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1. Introduction

1.1.  Perioperative respiratory complications

General anaesthesia has been widely used since Morton’s first public demonstration with
ether as a general anaesthetic agent in 1846. It has been estimated that more than 230 million
surgical procedures have been carried out under general anaesthesia worldwide every year [1].
Pulmonary complications are the second most frequent group of postoperative complications,
contributing greatly to the postoperative morbidity, mortality and longer duration of
hospitalization [2]. Previous studies have estimated their incidence in the range 2.0 to 7.9 per
cent [3, 4]. These adverse pulmonary consequences may manifest in various pathological
conditions with respiratory failure, bronchospasm, aspiration pneumonitis and infections
being the most important among them [4]. While some aspects of these conditions have been
examined in great detail, the respiratory mechanical consequences have not been elucidated.
The importance of such characterization stems from the fact that compromised respiratory
mechanics ultimately deteriorates the gas exchange and therefore, worsens the life

expectancy.

1.2.  Monitoring methods in anaesthesia: capnography and mechanical parameters

Patient monitoring is an important tool for the anaesthetist in the early detection and
prevention of these respiratory adverse events. The American Society for Anesthesiologists
has provided guidelines for the minimal appropriate tools of patient monitoring [5]. These
tools include monitoring of the vital signs of the respiratory and circulatory systems. The
monitored vital signs for the respiratory system include capnography and measurement of the

mechanical properties of the respiratory system.

1.2.1. Capnographic measurements

Capnography is a method for assessment of the expired carbon dioxide (CO2) concentration.
As it is a non-invasive method, it is a favourable way to assess changes in the gas-exchange
properties of the respiratory system and lung emptying. The physiological capnogram has
three phases. The first phase indicates the expiration from the anatomical dead space area,
where no gas exchange takes place, and therefore has virtually no CO> content, making this

phase indistinguishable from the baseline of the CO. trace. The second phase shows the



exhalation of the CO- front between the anatomical dead space and the alveolar compartment,
resulting in a rapid elevation of the CO2 concentration. The third phase of the capnogram is
due to the exhalation of the alveolar compartment. Physiologically, this phase is almost flat
with a small upward slope (~1 mmHg/s) ending in the end-tidal CO2, which is the highest
point of the expiratory curve. The inspiration then causes a rapid drop of the capnogram back

to the baseline.

The slope of the third phase (Sii) is determined by the sequential emptying of the alveoli.
Under physiological conditions, the alveoli are homogeneously ventilated periodically, while
the circulation is continuous. This results in slightly lower CO. concentrations from the
alveoli emptying first and somewhat higher CO2 concentrations from the alveoli contributing
to the later phase of expiration. This phenomenon is responsible for the slight slope. Under
pathological conditions, the heterogeneity increases both in the CO> content and in the
emptying dynamics of the alveoli, resulting in greater within-breath changes of the exhaled

CO; concentration and subsequently a higher Sy.

1.2.2. Respiratory mechanical measurements

The mechanical properties of the respiratory system can be measured by using various
methods and instrumentation. Most ventilators indicate an estimation of the respiratory
resistance, calculated through the use of the interrupter technique. This technique utilizes the
time domain analyses of the pressure changes at the airway opening following rapid occlusion
of the inspiratory flow. A sudden drop in airway pressure reflects the airway properties,
whereas a gradual decrease can be attributed to the tissue relaxation and pendelluft between
the heterogeneous lung compartments. However, the interrupter airway resistance might not
lead to correct estimations of the actual airway resistance due to the substantial involvement

of components related to the resistance of the instrument itself and the respiratory tissues [6].

Another, more sophisticated method for measuring mechanical parameters is the forced
oscillatory technique. This technique makes use of an external forcing pressure signal and
through the measurement of pressure and flow signals, the input impedance of the respiratory
system can be obtained. This impedance is a quantity which can be described with complex
numbers, with the real part representing the resistive, while the imaginary part corresponds to

the elastic and inertive properties of the respiratory system. From this input impedance,



various specific mechanical parameters can be obtained that are able to detect changes in
various lung compartments with great sensitivity. While this technique provides detailed
information about the airway and tissue mechanical properties, the on-line monitoring readily
available with the interrupter technique is cumbersome due to the application of periodic

external pressure excitations.

1.3.  Aspiration as source of respiratory morbidity

Among the respiratory adverse effects during anaesthesia and intensive care,
bronchoaspiration poses a major challenge for health professionals [7, 8]. This syndrome has
been reported to cause a high incidence of morbidity and mortality, involving up to 90 % of
the affected patients, depending on the extent of the involved lung regions [9-13]. Inhalation
of the gastric contents into the lower respiratory tract induces a number of pulmonary
syndromes, described originally by Mendelson et al., including acute aspiration pneumonitis
caused by the acidity subsequent to chemical injury [14], and aspiration pneumonia resulting

from the inhalation of pathogenic bacteria [7, 8, 15].

The mechanisms responsible for the acute deterioration of lung function following aspiration
of the gastric contents have not been fully clarified. Earlier results demonstrated the
involvement of direct physiochemical processes leading to mucosal damage and
desquamation [16, 17]. Another direct effect of gastric juice aspiration may be related to
pepsin being cytotoxic to bronchial epithelial cells [18]. A further direct mechanism of lung
injury following bronchoaspiration may be subsequent to the induced surfactant dysfunction
[19]. Besides these direct mechanisms, indirect pathways have also been reported to be
involved in the course of aspiration, since the lung injury has been found to be mediated by
capsaicin-sensitive vagal sensory afferent nerves [16, 20-22]. Another indirect route may be
due to the activation of systemic inflammatory processes originating from the affected lungs,
including the release of endogenous mediators by neutrophils, alveolar macrophages or by
activation of the complement system leading to vascular leakage and oedema formation [16,
23-27]. Although the effective prevention and/or treatment of the bronchoaspiration would
require the identification of the roles of these individual mechanisms, no previous studies
have attempted to clarify the involvement of the direct and indirect pathways in the adverse
functional changes in the lung during the acute phase of gastric juice inhalation.



Another important factor that may affect the severity of the lung damage and the outcome of
bronchoaspiration is the application of a raised positive end-expiratory pressure (PEEP).
While an elevated PEEP is beneficial for the recruitment of lung regions and maintaining
them open during mechanical ventilation [28, 29], a significant hemodynamic impairment
characterized by a deterioration in cardiac function may also occur during a PEEP increment
[30].

1.4.  Cardiopulmonary effects of blood loss and fluid replacement

Perioperative morbidity may also be related to blood loss during major surgeries, which is
associated with detrimental systemic and pulmonary consequences. Fluid replacement
strategies under this condition are among the most polarizing issues in anaesthesia and
intensive care practice. Physicians are routinely challenged with the choice of the best fluid
replacement strategy for the treatment of haemorrhage from among blood products, various
types of colloids or crystalloids. As an aftermath of the recent meta-analyses concerning the
safety of hydroxyethyl-starch (HES) [31], this therapy should be considered with great
caution, particularly in patients with increased capillary leakage. Thus, limited options are
available for clinicians in fluid replacement strategies, in view of the risk of renal damage
associated with the use of HES [32, 33], the appreciable costs of aloumin, and the defects of
haemostasis induced by gelatine solutions [34]. Crystalloids remain a rational option, but
clinicians are reluctant to choose them because of the widespread belief of their fast
extravasation, though this belief is based on old studies with limited evidence-based results
[35-37].

It has been recently demonstrated that acute hypovolaemic shock and subsequent resuscitation
with autologous blood affects the respiratory mechanics [38]. Although a milder, but
sustained blood loss during a surgical procedure also requires fluid replacement therapy, the
respiratory consequences of such a disorder have not been explored. The administration of
blood products is often regarded as the gold standard therapy in this situation, with the main
aim of maintaining the oxygen transport capacity. However, no evidence-based data are
available that would allow a comparison of the changes in lung function between this

consensual approach and goal-directed fluid therapy with colloids or crystalloids.



2. Aims

The studies included in the present thesis were primarily aimed at examining the respiratory
adverse effects of various anaesthesia-related complications, with particular focus on the
characterization of the respiratory mechanical consequences of bronchoaspiration and blood
loss and fluid replacement. The specific aims of the studies included in the present thesis

Were:

e to establish an animal model that allows separate investigation of the mechanical
properties of the right and the left lung;

e to quantify the separate roles of direct and indirect mechanisms of the deterioration of
lung mechanics following acid aspiration;

e to investigate the effects of different PEEP levels on the respiratory and circulatory
outcomes during and following the inhalation of gastric juice;

e to develop a valid animal model which mimics continuous, hidden surgical bleeding
and replacement of the lost blood; and

e to compare the effects of blood, colloid and crystalloid solutions on the flow resistance
of the airways and on the viscoelastic properties of the respiratory tissues and to

attempt to relate these changes to pulmonary oedema indices.
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3. Methods

Ethical approval for both studies was provided by the Experimental Ethics Committee of the
University of Szeged, Szeged, Hungary (no. 1-74-50/2012, Chairperson Prof. Gy. Szabo) on
7 December 2012, and granted by the Animal Health and Welfare Office of the local
authorities in Hungary (no. X1V/152/2013, Chairperson Cs. Farle) on 9 January 2013.

3.1.  Animal preparations
The choice of the animal models was based on the ability to intubate two lungs separately
(porcine model) and the capability of comparing our data to the previously established

literature (rats).

3.1.1. Preparation of pigs

Male Vietnamese mini-pigs (n = 13) weighing 28.2 + 0.9 kg (21-33 kg) were used in the
present study. Anaesthesia was induced by an intramuscular injection of ketamine (20 mg/kg,
CP-Ketamin 10 %, Produlab Pharma, Raamsdonksveer, Netherlands) and xylazine (2 mg/kg,
CP-Xylazin 2 %, Produlab Pharma, Raamsdonksveer, Netherlands) until an i.v. line was
secured into the ear. A continuous infusion of propofol (6 mg/kg/h, Propofol 2 % MCT/LCT,
Fresenius-Kabi, Bad Homburg, Germany) was then maintained throughout the study via the
ear vein. The mini-pigs were tracheostomized and a double-lumen cannula (Broncho-cath
right 35 Fr, Mallinckrodt Medical, Athlone, Ireland) was introduced into the distal trachea.
The double lumen tracheostomy tube was positioned to achieve separate support of the left
and right lung sides and the tips were sealed by inflating a cuff. The pigs were then
mechanically ventilated (Model 900C; Siemens-Elema, Solna, Sweden) in volume-controlled
mode with a tidal volume of 7-8 ml/kg at a frequency of ~20/min and an inspired oxygen
fraction (FiO) of 0.3 in air. A femoral artery was prepared surgically in a sterile manner and
cannulated for blood sampling and the measurement of arterial blood pressure and cardiac
output by thermodilution (PiCCO Catheters; PULSION Medical Systems, Feldkirchen,
Germany). The jugular vein was prepared in the same way as the femoral artery and
cannulated for fluid and drug administration. Muscle relaxation was achieved by regular i.v.
administration of pipecuronium (0.1 mg/kg, every 30 min, Arduan, Gedeon Richter,

Budapest, Hungary). The thorax was opened by means of a midline thoracotomy following an
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I.v. bolus of sufentanyl (25 pg/kg, Sufentanil Torrex, Chiesi Pharmaceuticals, Vienna,
Austria) and the ribs were widely retracted. Following chest opening, the pigs were randomly

assigned to maintain a PEEP of 4 or 10 cmH.0.

Anrterial blood samples were analysed radiometrically (Cobas b221; Roche Diagnostics, Basel,
Switzerland). The Horowitz quotient (HQ) was calculated as the ratio of the arterial partial

pressure of oxygen (PaO2) and FiOa.

A small incision was made in the stomach and 10-20 ml of gastric juice was obtained via a
catheter introduced into the stomach. This gastric juice was filtered to remove solid particles.
The pH of the remaining fluid was determined and hydrochloric acid was added to reach a pH
of 2 if needed.

3.1.2. Preparation of rats

Anaesthesia was induced with an intraperitoneal injection of 5 % chloral hydrate (400 mg/kg)
in adult male Sprague-Dawley rats (n =25, 330 =38 g). Tracheal intubation was achieved
with a polyethylene cannula (16-gauge, B. Braun Melsungen AG, Melsungen, Germany) after
subcutaneous administration of local anaesthetics to ensure adequate analgesia around the
surgical wound (lidocaine, 2-4 mg/kg). The rats were then placed in a supine position on a
heating pad and the tracheal cannula was attached to a small animal ventilator (Model 683,
Harvard Apparatus, South Natick, MA, USA), and mechanically ventilated with room air
(70 breaths/min, tidal volume 7 ml/kg). A femoral vein was catheterized (Abocath 22 G) for
drug delivery and for the fluid replacement. A femoral artery was cannulated (Abocath 22 G)
and attached to a pressure transducer (Model TSD104A, Biopac, Santa Barbara, CA, USA)
for continuous systemic blood pressure monitoring to assess mean arterial pressure (MAP),
and to allow blood withdrawal, as part of the experimental protocol. The arterial pressure,
ECG and heart rate (HR) were monitored continuously with a data collection and acquisition
system (Biopac, Santa Barbara, CA, USA). Body temperature was kept in the 37 + 0.5 °C
range by using the heating pad.



12

3.2.  Measurement of respiratory mechanics

3.2.1. Forced oscillatory measurements in pigs

The measurement system for collection of the input impedance spectra of the right or left lung
(ZLs) in the mini-pigs was similar to that can be used for whole lungs [39]. Briefly, the
mechanical ventilation was ceased at end-expiration and the cannula of the measured lung
was connected to a loudspeaker-in-box system while the cannula of the other lung was
occluded as depicted in Figure 1 by means of two clamps: one on the tubing of the ventilator
circuit and one on the opposite lumen of the double lumen endotracheal (ET) tube. Thus,
during these 8-s long apnoeic periods, the forced oscillatory signal was introduced only to
either the left or the right lung. Prior to the measurements, the pressure in the loudspeaker box
chambers was set to the level of the PEEP to keep the mean transpulmonary pressure
constant. The loudspeaker delivered a computer-generated small-amplitude (< +1 cmH20)
pseudo-random signal composed of 23 non-integer multiples between 0.5 and 21 Hz with pre-
set amplitudes and phases through a screen pneumotachograph (11 mm internal diameter),
which was used to measure the gas flow (V) with a differential pressure transducer (model
33NA002D; ICSensors, Milpitas, CA, USA). An identical pressure transducer was used to

measure the pressure in the left or right main bronchi with reference to the atmosphere (PLs).

