injection. In the vein, the 
increased endogenous histamine levels remained elevated throughout the sampling interval. 
These levels proved significantly higher than those in the artery, where no change was observed. 
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Figure 5 . Changes relative to baseline in airway resistance (Raw) and inertance (law) in response to 

the administration of mivacurium or exogenous histamine in the control group of rabbits (group C) and 

in rabbits pretreated with H1 and H2 receptor blockers (Antihist). *: p<0.05 between protocol groups. 

With substantial interindividual variability, the plasma histamine levels of the control rabbits and 
those after antihistamine pretreatment were comparable. 

Significant increases in Raw and G were observed following either mivacurium or 
histamine administration, as confirmed by two-way repeated measures ANOVA. law exhibited 
no change in response to either drug. The increases in H were statistically significant only 
following exogenous histamine challenges. Although there was a general tendency to lower lung 
mechanical parameter values in the rabbits with antihistamine pretreatment, there was no 
statistically significant difference between the two groups in the parameters under control 
conditions. Two-way ANOVA also demonstrated that there was a highly significant interaction 
between both the mivacurium- and histamine-induced responses in Raw and antihistamine 
pretreatment (p<0.00005 and p<0.001), i.e. the increase in Raw induced by either mivacurium or 
histamine was significantly inhibited by antihistamine pretreatment. However, antihistamine 
pretreatment significantly diminished only the increases in G in response to exogenous histamine 
(p<0.005). Antihistamine pretreatment did not affect the increases induced in law and H by either 
mivacurium or histamine, and it had no effect on the mivacurium-induced changes in G. 

Figures 5 and 6 demonstrate how the pretreatment of the rabbits with antihistamine 
inhibited the constrictor response of the lungs. Two-way ANOVA confirmed that the increase in 
Raw induced by either mivacurium (28.7±2.3%) or histamine (70.6±12.6%) was markedly and 
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Figure 6. Changes relative to baseline in tissue damping (G) and elastance (H) in response to the 

administration of mivacurium or exogenous histamine in the control group of rabbits (group C) and in 

rabbits pretreated with H1 and H2 receptor blockers (Antihist). *: p<0.05 between protocol groups. 

statistically significantly reduced by antihistamine pretreatment (6.6±3.4% and 3.6±3.7%, 
respectively). In the control group, greater increases in Raw were induced by exogenous 
histamine than by mivacurium, whereas the changes in Raw following histamine or mivacurium 
administration were not significantly different in the rabbits that took part in antihistamine 
pretreatment. The relatively small mivacurium-induced increases in G (23.9±6.9%) and H 
(7.6±4.4%) were not inhibited significantly by antihistamine pretreatment (15.5±3.0% and 
3.6±2.1%); in contrast, the increases in these parameters in response to histamine (21.0±4.9 and 
15.6±4.5%) were significantly smaller in the rabbits that received histamine receptor blockers 
(0.3±2.6% and 6.3±1.0%). Although the increases in G following mivacurium or histamine 
administration were almost the same in the control rabbits, the mivacurium-induced increases in 
G were significantly greater than those obtained following exogenous histamine administration in 
the rabbits pretreated with antihistamine, i.e. antihistamine completely prevented the histamine 
response of the lungs, whereas a small but statistically significant response in G remained after 
mivacurium administration. 
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3.4. Effects of altered pulmonary vascular pressure or flow on lung mechanics 
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Figure 7 . Effects of altered pulmonary capillary pressure (P C E S T ) on the lung mechanical parameters 

(Raw: airway resistance, law: airway inertance, G: parenchymal damping, H: parenchymal elastance), 

the oedema index (WG: weight gain), and the pulmonary vascular resistance (Rv) at constant 

pulmonary blood flow. *: p<0.05 vs. the parameter values at P C E S T = 1 0 mmHg. 

None of the mechanical parameters in the control lungs exhibited a statistically significant 
change. After 2 hours of perfusion, the relative changes in Raw, law, G and H were 1.0±5.2%, 
-5.9±2.2%, -3.9±2.6% and 3.3±2.2%, respectively. No signs of oedema development were 
detected in these lungs, since the WG values were not statistically significantly different from 
zero (0.05±0.12 mg/min, p=0.51 after 2 hours of perfusion). 

