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5. Introduction
5.1. Anesthesia

Anesthesia is essential for a wide variety of medical procedures to relieve pain and provide
optimal conditions for surgical interventions and intensive care. The type and extent of
anesthesia required vary depending on the specific intervention. In medical practice, there are
several types of anesthesia: local anesthesia is used for minor procedures, it anesthetizes a small
part of the body. Regional anesthesia targets larger body areas, such as limbs, without affecting
the patient’s consciousness. General anesthesia involves administering various anesthetics to
induce a loss of consciousness, often requiring mechanical ventilation.

General anesthesia plays a crucial role in medical sciences and is, therefore, the subject of
extensive research. A significant focus of these studies is the investigation of the pulmonary
aspects of anesthetic interventions. Experimental research frequently necessitates the use of
general anesthesia [3]. However, it is well-established that general anesthesia has a significant
impact on the respiratory system [4], primarily due to respiratory depression or altered breathing
patterns resulting from disrupted control of breathing and loss of respiratory muscle tone [5].
These factors can lead to the rapid formation of atelectasis and airway closure, resulting in
reduced functional residual capacity, hypoxia, hypercapnia and increased intrapulmonary
shunting [5; 6; 7]. These blood gas abnormalities may also affect bronchial and pulmonary
vascular functions, ultimately altering respiratory mechanics [5; 6]. Mechanical ventilation can
mitigate these effects, preventing most of these complications [7; 8].

Agents used for general anesthesia can have various direct and indirect effects on the
respiratory system. Several studies have demonstrated the bronchodilator effects of volatile
anesthetics in both animal and human models [9; 10; 11; 12]. However, other studies have
reported serious respiratory adverse effects associated with certain anesthetic drugs, such as
xylazine-induced pulmonary edema and surfactant dysfunction [13; 14]. Xylazine is commonly
used for sedation alone or in combination with ketamine for general anesthesia. The effects of
other anesthetic agents on respiratory function and mechanics have not been fully characterized

yet.



5.2. Patient monitoring

Monitoring vital signs during medical interventions and intensive care is of paramount
importance. It enables the early detection of severe deteriorations in a patient’s condition,
thereby contributing to the prevention of adverse effects and enhancing patient safety and
outcomes. Depending on the medical procedure, patient monitoring can range from simple
measurements of vital signs to more sophisticated approaches, with several guidelines available
to standardize the level of monitoring required for different procedures [15]. Systems, such as
anesthesia machine platforms, display numerous vital parameters, facilitating decision-making
for medical professionals. Monitoring systems can display cardiovascular and respiratory
parameters such as blood pressure, oxygen saturation, ECG, heart rate, the composition of the

inspired gas mixture, airflow, airway pressure, capnograms, and EEG activity.
5.3. Respiratory monitoring: capnography

Capnography is an essential tool in patient monitoring, particularly in respiratory care. This
technique offers a non-invasive, continuous analysis of exhaled carbon dioxide, providing both
numerical data and graphical representations [16]. It operates primarily using two methods: the
qualitative approach with colorimetry [16; 17] or, more commonly, the quantitative approach
through infrared spectroscopy [16; 18].
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Figure 1 Mainstream (upper) and sidestream (lower) capnogram curve
(source: https://bionetus.com/vet/capnography/etco2-sensor-ss/)

Capnography can be categorized based on where the carbon dioxide measurement occurs:

it can be mainstream or sidestream. In mainstream capnography, the measuring device is placed



between the ventilator tubing and the Y-piece of the ventilation system [19], ensuring rapid and
precise data collection but with the drawback of increasing the dead space [20]. On the other
hand, sidestream capnography samples the gas continuously from the measurement site [19],
allowing the measurement of multiple gases besides CO..

There are also distinctions in how the CO2 concentration is displayed: time-based and
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Figure 2 Schematic diagram of time and volumetric capnogram curves (source: [1])

Paco.: mean alveolar carbon dioxide concentration at the midpoint of phase 111 of carbon dioxide
expiration; Perco.: ; acap=angle formed by the phase Il and phase 111 limbs of the expiratory time
capnogram; Damin and Davmin = curvature at the phase Il to phase Il transitions, calculated as the
minimum of the second-order time and volumetric derivative, respectively; SII,T: phase 2 slope time
capnogram; SHI,T: phase 3 slope of time capnogram; Sll,V: phase 2 slope of volumetric capnogram;

SII1L,V: phase 3 slope of volumetric capnogram; Vpe: anatomic dead space according to Fowler

volumetric capnography. Time capnography graphs the exhaled CO; against time, which helps
in identifying intubation issues or blockages in the tube. Volumetric capnography, meanwhile,
measures the CO> output per breath, requiring flow measurement and offering the advantage of
identifying ventilation dead spaces.

The capnogram curve is typically divided into three phases [21]. Phase 1 marks the
beginning of exhalation, where the exhaled gas leaves the conducting airways. Phase 2 shows
the transition zone, where gas from both the alveoli and conducting airways mixes [16; 22].
Phase 3 reflects the CO. content of the alveolar gas, displayed as a steadily rising plateau, with
the highest point indicating the end-tidal CO> concentration. At the end of phase 3, inhalation

begins and the capnogram curve returns to the baseline.



PCO, Normal Capnogram

40

Figure 3 Capnogram curve (source: [2])
A: start of exhalation; A-B: air from the conductive airways; B-C: mixed air from conductive
airways and alveoli; C-D: exhaled air from alveoli; D: end of expiration, end-expiratory CO;
D-E: inhalation; I: phase 1; Il: phase 2; I11: phase 3; IV: inhalation

Deviations in the capnogram curve could also suggest tube leakage, soda exhaustion,
obstructions (Figure 4), or improper intubation, among other potential complications, also we
can infer to the depth of anesthesia and the cessation of the muscle relaxant.
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Figure 4 Schematic diagram of capnogram curve during airway obstruction

(source: https://www.slideshare.net/slideshow/capnography-vs-plethysmography/73724225)



5.4. Pulmonary embolism

Embolism is a life-threatening cardiovascular event, that occurs when an embolus gets
lodged in the circulatory system and causes a circulation disorder. It ranks third in causes of
cardiovascular death worldwide, following stroke and myocardial ischemia [23]. First
described by Virchow in the 1800s, it was often associated with fatal outcomes [24].

Diagnosing pulmonary embolism is challenging for clinicians due to its highly variable
clinical symptoms [25], with the most common being pleuritic chest pain, dyspnea at rest,
tachypnea, tachycardia, and hypoxia [23; 24]. Laboratory tests (especially D-dimer),
ultrasound, chest CT, and analysis of end-tidal CO; levels and the capnogram curve can assist
in the diagnosis. Additionally, various clinical guidelines, such as the Wells score system,
which assigns up to 12.5 points based on multiple clinical features (with a score above 4 points
making pulmonary embolism likely and recommending imaging), are useful diagnostic tools
[24].

Embolisms can be categorized based on their formation. Fat embolism, typically following
fractures of long bones, involves fat droplets causing the blockage. Fluid embolism, a rare type,
mostly occurs during childbirth when amniotic fluid enters the bloodstream. Two more
common types are pulmonary thromboembolism, where a blood clot (mostly from deep veins
in the lower limbs) lodges in the arteries of the pulmonary system, and air/gas embolism, where
an air bubble blocks the vascular system (often iatrogenic).

Although both pulmonary gas embolism and thromboembolism compromise pulmonary
blood flow, they differ substantially, particularly in the regional distribution of pulmonary
perfusion defects. Gas bubbles in venous blood undergo turbulent mixing and disruption in the
right ventricle, leading primarily to gravity-dependent diffuse pulmonary hypoperfusion [26;
27; 28]. In contrast, the spatial distribution of thromboembolism is more focal, primarily
affecting distinct lung areas [29; 30; 31]. These fundamental differences in the spatial
distribution of lung perfusion defects may influence adverse changes in respiratory mechanics,
gas exchange, and ventilation-perfusion matching. Consequently, significant differences in
outcomes can be expected between these two forms of embolism.

Treatment for pulmonary embolism may vary according to the severity of the condition.
The primary therapies include anticoagulation (with low-molecular-weight heparin),
thrombolysis, or thrombectomy, but close observation of the patient is recommended in all
cases [24].
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5.5. Forced Oscillation Technique

Forced oscillation technique (FOT) is a method of respiratory function testing that also
allows for the study of respiratory mechanics. Its primary advantage is that it requires little or

no cooperation from the patient, or in our case, the experimental animal.

