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1.1 DEFINITION OF MECHANICAL VENTILATION 

Mechanical ventilation (MV) is a life-saving intervention used to help 

patients breathe when they cannot maintain spontaneous ventilation to 

provide adequate oxygenation or carbon dioxide removal. The machine 

that providing this function is called ventilator.  

Respiratory support is needed when occurs a dysfunction of the 

mechanisms of breathing or in the muscles that have to regulate it or in 

the airways or lung parenchyma or chest wall [1]. 

Most patients who need support from a ventilator because of a severe 

illness are cared in a hospital’s intensive care unit (ICU). The primary goal 

of MV is the improvement of pulmonary gas exchange and it’s crucial to 

maintain an adequate gas exchange in patients with pulmonary illness. 

MV is mainly used to support or replace the spontaneous breathing of a 

patient who has an acute respiratory failure, even if the clinical conditions 

leading to mechanical ventilation can be grouped into four areas as shown 

in table 1 [2,3]. 
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1.2 RESPIRATORY CYCLE DURING SPONTANEOUS BREATHING 
 
Pulmonary ventilation can be seen as the exchange, the flow of gas 

between the atmosphere and alveolar structure and vice versa. The 

diffusion of gases brings the partial pressures of Oxygen (O2) and carbonic 

dioxide (CO2) in blood and alveolar gas to an equilibrium at the pulmonary 

blood-gas barrier [4]. 

Table 1. Indications for mechanical ventilation 
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The alveolar pressure, according to Boyle's law, can change as a result of 

a volume change. Indeed, an increase in volume requires a reduction in 

pressure [4]. 

Alveolar PCO2 (PACO2) depends on the balance between the amount of 

CO2 being added by pulmonary blood and the amount being eliminated 

by alveolar ventilation (VeA). In steady-state conditions, CO2output equals 

CO2elimination, but during non-steady-state conditions, phase issues and 

impaired tissue CO2clearance make CO2output less predictable [5]. The 

pressure value in the thoracic cage is negative in a normal spontaneous 

breathing act, throughout the ventilatory cycle (−5 cm H2O during 

exhalation to −8 cm H2O during inhalation). Alveolar pressure fluctuates 

from −1 cm H2O during inhalation to +1 cm H2O during exhalation [6]. The 

decrease in intrapleural pressure during inhalation facilitates lung 

inflation and venous return. It is this negative interpleural pressure that 

keeps the alveoli open and through the interaction of the lungs and chest 

wall interpleural pressure is altered, enabling the movement of gas into 

and out of the lungs (ventilation) (Figure 1). Transpulmonary pressure is 

the difference between proximal airway pressure and intrapleural 

pressure. The greatest transpulmonary pressure that can be generated 

normally during spontaneous inspiration is, normally about 30 cm H2O 

[7]. 

During inhalation, the contraction of the muscles of the rib cage and 

diaphragm increases the volume of the chest. When the diaphragm 
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contracts, it is able to increase the volume of the thoracic cavity and this 

leads to a decrease in alveolar pressure. 

At the end of the inhalation, after relaxation of respiratory muscles, an 

elastic return of the lungs brings the diaphragm and the ribs back to the 

initial position. During exhalation, the volume of the thoracic cavity 

decreases and the alveolar pressure increases, up to a maximum value of 

1 mmHg above atmospheric pressure. The alveolar pressure is now higher 

than atmospheric, so the air flow reverses and the air leaves the lungs. 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 1. The relationship between (a) lung volume, (b) intrapleural pressure and 

(c) intra-alveolar pressure during quiet breathing. 
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In the alveolar structure the partial pressure of oxygen is 100 mmHg, while 

in the venous blood vessel the partial pressure of oxygen is 40 mmHg. 

Consequently, oxygen will move according to its partial pressure gradient 

moving from the alveoli towards the capillaries. The diffusion process 

achieves equilibrium and the PO2 in the arterial blood equals that in the 

alveoli (100 mmHg) [7]. When arterial blood reaches the capillaries in the 

tissues, the gradient reverses. Indeed, cells continuously use oxygen for 

oxidative phosphorylation. In a cell at rest, intracellular PO2 averages 40 

mmHg. The arterial blood that irrigates the systemic capillaries has a PO2 

partial pressure of 100 mmHg. Therefore, oxygen diffuses according to its 

gradient from the plasma to the cells. Once equilibrium is reached, PO2 in 

venous blood equals partial pressure in perfused cells [8]. 

 
 
 
 
 
1.3 VENTILATOR SETTING  
 
When it becomes necessary to provide mechanical ventilation to a 

patient, the following main ventilator settings must be determined: mode, 

respiratory rate, Positive end expiratory pressure (PEEP), tidal volume, 

FIO2 and inspiratory/expiratory ratio. These initial ventilator settings are 

mainly based on a patient’s body size, diagnosis, pathophysiology, and 

laboratory results. These settings only serve as a starting point and they 
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should be adjusted according to changes in the patient’s condition and 

requirements [9]. 

 

MODE 

In clinical practice a wide range of ventilator modes and set up options 

exist. The first classification is between the non-invasive ventilation and 

invasive ventilation; the first one is used when endotracheal intubation is 

not used, while when this is used the ventilation is termed invasive.  

The ventilator blows gas (air plus oxygen as needed) into a person’s lungs 

and it can deliver higher levels of oxygen than delivered by a mask or other 

devices (non-invasive ventilation). 

The mechanical ventilation can be a positive pressure ventilation when is 

applied a positive pressure to the airway opening (comparative to 

atmospheric pressure) or in the case in which is used a negative pressure 

(always comparative to atmospheric pressure) to the abdomen of the 

patients, this ventilation is called negative pressure ventilation (non-

invasive ventilation) [10,11]. 

Another differentiation is about the support’s type, a patient can receive 

a total ventilatory support (FVS) or just partial ventilatory support (PVS) 

even in most of situations patients require full mechanical support.  

Lastly, mechanical ventilation can be distinguished in ventilation at 

volume controlled (VCV) a desired tidal volume (a control variable) is set 
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and the pressure changes from breath to breath, and ventilation at 

pressure controlled (PCV) where the desired pressure (a control variable) 

is set and the delivered volume changed. 

 

RESPIRATORY RATE 

The respiratory rate is the number of breaths that the ventilator provides 

per minute and usually the initial frequency is set between 10 and 12/min 

and care should be taken when it exceeds 20/min as intrinsic PEEP can 

develop [12].  

A possible way to select the initial frequency is to estimate the patient’s 

minute volume requirement and divide the estimated minute volume by 

the tidal volume.  

Frequency = Estimated minute volume/Tidal volume  

The estimated minute volume for males is equal to 4.0 multiplied by the 

body surface area (BSA) (in square meters) and for females is equal to 3.5 

multiplied by the BSA.  In the case in which the concentration of the CO2 

is elevated (e.g., due to an increase of metabolic rate) or the physiologic 

dead-space is increased (e.g., due to a decrease of pulmonary perfusion), 

the minute volume required to normalize the PaCO2 will need to be 

increased. Since increasing the tidal volume results in higher airway 
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pressures on a volume-limited ventilator, it is usually more appropriate to 

increase the minute volume by increasing the ventilator frequency [13]. 

	

PEEP 

The ventilator can also provide what is called positive end expiratory 

pressure (PEEP). This helps to keep the alveoli stable and avoid collapse.  

Positive end-expiratory pressure (PEEP) is the positive pressure that 

remains in the airways at the end of the respiratory cycle (end of 

exhalation) [14]. 

 Positive end-expiratory pressure (PEEP) increases the functional residual 

capacity and is useful to treat hypoxemia (low PaO2 not responding to 

high FIO2). The initial PEEP level may be set at 5 cm H2O. Subsequent 

changes of PEEP should be based on the patient’s blood gas results, FIO2 

requirement, tolerance of PEEP, cardiovascular responses and mechanical 

responses [15]. 

 

TIDAL VOLUME 

Tidal volume is the volume of gas delivered to the lungs in each breath by 

the mechanical ventilator.  

For patients with no significant lung disease, such as patients who have 

experienced drug overdose or trauma and need mechanical ventilation 
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for airways protection, a maximum tidal volume of 10 ml/kg should be 

used for mechanical ventilation. Recent studies have shown decreased 

mortality with the use of lower tidal volume in patients with acute lung 

disease. Therefore, patients with an acute lung disease such 

as pneumonia, ARDS, fibrotic lung disease, or COPD should be ventilated 

with tidal volumes of 6–8 ml/kg [16]. 

 

I/E RATIO 

The I:E ratio is the ratio of inspiratory time to expiratory time and it 

denotes the proportions of each breath cycle devoted to the inspiratory 

and expiratory phases. The total time of a respiratory cycle is determined 

by dividing 60 seconds by the respiratory rate. Inspiratory time and 

expiratory time are then determined by portioning the respiratory cycle 

based on the set ratio. For instance, a patient with a respiratory rate of 10 

breaths per minute will have a breath cycle lasting 6 seconds. It is usually 

kept in the range between 1:2 and 1:4, if we apply this ratio to the patient 

above, the 6-second breath cycle will break down to 2 seconds of 

inspiration and 4 seconds of expiration [17]. 
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FIO2  

FiO2: Percentage of oxygen in the air mixture that is delivered to the 

patient. For patients with severe hypoxemia or abnormal 

cardiopulmonary functions (e.g., post-resuscitation, smoke inhalation, 

ARDS), the initial FIO2 may be set at 100%. The FIO2 should be evaluated 

by means of arterial blood gas analyses after stabilization of the patient. 

It should be adjusted accordingly to maintain a PaO2 between 80 and 

100mm Hg After stabilization of the patient, the FIO2 is best kept below 

60% to avoid oxygen- induced lung injuries [12]. 

 

1.4 LUNG MECHANICS  

During a mechanical ventilation a several data can be obtained, in order 

to monitor the lung mechanic trend.  

 Respiratory mechanics allows the readout of pulmonary function through 

measures of flow and pressure [18]. 

The lung function can be determined and influenced by a variety of a 

parameters, main ones being the pressure, the compliance and the 

resistance. 

Compliance and resistance can be calculated, while pressure, flow and 

volume are continuously monitored.  



19 
 

The interaction between patient and ventilator can be constantly 

monitored on the ventilatory that displays all of these parameters.  

	

PRESSURE 

During a mechanical ventilation airway pressure, plateau pressure, and 

mean airway pressure are measured.  

The pressure applied to the respiratory system (Prs) is described by the 

motion’s equation: 

 

Prs = Pao + (-Pmus) = V x R + v/C + K 

 

Where Pao is the pressure at the mouth v is the volume, V the flow over 

time, and K is a constant representing the alveolar end expiratory 

pressure. Respiratory pressure is the sum of the pressure generated by 

the ventilator Pao and the pressure developed by the respiratory muscles 

(Pmus) that provides a negative pressure [19]. 