Figure 7 summarizes the results obtained at different levels of PCEST while Qp was kept 
constant (group P). The accumulation of extravascular fluid did not contribute to the changes 
observed in the mechanical parameters until a PCEST level of 20 mmHg was reached; increases in 
WG were evident only at a PCEST value of 25 mmHg. Increasing PCEST caused gradual increases 
in Raw, which reached statistically significant levels above 15 mmHg. The highest relative 
change in Raw before oedema development was 22.1±7.8% (at 20 mmHg), as compared with the 
value at the physiologically normal PCEST level of 10 mmHg. No systematic change in law was 
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observed in response to changes in PCEST- G and H responded to the altered PCEST with similar 
patterns of change: they were minimal at a PCEST level of 10 mmHg and exhibited statistically 
significant increases at both lower (20.9±4.5% for G and 17.1+4.2% for H at 5 mmHg) and 
higher PCEST values (26.9+3.4% and 26.7+5.5%, respectively, at 20 mmHg). The similar changes 
in G and H resulted in fairly constant r| values. Rv was highest at PCEST = 5 mmHg; it decreased 
slightly at higher PCEST-

The changes recorded in the parameters when Qp was altered at a PCEST level of 10 
mmHg are illustrated in Fig. 8 (group FL). Oedema did not develop in this group at any level of 
Qp. No statistically significant changes occurred in the airway parameters; the maximal relative 
changes in Raw and law were 32.3+15.1% and -30.5+11.5%, respectively. Increasing Qp caused 
gradual increases in the parenchymal parameters; the changes became statistically significant at 
10 ml/min for G and 12.5 ml/min for H. The maximal relative changes were 35.8+4.1% and 
19.4+4.1% for G and H, respectively. The relatively greater increases in G resulted in small, but 
statistically significant increases in q from Qp values of 7.5 ml/min. Although there was a 
tendency for Rv to increase with Qp, this effect was not statistically significant. 
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Figure 8. Effects of altered pulmonary blood flow (Qp) on the lung mechanical parameters (Raw: 

airway resistance, law: airway inertance, G: parenchymal damping, H: parenchymal elastance), 

the oedema index (WG: weight gain), and the pulmonary vascular resistance (Rv) at a pulmonary 

capillary pressure of 10 mmHg. *: p<0.05 vs. the parameter values at Qp = 5 ml/min. 
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Figure 9. Effects of altered pulmonary blood flow (Qp) on the lung mechanical parameters (Raw: airway 

resistance, law: airway inertance, G: parenchymal damping, H: parenchymal elastance), the oedema index 

(WG: weight gain), and the pulmonary vascular resistance (Rv) at a constant pulmonary capillary pressure of 

20 mmHg. *: p<0.05 vs. the parameter values at Qp = 30 ml/min. 

Figure 9 illustrates the parameters at different levels of Qp when PCEST was kept at 
20 mmHg (group FH). No oedema developed at high Qp levels, whereas marked increases in WG 
were observed at Qp levels of 5 and 2.5 ml/min (note that the experiments were started at a Qp of 
30 ml/min). Monotonous and statistically significant elevations in Raw were obtained with 
decreasing Qp, with a maximal relative change of 48.3+13.5% before oedema development. No 
systematic changes were observed in law with changing Qp. G and H exhibited monotonous 
increases with decreasing Qp; significant changes were observed in both parameters from 15 
ml/min, and the maximum elevations before oedema development were 29.2+7.8% and 
28.2+6.4% for G and H, respectively. Alteration of Qp did not have a significant effect on rj or 
Rv. 

Figure 10 depicts the relationships between Ppa and WG, and between Ppa and the 
mechanical parameters for all the lungs in the groups, where either the vascular pressures (Ppa 
and/or Pla) or Qp was altered. Pooling of the data points obtained in the three groups did not 
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Figure 10. Relationships between pulmonary arterial pressure (Ppa) and oedema index (WG: weight gain), 

airway resistance (Raw), and tissue damping (G) and elastance (H) in three groups. Circles: altered 

pulmonary capillary pressure during a constant pulmonary blood flow; squares: altered pulmonary blood 

flow during a constant pulmonary capillary pressure of 10 mmHg; triangles: altered pulmonary blood flow 

during a constant pulmonary capillary pressure of 20 mmHg. 

reveal any clear relationship between Ppa and WG. Likewise, no correlation was obvious 
between Ppa and the lung mechanical parameters. 

