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ABSTRACT: Animal models are an essential step between “in vitro” testing and clinical studies.
Different animal models have been useful for the study of pathophysiology, diagnosis and therapy
in ventilator-associated pneumonia (VAP).

Aspiration has been studied in dog and cat models and bacteriological diagnosis has been
evaluated in baboons. Pigs have been used for studying either spontaneous or induced VAP.
Intubated piglets in prone position were administered analgesia and muscle paralysis was
induced, and the intubated piglets underwent mechanical ventilation for several days. In this
model, spontaneous VAP due to common bacterial pig colonisation develops within a few days.
Pneumonia can also be induced by inoculating high concentrations of microorganisms
(Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus).

Different clinical, physiological, microbiological and pathological parameters of infection have
been studied in this model. In addition, administration of antibiotics and inflammatory modulators
and their consequences in microbiological eradication and local and systemic inflammation have
been evaluated with interesting translational results.

Although bronchial inoculation of healthy subjects does not resemble the common
pathophysiological mechanisms, the experimental model of ventilator-associated pneumonia
induced by the inoculation of high concentrations of microorganisms in mechanically ventilated
piglets is useful for the study of the local and systemic responses of lung infection and for the
determination of potential measures of prevention or therapeutic modulation.

KEYWORDS: Animal model, antimicrobial therapy, inflammatory markers, ventilator-associated
pneumonia

in the ICU setting with an incidence of 9-20%
among mechanically ventilated patients [2, 3] and
a mortality rate of 20-80% [4]. Many aspects
regarding the pathophysiology, diagnosis and
therapy of VAP remain unsolved.

entilator-associated pneumonia (VAP) is
v defined as pneumonia in patients intubated
and/or receiving invasive mechanical ven-
tilation for >48 h. Rates of pneumonia are

increased 6- to 21-fold for intubated patients and
show a further rise with the duration of mechanical

ventilation. In the intensive care unit (ICU), the risk
of mortality appears to be 2- to 10-fold higher in
patients with nosocomial pneumonia [1]. The
diagnosis of VAP requires a new radiographic
infiltrate and, in addition, two out of the following
conditions: fever or hypothermia; leukocytosis or
leukopenia; and/or purulent tracheobronchial
secretions. VAP is a frequent and severe infection

Animal models are an essential step between in
vitro testing and clinical studies, and are neces-
sary for the understanding of pathophysiology,
pharmacology and efficacy of therapy. An animal
model provides a unique opportunity to study
some of the incompletely understood mechanisms
involved in VAP, such as the role of inflammation,
the dynamics of bacterial colonisation and/or
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infection, and the response to antimicrobial therapy. Some
advantages of an animal model of VAP are based on the
accurate control of significant variables, such as the precise
timing of the infectious challenge. This allows better control of
different phenomena and their relationship with the time
elapsed from the onset of the infectious insult, minimising the
confounding impact of spontaneous airway colonisation.
Additionally, the effect of antimicrobial therapy on cultures
can be better controlled, and pharmacokinetic and pharmaco-
dynamic studies can be accurately performed.

This article summarises the published experience in animal
models, particularly the piglet model, of VAP; the dynamics of
spontaneous and artificially induced lung infection; the value
of different culture methods in lung infections; the pathophy-
siology of inflammation; and the pharmacokinetics and phar-
macodynamics of antimicrobial agents.

ANIMAL MODELS OF VAP

There have been few studies of experimental aspiration
pneumonia, and these were mainly carried out in the 1970s
using cats and dogs to study the pathophysiology of lung
injury [5]. In addition, TiLsON et al. [6] have studied the
quantitative bacteriology and pathology of the lung in
experimental Pseudomonas aeruginosa pneumonia treated with
positive end-expiratory pressure (PEEP) and MOSER et al. [7]
have used a canine model of pneumonia to compare the yield
of different diagnostic procedures in experimentally induced
Streptococcus pneumoniae pneumonia. However, the first
attempts to use an animal model for the study of different
aspects of nosocomial pneumonia following mechanical
ventilation were the studies carried out by JOHANSON and co-
workers [8-10] in the 1980s, which used a baboon model to
study the bacteriological diagnosis of pneumonia. In the
studies by JoHANSON and co-workers [8-10], cultures of
tracheal secretions, bronchoalveolar lavage (BAL), protected
specimen brushes (PSB) and direct lung aspirates were
compared with cultures of lung homogenates and with
histological findings. The efficacy of antimicrobial agents
applied topically in the oropharynx and trachea with and
without intravenous antibiotics in preventing bacterial pneu-
monias was also studied in 35 baboons after 7-10 days of
intubation and mechanical ventilation.