Essentially, the airway pressure is detected by the ventilator measuring 

the pressure proximal to the expiratory valve during the inspiratory phase 

to approximate inspiratory proximal airway pressure and measuring the 

pressure distal to the inspiratory valve during the expiratory phase to 

approximate expiratory proximal airway pressure [20].  
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During the ventilation the most commonly technique for the measuring 

respiratory mechanics (specially compliance and resistance) is the rapid 

airway occlusion method. The airway pressure (Paw) has a characteristic 

trend with the highest peak at end inspiration (Pmax), followed by a rapid 

drop after the occlusion (P1), and a slow decay until a plateau is reached 

(P2) (Fig. 2). P2 is the static pressure of the respiratory system (Pst, rs) 

that, in the absence of flow, equals the alveolar pressure (Palv), reflecting 

the elastic retraction of the entire respiratory system. The pressure drop 

from Pmax to P1, represents the pressure required to move the 

inspiratory flow along the airways, thus representing the pressure 

dissipated by the flow-dependent resistances.  Furthermore, the 

occlusion manoeuvre at end inspiration allows identification of the 

presence of a leak in the respiratory circuit, since the plateau pressure 

cannot be reached. At the end of a normal expiration, in a normal subject, 

the alveolar pressure is next to zero. Expiratory flow limitation, or an 

inadequate respiratory pattern (high tidal volume or high respiratory rate) 

causes PEEPi due to volume trapping. PEEPi is detectable during the post- 

expiratory occlusion manoeuvre (Fig. 2) [19,21,22,] 
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COMPLIANCE 

Normally inspiration is a process, occurs through the expansion of the 

lungs and the thorax. The capacity with which the lungs and thorax can be 

distended is the lung compliance. The compliance is a measure of the ease 

with which the lungs can be inflated and is determined from the gradient 

of a plot of lung volume against distending pressure 

Total compliance depends also on the thoracic cage, not only on the 

expansion capacity of the lung tissue.  

Figure 2. Post-inspiratory and expiratory occlusion is performed. Pmax is the 
maximum (peak) airway pressure. P1 points to the end of the rapid post-occlusion 
pressure drop. P2 points to the end of the slope pressure decay plateau. PEEPi, 
intrinsic positive end expiratory pressure. (Lucangelo U et al., 2007) 
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The compliance is the volume change (lung expansion) per unit pressure 

change (work of breathing) so, this value can be calculated every time as 

a relationship between volume and pressure or C = DV/DP,  

C = DV/DP  

 

where C= compliance, DV = volume change, and DP = pressure change 

(Fig.3). 

The patient’s ability to maintain efficient gas exchange depends also on 

the compliance, which should remain within a physiologic range. Low 

compliance typically makes lung expansion difficult while high level of 

compliance can determinate an incomplete exhalation or can reduce the 

CO2 elimination capacity. Based on the previous relationship, low 

compliance means that the volume change is small per unit pressure 

change while high compliance is correlated with a sensible increase in 

volume per unit pressure change. Compliance is reduced by any factor 

such as pulmonary edema, fibrosis or any kind of restrictive lung diseases. 

High lung compliance is commonly seen in those patients with obstructive 

diseases, such of emphysema, in which destruction of the elastic tissue, 

mainly from cigarette smoke exposure, causes a loss of elastic recoil of the 

lung [23,24,25]. 
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RESISTANCE 

During each inspiration and expiration act air run into obstacles that 

generate a resistance in the flow route, this phenomenon is known as 

airway resistance. Airway resistance is an essential parameter of lung 

function and keep this value under control during mechanical ventilation 

is crucial.  

This parameter is variable indeed airway resistance can change over time 

due to many factors.  

The degree of this resistance may essentially depend on many variabilities 

such as the diameter of the airway, the type of flow (laminar or turbulent 

flow) and the surfactant’s level in the lung [26]. Increasing in airway 

resistance, such as in some pulmonary diseases, may lead air trapped in 

the lungs, generating an obstruction in gas exchange with a possible 

severe consequence, such as pulmonary failure in severe cases [27]. 

Indeed, airway resistance is an essential parameter of lung function and 

keep this value under control during mechanical ventilation is crucial. 

Airway resistance in the lung is determined by the delta pressure across 

the airways (mouth pressure (kPa) - alveoli pressure (kPa)) divided by the 

flow rate: DPressure/Flow 

 R = DP/F 
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During Volume controlled ventilation: DPressure means Peak Inspiratory 

Pressure (PIP) - Plateau Pressure (Fig.3) [28]. 

Obstruction of airflow may be caused by changes inside the airway (e.g., 

retained secretions), changes in the diameter of the airway (e.g., 

hypertrophy of the bronchial muscle structure), or changes outside the 

airway (e.g., tumors surrounding and compressing the airway) [29]. 

When one of these conditions occurs, the size of the airway decreases and 

airway resistance increases.  

Resistance to flow may be inspiratory or expiratory. Factors that can 

increase this obstruction include:  

 

•  Bronchial tone.  

•  Sputum.  

•  Oedema.  

•  External breathing circuits (eg ETT / tracheostomy tube and 

other circuit components).  
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Figure 3. Airway pressure and flow waveforms during constant flow volume 
control ventilation, illustrating the effect of an end- inspiratory breath-hold. With 
a period of no flow, the pressure equilibrates to the plateau pressure (Pplat). Pplat 
represents the peak alveolar pressure. The difference between Pz and Pplat is due 

to time constant inhomogeneity within the lungs. The difference between the 
peak inspiratory pressure (PIP) and Pplat is deter- mined by resistance and flow. 

The difference between Pplat and PEEP is determined by tidal volume and 

respiratory system com- pliance. Pz pressure at zero flow (Hess DR. 2014). 
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1.5 THE RESPIRATORY MUSCLE 

The respiratory muscles are morphologically and functionally skeletal 

muscles.  

The respiratory act is supported and provided by a large number of 

muscles. According to which respiratory act they participate, these 

muscles divide in inspiratory and expiratory muscles (Fig.4).  

These muscles are primarily responsible for changing the volume of the 

thoracic cavity during respiration. The group of expiratory muscles 

includes the rectus abdominis, external and internal oblique, internal 

intercostal and transverse abdominis muscles.  The group of inspiratory 

muscles includes the external 

intercostal, rectus abdominis, 

external and internal oblique, 

and transverse abdominis 

muscles [30]. 

 

 

 

 

 

During low breathing effort (i.e., at rest) only the inspiratory muscles are 

active. During high breathing effort (i.e., exercise) the expiratory muscles 

become active as well [31]. 

Figure 4. Respiratory muscles.  
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The diaphragm is a dome-shaped muscle, with a tendon component, that 

separates the thorax and abdominal cavities. It is the principal component 

of respiratory muscle’s pump, whose innervation is provided by the 

phrenic nerves that arise from the nerve roots at C3 through C5 and is 

primarily composed of fatigue-resistant slow-twitch type I and fast-twitch 

type II-a myofibers [32,33]. 

It is wider in the lateral side than in the anterior-posterior one and is 

higher on the right part due to the presence of the liver. The mammalian 

diaphragm is composed of three main segments a central noncontractile 

section, the central tendon (15-20% of the surface area), and two discrete 

muscular portions, the costal and crural diaphragm. The rat diaphragm is 

composed of the four major muscle fiber types that are distributed 

homogeneously within the diaphragm (Fig.3) [34]. The muscle portions 

are inserted at the vertebral, costal and sternal level and it is also 

connected through numerous ligaments with the heart, liver, stomach, 

intestines and other subdiaphragmatic viscera. The diaphragmatic muscle 

also has orifices through which pass the aorta, the esophagus and the 

inferior vena cava, the lymphatic system and neurovegetative system. In 

healthy and normal conditions, inspiration should take place mainly 

thanks to the intervention of the diaphragm.  
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By contracting it lowers and with the help of the intercostal muscles 

increases the thoracic volume allowing the inhalation of air into the lungs. 

The exhalation is instead an exclusively passive phenomenon, during 

which the diaphragm relaxes and returns to the initial position. The 

phrenic nerve provides innervation of the entire diaphragm, and the 

associated efferent projections exit the spinal cord from the mid-cervical 

ventral roots [35]. 

 

 

 

 

Figure 5.  An inferior view of the diaphragmatic muscle. 
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1.6 PROLONGED MECHANICAL VENTILATION AND OUTCOMES 

 

Invasive mechanical ventilation is a life-saving intervention for people 

with acute respiratory failure. Unfortunately, it is also associated with 

several complications that may prolong the time spent on the ventilator 

and increase mortality.  

Indeed, most patient centered outcomes, such as weaning success and 

mortality, are tightly correlated with the mechanical ventilation’s duration 

[36]. 

In the near future, it is anticipated that a higher number of critically ill 

patients will require prolonged mechanical ventilation (PMV), with 

associated increases in mortality, morbidity, and costs [37]. 

Prolonged mechanical ventilation is defined in 2005, at the National 

Association for Medical Direction of Respiratory Care’s conference, as a 

ventilation of ≥ 21 consecutive days, for ≥ 6 h/d, of invasive (via 

endotracheal tube or tracheostomy) and/or noninvasive (facial/nasal 

interface) methods of delivery [38]. Depending on the different criteria 

used, the definition of PMV, may change. For example, in the United 

States PMV is   ≥ 96 h because this corresponds to the International 

Classification of Diseases (ICD) [39]. 

In 2017, Hill et al. have showed that ill patients ventilated for a time longer 

than 21 days have high in-hospital mortality and greater post-discharge 

mortality, health care utilization, and health care costs compared with 
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patients who undergo mechanical ventilation for a shorter period of time 

[40]. 

Definitely, the patient’s liberation from the ventilator (weaning) as soon 

as it is feasible and safe, is recommended [41]. Prolonged mechanical 

ventilation has been recognized as a cause of several potential 

complications in the lung and diaphragm’s function. Indeed, ventilation 

may cause damage to the lungs, a condition known as ventilator-induced 

lung injury or VILI, and to the diaphragm called ventilator-induced 

diaphragmatic dysfunction. It’s understandable that the onset of these 

event can worsen the prognosis and other patient’s outcome, such as 

weaning duration.  

Indeed, patients with a dysfunction of the diaphragmatic muscle or with 

an overloaded secondary lung injury showed frequent early and delayed 

weaning failures [42,43]. 

 

 

1.7 VENTILATOR-INDUCED DIAPHRAGMATIC DYSFUNCTION 

 

Mechanical ventilation itself can generate a diaphragmatic dysfunction by 

decreasing the force-generating capacity of the diaphragm, a condition 

known as ventilator-induced diaphragmatic dysfunction [44,45]. 
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Recently, several studies have showed important evidence that 

respiratory muscle weakness may develop in ICU patients during a 

prolonged mechanical ventilation [46]. 

As stated, prolonged mechanical ventilation (PMV) can generate 

contractile dysfunction and atrophy of the diaphragmatic muscle result in 

the rapid development of the weakness (Fig.6), this condition called 

ventilator-induced diaphragmatic dysfunction or VIDD. Multiple recent 

studies have shown that VIDD is reported in up to 53% of mechanically 

ventilated patients within 24 h of intubation. An additional 26% may 

develop VIDD while on mechanical ventilation during their stay in the 

intensive care unit (ICU) [47]. 

From the first evidence of the correlation between MV and VIDD, several 

animal and human experiments consistently demonstrated that 

prolonged duration of mechanical ventilation resulting in an increment in 

the activity of oxidative stress and of the most important proteolytic 

pathways such ubiquitin-proteasome system, caspases and calpains (Fig. 

7 and Fig.9) [48,49]. 

Numerous animal studies (mice, rats, rabbits, and pigs) have 

demonstrated that PMV results in significant atrophy of diaphragm 

muscle fibers [50-53]. 
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Figure 6. Diaphragm thickness over time for different patients (Horiana B. Grosu 
et al 2012). 