The relationships between Pla and WG and between Pla and the lung mechanical 
parameters for all the lungs in which the pulmonary haemodynamics was altered are outlined in 
Fig. 11. WG remained at around zero at Pla levels lower than 10 mmHg, and it was generally 
positive at Pla levels higher than 20 mmHg. No clear effects of Pla on Raw were evident at low 
Pla levels; however, systematically higher Raw values were observed at higher Pla. G and H 
were minimum at Pla levels of around 7-10 mmHg, whereas these parameters were markedly 
higher at both lower and higher Pla. 
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4. DISCUSSION 
An important task of anaesthetists in the management of children at high risk of respiratory 
failure is to prevent deterioration of the lung function. The present thesis confirms that global 
lung mechanical parameters combining airway and tissue mechanics do not allow the 
identification of the lung component responsible for the impairment during anaesthesia. We 
demonstrated that i) volatile anaesthetic agents prevent both airway and tissue constriction 
induced by direct stimulation of muscarinic receptors ii); antihistamine pretreatment prevents 
bronchospasm following the administration of strongly histamine-releasing anaesthetic agents; 
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iii) the avoidance of a high left ventricular filling pressure helps to maintain the optimum airway 
and parenchymal mechanics. 

4.1. Prevention of parenchymal constriction by halothane and sevoflurane 
Our study on piglets revealed that i) intravenous administration of Mch essentially induced 
increases in the lung tissue parameters, but with no significant effect on Raw, ii) sevoflurane was 
as effective as halothane in preventing lung constriction. 

The lack of action of Mch on the Raw in piglets was a somewhat surprising finding, since 
Mch, a non-specific muscarinic receptor agonist, may have been expected to increase both Raw 
and Rti, as has been demonstrated in other species (69, 77, 87). The lack of increase in Raw in 
our piglets may be attributed to the immaturity of the muscarinic receptor function, which has 
been described in piglets less than 1 week old (32, 56). Although the piglets in our study were 
older (4 to 6 weeks) and, in contrast with these previous studies (32, 56), Mch was administered 
through the internal jugular vein with the phrenic nerve intact, the immaturity of the muscarinic 
receptor function might well have played a role in this finding. Additionally, the modest dose 
applied in the present study may also have been responsible for the pattern of our results, since a 
difference in the relative sensitivities of the airways and the parenchyma to Mch has also been 
reported in puppies (78). In our study, we induced a relatively modest increase in RL in order to 
stimulate a realistic clinical situation. If the parenchyma is more responsive than the airways to 
Mch in this species, as is the case in puppies (78), it is possible that a higher dose of Mch would 
have produced significant increases in Raw. The lack of airway responses may also be attributed 
to the use of the alveolar capcule technique to separate the airway and parenchymal properties in 
the presence of a ventilation inhomogeneity during the Mch challenge. Under these 
circumstances, the usefulness of the direct measurement of PA to characterize die global 
behaviour of the pulmonary system may be inappropriate (66). 

Sevoflurane or halothane at a concentration of 1 MAC attenuated the increase induced in 
RL by the administration of Mch. These results differ from those of a recent study where 
sevoflurane was found to be less effective than halothane in preventing the increase in RL in 
response to histamine-induced bronchospasm in dogs (42). Whether this difference is due to the 
species used, the age of the animals, the constrictor mediator or the method of stimulation is 
unknown. Katoh et al. did not partition RL, so we cannot compare the site of action of histamine. 
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Sly and Lanteri (77) have reported a predominantly peripheral action of histamine in puppies, 
whereas Ludwig et al. (47) found both central and peripheral effects on the use of similar 
techniques in adult dogs. Thus, the age of the animal may also contribute to the pattern of results 
seen. We cannot discount the possibility that sevoflurane and halothane may have truly different 
actions on the airway smooth muscle (89), leading to the differences between the results reported 
here and in previous publications. 

In the present study, the Mch-induced increase in RL could be inhibited by preventing an 
increase in Rti. These data are compatible with the findings of a previous report, which 
demonstrated an effect of halothane on the parenchymal mechanics in canine lungs (88). 
Theoretically, the peripheral elements of the bronchial tree contribute largely to Rti (79). 
Halothane has been shown to decrease Rti mainly by reducing the tone of contractile elements 
present in the parenchyma or respiratory bronchioles (86). Sevoflurane and halothane appear to 
have similar effects on Rti. There was some evidence of dose-response behaviour, with 1.5 MAC 
sevoflurane and halothane producing a stronger inhibition of the Mch-induced constrictor 
response. 

