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ABSTRACT 

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 infusion in 

newborn piglets for the study of neonatal physiotherapy. 

Methods: newborn piglets derived from a cross between Large White and Landrace 

pigs were used. All animals were properly sedated, anesthetized, tracheostomized, 

paralyzed and mechanically ventilated for the experiments. The animals received 

artificial mucus infusion of polyethylene oxide with a molecular weight of 5,000,000 

(Sigma-Aldrich, St. Louis, MO, USA) through an infusion pump (Model ST670T; 

Samtronic, Socorro, SP, Brazil) in the endotracheal tube, with the piglets in the right 

lateral position and head elevated to 30°. Radiological assessment of the lungs and 

blood gas analysis were performed to confirm the production of atelectasis.  

Results: the model showed consistent results between oxygenation parameters and 

radiological findings. Ten of 13 animals responded to the intervention, which 

corresponds to 76.9% of the animals.This did not differ from the expected percentage 

of 50% by the binomial test (95% CI: 46.2 to 95, p = 0.09). 

 

Conclusions: This study proposed an innovative model of atelectasis in newborn 

piglets, induced by artificial mucus infusion and confirmed by imaging 30 minutes after 

induction. We believe that the model is both feasible and appropriate to evaluate the 

impact of physical therapies on atelectasis in newborns. 
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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 evaluate 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 anesthetized and paralyzed dogs without lung injury.3A study 

group in Australia has used a healthy adult sheep model to evaluate potential 

variability in the performance of physiotherapists.4,5 Adult rabbits are used as an 

experimental model in Japan, where studies have been conducted to evaluate the 

effectiveness of rib cage compression in removing secretions and improving the 

resolution of obstructive atelectasis,6,7as well as the effectiveness of physical therapy 

techniques in removing secretions from the trachea, using a meconium aspiration 

syndrome model.8Brazilian researchers have proposed a model that mimics 

respiratory physiotherapy in Wistar rats.9 In these studies, the findings have been 

inconclusive as to the actual effectiveness of chest physiotherapy techniques, but 

they represent an advance over previous approaches 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,10-12and newborn pigs, as a model of meconium aspiration 

syndrome.13-16Given the characteristics of newborn piglets19these animals appeared 

to be a promising model for the evaluation of respiratory interventions in newborns 

cared for in neonatal intensive care units, and a pilot study was therefore performed 
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in order to investigate the feasibility of this animal model.20Additionally, studies on 

artificial mucus infusion have been proposed to evaluate mucus transport, using 

artificial polymers with properties similar to those of human mucus.
17,18The objective 

of the present study was to ascertain whether newborn piglets can be an adequate 

model of obstructive atelectasis induced by infusion of artificial mucus. 

 

Methods 

 

Study design 

The study was approved by the Ethics Committee for Animal Experimentation 

and performed at the Laboratory for Surgical Skills Training and Research of our 

institution. Animal care complied with the Guide for the Care and Use of Laboratory 

Animals, published by the US National Institutes of Health,21 and with local 

government guidelines (Law no. 11,794).22 

Twenty-one newborn piglets derived from a cross between Large-White and 

Landrace pigs and obtained from a local farm at less than 24 hours of life were used 

in this study. As it was a new model, four animals were used in a pilot study for 

mucus infusion, to quantify how much artificial mucus could produce effective, but not 

total, atelectasis.These four animals received 0.2 mL/min of mucus, as previously 

described.6,7Additionally, two animals were subjected to the surgical protocol but 

were placed on mechanical ventilation for 5 hours without mucus infusion for 

histopathological analysis. Two other animals were used to test the endotracheal 

suction model. In these latter four animals, no imaging tests or blood gas analyses 

were performed. Therefore, as in the pilot study for mucus infusion, these animals 

were not considered in the atelectasis model. Finally, 13 animals were used for the 
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atelectasis model, in two phases (phase 1 and phase 2). Figure 1 illustrates the flow 

of the study. 

All 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 warm 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 inserted 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 piglets were paralyzed with pancuronium and 

ventilated mechanically with a time-cycled, pressure-controlled ventilator (BP 200; 

Pró-médico, Rio de Janeiro, RJ, Brazil), with a respiratory rate of 40 breaths per 

minute (bpm), peak inspiratory pressure (PIP) of 15 cmH2O, positive end-expiratory 

pressure (PEEP) of 5 cmH2O, and fraction of inspired oxygen (FiO2) of 1.0. Ketamine 

(5 mg/kg), fentanyl (5 mcg/kg), midazolam (0.5 mg/kg) and pancuronium (0.1 mg/kg) 

were administered 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 continuously by pulse oximetry (Datex-Ohmeda Inc., 

Louisville, CO, USA). 