 

 

Figure 7. Differences about oxidative stress’s component at different time of MV. 
(Zergeroglu MA et al 2003). 
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The composition of the fiber between rat and human is anatomically 

similar [54,55], for this reason rats are the most commonly used animal 

model to study MV-induced changes in diaphragm fiber size and function.  

The diaphragmatic atrophy occurring during MV a result of a decrease in 

protein synthesis and/or an increase in the rate of protein degradation. 

Mechanical ventilation generates a 30% decrease in mixed muscle protein 

synthesis in the diaphragm within the first 6 hours of MV, as shown is 

figure 8, and remained at this suppressed level during the following 12 

hours of MV [56]. 

 

 

 

 

 

 

 

Figure 8. Fractional synthetic rates of mixed muscle protein (MMP) (top) and of 
myosin heavy chain (MHC) (bottom) (R. Andrew Shanely 2004). 
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It is important to observe that both partial and total MV results in 

diaphragmatic atrophy even if during a partial ventilation the 

development of this condition appears slower than during fully controlled 

MV. Inactivity and lack of mechanoreceptor stimulation dramatically 

affect muscle function, with a 12% to 40% loss of muscle function in one 

week [57,58]. The strength of fast-twitch (type II) fibers appears to decline 

at an accelerated rate compared to declines in strength measured within 

slow-twitch (type I) fibers, which implies that the diaphragm is one of 

most heavily affected muscles. Indeed, the diaphragm undergoes nearly 

50% loss of muscle mass over the first 96 hours from the start of 

mechanical ventilation [59]. 

In fact, diaphragm dysfunction is highly prevalent. For instance, Dres and 

colleagues have demonstrated that at the time of the first spontaneous 

breathing trial in patients who had undergone mechanical ventilation, 

63% of the patients had developed diaphragm dysfunction, which has 

recently been termed “critical illness–associated diaphragm weakness” 

[60]. 

Prolonged MV results in oxidative damage to the diaphragm through the 

generation of reactive oxygen species and their derivatives that have a 

significant effect on the contraction of the skeletal muscle. During 

prolonged MV, the oxidative modification of diaphragm contractile 

proteins leads to less efficient activation of diaphragm fibers induced by 

calcium. 
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Recently, Zergeroglu et al., showed that after 18 h of controlled MV there 

is in an increase in the protein carbonyls in the diaphragmatic muscle 

fibers that suggested an increase in oxidized proteins [61]. 

 
 
 
1.8 WEANING AND VIDD 
 
The term "weaning" is used to describe the process that gradually leads 

to the decreasing in ventilation support. Before this process a successful 

degree can be predicted and a delayed weaning can lead to complications 

such as ventilator induced lung injury (VILI), ventilator associated 

pneumonia (VAP) or ventilator induced diaphragmatic dysfunction [62]. 

For patients undergoing prolonged mechanical ventilation, atrophy of the 

diaphragm muscles can occur as a result of muscle proteolysis and a 

decrease in myofiber content. Furthermore, the loss of diaphragm force 

is time dependent and because respiratory muscles play a crucial role in 

weaning and rehabilitation weaning from mechanical ventilation should 

be initiated as soon as feasible [63]. 

Most of the patients are weaned from the ventilator and the weaning 

failure, the inability to liberate a patient from the ventilator, occurs in a 

minority of patients but represents an important burden in term of days 

of mechanical ventilation morbidity and mortality [64]. 

The duration of the MV is crucial for the weaning process and after a 

prolonged time of mechanical ventilation weaning failure may occur.  The 
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diaphragmatic thickness monitoring is very important to predict the 

weaning outcome. In 2014 Dinino et al. showed that, using 

ultrasonography, the difference in terms of diaphragmatic thickness 

between the end of inspiration and expiration could predict extubation 

failure with a sensitivity of 88% and a specificity of 71% [65]. 

Recent findings confirmed that diaphragm dysfunction is frequently 

involved during weaning failure and that it is associated with poor 

prognosis at time of liberation from mechanical ventilation [66-68]. 

Definitely, as Powers et al. have demonstrated, the clinical significance of 

VIDD resides in the belief that diaphragmatic weakness contributes to the 

inability to wean patients from MV (Fig.9). Difficult weaning is an 

important clinical problem and occurs in ∼30% of adult patients provided 

ventilator support for more than 3 days [69]. 

Ultimately, identifying the reason why a patient fails the weaning process 

might help to reduce the duration of mechanical ventilation and hence to 

improve patient outcomes. 
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1.9 ANGIOTENSIN-(1-7) 

 

The renin-angiotensin system (RAS) is a hormone system implicated in the 

regulation of blood pressure and fluid homeostasis. Many pathways are 

involved in the RAS system that plays an important role in several 

pathological processes, such as atherosclerosis, myocardial infarction, 

stroke, diabetes, tumorigenesis, and acute respiratory distress syndrome 

(ARDS) [70-72]. The main effector of the classical RAS system’s axis is 

angiotensin II (Ang-II), which is originated by the proteolytic cleavage of 

Figure 9. Potential mechanism under VIDD development (Powers SK, 2013). 
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angiotensin I (Ang-I) by the angiotensin converting enzyme (ACE) (Fig.10).  

In parallel with the classical axis, RAS has counter-regulatory axis, which is 

composed by ACE2, the principal peptide angiotensin (1–7) (Ang (1–7)) 

and its receptor Mas (Fig.10) [73]. 

Beside hemodynamic process, it’s known that RAS plays a relevant role in 

skeletal muscle diseases. Experimental studies showed that the infusion 

of Angiotensin-II can induce marked diaphragmatic muscle atrophy with 

an increase of atrophy, fibrosis and protein degradation [74]. 

In 2015, Kwon et al. have provided preclinical data in rats demonstrating 

that the treatment with losartan, an Ang-II receptor 1 (AT1R) antagonist, 

have clinical benefits to protect against ventilator-induced diaphragm 

weakness [75]. 

On the other hand, some evidence about the beneficial properties of 

Angiotensin-(1-7) has been published.  Recently, Meneses et al. showed 

that Ang (1-7), through Mas, is able to prevent the effects induced by Ang 

II in the diaphragm muscles and decreases several events. [76]. In line with 

these results, experimental studies demonstrated that Ang-(1–7) lessens 

atrophy in models of endotoxin-related skeletal muscle wasting and 

disuse skeletal muscle atrophy [77,78]. The effects of the infusion of 

Angiotensin-(1-7) have been investigated by Sigurta’ et al, in a rat model 

of VILI, suggesting beneficial effects in terms of improvement in 

oxygenation, inflammation, and lung fibrosis [73]. 
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Nowadays, there aren’t preclinical studies providing the effects of Ang-(1–

7) on the diaphragmatic dysfunction, even if based on evidence, Ang-(1–

7) may have an important role in the VIDD pathophysiology. 

Verifying this hypothesis can help in understanding the processes involved 

in ventilator-induced diaphragmatic dysfunction pathophysiology and 

open new possibilities for its prevention and treatment. 

 

 

 

 

 

 

 

 

 

Figure 10. Renin-angiotensin system cascade. AngI: angiotensin I; ACE: 
angiotensin-converting enzyme; AT1 receptor: AngII type 1 receptor; AT2 
receptor: AngII type 2 receptor; Mas: Ang-(1-7) receptor. (Zambelli V., 2012). 
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1.10 ACUTE RESPIRATORY DISTRESS SYNDROME  

 

The story of Acute Respiratory Distress Syndrome (ARDS) is very old, it’s 

first description was illustrated in 1967 [79]. even if was more accurately 

defined in 1994 by the American-European Consensus Conference (AECC) 

[80]. 

Since then, over the years to improve the accuracy of clinical diagnosis a 

new definition has been proposed which describes ARDS as an acute lung 

injury correlated with an inflammatory condition, this definition is known 

as the Berlin definition [81]. 

According to the Berlin definition ARDS can be distinguished be the 

following points: 

 

• Timing: the clinical picture within 7 days of a known clinical event 

(also a new or worsening respiratory symptoms), 

• Chest imaging: Bilateral opacities—not fully explained by 

effusions, lobar/lung collapse, or nodules, 

• Origin of edema: Respiratory failure not fully explained by cardiac 

failure or fluid overload Need objective assessment (eg, 

echocardiography) to exclude hydrostatic edema if no risk factor 

present, 

• Oxygenation: the severity of ARDS is so defined: 

o Mild: 200 < PaO2/FiO2 < 300 con CPAP o PEEP > 5cmH2O  
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o Moderate: 100< PaO2/FiO2 <200 con PEEP > 5cmH2O 

o Severe: PaO2/FiO2 < 100 con PEEP > 5cmH2O  

According to this new definition, ARDS is a diffuse inflammatory lesion, 

characterized by an increase in the permeability of pulmonary vessels and 

a reduction in the aerated lung volume due to the presence of bilateral 

infiltrates. 

The main consequence of ARDS is the presence the onset of a different 

degrees of hypoxemic situation with an increasing in alveolar shunt and 

not aerated lung regions. 

The classification of ARDS into three increasing stages of severity—mild, 

moderate, and severe—according to the level of hypoxemia, significantly 

reflected an increased mortality rate (respectively: 27%, 95% CI, 24–30%; 

32%, 95% CI, 29–34%; and 45%, 95% CI, 42–48%) [82].  

Puybasset et al., have showed, using chest X-ray and CT scan, that several 

differences in lung morphology, are correlated with different distribution 

of gas and opacities within the pulmonary regions and these different 

patterns are observed in patients whose clinical condition was in line with 

the ARDS definition [83]. 

Nowadays, lung CT scan is the pivotal tool for the diagnosis of 

extrapulmonary causes of ARDS, the most frequent are pneumonia, 

extrapulmonary sepsis, and aspiration [84]. 

Mechanical ventilation has always been the main tool for the ARDS 

management even id over the years it was discovered that MV can cause 
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a secondary overlap lung injury, known as ventilatory induced lung injury 

(VILI). 

 
 
 
1.11 VENTILATOR-INDUCED LUNG INJURY 
 
 
Since the first introduction of the mechanical ventilation, clinicians have 

suspected that tidal volume and the airway pressure required to maintain 

and adequate pulmonary gas exchange might contribute to the lung 

injury, although the term VILI was introduced in 1993 [85]. 

VILI is defined as an acute lesion of the lung parenchyma caused by the 

mechanical ventilation. Several factors have been recognized as possible 

triggers of VILI. Indeed, a clinically significant VILI may occur from 

volutrauma, barotrauma, atelectrauma and biotrauma [86]. 

In 2000, the landmark ARDS Network trial showed that limiting tidal 

volume (6 vs. 12 mL/kg predicted body weight [PBW]) and plateau airway 

pressure (≤ 30 vs. ≤ 50 cmH2O) improves survival in patients with acute 

respiratory distress syndrome [87]. 

 

 

• Barotrauma: is a mechanical damage caused by an excessive 

pressure gradient applied on the alveolar walls that leads to a 

rupture of lung parenchyma. This event may result in phenomena 
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such as pneumothorax, pneumomediastinum, 

pneumoperitoneum and subcutaneous emphysema [88]. The 

mechanism behind the development of barotrauma is excessive 

transpulmonary pressure (PTP), that is the difference between the 

pressure applied inside the lung, i.e. the alveolar pressure and the 

pressure present outside the lung, i.e. the pleural pressure. 