FOT measurements typically use a loudspeaker to generate external pressure signals that
are superimposed on the normal breathing pattern in spontaneously breathing subjects. These
pressure signals are delivered to the respiratory system while the oscillatory airflow and airway
opening pressures are measured. Airflow measurement can be performed with a screen
pneumotachograph based on the Hagen-Poiseuille equation, a Pitot tube based on Bernoulli's
principle, or even with ultrasonic measurement following the Doppler principle. By integrating
the measured airflow signal, the area under the resulting curve corresponds to the gas volume.
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Figure 5 Representative spectrum of FOT measurements

From the spectral analysis of the pressure and flow signals, the real part of the impedance
reflects the resistive properties (airway and tissue components), while the imaginary part
provides information on the respiratory system's elastic and inertive forces. By fitting a
mathematical model to the complex impedance spectra, physiologically relevant mechanical

parameters of the respiratory system can be identified.
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The low-frequency real part primarily determines the frequency-dependent tissue resistance
(G), which reflects the internal energy loss of the respiratory tissues. The low-frequency
imaginary part mainly represents the respiratory tissue elasticity (H). The ratio of these two
values infers the tissue hysteresivity (1)), which reflects the coupling of the resistive and elastic
properties in the respiratory tissues. The higher frequency components of the real part reflect
the airway resistance (Raw), which is the resistance exerted on the flow of gases in the airways.
The high-frequency imaginary part represents the airway inertia (law), resulting from the
acceleration and deceleration of the oscillating intrapulmonary gas. These considerations can
be applied to identify the mechanical properties of the respiratory system by fitting a well-
validated mathematical model to the impedance spectra as follows [32]:

. G—jH
Z(w) = Raw + j-o-law +

where Z is the measured impedance, Raw is the airway resistance, o is the angular frequency (o = 2zF),
Iaw is the airway inertance, G is the tissue damping, H is the tissue elastance, a = (2/m)arctan(H/G), j is

the imaginary unit.
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6. Aims

The general aim of the studies included in the present thesis was to better understand the
effects of different anesthetics and pulmonary air and thromboembolism on the respiratory
system. Given that the effects of anesthesia protocols commonly used in animal models on lung
function have not been systematically compared, the first study aimed to assess the respiratory
effects of agents frequently used for general anesthesia, with a specific focus on the following

research topics:

I. To investigate the respiratory effects of five widely used anesthetics in a common

rodent model at different positive end-expiratory pressure levels;

Il. To measure the responsiveness of the respiratory system under general anesthesia

using different anesthetic agents;

I1l. To compare the mechanical properties and airway responsiveness between the

anesthetic regimens used.

In the second study, we aimed to compare changes in indices reflecting airway and
respiratory tissue mechanics, gas exchange, and capnography parameters in cases of gas

embolism and thromboembolism. The specific aims of this study were:

IV. To measure the changes in lung mechanics, gas exchange, and capnography indices

during diffuse gas embolism and focal thromboembolism;

V. To compare the outcomes of these two different types of lung injury based on the

observed parameters.

13



7. Materials and methods

7.1. Ethical approval

Both experimental protocol was approved by the National Food Chain Safety and Animal
Health Directorate of Csongrad County, Hungary (no. XXXI1./2110/2019 on December 16,
2019 and no. XXXI11./2096/2018 on September 24, 2018). The experimental procedures were
performed according to the guidelines of the Scientific Committee of Animal Experimentation
of the Hungarian Academy of Sciences (updated Law and Regulations on Animal Protection:
40/2013. [I1. 14.], Government of Hungary) and European Union Directive 2010/63/EU on the
protection of animals used for scientific purposes. The results were reported according to the
ARRIVE guidelines [33].

7.2. Measurement of end-expiratory lung volume

VENTILATOR

Figure 6 Scheme of the measurement setup for the assessment of thoracic gas volume

Ptr: trachea pressure; Pbox: plethysmography box pressure.

We measured end-expiratory lung volume (EELV) using a custom-made whole body
plethysmography box [34]. For these evaluations, the animals were placed in a sealed plexiglas
box and ventilated normally.

During measurements, the trachea and box were closed for 10-15 s at end-expiration and
pressures inside the box and the trachea were measured during spontaneous breathing efforts
of the animal against the closed trachea. Measurements were performed at different levels of
positive end-expiratory pressure (PEEP). EELV was calculated from simultaneously measured
pressure signals by applying the Boyle—Mariotte law. To compensate for differences in body

size between animals, EELV values were normalized to body mass [34].
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7.3. Measurement of respiratory mechanics by forced oscillations

3 I

VENTILATOR D
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Figure 7 Scheme of the forced oscillatory measurement apparatus

P1 and P2 indicate the pressure sensors at the loudspeaker and at the tracheal end of the
wave tube. During the measurements, the respiratory limb was closed, and the animal was
connected to the loudspeaker via the wave tube. Between the measurements oscillatory circuit was
closed and the respiratory limb was open. To avoid lung derecruitment during the measurements
the oscillatory system also needs to be pressurized to the same level of PEEP.

In both studies the mechanical parameters of the airway and respiratory tissues were
determined by measuring the input impedance of the whole respiratory system under closed
chest conditions (Zrs) or the lung under open chest conditions (Z.) using the wave-tube
approach of the forced oscillation technique [35; 36; 37]. Briefly, a short (8 s) end-expiratory
apnea was induced, and the tracheal cannula was connected to a loudspeaker-in-box system by
turning a three-way tap. The loudspeaker delivered a small amplitude (<1 cmH20)
pseudorandom forcing pressure signal consisting of 23 non-integer multiples of a 0.25-Hz
fundamental frequency between 0.5 and 20.75 Hz through a polyethylene wave-tube (100 cm
length, 2 mm internal diameter). Lateral pressures on both ends of the wave-tube were measured
(P1 and P2) using two identical differential pressure transducers (24PCEFA6D, Honeywell,
Charlotte, NC, USA), low-pass filtered at 25 Hz, and digitized using an analogue-digital
converter of a data acquisition board (USB-6211, National Instruments, Austin TX) at a
sampling rate of 256 Hz. Pressure transfer functions (P1/P2) were calculated with fast Fourier
transformation (4-s time windows and 95% overlapping) from each 6-s recording. Zrs or Z

15



was calculated as the load impedance of the wave-tube from the recordings [38], and at least
three consecutive and consistent Zrs or Z. measurements were ensemble-averaged under each
experimental condition. The input impedance of the endotracheal tube and the connections had
previously been determined and subsequently subtracted from each Zrs or Z_ spectrum.

A mathematical model was fitted to the Zrs or Z, spectra by minimizing the relative
difference between the measured and modelled impedance data [32]. The model included Raw
and law in series with a constant-phase tissue compartment consisting of tissue damping (G)
and tissue elastance (H). G describes the dissipative properties (damping and resistance) while
H describes the stiffness (elastance) of the respiratory tissues (lung and chest wall). In both
conditions, Raw and law describe the flow resistance and inertance of mainly the conducting
airways as the contribution of the chest wall is minimal on these parameters [39]. To assess the

coupling of elastic and resistive components of the respiratory tissues, n was calculated as G/H.
7.4. Blood gas analyses

Samples of 0.15 ml arterial blood were collected for blood gas analyses, from which the
arterial partial pressures of oxygen (PaO2) and carbon dioxide (PaCO2) were determined using
a point-of-care blood analyzer system (Epoc Reader and Host; Epocal, Inc., Ottawa, ON,
Canada).

