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BACKGROUND: There are few studies using animal models in chest physical therapy. However,
there are no models to assess these effects in newborns. This study aimed to develop a model of
obstructive atelectasis induced by artificial mucus injection in the lungs of newborn piglets,
for the study of neonatal physiotherapy. METHODS: Thirteen newborn piglets received artificial
mucus injection via the endotracheal tube. X-rays and blood gas analysis confirmed the atelectasis.
RESULTS: The model showed consistent results between oxygenation parameters and radiological
findings. Ten (76.9%) of the 13 piglets responded to the intervention. This did not significantly
differ from the expected percentage of 50% by the binomial test (95% CI 46.2–95%, P � .09).
CONCLUSIONS: Our model of atelectasis in newborn piglets is both feasible and appropriate to
evaluate the impact of physical therapies on atelectasis in newborns. Key-words: atelectasis; animal
model; mechanical ventilation; newborn; mucus; physiotherapy; swine. [Respir Care 2014;59(1):121–
126. © 2014 Daedalus Enterprises]

Introduction

There are increasing concerns over the safety of some
forms of chest physiotherapy used in newborn infants.1,2

Although some experimental studies are designed to eval-
uate infant diseases, there are currently no models proven
capable of accurately assessing these effects in newborns.

Researchers in Canada have studied the effects of a
series of manual physical therapy techniques in anesthe-
tized and paralyzed dogs without lung injury.3 A study

group in Australia used a healthy adult sheep model to
evaluate variability in the performance of manual physical
therapy by physiotherapists.4,5 Adult rabbits were used as
an experimental model in Japan, in studies of the effec-
tiveness of rib cage compression in removing secretions
and improving the resolution of obstructive atelectasis,6,7

and the effectiveness of physical therapy techniques in
removing secretions from the trachea, using a meconium
aspiration syndrome model.8 Brazilian researchers pro-
posed a model that mimics respiratory physiotherapy in
Wistar rats.9 In those studies the findings were inconclu-
sive as to the effectiveness of chest physiotherapy tech-
niques, but they represent an advance over previous ap-
proaches for the preparation and use of animal models in
this field.

Ventilated adult pigs have been successfully used as an
experimental model of respiratory disease,10-12 and new-
born pigs as a model of meconium aspiration syndrome.13-16

Additionally, studies on artificial mucus injection have
been proposed to evaluate mucus transport, using artificial
polymers with properties similar to those of human mu-
cus.17,18 Given the characteristics of newborn piglets,19

these animals appear to be a promising model for the
evaluation of respiratory interventions in newborns cared
for in neonatal ICUs, and a pilot study investigated the
feasibility of this animal model.20 The objective of the
present study was to ascertain whether newborn piglets
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can be an adequate model of obstructive atelectasis in-
duced by injection of artificial mucus.

Methods

The study was approved by the Ethics Committee for
Animal Experimentation and performed at the Laboratory
for Surgical Skills Training and Research of our institu-
tion. Animal care complied with the Guide for the Care
and Use of Laboratory Animals, published by the United
States National Institutes of Health,21 and with local gov-
ernment guidelines (law 11,794).22

Study Design

Twenty-one newborn piglets (mean � SD weight
1,690 � 71 g at the time of the experiment), derived from
a cross between Large White and Landrace pigs, and ob-
tained from a local farm at less than 24 hours of life were
used in this study. As it was a new model, 4 animals were
used in a pilot study for mucus injection, to quantify how
much artificial mucus could produce effective, but not
total, atelectasis. These 4 animals received 0.2 mL/min of
mucus, as previously described.6,7 Additionally, 2 animals
were subjected to the surgical protocol but were placed on
mechanical ventilation for 5 hours without mucus injec-
tion, for histopathology analysis. Two other animals were
used to test the endotracheal suction model. In these latter
4 animals, no imaging or blood gas analyses were per-
formed. Therefore, as in the pilot study for mucus injec-
tion, these animals were not considered in the atelectasis
model. Finally, 13 animals were used for the atelectasis
model, in 2 phases. Figure 1 illustrates the flow of the
study.

All the piglets had free access to the sow from birth,
until they were transported by experienced personnel from
the farm to the laboratory, where they were housed in a

heated environment and bottle-fed until the time of the
experiment.