 

• Volutrauma: is a lung damage caused by high tidal volume, which 

lead to an excessive distension of the alveolar units and small 

airways. For much of the last thirty years, barotrauma (high 

inflation pressure-mediated lung injury) and volutrauma 

(overdistension-mediated lung injury) were viewed as distinct 

albeit related entities [89]. Instead, this kind of lung injury, caused 

by excessive strain, is strictly connected to barotrauma, as 

Dreyfuss et al. have showed in experimental studies on rat model 

of VILI. Furthermore, an excessive pulmonary transpulmonary 

pressure can be determined both by the application of an 

excessive peak inspiratory pressure (PIP) and by an excessive tidal 

volume compared to the lung volume [90,91]. 

 

• Atelectotrauma: is a parenchymal lesion caused by the cycling 

opening and closing (recruitment/de-recruitment) of the small 

airways and alveoli during each act of ventilation. The idea that 
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lung injury can be also determined by repeated opening and 

closing of airway alveolar duct units was introduced for the first 

time in 1994 by Muscedere [92]. This concept was later confirmed 

by Arthur Slutsky, after observing the marked increase in 

inflammatory cytokines in in vivo experiments on rats, when the 

lungs were allowed to cyclically collapse and re-inflate [93]. The 

risk of atelectotrauma development is greater if lung volumes are 

lower and if PEEP is set to a low value, because PEEP prevents 

active shear stress on the bronchial and alveolar walls. Definitely, 

clinically low tidal volume ventilation may minimize 

atelectotrauma by maintaining low airway driving pressures, 

decreasing likelihood of exceeding the critical opening pressure of 

collapsed lung units [94,95]. 

 

• Biotrauma: is an extended biological response that occur in the 

lung during the mechanical ventilation. The excessive alveolar 

distension and the continuous opening and closing of the small 

airways determine the activation of an inflammatory response, 

including activation of a monocyte macrophages and lymphocytes 

[96]. 

This proinflammatory response can also become systemic and 

promotes extrapulmonary organ injury, predisposing to 

multiorgan failure that carries increased risk of death [97,98]. 
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1.12 LUNG INJURY AND PRONE POSITION 
 
 

The goal of mechanical ventilation for patients with a pulmonary failure is 

minimize the side effects (ventilator-induced lung injury) while providing 

acceptable oxygenation and carbon dioxide (CO2) clearance [99]. 

As previous reported, pulmonary stress during mechanical ventilation 

accelerates acute respiratory distress syndrome (ARDS) progression and 

may diminish the efficacy of therapeutic strategies, reducing the success’s 

opportunities [100]. 

Prone ventilation improves gas exchange compared with the supine 

position via better matching of ventilation and perfusion and decreases 

the mortality of severe ARDS. The effects of positional therapy on regional 

lung mechanics might explain its outcome effects: for example, 

pulmonary gas distribution is more homogeneous when a patient is 

prone, as improved recruitment of collapsed lung and reduced regional 

tissue stress compared to supine ventilation may mitigate injury [101-

104]. 

Prone-ventilation in patients may lead to a more uniform distribution of 

lung stress and strain, leading to improved ventilation-perfusion matching 

and regional improvement in lung and chest wall mechanics [105]. 

Indeed, since the first clinical trial in 1997, many preclinical and clinical 

studies have supported and confirmed the idea that prone position not 

only improves oxygenation in patients with ARDS, but also decreases the 
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duration of ventilation and the mortality in these ventilated patients 

[106]. 

Supporting this hypothesis, serial computed tomography (CT) scans 

showed that prone ventilation limited the early propagation of 

experimental lung injury by stabilizing posterior inflation. In fact, Imaging 

studies suggest that pulmonary aeration, pleural pressures, and regional 

strain are more homogeneous in patient in prone versus supine position, 

due to the apparent attenuation of the gravity-related forces that 

compress and deform the lungs [107-110]. 

Based on these data, ventilation in the prone position is recommended 

for the first week in moderate to severe ARDS patients. 
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SCOPE OF THESIS 

 

The two topics covered in this work are strictly correlated to the 

professional experiences performed during the three years of my PhD 

program, regarding the main field of the prolonged mechanical 

ventilation.  

Particularly, I spent the first period at the University of Milan-Bicocca in 

the preclinical ICU laboratory directed by Prof. Giacomo Bellani, where my 

work has been focused on the diaphragm dysfunction during a mechanical 

ventilation; in particular, in the effectiveness study of a therapeutical 

treatment with Angiotensin-(1-7) in a rat model of VIDD. 

In the second part of my PhD course, I had a chance to rotate at the 

University of Pennsylvania to conduct a similar research but in the 

progression of lung injury. 

In the anesthesia laboratory of Prof. Maurizio Cereda, the main purpose 

has been investigating and evaluating the effects of pronation in a large 

model of ARDS.  

Regarding the future prospective, my goals will be to combine the 

competences and the knowledges acquired from my heterogenous 

research path to study the effects of the prone position on the ventilatory 

induced diaphragmatic dysfunction. 
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AIM OF THE FIRST STUDY  
 
The aim of the first phase of my PhD project is to evaluate the effects of a 

pharmacological treatment with Angiotensin 1-7 in a rat model of 

ventilatory induced diaphragmatic dysfunction.  
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CHAPTER 2: ANGIOTENSIN-(1–7) EXERTS A 
PROTECTIVE ACTION IN A RAT MODEL OF 
VENTILATOR-INDUCED DIAPHRAGMATIC 
DYSFUNCTION  
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ANGIOTENSIN-(1–7) EXERTS A PROTECTIVE ACTION IN A RAT MODEL OF 
VENTILATOR-INDUCED DIAPHRAGMATIC DYSFUNCTION  
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Abstract  

Background: Ventilator-induced diaphragmatic dysfunction (VIDD) is a 

common event during mechanical ventilation (MV) leading to rapid 

muscular atrophy and contractile dysfunction. Recent data show that 

renin-angiotensin system is involved in diaphragmatic skeletal muscle 

atrophy after MV. In particular, Angiotensin-II can induce marked 

diaphragm muscle wasting, whereas Angiotensin-(1-7) (Ang-(1-7)) could 

counteract this activity. This study was designed to evaluate the effects of 

the treatment with Ang-(1-7) in a rat model of VIDD with neuromuscular 

blocking agent infusion. Moreover, we studied whether the 

administration of A-779, an antagonist of Ang-(1-7) receptor (Mas), alone 

or in combination with PD123319, an antagonist of AT2 receptor, could 

antagonize the effects of Ang-(1-7). 

Methods: Sprague Dawley rats underwent prolonged MV (8 hours), while 

receiving an iv infusion of sterile saline 0.9% (Vehicle) or Ang-(1-7) or Ang-

(1-7)+A-779 or Ang-(1-7)+A-779+PD123319. Diaphragms were collected 
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for ex vivo contractility measurement (with electric stimulation), 

histological analysis, quantitative real-time PCR and Western blot analysis.  

Results: MV resulted in a significant reduction of diaphragmatic 

contractility in all groups of treatment. Ang-(1-7)-treated rats showed 

higher muscular fibers cross sectional area and lower Atrogin-1 and 

Myogenin mRNA levels, compared to Vehicle treatment. Treatment with 

the antagonists of Mas and AT2R caused a significant reduction of 

muscular contractility and an increase of Atrogin-1 and MuRF-1 mRNA 

levels, not affecting the cross sectional fiber area and Myogenin mRNA 

levels.  

Conclusions: Systemic Ang-(1-7) administration during MV exerts a 

protective role on the muscular fibers of the diaphragm preserving 

muscular fibers anatomy, and reducing atrophy. The involvement of Mas 

and AT2R in the mechanism of action of Ang-(1-7) still remains 

controversial. 

 

Keywords: Ventilation – Diaphragm – Angiotensin-(1-7) 

 

Background 

Mechanical ventilation (MV) is an important tool in the achievement of an 

optimal pulmonary gas exchange in ICU patients. However, prolonged MV 

is also associated with numerous potential complications affecting both 

the lungs and the diaphragm. MV can worsen the injury in previously 
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damaged lung (Ventilator Induce Lung Injury - VILI) [1] and is associated 

with adverse effects on multiple aspects of diaphragmatic structure and 

function (Ventilator Induced Diaphragm Dysfunction - VIDD) [2]. The 

injurious impact of prolonged MV on the diaphragm is tightly related with 

problems in weaning patients from the ventilator, whose incidence can 

reach 30% of patients exposed to prolonged MV, with subsequent 

increase in morbidity and mortality [2, 3]. Several experimental and 

clinical studies have shown a rapid muscular atrophy and contractile 

dysfunction in the diaphragm during prolonged MV [4], through the 

reduction of protein synthesis, the increase of proteolysis and the 

activation of oxidative stress. Indeed animal studies revealed that protein 

synthesis decreases rapidly already after the first 6 hours of MV, and 

remains low throughout the next 12 hours [5]. Simultaneously, the 

following proteolytic systems initiate: macroautophagy, calpains, 

caspases and the ubiquitin-proteasome system [2]. Prolonged MV results 

in oxidative damage to the diaphragm through the generation of reactive 

oxygen species (ROS) and their derivatives that have a significant effect 

on the contraction of the skeletal muscle [6]. During prolonged MV the 

oxidative modification of diaphragm contractile proteins leads to less 

efficient activation of diaphragm fibers induced by calcium [7]. 

Renin-angiotensin system (RAS) is a hormonal system implicated in the 

regulation of blood pressure and fluid and salt balance. Moreover, RAS 

plays an important role in several pathologies, such as atherosclerosis, 
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myocardial infarction, stroke, diabetes, nephrosclerosis, tumorigenesis 

and Acute Respiratory Distress Syndrome (ARDS) [8-12]. The classical axis 

is composed by ACE and Angiotensin-II, but, concurrently, RAS has a 

counter-regulatory one, in which ACE2, the principal peptide Angiotensin 

(1–7) (Ang-(1–7)) and its receptor Mas [13] are involved. RAS could play a 

relevant role in skeletal muscle diseases, since ACE could act in skeletal 

muscle, inducing negative effects on myogenesis [14]. The infusion of Ang-

II in experimental studies causes marked diaphragm muscle wasting and 

respiratory muscle dysfunction [15]. Recently, Kwon et al. [16] showed 

that the treatment with losartan, an Ang-II receptor 1 (AT1R) antagonist, 

prevented ventilator induced oxidative stress and diaphragm contractile 

dysfunction. On the other hand, Ang-(1-7) reduces extracellular matrix 

proteins, TGF-β levels and oxidative stress in skeletal muscles [17, 18], 

thus decreasing fibrosis in muscular dystrophy mouse models. Moreover, 

Ang-(1–7) and its Mas receptor can maintain muscle strength by 

preserving fiber diameter, and reduce Atrogin-1 and Muscle RING-Finger 

Protein 1 (MuRF-1) levels during the muscle wasting induced by Ang-II 

[19]. In line with these results, experimental studies demonstrated that 

Ang-(1–7) lessens atrophy in models of endotoxin-related skeletal muscle 

wasting [20] and disuse skeletal muscle atrophy [21]. We conceived the 

hypothesis that the administration of Ang-(1-7) might have beneficial 

effects on diaphragm functions by preserving the anatomical structure of 

muscular fibers [22], in a rat model of VIDD with the use of neuromuscular 
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blocking agent. In this study we used a rat model, since the human and rat 

diaphragmatic muscle are anatomically close. Indeed the composition of 

fiber types are comparable between the two species [23]. Moreover we 

have previously studied the effects of the infusion of Ang-(1-7) in a rat 

model of VILI [24], showing improvement in terms of oxygenation, 

inflammation and lung fibrosis. We also demonstrated that the infusion 

of Ang-(1-7) is well tolerated by rats during prolonged MV without adverse 

effects. Ang-(1-7) can bind to the AT2R, even if with lower affinity than 

Ang-II [25]. Moreover Mas and AT2R have very similar physiological and 

pathophysiological actions and are able to form dimers with AT1R, leading 

to its inhibition [26].To better characterized the mechanisms of action of 

Ang-(1-7) we used a Mas receptor (A-779) antagonist and an inhibitor of 

Ang-II receptor 2 (AT2R) (PD 123319).  