After preparation, the animals were placed in the right lateral decubitus 

position with the head elevatedto 30° and maintained in this position until the end of 
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the experiment. This position was chosen to facilitate mucus infusion and deposition, 

preferably in the right lung.  

 

Artificial mucus 

The artificial mucus was prepared with 1 gram of polyethylene oxide with a 

molecular weight of 5,000,000 (Sigma-Aldrich, St. Louis, MO, USA), diluted to 100 

mL with distilled water, placed on a mechanical shaker (Model 711; Fisatom, São 

Paulo, SP, Brazil), and cooled in an ice bath at -20° C (Water Bath model 116-R; 

Fanem, São Paulo, SP, Brazil). After solubilization, 1% xylene cyanol (Sigma-Aldrich, 

St. Louis, MO, USA) was added to the solution. The rheological properties of the 

artificial mucus were analyzed using a magnetic rheometer (AR 1500 ex; TA 

Instruments Ltd., New Castle, DE, USA), and the values were: elastic modulus (G’) of 

58 Pa and viscous modulus (G”) of 78 Pa at a frequency of 1.0 rad/s. The 

homogeneity of the artificial mucus throughout the study was measured using a 

rotational viscometer (VP 1000; Viscotech, Tarragona, Spain). A viscosity of 860 

mPas was observed in all samples using the spindle R3.  

 

Atelectasis model  

The artificial mucus model was modified based on the description of other 

authors in studies with animal models6,7and the results found in our pilot study of  

mucus infusion. Briefly, an infusion system was created by placing an Y-connector 

between the ETT and the ventilator circuit. A 6-French catheter connected to a 

syringe infusion pump (Model ST670T; Samtronic, Socorro, SP, Brazil) was 

introduced into the ETT and the artificial mucus was administered at a rate of 0.6 to 

0.8mL/kg. The animals were maintained under artificial ventilation for 30 minutes 
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after administration of the mucus, as recommended in previous studies.6,7The 

catheter was previously measured to ensure that its tip was positioned 1 cm below 

the ETT tip. 

 

Radiological analysis 

An anteroposterior chest radiograph was obtained 30 minutes after the 

artificial mucus was infused to evaluate the effectiveness of the atelectasis model. 

The captured images were recorded for later independent analysis by two 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.23The presence or absence of hyperinflation and/or a mediastinal shift was 

scored as follows: (0) absence and (1) presence. Atelectatic areas were quantified 

using a modified chest radiograph scoring system,23as follows: (0) no atelectasis; (1) 

partial atelectasis (each lobe); (2) total atelectasis (each lobe). For analysis 

purposes, animals were divided into two groups as for the presence or absence of 

atelectasis, as follows: responders (R), animals with radiographic evidence of 

atelectasis; non responders (NR), animals with no radiographic evidence of 

atelectasis. 

 

Blood gas analysis 

Blood gas analysis was planned before and 30 minutes after mucus infusion in 

all animals, so as to evaluate oxygenation behavior. However, as two of the first 4 

animals had not developed radiographic atelectasis or a > 40% drop in PaO2 from 

baseline at 30 minutes after mucus infusion, the decision was made to include a new 

blood gas analysis immediately after, to monitor the need for an additional mucus 
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infusion dose. If an animal did not have a < 40% drop in PaO2 immediately after 

mucus infusion, 0.5 ml of artificial mucus was infused in 5 minutes. 

Thus, blood gas analysis was performed before and after mucus infusion in the first 4 

animals, and before, immediately after and 30 minutes after in the nine remaining 

animals. 

 

Tracheal suction model 

As described above, two animals were randomly selected and used 

specifically to assess whether the artificial mucus could be adequately suctioned 

after infusion, since other authors have reported difficulty in suctioning of secretions 

after artificial mucus infusion.6 The suction protocol consisted of infusion of 0.2 to 0.5 

mL of normal saline through the ETT, hyperventilation by manual compression of the 

bag (six inflations), and suction at a negative pressure of about 50 to 100 mmHg for 

10 to 15 seconds using a 6-French gauge catheter. An adapted mucus trap was used 

to ensure the accurate measurement of the amount of secretion suctioned from each 

animal. 