7.5. Recording and analyses of volumetric capnogram

The partial pressure of carbon dioxide (PCO>) in expired gas and ventilation airflow were
simultaneously recorded using a rodent sidestream volumetric capnograph (Harvard
Capnograph Type 340 for small rodents) at a sampling frequency of 256 Hz. Volumetric
capnogram curves were generated for each expiratory cycle from the PCO: tracing and the
volume signals obtained by integrating the corresponding ventilation airflow data. The
capnogram phase boundaries were determined, and the shape factors were calculated based on
previously described concepts [40; 41]. Briefly, the inflection point of phase 2 was determined
as the maximum of the first derivative of the volumetric capnogram curve, and the phase 2
slope was measured as the rate of change of PCO. around this inflection point. The start and
end points of phase 2, which reflect the mixed emptying of airway-alveolar spaces, were
identified as the maximum of the third derivative before and after this inflection point in both
the time and volumetric domains. The phase 3 capnogram slope, reflecting the dynamics of the

alveolar gas compartment emptying, was determined by fitting a linear regression line to the

16



middle third of phase 3. Normalized phase 2 (Sn2V) and 3 (Sn3V) slopes were calculated by
dividing phase 2 and phase 3 slopes by the respective ETCO> values. This normalization allows
a more objective comparison of changes in the capnogram shape due to changes in ETCOo,
such as observed in the embolism models used in this study [22; 42; 43].

Volumetric capnography also enables the calculation of Fowler’s anatomic dead space
(VDF), along with Bohr’s physiological dead space (VDB) and Enghoff’s modified
physiological dead space (VDE). VDF was defined as the exhaled gas volume until the
inflection point in phase 2 [44]. VDB was calculated as [45]:

VDB _ (PACO, — PECO,)
7 PACO,

where the mean alveolar partial pressure of CO, (PACO2) was defined as the CO> concentration
at the midpoint of phase 3 in the volumetric capnography curve, and the mixed expired CO>
partial pressure (PECO,) was estimated by dividing the integrated capnogram curve by tidal
volume (VT) in each expiratory cycle.

VDE, which also comprises nonventilated but perfused alveoli, also known as

intrapulmonary shunting, was obtained as follows [46; 47]:

VDE _ (PaC0, — PECO,)
VT PaCo,

where PaCO: is the partial pressure of CO- in an arterial blood sample.
The alveolar dead space fraction (AVDSf) was also determined [48]
as:

PaC0, — ETCO,
PacCo,

7.6. Animal preparations

7.6.1. Animal preparations in anesthesia study

Following anesthesia induction, subcutaneous injection of lidocaine (2-4 mg/kg) was
locally administered and tracheostomy was performed using a 2.5-mm metal cannula (tracheal
cannula with Luer end, 2.5 mm OD, # 732725, Harvard Apparatus, South Natick, MA, USA).
Mechanical ventilation was initiated with a rodent ventilator using room air ata VT of 10 ml/kg

using a frequency that achieved normocapnia. End-tidal CO, (ETCO2) was monitored using a

17



sidestream rodent capnograph (Type 340, Harvard Apparatus, South Natick, MA, USA). The
left femoral artery and vein were cannulated using a polyethylene tube (Abbocath 22G). The
arterial line was connected to a pressure transducer (MLT0380 Reusable blood pressure
Transducer, ADInstruments, Dunedin, New Zealand) and was also used to draw blood samples
for arterial blood gas measurements (epoc Reader and Host, Epocal Inc., Ottawa, ON, Canada).
The femoral venous line was used for delivery of the anesthetic agent, of pipecuronium a
neuromuscular blocking agent at 0.1 mg/kg every 30 min and for administration of the
methacholine (MCh) infusion. As a continuous intravenous (iv.) infusion was required for
anesthesia maintenance in group PF, an additional venous catheter was inserted into the right
jugular vein in the animals of this group. Animals were placed in the supine position on a
heating pad with a rectal thermometer connected and set to 37.0°C+0.5°C (Model 507223F,
Harvard Apparatus, South Natick, MA, USA). Vital parameters (ECG, arterial blood pressure,
body temperature, and exhaled CO2) were monitored and recorded using a data collection and

acquisition system (Powerlab 8/35 and Labchart, ADInstruments, Dunedin, New Zealand).
7.6.2.  Animal preparations in embolism study

Nine male Wistar rats (362 + 25 g) were anesthetized by the intraperitoneal (ip.) injection
of sodium-pentobarbital (45 mg/kg; Sigma-Aldrich, Budapest, Hungary). The femoral artery
and vein were cannulated by 23 G catheters to administer medications, monitor blood pressure,
and collect blood samples. Anesthesia was maintained with iv. sodium-pentobarbital (5 mg/kg)
every 30 min, and muscle relaxation was obtained by neuromuscular blockade with repeated
iv. boluses of pipecuronium (0.2 mg/kg every 30 min; Arduan, Richter-Gedeon, Budapest,
Hungary). The body temperature of the rats was maintained at 37°C + 0.5°C throughout the
experiment using a heating pad equipped with a rectal thermometer.

The animals were tracheostomized after local anesthesia with subcutaneous lidocaine
(2-4 mg/kg), and the trachea was cannulated with an 18 G uncuffed endotracheal tube.
Volume-controlled mechanical ventilation with a VT of 7 ml/kg and PEEP of 5 cmH20 was
applied using an identical small animal ventilator. The ventilation frequency was set to
55-60 breaths/min to maintain an ETCO: level within the normal range (35-45 mmHg). Midline
thoracotomy was then performed to access the left pulmonary artery. The mean arterial pressure
(MAP) and heart rate were monitored and recorded using the same data collection and

acquisition system.
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7.7. Study protocols

7.7.1.  Study protocol of anesthesia study

EELV PEEPO PEEP3 PEEP6 PEEP3 MChO
ﬂ— PEEPO | PEEPO | PEEPO — FOT BG |— FOT BG | FOT BG | | FOT BG >
PEEP3 MCh2 PEEP3 MCh4 PEEP3 MCh8 PEEP3 MChl6 PEEP3 MCh32

FOT BG FOT BG FOT BG FOT BG FOT BG ‘m

Figure 8 Study protocol of anesthesia study

Schematic of the experimental protocol. PEEP: positive end-expiratory pressure; PREP:
anesthesia induction, animal preparation and surgery; EELV: assessment of end-expiratory lung
volume; FOT: respiratory mechanical measurements; BG: arterial blood gas sampling; MCh:
methacholine challenge; TERM: termination of the animal.

The experimental scheme is illustrated in Figure 8. Following animal preparation, EELV
was measured using full body plethysmograph with increasing levels of PEEP at 0, 3 and
6 cmH20. Animals were then removed from the body box and neuromuscular blockade was
initiated. Respiratory mechanics were determined using forced oscillations while maintaining
the same PEEP levels as with EELV (0, 3 and 6 cmH-0O, again in an increasing order). Arterial
blood samples were collected and analyzed at each PEEP level to assess PaOy, partial pressure
PaCO., pH and serum glucose level. Finally, the responsiveness of the respiratory system to an
exogeneous bronchoconstrictor stimulus was measured with administration of a continuous iv.
infusion of MCh at increasing doses (0, 4, 8, 16 and 32 pg/kg/min) while maintaining a PEEP
of 3 cmH20. Responsiveness to MCh challenge was also assessed by calculating the dose
needed for a 100% increase in Raw (ED100raw). All measurements were performed under
anesthesia maintained in accordance with group allocation. Animals were euthanized at the end

of the experiment using an iv. bolus of 200 mg/kg sodium-pentobarbital.
7.7.2.  Group allocation according to anesthesia induction and maintenance

In the experiment where we compared the effects of different anesthetics on respiratory
mechanics, we performed our measurements on forty male Sprague-Dawley rats (280-540 g,
CD® IGS Rat, Charles River, Germany; 8-14 weeks of age). The animals were randomly
allocated to one of five experimental groups (N=8 in each group). Groups were assigned

according to the anesthetic agent used for induction: group PB were administered an ip. bolus
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of sodium pentobarbital (45 mg/kg, [49]), group KX were administered an ip. injection of
ketamine (60 mg/kg) and xylazine (10 mg/kg, [49]), group U were administered an ip. injection
of urethane (1000 mg/kg, [49]) and groups PF (propofol-fentanyl) and group S were
administered inhalational sevoflurane. Those animals were placed in a body box filled with
room air and 5% sevoflurane. Inhalational sevoflurane at a concentration of 1 to 2 MAC (2.2%-—
3.5% [50]) was then continuously administered through a face mask and then using a small
animal ventilator (Model 683, Harvard Apparatus, South Natick, MA, USA) through a
tracheostomy. Animals were surgically prepared, and anesthesia was maintained according to
group allocation. Anesthesia was maintained using repeated iv. boluses of sodium-pentobarbital
(12 mg/kg, every 30 min) in group PB [49], applying repeated ip. boluses of ketamine
(60 mg/kg) and xylazine (10 mg/kg) every 30 min in group KX [49], using a continuous iv.
infusion of propofol 30 mg/kg/h) and fentanyl (5 ug/kg/h) in group PF [49] or continuous
inhalation of sevoflurane at a dose of 1-2 MAC (2.2-3.5%, [50]) through a tracheostomy using
a ventilator in group S. Additional maintenance of anesthesia following induction was not

required in group U [49].
7.7.3.  Study protocol of embolism study

Following anesthesia induction and surgical preparations, including the thoracotomy, the