 

 

Material and Methods 

 

Animals and husbandry 

60 Sprague-Dawley rats (250-300 g) were employed (Envigo S.r.l., San 

Pietro al Natisone, UD, Italy). Animals were housed 2 per cage in a limited 

access animal facility, with the following condition: the room temperature 

was 20 ± 2°C and the relative humidity set at 55 ± 10%. Artificial lighting 

provided a 12 h light/12 h dark (7 a.m.–7 p.m.) cycle. The general 
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condition of the animals before the experiment was assessed daily. The 

care and husbandry of animals were in conformity with the institutional 

guidelines in compliance with national (D. L.vo 26/2014, Gazzetta Ufficiale 

della Repubblica Italiana, n.61, March 14th 2014) and international laws 

and policies (European Union directive 2010/63/UE; Guide for the Care 

and Use of Laboratory Animals, U.S. National Research Council, 1996). The 

experimental protocol was approved by the Italian Ministry of Health 

(531/2016-PR) and by the Animal Care Unit of the University of Milano-

Bicocca, Monza, Italy. In full respect of the Reduction principle of the 3Rs, 

the number of animal/group was selected to obtain reliable results and 

enough biological samples to perform the analysis planned. Some analysis 

could not be performed in some animals because of technical problems 

(e.g., electric stimulator malfunctioning or during histologic procedures); 

however, the total number of analyses performed in each group is 

reported in the captions. 

 

Experimental protocol 

Rats were anesthetized with ketamine (100mg/kg)  (Ketavet 100, Intervet 

Productions, Aprilia, Latina, Italy) and xilazine (4mg/kg) (Rompun 2%, 

Bayer, Milano, Italy), orotracheally intubated and ventilated for eight 

hours (Inspira ASV, Harvard Apparatus, Holliston, MA, USA) with following 

parameters: Tidal Volume: 10ml/kg; Respiratory Rate: 80/min; PEEP: 2-2.5 

cmH2O; fraction of inspired oxygen [FiO2: 0.5]). Deep anesthesia and 
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paralysis were maintained throughout the whole procedure by infusion in 

the right femoral artery of propofol (13mg/kg/h) (Propofol Kabi, Fresenius 

Kabi Italia, Isola della Scala, Verona, Italy)  and ketamine (5mg/kg/h) and 

in the right jugular vein of rocuronium bromide (1.5mg/kg/h) (Rocuronio, 

Fresenius Kabi Italia, Isola della Scala, Verona, Italy) and ringer acetate 

(1.8ml/h). In the left jugular vein, rats received treatment (50µl/h) 

depending on the randomly assigned experimental group: 1. sterile saline 

solution NaCl 0.9% (Vehicle), 2. 60µg/kg/h Angiotensin-(1-7) (Angiotensin 

Fragment 1-7 acetate salt hydrate, A9202, Sigma Aldrich, St. Louis, MO, 

USA) (Ang-(1-7)), 3. 60µg/kg/h Angiotensin-(1-7) + 120µg/kg/h A-779 (A-

779 trifluoroacetate salt, SML1370, Sigma Aldrich, St. Louis, MO, USA) 

(Ang-(1-7)+A-779), 4. 60µg/kg/h Angiotensin-(1-7)+ 120µg/kg/h A-779 + 

120µg/kg/h PD123319 (PD 123,319 di(trifluoroacetate) salt hydrate, 

P186, Sigma Aldrich, St. Louis, MO, USA) (Ang-(1-7)+A-779+PD). Airway 

pressure and hemodynamic parameters were monitored using pressure 

transducers in ventilator and arterial catheter, during the whole 

experimental procedure. A recruitment maneuver (30cmH2O for 10 sec) 

was performed every 60 minutes, and the plateau pressure and 

respiratory system static compliance were recorded every hour. A group 

of unventilated rats was used as control (CTRL). 
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Assessment of the injury 

The primary outcomes of the study were: the anatomical structure of 

muscular fibers and the levels of atrophy and autophagy. The secondary 

outcome was to evaluate the effects of Mas and AT2R antagonists.  

Respiratory mechanics.  

For the lung mechanical properties, a Pressure to Volume (PV) curve was 

calculated. After a recruitment maneuver, five steps of inspiratory 

volumes (2.5ml) were delivered into the lungs. For each step, the plateau 

pressure was recorded in order to calculate the static compliance. 

 

 

Diaphragmatic contractile properties.  

The diaphragm muscle was excised after animal sacrifice, placed in Krebs 

solution and a 2mm wide strip was dissected. The strip was mounted into 

a jacketed tissue bath chamber filled with Krebs solution, containing two 

stimulation electrodes connected to a stimulator (Grass S88, Grass 

technologies, Quincy, MA, USA). Tissues were allowed a thermo-

equilibration period of 15 min before initiating contractile measurements 

at 27°C. The following measurements were made: 

- Optimal length (L0) (the muscle length at which the maximal force is 

recorded): muscle was stimulated at 70V 100Hz with 2ms single pulse and 

L0 was obtained by systematically adjusting the length of the muscle by 
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using a micrometer while evoking contractions. Thereafter, all contractile 

measurements were performed at L0; 

- Peak tetanic tension: the force produced at L0 when diaphragms were 

stimulated at 70V 100Hz with 1000ms stimulation trains; 

- Force-frequency relationship:  the force-frequency relationship at L0 was 

determined by sequential 1000ms stimulation trains of 70V at different 

frequency (from 10 to 150Hz), with 2 min intervals after each stimulation; 

Muscle force was normalized to tissue cross-sectional area, calculated by 

the algorithm: [muscle mass/(fiber length x 1.056)], where the muscle 

mass is the weight of the muscle strip, the fiber length is the L0 and 

1.056g/cm3 is the muscle density [27].  

 

 

Fiber cross sectional area and muscle structure.  

After dissection, right hemidiaphragm tissue was rinsed, embedded in 

OCT (Optimal Cutting Temperature) and immediately frozen on dry ice. 

Several 10µm-thick sections were cut and stained with hematoxylin and 

eosin. The cross sectional area (CSA) of the muscular fibers was 

determined by manually tracing the fiber contour on digitized images. The 

mean CSA value was calculated on at least 150 fibers per diaphragm. The 

fiber disorganization of the muscular tissue was evaluated by converting 

the digitized images into binary images using a fixed intensity threshold 
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and by measuring the tissue to air ratio. The analysis was performed by 

two blinded operators.  

 

 

Real Time Polymerase Chain Reaction.  

Total RNA was extracted from a frozen section of diaphragm muscle using 

Eurogold trifast reagent (Euroclone S.p.A., Pero, Milano, Italy) according 

to the kit protocol, and quantified using a NanoDrop 1000 

spectrophotometer (ThermoScientific, Waltham, MA, USA). 1000 ng of 

total RNA were incubated with rDNase I (Ambion, Austin, TX, USA) for 20 

minutes at 37° C to digest contaminating genomic DNA. 400 ng of total 

digested RNA of each sample were reverse transcribed to cDNA using M-

MLV Reverse Transciptase (Invitrogen, Carlsbad, CA, USA). cDNA was 

amplified by PCR using GoTaq G2 DNA Polymerase (Promega, Milano, 

Italy) with an Applied Biosystems 7900HT Fast Real-Time PCR System. 

MuRF-1, Atrogin-1 and Myogenin were assayed using probe sequences 

Taqman® Gene Expression Assay (MuRF-1: Fbxo-32 Rn00591730_m1, 

Atrogin-1: Trim63 Rn00590197_m1, Myogenin Rn01490689_g1, β–actin 

Rn00667869_m1). Gene expression was measured by the ΔΔCT method 

and was normalized to β-actin mRNA levels. Data are shown as the fold 

change of the gene of interest relative to that of control animals. 
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Western blot analysis.  

A section of the diaphragm was immediately frozen in liquid nitrogen and 

stored at -80°C. The cytoplasmic extraction was prepared using an NE-PER 

Nuclear Cytoplasmic Extraction Reagent kit (Pierce, Rockford, IL, USA) 

according to the manufacturer's instruction. Total protein concentrations 

were quantified by the bicinchoninic acid assay (BCA assay, Pierce, 

Rockford, IL, USA) and each sample was analyzed according to standard 

Western blotting protocols. Briefly, 40 µg total proteins of each sample 

were separated by 4-12% SDS-Page and transferred onto a PVDF 

membrane (Thermo Fisher Scientific, Rockford, IL, USA). After blocking 

with 5% skim milk, PVDF membranes were incubated with specific 

antibody against LC3B (Light chain 3, isoform B II, 2775, Cell signaling 

technology, Danvers, MA, USA) and Tubulin (2125, Cell signaling 

technology, Danvers, MA, USA) as loading control. After the incubation 

with horseradish-peroxidase conjugated goat anti-rabbit antibody (7074, 

Cell signaling technology, Danvers, MA, USA), the final reaction was 

visualized using enhanced chemiluminescence (Amersham ECL Western 

Blotting Detection Reagent, GE Healthcare, Buckinghamshire, UK). Images 

were densitometrically analyzed with ImageJ software (ImageJ 1.50b, 

National Institutes of Health, USA). 
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Statistical analysis 

Shapiro-Wilk test was used to assay the population distribution. 

Comparisons between Vehicle and Ang-(1-7) treatment were made by t-

test or Mann Whitney U test, in normally or not-normally distributed data, 

respectively. Comparisons between Ang-(1-7) treatment and A-779 and 

PD group were made by a one-way analysis of variance (ANOVA) or by 

Kruskal Wallis. If the group effect was significant, a Tukey post-hoc test 

was used for pairwise comparisons between groups. Data are shown as 

means ± SD for normally distributed data and as median [interquartile 

range] when non-normally distributed. In order to calculate the sample 

size, we started from the study of Kwon et al [16] and we considered that 

if we wanted to find a 10% reduction in diaphragm contractile properties 

with a 80% power and a 0.05 significance level we had to use 10 animals 

per group.  Significance was established at p<0.05 (IBM SPSS Statistics 

software, version 24.0.0.1) 
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Results 

 

Systemic Response 

We found no difference in survival in all experimental groups: all rats 

survived the eight hours of MV, except two rats (one in Vehicle and one 

in Ang-(1-7) group) that were sacrificed after seven hours because of 

hypotension. The body weight before the experiment and the 

oxygenation were not different between groups (Table 1). The mean 

blood pressure was similar between groups at the beginning of the 

experiment, whereas at the end of the MV it was significantly higher in 

Ang-(1-7)+A-779+PD compared to the other two treatment groups (Table 

1). Eight hours of MV induced a significant decrease in compliance with 

no difference between groups.  
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Table 1. 