Animal Preparation and Measurements

The piglets were placed in the supine position and kept
at 38–39° C, using a heating blanket. General anesthesia
was induced with ketamine (5 mg/kg) and midazolam
(0.5 mg/kg), and a 5-French umbilical catheter was in-
serted into the umbilical vein and artery for medication
administration and blood gas analysis. A tracheostomy
was performed and an uncuffed endotracheal tube (ETT)
was inserted. After gaining access to the airway, the pig-
lets were paralyzed with pancuronium and ventilated
mechanically with a time-cycled, pressure-controlled ven-
tilator (BP 200, Pró-Médico, Rio de Janeiro, Brazil), with
a breathing frequency of 40 breaths/min, peak inspiratory
pressure of 15 cm H2O, PEEP of 5 cm H2O, and FIO2

of
1.0. Ketamine (5 mg/kg), fentanyl (5 �g/kg), midazolam
(0.5 mg/kg), and pancuronium (0.1 mg/kg) were adminis-
tered every 1–2 hours during the procedure, or when deemed
necessary, to keep the animals anesthetized and paralyzed.
Heart rate and oxygen saturation were measured continu-
ously, via pulse oximetry (Datex-Ohmeda, Louisville,
Colorado).

After preparation, the animals were placed in the right
lateral decubitus position, with the head elevated to 30°,
and maintained in this position until the end of the exper-
iment. This position was chosen to facilitate mucus injec-
tion and deposition, preferably in the right lung.

Artificial Mucus

The artificial mucus was prepared with 1 g of polyeth-
ylene oxide, with a molecular weight of 5,000,000 (Sigma-
Aldrich, St Louis, Missouri), diluted to 100 mL with dis-
tilled water, placed on a mechanical shaker (model 711,Fig. 1. Flow chart.

QUICK LOOK

Current knowledge

Chest physical therapy is frequently ordered in new-
borns with radiographic signs of atelectasis or secretion
retention. The process by which chest physical therapy
aids in the resolution of atelectasis and the clinical util-
ity of this procedure are controversial.

What this paper contributes to our knowledge

A model of atelectasis in newborn piglets was found to
be feasible and appropriate for evaluating the impact of
physical therapies on atelectasis in human newborns.

EXPERIMENTAL MODEL OF ATELECTASIS IN NEWBORN PIGLETS

122 RESPIRATORY CARE • JANUARY 2014 VOL 59 NO 1



Fisatom, São Paulo, Brazil), and cooled in an ice bath at
�20° C (model 116-R, Fanem, São Paulo, Brazil). After
solubilization, 1% xylene cyanol (Sigma-Aldrich, St Louis,
Missouri) was added to the solution. The rheological prop-
erties of the artificial mucus were analyzed using a mag-
netic rheometer (AR 1500 ex, TA Instruments, New Cas-
tle, Delaware), and the values were: elastic modulus (G�)
58 Pascals, viscous modulus (G") 78 Pascals, at a fre-
quency of 1.0 rad/s. The homogeneity of the artificial mu-
cus throughout the study was measured using a rotational
viscometer (VP 1000, Viscotech, Tarragona, Spain). A
viscosity of 860 mPascals was observed in all samples,
using the spindle R3.

Atelectasis Model

The artificial mucus model was modified based on de-
scriptions from other authors in studies with animal mod-
els,6,7 and the results of our pilot study of mucus injection.
Briefly, an injection system was created by placing a
Y-connector between the ETT and the ventilator circuit.
A 6-French catheter (measured to ensure that its tip would
be 1 cm below the ETT tip) was connected to a syringe
infusion pump (model ST670T, Samtronic, São Paulo,
Brazil) and introduced into the ETT, and the artificial
mucus was administered at 0.6–0.8 mL/kg. The animals
were maintained under artificial ventilation for 30 min
after administration of the mucus, as in previous studies.6,7

Radiological Analysis

An anteroposterior chest radiograph was obtained 30 min
after the artificial mucus was infused, to evaluate the ef-
fectiveness of the atelectasis model. The radiographs were
later analyzed by 2 pediatric radiologists not involved in
the study. The scores used for evidence of atelectasis,
mediastinal shift, and hyperinflation were adapted for use
in animals from a previous study.23 The presence or ab-
sence of hyperinflation and/or a mediastinal shift was scored
as 0 � absence, and 1 � presence. Atelectatic areas were
quantified using a modified chest radiograph scoring sys-
tem23: 0 � no atelectasis, 1 � partial atelectasis (each
lobe), 2 � total atelectasis (each lobe). For analysis the
animals were divided into 2 groups for the presence or
absence of atelectasis: responders � radiographic evidence
of atelectasis, non-responders � no radiographic evidence
of atelectasis.

Blood Gas Analysis

Blood gas analysis was planned before and 30 min after
mucus injection in all animals, to evaluate oxygenation.
However, as 2 of the first 4 animals had not developed
radiographic atelectasis or a � 40% drop in PaO2

from

baseline at 30 min after mucus injection, we decided to
include a new blood gas analysis immediately after, to
determine the need for an additional mucus injection. If an
animal did not have a 40% drop in PaO2

immediately after
mucus injection, 0.5 mL more artificial mucus was infused
in 5 min.