MARQUETTE et al. [11] developed a model of experimental
pneumonia in mechanically ventilated subjects using 22+ 2 kg
Landrace-White piglets. It was found that piglets mechanically
ventilated for 4 days with experimentally created tracheal
stenosis consistently developed spontaneous pneumonia and,
therefore, the authors decided to conduct a study comparing
the histological and bacteriological findings in previously
healthy pigs infected with bacterial pneumonia while free of
antibiotic therapy. Lung pathology was evaluated according to
a pathological score described elsewhere (table 1) [13].
Characterisation of this piglet model has been extensively
described elsewhere [12].

In order to achieve adequate general anaesthesia, and
analgesia and muscle paralysis to allow the animals to be
maintained on mechanical ventilation for several days,
MARQUETTE et al. [11] developed a well-tolerated drug combina-
tion of midazolam, fentanyl and pancuronium bromide. They
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also designed an ““ideal” regimen of fluid and electrolyte
supply to obtain a stable haemodynamic status and satisfac-
tory electrolyte balance. Other problems, such as catheter
insertion for haemodynamic and oxygenation monitoring,
arterial and venous blood sampling, and vesical catheters,
were also solved.

Piglets were ventilated in the prone position, as with sheep or
cows, because mechanical ventilation in the supine position
results in lung atelectasis with severe ventilation/perfusion
mismatch within a few hours. Ventilation parameters were
adjusted to maintain arterial carbon dioxide tension 35-
45 mmHg (4.7-6.0 kPa) and arterial oxygen saturation 90%
throughout the study period. Endotracheal suctioning was
routinely performed for removal of excess secretions. In the
original description of this model, parenteral feeding, fluids
and electrolytes were provided through continuous infusion of
Ringer’s lactate (125 mL-h™") and 10% glucose (40 mL-h™) [12];
however, other approaches have been used by other investi-
gators [14]. The piglets remained under mechanical ventilation
for 3—4 days, and were then sacrificed by an infusion of KCL

Spontaneous pneumonia due to common airway colonising
microorganisms in pigs is nearly a constant feature after
several days under mechanical ventilation (Pasteurella multo-
cida and Streptococcus suis are commonly present, but Klebsiella
oxitoca, P. aeruginosa, Staphylococcus epidermidis and S. aureus
can also be isolated; table 2) [15]. Pneumonia may be also
induced by the inoculation of solutions with a high concentra-
tion of pathogens (10° to 10® colony-forming units (CFU)-mL™).
K. oxitoca, Escherichia coli, P. aeruginosa, S. aureus and Group B
streptococci have been used for this in different studies [12, 16—
21]. The use of antimicrobials as part of the research protocol
may either have a therapeutic effect, sterilising the lungs from
pathogenic microorganisms, or a prophylactic effect against
the development of infection by colonisers or inoculated micro-
organisms [12, 14].

Routine and special procedures included: daily biochemistry
laboratory determinations and blood gas analysis; strict control
of common physiological variables (body temperature and
haemodynamics); ventilatory monitoring; basal and post
mortem cultures (blood, BAL and lung tissue); blood and
BAL measurement of inflammatory markers (cytokines and
acute phase reactants); pharmacokinetics and pharmaco-
dynamics of antimicrobials and post mortem pathology of lung
and other organs.

DYNAMICS OF SPONTANEOUS LUNG INFECTION IN
MECHANICALLY VENTILATED ANIMALS

Piglets subjected to prolonged mechanical ventilation and/or
experimental bronchial stenosis rapidly develop endogenous
pneumonia, predominantly due to P. multocida or S. suis [22].
Parenchymal bacterial burden is unevenly distributed within
the lungs and even within the lung segments, and there is no
clear-cut threshold for quantitative cultures that allows dis-
crimination of the presence or absence of pneumonia. The
administration of ceftriaxone reduces the incidence of histologi-
cally proven pneumonia and the bacterial burden of pneumonia
tissue. Nearly all piglets that received antibiotics, but less than
half of those that received ceftriaxone, developed histologically
proven pneumonia (p<<0.05). Pneumonia was present in 54% of
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Grade Synonym Description

0 No pneumonia Absence of lesions

1 Mucus plugging Purulent mucus plugging in peripheral airway

2 Bronchiolitis Polymorphonuclear leukocytes localised within the lumen and bronchiolar wall alterations
3 Pneumonia Focal polymorphonuclear leukocytes, fibrin and few erythrocytes in the alveolar lumen
4 Confluent pneumonia Confluent pneumonia lesions

5 Abscessed pneumonia Pneumonia coexisting with parenchymal necrosis

#: as described by MARQUETTE et al. [12].

the dependent segments and in only 25% of the nondependent
lung segments (p<<0.05). In 75% of the cases, pneumonia
involved both lungs [15].