The Prs and V signals were low-pass filtered at 25 Hz and sampled with an analogue—digital
board of a microcomputer at a rate of 256 Hz. Fast Fourier transformation with 4-s time
windows and 95 % overlapping was used to calculate the unilateral Z s spectra:

Py

ZL,S = v

The notations P.s and V' in the above equation relate to the power spectra of the pressure and

flow signals, respectively, allowing frequency-domain analysis of the impedance spectra.
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Loudspealer

Left lung

-

Figure 1. Experimental set-up for lung measurement in pigs.
During measurements, the ventilator circuit and the appropriate lumen of the double-
lumen tube are clamped at the sites indicated by scissor symbols. Prs: pressure

transducer, V': flow transducer.

3.2.2. Forced oscillatory measurements in rats

Since airflow measurement cannot be performed reliably in small tubing, the wave-tube
technique was applied in the rat experiments. The forced oscillation technique in this species
was applied in short (6-s-long) end-expiratory pauses interposed in the mechanical ventilation
to measure the input impedance of the respiratory system (Zrs), as detailed previously [40] and
depicted in Figure 2. Briefly, the ventilator was stopped at end-expiration and the tracheal
cannula was switched from the ventilator to a loudspeaker-in-box system by means of a three-
way tap. The loudspeaker delivered a computer-generated small-amplitude (< +1 cmH20)
pseudorandom signal through a 100-cm-long, 2-mm internal diameter polyethylene tube. Two
identical pressure transducers (model 33NA002D, ICSensors, Milpitas, CA, USA) were used
to measure the lateral pressures at the loudspeaker end (P1) and at the tracheal end (P2) of the
wave-tube. The signals P1 and P> were low-pass filtered (5th-order Butterworth, 25-Hz corner
frequency), and sampled with the analogue-digital board of a microcomputer at a rate of
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256 Hz. Fast Fourier transformation with 4-s time windows and 95 % overlapping was used to
calculate the pressure transfer functions (P1/P2) from the 6-s recordings collected during

apnoea. Zrs was calculated as the load impedance of the wave-tube [41].

_ Zy-sinh(yL)

ZTS -
% — cosh(yL)
2

In the above equation P1 and P2 represent the power spectra of the pressure signals, with P1/P
as the pressure transfer function of the wave-tube, Zo is the characteristic impedance
calculated from the geometrical, mechanical and thermodynamic properties of the wave-tube
and the filling gas (air), L represents the length of the tube and y is the complex wave

propagation number.
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Figure 2. Experimental set-up for lung measurements in rats.

During normal ventilation the three-way tap connects the animal and the ventilator
circuit, while during measurements the animal and the loudspeaker are connected. P
and P2: pressures at the loudspeaker and the tracheal end of the wave-tube,

respectively.

3.2.3. Calculation of mechanical properties from the respiratory impedance spectra
The input impedance of the ET tube and the connective tubing was determined in both studies

and was subtracted from each Zs or Z,_s spectrum.
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The airway and parenchymal mechanical properties for the individual lungs of the pigs or
respiratory systems of the rats were separated by fitting a model to the Z s or Zs spectra (Z)
by minimizing the weighted differences between the measured and modelled impedance
values. The model consisted of an airway compartment containing a frequency-independent
airway resistance (Raw) and airway inertance (law), and a constant-phase tissue unit [42]
characterized by tissue damping (G) and elastance (H):

(G — jH)

Z = Raw(1 + Bw?) + jwlaw + —

where j is the imaginary unit, ® is the angular frequency (2xf), a is (2/x) arctan (H/G) and B is
an empirical parameter [43], allowing the model fitting of spectra with slightly elevating high-
frequency components in the real parts of the porcine measurements. In the rat study, the
value of  was fixed to 0, since no elevation was observed in the real parts of the spectra.

The tissue parameters G and H are attributed to the damping (resistive) and elastic properties
of the respiratory system. Raw and law represent primarily the resistance and inertance of the
major conducting airways. Tissue damping is attributed to the energy loss of the respiratory
tissues from internal friction, with higher values associated with increased heterogeneities or
ventilation-perfusion mismatch. Tissue elastance, as the opposite of compliance, is attributed
to the ability of the lung to recoil to its normal state. Higher values indicate a stiffer lung,
therefore a lower compliance. In pigs as the thorax was opened and widely retracted, the
recorded impedance and calculated parameters are related to the mechanical parameters of the
individual lungs. In rats where the chest is kept intact, tissue parameters are influenced by the
mechanical properties of the chest wall itself, while the contribution of the chest wall to

resistance and inertance in rats is minor [44].
3.3.  Additional measurements

3.3.1. Measurement of exhaled carbon-dioxide in pigs

Changes in partial CO2 pressure in the exhaled gas during mechanical ventilation were
measured with a calibrated sidestream capnograph (Cardiocap Il; Datex/Instrumentarium,
Helsinki, Finland). CO> traces were recorded alternately from each lung by closing one lumen
of the endotracheal tube, at a time while the tidal volume was decreased by one-third by

elevating the ventilation frequency. The 8-s CO: traces obtained from the aspirated or the
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intact lung were imported into a custom-developed signal analysis software. The third phase
of the expiratory CO> curves in each expiration was identified by selecting the CO; traces
from its peak end-tidal value back to 60 % of the total length of its linear temporal change.
Linear regression analysis was applied to these phases to obtain slope of the third phase of the
expiratory capnogram (Sin). Sin was normalized by dividing each slope by the average values
of the corresponding CO> concentration in the mixed expired gas to obtain normalized time
domain third phase slopes (Sni). Four to six expiratory traces were analysed in each

recording.

3.3.2. Haemodynamic monitoring of pigs

Systemic haemodynamic parameters were monitored by a transpulmonary arterial
thermodilution system (PiCCO; Pulsion Medical System, Munich, Germany). A 4F arterial
catheter was inserted into the femoral artery. The thermal indicator bolus was injected into the
right atrium via a central venous catheter positioned in the jugular vein. The monitor
determined the cardiac index (CI) by normalizing the cardiac output to the body surface area.
The same monitoring system was used to measure the mean arterial pressure (MAP) and heart
rate (HR).

3.3.3. Lung histology in rats

After completion of the experimental protocol, the rats were euthanized with an overdose of
pentobarbital sodium (300 mg/kg iv). Midline thoracotomy was then performed and 4%
formaldehyde was instilled into the right lung via the tracheal cannula at a hydrostatic
pressure of 20 cmH20 after clamping of the left main bronchus near the bifurcation. The right
lung was dissected and placed into 4 % buffered formalin until further processing. After
complete fixation, transhilar horizontal sections (perpendicular to the longitudinal axes of the
lung from the hilum) were embedded in paraffin. Two 5-pum sections were prepared in each
lung specimen and were stained with haematoxylin-eosin. Digitalized images were used to
obtain the oedema index around randomly selected pulmonary vessels by dividing the lumen
area by the total area of the pulmonary vessel (oedema cuff area + vessel lumen area).
Histological images were analysed by the same investigator in a blind fashion and in a

random sequence by using JMicroVision image analysis software (version 1.2.7).
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Three-to-four tissue samples were dissected from the different lobes of the non-fixated left
lungs; these samples were weighed to establish the wet-to-dry weight ratio (W/D) as an index

of the lung water content.

3.4. Experimental protocols

3.4.1. Characterization of effects of unilateral aspiration in pigs

Following stabilization of the pulmonary mechanical and haemodynamic variables after the
anaesthesia and the preparation, the pigs were randomly assigned to groups in which the
PEEP was set to a level of either 4 (Group P4, n =7) or 10 cmH20 (Group P10, n = 6). Two
sets of baseline Z_s recordings were then collected for each lung separately by forced
oscillations (Figure 3). This was followed by registration of the CO, traces from each lung
separately. Aspiration was achieved by unilaterally instilling the prepared gastric juice mixed
with hydrochloric acid (pH 2) into the endobronchial lumen (right lung) of the tracheal tube
(0.5 ml/kg) and leaving the left lung unaffected. To maintain the best possible gas exchange
and similarity to a clinical situation, FiO, was elevated to 1 after injection of the gastric
content. Forced oscillatory and capnogram measurements were recorded for each lung
alternately at 5, 15, 30, 45 and 60 min following aspiration. To assess the effect of a PEEP
change in this period, the level of PEEP was interchanged between the groups (10 to 4 cmH20
and 4 to 10 cmH20, respectively) 60 min post-aspiration. Following this PEEP interchange,
additional Z_s and CO: recordings were collected at 65, 75 and 90 min post-aspiration.
Finally, PEEP was re-established at the original level and additional measurements were
performed at 95, 105 and 120 min post-aspiration. Blood gas samples were analysed and
thermodilution measurements were performed at baseline and at 20, 80 and 110 min post-

aspiration.
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Figure 3. Scheme of the experimental protocol in pigs.
Z.s: unilateral pulmonary input impedance measurement. L/R: measurement of left or

right lung. PEEPA and PEEPg correspond to 4 and 10 cmH20, respectively, in random

sequence.

3.4.2. Assessment of respiratory effects of blood loss and fluid replacement in rats

The rats were randomly assigned into one or other of the three protocol groups. The rats in
Group B always received autologous heparinized blood (n = 8), while fluid replacement was
performed with a colloid solution (HES 6 % 130/0.4, Fresenius Kabi Deutschland GmbH,
Bad Homburg v.d.H., Germany) in Group CO (n = 8), or with a crystalloid solution (NaCl
0.9%, B. Braun Melsungen AG, Melsungen, Germany) in Group CR (n=29). The
experimental protocol was started with standardization of the lung volume history through the
administration of a hyperinflation via occlusion of the expiratory port of the ventilator when
the animal had reached a steady-state condition (5-10 min after the starting of mechanical
ventilation). The baseline respiratory mechanics was then established by measuring 3 or 4
reproducible Zs data epochs. Haemorrhage was next induced by the withdrawal of 5 % of the
estimated total blood volume [45] via the femoral artery (Figure 4). Three minutes later,
another set of Zs data was collected, including 3 individual measurements at 1-min intervals.
The withdrawn blood was used for blood gas analyses (Cobas b221; Roche Diagnostics,

Basel, Switzerland) to determine the haematocrit (Hct), pH and oxygen (PaO2) and carbon
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dioxide (PaCQOy) partial pressures. The blood withdrawal and Zs measurements were repeated
once again in an identical manner. After completion of the first two steps of arterial
haemorrhage, fluid replacement in accordance with the group allocations was performed by
administering 5 % of the total blood volume via the femoral vein. Three minutes after this
manoeuvre, a set of Z,s data was recorded. The blood withdrawal-replacement procedure was
repeated 4 more times, with the collection of Zs data 3 min after each intervention. The total
duration of resuscitation was around 90 min with each step lasting approximately 7 min.
Further arterial blood gas analyses were performed from the fourth and sixth blood samples.
After completion of the measurement protocol, the lungs were processed for oedema

assessment, as detailed above.

BG BG BG
Zrs | Zrs | Zrs | Zrs | Zrs | Zrs | Zrs || Zrs | Zrs | Zrs | Zrs | Z{Iy
VAR VARV IRV IRV AV AV Y YA Y

BL

Eptigipin

BL W1 W2 R1 W3 R2 W4 R3 W5 R4 W6 R5

Figure 4. Scheme of the experimental protocol in rats.

ABV: Change in total blood volume. BL: baseline, W1-W6: blood withdrawals, R1-R5:
fluid replacements, Zrs: measurement of respiratory impedance data, BG: assessment
of arterial blood gas.

3.5.  Statistical analyses
The scatters in the parameters were expressed as SEM values. The Kolmogorov-Smirnov test

was used to test data for normality.

In pigs, two-way repeated measures mixed model of analysis of variance (ANOVA) with the
factors assessment time (control vs. post-aspiration) and lung side (aspirated or intact) was
used in both PEEP-based groups to assess the effects of the aspiration of the gastric contents
on the lung responsiveness, the slope of the third phase of the capnogram and on

haemodynamic parameters. The choice of appropriate covariance structure was on the basis of
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Akaike information criterion measure. The Holm-Sidak multiple comparison procedure was
applied to compare the different conditions (for repeated measures) or lung sides (affected or
intact). Correlation analyses between the variables were performed by using Pearson

correlation tests.

In rats, two-way repeated measures ANOVA tests with the factors assessment time and group
allocation were used to assess the effects of blood loss and replacement on the respiratory
mechanical and haemodynamic parameters. The baseline respiratory mechanical parameters
and oedema indices were compared by using one-way ANOVA tests. The Holm-Sidak
multiple comparison procedure was applied to compare the different conditions (for repeated
measures) or protocol groups (for independent groups). Correlation analyses between the

variables were performed by using Pearson correlation tests.

Statistical tests were carried out with the SigmaPlot software package (version 12.5, Systat
Software, Inc, CA, USA) and SAS (version 9.2, SAS Institute, Cary, NC, USA) with a
significance level of p < 0.05.
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4. Results

4.1. Pulmonary consequences of bronchoaspiration: results in pigs

There was no statistically significant difference between the weights of the pigs in the two
protocol groups (29.6 + 1.1 vs. 26.7 + 1.4 kg for Groups P4 and P10, respectively, p = 0.125).
The quality of the fitting of the model to the Z, s spectra was equally good in each group and
experimental condition with mean fitting error of 6.1 + 0.12 %.

4.1.1. Qualitative changes of the impedance spectra
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Figure 5. Impedance spectra from a representative pig.