Thus, blood gas analysis was performed before and
30 min after mucus injection in the first 4 animals, and
before, immediately after, and 30 min after in the 9 re-
maining animals.

Tracheal Suctioning Model

As described above, 2 animals were randomly selected
and used specifically to assess whether the artificial mucus
could be adequately suctioned after injection, since other
authors have reported difficulty in suctioning of secretions
after artificial mucus injection.6 The suctioning protocol
consisted of infusing 0.2–0.5 mL of normal saline through
the ETT, hyperventilation with manual compression of the
bag (6 inflations), and suctioning at a negative pressure of
about 50–100 mm Hg for 10–15 seconds, using a 6-French
gauge catheter. An adapted mucus trap was used to ensure
accurate measurement of the suctioned secretions.

Histopathology

After the experiments the animals were sacrificed via
intraventricular injection of 2 mL of potassium chloride
(2 mol/L). The lungs of 6 randomly selected animals that
received mucus injection, and the 2 animals that under-
went the surgery and mechanical ventilation but no mucus
injection, were sent for histopathology. In all animals the
lungs were inflated with a manual bag, and the trachea was
clamped. Then 10% buffered formalin was injected into
the right ventricle and the lungs were excised and fixed in
formalin for 24 hours. Histology sections were cut at the
base and apex of the right and left lungs. These represen-
tative lung samples were paraffin-embedded and serially
sectioned at 3 �m thickness. After deparaffinization and
dehydration the sections were stained with hematoxylin
and eosin and analyzed under a biological microscope
(Axioskop 40, Zeiss, Oberkochen, Germany).

Statistical Analysis

Results are expressed as mean � SD or median and
IQR, as appropriate. Data analysis was performed via non-
parametric methods. The binomial test was used to check
whether a difference existed between the 50% of animals
expected to respond to the intervention, the Wilcoxon
signed-rank test to indicate the progression of PaO2

within
each animal group, and the Mann-Whitney U test for com-
parison of the groups of animals. The degree of agreement
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between radiologists was estimated with the kappa coef-
ficient. The level of significance was set at 5%, and all
statistical analyses were performed with statistics software
(SPSS 11.0, SPSS, Chicago, Illinois).

Results

In the pilot study of mucus injection we found a large
lung collapse, so those results were not considered in the
final analysis, but provided sufficient information to cal-
culate the ideal quantity of mucus to develop the atelec-
tasis model, based on the weight/volume ratio estimated in
previous studies.6,7

According to radiological evaluation performed 30 min
after artificial mucus injection, atelectasis was present in
10 of 13, of which 1 had complete right lung atelectasis,
3 had atelectasis of 2 or more lobes, and 6 had atelectasis
of only one lobe. Except for 2 animals, the radiologists
independently agreed on the radiological findings
(kappa � 0.80, P � .003). In one case of disagreement,
one radiologist reported no atelectasis and the other re-
ported right-upper-lobe atelectasis. In the other case, one
reported middle-lobe and right-lower-lobe atelectasis and

the other reported only right-lower-lobe atelectasis. The
degree of atelectasis was described as previously re-
ported.23 Mediastinal shift was found in 7, and hyper-
inflation in 5, of the 13 piglets. Figure 2 illustrates the
experimental production of atelectasis.

Ten of the 13 animals (76.9%) responded to interven-
tion, which did not differ from the expected percentage of
50% by the binomial test (95% CI 46.2–95%, P � .09).The
variation in PaO2

from before intervention up to 30 min
after injection of artificial mucus was statistically signifi-
cant in the responders group (P � .01), and not significant
in the non-responders group (P � .29). The median PaO2

before (P � .47) and 30 min after injection of artificial
mucus (P � .08) showed no significant differences be-
tween groups: 345 mm Hg (IQR 282–360 mm Hg) before
versus 190.5 mm Hg (IQR 172–264 mm Hg) after in the
responders group, and 285 mm Hg (IQR 254–347 mm Hg)
and 369 mm Hg (IQR 234–430 mm Hg) in the non-
responders. Figure 3 shows the PaO2

changes.
Macroscopic examination revealed atelectasis, charac-

terized by reddened areas and compression of the lung
parenchyma, in all animals subjected to injection of arti-
ficial mucus, regardless of radiographic outcomes, but not
in the animals subjected only to mechanical ventilation.
Conversely, qualitative histopathology, including the ani-

Fig. 2. Radiographs of a newborn piglet before (left) and after
(right) injection of artificial mucus, which produced atelectasis in
10 of 13 piglets.