Anesthesia, 5 Air embolism 10-15 5
. Thoracotomy . . .
preparation min (0,1 ml air) sec min

A A A
(BL) (AE) (LPAO)
CAPNO, FOT, BG CAPNO, FOT, BG CAPNO, FOT, BG

Figure 9 Schematic protocol of embolism study

BL: baseline measurements; AE: air embolism; LPAO: left pulmonary artery occlusion;
CAPNO: capnographic measurements; FOT: respiratory mechanical measurements;
BG: arterial blood gas sampling

rats were ventilated as described above with a PEEP of 5 cmH20 throughout the study. After
stabilizing vital parameters, a lung recruitment maneuver was performed by closing the
expiratory limb of the ventilator tubing until the next expiration to standardize lung volume
history. Baseline data were collected 1-2 minutes later by recording capnograph curves and
FOT data, along with blood gas analyses of arterial blood samples. Pulmonary air embolism
(AE) was then induced by injecting 0.1 ml of air (0.5% of total blood volume) mixed with 0.9
ml of saline into the femoral vein while continuously monitoring the changes in systemic

hemodynamics and the capnogram. This injected air volume was titrated in pilot experiments
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to exert similar changes in ETCO> compared to those observed after unilateral pulmonary artery
occlusion, yielding comparable gas exchange defects assessed in the expired gas (see above).
When a peak decrease in ETCO, was observed (10-15 seconds after the air injection), an
additional data set was recorded (condition AE). The effects of AE on systemic hemodynamics
and gas exchange parameters lasted approximately 2—4 minutes and then returned to the normal
range after approximately 5 minutes, as verified by the continuous monitoring of relevant vital
signs. After a 10-15-min stabilization period, the left pulmonary artery was clamped using a
small-sized surgical clip, and a third data set, including capnography, forced oscillations, and
blood gas analyses, was collected under this condition, i.e. during left pulmonary artery
occlusion (LPAO).

7.7.4. Utility of volumetric capnography in detecting ventilation-perfusion mismatch in

models of acute pulmonary embolism — a simulation study

1 1+ 1
R. R, R,
5 R, = 2 K Ry=—2.R, =AR
— R1 R2 1_R2—Re z—R1 1= 1
_(A+1)-Re
re A

Figure 10 Schematic of wiring diagram and associated equations

R1: resistance of the lung half with unknown resistance; Rz: resistance of the lung half with known

properties; Re: equivalent resistance of the two lung part; A: the split ratio between the two lung halves

A computational study was conducted to model the effects of LPAO on physiological dead
space according to Bohr (VDB).

As an initial step, the distribution of VT between the right and left lungs was determined
based on a previously reported right-left asymmetrical distribution of 63% versus 37% in rats
under physiological conditions [51]. The absolute VT (4 ml), Raw (2 cmH20.s/l), and VDB
(1.43 ml) obtained under control conditions for the whole lung in the present study were
distributed between the lung sides according to the previously reported volume asymmetrical
distribution.

The mechanical characteristics are corresponding to electrical circuit elements therefore the

distribution of VT can be represented with two resistors connected in parallel (Fig. 10)
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7.8. Statistical analyses

7.8.1. Statistical analysis of anesthesia study

Data are presented as mean = SD for normally distributed variables. Normality was checked
using the Shapiro-Wilk test. Two-way repeated-measures analyses of variance (ANOVA) with
Holm-Sidak post hoc tests were performed to assess the effects of various anesthesia regimes
on PEEP-dependence or MCh dose-dependence of respiratory or vital parameters. One-way
ANOVA was applied to test for anesthesia-related differences in the responsiveness of the
respiratory system. Raw was the primary outcome variable for estimating the sample size
required for repeated-measures ANOVA with a power of 0.8 and an alpha of 0.05. Based on
previous data [52], the power analysis revealed that at least six animals were required in each
protocol group to detect a 40% difference as statistically significant. Two-tailed P-values less

than 0.05 were considered statistically significant.
7.8.2. Statistical analysis of embolism study

Data are presented as the median with interquartile ranges in each boxplot chart. The
Shapiro—Wilk test was used to evaluate the data distributions for normality. For each parameter
studied, one-way repeated-measures ANOVA with Holm—Sidak post hoc tests was applied to
assess significant differences between the results obtained in the protocol phases. Statistical
analyses were performed with the SigmaPlot software package (Version 14, Systat Software,
Inc., Chicago, IL, USA). Since changes in lung tissue stiffness were anticipated after embolism,
H was considered the primary outcome variable for estimating sample size using one-way
repeated-measures ANOVA, with an effect size (f) of 0.4, power of 0.8, and significance level
of 0.05. This analysis performed using G*Power (version 3.1.9.7, Universitdat Diisseldorf,
Germany) indicated that at least nine animals were required to detect a 15% significant
difference in the primary outcome when considering the previously observed variability [53].

Statistical analyses were performed at a significance level of P<0.05.
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8. Results

8.1. Results in anesthesia study

Group KX Group PB Group PF Group S Group U

4050 +744q | 3956+86.2g | 421.9+56.8g | 4200+52.4g | 405.0+43.3¢g

Table 1 Body masses of the rats in each group.

Data is displayed as mean + SD. No significant differences were observed. N = 8 in each group.
Group KX: group anesthetized with ketamine-xylazine; Group PB: group anesthetized with
pentobarbital; Group PF: group anesthetized with propofol; Group S: group anesthetized with

sevoflurane; Group U: group anesthetized with urethane
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Figure 11 Normalized end-expiratory lung volume (ml/kg)

End-expiratory lung volumes normalized to body mass. KX, ketamine-xylazine; PB, pentobarbital
sodium; PF, propofol-fentanyl; S, sevoflurane; U, urethane; PEEP, positive end-expiratory pressure.

*p<0.05 for all groups. N = 8 in each group.

The body masses of rats are demonstrated in Table 1. No significant differences in body
masses were observed between groups (p=0.92). EELV was normalized to body mass due to a
wide distribution of body masses within groups. EELV values normalized to body mass are

shown in Figure 11. Significant increases in EELV were observed at higher PEEP levels in all
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groups (p<0.001 for all), with no differences observed between any of the experimental groups
(p>0.10).
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Figure 12 Baseline respiratory mechanical parameters

(A) Airway resistance. (B) Tissue damping. (C) Tissue elastance. KX, ketamine-xylazine; PB,
pentobarbital sodium; PF, propofol-fentanyl; S, sevoflurane; U, urethane; PEEP, positive end-

expiratory pressure. *p<0.05 for all groups. N = 8 in each group.

Baseline respiratory mechanical parameters are illustrated in Figure 12. Raw significantly
decreased with increasing PEEP (p<0.001 for all), with no differences observed between any
of the experimental groups (p=0.54). Similar trends were observed in terms of the tissue
mechanical parameters G and H, with marked effects of PEEP (p<0.001 for all) and no
differences between experimental groups (p=0.36 for G and p=0.33 for H).
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Figure 13 Baseline blood gas parameters

(A) Partial pressure of Oz (Pa0,). (B) Partial pressure of CO, (PaCOy). (C) Arterial pH. (D)
Serum glucose. KX, ketamine-xylazine; PB, pentobarbital sodium; PF, propofol-fentanyl; S,
sevoflurane; U, urethane; PEEP, positive end-expiratory pressure. *p<0.05 for all groups;

#p<0.05 for group KX vs. other groups; 1p<0.05 for group U vs. other groups, §p<0.05 for group S
vs other groups; % p<0.05 vs. other PEEP levels in group KX. No significant differences in arterial

pH values were observed. N = 8 in each group.