Real (upper panels) and imaginary parts (lower panels) are presented. The left panels
exhibit spectra from the affected lungs, while the right panels are spectra of the intact
lungs. Symbols denote the actual measured spectra, while lines indicate the model fitted
impedances. Continuous lines and filled symbols relate to the baseline spectra, while
dashed lines and empty symbols show spectra following aspiration. Note the

logarithmic scale of the frequency axis.
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Changes in the impedance spectra in a representative pig are presented in Figure 5. The
impedances of the affected and the intact sides are depicted separately, as functions of
frequency. The characteristic frequency-dependence of the impedance spectra can be
observed in the baseline curves: the real part decreases with increasing frequency, with a
slight increase towards the end of the frequency range studied, while the imaginary part
increases monotonously with frequency. A few outlying points can be observed in both curves
representing the real and imaginary parts of the impedance data (e.g. the third point of the
affected real and imaginary curves under the baseline), which vary greatly with repeated
measurements. These points occur at frequency values corresponding to the heart rate and its
upper harmonics and are not related to the respiratory system itself, but are artefacts related to

cardiac activity. They are therefore omitted from model fitting.

The parameters of the fitted model can be approximately attributed to certain sections of the
impedance spectra. The quasi-straight section of the real part at higher frequencies is mainly
related to Raw, while the low-frequency section of the real part is related to G. The low-
frequency section of the imaginary part is related to H, and the higher-frequency components
of the imaginary part are related to law.

It can be observed from the Figure that the baseline spectra of the affected and intact sides are
qualitatively similar, while the responses to aspiration differ. Changes were observed in the
affected lung with an upward shift in the real part (elevations in Raw and G), associated with
a downwards shift in the low-frequency section of the imaginary part (elevation in H). In the

intact lung, no such changes were obvious.

4.1.2. Unilateral lung mechanical changes

Figure 6 demonstrates the temporal changes in the airway and lung tissue forced oscillatory
mechanical parameters in both experimental groups for the affected (aspirated) and intact
lungs separately. The mechanical changes following aspiration appeared generally greater in
Group P4 than in P10. Under the baseline conditions, the mechanical parameters did not
exhibit any statistically significant differences between the two lung sides in either
experimental group. However, in both groups of pigs, significant differences developed
between the two sides following gastric juice aspiration: in Raw (at least p <0.018 and
p <0.032 for Groups P4 and P10, respectively), G (p <0.05, p<0.05) and H (p <0.05,
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p < 0.036). The peak of the mechanical deterioration on the aspirated side occurred 5-15 min
after the bronchoaspiration, with gradual improvements thereafter. The airway and tissue
mechanical parameters for the intact side did not exhibit any significant change throughout

the study protocol.

The changes in the lung mechanical parameters relative to their baseline values are depicted
in Figure 7 for characteristic time points in the experiments. On the aspirated side, the airway
and lung tissue mechanical indices were increased significantly 5 min after the aspiration in
both Group P4 (p <0.001, p=0.001 and p<0.001 for Raw, G and H, respectively) and
Group P10 (p=0.012, p=0.007 and p <0.001). The changes on the aspirated side were
greater than those on the intact side 5 min after the aspiration in the pigs in Groups P4
(p <0.014) and P10 (p < 0.037); significant differences were also apparent later for Raw and
H in Group P4 (p <0.008, p =0.029) and for G and H in Group P10 (p = 0.037, p < 0.009).
Significant recoveries started from 60 min after the aspiration in all mechanical parameters.
Lowering the PEEP to 4 cmH,0 in Group P10 caused a significant decrease in H (p = 0.002)
on the intact side, whereas elevating the PEEP in Group P4 did not have a major effect on the
unilateral lung mechanics. The unilateral lung mechanical parameters for the intact side did
not demonstrate any significant adverse change following aspiration; in Group P10, G and H
were even decreased on the unaffected side 120 min after aspiration (p = 0.021, p = 0.022).
Since indirect mechanisms are expected to alter primarily the airway tone, the changes in Raw
in the two lungs were related to reveal the relationship between the magnitudes of the
bronchoconstriction. Figure 8 demonstrates the associations between the aspiration-induced
changes in Raw obtained from the intact and aspirated sides for the first 60 min of the
experiment. While fairly systematic elevations were observed in Raw on the aspirated side,
the changes on the intact side were highly variable, with the majority of the pigs exhibiting
even decrements. Nevertheless, there was a statistically significant correlation between the

Raw changes on the aspirated and intact sides (R = 0.41, p = 0.002).
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Figure 6.

Airway resistance (Raw), tissue damping (G) and elastance (H) for the

affected and the intact lungs in Groups P10 and P4 under baseline conditions

(0 min) and following aspiration.

*: p < 0.05 between affected and intact lungs; *: p < 0.05 vs. baseline conditions within

the same lung.
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Figure 7. Relative changes in airway resistance (Raw), tissue damping (G) and

elastance (H) in response to bronchoaspiration at 5, 60, 90 and 120 min.
*: p < 0.05 between affected and intact lungs; *: p < 0.05 vs. baseline conditions within

the same lung; ¥: p < 0.05 vs. values at 5 min within the same lung.
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Figure 8. Association between the changes in airway resistance in the affected and

the intact lung in the first 60 min following aspiration in Groups P4 and P10.

Solid line: linear regression.

4.1.3. Changes in the capnogram parameters

The changes in the absolute and normalized third phase slope of the capnogram are
demonstrated in Figure 9 under baseline conditions and 5, 60, 90 and 120 min after
bronchoaspiration. No significant change was detected in Sy in Group P10 throughout the
study, whereas Sy was elevated at 5 min on the aspirated side in Group P4 (p = 0.01), with an
apparent recovery at 120 min (p = 0.044). Snii did not change on the intact side during the
study, whereas it was significantly elevated on the aspirated side in both groups 5 min after
the aspiration (p =0.021 and p =0.001 for Group P10 and P4, respectively). Changing the
PEEP elevated the aspirated-side Snii in the pigs of Group P10 (p = 0.007), while there was

no change in the intact side in the pigs of Group P10, or on either side in Group P4.



27

GROUP P10 GROUP P4

12 - . . 12 -

PEEP10 PEEP4 | PEEP10 # PEEP4

| PEEP10 | PEEP4

10 4 10 4

aspiration

S, (mmHg/s)

!
/ /
! !
! !
! !
/ /
/ /
! !
! !
/ !
-

!
! [
! !
/ [
! !
! !
! !
/ /
[ [

2 24 §
04 : : : : . 0L : : : : : .
0 20 40 60 8 100 120 0 20 40 60 8 100 120
0.4 q i i 0.4 - # |
# I I |
| | |
| | |
0.3 1 | | 0.3 |
—~ [ [
n [ {
~ | | I
— | I
\: 0.2 1 { 0.2 A !
= { | |
wn | | {
0.1 1 1‘ | | 0.1 - 1‘ I :
aspiration | I o { §{ §
{ { aspiration { {
0.0 T T T T [ T [ T 1 0.0 T T T T [ T [ T 1
0 20 40 60 8 100 120 0 20 40 60 80 100 120
Time (min)
Figure 9. Third phase slope of the capnogram (Sin) and its normalized value (Snin)

for the affected and the intact lungs in Groups P10 and P4 under baseline
conditions (0 min) and following aspiration.
*: p < 0.05 between affected and intact lungs; #*: p < 0.05 vs. baseline conditions within

the same lung; ¥: p < 0.05 vs. values at 5 min within the same lung.

4.1.4. Haemodynamic changes

Under the baseline conditions, Cl and HR did not differ between the protocol groups, while
the MAP in Group P10 was lower than that in Group P4 (81.7 = 7.8 vs. 108.2 + 8.0 mmHg,
p = 0.02). Bronchoaspiration or the PEEP change did not lead to a significant effect on these
parameters; a decrease in MAP was observed only in Group P4 at 110 min (108 + 8 vs.
94.0 = 7.0 mmHg, p = 0.031).
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4.1.5. Gas exchange

Arterial blood gas parameters are demonstrated in Table 1. No significant change was
observed in arterial pH or CO» throughout the study protocol in either group, except for a drop
in pH in Group P4 following the change of PEEP (p = 0.04), and an elevation in arterial CO>
in Group P10 at 110 min (p = 0.016). A significant decrement was detected in HQ for both
groups at 20 min (p = 0.048 and p = 0.020 for Group P10 and Group P4, respectively), but no

change was apparent thereafter.

Arterial pH HQ (mmHg) Arterial CO; (mmHg)

Group P10  Group P4 Group P10  Group P4 Group P10 Group P4
0 min 740+0.03 7.43+0.02 507 + 59 475+19 51.00+5.80 49.90+4.67
20min 734+004 7.38+0.02# 365+52# 374+58# 60.38+4.92 56.06+4.77
80min 735+0.05 735+0.02 388+72 472 + 16 59.84+6.66 60.60 + 2.97
110 min 7.30+0.06 7.36+0.02 384 +£91 494 + 23 69.43 +8.98# 59.00+ 3.19

Table 1. Arterial pH, Horowitz quotient (HQ) and arterial partial CO> pressure in
Groups P10 and P4 under baseline conditions (0 min) and following aspiration.

#:p < 0.05 vs. baseline conditions within the same group.

4.2.  Respiratory consequences of blood loss and fluid replacement: results in rats

The body weights did not exhibit statistically significant differences between the protocol
groups (344 + 16.1 g for Group B, 320 +51.24 g for Group CO and 361 + 20.7 g for Group
CR). Table 2 demonstrates the baseline values of the respiratory mechanical parameters for
the three experimental groups. No statistically significant differences were detected in the

variables reflecting the airway or tissue mechanics.

Raw (cmH,0.s/1) G (cmH0/) H (cmH20O/l)
Blood 54.4 (2.7) 1034 (33.3) 5332 (272)
Colloid 52.3 (3.9) 1061 (46.9) 5293 (407)
Crystalloid 51.7 (3.3) 912 (35.0) 4533 (182)
Table 2. Mean (SE) values of the airway resistance (Raw), tissue damping (G) and

elastance (H) obtained under the control conditions in the three groups of rats.
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4.2.1. Blood gas parameters

The arterial blood gas parameters obtained at the beginning, at the midpoint and at the end of
the experimental protocol are presented in Table 3. In Group B, Hct did not exhibit
statistically significant changes throughout the protocol, whereas decreases in pH (p < 0.001)
and PaO> (p=0.011) were evidenced. As compared with the autologous blood, fluid
replacement with colloid solution resulted in a lower Hct (p <0.001), while crystalloid
administration led to significant reductions in Hct (p =0.010) and pH (p =0.009). No
difference in the changes in PaO. and pH was observed between the rats in Groups CR and
CO. The decreases in Hct were more pronounced in Group CO than those in Group CR
(p = 0.032).

Hct (%) pH PaO, (mmHg) PaCO; (mmHg)
w1 W6 w1 W6 w1 W6 w1 W6
Blood 344 33.9 7.52 7.43* 79.4 63.3* 26.6 29.6

(1.2) (0.85)  (0.02)  (0.01) (5.6) (5.1) (1.8) (2.1)
Colloid 32.7 24,27 7.51 7.40" 80.4 63.7" 23.8 26.3
(1.3) (1.8) (0.02)  (0.02) (3.1) (2.4) (1.3) (2.0)
Crystalloid 33.8 28.5™% 751 7.367 79.9 64.9" 23.9 21.5
(0.76) (1.9 (0.02) (0.02) (5.6) 4.2) (1.9 (4.5)

Table 3. Mean (SE) parameter values derived from arterial blood samples obtained

at the first (W1) and the last (W6) withdrawal.

*: p < 0.05W1vs. W6; #: p<0.05 vs. blood; $: p < 0.05 vs. colloid.

4.2.2. Respiratory mechanics

Figure 10 depicts the changes in the airway and respiratory tissue mechanical parameters
relative to the baseline. Blood withdrawal resulted in a systematic lowering of Raw. The fluid
replacement with colloid in Group CO restored the baseline value of Raw, whereas the Raw
remained diminished following the iv administration of autologous blood in Group B
(p =0.005). The changes in Raw after the iv injections of crystalloid solution in Group CR
were intermediate (p <0.038), with less obvious elevations in Raw after the third fluid
replacement manoeuvre. Monotonous increases in G were observed throughout the protocol

(p <0.001), with no statistically detectable differences between the protocol groups. H was
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elevated in all groups, with significantly greater changes in Groups CR (p = 0.005) and CO
(p = 0.012) than in Group B.
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Figure 10.  Changes in the airway and tissue mechanics relative to the baseline.
Raw: airway resistance, G: tissue damping, H: tissue elastance, BL: baseline. W1-W6:
blood withdrawals, R1-R5: fluid replacements with autologous blood (Group B),
colloid (Group CO) or crystalloid (Group CR). *: p<0.05 vs. Group B within a

condition; #: p < 0.05 vs. Group CO within a condition.
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4.2.3. Haemodynamic changes

The systemic haemodynamic changes for the 3 groups of rats are displayed in Figure 11. The
blood withdrawals caused MAP to decrease systematically, while it was restored to the
previous values by fluid replacements, regardless of the group allocation. HR displayed
gradual increases in all groups of rats, with significant changes from R3, W3 and R2 in
Groups B, CR and CO, respectively.
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Figure 11.  Systemic haemodynamic parameters.
MAP: mean arterial pressure; HR: heart rate, BL: baseline, W1-W6: blood

withdrawals, R1-R5: fluid replacements with autologous blood (Group B), colloid

(Group CO) or crystalloid (Group CR). *: p < 0.05 vs. BL within a group.
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4.2.4. Lung oedema

The oedema parameters obtained from the lung weights and from the histological analyses are
to be seen in Figure 12. The animals in both Groups CR and CO exhibited significantly
greater wet-to-dry lung weight ratios (p <0.001 for both), as also manifested in the
perivascular pulmonary oedema indices (p < 0.05 for both).
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Figure 12.  Oedema indices following fluid replacement by various solutions.
Obtained by relating the wet lung weight to the dry weight (left) and by relating the
perivascular oedema area to the total vessel area on histological sections (right)
obtained in rats receiving autologous blood (Group B), colloid (Group CO) or
crystalloid (Group CR). *: p < 0.05.

The relationships between the wet-to-dry lung weight ratio and the relative change in H are
presented in Figure 13. Pooling of the data from the 3 protocol groups revealed significant
correlations between the macroscopic oedema index and the increased stiffness of the

respiratory system (R = 0.55, p < 0.01).
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crystalloid (Group CR).
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5. Discussion
In the studies reported in the present thesis, we examined the respiratory mechanical changes
following adverse events responsible for perioperative respiratory morbidities during general

anaesthesia and intensive care.