WERMET ef al. [15] found that, after 4 days of mechanical
ventilation in piglets with histologically proven pneumonia, the
mean bacterial count was 7.8 x 10>+ 7.1 x 10> CFU-g ™" in a group
treated with ceftriaxone, but it was 4.5 x 10°+2 x 10° CFU-g'1 in
those receiving no antibiotics (p<<0.01) [15]. The histological
scores were significantly higher in the untreated animals
(2.04+1.62 wversus 0.83+1.24; p<0.001). There was a not
straightforward correlation between the total number of bacteria
grown in pulmonary biopsy specimens and the corresponding
histological grades (p<<0.01); however, no clear-cut bacterio-
logical cut-off could be defined for the differentiation of presence
or absence of pneumonia by histopathological criteria [12].

THE VALUE OF DIFFERENT CULTURE METHODS IN THE
DIAGNOSIS OF PNEUMONIA

WERMERT ef al. [15] demonstrated that the sensitivities and
specificities of different quantitative culture methods in
recognising the histological presence or absence of spontaneous
pneumonia in piglets not receiving antibiotics were 74% and
36% >10° CFU-mL" for PSB, 82% and 33% >10* CFU-mL" for
BAL and 100% and 0% >10° CFU-mL" for endotracheal

118 [solated microorganisms from pulmonary biopsy
specimen cultures in mechanically ventilated

piglets developing spontaneous pneumonia

Microorganism Isolates Isolates
>10* CFU-.g™ <10* CFU-g™
Pasteurella multocida 40 12
Klebsiella oxytoca 2
Citrobacter freundii 2
Moraxella catarrhalis 1
Pseudomonas aeruginosa 1
Streptococcus suis 20 5
Streptococcus bovis 13 2
Staphylococcus epidermidis & 2
Staphylococcus aureus 4
Bacillus sp. 1

CFU: colony-forming unit. Modified from [12] with permission from the publisher.
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aspirate. The sensitivity of BAL or PSB was always lower when
calculated by taking the whole lung histology as a reference
diagnosis than when considering the particular sampled
segment histology. This may be because pneumonia is not
homogeneously distributed throughout the lungs and, there-
fore, the segments studied by PSB or BAL in a certain number of
animals with pneumonia were free of pneumonia.

Conversely, in piglets receiving antibiotics, the sensitivities
and specificities of PSB, BAL and endotracheal aspirate, were
0% and 100%, 50% and 93%, and 50% and 80% [15].

In a model of pneumonia induced by the inoculation of micro-
organisms, LUNA et al. [14] observed that quantitative BAL
cultures performed after 3 days of challenge with P. aeruginosa
from all piglets not receiving antibiotics yielded >10* CFU-mL™"
of P. aeruginosa as the only microorganism, thereby confirming
the high diagnostic accuracy and pathogen identification of BAL
culture for pneumonia in subjects not receiving antimicrobials.
Conversely, the accuracy of BAL culture was reduced in piglets
receiving antimicrobials. In the animal model, this fact confirms
the limited utility of BAL culture for evaluating the presence of
infection and the appropriateness of antimicrobial therapy in
subjects receiving prior antibiotics. Although pneumonia was
present in all the piglets, bacterial growth > 10* CFU-mL"! in the
BAL culture was obtained in 100% of those in the no antibiotics
group, but only in 22% of those receiving antimicrobials.
Appropriate or inappropriate antimicrobial therapy was asso-
ciated with negative BAL and lung tissue culture findings in
pathologically confirmed VAP (p<0.027; fig. 1) [14]. However,
one of the most important contributions of the animal model
studies to the diagnosis of VAP was the demonstration that,
although there is a clear association between pathology score
and bacterial load in culture lung tissue homogenates, there is
large overlap; as a consequence, bronchiolitis may be associated
with high, and lung abscess with low, bacterial burden (fig. 2)
[22]. Conversely, the multifocal presentation of experimentally
induced piglet pneumonia, particularly in the dependent regions
of the lung, a main finding of animal studies, resembles the
pathological findings observed in VAP [12, 15].