In conclusion, this study has shown that both sevoflurane and halothane were effective in 
preventing Mch-induced changes in lung function in piglets. Both drugs seemed to exhibit 
similar actions on the mechanical properties of the lung tissues. However, in this animal model, 
we failed to demonstrate an effect of Mch on the airways, and thus we were unable to compare 
the preventive effect of sevoflurane with that of halothane against Mch-induced 
bronchoconstriction. Accordingly, we designed a new study, involving another animal model in 
which Mch has been demonstrated to induce airway constriction (65). Moreover, in order to 
avoid the effects of airway constriction on the tissue inhomogeneities and hence on the alveolar 
pressure sampling, for further studies we used a well-validated method, the low-frequency forced 
oscillation technique, to measure ZL. 

4.2. Prevention of airway constriction by volatile agents 
Many previous studies have focused on the potent bronchodilation effect of halothane (7,11, 33, 
36, 42, 71, 73, 86, 88). Furthermore, and as stated in the previous section, we confirmed its 
relaxation properties on the parenchymal contractile elements. In this study, we demonstrate that 
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isoflurane, sevoflurane and desflurane are as effective as halothane in protecting against Mch-
induced airway constriction. 

4.2.1. Interpretation of the methacholine-induced lung response 
We applied an iv Mch infusion to induce lung constriction in rats. The iv administration of Mch 
to this species has been demonstrated to induce marked increases in Raw, and moderate 
elevations in G, with far smaller changes in H (64, 65). The reliability of the separation of the 
airway and parenchymal parameters via model-based evaluation of the low-frequency ZL spectra 
revealed that Raw accurately characterizes the overall airway resistance (1,4,28, 30,49, 64-67). 
Nevertheless, it has also been demonstrated that the parenchymal parameters of a single-
compartment constant-phase model may be affected by severe peripheral airway heterogeneities, 
which may develop during constriction (49, 65). Such a phenomenon was shown to be 
manifested in a marked elevation in Raw, associated with a parallel increase in G and no change 
in H. Since we obtained the same pattern of change in the mechanical parameters, we can 
conclude that iv Mch induced a marked and highly heterogeneous airway constriction, whereas 
the increases in G were primarily due to enhanced ventilation inhomogeneities. 

4.2.2. Protective effects of volatile agents 
Since the previous investigations used global measures to characterize the mechanical status of 
the lungs, the protective effects of volatile gases against the airway and parenchymal responses 
were not estimated separately. Katoh et al. (42) reported that sevoflurane is less potent than 
halothane or enflurane in attenuating the histamine-induced changes in total lung resistance and 
compliance. Ishikawa et al. (41) observed no difference between the dilator properties of 
isoflurane and sevoflurane when the constriction was induced by the iv infusion of Mch. Similar 
results were obtained by Mitsuhata et al. (54), who used these volatile agents to protect against 
the increases induced in RL by anaphylaxis. However, in these studies the airway resistance was 
not estimated and the changes in total lung resistance were used as an index of 
bronchoconstriction. Since RL incorporates Rti and a component related to ventilation 
heterogeneities (1, 28, 30, 49, 64-67), the true airway responses were probably misestimated in 
these previous studies, whereas in the current protocol, the overall airway properties were 
determined without the disturbing influence of the parenchymal viscoelasticity or ventilation 



33 

heterogeneities. Using high-resolution computed tomography, Brown et al. (11) found that 
halothane was significantly more effective than isoflurane in reversing histamine-induced airway 
narrowing at low doses, whereas there was no difference between these agents at a dose of 
1.7 MAC. 

In the present study, all volatile agents administered at 1 MAC exerted comparable 
protective effects against Mch-induced airway constriction. Additionally, they counteracted the 
development of ventilation inhomogeneities during the Mch challenge, as evidenced by the lower 
increases in G. This may suggest that all volatile agents involved in the present study act 
preferentially on the small peripheral airways, where the heterogeneities originate, and there is no 
significant difference between the volatile agents in this regard. Ishikawa et al. (41) utilized 
alveolar capsules to estimate the reversal of ventilation inhomogeneities and demonstrated that 
sevoflurane was less effective than isoflurane in this respect. The three alveolar regions sampled 
in this way, however, were unlikely to represent the global behaviour of the lungs (66), and, with 
the additional factor of the difference in species, this may explain the discrepancy between the 
two studies. 