The inhalation of oropharyngeal or gastric contents into the lower respiratory tract demands
an immediate intervention from health-care providers in order to minimize the adverse
pulmonary consequences. Our results revealed the dynamics of the changes in respiratory
mechanics following unilateral bronchoaspiration by demonstrating a rapid development of
adverse changes in the affected lung, with a peak deterioration in the first 15 min and gradual
improvements thereafter. We further demonstrated that the adverse respiratory consequences
of bronchoaspiration can be attenuated be elevating the PEEP. Separate assessment of the
affected and intact lungs following bronchoaspiration evidenced the predominance of the
local direct damage over the indirect systemic effects in the development of the deterioration

of the lung function.

Another clinical situation involving an increased risk of respiratory morbidities is related to
fluid resuscitation, since adverse lung functional changes are anticipated subsequent to the
potential development of pulmonary oedema. In an animal model mimicking fluid
replacement during surgical bleeding, we have acquired experimental evidence of similar
short-term respiratory consequences following crystalloid or colloid replacement therapies of

acute blood loss.

5.1.  Effects of bronchoaspiration on respiratory function

In the first study of the present thesis, changes in the lung mechanical and ventilation
properties were measured for the left and right lungs separately following unilateral gastric
juice aspiration. This approach allowed a within-subject comparison of the local and indirect
systemic effects of the bronchoaspiration by measuring the affected and the intact lung
separately. Our results revealed that the marked acute lung mechanical responses observed in
the airway and tissue mechanical properties in the aspirated lung were not associated with any
detectable deterioration on the intact side at the 2-h follow-up after aspiration. Nevertheless,

there was a significant association between the magnitude of the airway response in the intact
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lung and that in the aspirated lung. The presence of an uneven ventilation of the aspirated
lungs was obvious from the values of the elevated normalized capnogram third phase slope.
However, this change was not seen in the intact lung, in accordance with the forced
oscillatory mechanical findings. The elevation of the PEEP under these conditions prevented
the adverse changes in the capnogram third phase slope, while it had only minor effects on the

other lung mechanical, ventilation or oxygenation indices.

In agreement with the findings of the few previous studies in which the mechanical changes
were assessed for both lungs together in various animal models, we observed an acute
deterioration in the lung tissue mechanics in the aspirated lung [28, 46, 47]. This adverse
change can be attributed to pulmonary oedema due to the increased vascular permeability [28,
48, 49], surfactant dysfunction [19, 50] and inflammation [25, 26]. Since all of these
processes promote the development of atelectasis leading to a lung volume loss, the elevations
in the unilateral G and H in the aspirated lungs are likely to occur subsequently to this
phenomenon. The scarce earlier results indicated similar detrimental changes in the total
resistive properties of the pulmonary system [46, 51, 52]. However, we are unaware of any
previous studies assessing changes in airway mechanics following acid aspiration. The
marked acute rise in Raw indicates the development of a transient bronchial smooth muscle
contraction in the aspirated lung. Although the mechanisms responsible for this finding have
not been fully clarified, it may be explained by the direct effect of the epithelial damage on
the airway smooth muscle contractility [53], or by the localized release of bronchoconstrictive

neurotransmitters, such as tachykinin and bradykinin by capsaicin-sensitive neurons [54].

Respiratory abnormalities were also assessed in the present study by measuring Si and Snin.
The extent of emptying of lung compartments containing various CO> concentrations during
mechanical ventilation and the shape of the resulting capnogram are determined primarily by
the airway geometry [55-59], and the driving pressure exerted by the elastic recoil of the
respiratory tissues [60]. The marked elevations in these parameters in the aspirated lungs
suggest the presence of uneven lung ventilation, particularly at the lower PEEP level (Figure
9). This may be subsequent to the localized deposition of the instilled gastric juice [46, 61],

which compromised the regional ventilation in these patchy lung areas.
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Our findings also demonstrate the transient feature of this disturbance, since the ventilation
abnormalities were no longer detectable 60 min after the aspiration. This temporal pattern
suggests that the period 0-60 min is the optimum time window for the therapeutic application
of an elevated PEEP against lung peripheral ventilation abnormalities following
bronchoaspiration.

An elevation of the PEEP is commonly used to prevent persistent atelectasis formation
following aspiration. Our results demonstrate no major benefit of this manoeuvre on either the
airway or the lung tissue mechanics (Figure 7). This finding agrees with previous results
where no beneficial effect of a PEEP rise on the respiratory compliance was demonstrated
following acid aspiration [28]. However, the lack of an increase in Sy in Group P10 indicates
that the elevated PEEP prevented the development of ventilation defects in the lung periphery.
This benefit was not associated with detrimental changes in the systemic haemodynamics or
gas exchange. Indeed, compromised systemic haemodynamic changes have been reported
only at higher PEEP levels, such as 15 cmH.O [30]. This finding indicates that a moderately
elevated PEEP has a beneficial effect on the aspiration-induced ventilation defects without
affecting the systemic haemodynamics.

The most noteworthy finding of the present study is the experimental evidence that all these
detrimental changes in the lung mechanics and ventilation were markedly repressed on the
intact lung side, i.e. bronchoconstriction was detected only in the animals that responded
strongly to unilateral aspiration (Figure 8). This finding can be interpreted as it reveals a link
between direct and indirect mechanisms by demonstrating the occasional presence of
bronchoconstriction in the intact lung only if the bronchospasm was severe in the affected
lungs. Overall, the markedly smaller responses in the intact lungs reflect the negligible role of
the indirect constrictor mechanisms of systemic origin. However, it is also possible that the
lack of change in the intact lungs following aspiration may result from the opposing effects of
the elevated vagal tone leading to lung constriction [20, 21] and the endogenous release of
catecholamines with relaxation potentials [62]. Independently of the mechanism, our data
indicate the predominance of local effects over systemic effects in the aspiration-induced

deterioration of lung function.
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Our observations agree with those of previous studies, where local effects prevailed in the
early stage of aspiration (the first 4-6 h) [16]. Mechanisms proposed to explain this local
damage include the direct corrosive effect of the aspirated gastric content [17], the localized
acute airway inflammation caused by the pepsin in gastric juice [18], the localized release of
bronchoactive mediators and the subsequent injury of the alveolar epithelium [61]. Earlier
studies pointed to the systemic effects predominating in the later stages [63]; these are related
mainly to inflammatory mechanisms, such as the activation of neutrophils [23, 64] or alveolar

macrophages.

5.1.1. Methodological aspects

A number of methodological issues relating to the present experimental model warrant
consideration. The model applied in the present study mimics the most important clinical
features of bronchoaspiration, such as bronchospasm and atelectasis development leading to
impaired oxygenation. However, the effects of aspiration on the lung oxygenation and on the
systemic haemodynamics in the present study were less severe in magnitude than those
obtained earlier [46]. A plausible explanation for this apparent discrepancy may be the
unilateral aspiration applied in the current experiments. This approach left one of the lungs
intact, which ensured low mortality with relatively mild systemic consequences, similarly as
with previously described models where unilateral acid aspiration was applied, but without
assessing the functional changes in the lung in the aspirated and intact lungs individually [61,
63].

A further methodological issue relates to the ventilation mode involved in our porcine model.
To maintain the minute ventilation following aspiration, the volume-controlled mode was
selected. However, this mode of mechanical ventilation may lead to a mild overinflation of
the intact lungs following unilateral aspiration via a redistribution of the pre-set tidal volume
[65], especially when a relatively high PEEP is applied. This phenomenon may provide a
plausible explanation for the significant lowering of Raw, G and H in Group P10 after 60 min
on the intact lung side (Figures 6 and 7).

Another technical aspect of our experiments is related to the measurement of pulmonary
mechanical parameters in the open chest without the potential confounding effects of the chest
wall mechanics. Configurational differences of the lungs in the intact and open-chest may
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have affected the values of the airway and tissue mechanical parameters [47] and
haemodynamics [66]. However, this condition was stable throughout the study protocol and
the mechanical parameters were obtained during small-amplitude oscillations that minimizes
the mechanical stress and thus, these factors were not likely to affect our major findings. The
use of a single-compartment model to estimate airway and tissue mechanical properties may
have further limitation in case of development of ventilation heterogeneities [67], which is
expected to occur in the affected lungs following bronchoaspiration. In this case, the increases
in G may overestimate the real changes in the parenchymal viscoelasticity due to the

involvement of an artefactual component related to enhanced ventilation inhomogeneities.

5.1.2. Summary

In summary, we have developed an animal model with which to distinguish the local and the
systemic effects of bronchoaspiration. Our study has provided experimental evidence that
unilateral aspiration of the gastric contents leads to a unilateral lung injury in the first 2 h,
characterized by acute elevations of the airway and tissue mechanical and capnogram third
phase slope parameters, but exclusively on the affected side. This indicates the primary need
for treatment of the local detrimental consequences of bronchoaspiration in the acute phase
(the first 2 h) rather than targeting the adverse systemic changes. Application of a moderately
high PEEP prevented the adverse changes in the third phase slope of the capnogram,
indicating decreased ventilation heterogeneities. This benefit was not associated with changes
in other mechanical, cardiovascular or lung oxygenation indices, suggesting that a moderately

high PEEP may be beneficial in the optimum lung management following bronchoaspiration.

5.2. Respiratory effects of blood loss and fluid replacement

In the second study of the present thesis, we applied an experimental model that mimics
continuous insidious surgical bleeding and fluid replacement for a direct assessment of the
mechanical properties specific for the airway and respiratory tissues following a blood loss
and its treatment with solutions commonly used in clinical practice. The decreased airway
resistance subsequent to the haemorrhage remained low after fluid therapy with autologous
blood, whereas it has re-elevated back to baseline by the administration of colloid and
increased partially by fluid replacement with crystalloid. The respiratory tissues stiffened
more markedly in the animals receiving colloid or crystalloid, with no difference in effect
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between these solutions. These adverse tissue mechanical changes were also reflected in the

alterations in the oedema indices determined by lung weighing and by histology.

There has recently been an extensive debate concerning the optimum fluid replacement
therapy following blood loss from the aspects of the type and the amount of the administered
solution. While the lungs are primarily affected in consequence of the fluid therapy, no
information is currently available on the airway and tissue mechanical changes. The
administration of blood products is often considered to ensure the oxygen transport by
maintaining the normal haemoglobin content. Restoration of the circulatory blood volume by
blood products has a beneficial effect on the preservation of sufficient microcirculation with
minimal morphologic damage or ischaemic cell injury [68, 69]. Similarly to previous
findings, the blood volume loss in the present study led to bronchodilation, which is most
probably due to the compensatory increase in thoracic gas volume and/or the elevated levels
of circulatory catecholamines [38]. The present findings extend these results in a different
model of haemorrhage without inducing the severe hypovolaemia characteristic of hidden,

leaking bleeding during major surgery.

While recent studies have focused on the morbidity and mortality related to colloid or
crystalloid administrations as fluid replacement therapy [31, 32, 70], the pulmonary effects of
these solutions are mainly based on empirical investigations without firm evidence [35-37].
As far as we are aware, the present study addresses for the first time the respiratory
mechanical changes in response to common fluid replacement strategies and attempts to
establish their relationship to the oedema indices in an experimental model of surgical

bleeding.

Our results demonstrate that the Raw essentially remains lowered after administration of
autologous blood. The lack of a complete recovery in airway tone may be related to the
relaxation potential of heparin [71]. However, a comparison of heparinized and non-
heparinized colloid solutions revealed no difference in their bronchial effects (data not
shown), and the potential role of heparin can therefore be excluded. Alternatively, the
depressed Raw may be attributed to the presence of bronchoactive mediators in the
sequestered blood, with the particular importance of the increased levels of adrenaline and
noradrenaline in the withdrawn and subsequently re-administered blood [38]. Conversely, the
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findings revealed a complete reversal of the haemorrhage-induced bronchodilation by colloid.
This suggests the importance of the interactions between circulatory changes and airway
mechanics following a blood loss, with recovery of the original airway geometry through
restoration by approaching the initial circulatory volume. The increases in Raw following
colloid administration may be attributed to a distension of the bronchial submucosal vessels
and/or to the oedema formation resulting in airway wall thickening, or an exudation into the
airway lumen [72]. A similar concept can be applied to the initial results obtained with
crystalloid solution, the first administration of which fully reversed the decreased Raw, when
its entire volume was likely to remain in the vascular bed. This effect of the elevated
intravascular volume may have been abolished in the rats of Group B due to the presence of

catecholamines in the readministered autologous blood.

The tissue viscoelastic parameters following blood administration revealed slight, gradual
increases, which can be attributed to the atelectasis and subsequent lung volume loss induced
by the anaesthesia and mechanical ventilation in the supine position. This phenomenon was
confirmed by the decrease in PaO., which suggests the loss of alveolar surface available for
gas exchange. An important finding of the present study is the more marked gradual
impairment of the respiratory tissue viscoelasticity in the animals receiving colloid or
crystalloid solution (Figure 10). This difference may arise from the variable rheological
properties of the administered fluids that may contribute to the altered respiratory tissue
behaviour [73], or from haemodilution-related changes in the colloid osmotic pressures. These
phenomena result in oedema development affecting directly the tissue viscoelasticity. Since
these adverse changes were also reflected in the oedema indices (Figures 12 and 13), the
primary role of the accumulating perivascular oedema fluid in the compromised respiratory
tissue stiffness can be anticipated. It is noteworthy that no evidence of a difference was found
between colloid and crystalloid treatments either in the changes in the tissue mechanics or in
the oedema indices. These results suggest the equivalence of these fluid replacement
strategies in terms of compromising the lung tissue viscoelasticity, and as regards pulmonary
oedema formation. This correspondence is also reflected in the lack of difference in the
changes of blood oxygenation following the two fluid replacement regimes (Table 3). These
findings are in qualitative agreement with previous results that demonstrated the lack of

difference between colloid and crystalloid solutions in influencing the extravascular lung
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water, pulmonary leak index and lung injury score [74-76]. However, it should be borne in
mind that this may hold true only in the relatively short time frame (~90 min) covered by our
protocol, and systematic assessments of the prolonged effects would require further

investigations.