Baseline blood gas parameters are depicted in Figure 13. No significant differences in PaO-
values were observed between groups (p=0.27); however, a negative PEEP-dependence was
observed (p<0.001). Increased PEEP caused significant increases in PaCO: in all groups
(p<0.05 in all), with no differences observed between any of the experimental groups (p=0.52).

Increasing PEEP levels had no effect on arterial pH (p=0.63), with no differences in arterial pH
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values observed between experimental groups (p=0.84). Non-fasting serum glucose levels were
not affected by PEEP and were within the normal range in groups PB and PF (p>0.05 in all
groups). While PEEP had no significant effect on the serum glucose levels in group S (p>0.50),
significantly higher serum glucose levels were observed in group S at a PEEP of 0 cmH20
compared to groups PB and PF (p=0.03 and p=0.02, respectively). There was a tendency for
this difference to be also present at a PEEP of 3 cmH20 (p=0.06 for PB and p=0.15 for PF),
while serum glucose levels in group S did not differ from those in groups PB or PF at a PEEP
of 6 cmH20 (p=0.41 and p=0.61, respectively). Of note, serum glucose levels remained within
the normal range for most animals in group S. Conversely, markedly elevated serum glucose
levels that exceeded the normal range were observed in groups KX and U, and these values
were significantly higher than in all other groups (p<0.001). While PEEP had no effect on the
above-normal glucose levels in group U (p>0.05), a significant increase in serum glucose levels
with increasing PEEP was observed in group KX (p<0.02).
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Figure 14 Baseline hemodynamic parameters

(A) Mean arterial blood pressure (MAP). (B) Heart rate (HR). KX, ketamine-xylazine; PB,
pentobarbital sodium; PF, propofol-fentanyl; S, sevoflurane; U, urethane; PEEP, positive end-
expiratory pressure. *p<0.05 for all groups; #p<0.05 versus group S; p<0.05 versus group U;

$p<0.05 versus group PF. No significant differences in HR were observed. N = 8 in each group.

Baseline hemodynamic parameters (MAP and HR) are shown in Figure 14. HR was stable
in all groups (p=0.57) regardless of the PEEP applied, with no significant differences between
experimental groups (p=0.18). MAP decreased in response to elevated PEEP levels in all groups

(p<0.01). Animals in groups S and U had significantly lower MAP values compared to the other
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three groups (p<0.01). Due to technical difficulties, sufficient hemodynamic data could not be

obtained during the MCh provocation.
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Figure 15 Respiratory mechanics during MCh provocation

(A—C) Changes in respiratory mechanical parameters during intravenous methacholine
(MCh) challenge (A) Airway resistance. (B) Tissue damping. (C) Tissue elastance. Solid grey
lines indicate baseline values (0 ug/kg/min). Dashed grey lines indicate dose required for a
100% increase in airway resistance. *p < 0.05 vs baseline for group KX; 1p < 0.05 Group KX
vs. other groups; #p < 0.05 vs. baseline for all groups (D) MCh dose needed to reach 100%

elevation of airway resistance (ED100Raw). *: p < 0.05. N = 8 in each group.
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Respiratory mechanics during iv. MCh provocation are shown in Figure 15. In terms of
Raw, group KX exhibited increased reactivity compared to the other groups, with statistically
significant increases observed at 8 and 16 pg/kg/min compared to baseline. Accordingly, the
highest increases in Raw were in group KX compared to other groups (p<0.001). Due to severe
bronchoconstriction (535%+223% increase compared to baseline), MCh provocation was
aborted in all animals in group KX at 16 pg/kg/min instead of 32 pg/kg/min in other groups. In
all other groups, significant elevations in Raw were observed during MCh infusion rates of 16
and 32 ug/kg/min compared to baseline. This difference in airway reactivity was also reflected

in the average values of ED100raw, With the lowest ED100raw Values observed in group KX

(p<0.03).
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Figure 16 Changes in arterial blood gas parameters during intravenous MCh challenge

(A) Partial pressure of Oz (Pa0,). (B) Partial pressure of CO, (PaCOy). (C) Arterial pH. KX,
ketamine-xylazine; PB, pentobarbital sodium; PF, propofol-fentanyl; S, sevoflurane; U, urethane.
*n < 0.05vs. MChO; #p < 0.05 vs. Group KX; 7p < 0.05 vs. Group U; §p < 0.05 vs. Group PB.
N = 8 in each group.
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Significant elevations of G were also observed in group KX at MCh infusions at
4 ng/kg/min and above compared to baseline (p<0.001). No differences were observed in G
between the other experimental groups (p>0.29), with significantly higher G values observed
at MCh infusions of 16 and 32 ug/kg/min (p<0.001). In terms of H, no significant differences
were observed between experimental groups (p=0.80), with significant elevations observed
starting at MCh infusion rates 4 pg/kg/min and above (p<0.001).

Changes in blood gas parameters during iv. MCh provocation are shown in Figure 16. MCh
administration had no effect on PaO, in most groups; however, lower PaO, values were
observed in group S (p<0.01). Similar trends were observed with PaCO> values, with decreased
PaCO- values observed in group U at the two highest doses of MCh (p<0.04). Significant
difference in arterial pH were observed at the highest dose of MCh compared to baseline in all
groups (p<0.04) with the exception of group U (p=0.7). Despite the differences in these trends,

no between-group differences were observed at any of the MCh infusion rates used.
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8.2. Results in embolism study
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Figure 17 Mechanical parameters in embolism study

Airway and respiratory tissue mechanical parameters at baseline (BL),
following air embolism (AE), and after left pulmonary artery occlusion (LPAQ).
Raw: airway resistance, H.: tissue elastance, G: tissue damping, n: tissue

hysteresivity (defined as G/H)

The mechanical parameters of the respiratory system under baseline conditions and
following induction of pulmonary embolism by two different mechanisms are shown in
Figure 17. No significant changes in these parameters were observed after AE. In contrast,
significant increases in all parameters reflecting airway (Raw) and respiratory tissue mechanics
(H, G, and n) were obtained after clamping the left pulmonary artery compared to baseline

values (p<0.05 for all). Significant differences in Raw, G, and n were observed between the
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two forms of embolism (p<0.05 for all), while there was a trend toward a significant difference
in H (p=0.1).
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Figure 18 Blood gas parameters

Arterial blood gas parameters and related capnogram indices obtained at baseline (BL),
following air embolism (AE), and after left pulmonary artery occlusion (LPAQO). ETCO-: end-
tidal carbon dioxide, PaCO,-ETCO-: arterial to the end-tidal CO; pressure gradient, PaO;:

arterial partial pressure of oxygen, PaCO.: arterial partial pressure of carbon dioxide

Figure 18 summarizes ETCO2, the PaCO,-ETCO. gradient, and the arterial blood gas
parameters under the baseline condition and following the induction of embolism by the two
different mechanisms. In accordance with our experimental approach to induce comparable gas
exchange defects assessed in the expired CO> concentration, the significant decreases in ETCO>
did not differ between the two embolism models (p<0.001 vs. baseline for both). Furthermore,

increases in PaO,-ETCO; of comparable magnitude were observed in both embolism models
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(p<0.05 vs. baseline for both). A significant decrease in PaO. and a significant increase in
PaCO. were observed following AE (p<0.001 for both). However, these parameters were not
significantly affected by LPAQO, resulting in significant differences in PaO2 and PaCO: between
the two forms of pulmonary embolism (p<0.001 for both). There was a strong tendency for an
increase in the arterial lactate level, with increasing from the baseline value of 2.6+0.8 mmol/I

to 3.6+1.3 and 4.3£1.8 mmol/l after AE and LPAO, respectively (p=0.056).
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Figure 19 Shape factors

Phase 2 and 3 slopes of the volumetric capnogram normalized to the end-tidal CO-
concentration obtained at baseline (BL), following air embolism (AE), and after left pulmonary

artery occlusion (LPAO)

Figure 19 shows shape factors representing the normalized phase 2 and phase 3 slopes
obtained by volumetric capnography. No significant change in Sn2V was observed after either
form of embolism. In contrast, significant increases in Sn3V were evidenced following LPAO
compared to baseline and after AE (P<0.05 for both).