 

 

 

Body 

Weigh

t (g) 

PaO2 

(mmH

g) 

Mean Blood 

Pressure 

(mmHg) 

Respiratory 

System Static 

Compliance 

(ml/cmH2O) 

   Start End Start End 

CTRL 
282 ± 

34 
- - - 0.44 ± 0.04 

Vehicle 
279 ± 

32 

94 ± 

15 

101 ± 

22 

91 ± 

35 

0.41 ± 

0.03 

0.33 ± 

0.05 

Ang-(1-7) 
275 ± 

37 

100 ± 

6 
96 ± 18 

91 ± 

36 

0.41 ± 

0.08 

0.32 ± 

0.05 

Ang-(1-7)+A-

779 

277 ± 

30 
91 ± 9 99 ± 16 

95 ± 

43 

0.40 ± 

0.06 

0.32 ± 

0.03 

Ang-(1-7)+A-

779+PD 

276 ± 

16 

102 ± 

11 

103 ± 

25 

139 ± 

17* 

0.42 ± 

0.05 

0.34 ± 

0.05 

ANOVA NS NS NS 0.022 NS NS 

 

 

Table 1. Body weight, oxygenation, blood pressure and compliance 

during the mechanical ventilation. CTRL (n=10): unventilated controls; 

Vehicle (n=18): VIDD + saline treatment; Ang-(1-7) (n=14): VIDD + Ang-(1-

7) treatment; Ang-(1-7)+A-779 (n=10): VIDD + Ang-(1-7) + A-779 
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treatment; Ang-(1-7)+A-779+PD (n=8): VIDD + Ang-(1-7) + A-779 + 

PD123319 treatment; *p=0.018 vs Ang-(1-7), p=0.044 vs Ang-(1-7)+A-779. 

 

 

Diaphragm contractile dysfunction 

After eight hours of MV all groups showed a significant reduction in 

diaphragmatic contractility in response to in vitro electric stimulation. As 

shown in Fig 1, increasing the frequency of stimulation the diaphragmatic 

muscle strip of MV rats generated less force than the unventilated (CTRL) 

diaphragm (p<0.05 for all frequencies and versus all ventilated groups). 

Ang-(1-7) treatment did not improve the diaphragmatic contraction if 

compared to Vehicle group but, notably, the two groups of rats treated 

with Mas and AT2R antagonists showed a greater contractility 

dysfunction, with less force developed at every frequency of stimulation. 

Indeed Ang-(1-7)+A-779 and Ang-(1-7)+A-779+PD groups always showed 

significantly lower (p<0.05 at 20, 30, 40 and 50 Hz; p<0.01 at the other 

frequencies) force compared to Ang-(1-7)-treated rats. 
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Fig 1. Diaphragm force frequency relationship. Healthy (n=8): 

unventilated controls; Vehicle (n=10): VIDD + saline treatment; Ang-(1-7) 

(n=10): VIDD + Ang-(1-7) treatment; Ang-(1-7)+A-779 (n=10): VIDD + Ang-

(1-7) + A-779 treatment; Ang-(1-7)+A-779+PD (n=7): VIDD + Ang-(1-7) + A-

779 + PD123319 treatment; *p<0.05 Healthy vs Vehicle; °p<0.05 Healthy 

vs Ang-(1-7); §p<0.05 Healthy vs Ang-(1-7)+A-779 and vs Ang-(1-7)+A-

779+PD. 

 

 

Histological analysis 

Ang-(1-7) administration protected diaphragm muscle fiber from MV-

induced cellular atrophy (2990 ± 760 µm2). As shown in Fig 2, in Vehicle 
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group there was a significant decrease (p=0.001) in cross sectional fiber 

area (2427 ± 397 µm2) if compared to CTRL rats (3159 ± 430 µm2). Similar 

results were obtained in rats treated with Ang-(1-7)+A-779 (2976 ± 455 

µm2) and Ang-(1-7)+A-779+PD (3001 ± 595 µm2). Interestingly, all Ang-(1-

7)-treated rats (with or without antagonists) showed preserved muscular 

cell structure.  

 

Real Time PCR 

MV induced an increase in mRNA levels of two important muscle-specific 

E3 ligases (Atrogin-1 and MuRF-1) belonging to the ubiquitin-proteasome 

system of proteolysis (Fig 4). Interestingly, treatment with Angiotensin-(1-

7) lowered the expression of these two mRNA (2.82 ± 2.20 and 20.27 ± 

23.81 respectively), even if the difference was statistically significant only 

for Atrogin-1 mRNA levels (p=0.035), if compared to Vehicle group (6.58 ± 

4.62 and 29.43 ± 30.97 respectively). In Ang-(1-7)+A-779 and Ang-(1-7)+A-

779+PD groups, Atrogin-1 mRNA levels did not differ from Vehicle group, 

whereas MuRF-1 mRNA levels seemed to have a reduction more 

pronounced in Ang-(1-7)+A-779 group.  

Analogously to CSA results, levels of Myogenin mRNA significantly 

(p=0.041) decreased in Ang-(1-7)-treated rats compared to Vehicle group 

(3.42 ± 2.62 versus 10.25 ± 8.37), and rats treated with antagonists of Mas 

and AT2R receptor, as already seen in histological analysis, had low 

Myogenin mRNA levels. 
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Fig 2. Diaphragm fiber size. Healthy (n=9): unventilated controls; Vehicle 

(n=10): VIDD + saline treatment; Ang-(1-7) (n=13): VIDD + Ang-(1-7) 

treatment; Ang-(1-7)+A-779 (n=10): VIDD + Ang-(1-7) + A-779 treatment; 

Ang-(1-7)+A-779+PD (n=8): VIDD + Ang-(1-7) + A-779 + PD123319 

treatment; *p=0.001 vs Healthy; °p=0.028 vs Ang-(1-7).  
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Western blot 

LC3B II levels were non-significantly (p=0.051) lower in rats treated with 

Angiotensin-(1-7) compared to Vehicle group (Fig 5). Similar levels were 

found in rats treated with both receptors inhibitor. The group treated with 

Mas inhibitor had LC3B II levels similar to Vehicle. 

 

 

Discussion 

The RAS is involved in skeletal muscle atrophy, indeed Ang-II acts as key 

peptide in the regulation of skeletal muscle function, by affecting the 

tissue structure and muscular contraction in muscle diseases [28, 29]. 

Conversely, Ang-(1-7) with its receptor Mas [30] can increase muscle 

strength in dystrophic mice [17] and reduce the muscle atrophy induced 

by Ang-II. Therefore, the aim of this study was to test the effects of Ang-

(1-7) treatment on the diaphragmatic injury induced by the prolonged MV 

with neuromuscular blocking agent. We have recently [24] demonstrated 

beneficial effects on the lungs of Ang-(1-7) in a rat model of ARDS. Ang-(1-

7) administration during prolonged MV was safe and well tolerated, with 

no effects on hemodynamics.  
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Diaphragm contractile properties. 

In this study, we decided to 

ventilate the rats only for eight 

hours, in order to evaluate the 

early changes in contractility of 

the diaphragm and the potential 

effect of the treatment of Ang-

(1-7) on the diaphragm 

functions. As expected, MV 

induced a significant reduction in 

diaphragmatic contractility in 

response to electric stimulation, 

as shown in Fig 1, where the 

force-frequency curves from all 

four ventilated groups were 

shifted towards the bottom of 

the graph. 

 

Fig. 3 Real-time PCR. CTRL (n = 6): unventilated controls; vehicle (n = 6): 

VIDD + saline treatment; Ang-(1–7) (n = 6): VIDD + Ang-(1–7) treatment; 

Ang-(1–7) + A-779 (n = 6): VIDD + Ang-(1–7) + A-779 treatment; Ang- (1–
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7) + A-779 + PD (n = 6): VIDD + Ang-(1–7) + A-779 + PD123319 treatment; 

*p = 0.035 vs vehicle; °p = 0.041 vs vehicle  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. Western Blot analysis: autophagy-related protein (LC3B II). Vehicle 

(n=11): VIDD + saline treatment; Ang-(1-7) (n=10): VIDD + Ang-(1-7) 

treatment; Ang-(1-7)+A-779 (n=9): VIDD + Ang-(1-7) + A-779 treatment; 

Ang-(1-7)+A-779+PD (n=7): VIDD + Ang-(1-7) + A-779 + PD123319 

treatment. 
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Main effects of Angiotensin-(1-7) treatment. 

From the functional standpoint, Ang-(1-7) did not induce an improvement 

of the contractility force. The main finding of this study is the protective 

role of Ang-(1-7) treatment on the muscular fibers of the diaphragm: the 

CSA and the Myogenin mRNA levels were significantly higher and lower, 

respectively, than in Vehicle group. The reduced CSA is an index of 

diaphragmatic atrophy, that occurs also in clinical settings in the first 

hours of MV. The muscle disorganization was apparently prevented by 

Ang-(1-7) treatment. Myogenin is a muscle regulatory factors, whose 

levels are pronounced after MV [31], and is implicated as modulator of 

fiber phenotype [32]. Myogenin mRNA is mainly found in slow-twitch 

muscle [33], so its high levels are correlated to fibers switching from fast 

to slow [32]. Since the balance between protein degradation and protein 

synthesis regulates skeletal muscle fiber size, the reduction in muscular 

atrophy may depend on the levels of Atrogin-1 and MuRF-1. Eight hours 

of MV induced an increase of their mRNA levels, as shown in Fig 4, but 

they were reduced in Ang-(1-7) group. Atrogin-1 and MuRF-1 are specific 

E3 ligases, belonging to ubiquitin-proteasome system, that plays an 

important role in muscle protein degradation and in skeletal muscle 

atrophy [34, 35]. Numerous studies in humans and animals demonstrated 

that MV stimulated the expression of E3 ligases along with an increase in 

ubiquitinated proteins [36-38]. In order to evaluate autophagy, we 

measured the protein levels of LC3B II, a microtubule-associated protein. 
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Autophagy is an important cellular process that involves sequestration of 

proteins and cell organelles in autophagosomes and degradation in 

lysosomes, which is activated in response to a variety of stress-related 

diseases [39]. In our study LC3B II levels tended (p=0.051) to be reduced 

in Ang-(1-7) group compared to Vehicle, showing an anti-autophagic 

effect.  

Unfortunately, the preservation of fiber structure and the decreased 

protein degradation was not associated to an improvement in force 

generation, as compared to Vehicle treatment. This finding questions the 

potential clinical relevance of Ang-(1-7) but deserves further scrutiny, 

since might be related to the timing of our analysis. It is possible that if 

MV would have been prolonged beyond the eight hours, the Vehicle 

group would should show a further decrease in contractility caused by the 

atrophy of muscle fibers, prevented by Ang-(1-7).  

 

Use of antagonists of Ang-(1-7) receptors. 

The inhibition of the two receptors Mas and AT2R affected in part the 

diaphragm contractility function: both treatments led to significant lower 

force developed in comparison to Ang-(1-7) treated rats. Interestingly, 

also Mas (A-779) and AT2R (PD123319) receptor antagonists preserved 

diaphragm fibers in a way similar to Ang-(1-7). As expected, LC3B II levels 

remained high with A-779 treatment, whereas in the group treated with 

PD123319 levels were similar to those of Ang-(1-7)-treated rats. This is in 
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contrast with a study of Jiang et al [40] that demonstrated that both A-

779 and PD123319 were capable to revert the anti-autophagic effect of 

Ang-(1-7). 