5.2.1. Methodological aspects

An important methodological aspect of our protocol is related to the nature and the volume of
the administered fluid. There is still a debate in the literature on the nature of fluid to be
considered for resuscitation [77]. Conflicting reports aroused from recent meta-analyses with
some authors suggesting the safe use of albumin in critically ill patients [78], while others do
not recommend its use because of lack of robust evidence for its effectiveness to reduce
mortality [79]. The very recent international consensus promotes the use of crystalloids
against both HES and albumin solutions [77]. Since the aim of the present study was
primarily to compare the effect of three basic fluid replacement strategies, we deliberately
selected HES, as the colloid solution comparator. As concerns the crystalloid solution, various
types are available for fluid replacement therapy, with slightly different ingredients resulting
in somewhat variable osmolarities. Since there is an evolving debate on the choice of
balanced salt solutions and normal saline, this latter offers similar osmolarity with the other 2
fluid replacement strategies. Thus, isotonic normal saline rather than the hypotonic Ringer’s
lactate was selected for a comparison with the slightly hypertonic HES 6 % 130/0.4 [80]. As
concerns the volume of crystalloid solution for fluid replacement, no evidence-based
recommendations are available. Whereas textbooks conventionally state that the volume of
crystalloids to be administered should be 3- to 4-fold the blood loss [81], recent studies
question this, suggesting a ratio close to 1:1 [32, 37, 82]. Since the acute effect of fluid
replacement was at the focus of interest in the present study, the same volume was chosen for
the blood loss and replacement for both solutions (5 % of the total blood volume). The
rationale of this approach was confirmed by the lack of difference in MAP and HR between

the protocol groups, which agrees with the concept of goal-directed therapy [82, 83].

A methodological limitation of our findings is associated with the use of total respiratory
impedance data to assess pulmonary changes. While Raw accurately reflects the flow

resistance of the airways, the chest wall contributes significantly to the tissue parameters G
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and H [44]. Nevertheless, the viscoelastic properties of the chest wall exhibited negligible
changes following the induction of severe oedema with oleic acid [84]. Thus, our results are
likely to reflect pulmonary changes; however, their magnitude may be somewhat
underestimated due to the masking effect of the chest wall. Another methodological limitation
is related to the species difference between small rodents and humans necessitating careful
extrapolation of our data to a clinical situation. While rats have substantially higher Raw, G
and H than humans, no major differences exist between mammalian species in the oscillatory

mechanics besides scaling factor [85].

5.2.2. Summary

In summary, our results have provided experimental evidence of the dissociated changes in
the airway and tissue mechanical properties following surgical-type bleeding and its treatment
with autologous whole blood, colloid or crystalloid solution in a volume that fully restored
mean arterial pressure. The measurement of respiratory mechanical, histological and gas
exchange consequences of blood loss and consecutive fluid replacement strategies revealed no
differences between fluid replacement with colloid and crystalloid. The two solutions
demonstrated similar abilities to compromise the lung tissue viscoelasticity subsequent to
mild perivascular oedema formation. These findings highlight the differences in behaviour of
the respiratory system following fluid replacement with blood, colloid or crystalloid: a
sustained bronchodilation is expected after the administration of autologous blood, without
significant lung tissue changes, whereas colloids and crystalloids tend to restore the basal

airway tone at the expense of similar deteriorations in lung tissue viscoelasticity.
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6. Conclusions
Aspiration of the gastric contents, blood loss and fluid replacement are important factors of
perioperative morbidity. Respiratory effects are among the most critical changes related to

their morbidity.

In the present thesis, an animal model was established for the separate investigation of the
mechanical properties of the left and the right lung. The use of a double-lumen ET tube
allowed the independent introduction of the forcing signal to each lung, allowing
characterization of the changes in the mechanical properties of each lung. We have
demonstrated that the initial changes induced by bronchoaspiration are dominated by the
direct effects, since the unaffected lung was not altered in terms of lung mechanics, and that

the application of moderate PEEP is beneficial in the management of bronchoaspiration.

We have also adapted a well-established animal model for the investigation of acute blood
loss, but also improved it for the examination of the effects of various methods of fluid
replacement. The sequential removal and replacement of blood mimicked continuous, but
hidden surgical bleeding with its replacement. Our measurements did not reveal a difference
between fluid replacement with colloid or crystalloid, represented in comparable oedema

formation and adverse changes in the viscoelastic properties of the lung.

These findings contribute to a better understanding of the underlying mechanisms of these
anaesthesia-related complications through a description of the not yet characterized
respiratory changes initiated by bronchoaspiration of the gastric contents and by acute blood
loss and its fluid replacement. If it is assumed that the same mechanisms are present in
humans, this better understanding might further improve the management of these adverse

perioperative events and reduce their morbidities.
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Bronchoaspiration results in local deterioration of lung function through direct damage and/or indirect
systemic effects related to neurohumoral pathways. We distinguished these effects by selectively intu-
bating the two main bronchi in pigs while a PEEP of 4 or 10 cm H,0 was maintained. Gastric juice was
instilled only into the right lung. Lung mechanical and ventilation defects were assessed by measuring
unilateral pulmonary input impedance (Z;s) and the third phase slope of the capnogram (Sy;) for each
lung side separately before the aspiration and for 120 min thereafter. Marked transient elevations in Z; s
parameters and Sy; were observed in the affected lung after aspiration. Elevating PEEP did not affect these
responses in the Z; s parameters, whereas it prevented the Sy; increases. None of these indices changed in
the intact left lung. These findings furnish evidence of the predominance of the local direct damage over
the indirect systemic effects in the development of the deterioration of lung function, and demonstrate
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the benefit of an initially elevated PEEP following aspiration.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Management of the adverse pulmonary consequences of bron-
choaspiration poses a major challenge for health professionals
during general anaesthesia and intensive care (Marik, 2001, 2011).
This syndrome has been reported to cause a high incidence of
morbidity and mortality, involving up to 90% of the affected
patients, depending on the extent of the involved lung regions
(Cameron et al., 1973; Engelhardt and Webster, 1999; LeFrock
et al., 1979; Olsson et al., 1986; Warner et al., 1993). Inhala-
tion of the gastric contents into the lower respiratory tract
induces a number of pulmonary syndromes, described origi-
nally by Mendelson et al., including acute aspiration pneumonitis
caused by the acidity subsequent to chemical injury (Mendelson,
1946), and aspiration pneumonia resulting from the inhalation
of pathogenic bacteria (Marik, 2001, 2011; Raghavendran et al.,
2011).

The mechanisms responsible for the acute deterioration of lung
function following aspiration of the gastric contents have not been
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versity of Szeged, Koranyi Fasor 9, H-6720 Szeged, Hungary. Tel.: +36 62 544566;
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fully clarified. Earlier results demonstrated the involvement of
direct physiochemical processes leading to mucosal damage and
desquamation (Kennedy et al., 1989; Wynne et al., 1981). Another
direct effect of gastric juice aspiration may be related to pepsin
being cytotoxic to bronchial epithelial cells (Bathoorn et al., 2011).
A further direct mechanism of lung injury following bronchoaspi-
ration may be subsequent to the induced surfactant dysfunction
(Lamonica et al., 2014). Besides these direct mechanisms, indirect
pathways have also been reported to be involved in the course of
aspiration, since the lung injury has been found to be mediated by
capsaicin-sensitive vagal sensory afferent nerves (Kennedy et al.,
1989; Kollarik et al., 2007; Martling and Lundberg, 1988; Nemzek
and Kim, 2009). Another indirect route may be due to the acti-
vation of systemic inflammatory processes originating from the
affected lungs, including the release of endogenous mediators by
neutrophils, alveolar macrophages or by activation of the comple-
ment system leading to vascular leakage and oedema formation
(Goldman et al., 1991; Kennedy et al., 1989; Knight et al., 1992;
Nader-Djalal et al., 2007; Nishizawa et al., 1996; Weiser et al.,
1997). Although the effective prevention and/or treatment of the
bronchoaspiration would require the identification of the roles of
these individual mechanisms, no previous studies have attempted
to clarify the involvement of the direct and indirect pathways in
the adverse functional changes in the lung during the acute phase
of gastric juice inhalation.
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Another important factor that may affect the severity of the lung
damage and the outcome of bronchoaspiration is the application of
araised positive end-expiratory pressure (PEEP). While an elevated
PEEP is beneficial for the recruitment of lung regions and main-
taining them open during mechanical ventilation (Colmenero-Ruiz
et al,, 1997; Ko et al., 2008), a significant haemodynamic impair-
ment characterized by a deterioration in cardiac function may also
occur during a PEEP increment (Marumo et al., 2009).

The aims of the present study were therefore to quantify the
separate roles of direct and indirect mechanisms of the deterio-
ration of lung mechanics following acid aspiration. Acidic gastric
content was unilaterally administered into one lung and changes
of lung mechanics were measured alternately in the affected and
intact lungs. A further aim was to investigate the effects of different
PEEP levels on the respiratory and circulatory outcomes during and
following the inhalation of gastric juice.

2. Materials and methods

The work was carried out in accordance with EU Directive
2010/63/EU relating to animal experiments. The experimental
protocol was approved by the institutional Animal Care Commit-
tee of the Faculty of Medicine at the University of Szeged (No.
XIV/152/2013),and was performed in accordance with the National
Institutes of Health guidelines for animal use.

2.1. Animal preparations

Male Vietnamese mini-pigs (n=13) weighing 28.2+0.9kg
(21-33kg) were used in the present study. Anaesthesia was
induced by an intramuscular injection of ketamine (20 mg/kg, CP-
ketamin 10%, Produlab Pharma, Raamsdonksveer, Netherlands)
and xylazine (2 mg/kg, CP-xylazin 2%, Produlab Pharma, Raams-
donksveer, Netherlands) until ani.v. line was secured into the ear. A
continuous infusion of propofol (6 mg/kg/h, propofol 2% MCT/LCT,
Fresenius-Kabi, Bad Homburg, Germany) was then maintained
throughout the study via the ear vein. The mini-pigs were tra-
cheostomized and a double-lumen cannula (Broncho-cath right 35
Fr, Mallinckrodt Medical, Athlone, Ireland) was introduced into the
distal trachea. The double lumen tracheostomy tube was positioned
to achieve separate support of the left and right lung sides and the
tips were sealed by inflating a cuff. The pigs were then mechani-
cally ventilated (Model 900C; Siemens-Elema, Solna, Sweden) in
volume-controlled mode with a tidal volume of 7-8 ml/kg at a
frequency of ~20/min and an inspired oxygen fraction (FiO,) of
0.3 in air. A femoral artery was prepared surgically in a sterile
manner and cannulated for blood sampling and the measurement
of arterial blood pressure and cardiac output by thermodilution
(PiCCO Catheters; Pulsion Medical Systems, Feldkirchen, Germany).
The jugular vein was prepared in the same way as the femoral
artery and cannulated for fluid and drug administration. Muscle
relaxation was achieved by regular i.v. administration of pipecuro-
nium (0.1 mg/kg, every 30 min, Arduan, Richter-Gedeon, Budapest,
Hungary). The thorax was opened by means of a midline thora-
cotomy following an i.v. bolus of sufentanyl (25 pg/kg, Sufentanil
Torrex, Chiesi Pharmaceuticals, Vienna, Austria) and the ribs were
widely retracted. Following chest opening, the pigs were randomly
assigned to maintain a PEEP of 4 or 10cm H,O.

Arterial blood samples were analyzed radiometrically (Cobas
b221; Roche Diagnostics, Basel, Switzerland). The Horowitz quo-
tient (HQ) was calculated as the ratio of the arterial partial pressure
of oxygen and FiO.

A small incision was made in the stomach and 10-20 ml of gas-
tric juice was obtained via a catheter introduced into the stomach.
This gastric juice was filtered to remove solid particles. The pH

of the remaining fluid was determined and hydrochloric acid was
added to reach a pH of 2 if needed.

2.2. Measurement of lung mechanics

2.2.1. Forced oscillations

The measurement system for collection of the input impedance
spectra of the right or left lung (Z; s) in the mini-pigs was similar to
that used previously for the whole lungs (Petak et al., 2006). Briefly,
the mechanical ventilation was ceased at end-expiration and the
cannula of the measured lung was connected to a loudspeaker-in-
box system while the cannula of the other lung was occluded. Thus,
during these 8-s long apnoeic periods, the forced oscillatory signal
was introduced only to either the left or the right lung. Prior to the
measurements, the pressure in the loudspeaker box chambers was
set to the level of the PEEP to keep the mean transpulmonary pres-
sure constant. The loudspeaker delivered a computer-generated
small-amplitude (<+1 cm H,0) pseudo-random signal in the inter-
val 0.5-21Hz through a screen pneumotachograph (11 mm ID),
which was used to measure the gas flow (V') with a differential pres-
sure transducer (model 33NA002D; ICSensors, Malpitas, CA, USA).
An identical pressure transducer was used to measure the pressure
in the left or right main bronchi with reference to the atmosphere
(PL,S)-

The Py s and V' signals were low-pass filtered at 25 Hz and sam-
pled with an analogue-digital board of a microcomputer at a rate
of 256 Hz. Fast Fourier transformation with 4-s time windows and
95% overlapping was used to calculate the unilateral Z; s spectra
(ZLs=PLs[V).

2.2.2. Estimation of airway and parenchymal parameters

The airway and parenchymal mechanical properties for the indi-
vidual lungs were separated by fitting a model to the Z; s spectra by
minimizing the differences between the measured and modelled
impedance values. The model consisted of an airway compartment
containing airway resistance (Raw) and airway inertance (law), and
a constant-phase tissue unit (Hantos et al., 1992) characterized by
tissue damping (G) and elastance (H):

G—jH

w?

Z1 s = Raw + jwlaw +

wherej is the imaginary unit, w is the angular frequency (27f), and
o is (2/m) arctan (H/G).