Changes in dead space indices at different protocol stages are shown in Figure 20. There
were no significant changes in VDF or VDB following either form of embolism. However, a
significant increase in the VDE dead space fraction was observed following AE and LPAO
(P=0.003 and P<0.05, respectively). A significant increase in AVDSf compared to the baseline
condition was also observed following both forms of embolism (P<0.001 for both), with a trend
toward increased AVDST following AE compared to LPAO (P=0.063).

32



50 - 50 -
40 - 40 - -
. T T
; =
30 A > 30 |
5 5 | i
< l 2
L 20 A @ 20
0 o
e >
10 A 10 4
O T T T 0 T T T
BL AE LPAO BL AE LPAO
80 - - p=0.048 80 - £<0.001
p=0.003
T p<0.001
60 - 60 - L
: == %
2 40 - 8 40 - j_
L =
= < T
20 - 20 -
0 T T T 0 _3_ T T
BL AE LPAO BL AE LPAO

Figure 20 Dead space indices

Fowler anatomical (VDF), Bohr (VDB), and Enghoff (VDE) physiological dead spaces, and
alveolar dead space fraction (AVDST) expressed as a percentage of tidal volume (% of VT)
obtained at baseline (BL), following air embolism (AE), and after left pulmonary artery occlusion
(LPAO)
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_ 2 mins
2 mins Before
Before AE AE LPAO after
after AE LPAO
LPAO
MAP ) .
116 + 11 64 £21 110+£9 125+ 4 30+ 10" 108 + 12
(mmHg)
HR * *
BPM) 490 +57 | 352+48 474 £ 69 473+24 | 215+46™ | 463 +24

Table 2 Hemodynamics before, during and after embolism

Mean arterial pressure (MAP) and heart rate (HR) expressed as mean £+ SD obtained before air
embolism (Before AE), at the peak response following AE, and 2 minutes later. Values are also
reported immediately before the left pulmonary artery occlusion (LPAO), at the peak response after
LPAO, and 2 minutes after release of the left pulmonary artery.

*: p<0.001 vs. BL, #: p<0.001 vs. AE, $: p=0.013 vs. AE

Table 2 demonstrates the changes in the systemic hemodynamics before, during, and after
the embolic insults. AE and LPAO induced significant transient decreases in MAP and HR
(p<0.001, for all). Complete recoveries of MAP and HR were observed after AE with no

significant difference compared to the values obtained before the interventions.

8.3.  Results of the simulation study
Control condition LPAO

Right Left Whole Right Left Whole

lung lung lung lung lung lung
Volume ratio (%) 63 37 100 83 17 100
VT (ml) 252 | 148 4.00 3.33 0.67 4.00
Raw (cmH20.s/l) 47.3 57.8 26 57.8 289.2 48.2
VDB (ml) 0.90 0.53 1.43 0.95 0.53 1.48
VDB (% of VT) 35.7 35.8 35.8 28 80 37

Table 3 Results of the computational simulation study.

LPAO: left pulmonary arterial occlusion; Volume ratio: lung volume distribution in the two lungs;
VT: tidal volume; Raw: airway resistance; VDB (ml): anatomic dead space according to Bohr; VDB

(% of VT): dead space ratio normalized to VT
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Following LPAO, severe hypocapnia developed in the occluded left lung resulting in a
marked bronchoconstriction. Based on previous studies, Raw is increased by approximately
5-6-fold in the occluded lung, i.e. Raw rises from 57.8 to 289.2 cmH20.s/l [54]. Kirchhoff's
Law for parallel circuits can be used to assess the Raw in the contralateral right lung once the
overall Raw is known to have increased from 26 to 48.2 cmH20.s/l following LPAO. As the
distribution of VT between the right and left lungs is governed by the lateral Raw in the
absence of marked asymmetry in the tissue mechanics [54], VTs of 3.33 and 0.67 ml were
observed in the right and left lungs, respectively. The total VDB of 1.48 ml obtained in our
experiments after LPAO was then distributed between the two lungs by assuming that perfusion
of the left lung was almost entirely absent, with only a small proportion (20%) of normal
perfusion maintained due to preserved systemic bronchial circulation or incomplete blockade
of the left pulmonary artery. This resulted in a VDB of 0.53 ml for the occluded left lung
(80% of VT reaching the left lung) and 0.95 ml for the right lung (28% of VT reaching the right

lung).
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9. Discussion

The results of the studies included in the present thesis demonstrated changes in the
respiratory system in two different translational animal models.

The mechanical properties of the airways and the respiratory tissues are of critical
importance in determining gas exchange. The respiratory mechanics is affected by a wide
variety pulmonary disorders and diseases (e.g. COPD, asthma, pulmonary embolism) and
medical interventions (e.g. various drugs, mechanical ventilation, general anesthesia). Although
the pharmacological effects of the various anesthetic agents have been studied excessively,
there is still a lack of knowledge of how they affect respiratory mechanics. Thus, we focused
our first investigation on how sodium-pentobarbital, ketamine-xylazine, propofol-fentanyl,
sevoflurane and urethane affect various properties of the respiratory system and we also
assessed their modulation potential in response to bronchoprovocation.

Furthermore, pulmonary embolism is a common and potentially life-threatening condition.
One of the quick and accurate diagnostic tools of embolism is the characteristic distortion of
the capnogram curve. With regard to the type of embolism, different changes in the capnogram
curve and respiratory mechanics can be observed when the pulmonary ischemia is subsequent
to air bubble or a thrombus. Therefore, in our second study we aimed to compare these changes

in translational models of air- and thromboembolism.
9.1. Effects of general anesthesia

In this study we aimed to characterize the respiratory effects of iv. sodium-pentobarbital, iv.
propofol-fentanyl, ip. ketamine-xylazine, inhaled sevoflurane and ip. urethane, which are all
commonly used anesthesia regimes in rats. No significant differences in lung volume, baseline
respiratory mechanics or blood gas parameters were observed between the anesthesia regimes
at three different levels of PEEP. On the contrary, significant bronchial hyperreactivity was
observed with the administration of increasing doses of iv. MCh in rats undergoing ketamine-
xylazine anesthesia. Respiratory parameters in all groups were in good agreement with data
acquired previously by us in healthy animals in the same mass range and rats undergoing
pentobarbital anesthesia [52; 55].

9.1.1. Effects of general anesthesia on baseline respiratory mechanics

The lack of differences in baseline respiratory mechanical parameters between experimental
groups in this study may be attributable to a number of reasons. General anesthesia induces

respiratory depression with practically all anesthetic agents to various extents [5; 6; 7], and such

36



effects are particularly evident with the use of pentobarbital [56; 57] and propofol [58].
However, all animals were mechanically ventilated in this study, which prevented lung volume
loss and subsequently contributed to the similar EELV values observed between experimental
groups. This feature of this study in addition to physiologically low basal airway smooth muscle
tone can explain the lack of the previously described bronchodilator effects of sevoflurane [10]
and propofol [59]. While the bronchodilator effect of sevoflurane has been consistently reported
in subjects with increased bronchial tone (e.g. asthma [60], chronic obstructive pulmonary
disease [61] and following cardiopulmonary bypass [10]), the bronchodilator effect of
sevoflurane in normal subjects remains controversial [11; 12; 62]. Similar to our findings, no
bronchoactive properties of propofol [63] or sevoflurane [9; 64] were demonstrated under
baseline conditions in a previous study, with propofol found to have no bronchoprotective effect

against bronchoconstrictive agonists [63; 65].
9.1.2. Effects of general anesthesia on the responsiveness of the respiratory system

In contrast to previous findings under baseline conditions, anesthesia regimes can
significantly affect respiratory function during MCh-induced bronchoconstriction. Significant
increases in Raw during ketamine-xylazine anesthesia demonstrated severe bronchial
hyperreactivity compared to all other anesthetic regimes. The mechanism underlying this
hyperreactivity remains unclear. Ketamine acts against cholinergic bronchoconstriction in
isolated human [66] and guinea pig bronchi [67; 68], and sensitized rats [69] and sheep [63] in
vivo. Previous studies on the bronchial effects of xylazine are limited; however, almost all
describe a bronchodilatative effect of xylazine through activation of bronchial alpha-2 receptors
[70]. The discrepancy between the previously described bronchial effects of these two
anesthetics when used in isolation and our results with the combined administration of ketamine
and xylazine indicates that the combination of the two drugs may result in increased airway
reactivity. This increased Raw was also coupled with increased G and decreased arterial pH.
While Raw is considered a measure of flow resistance in central conducting airways [39], G
has more contributing factors. Elevation of G can most prominently indicate ventilation
heterogeneity due to inhomogeneous small airway constriction and/or closure [32; 71]. As
ketamine reportedly increases the collapsibility of the lung periphery, subsequent increases in
ventilation heterogeneity may explain substantial increases in G [72]. While the protective
effects of volatile anesthetics (including sevoflurane) against cholinergic bronchoconstriction
are well-established [9; 10; 11; 12], we were unable to demonstrate a protective effect of

sevoflurane on bronchoconstriction in this study. This finding may be attributable to the
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sustained bronchoconstriction and prolonged administration of sevoflurane in our study
protocol. Indeed, sevoflurane has previously been shown to reverse cholinergic
bronchoconstriction only transiently with a short duration of effect (approximately 5 min.) [73].