4.2.3. Effects of volatile agent concentration 
Previous studies of the protective effects of halothane (36, 42, 73, 88), isoflurane (41, 42) and 
sevoflurane (41) indicated no dose dependence when concentrations greater than 1 MAC were 
used. In agreement with these observations, we found that increase of the concentration to 2 
MAC did not result in any significant additional protective effect for any of the anaesthetic gases. 
Accordingly, our data suggest that a concentration of 1 MAC already exerts virtually the 
maximum protective effect against bronchospasm. 

Many studies have focused on the mechanism of bronchodilation caused by halothane, 
and have demonstrated both a direct effect on the smooth muscles and the depression of vagally 
mediated airway reflexes (33, 36, 73, 88). The uniformity of the effects of the volatile agents 
applied in the present study on the pulmonary mechanical parameters suggests that all these 
agents may exert their protective effects against bronchoconstriction via the same mechanism, 
though our results do not allow the description of the mechanisms involved. 
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4.3. Counteracting the bronchospasm induced by endogenous histamine release 
The results of this study demonstrate that mivacurium, a commonly used myorelaxant, induced 
significant increases in plasma histamine levels in rabbits, with the pulmonary venous 
concentrations being significantly higher than those in the artery. This endogenously released 
histamine was found to induce significant increases in the airway resistance and in the 
viscoelastic parameters of the lung parenchyma. Furthermore, exogenous histamine caused 
qualitatively similar changes in the mechanical properties of the airways and the parenchyma. 
Antihistamine pretreatment in another group of rabbits lowered the airway and parenchymal 
responses to endogenous histamine, but the elevations in the mechanical parameters were still 
statistically significant. In contrast, pretreatment of the rabbits with antihistamine completely 
prevented the lung responses to the exogenous administration of histamine. 

Mivacurium, previously demonstrated to be one of the most potent histamine-releasing 
myorelaxants (57), was chosen in the present study to investigate the effects of endogenous 
histamine on the airway and parenchymal properties. A larger dose was applied here than in 
clinical practice in consequence of the substantially higher clearance and enhanced metabolism 
of anaesthetic drugs in rabbits (14). With this dose, we achieved increases in rabbit plasma 
histamine levels that were comparable to those observed earlier in humans after a lower dose of 
mivacurium (57). 

4.3.1. Site of histamine release 
Myorelaxants induce histamine release either via an IgE-mediated reaction (anaphylactic) or via 
a direct effect on the mast cells present in most tissues and on basophils (anaphylactoid) located 
in the blood (27, 55, 80). Moreover, it has been demonstrated that the anatomic site of mast cell 
degranulation depends on the specific myorelaxant administered (80). In the present study, a 
significant elevation in plasma histamine level following mivacurium administration was 
observed only in the central venous blood from the systemic peripheral circulation, whereas the 
arterial blood leaving the pulmonary capillaries, and hence the pulmonary veins and left heart, 
was essentially free from endogenous histamine. Although we cannot exclude that histamine 
released in the pulmonary system was completely bound to the histamine receptors in the lungs, 
endogenous histamine appears to be at least partly systemic in origin. Additionally, the lack of an 
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increase in histamine level in the carotid artery suggests that all the histamine liberated in the 
systemic circulation was cleared from the circulation after the lung passage. Since the half-life of 
histamine is longer than the circulatory time (55), we can hypothesize that the histamine may not 
yet have been metabolized, but most of the drug was bound to the HI receptors in the bronchial 
tree, leading to contraction of the bronchial smooth muscles. 

4.3.2. Effects of endogenous and exogenous histamine 
Both endogenous and exogenous histamine induced significant airway narrowings and elevations 
in the parenchymal mechanical parameters. Although there were marked increases (530% in the 
jugular vein at 1 min) in endogenous histamine level after mivacurium administration, the 
responses in the airways and in the lung tissue were greater after an exogenous histamine bolus, 
presumably due to the larger dose of exogenous histamine administered than that released by 
mivacurium. As concerns the interpretation of such a lung response, Lutchen et al. demonstrated 
that increases in Raw associated with smaller elevations in G with no significant change in H are 
due to a heterogeneous constriction of the peripheral airways (49). Therefore, ventilation 
heterogeneities were likely to contribute to the increases in G following either mivacurium or 
histamine administrations; however, the contribution of this phenomenon depends on the agent 
administered. 