2.3. Capnography

Changes in partial CO, pressure in the exhaled gas dur-
ing mechanical ventilation were measured with a calibrated
sidestream capnometer (Cardiocap II; Datex/Instrumentarium,
Helsinki, Finland). CO, traces were recorded alternately from each
lung by closing one lumen of the endotracheal tube, at a time while
the tidal volume was decreased by one-third by elevating the venti-
lation frequency. The 8-s CO, traces obtained from the aspirated or
the intact lung were imported into custom-developed signal anal-
ysis software. The third phase of the expiratory CO, curves in each
expiration was identified by selecting the CO, traces from its peak
end-tidal value back to 60% of the total length of its linear temporal
change. Linear regression analysis was applied to these phases to
obtain slope of the third phase of the expiratory capnogram (Sy;).
S was normalized by dividing each slope by the average values of
the corresponding CO, concentration in the mixed expired gas to
obtain normalized time domain third phase slopes (Syy). Four to
six expiratory traces were analyzed in each recording.
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Fig. 1. Scheme of the experimental protocol. Zs: unilateral pulmonary input impedance measurement. L/R: measurement of left or right lung. PEEP, and PEEPg correspond

to 4 and 10 cm H,0, respectively, in random sequence.

2.4. Haemodynamic monitoring

Systemic haemodynamic parameters were monitored by a
transpulmonary arterial thermodilution system (PiCCO; Pulsion
Medical Systems, Munich, Germany). A 4F arterial catheter was
inserted into the femoral artery. The thermal indicator bolus was
injected into the right atrium via a central venous catheter pos-
itioned in the jugular vein. The monitor determined the cardiac
index (CI) by normalizing the cardiac output to the body surface
area. The same monitoring system was used to measure the mean
arterial pressure (MAP) and heart rate (HR).

2.5. Experimental protocol

Following stabilization of the pulmonary mechanical and
haemodynamic variables after the anaesthesia and the prepara-
tion, the pigs were randomly assigned to groups in which the
PEEP was set to a level of either 4 (Group P4, n=7) or 10cm H,0
(Group P10, n=6). Two sets of baseline Z; s recordings were then
collected for each lung separately by forced oscillations (Fig. 1).
This was followed by registration of the CO, traces from each lung
separately. Aspiration was achieved by unilaterally instilling the
prepared gastric juice mixed with hydrochloric acid (pH 2) into the
endobronchial lumen (right lung) of the tracheal tube (0.5 ml/kg)
and leaving the left lung unaffected. To maintain the best possible
gas exchange and similarity to a clinical situation, FiO, was elevated
to 1 after injection of the gastric content. Forced oscillatory and
capnogram measurements were recorded for each lung alternately
at 5,15, 30, 45 and 60 min following aspiration. To assess the effect
of a PEEP change in this period, the level of PEEP was interchanged
between the groups (10-4 cm H,0 and 4-10 cm H;0, respectively)
60 min post-aspiration. Following this PEEP interchange, additional
Z; s and CO, recordings were collected at 65, 75 and 90 min post-
aspiration. Finally, PEEP was re-established at the original level and
additional measurements were performed at 95, 105 and 120 min
post-aspiration. Blood gas samples were analyzed and thermodilu-
tion measurements were performed at baseline and at 20, 80 and
110 min post-aspiration.

2.6. Statistical analysis
The scatters in the parameters were expressed as SE values.

The Kolmogorov-Smirnov test was used to test data for nor-
mality. Two-way repeated measures mixed model of analysis of

variance (ANOVA) with the factors assessment time (control vs.
post-aspiration) and lung side (aspirated or intact) was used in
both PEEP-based groups to assess the effects of the aspiration of
the gastric contents on the lung responsiveness, the slope of the
third phase of the capnogram and on haemodynamic parameters.
The choice of appropriate covariance structure was on the basis
of Akaike information criterion measure. The Holm-Sidak multiple
comparison procedure was applied to compare the different con-
ditions (for repeated measures) or lung sides (affected or intact).
Correlation analyses between the variables were performed by
using Pearson correlation tests. Statistical tests were carried out
with the SigmaPlot software package (version 12.5, Systat Soft-
ware, Inc., CA, USA) and SAS (version 9.2, SAS Institute, Cary, NC,
USA) with a significance level of p <0.05.

3. Results

There was no statistically significant difference between the
weights of the pigs in the two protocol groups (29.6 +1.1Kkg vs.
26.7 £ 1.4kg for Groups P4 and P10, respectively, p=0.125). The
quality of the fitting of the model to the Z; s spectra was equally
good in each group and experimental condition with mean fitting
error of 6.14+0.12%.

3.1. Unilateral lung mechanical changes

Fig. 2 demonstrates the temporal changes in the airway and lung
tissue forced oscillatory mechanical parameters in both experimen-
tal groups for the affected (aspirated) and intact lungs separately.
The mechanical changes following aspiration appeared generally
greater in Group P4 than in P10. Under the baseline conditions,
the mechanical parameters did not exhibit any statistically signifi-
cant differences between the two lung sides in either experimental
group. However, in both groups of pigs, significant differences
developed between the two sides following gastric juice aspira-
tion: in Raw (at least p<0.018 and p <0.032 for Groups P4 and P10,
respectively), G (p<0.05, p<0.05) and H (p<0.05, p<0.036). The
peak of the mechanical deterioration on the aspirated side occurred
5-15 min after the bronchoaspiration, with gradual improvements
thereafter. The airway and tissue mechanical parameters for the
intact side did not exhibit any significant change throughout the
study protocol.

The changes in the lung mechanical parameters relative to their
baseline values are depicted in Fig. 3 for characteristic time points
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Fig. 2. Airway resistance (Raw), tissue damping (G) and elastance (H) for the acidic and the intact lungs in Groups P10 and P4 under baseline conditions (0 min) and following
aspiration. ‘p<0.05 between acidic and intact lungs; #p<0.05 vs. baseline conditions within the same lung.

in the experiments. On the aspirated side, the airway and lung tis-
sue mechanical indices were increased significantly 5 min after the
aspiration in both Group P4 (p<0.001, p=0.001 and p<0.001 for
Raw, G and H, respectively) and Group P10 (p=0.012, p=0.007 and
p<0.001). The changes on the aspirated side were greater than
those on the intact side 5min after the aspiration in the pigs in
Groups P4 (p<0.014) and P10 (p<0.037); significant differences

were also apparent later for Raw and H in Group P4 (p<0.008,
p=0.029) and for G and H in Group P10 (p=0.037, p<0.009). Sig-
nificant recoveries started from 60 min after the aspiration in all
mechanical parameters. Lowering the PEEP to 4 cm H,0 in Group
P10 caused a significant decrease in H (p=0.002) on the intact side,
whereas elevating the PEEP in Group P4 did not have a major effect
on the unilateral lung mechanics. The unilateral lung mechanical
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parameters for the intact side did not demonstrate any significant
adverse change following aspiration; in Group P10, G and H were
even decreased on the unaffected side 120 min after aspiration
(p=0.021, p=0.022).

Since indirect mechanisms are expected to alter primarily the
airway tone, the changes in Raw in the two lungs were related

to reveal the relationship between the magnitudes of the bron-
choconstriction. Fig. 4 demonstrates the associations between the
aspiration-induced changes in Raw obtained from the intact and
aspirated sides for the first 60 min of the experiment. While fairly
systematic elevations were observed in Raw on the aspirated side,
the changes on the intact side were highly variable, with the
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linear regression.

majority of the pigs exhibiting even decrements. Nevertheless,
there was a statistically significant correlation between the Raw
changes on the aspirated and intact sides (R=0.41, p=0.002).

3.2. Changes in the capnogram parameters

The changes in the absolute and normalized third phase slope of
the capnogram are demonstrated in Fig. 5 under baseline conditions
and 5, 60, 90 and 120 min after bronchoaspiration. No significant
change was detected in Sy in Group P10 throughout the study,
whereas Sy; was elevated at 5 min on the aspirated side in Group
P4 (p=0.01), with an apparent recovery at 120 min (p = 0.044). Syt
did not change on the intact side during the study, whereas it was
significantly elevated on the aspirated side in both groups 5 min
after the aspiration (p=0.021 and p=0.001 for Group P10 and P4,
respectively). Changing the PEEP elevated the aspirated-side Sy in
the pigs of Group P10 (p=0.007), while there was no change in the
intact side in the pigs of Group P10, or on either side in Group P4.

3.3. Haemodynamic changes

Under the baseline conditions, CI and HR did not differ between
the protocol groups, while the MAP in Group P10 was lower than
that in Group P4 (81.7 + 7.8 vs. 108.2 +£ 8.0 mm Hg, p=0.02). Bron-
choaspiration or the PEEP change did not lead to a significant effect
on these parameters; a decrease in MAP was observed only in Group
P4 at 110 min (108 + 8 vs. 94.0 + 7.0 mm Hg, p=0.031).

3.4. Gas exchange

Arterial blood gas parameters are demonstrated in Table 1. No
significant change was observed in arterial pH or CO, through-
out the study protocol in either group, except for a drop in pH in
Group P4 following the change of PEEP (p =0.04), and an elevation
in arterial CO, in Group P10 at 110 min (p=0.016). A significant
decrement was detected in HQ for both groups at 20 min (p = 0.048
and p=0.020 for Group P10 and Group P4, respectively), but no
change was apparent thereafter.

4. Discussion

In the present study changes in the lung mechanical and
ventilation properties were measured for the left and right
lungs separately following unilateral gastric juice aspiration. This

approach allowed a within-subject comparison of the local and
indirect systemic effects of the bronchoaspiration by measuring
the affected and the intact lung separately. Our results revealed
that the marked acute lung mechanical responses observed in
the airway and tissue mechanical properties in the aspirated lung
were not associated with any detectable deterioration on the intact
side at the 2-h follow-up after aspiration. Nevertheless, there was
a significant association between the magnitude of the airway
response in the intact lung and that in the aspirated lung. The
presence of an uneven ventilation of the aspirated lungs was obvi-
ous from the values of the elevated normalized capnogram third
phase slope. However, this change was not seen in the intact lung,
in accordance with the forced oscillatory mechanical findings. The
elevation of the PEEP under these conditions prevented the adverse
changesin the capnogram third phase slope, while it had only minor
effects on the other lung mechanical, ventilation or oxygenation
indices.

In agreement with the findings of the few previous studies
in which the mechanical changes were assessed for both lungs
together in various animal models, we observed an acute deteri-
oration in the lung tissue mechanics in the aspirated lung (Ko et al.,
2008; Meersetal.,2011; Petak et al., 1998). This adverse change can
be attributed to pulmonary oedema due to the increased vascular
permeability (Goldman et al., 1993; Grimbert et al., 1981; Ko et al.,
2008), surfactant dysfunction (Davidson et al., 2005; Lamonica
et al, 2014) and inflammation (Knight et al., 1992; Nader-Djalal
et al., 2007). Since all of these processes promote the develop-
ment of atelectasis leading to a lung volume loss, the elevations
in the unilateral G and H in the aspirated lungs are likely to occur
subsequently to this phenomenon. The scarce earlier results indi-
cated similar detrimental changes in the total resistive properties
of the pulmonary system (Kuckelt et al., 1979; Meers et al., 2011;
Tuchman et al., 1984). However, we are unaware of any previous
studies assessing changes in airway mechanics following acid aspi-
ration. The marked acute rise in Raw indicates the development of
a transient bronchial smooth muscle contraction in the aspirated
lung. Although the mechanisms responsible for this finding have
not been fully clarified, it may be explained by the direct effect of
the epithelial damage on the airway smooth muscle contractility
(Gallos et al.,, 2013), or by the localized release of bronchocon-
strictive neurotransmitters, such as tachykinin and bradykinin by
capsaicin-sensitive neurons (Ricciardolo et al., 1999).

Respiratory abnormalities were also assessed in the present
study by measuring Sy and Spy. The extent of emptying of
lung compartments containing various CO, concentrations during
mechanical ventilation and the shape of the resulting capnogram
are determined primarily by the airway geometry (Blanch et al.,
1999; Bohm et al., 2009; Nik Hisamuddin et al., 2009; Stromberg
and Gustafsson, 2000; Yaron et al., 1996), and the driving pressure
exerted by the elastic recoil of the respiratory tissues (Babik et al.,
2012). The marked elevations in these parameters in the aspirated
lungs suggest the presence of uneven lung ventilation, particularly
at the lower PEEP level (Fig. 5). This may be subsequent to the local-
ized deposition of the instilled gastric juice (Amigoni et al., 2008;
Meers et al., 2011), which compromised the regional ventilation in
these patchy lung areas.

Our findings also demonstrate the transient feature of this
disturbance, since the ventilation abnormalities were no longer
detectable 60 min after the aspiration. This temporal pattern sug-
gests that the period 0-60 min is the optimum time window for the
therapeutic application of an elevated PEEP against lung peripheral
ventilation abnormalities following bronchoaspiration.

An elevation of the PEEP is commonly used to prevent persistent
atelectasis formation following aspiration. Our results demonstrate
no major benefit of this manoeuvre on either the airway or the lung
tissue mechanics (Fig. 3). This finding agrees with previous results
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Fig. 5. Third phase slope of the capnogram (Sy;) and its normalized value (Syii) for the acidic and the intact lungs in Groups P10 and P4 under baseline conditions (0 min) and
following aspiration. *p <0.05 between acidic and intact lungs; #p <0.05 vs. baseline conditions within the same lung, p <0.05 vs. values at 5 min within the same lung.

where no beneficial effect of a PEEP rise on the respiratory compli-
ance was demonstrated following acid aspiration (Ko et al., 2008).
However, the lack of an increase in Sy in Group P10 indicates that
the elevated PEEP prevented the development of ventilation defects
in the lung periphery. This benefit was not associated with detri-
mental changes in the systemic haemodynamics or gas exchange.
Indeed, compromised systemic haemodynamic changes have been
reported only at higher PEEP levels, such as 15cm H,0 (Marumo
etal., 2009). This finding indicates that a moderately elevated PEEP
has a beneficial effect on the aspiration-induced ventilation defects
without affecting the systemic haemodynamics.