The controversial results obtained in the rats treated with the antagonists 

of Mas and AT2R did not clarify the mechanism of action of Ang-(1-7) and 

they are in line with Villela et al [26], that described the unclear nature of 

the interaction between these two receptors. At the hemodynamic level 

we found that, as expected from our previous study [24], no difference 

was evident between CTRL, Vehicle and Ang-(1-7) groups, whereas the 

treatment with PD123319 induced a significant increase of blood 

pressure. From the functional point of view, the diaphragm in A-779 and 

A-779+PD123319 groups were characterized by a significant reduction in 

contractile capability, demonstrating an important role of Ang-(1-7) for 

the contraction. This aspect could suggest that the RAS shifts the action 

on the “dark side” of the system, composed by Ang-II and AT1R, with 

negative effects. Histological analysis and quantification of Myogenin 

mRNA indicated that muscle fibers are protected from atrophy in all three 

groups treated with Ang-(1-7) with or without antagonists. It is possible 

that in presence of the two blocked receptors, Ang-(1-7) circulating levels 

increased and its alternative metabolites, such as Alamandine, are 

synthesized and can act through different receptors [41]. Indeed 

Alamandine can be produced directly from Ang-(1-7) through 

decarboxylation of N-terminal aspartate amino acid residue [42]. These 
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two peptides have high similarity and the biological actions seem to be 

closely related to each other, although each compound acts through 

different receptors [41]. 

 

Experimental limitations. 

This study has some limitations which should be acknowledged. First, 

during the MV period, the rats received an infusion of rocuronium 

bromide, that could probably affect the diaphragmatic muscle. Indeed it 

is known that, concurrently to mechanical ventilation, some drugs, such 

as neuromuscular blocking agents, may worsen diaphragm dysfunction, 

albeit data on their effects are not univocal [43-46].  Second, we obtained 

quite low values of force during in vitro electric stimulation if compared 

to other studies in literature [5, 47-49]. This could be due to the relatively 

young age of rats used in the present study: we used 8-week-old rats. The 

age-related changes in contractile properties of diaphragm are known 

[50], and it could have influenced our measures. Third, we did not 

distinguish the different type of muscle fiber in the histological analysis, 

but for the measure of the cross sectional area (CSA) we used hematoxylin 

and eosin staining instead of immunohistochemistry. Fourth, we 

anesthetized the animals with propofol and ketamine even if it was 

demonstrated that these anesthetics could affect per se the diaphragm 

contractility and autophagy [51-53]. Fifth, we did not include a group or 

rats treated with losartan (AT1R blocker), that was already demonstrated 



92 
 

to have beneficial effect on VIDD [16]. Finally, we did not evaluate the 

effects of Ang-(1-7) on the oxidative stress.  

 

Conclusions 

To our knowledge, no studies investigated the role of Ang-(1-7) on the 

diaphragmatic dysfunction. Our results show that Ang-(1-7) preserved the 

muscle fibers from atrophy, probably by reducing the expression of the 

two major E3 ligases, Atrogin-1 and MuRF-1 as confirmed by the lower 

levels of Myogenin mRNA, typically expressed by slow fibers. These 

beneficial effects on fiber structure, however, were not mirrored by an 

increased force generation capability. These results encourage further 

studies preliminary to the use of Angiotensin-(1-7) in humans. 
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AIM OF THE SECOND STUDY 
 

Prone positioning improves ARDS survival, likely by improving the 

distribution of pulmonary gas. Progression of lung injury seems to reduce 

the ability of respiratory care maneuvers to improve lung aeration and 

could also decrease the efficacy of prone positioning. Does progression of 

lung injury reduce the ability of prone positioning to improve lung 

aeration in the acute respiratory distress syndrome (ARDS)? 
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ABSTRACT 

Background: It is not known how lung injury progression during 

mechanical ventilation modifies pulmonary responses to prone 

positioning. We compared the efficacy of prone positioning on regional 

lung aeration in late vs. early stages of lung injury. 

Methods: Injury was induced by bronchial hydrochloric acid (HCl, 3.5 

ml/kg) in 10 ventilated Yorkshire pigs and worsened by supine non-

protective ventilation for 24 hours. Whole-lung computed tomography 

was performed in both prone and supine positions 2 hours after HCl (Day 

1) and repeated at 24 hours (Day 2). Prone and supine images were 

registered (superimposed) in pairs to measure the effects of positioning 

on the aeration of each tissue unit. Two patients with early acute 
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respiratory distress syndrome (ARDS) were compared with two patients 

with late ARDS, using electrical impedance tomography to measure the 

effects of body position on regional lung mechanics. 

Results: Gas exchange and respiratory mechanics worsened over 24 

hours, indicating ventilator-induced injury progression. On Day 1, prone 

positioning reinflated 18.9 ± 5.2% of lung mass in the posterior-caudal 

lung regions. On Day 2, position-associated dorsal reinflation was reduced 

to 7.3 ± 1.5% (P<0.05). Prone positioning decreased aeration in the 

anterior lungs on both days. In the early ARDS patients, prone positioning 

improved posterior lung compliance, but it had no effect in late ARDS 

subjects. 

Conclusions: The effects of prone positioning on lung aeration may 

depend on the stage of lung injury and duration of ventilation; this may 

limit the clinical efficacy of this treatment if applied late.  
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INTRODUCTION 

While the morphologic and functional characteristics of lungs with acute 

respiratory distress syndrome (ARDS) change over time [1,2], this 

evolution is poorly characterized. Pulmonary stress during mechanical 

ventilation accelerates ARDS progression [3] and may diminish the 

efficacy of therapeutic strategies, narrowing the opportunity for success. 

Better understanding the evolution of ARDS could therefore help refine 

both indications and timing of treatment. 

Prone ventilation improves gas exchange compared with the supine 

position via better matching of ventilation and perfusion [4], and 

decreases the mortality of severe ARDS [5]. The effects of positional 

therapy on regional lung mechanics might explain its effects on outcome: 

for example, pulmonary gas distribution is more homogeneous when a 

patient is prone [6], as improved recruitment of collapsed lung and 

reduced regional tissue stress [7] compared to supine ventilation may 

mitigate injury. Supporting this hypothesis, serial computed tomography 

(CT) scans showed that prone ventilation contained the early propagation 

of experimental lung injury by stabilizing posterior inflation [8].  

Despite strong evidence supporting positional therapy, only 16 to 33% of 

patients with severe ARDS receive such treatment [9,10]. Clinicians may 

view prone positioning as a rescue maneuver [10] and attempt other 

strategies first, such as higher positive end-expiratory pressure (PEEP) or 

inhaled vasodilators to increase arterial oxygenation, but these strategies 
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do not uniformly improve ARDS outcomes [11,12]. If injury progression 

due to pulmonary stress diminishes the lung’s ability to redistribute 

regional mechanics, delayed initiation could decrease the positive clinical 

impact of positional therapy. While ARDS lungs may become resistant to 

recruitment by airway pressures after prolonged ventilation [13], no 

human or experimental studies have prospectively assessed the evolving 

responses to positional therapy. 

In a large animal model of early lung injury, we previously visualized the 

effects of prone positioning on the aeration of each voxel of lung tissue in 

paired prone-supine CT images [14]. We found that reaeration and 

recruitment by the prone position were chiefly localized in posterior lung 

regions near the diaphragm. In the current study, we used a similar 

imaging approach to test the hypothesis that lung injury progression 

diminishes prone positioning’s ability to reaerate the lungs. For this 

purpose, we performed longitudinal CT scans in pigs with evolving lung 

injury triggered by acid aspiration and worsened during 24 hour-long non-

protective ventilation while supine. With high spatial resolution, we 

compared imaging of early vs. late responses to positional therapy and for 

comparison, to high airway pressures. Finally, using electrical impedance 

tomography (EIT), we compared the effects of prone positioning on 

regional lung mechanics in two patients with late vs. two patients with 

earlier ARDS. Overall, the results suggest that injury progression in 
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ventilated lungs might lessen prone positioning’s ability to improve 

aeration and to recruit posterior lung regions.  

 

METHODS 

All studies were approved by the Animal Care and Use Committee of the 

University of Pennsylvania and by the Investigational Review Board of the 

Massachusetts General Hospital. Detailed methods are described in the 

Online Supplementary Material; Figure 1A outlines the animal 

experiments.  

 

Animal Preparation and Protocol 

Ten Yorkshire pigs (30.7±1.1 kg) were intravenously anesthetized, 

intubated, instrumented, and mechanically ventilated. 3.5 ml/kg of 

hydrochloric acid (HCl, pH 1.0) was instilled via bronchoscopy into the 

lobar bronchi. After two-hours stabilization period, CT scans were 

obtained (Day 1). All animals were then ventilated supine for 24 hours on 

volume-controlled ventilation with non-protective settings: PEEP 3 cmH2O 

and tidal volume (VT) 12 ml/kg. Inspired fraction of oxygen and respiratory 

rate were set at 0.5 and 25 bpm, then adjusted to arterial oxygen 

saturation (>90%) and PaCO2 (35–45 mmHg). After 24 hours, CT was 

repeated (Day 2). Hemodynamic and respiratory variables were 

monitored continuously; hypotension was treated with fluids and 

epinephrine infusion. Respiratory mechanics and arterial blood gases 
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were measured serially. Animals were euthanized after Day 2 imaging, at 

which time lung tissue samples were obtained and processed. 

 

Image Acquisition and Analysis 

CT images and physiologic measurements were obtained after supine and 

prone ventilation with each of two settings that were randomly applied 

for 15 minutes in-scanner: low PEEP (3 cmH2O) non-protective ventilation 

(VT 12 ml/kg, rate 25 bpm), and high PEEP (15 cmH2O) ventilation chosen 

to maximize lung recruitment. At high PEEP, VT 6 ml/kg and rate 40 bpm 

were dialed to avoid barotrauma. Recruitment maneuvers were 

performed after each position change. Pigs lay unsupported when in the 

prone position. Lungs were scanned during 5-second end-expiratory 

pauses, and images were reconstructed to a resolution of 1x1x1 mm.  

To quantitatively analyze aeration changes, we first segmented lung 

images via validated deep-learning methodology [15] and calculated lung 

weights [16] and end-expiratory lung volumes (EELV) [17]. We then 

registered (warped) segmented CT scans obtained in the prone position 

to the supine images (Figure 1B) using deformable registration to align 

lung borders and internal features between images, thus placing 

corresponding voxels on the same reference system [18]. This allowed us 

to measure the effects of positioning and PEEP on the density (aeration) 

of each voxel. Voxels were then classified as ‘recruitment’ or 
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‘derecruitment’ if their density respectively decreased or increased across 

a threshold of -100 Hounsfield units (HU) when turning prone and/or 

increasing PEEP [14]. Aeration changes were mapped and spatially 

analyzed in 10 anterior-posterior and 10 cranio-caudal equal-weight bins. 

 

 

Figure 1. A) Experimental timeline in supine pigs ventilated with non-

protective settings after hydrochloric acid (HCl) instillation in the bronchi. 

After animal preparation and HCl administration, pigs were stabilized for 

two hours, followed by early (Day 1) computed tomography (CT) scans. All 

pigs were then ventilated with tidal volume (VT) 12 ml/kg and positive 

end-expiratory pressure (PEEP) 3 cmH2O. After 24 hours, CT scans were 

repeated (Day 2), followed by euthanasia and tissue retrieval. B) On both 
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days, CT scans were obtained during end-expiratory pauses following 15-

minute-long periods of ventilation in prone or supine position with low (3 

cmH2O) or high (15 cmH2O) PEEP, applied in random order. For image 

processing, CT scans in the prone (at low and high PEEP) and supine (at 

high PEEP) positions were registered to (superimposed on) the supine-low 

PEEP scans. 