9.1.3. Effects of general anesthesia on blood sugar levels

Apart from the respiratory effects of the applied anesthetics, their applicability and other
vital parameters also warrant discussion. Non-fasting serum glucose values were within the
normal range in animals under pentobarbital, propofol-fentanyl or sevoflurane anesthesia.
However, blood sugar values above the normal range were observed under urethane and
ketamine-xylazine anesthesia. Urethane-induced hyperglycemia may be mediated by increased
sympathetic activation via alpha-2 receptors [74; 75; 76]. The progressive hyperglycemia
observed in group KX has previously been observed in studies using ketamine [77; 78] or
xylazine [79] alone and in combination [80]. This finding may also be attributable to an alpha-

2 receptor-mediated response, resulting in inhibition of insulin secretion [77; 80].
9.14. Effects of general anesthesia on systemic hemodynamics

Normal MAP values and HR were observed in all groups, with the lowest MAP values
(approximately 60 mmHg) observed in animals under sevoflurane and urethane anesthesia. This
finding is in concordance with the results of previous studies describing the hemodynamic
effects of these anesthetic agents [81; 82; 83; 84; 85; 86; 87].

9.1.5. Effects on general anesthesia on other organ systems

Our findings on the effects of anesthetic agents on pulmonary system can also be considered
in the context of their generalized potential to influence the function of various other organ
systems. Tendency for neuroprotection was proposed for volatile agents, such as sevoflurane
against neuronal injury in rats [88; 89], barbiturates like pentobarbital [90; 91], propofol [91]
and ketamine [92]. Conversely, the neurological effects of urethane are different compared to
other anesthetics without a major effect on the peripheral nervous system and various
subcortical areas [93], thereby allowing the induction of various peripheral reflexes or
characterizing cerebral processes like natural sleep [94]. This characteristic of urethane also
results in a lesser amount of respiratory depression in spontaneously breathing animals without
inducing apneic periods observed with other anesthetics [94]. Related to the effects of
short-term general anesthesia on the liver, various studies have described either dose-dependent
or idiosyncratic hepatotoxicity after using sevoflurane [95] or propofol [96], but not with most
barbiturates used for sedation or anesthesia, or ketamine [97]. These hepatotoxic effects need
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however, a longer timeframe to develop. It is important to note the carcinogenic effects
described with urethane, resulting in the development of both benignant and malignant tumors
in various organs of the animals, especially after repeated injections [98; 99]. Thus, it is not

recommended to use urethane anesthesia in surviving animals [49].
9.1.6. Considerations with depth of anesthesia

Regarding the depth of anesthesia, no signs of inadequate anesthesia or inconsistency in the
plane of anesthesia were observed in any of the experimental groups, as confirmed by the
stability of HR and blood pressure in similar experimental conditions and also before and after
the administration of boluses where applicable. The depth of anesthesia was also comparable
between the different study groups, as the vital parameters of the animals were comparable with
differences explainable by the known effects of the various regimes. Of note, the onset of
anesthesia was extremely long in group U (approximately one hour), and while the dose was
determined based on previous studies and published best practices, half of the animals (N=4)
required an additional injection of approximately 50% of the dose administered before baseline

measurements.
9.2. Effects of pulmonary embolism

This study revealed fundamental differences between models of pulmonary embolism,
although comparable decreases in the expired carbon dioxide concentration were induced by
the gas- and thromboembolic models. Unilateral pulmonary arterial occlusion caused marked
elevations in the bronchial tone and compromised lung tissue mechanics, whereas AE did not
affect lung mechanics. In contrast with these lung mechanical changes, AE was the only insult
that caused significant deteriorations in the arterial blood gas parameters, while partial pressures
of oxygen and carbon dioxide in the arterial blood were unaffected by LPAO. No changes VDF
or VDB reflecting ventilated but poorly perfused lung areas were observed in either embolism
model. Conversely, both AE and unilateral pulmonary artery occlusion resulted in elevated

alveolar dead space indices that indicate intrapulmonary shunting (Enghoff and AVDSY).
9.2.1. Airway mechanical effects of pulmonary embolism

The main finding of this study was that distinct lung mechanical responses developed in
response to the different models of lung embolism, even in the presence of similarly
deteriorated ETCO: levels. In contrast to the lack of changes in lung mechanics following AE,

marked bronchoconstriction developed in response to LPAO (Fig. 17). This finding can be
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explained by the ability of the CO> content of the intrapulmonary gas to modulate the airway
smooth muscle tone, resulting in severe bronchospasm below a threshold partial pressure of
CO:> of approximately 10 mmHg [54] Reaching this threshold CO2 concentration in the
ischemic left lung during LPAO explains the elevations in Raw. The magnitude of the overall
increase in the Raw was blunted by the intact right lung, which was probably somewhat
overinflated. Conversely, the diffuse pulmonary hypoperfusion that developed after AE was
likely to cause a moderate and relatively evenly distributed hypocapnia in the bronchoalveolar
system, in which the threshold concentration to trigger a bronchial smooth muscle contraction

was not reached [54].
9.2.2. Lung tissue mechanical effects of pulmonary embolism

These differences in the airway responses between AE and LPAO were associated with
distinct changes in the forced oscillatory parameters reflecting respiratory G and stiffness (H).
The excessive increase in G over those in H indicates the development of ventilation
heterogeneities [100]. As this pattern of change was observed only after LPAO, the impairment
in respiratory tissue mechanics indicates that considerable ventilation inhomogeneity developed
after LPAO due to uneven lung ventilation resulting from the additive effects of volume loss in
the left lung and overdistension of the right lung. The presence of this phenomenon was
confirmed by the elevations in mechanical and capnography parameters sensitive to ventilation

heterogeneities (n and Sn3V).
9.2.3.  Effects of pulmonary embolism on blood gas parameters

Changes in blood gas parameters notably differed between the two embolism models, with
significant deteriorations observed only after a diffuse pulmonary perfusion defect generated
by AE (Fig. 18). In agreement with previous findings [101; 102; 103], acute AE led to the
development of hypoxia and hypercapnia. The adverse gas exchange defects were reflected in
the alveolo-end-tidal CO; gradient (Fig. 18) and in the marked elevations in VDE and AVDSf
(Fig. 20). Since VDE and AVDSf incorporate poorly ventilated but perfused alveoli with low
ventilation-perfusion matching [104], increased intrapulmonary shunting may be responsible
for this finding as a consequence of a perfusion redistribution [103]. Interestingly, blood gas
parameters were unaffected by LPAO despite concomitant increases in capnography
parameters reflecting intrapulmonary low ventilation-perfusion perfusion areas and shunting
(PaCO2-ETCO:z in Fig. 18 and VDE and AVDSTf in Fig. 20) and in the airway and respiratory
tissue mechanics (Fig. 17). The absence of changes in PaO. following LPAO agrees with
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previous results demonstrating that oxygenation can remain normal following acute pulmonary
thromboembolism [105; 106]. This finding is likely attributable to the unaffected right lung
being able to maintain blood gas parameters within the normal range due to increased VT in

response to hypocapnic bronchoconstriction in the ischemic left lung [107].
9.2.4. Effects of pulmonary embolism on anatomical dead space