The changes in Raw, G and H following exogenous histamine administrations were 
linked, which suggests the dominant role of heterogeneous constriction of the airways in the lung 
response. In this regard, the statistically significant increase in H following exogenous histamine 
can be attributed to the marked increase in Raw, which might have led to inhomogeneous airway 
obstructions, with a subsequent loss in lung volume (50). These findings are in agreement with 
the results of previous investigations on rabbits, which revealed that airway narrowings were 
responsible for the altered lung mechanical properties following an exogenous histamine 
challenge (63). The dominant role of inhomogeneities and peripheral closures in the increases in 
the parenchymal mechanical parameters in the present study is further confirmed by the finding 
of Shardonofsky et al. that the elevations in Rti in response to histamine were markedly reduced 
by elevating the mean lung volume during measurements (74). 

Following mivacurium administrations, the changes in G do not always mirror those in 
Raw. For instance, significant elevations in G (15.5%) were still observed even during mild 
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airway constrictions (6.6%) in the animals pretreated with antihistamine, suggesting that a real 
parenchymal response to mivacurium may also have occurred. 

4.3.3. Preventive effects of antihistamines 
Although it has been suggested that HI receptors are primarily responsible for the constrictor 
response of the lung (19, 81), H2 receptors have been shown to exist in the airways (25, 59, 82), 
and a combination of HI and H2 antagonists has been demonstrated to provide adequate 
histamine antagonism (46). Therefore, in the present study we administered clemastine and 
ranitidine, HI and H2 receptor blockers commonly used in clinical practice, in order to ensure 
complete saturation of the histamine receptors. 

In agreement with previous findings, antihistamine pretreatment exerted a protective 
effect against the lung constriction induced by exogenous histamine (19, 25, 30, 52, 59, 82). 
Additionally, HI and H2 blockade completely abolished the increases in the airway and 
parenchymal parameters following an exogenous histamine challenge. To our knowledge, this is 
the first demonstration of the protective effect of a histamine receptor blocker against the 
bronchospasm induced by a histamine-releasing drug. Despite this protection, statistically 
significant responses in Raw and G remained following mivacurium administration. This 
suggests that the degranulation of mast cells or other inflammatory cells by mivacurium may 
have liberated mediators other than histamine, such as leukotrienes (9), cytokines (9), serotonin 
(53), etc. These mediators may also have contributed to the lung response to mivacurium, and 
their effects were not inhibited by the antihistamine pretreatment. Accordingly, it appears that the 
increases in Raw caused by mivacurium are largely mediated by histamine, whereas the increases 
in G imply that these other mediators selectively affect the parenchymal properties. 

4.4. Interactions between pulmonary haemodynamics and lung function 
The blood flow and pressure in the pulmonary circulation were varied independently in this 
study, and the resulting changes in the airway and parenchymal mechanics were systematically 
investigated. We observed significant changes in the mechanical properties of the airways and 
the parenchyma on changing either the pulmonary vascular pressure or the flow, although the 
pattern of change was characteristically different between the protocol groups. 
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4.4.1. Effects of pulmonary capillary pressure on lung mechanics 
Increase of Pc from 5 to 25 mmHg had significant effects on the mechanical properties of the 
lung. Raw increased with increasing Pc, whereas the parenchymal parameters were minimal at 
the physiological Pc level (10 mmHg) and exhibited significant increases at both lower and 
higher pressures. Since there was no increase in lung weight up to a Pc of 25 mmHg, it can be 
concluded that oedema development did not contribute to the changes observed in the mechanical 
parameters at Pc levels lower than 25 mmHg. 

The mechanism by which the increased Pc alters the lung mechanics can only be 
hypothesized. Parallel elevations in Ppa and Pla increase the tension of the walls of the 
pulmonary capillaries in the alveoli (5). The increased tension of the pulmonary vasculature may 
then increase the stiffness and the dissipative properties of the parenchyma via mechanical 
attachment. Additionally, the decreases in total lung capacity at high vascular pressures may also 
have contributed to these changes (20), although a majority of the previous studies reported no 
change in lung volume in patients with pulmonary hypertension (5,6, 38). 

To our knowledge, the present study is the first to demonstrate elevated parenchymal 
parameters at Pc levels lower than physiological, since the respective effects of pulmonary 
vascular pressure and flow on the lung mechanics have not been systematically investigated. The 
mechanism for the elevated parenchymal parameters at low Pc levels is not completely clear. It 
can be expected that a low Pc results in a decreased tension of the pulmonary capillary walls, 
which may lead to an unstable geometrical structure of the alveolar space. Without the tethering 
effect of a tense microvasculature, the alveoli tend to lose their geometric stability, which may 
lead to increases in G and H. Our finding, however, that Raw was not elevated at a Pc of 5 
mmHg suggests that these changes occurred only in the alveolar units and were not reflected in 
the measurements of Raw, which is primarily determined by the central and medium-sized 
airways. 