PATHOPHYSIOLOGY OF INFLAMMATION IN
EXPERIMENTAL VAP

Over the last years, compelling evidence has demonstrated the
importance of host inflammatory response in the evolution of
bacterial infections. It is well known that the introduction of
pathogens to the alveolar space creates a complex inflammatory
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FIGURE 1. Differences in the bacterial burden observed in lung tissue culture
between piglets not receiving antibiotic therapy (ABT) versus those receiving either
inappropriate ABT (ceftriaxone (CIP)) or appropriate ABT (ciprofloxacin (CRO)). The
difference between the colony-forming units (CFU) per millilitre in the lung tissue of
piglets not receiving ABT versus those receiving either ABT was significant
(p=0.007). E: early; L: late. Reproduced from [14] with permission from the
publisher.

response with the interaction of several defence mechanisms
and the production of different inflammatory mediators and
acute phase proteins. This inflammatory response aims to
control the progression of infection and to destroy micro-
organisms, and consists of several proinflammatory (tumour
necrosis factor (TNF)-a, interleukin (IL)-1f, IL-6 and IL-8) and
anti-inflammatory (IL-10, IL-1RA, sTNFrp55 and sTNFrp75)
cytokines. Cytokines promote migration of defence cells, such
as neutrophils, lymphocytes and platelets, through the
circulatory system to inflammatory sites [23]. All this process
is beneficial, as long as it is limited to the control of local
infection. If this reaction is over proportioned, several systemic
consequences negatively influence the clinical evolution of the
infection [24]. This excessive inflammatory response is
associated with the release of inflammatory mediators that
can be detected in serum or BAL, and have been shown to have
diagnostic and prognostic value. Different studies in severe
pneumonia have shown increased levels of different inflam-
matory cytokines both in the lung and in serum [25, 26], and
recent publications have demonstrated that an increased
inflammatory response is a strong predictor of nonresponse
to treatment and mortality in severe community-acquired
pneumonia [27]and VAP [28].

In clinical practice, different factors, such as use of antibiotics
or the presence of comorbidities, may influence the local and
systemic inflammatory response, although the precise role of
these factors is difficult to accurately assess in humans. Animal
models could help to clarify this issue.

Recent studies in experimental VAP induced by P. aeruginosa
have evaluated the associated local and systemic inflammatory
response. SIBILA et al. [29] studied piglets ventilated for 4 days,
and found an increase in different proinflammatory cytokines
in both BAL and in serum. In BAL, all the cytokines evaluated
(IL-6, IL-1B, IL-8 and TNF-a) showed a marked increase 96 h
after the induction of the pneumonia and, in serum, an increase
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FIGURE 2. Relationship between the number of colony-forming units (CFU)
grown in lung culture and their corresponding histological grades in 78 lung
specimens. ——: geometric mean; @: values in animals with any specimen with
histological evidence of pneumonia; O: values in animals with no specimen with
histological evidence of pneumonia. PMP: purulent mucous plugging; B:
bronchiolitis; P: pneumonia; CP: confluent pneumonia; AP: abscessed pneumonia.
Horizontal lines, geometrical mean of values. Modified from [22] with permission
from the publisher.

in IL-6 was observed during the 96 h of the study, with a peak
value 48 h after the inoculation of P. aeruginosa (fig. 3). The lung
inflammatory response was higher than the systemic inflam-
matory response, suggesting that the production of cytokines is
initially compartmentalised. All these findings were associated
with pneumonia lesions in the histopathological analysis
performed at the end of the study [29].

In another study with VAP induced by P. aeruginosa in
ventilated piglets with different antibiotic treatments, LUNA et
al. [14] found that piglets that received antibiotic treatment
showed a lower local and systemic inflammatory response at
the end of the study (72 h) compared with piglets that had not
received antibiotic treatment, suggesting an anti-inflammatory
effect of antibiotic treatment. In the study by LUNA ef al. [14], an
increase in the different cytokines evaluated (IL-6, IL-10 and
TNF-o) was mainly detected in BAL but also in serum, and all
these findings were also associated with pneumonia lesions in
the histopathological analysis.

The pioneer piglet studies have been made with outdated
ventilator settings now known to produce iatrogenic
ventilator-induced lung injury (volume controlled, high tidal
volume). The older studies used a tidal volume of 15 mL-kg’l.
During past years, more recent studies have used ~10 mL-kg™
[16, 18, 29, 30, 31]; lower tidal volumes produce severe
hypoventilation and respiratory acidosis. This should be
clearly recognised as a main limitation of these otherwise
landmark studies.