No change in VDF was observed after inducing lung embolism using air bubbles or
unilateral pulmonary vascular ischemia (Fig. 20). As VDF reflects the amount of gas in the
conducting airways [44], this finding demonstrates that there was no change in the anatomical
dead space fraction following either intervention. While severe bronchoconstriction in the
hypocapnic left lung may yield a unilateral reduction in apparent anatomic dead space [108],
the redistribution of VT to the right lung may have overinflated this compartment, thereby

counterbalancing the anatomic dead space.
9.2.5. Effects of pulmonary embolism on physiological dead space

The lack of change in VDB after either form of embolism is worth noting (Fig. 20).
Unilateral occlusion of the pulmonary artery is expected to result in nonperfused but
well-ventilated lung regions. Furthermore, the development of a similar ventilation-perfusion
mismatch is expected after introducing air into the pulmonary circulation. Accordingly,
elevations in VDB can be anticipated in both models of embolism based on Riley’s
3-compartment lung model, in which VDB reflects the amount of well-ventilated but poorly
perfused alveolar compartments [109]. This seemingly controversial result can be explained by
the complex pathophysiological processes initiated by the massive ventilation-perfusion
mismatch after embolism. Development of severe bronchoconstriction in the hypocapnic left
lung following LPAO can reach a degree where airflow redistribution from the left into the
right lung results in a constant VDB. The presence of this mechanical defect after LPAO was
confirmed by our forced oscillatory data demonstrating marked elevations in Raw (Fig. 17).
The lack of change in VDB following AE may be attributable to the relatively small amount of
air reaching the pulmonary circulation (6%—8% of total intrapulmonary blood volume) that may
have caused no major perfusion defects. Taken together with the findings from the
computational study, this revealed that the lack of changes in VDB for the whole lung after
LPAO can be explained by the development of severe hypocapnia-induced bronchoconstriction
in the affected (left) lung, leading to the redistribution of VT to the contralateral unaffected
(right) lung. This process may be accompanied by hypoxic pulmonary vasoconstriction in the
occluded left lung, which further contributes to the uneven distribution of VDB.
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9.3. Study limitations

9.3.1. Limitations of the anesthesia study

As a first limitation, our study comprised only male Sprague-Dawley rats. While males and
female mice have previously been reported to have similar baseline respiratory mechanics when
adjusted for body size [110], metabolic differences may influence the effects of various
anesthetics. Sex differences have been found in the metabolic rate of pentobarbital [111],
propofol [112; 113], and ketamine [114], with faster metabolism and higher doses needed in
male rats or humans. While sex differences in the rate of metabolism of ketamine were also
demonstrated, the effect of the actual plasma levels of various sex hormones was negligible
[114]. No sex differences were found when using sevoflurane anesthesia in humans [113]. It is
to be noted, though, that some studies have also described a faster metabolism in female humans
when using propofol [115; 116]. Also, sex differences were found in mice in terms of airway
responsiveness, with males showing significantly greater airway responses to MCh provocation
[110].

Regarding different rat strains, differences can be expected in respiratory parameters
(absolute values and in responsiveness of the animals) [117; 118; 119] and in metabolic and
functional aspects of anesthesia [120; 121]. However, the baseline respiratory mechanical data
presented in this study are in good agreement with those of previous studies using Wistar rats
of the same size [36; 122].

All animals used in this study were considered to be young adults (body mass ranging
between 280 g and 540 g, approximately 8-14 weeks of age). While most experiments include
animals of a similar age and weight, the use of animals of differing ages may give different
results due to age-related differences in anesthesia. This can manifest as dose differences and
potentially differences in respiratory function. However, the observed differences in respiratory
function between the different anesthetic regimes in this study are likely to be genuine as age-
related differences in respiratory function are predominantly related to differences in body size.

This study comprised normal healthy rats without pathologies related to the respiratory or
other organ systems. The presence of pathologic changes may alter the effects of anesthetic
agents observed in this study, particularly when using rats as a model for respiratory diseases
such as asthma, COPD or lung cancer.

The duration of the study protocol was limited. While the length of the experiments
(approximately 2—-2.5 hours) was similar to the most frequently used experimental protocols,
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the examined outcomes may have differed with the use of a more prolonged experimental
protocol, partly due to hemodynamical changes and heart-lung interactions.

Regarding the choice of anesthetics, the agents and their respective doses evaluated in this
study were selected based on an extensive literature search and overview of the most commonly
applied regimes. Accordingly, some anesthetic agents were used alone (urethane, pentobarbital
and sevoflurane) as they have previously been shown to have appropriate analgesic effects in
rodents [84; 123; 124]. Other agents were used in combinations. Propofol alone has an
insufficient analgesic effect [125] and the combination of propofol with the opioid analgesic
fentanyl is routinely used in human anesthesia. Ketamine is commonly used with xylazine in
animal anesthesia due to their synergistic analgesic and anesthetic effects [126]. Since the
effects of general anesthesia are dose-dependent [4], usage of different doses of the investigated
agents can be a confounding variable and may be a subject of forthcoming investigations.

The current study aimed at characterizing the respiratory changes of animals undergoing
general anesthesia with ventilatory support. While it is known that general anesthesia causes
respiratory depression in a mostly dose-dependent manner [4], changes the breathing patterns
[6; 7], and may result in lung volume loss via airway closure and atelectasis formation, the exact
characterization of these phenomena in spontaneously breathing animals with the individual

anesthesia regimes is beyond the scope of this study.
9.3.2. Limitations of the embolism study

A methodological consideration of the protocol for the embolism study is related to the
protocol design, which focused on the acute consequences of PE. This approach allowed the
comparison of two pulmonary circulatory insults in an animal model, thereby strengthening the
statistical power and reducing the need for an excessive number of animals in accordance with
the 3R principle. Indeed, complete recovery of monitored gas exchange (ETCO3) and systemic
circulatory parameters (MAP, HR) was observed between the interventions, which suggests the
lack of a carryover effect between the protocol stages. However, the generalization of our
findings to prolonged pulmonary perfusion defects should be considered. An additional
limitation of this study is that volumetric capnography provides an overall picture about the
ventilation-perfusion matching for the entire lungs. Expanded use of imaging techniques, such
as SPECT [127], K-edge subtraction [128], electric impedance tomography [129], or
quantitative ventilation-perfusion analysis by inert gas elimination [130] has the potential in

forthcoming studies to further investigate the mechanisms by allowing regional assessments.
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9. Summary and conclusions

This thesis presents a systematic comparison of the effects of commonly used anesthetic
agents on the respiratory system at different PEEP levels and the lung's responsiveness to an
exogenous constrictor stimulus.

Summarizing the effects of different anesthetic regimes on respiratory mechanics in rats,
our findings led to the following conclusions:

l. No differences were observed in baseline respiratory mechanics and function
between the anesthesia regimes at any PEEP levels.

Il.  Although baseline mechanical parameters were consistent, bronchial hyperreactivity
developed under ketamine-xylazine anesthesia.

1. The baseline respiratory mechanics of ventilated rats are not influenced by the
commonly used anesthesia regimes at generally administered doses, allowing for a
fair comparison among experimental animals undergoing different anesthesia
protocols. Furthermore, ketamine-xylazine anesthesia may not be suitable for studies
where bronchial reactivity is a critical component (e.g., sensitization studies).

The outcomes of the second study provide unique data on the differences between diffuse
lung injury induced by intravenous injection of air bubbles, modeling gas embolism, and focal
thromboembolism caused by clamping the left pulmonary artery. Regarding the effects of
pulmonary air and thromboembolism on respiratory mechanics and ventilation-perfusion
matching in rats, our findings led to these conclusions:

V. Deteriorations in lung mechanics, reflecting the development of heterogeneous
bronchoconstriction, were observed after a focal ischemic insult to pulmonary
perfusion. The severity of hypocapnia did not reach the threshold level to alter
bronchial tone in any lung regions following a diffuse pulmonary perfusion defect
subsequent to pulmonary air embolism.

V. Contrasting with the mechanical changes, arterial blood gas parameters deteriorated
following a diffuse pulmonary perfusion defect due to pulmonary air embolism,
while focal perfusion defects due to pulmonary vascular occlusion triggered a
compensatory respiratory mechanical response. This response led to airflow
redistribution to lung areas with maintained perfusion, thereby maintaining normal
oxygenation and CO: elimination. The different impacts of air and thromboembolism
on lung mechanics and gas exchange may have implications in tailoring respiratory

support for patients.
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