4.4.2. Pulmonary blood flow and lung mechanics 
Significant but opposite changes were obtained in the lung mechanics with changing Qp at 
normal and at high Pc levels. Through a combination of the results from all the protocol groups 
the underlying mechanism may be explained. When the mechanical parameters were related to 
Pla, it emerged that the opposite changes for Qp were consistent with our findings in group P 
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(Fig. 11). In both experimental groups where Qp was altered, elevating Ppa and decreasing Pla 
simultaneously attained the increases in Qp. Figure 10 clearly demonstrates that the flow 
increases with decreasing Pla in group FL coincides with the area where no change in WG or 
Raw occurs, whereas a decreases in pulmonary venous pressure causes increases in G and H. 
Therefore, it seems that the loss of the tethering effect of the alveolar capillaries in the presence 
of a low Pla is responsible for these changes. In contrast, in group FH, the increases in Pla to 
decrease Qp coincide with the other side of the U-shaped curve where increasing Pla causes 
increases in Raw, G and H. Accordingly, the increases in Pla may lead to stretched capillaries in 
the alveolar wall, compromising the parenchymal mechanics and increasing Raw. In conclusion, 
these observations indicate that changes in Qp alter the lung mechanics only via indirect 
mechanisms, and the pressure conditions in the pulmonary circulation are the primary cause of 
the alterations in the airway and parenchymal mechanics. In this regard, it is noteworthy that the 
extremely high flows (5 times higher than normal) produced in group FH result in entirely 
normal lung mechanics, even if these increases are associated with great elevations in Ppa. 

Previous studies have emphasized the importance of an increased Qp in the alterations in 
pulmonary mechanics (22, 43). Others have found that an elevated Qp alone is not an important 
factor affecting lung mechanics, and the changes become important only if the increases in Qp 
are associated with high pressures (5, 6, 38, 72). The conclusions of all these previous studies 
were based on measurements in children with various congenital heart diseases. Nevertheless, 
since changes in Qp are always associated with changes in pulmonary pressures in these children, 
it is difficult to draw precise conclusions about the separate roles of the abnormal pulmonary 
circulatory pressure and flow from these measurements. Indeed, experimental changes in Qp 
without modifying the pressure conditions in the pulmonary circulation were found to have only 
minor effects on the lung mechanics (10). 

4.4.3. Altered pulmonary arterial pressure and lung mechanics 
Although changes in Pc or Qp altered the lung mechanics consistently, the combination of the 
results from these protocol groups revealed no coherent relationship between Ppa and the 
mechanical parameters of the lung (Fig. 11). Our results in group FH reflect entirely normal 
airway and parenchymal mechanics, even at very high levels of Ppa (40-45 mmHg) when these 
high Ppa levels are associated with a relatively low Pla. In contrast, our data on group P 
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demonstrate that a moderately elevated pulmonary precapillary pressure can result in significant 
impairment of the airway and parenchymal mechanics if the increase in Ppa occurs in the 
presence of a high Pla. Consequently, our data suggest that Ppa is not the primary variable that 
determines the mechanical properties of the airways or the parenchyma following acute changes 
in the pulmonary haemodynamics. 

Previous studies led to controversial conclusions about the relationship between Ppa and 
lung mechanics. Some investigations found a clear correlation between Ppa and CL (5) or Ppa 
and Raw (22), whereas others failed to detect any change in lung function in the presence of an 
elevated Ppa (6, 10, 12, 20, 43, 72). The present finding supports the latter conclusion, by 
demonstrating poor quantitative relationships between Ppa and lung mechanical parameters. 

4.4.4. Relationship between left atrial pressure and lung mechanics 
A display of all data points from the groups of P, FL, and FH as a function of Pla reveals 
consistent relationships between the postcapillary pressure and the mechanical conditions of the 
airways and the parenchyma (Fig. 11). These relationships demonstrate that a low pulmonary 
venous pressure does not have an adverse effect on the airway mechanics, although it causes 
increases in both G and H. At high Pla levels, the decreases in the overall airway diameter are 
associated with an impairment in parenchymal viscoelastic properties. 