Fig. 3. PaO2
before, immediately after, and 30 min after injection of artificial mucus in newborn piglets. Responders P � .01, non-responders

P � .29, via Wilcoxon signed-rank test. In each data bar the horizontal line represents the median, the top and bottom of the bar represent
the IQR, the whisker bars represent the 25th and 75th percentiles, and the dots represent outliers.

Fig. 4. Histology sections of a representative sample of the lower
lobe of a newborn piglet that received only mechanical ventilation
(left) and one that received mechanical ventilation and injection of
artificial mucus (right). Magnification 50�.
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mals that did not receive artificial mucus but were venti-
lated for 5 hours, showed areas of hypoexpansion at the
base of the lungs, with reduced alveolar space, and neu-
trophils and polymorphonuclear cells. The animals that
received only mechanical ventilation showed no structural
changes in alveolar septae, whereas the animals that re-
ceived mechanical ventilation and artificial mucus showed
deformation of alveolar septae, with loss of normal fea-
tures (Figs. 4 and 5).

Unlike other authors, who have reported difficulty in
suctioning secretions after artificial mucus injection,6 our
suctioning strategy was successful in both cases, with
0.4 mL of mucus suctioned from each animal. All animals
had heart rate and oxygen saturation within the expected
normal ranges during all phases and stages of the study.21

Discussion

Our experimental model is in line with current recom-
mendations for animal-model studies on mucus trans-
port,24,25 in which various types of artificial mucus have
been used.6,7,17,18 Furthermore, the low viscosity/elasticity
ratio and low-frequency measurements we used are char-
acteristic of a more elastic mucus,18 which is a suitable
model of human infants on mechanical ventilation, in
whom buildup of secretions is due mainly to mechanical
ventilation.

Although there was a strong association between the
decrease in PaO2

and the radiological findings, the latter
remains the parameter of choice for the clinical diagnosis
of atelectasis. Unoki et al,6 using blood gas analysis as a
criterion for the diagnosis of atelectasis, with subsequent
pathology confirmation, found different results in oxygen-
ation and changes in the site of atelectasis, which may be
explained by the characteristics of the artificial mucus used

in the study and by the animal’s position during injection.
In the study by Zidulka et al,3 in which chest physiother-
apy techniques were evaluated in previously healthy dogs,
reported histology findings characteristic of atelectasis,
most prominently in lung regions where physical therapy
techniques were applied. Although those findings were not
analyzed quantitatively, blood gas analysis showed im-
proved PaO2

and decreased PaCO2
during chest physiother-

apy. A study using rats9 evaluated the presence of atelec-
tasis, employing histopathology and morphometric analysis
to measure the number of collapsed alveoli, and found no
difference between the groups subjected to a model that
mimics physiotherapy and the group subjected only to
atelectasis. However, blood gas analysis was not performed
in that study. Additionally, none of those studies used
imaging techniques, which prevents the measurement of
the clinical dimension of atelectasis in each case.

In our study the artificial mucus was infused with the
animal in the right lateral decubitus position, making it
possible to “drive” the atelectasis to the right lung, which
occurred in 8 out of 10 animals with radiographic evidence
of atelectasis. The qualitative histopathology showed col-
lapsed areas at the base of the lungs of the animals that
received only mechanical ventilation, without injection of
artificial mucus, as well as of the animals in which atel-
ectasis was successfully produced. These results raise the
question of the impact of mechanical ventilation in the
model, and point to the need to develop study protocols
that include blood gas analysis, x-rays, and histopathology
of the techniques during chest physiotherapy.

Limitations

The first limitation is that we used an FIO2
of 1.0. Al-

though the effects of hyperoxia on lung tissue are well
described in the literature,26 the technical conditions
available at our facility did not allow us to use lower FIO2

.
To minimize this problem, ventilatory support was stan-
dardized for all the animals. Also, intermittent injection of
0.9% NaCl, rather than lactated Ringer’s solution, may
have negatively affected the outcome of arterial blood gas
analysis and even contributed to the occurrence of inflam-
matory reactions in lung tissue.27 Importantly, future in-
vestigations could use radiopaque markers in the air-
ways10,11 to better evaluate the transport properties of the
mucus. Finally, we used only the anteroposterior position
for the x-rays, which limited our assessments, especially
regarding the confirmation of middle lobe atelectasis.28

Conclusions

Our model of induced atelectasis in newborn piglets is
both feasible and appropriate to evaluate the impact of
therapies on atelectasis in newborns.

Fig. 5. Histology section of a representative sample of the right
lower lobe of a newborn piglet after injection of artificial mucus.
Magnification 50�.
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