The most noteworthy finding of the present study is the exper-
imental evidence that all these detrimental changes in the lung
mechanics and ventilation were markedly repressed on the intact
lung side, i.e. bronchoconstriction was detected only in the ani-
mals that responded strongly to unilateral aspiration (Fig. 4). This
finding can be interpreted as it reveals a link between direct and
indirect mechanisms by demonstrating the occasional presence of
bronchoconstriction in the intact lung only if the bronchospasm
was severe in the affected lungs. Overall, the markedly smaller
responses in the intact lungs reflect the negligible role of the

Table 1

indirect constrictor mechanisms of systemic origin. However,
it is also possible that the lack of change in the intact lungs
following aspiration may result from the opposing effects of
the elevated vagal tone leading to lung constriction (Kollarik
et al, 2007; Nemzek and Kim, 2009) and the endogenous
release of catecholamines with relaxation potentials (Coupe
et al,, 1987). Independently of the mechanism, our data indicate
the predominance of local effects over systemic effects in the
aspiration-induced deterioration of lung function.

Our observations agree with those of previous studies, where
local effects prevailed in the early stage of aspiration (the first 4-6 h)
(Kennedy et al., 1989). Mechanisms proposed to explain this local
damage include the direct corrosive effect of the aspirated gastric
content (Wynne et al., 1981), the localized acute airway inflamma-
tion caused by the pepsin in gastric juice (Bathoorn et al., 2011), the
localized release of bronchoactive mediators and the subsequent
injury of the alveolar epithelium (Amigoni et al., 2008). Earlier stud-
ies pointed to the systemic effects predominating in the later stages
(Schreiber et al., 2006); these are related mainly to inflammatory
mechanisms, such as the activation of neutrophils (Motosugi et al.,
1998; Weiser et al., 1997) or alveolar macrophages.

Arterial pH, Horowitz-quotient (HQ) and arterial partial CO, pressure in Groups P10 and P4 under baseline conditions (0 min) and following aspiration.

Arterial pH HQ (mm Hg) Arterial CO, (mm Hg)
Group P10 Group P4 Group P10 Group P4 Group P10 Group P4
0min 7.40 £ 0.03 7.43 £ 0.02 507 + 59 475 + 19 51.00 + 5.80 49.90 + 4.67
20 min 7.34 £ 0.04 7.38 £ 0.02 365 + 52% 374 + 58* 60.38 + 4.92 56.06 + 4.77
80 min 7.35 £ 0.05 7.35 + 0.02* 388 £ 72 472 + 16 59.84 + 6.66 60.60 + 2.97
110min 7.30 + 0.06 7.36 £ 0.02 384 + 91 494 + 23 69.43 + 8.98% 59.00 + 3.19

# p<0.05 vs. baseline conditions within the same group.
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A number of methodological issues relating to the present
experimental model warrant consideration. The model applied in
the present study mimics the most important clinical features of
bronchoaspiration, such as bronchospasm and atelectasis devel-
opment leading to impaired oxygenation. However, the effects of
aspiration on the lung oxygenation and on the systemic haemody-
namics in the present study were less severe in magnitude than
those obtained earlier (Meers et al., 2011). A plausible explana-
tion for this apparent discrepancy may be the unilateral aspiration
applied in the current experiments. This approach left one of the
lungs intact, which ensured low mortality with relatively mild sys-
temic consequences, similarly as with previously described models
where unilateral acid aspiration was applied, but without assessing
the functional changes in the lung in the aspirated and intact lungs
individually (Amigoni et al., 2008; Schreiber et al., 2006).

A further methodological issue relates to the ventilation mode
involved in our porcine model. To maintain the minute ventilation
following aspiration, the volume-controlled mode was selected.
However, this mode of mechanical ventilation may lead to a mild
overinflation of the intact lungs following unilateral aspiration via
a redistribution of the pre-set tidal volume (Amigoni et al., 2013),
especially when arelatively high PEEP is applied. This phenomenon
may provide a plausible explanation for the significant lowering of
Raw, G and H in Group P10 after 60 min on the intact lung side
(Figs. 2 and 3).

Another technical aspect of our experiments is related to the
measurement of pulmonary mechanical parameters in the open
chest without the potential confounding effects of the chest wall
mechanics. Configurational differences of the lungs in the intact
and open-chest may have affected the values of the airway and tis-
sue mechanical parameters (Petak et al., 1998) and haemodynamics
(Hoit et al., 1997). However, this condition was stable throughout
the study protocol and the mechanical parameters were obtained
during small-amplitude oscillations that minimizes the mechan-
ical stress and thus, these factors were not likely to affect our
major findings. The use of a single-compartment model to esti-
mate airway and tissue mechanical properties may have further
limitation in case of development of ventilation heterogeneities
(Lutchen et al., 1996), which is expected to occur in the affected
lungs following bronchoaspiration. In this case, the increases in G
may overestimate the real changes in the parenchymal viscoelas-
ticity due to the involvement of an artefactual component related
to enhanced ventilation inhomogeneities.

In summary, we have developed an animal model with which
to distinguish the local and the systemic effects of bronchoaspira-
tion. Our study has provided experimental evidence that unilateral
aspiration of the gastric contents leads to a unilateral lung injury
in the first 2 h, characterized by acute elevations of the airway and
tissue mechanical and capnogram third phase slope parameters,
but exclusively on the affected side. This indicates the primary
need for treatment of the local detrimental consequences of bron-
choaspiration in the acute phase (the first 2 h) rather than targeting
the adverse systemic changes. Application of a moderately high
PEEP prevented the adverse changes in the third phase slope of
the capnogram, indicating decreased ventilation heterogeneities.
This benefit was not associated with changes in other mechan-
ical, cardiovascular or lung oxygenation indices, suggesting that
a moderately high PEEP may be beneficial in the optimum lung
management following bronchoaspiration.
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Fluid replacement and respiratory function: comparison of
whole blood with colloid and crystalloid

A randomised animal study

Gergely H. Fodor, Barna Babik, Dorottya Czévek, Camille Doras, Adam L. Balogh,

Sam Bayat, Walid Habre and Ferenc Petak

BACKGROUND Fluid replacement with blood products,
colloids and crystalloids is associated with morbidity and
mortality. Despite this, the consequences of fluid adminis-
tration on airway and respiratory tissue properties are not fully
understood.

OBJECTIVE Comparison of respiratory effects of fluid repla-
cement with autologous blood (Group B), colloid (HES 6%
130/0.4, Group CO) or crystalloid solution (NaCl 0.9%,
Group CR) after haemorrhage with separate assessments
of airway resistance and respiratory tissue mechanics.

DESIGN A randomised study.

SETTING An experimental model of surgical haemorrhage
and fluid replacement in rats.

PARTICIPANTS Anaesthetised, ventilated rats randomly
allocated into three groups (Group B: n=8, Group CO:
n=28, Group CR: n=09).

INTERVENTION Animals were bled in six sequential steps,
each manoeuvre targeting a loss of 5% of total blood volume.

The blood loss was then replaced stepwise in a 1:1 ratio
with one of the three fluids.

MAIN OUTCOME MEASURE After each step, airway resist-
ance (Raw), tissue damping and elastance (H) were

determined by forced oscillations. Oedema indices from lung
weights and histology were also measured.

RESULTS Raw (mean + SD) decreased in all groups follow-
ing blood loss (—20.3 4 9.5% vs. baseline, P< 0.05), and
remained low following blood replacement (—21.7 4+ 14.5%
vs. baseline, P<0.05), but was normalised by colloid
(5.54+10.7%, NS). Crystalloid administration exhibited an
intermediate reversal effect (—8.44+14.7%, NS). Tissue
viscoelasticity increased following both blood loss and repla-
cement, with no evidence of a significant difference in H
between Groups CO and CR. More severe oedema was
observed in Groups CR and CO than in Group B (P < 0.05),
with no difference between the colloid and crystalloid
solutions.

CONCLUSION This model, which mimics surgical haemor-
rhage, yields no evidence of a difference between colloids
and crystalloids with regard to the pulmonary consequences
of blood volume restoration. Functional changes in the lung
should not be a key concern when choosing fluid replace-
ment therapy with these solutions.

Published online 10 March 2015

Introduction

Blood loss during major surgery is associated with detri-
mental systemic and pulmonary effects. The best fluid
replacement management following haemorrhage is one
of the most polarising issues in anaesthesia and intensive

therapy. Choosing the best fluid replacement from blood
products, and various types of colloids and crystalloids,
can be difficult. The safety of hydroxyethyl-starch (HES)
has been brought into question in a recent meta-analysis,'
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particularly in patients with increased capillary leakage.
This and the risk of renal damage with HES,*® the
appreciable cost of albumin and the defects of haemo-
stasis induced by gelatin solutions have all reduced the
available options.* Crystalloids remain a rational option,
but clinicians are reluctant to choose them because of
the widespread belief that they move rapidly out of the
circulation, a belief based on old studies that lacks an
adequate evidence basis.”™’

We have recently shown that acute hypovolaemic shock
and subsequent resuscitation with autologous blood
affects respiratory mechanics.® Although surgical pro-
cedures are associated with a more controlled but sus-
tained blood loss that also requires fluid replacement
therapy, the respiratory consequences of this have not
been explored. The administration of blood products is
often regarded as the gold standard therapy, with the
main aim of maintaining oxygen transport capacity. How-
ever, no evidence-based data are available to allow a
comparison of the changes in lung function between this
consensual approach and goal-directed fluid therapy with
colloids or crystalloids. This experimental study uses a
novel animal model that mimics continuous, hidden
surgical bleeding and replacement of the associated
losses. We aimed to compare the effects of blood, colloid
and crystalloid solutions on the flow resistance of the
airways and on the viscoelastic properties of the respir-
atory tissues and then attempted to relate these changes
to pulmonary oedema indices. We hypothesised that the
respiratory effects of fluid resuscitation with blood would
differ from those observed after colloid and crystalloid
solutions.

Materials and methods

Ethical approval for this study (no. 1-74-50/2012) was
provided by the Experimental Ethics Committee of
the University of Szeged, Szeged, Hungary, on 7 Decem-
ber 2012, and granted by the Animal Health and Welfare
Office of the local authorities in Hungary (no. XIV/152/
2013, Chairperson Cs. Farle) on 9 January 2013.

Animal preparation

Anaesthesia was induced with an intraperitoneal injec-
tion of 5% chloral hydrate (400 mgkg™") in adult male
Sprague Dawley rats. T'racheal intubation was achieved
with a 16-gauge, polyethylene cannula (B. Braun Mel-
sungen AG, Melsungen, Germany) after subcutaneous
administration of local anaesthetic to ensure adequate
analgesia around the surgical wound (lidocaine, 2 to
4mgkg™"). The rats were then placed in a supine pos-
ition on a heating pad and connected to a small animal
ventilator (Model 683; Harvard Apparatus, South Natick,
Massachusetts, USA), and mechanically ventilated with
room air (70 breaths minfl, tidal volume 7 ml kgfl). A
femoral vein was catheterised (Abbocath 22-gauge) for
drug delivery and for fluid replacement. A femoral artery

was cannulated (Abbocath 22-gauge) and attached to a
pressure transducer (Model TSD104A; Biopac, Santa
Barbara, California, USA) for continuous monitoring of
mean arterial pressure (MAP), and to allow blood with-
drawal, as part of the experimental protocol. The arterial
pressure, ECG and heart rate (HR) were monitored
continuously with a data collection and acquisition
system (Biopac). Body temperature was kept in the
37+0.5°C range by using the heating pad.

Measurement of respiratory mechanics

T'he forced oscillation technique was applied in short (6-s
long) end-expiratory pauses interposed in the mechanical
ventilation sequence to measure the input impedances of
the respiratory system (Zrs).” Briefly, the ventilator was
stopped at end-expiration and the tracheal cannula was
switched from the ventilator to a loudspeaker-in-box
system. The loudspeaker delivered a computer-gener-
ated small-amplitude (<1 cmH,0) pseudorandom signal
(23 noninteger multiples between 0.5 and 21 Hz) through
a 100-cm long, 2-mm internal diameter polyethylene
tube. T'wo identical pressure transducers (model
33NA002D; ICSensors, Milpitas, California, USA) were
used to measure the lateral pressures at the loudspeaker
end (P;) and at the tracheal end (P,) of the wave-tube.
The signals P and P, were low-pass filtered (fifth-order
Butterworth, 25-Hz corner frequency) and sampled with
the analogue-digital board of a microcomputer at a rate of
256 Hz. Fast Fourier transformation with 4-s time win-
dows and 95% overlapping was used to calculate the
pressure transfer functions (£;/P,) from the 6-s recordings
collected during apnoea. Zrs was calculated as the load
impedance of the wave-tube.'® The input impedances of
the tracheal tube and the connections were also deter-
mined and subtracted from each Zrs spectrum.

A model containing a frequency-independent resistance
(R) and inertance (/), and tissue damping (G) and ela-
stance (H) of a constant-phase tissue compartment'' was
fitted to the Zrs spectra by minimising the weighted
difference between the measured and the modelled
impedance data. The tissue variables characterise the
damping (resistive) and elastic properties of the respir-
atory system. Raw and Iaw represent primarily the resist-
ance and inertance of the airways, as the contribution of
the chest wall to these variables in rats is minor.'?

Lung histology

After completion of the experimental protocol, the rats
were euthanised with an overdose of intravenous (i.v.)
pentobarbital sodium (300 mgkg™'). Midline thoracot-
omy was then performed and 4% formaldehyde was
instilled into the right lung via the tracheal cannula at
a hydrostatic pressure of 20 cmH,O after clamping of the
left main bronchus near the bifurcation. The right lung
was dissected and placed into 4% buffered formalin until
further processing. After complete fixation, horizontal
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trans-hilar sections (perpendicular to the longitudinal
axes of the lung from the hilum) were embedded in
paraffin. Two 5 wm sections were prepared in each lung
specimen and were stained with haematoxylin-eosin.
Digitalised images were used to obtain the oedema index
around randomly selected pulmonary vessels by dividing
the lumen area by the total area of the pulmonary vessel
(oedema cuff area—+vessel lumen area). Histological
images were analysed by the same investigator in a blind
fashion and in a random sequence by using JMicroVision
image analysis software (version 1.2.7).

Three to four tissue samples were dissected from the
different lobes of the unfixed left lungs; these samples
were weighed to establish the wet-to-dry weight ratio
(W/D) as an index of the lung water content.