There have been only a few studies in which the effects of altered Pla on lung mechanics 
were estimated (5, 9). In agreement with our findings, the primary importance of the pulmonary 
venous pressure in the compromised lung function has been recognized from experimental 
studies on dogs (10, 40). Nevertheless, these studies were limited to extremely high Pla levels 
(30-35 mmHg) and oedema development was therefore likely to have been the major contributor 
to the changes observed in CL and RL (10) or in Raw (40). In contrast, no clear relationships 
have been reported between Pla and CL (5, 22) or between Pla and Raw (22) in children with 
congenital heart disease. This controversy can most probably be attributed to the relatively small 
range of Pla encountered in clinical studies (9-16 mmHg in ref. 22), which made the otherwise 
rather moderate changes undetectable. 
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S. SUMMARY AND CONCLUSIONS 
The studies included in this thesis have furnished a to better understanding of the involvement of 
the different lung compartments in the adverse changes in lung mechanics that occur during 
routine anaesthetic procedures. We simulated the lung function impairment commonly observed 
under anaesthesia, and evaluated the protective impacts of different interventions aimed at 
avoiding the deleterious side-effects on the pulmonary system. 

In all studies included in the present thesis, the lung mechanics was partitioned into 
airway and parenchymal components, either via the alveolar capsule technique or by applying 
forced oscillations around the spontaneous breathing frequency. Separation of the airway and 
parenchymal responses revealed the following new findings: 
i) Parenchymal constriction is responsible primarily for the lung function deterioration 

during Mch infusion in piglets, while the airways remain relatively unaffected. Under 
this condition, sevoflurane was as effective as halothane in preventing the contractile 
response of the parenchyma 

ii) In contrast with the findings in piglets, Mch infusion induces mainly bronchoconstriction 
with small changes in the parenchymal viscoelasticity. All currently used volatile agents 
exert a marked protective effect against bronchoconstriction development in these 
animals. Additionally, sevoflurane and desflurane are as effective as the gold standard 
halothane in preventing bronchospasm. By virtue of their beneficial pharmacological 
properties, sevoflurane and desflurane are gaining increasing popularity in clinical 
practice. Our results appear to indicate their additional beneficial effects in situations 
where there is a high risk of stimulation of the bronchial irritant receptors. 

iii) Endogenous histamine released by a myorelaxant mivacurium 
a) is at least partly systemic in origin; 
b) induces mainly airway constriction with substantial ventilation heterogeneities 

and minor effects on the parenchyma. 
iv) The histamine-induced airway constriction can be totally prevented by pretreatment with 

HI and H2 receptor-blocking agents. However, the difference in the protective effects of 
HI and H2 receptor blockade against exogenous histamine and mivacurium 
administration indicates that other mediators with a potential to alter the airway and 
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parenchymal mechanics may also contribute to the lung response following an 
anaphylactoid reaction. 

v) Acute changes in pulmonary haemodynamics parameters affect the mechanical properties 
of the airways and the parenchyma, though the changes in these compartments are 
fundamentally different. Measurement of the global lung mechanical parameters may 
therefore not reflect the true pathophysiological changes in the lungs. Pla is the 
determinant factor in an altered lung function following acute changes in pulmonary 
haemodynamics in the following manner: Raw is not affected by an increase in Pla until it 
reaches about 15 mmHg, whereas a significant bronchospasm occurs at higher Pla levels. 
Furthermore, the parenchymal mechanical parameters are minimal in the normal 
physiological range of Pla (7-10 mmHg), and exhibit significant increases at both lower 
and higher pressures. Since it is possible to alter Qp, Ppa and Pla relatively independently 
by selective pharmacological interventions, the results of the present study indicate that 
keeping Pla levels in the physiological range would be the primary aim in order to 
maintain the lung function as good as possible and to avoid any edema development. 

Although it is difficult to extrapolate these experimental findings to clinical practice, the results 
of the present thesis may lead to an improvement in the anaesthesia management of patients with 
at risk of a lung function deterioration. Firstly, sevoflurane can be used with confidence to 
replace halothane in the induction and maintainance of anaesthesia, since it protects both airway 
and parenchymal constrictions. Secondly, the use of inhalation agents is preferable to intravenous 
administration in patients where cholinergic stimulation may occur during anaesthesia 
management. Further, the use of antihistamine drugs as part of the anaesthetic premedication is 
mandatory in atopic patients at high risk of an anaphylactoid reaction. Finally, maintenance of 
the left atrial pressure within the physiological range during anaesthetic management may avoid 
deterioration of the viscoelastic properties of the lung parenchyma. 
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