 

Histopathological examination 

After the experiments, the animals were euthanized by intraventricular 

injection of 2 mL of potassium chloride (2 mol/L). The lungs of six randomly selected 

animals, which received mucus infusion, were removed for histopathological 

examination in order to confirm the production of an artificial atelectasis. Another two 

animals were subjected to the surgical protocol, but placed on mechanical ventilation 

for 5 hours, without mucus infusion, to serve as controls for histopathological analysis 

purposes. In all animals, the lungs were inflated with a manual bag and the trachea 
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was clamped. Then, 10% buffered formalin was injected into the right ventricle and 

the lungs were excised and fixed in formalin for 24 hours. Histological sections were 

cut at the base and apex of the right and left lungs. These representative lung 

samples were paraffin embedded and serially sectioned at 3-micron thickness. After 

deparaffinization and dehydration, sections were stained with hematoxylin and eosin, 

analyzed under a biological microscope (Axioskop 40; Zeiss, Oberkochen, 

Germany), and recorded by a digital camera (CoolSNAP–Pro camera; Media 

Cybernetics, Silver Spring, MD, USA). 

 

Statistical analysis 

 Results were expressed as mean and standard deviation or median and 

interquartile range as appropriate. Data analysis was performed by nonparametric 

methods. The binomial test was used to check whether a difference existed from the 

50% of animals expected to respond to intervention, the Wilcoxon signed-rank test to 

indicate the progression of PaO2 within each animal group, and  the Mann-Whitney U 

test for comparison among groups of animals. The degree of agreement between 

radiologists was estimated by the Kappa coefficient. The level of significance was set 

at 5%, and all statistical analyses were performed using SPSS 11.0. 

 

Results 

A total of 21 piglets, weighing 1,690±71 grams at the time of the experiment, 

were used in the study. A pilot study for mucus infusion was formerly performed, 

however, a large lung collapse was produced at this stage. Therefore, these results 

were not considered in the final analysis, but provided sufficient information to  

calculate the ideal quantity of mucus to develop the obstruction model, based on the 
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weight/volume ratio estimated in previous studies.6,7The model of obstructive 

atelectasis induced by artificial mucus infusion was executed in two stages, involving 

13 piglets: four animals in stage 1 and nine in stage 2. In stage 1, artificial mucus 

was successfully administered through a syringe infusion pump to four animals at a 

rate of 0.6 to 0.8mL/kg. In stage 2, the animals received the artificial mucus (0.8 

mL/kg), following the same procedure performed in stage 1, but arterial blood gas 

analysis was performed immediately after mucus infusion to confirm the induction of 

atelectasis, as described in Methods. At this stage, a total of 4 pigs exhibited a < 40%  

drop in PaO2 immediately after mucus infusion; therefore, 0.5 ml of artificial mucus 

was infused in 5 minutes as described. 

According to radiological evaluation performed 30 minutes after artificial 

mucus infusion, atelectasis was present in 10 out of the 13 animals included in 

stages 1 and 2 of the study. Of the 13 animals, 1 had complete right lung atelectasis, 

3 had atelectasis of two or more lobes, 6 had atelectasis of only one lobe, and 3 had 

no radiological evidence of atelectasis. Except for two animals, the radiologists 

independently agreed on the radiological findings (kappa = 0.80, p = 0.003). In one 

case of disagreement, the radiologists reported no atelectasis vs. right upper lobe 

atelectasis, and in the other case, they reported middle lobe and right lower lobe 

atelectasis vs. atelectasis of the right lower lobe only. The degree of atelectasis was 

described as previously reported23. Mediastinal shift was found in seven and 

hyperinflation in five of the 13 piglets evaluated.  Figure 2 illustrates the experimental 

production of atelectasis. 

Ten of the 13 animals (76.9%) responded to intervention, which did not differ 

from the expected percentage of 50% by the binomial test (95% CI: 46.2 to 95, p = 

0.09).The variation in PaO2 from before intervention up to 30 minutes after infusion of 
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artificial mucus was statistically significant in the responders group (p = 0.01) and not 

significant in the non responders group (p = 0.29). The behavior of PaO2 (median 

and interquartile range) before (p = 0.47) and 30 minutes after infusion of artificial 

mucus (p = 0.08) showed no significant differences between groups: 345 (282-360) 

mmHg before and 190.5 (172-264) mmHg after in the responders group and 285 

(254-347) mmHg and 369 (234-430) mmHg in the non-responders group 

respectively. Figure 3 shows PaO2 changes in the responders and non-responders 

groups. 

Macroscopic examination revealed the presence of atelectasis, characterized 

by reddened areas and compression of the lung parenchyma, in all animals 

subjected to infusion of artificial mucus, regardless of radiographic outcomes, but not 

in the animals subjected only to mechanical ventilation. Conversely, qualitative 

histopathological analysis of all animals, including those that did not receive artificial 

mucus but were ventilated for 5 hours, showed areas of hypoexpansion at the base 

of the lungs, with reduced alveolar space and presence of neutrophils and 

polymorphonuclear cells. Animals receiving only mechanical ventilation showed no 

structural changes in the alveolar septum, whereas animals that received mechanical 

ventilation and artificial mucus showed deformation of the septum, with loss of 

normal features. Evidence of histological changes in piglets that received mechanical 

ventilation and/or artificial mucus is shown in Figures 4 and 5. 