In summary, the experimental model of VAP induced by the
inoculation of high concentrations of P. aeruginosa in mechani-
cally ventilated piglets has proven to be useful for the study of
the associated inflammatory response. The study of different
local and systemic proinflammatory cytokines showed an
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FIGURE 3. Sequential bronchoalveolar lavage (BAL; at 0 and 96 h) and serum
(at 0, 24, 48, 72 and 96 h) interleukin (IL)-6 determinations during the 96 h following
ventilator-associated pneumonia induction. Modified from [30] with permission from
the publisher.

increase in the inflammatory mediators (mainly IL-6) after
bacterial inoculation that was more marked in BAL than in
serum, suggesting that the inflammatory response is mainly
compartmentalised.

PHARMACOKINETICS AND PHARMACODYNAMICS OF
ANTIMICROBIALS IN EXPERIMENTAL VAP

Tissue concentration at the site of infection is the main
determinant of bactericidal efficiency whereas toxicity
depends on trough plasma concentrations [32, 33]. Bacterial
eradication may depend on the amount of time antibiotics,
such as B-lactams and quinolones, are above the minimal
inhibitory concentration (time dependent); or on the peak
concentration achieved (concentration dependent), such as in
aminoglycosides. Pharmacokinetic and pharmacodynamic
studies can be used to develop dosing strategies for patients
as well as to determine clinically relevant doses and dosing
strategies in clinical trials [34].

Because of methodological limitations regarding tissue sam-
pling in humans, an animal model is required in order to
assess the quantitative deposition in the whole lung paren-
chyma of intravenously administered and, especially, inhaled
antimicobials. Intravenous administration of aminoglycosides
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and polymyxin achieve low levels in lung tissue [35-39]
because plasma levels are kept deliberately low to avoid
toxicity. Aerosol administration provides the theoretical
advantage of high concentrations of antibiotics at the site of
infection together with a low systemic absorption resulting in
reduced renal toxicity. GOLDSTEIN et al. [18] studied the lung
deposition of amikacin during E. coli experimental pneumonia
in ventilated piglets and found that the deposition of amikacin
in infected lung parenchyma and the efficiency of bacterial
killing were greater after nebulisation than after 7.v. adminis-
tration. Similarly, TONNELLIER ef al. [40] observed that nebulisa-
tion of ceftazidime induced a several fold increase in lung
tissue concentrations as compared with i.v. administration
during P. aeruginosa experimental pneumonia. A murine model
has been used in the past for evaluation of the activity of
dalfopristin—quinupristin in experimental S. pneumoniae and S.
aureus lung infection. Recently, BRUNO et al. [16] described their
experience with experimental pneumonia induced by methicillin-
resistant S. aureus, and measured pharmacokinetic and pharma-
codynamic parameters of anti-staphylococcal antimicrobials in
the piglet model.

HOW TO TRANSLATE THE MODEL TO CLINICAL
PRACTICE

There are several issues to be taken into account in this animal
model of VAP before translating results to clinical practice.
First, this is an experimental model, in which animals are
ventilated and then pneumonia is caused by bronchial
instillation. This is not the common pathophysiological
mechanism of VAP, in which colonisation and microaspiration
to the lower airways are the main steps. Secondly, animals are
apparently healthy and do not have comorbidities, which
critically ill patients under mechanical ventilation so fre-
quently have and which has a key role in the evolution of
patients.

In contrast, there are also clear advantages of this animal
model. This is a pure model of pneumonia without the
interference of drugs, comorbidities and external factors, and
the animals can be maintained for >3 days on mechanical
ventilation, which represents enough time to see changes due
to interventions. Having said that, this experimental model of
ventilator-associated pneumonia is potentially useful for the
study of: 1) the lung and systemic inflammatory response
caused by pneumonia and its potential therapeutic modula-
tion; 2) different diagnostic sampling methods with the
advantage of having the gold standard of microbiology and
histopathology of lung samples; 3) pharmacokinetic/pharma-
codynamic relationships and the microbiological and clinical
efficacy of antibiotics; and 4) how pneumonia affects the
different patterns and modes of mechanical ventilation. In
animals without the bronchial inoculation of high concentra-
tions of pathogens, the model can be useful for the study of
preventive measures in ventilator-associated pneumonia.
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