Experimental protocol

T'he rats were randomly assigned into one of the three
protocol groups. The rats in Group B always received
autologous heparinised blood (7 =38). Fluid replacement
was performed with a colloid solution (HES 6% 130/0.4;
Fresenius Kabi Deutschland GmbH, Bad Homburg
v.d.H., Germany) in Group CO (7 =8), or with a crystal-
loid solution (NaCl 0.9%; B. Braun Melsungen AG,
Melsungen, Germany) in Group CR (#z=9). The exper-
iment began with standardisation of the lung volume
history through the administration of a hyperinflation
created by occluding the expiratory port of the ventilator
once the animal had reached a steady-state condition (5 to
10 min after starting mechanical ventilation). The base-
line respiratory mechanics were then established by
measuring three or four reproducible Zrs data epochs.
Next, haemorrhage was induced by the withdrawal of 5%
of the estimated total blood volume' via the femoral
artery (Fig. 1). Three minutes later, another set of Zrs
data was collected, including three individual measure-
ments at 1-min intervals. The withdrawn blood was used
for blood gas analyses (Cobas b221; Roche Diagnostics,
Basel, Switzerland) to determine the haematocrit (Hct),
pH and oxygen ( pa0;) and carbon dioxide ( paco,) partial

Fig. 1

pressures. The blood withdrawal and Zrs measurements
were repeated once more in an identical manner. After
completion of the first two steps of arterial haecmorrhage,
fluid replacement in accordance with the group allocation
was performed by administering 5% of the total blood
volume via the femoral vein. Three minutes after this
manoeuvre, a set of Zrs data was recorded. The blood
withdrawal/replacement procedure was repeated four
more times, with the collection of Zrs data 3 min after
each intervention. The total duration of resuscitation was
around 90 min, with each step lasting approximately
7 min. Further arterial blood gas analyses were performed
from the fourth and sixth blood samples. After com-
pletion of the measurement protocol, the lungs were
processed for oedema assessment, as detailed above.

Data analysis

T'he scatters in the measured variables were expressed as
SD values. The Kolmogorov—Smirnov test was used to
test data for normality. T'wo-way repeated measures of
analysis of variance (ANOVA), with the factors assess-
ment time and group allocation, were used to assess the
effects of blood loss and replacement on the respiratory
mechanical and haemodynamic variables. The baseline
respiratory mechanical assessments and oedema indices
were compared by using one-way ANOVA. The Holm—
Sidak multiple comparison procedure was applied to
compare the different conditions (for repeated measures)
or protocol groups (for independent groups). Correlation
analyses between the variables were performed by using
Pearson correlation tests. Statistical tests were carried out
with the SigmaPlot software package (version 12.5; Systat
Software, Inc., California, USA) with a significance level
of P value of less than 0.05.

Results

Rat body weights were not statistically different between
the groups (344 +16.1g for Group B, 320£51.24¢g for
Group CO and 361 £ 20.7 g for Group CR). Table 1 sum-
marises the baseline values of the respiratory mechanics for
the three experimental groups. No statistically significant

Lileatataratdiaalaides
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Total blood
volume
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Scheme of the experimental protocol. BG, assessment of arterial blood gas; BL, baseline; R1 to R5, fluid replacements; W1 to W6, blood

withdrawals; Zrs, measurement of respiratory impedance data.
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Table 1 Mean (SD) values of the airway resistance (Raw), tissue
damping (G) and elastance (H) obtained under the baseline
conditions in the three groups of rats

Raw (c] H

(cmH,017")

5332 (761.6)
5293 (1139.6)
4533 (546.0)

(cmH,017")

1034 (93.2)
1061 (131.3)
912 (105.0)

(cmH,0-s-17")

54.4 (7.6)
52.3 (10.9)
51.7 (9.9)

Group B
Group CO
Group CR

differences were detected in the variables reflecting the
airway or tissue mechanics.

T'he arterial blood gas values obtained at the beginning,
at the midpoint and at the end of the experimental
protocol are presented in Table 2. In Group B, Hct
did not change significantly throughout the protocol,
whereas decreases in pH (P<0.001) and pao,
(P=0.011) were seen. Compared with autologous blood,
fluid replacement with colloid solution resulted in a lower
Hct (P <0.001), while crystalloid administration led to
significant reductions in both Hct (P=0.010) and pH
(P=0.009). No significant difference in the changes in
a0, and pH was observed between the rats in Groups CR
and CO. The decreases in Het were more pronounced in
Group CO than those in Group CR (P=0.032).

Figure 2 depicts the changes in the airway and respiratory
tissue mechanics relative to the baseline. Blood with-
drawal resulted in a systematic lowering of Raw. Fluid
replacement with colloid in Group CO restored the base-
line value of Raw, whereas the Raw remained reduced
following the i.v. administration of autologous blood in
Group B (P=0.005). The changes in Raw after the i.v.
infusion of crystalloid solution in Group CR were less
marked (P < 0.038), with less obvious elevations in Raw
after the third fluid replacement manoeuvre. Repetitive
increases in G were observed throughout the protocol
(P <0.001), with no statistically detectable differences
between the protocol groups. H was elevated in all
groups, with significantly greater changes in Groups
CR (P=0.005) and CO (P=0.012) than in Group B.

T'he oedema indices obtained from the lung weights and
from the histological analyses are seen in Fig. 3. The
animals in both Groups CR and CO exhibited signifi-
cantly greater wet-to-dry lung weight ratios (£ < 0.001 for
both); this was also manifested in the perivascular pul-
monary oedema indices (P < 0.05 for both).

T'he systemic haemodynamic changes for the three groups
of rats are displayed in Fig. 4. The blood withdrawals

caused MAP to decrease systematically, and it was restored
to previous values by the fluid replacements, regardless of
the group allocation. HR gradually increased in all groups
of rats, with significant changes from R3, W3 and R2 in
Groups B, CR and CO, respectively.

The relationships between the wet-to-dry lung weight
ratio and the relative change in H are presented in Fig. 5.
Pooling of the data from the three protocol groups
revealed significant correlations between the macro-
scopic oedema index and the increased stiffness of the
respiratory system (7= 0.55, P <0.01).

Discussion

Although recent studies have focused on the morbidity
and mortality related to colloid or crystalloid use as fluid
replacement therapy,"*'* the pulmonary effects of these
solutions are mainly based on empirical investigations
without firm evidence.’™” Our experimental rat model
was intended to mimic continuous insidious surgical
bleeding and fluid replacement with solutions commonly
used in clinical practice, and allowed us to assess mech-
anical properties specific for the airway and respiratory
tissues following blood loss and replacement. The airway
resistance decreased subsequent to the haemorrhage and
remained low after fluid therapy with autologous blood,
but returned to baseline following colloid and increased
slightly after crystalloid. The respiratory tissues stiffened
more markedly in the animals receiving colloid and
crystalloid, with no difference in effect between these
solutions. These adverse mechanical changes were also
reflected in changes in the oedema indices determined by
lung weight and by histology.

There has recently been an extensive debate concerning
the best type and quantity of fluid replacement therapy
following blood loss. Blood products are used to maintain
the normal haemoglobin content of the circulation and
ensure oxygen transport. Restoration of the circulatory
blood volume by blood products has a beneficial effect on
the preservation of the microcirculation with minimal
morphological damage or ischaemic cell injury.'>'® In
common with previous findings, the blood loss in the
present study led to bronchodilation, which is most
probably due to the compensatory increase in thoracic
gas volume and/or the elevated levels of circulatory
catecholamines.® Our findings add to what is known from
a different model of haemorrhage that does not induce

Table 2 Mean (SD) values derived from arterial blood samples obtained at the first (W1), fourth (W4) and last (W6) withdrawal

Hct (%)
w1 w4 weé w1
Group B 34.4 (3.4) 345 (53) 339 (24) 7.52 (0.06)
Group CO  32.7 (3.6) 31.7 (3.6)  24.2 (5.0"** 7.51 (0.06)
Group CR 33.8 (2.3) 31.1(7.2) 285 (5.3)**** 751 (0.06)

pH pao, (mmHg)
w4 wé w1 w4 wé
7.44 (0.08)*  7.43 (0.03)* 79.4 (15.7) 695 (17.1)  63.3 (14.3)*
7.40 (0.03)*  7.40 (0.06)* 80.4 (8.7) 54.9 (7.0*  63.7 (6.7)*
7.42 (0.03)*  7.36 (0.06)***  79.9 (16.8)  63.0 (7.8)* 64.9 (12.3)*

Het, haematocrit; paos, arterial partial pressure of oxygen. * P < 0.05 vs. W1. ** P<0.05 vs. Group B. *** P<0.05 vs. Group CO.
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Changes in the airway (Raw: airway resistance) and tissue mechanics
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withdrawals (W1 to W6) and fluid replacements (R1 to R5) with
autologous blood (Group B), colloid (Group CO) or crystalloid (Group
CR). BV, total blood volume. *P < 0.05 vs. Group B within a condition,
*#P <0.05 vs. Group CO within a condition.

the severe hypovolaemia characteristic of hidden, leaky
blood loss during major surgery.

Our results demonstrate that the Raw essentially remains
lowered after administration of autologous blood. The
lack of a complete recovery in airway tone could be
attributed to the relaxation potential of heparin,'” but
a comparison of heparinised and nonheparinised colloid
solutions revealed no difference in their bronchial effects

Eur J Anaesthesiol 2016; 33:34-41

(data not shown), and the potential role of heparin can
therefore be excluded. Alternatively, the depressed Raw
may be attributed to the presence of bronchoactive
mediators in the sequestered blood, with the particular
importance of increased levels of adrenaline and nor-
adrenaline in the withdrawn and subsequently re-admi-
nistered blood.® In contrast to autologous blood, colloid
completely reversed the haemorrhage-induced broncho-
dilation. This illustrates the interaction between circu-
latory changes and airway mechanics, with recovery of the
original airway geometry following restoration of normo-
volaemia. The increase in Raw following colloid admin-
istration may be attributed to a distension of the bronchial
submucosal vessels and/or to oedema formation resulting
in airway wall thickening, or an exudation into the airway
lumen.'® A similar concept can be applied to the situation
following crystalloid, the first administration of which
fully reversed the decrease in Raw, when its entire
volume was likely to remain in the vascular bed. This
effect of the elevated intravascular volume may have
been abolished in the rats of Group B due to the presence
of catecholamines in the readministered autologous
blood.

Following blood administration, there were slight, gra-
dual increases in tissue viscoelasticity, which can be
attributed to atelectasis and subsequent loss of lung
volume induced by anaesthesia and mechanical venti-
lation in the supine position. This phenomenon was
confirmed by the decrease in pao,, which indicates loss
of alveolar surface available for gas exchange. An import-
ant finding of our study is the gradual, more marked
impairment of respiratory tissue viscoelasticity in the
animals receiving colloid or crystalloid solution
(Fig. 2). This might be due to the different rheological
properties of the fluids affecting the behaviour of respir-
atory tissue,'” or change in the colloid osmotic pressure
related to haemodilution. As these adverse changes were
also reflected in the oedema indices (Figs. 3 and 5), it is
possible to anticipate that the accumulation of perivas-
cular oedema will create stiffness in the compromised
respiratory tissue. It is noteworthy that no difference was
found between colloid and crystalloid treatments either
in the changes in tissue mechanics or in the oedema
indices. This suggests that, in terms of compromising
lung tissue viscoelasticity and pulmonary oedema for-
mation, these two solutions are equivalent, further sup-
ported by the lack of difference in the changes of blood
oxygenation following the two fluid replacement regi-
mens (Table 2). Studies that show little difference
between colloid and crystalloid in effects on extravascular
lung water, pulmonary leak index and lung injury score
are in agreement.?’~%* Our protocol covered only 90 min,
and although there might be an agreement within this
period, the prolonged effects would require further study.

An important methodological aspect of our protocol is
related to the nature and the volume of the fluid
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replacement strategies for osmolarity and was selected
for a comparison with the slightly hypertonic HES 6%
130/0.4.7° With regard to the volume of crystalloid
solution for fluid replacement, no evidence-based recom-
mendations are available. The conventional view is that
the volume of crystalloid to be administered should be
three to four times the blood loss,27 but recent studies
have questioned this, suggesting a ratio close to 1:1.%7%
As our interest was principally in the acute effects of fluid
replacement, the volume administered for both solutions
was the same as that chosen for the blood loss, 5% of the
total blood volume. The similarity in MAP and HR
between the protocol groups confirms this approach,
and is in accord with the concept of goal-directed
therapy.?®#

One methodological limitation of our study is the use of
total respiratory impedance data to assess pulmonary
changes. Although Raw accurately reflects the flow resist-
ance of the airways, the chest wall contributes signifi-
cantly to the tissue variables G and H.'* Nevertheless,
the viscoelastic properties of the chest wall exhibited
negligible change following the induction of severe
oedema with oleic acid.*® Therefore, we feel that our
results probably reflect pulmonary changes; however,
their magnitude may be somewhat underestimated due
to the masking effect of the chest wall. Another meth-
odological limitation is related to the species difference
between small rodents and humans, necessitating caution
in the extrapolation of our data to a clinical situation.
Although rats have substantially higher Raw, G and H
than humans, no major differences exist between mam-
malian species in the oscillatory mechanics apart from
scaling factor.”!

In summary, our results have provided experimental
evidence of the dissociated changes in the airway and
tissue mechanical properties following surgical-type
bleeding and its treatment with autologous whole blood,
colloid or crystalloid solution in a volume that fully
restored MAP. Histological analysis and measurement
of respiratory mechanics and gas exchange following
blood loss and consecutive fluid replacement strategies
revealed no differences between replacement with
colloid and crystalloid. The two solutions demonstrated
similar abilities to compromise the lung tissue viscoelas-
ticity subsequent to mild perivascular oedema formation.
These findings highlight the differences in behaviour of
the respiratory system following fluid replacement with
blood, colloid or crystalloid: a sustained bronchodilation
is expected after the administration of autologous blood,
without significant lung tissue changes, whereas colloids
and crystalloids tend to restore the basal airway tone at
the expense of deterioration in lung tissue viscoelasticity.
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