As described above, two animals were randomly selected specifically to 

assess whether the artificial mucus could be adequately suctioned after infusion. 

Unlike other authors, who have reported difficulty in suctioning of secretions after 

artificial mucus infusion6, our aspiration strategy was successful in both cases, with 

0.4 mL of mucous secretion suctioned from each animal.All animals showed 
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physiological parameters of heart rate and oxygen saturation within the expected 

normal range during all phases and stages of the study.21 

 

 

 

Discussion 

The experimental model chosen for this study is in line with current 

recommendations for studies on mucus transport using animal models.24,25 Various 

types of artificial mucus have been used to investigate the pattern of mucus transport 

in the respiratory tract of animals.6,7,17,18Furthermore, a low relative viscosity/elasticity 

ratio at low-frequency measurements, as used in this study, is characteristic of a 

more elastic mucus,18whichis suitable for the study of bronchial hygiene in infants on 

mechanical ventilation, in whom buildup of secretions is mainly due to ventilatory 

support. 

The protocol used in this study aimed to produce a model of acute atelectasis, 

located in the right lung, with radiological confirmation. Although a strong association 

was found between the decrease in PaO2 and radiological findings, the latter remains 

as the parameter of choice for the clinical diagnosis of atelectasis. Other authors6 

using blood gas analysis as a criterion for the diagnosis of atelectasis, with 

subsequent confirmation by anatomopathologic examination, found different results 

in oxygenation parameters and changes in the site of atelectasis, which may be 

explained by the characteristics of the artificial mucus produced in the study and also 

by the animal’s position during infusion. Another study,3 in which chest physiotherapy 

techniques were evaluated in previously healthy dogs, reported histological findings 

characteristic of atelectasis, most prominently in lung regions where physical therapy 
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techniques were applied. Although these findings were not analyzed quantitatively, 

blood gas analysis showed improvements in PaO2 with a decrease in PaCO2 during 

chest physiotherapy. A study using rats9 evaluated the presence of atelectasis, 

employing histopathological and morphometric analysis as way to measure the 

number of collapsed alveoli in each group, 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 these 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 into the airways with the animal 

in the right lateral decubitus position, making it possible to “drive” the atelectasis to 

the right lung, which occurred in eight out of 10 animals with radiographic evidence of 

atelectasis. Qualitative histopathological analysis showed collapsed areas at the 

base of the lungs of animals that received only mechanical ventilation, without 

infusion of the artificial mucus, as well as of animals in which atelectasis was 

successfully produced. These results contribute to the questioning of the impact of 

mechanical ventilation on the models used and point to the need to develop study 

protocols that include blood gas analysis, radiological imaging and histopathological 

examination of the techniques during chest physiotherapy. 

Some limitations should be noted. The first refers to the use of a FiO2 of 1.0. 

Although 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 oxygen 

fractions. In order to minimize this problem, ventilatory support was standardized for 

all animals. Also, intermittent infusion of 0.9% NaCl, rather than the use of lactated 

Ringer’s solution, may have negatively affected the outcome of arterial blood gas 
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analysis and even contributed to the occurrence of inflammatory reactions in lung 

tissue.27Importantly, future investigations could use radiopaque markers in the 

airways of the animals under study10,11 to better evaluate the transport properties of 

the mucus model used here.Finally, we used only the anteroposterior position for 

radiological imaging, which eventually limited the assessments, especially regarding 

the confirmation of middle lobe atelectasis.28 

 

Conclusion 

This study proposed an innovative model of atelectasis in newborn piglets, 

induced by artificial mucus infusion, confirmed by imaging 30 minutes after induction. 

We believe that the model proposed herein is both feasible and appropriate to 

evaluate the impact of therapies on atelectasis in newborns. 
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FIGURE LEGENDS 

 

Figure1.Study flow diagram. 

 

Figure2. Experimental production of atelectasis.chest radiograph of a newborn piglet 

before (left) and after (right) infusion of artificial mucus. 

 

Figure 3.Variation in PaO2 from baseline up to 30 minutes after infusion of artificial 

mucus. Responders (R), p = 0.01. Non-responders (NR), p = 0.29. Wilcoxon signed-

rank test. 

 

Figure4.Histological 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 infusion of artificial mucus (right).Magnification50X.  

 

Figure 5.Histological section of a representative sample of the right lower lobe of a 

newborn piglet after infusion of artificial mucus.Magnification 50X. 
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