 

Patients 

Two patients with early (<7 days from onset) and two with late (>7 days 

from onset) ARDS [19] were imaged with electrical impedance 

tomography (EIT) in the prone and in supine position while volume-

controlled ventilated with VT 5–6 ml/kg and PEEP 15 cmH2O. Images were 

reconstructed according to a 3D finite element model, plotted in a matrix 

of 32 x 32 pixels,  and partitioned into 32 anterior-posterior bins [20]. For 

each bin, tidal ventilation was calculated by impedance changes and 

divided by the driving pressure, yielding regional compliance (Online 

Supplement). 

 

Statistical Analysis 

Data was prepared in Jupyter Notebook using Python 3.6. Statistical 

analysis was performed using RStudio 1.2.5001 (R Foundation for 

Statistical Computing; Vienna, Austria). Two-tailed paired T-tests with 
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Bonferroni correction were performed for comparisons between the two 

time points. A mixed-effect regression model (lme4, R package) [21,22] 

was used to study the effects of PEEP, positioning, and their combination 

(fixed terms) on physiologic and imaging variables. ‘Individual subject’ was 

retained as random effect. Each estimate was reported with its confidence 

intervals. An experiment-wide P<0.05 was selected as the threshold for 

statistical significance.  

 

 

RESULTS 

Lung Injury Progression  

Acid aspiration caused a decrease in both PaO2/FiO2 (P<0.001) and 

respiratory system compliance (P<0.001) and an increase in PaCO2 

(P=0.019) between healthy baseline and the first post-injury time point 

(Figure 2). We observed further decreases in PaO2/FiO2 (P<0.001) and 

compliance (P=0.015) over the next 24 hours, while PaCO2 continued to 

increase (P=0.042) (Figure 2). Additional trends of physiological and 

laboratory parameters are shown in Table 1, Online Supplement. Analysis 

of tissue samples confirmed injury (Figure 3 A-C), which was more severe 

in the middle and lower lobes than in the upper lobe (Figure 3D). 

Unprocessed expiratory CT images on Day 1 showed consolidations and 

ground glass opacities, which became more prominent on Day 2 (Figure 
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4, left panels). Density analysis of segmented, non-registered images 

showed that lung weight increased from 764.6±74.7 to 859.9±92.0 grams 

of tissue (P<0.001) between Days 1 and 2. 

 

 

 

 

Figure 2. Effects of initial lung injury and its subsequent progression (mean 

and standard deviation) on: A) respiratory system compliance, B) 

PaO2/FiO2, C) PaCO2. All measurements were taken during ventilation at 

VT 12 ml/kg and PEEP 3 cmH2O: at healthy baseline, 2 hours after 

instillation of hydrochloric acid (HCl), and after 12 and 24 hours of 

ventilation. ** P<0.01, * P<0.05. 
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Figure 3. Effects of Positioning and PEEP 

Respiratory Parameters: On Day 1, prone vs. supine positioning increased 

PaO2/FiO2 (mean difference = 101.7 mmHg, 95%CI = [61.5, 141.8 mmHg], 

P<0.001, Cohen's d = 1.87) and compliance (mean difference = 3.9 

ml/cmH2O, 95%CI = [2.3, 5.6 ml/cmH2O], P<0.001, Cohen's d = 1.74), while 

high vs. low PEEP decreased both variables (Table 1). On Day 2, prone 

positioning slightly worsened PaO2/FiO2 (mean difference = -23.5 mmHg, 

95%CI = [-37.7, -9.3 mmHg], P=0.003, Cohen's d = -1.22) while still 

increasing compliance (mean difference = 2.3 ml/cmH2O, 95%CI = [1.1, 3.5 

ml/cmH2O], P=0.001, Cohen's d = 1.46); high PEEP had no significant effect 

on PaO2/FiO2, but, similar to Day 1, it worsened compliance (mean 
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difference = -5.1 ml/cmH2O, 95%CI = [-6.3, -3.9 ml/cmH2O], P<0.001, 

Cohen's d = -3.19) (Table 1). PaCO2 was unaffected by positioning on Day 

1, but slightly increased on Day 2 in the prone position. The increase in 

PaCO2 at high vs. low PEEP was likely caused by the use of lower VT.  EELV 

was stable between positions on Day 1 but was on Day 2 it was lower in 

the prone position compared to supine (mean difference = -106.0 ml, 

95%CI = [-142.7, -69.2 ml], P<0.001, Cohen's d = -2.13) (Table 1). Also see 

Table 2 in the Online Supplement for the complete results of the statistical 

analysis. 

Regional Aeration: After segmentation and registration, the warped 

images showed anatomic correspondence with the supine images at low 

PEEP (Figure 4, right panels), except for the effects of PEEP and positioning 

on regional lung aeration. These were calculated by subtracting density 

values between each voxel of the warped image and the spatially 

corresponding voxel of the low-PEEP supine scan (Figure 1B). The 

resulting subtraction maps show that, on Day 1, proning at low PEEP 

caused density to decrease (improved aeration) in the posterior-caudal 

lung (blue) and to increase (worse aeration) in the anterior regions (red) 

(Figure 5A). Raising PEEP in the supine animal improved aeration 

predominantly in the posterior lung, while gas content remained relatively 

stable in the anterior regions. Joint application of high PEEP and prone 

positioning further enhanced the posterior improvement of aeration, 

while the anterior decrease of aeration was smaller compared to prone 
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positioning alone (Figure 5A). On Day 2, the prone position and high PEEP 

(both alone and in combination) were unable to meaningfully improve 

posterior and caudal aeration (Figure 5C), while their effects on the 

anterior lung were similar to Day 1. Population averages of anterior-

posterior and cranio-caudal distributions of CT densities, as well as of their 

shifts caused by positioning and PEEP, confirm these visual patterns 

(Figure 1, Online Supplementary Material).  

Lung Recruitment: After identifying those voxels in which density shifts 

indicated recruitment or derecruitment in each tested condition (Figure 

5B, D), we quantified them as fractions of total lung volumes and mass 

(Table 2). The anterior-posterior (Figure 6A) and cranio-caudal (Figure 6B) 

distributions of recruitment show that most voxels recruited by the prone 

position were in the posterior and caudal lung regions on Day 1, but that 

this recruitment was diminished on Day 2 (Table 2, P<0.001). Voxels 

recruited by high PEEP were also distributed in the posterior-caudal 

territories on Day 1, but their distribution shifted from posterior to more 

anterior bins on Day 2 (Figures 5D, 6A). Combining prone position and 

high PEEP enhanced recruitment vs. high PEEP alone on Day 1 (mean 

difference = 5.8%, 95%CI = [3.75-7.92%], P<0.001, Cohen's d = 2.58), while 

this additional effect was smaller on Day 2 (mean difference = 1.9%, 95%CI 

= [-0.04-3.83%], P=0.072, Cohen's d = 0.90). On both days, the prone 

position was associated with a quota of derecruitment (Table 2) which 

was mostly localized in anterior lung regions (Figures 5D, 6A) and was 
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attenuated by the addition of high PEEP. Also see Table 3 in the Online 

Supplement for the complete results of the mixed-effect model analysis. 

 

 

 

 

Figure 4. Representative axial and coronal images obtained in early acid 

aspiration injury (Day 1) and after 24 hours of ventilation with non-

protective settings (Day 2). The left panels show the unprocessed images, 

which were obtained during expiratory pauses after ventilation in both 

supine and prone positions, at two levels of PEEP. Day 2 images show the 

radiological progression of lung injury, with expansion of high-attenuation 
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areas. The right panels show the same images after segmentation and 

registration (warping). All images were registered to the supine-low PEEP 

scans obtained on the same day, which were used as a reference to create 

high-resolution maps of the changes in aeration resulting from the tested 

treatments. In this figure, the warped prone images are shown inverted 

to facilitate anatomic comparisons. 

 

 

 

Figure 5. Subtraction maps display voxel-by-voxel density changes (left 

panels) and lung recruitment-derecruitment (right panels) on Day 1 (A, B) 
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and Day 2 (C, D) of the experiment.  The density changes were calculated 

by subtracting CT densities of the warped images from those of the 

supine-low PEEP images, which were used as a reference to calculate the 

effects of high PEEP alone, prone position alone, and their joint 

application on the gas content of each voxel. Recruitment and 

derecruitment were mapped by identifying voxels where the CT density 

changes due to PEEP or positioning crossed a threshold (-100 Hounsfield 

Units) indicating near complete loss of aeration. Recruited voxels are 

shown in blue; derecruitment is shown in red. 

 

ARDS Patients 

Patients were 35 to 69-year-old and were ventilated for 6 to 60 days (see 

Online Supplementary Material for additional details). In the patients with 

“early ARDS” (patients 1 and 2 in Figure 7), prone position increased both 

global respiratory system compliance and the EIT-measured compliance 

of the posterior bins, suggesting lung recruitment in the same areas. In 

the “late ARDS” patients (patients 3 and 4 in Figure 7), global compliance 

was reduced in prone position compared to supine position. EIT images 

revealed a lack of compliance improvement in the posterior bins and a 

concomitant decrease in the anterior regions.  
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Figure 6. The regional distributions of recruitment and derecruitment 

were analyzed by partitioning the lung into 10 segments of equal voxels 

along the A) Anterior-Posterior axis and B) Caudal-Cranial axis, as 

exemplified in the images on the right. Each value (mean±SD) represents 

the amount of recruited or derecruited tissue (as a % fraction of the total 
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lung volume) contained in each bin. Day 1 (closed circles) and Day 2 (open 

squares) are shown in each plot. 

 

 

 

Figure 7. Changes in regional compliance measured by electrical 

impedance tomography (EIT) with in 32 horizontal bins (region 1 most 
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anterior, region 32 most posterior) in patients with acute and late ARDS 

imaged in supine (blue) and in prone (in red) positions. Global respiratory 

system compliance (CRS) and PaO2/FIO2 ratio (P/F) was added to each 

graph for each position. The insert shows an EIT image of regional 

ventilation reconstructed in a 32 x 32 matrix. Regional compliance was 

measured in each horizontal pixel layer of the EIT matrix (exemplified by 

the red rectangle). Please note that regional ventilation and compliance 

are mostly measurable in the central bins (e.g. 8–24), as the more 

peripheral bin values reflect extrapulmonary tissue impedance. 

 

 

 

Table 1. Physiological characteristics of pigs at different PEEP levels and 

positions on different study days. Between-day comparisons were made 

by paired t-test. Within-day comparisons were made using a mixed-effect 

regression model (see table E2 for complete analysis results). †: P<0.05 

between Day 1 vs. Day 2.   

Supine Prone Supine Prone PEEP effect Prone effect Supine Prone Supine Prone PEEP effect Prone effect
Compliance 17.4±2.5 21.8±3.8 11.8±3.1 15.2±2.9 <0.001 <0.001 13.6±4.4 † 15.8±5.0 † 8.4±3.4 † 10.8±4.6 † <0.001 0.001
PaO2/FiO2 363.6±136.5 440.8±107.6 292.8±152.5 418.9±110.0 0.032 <0.001 124.9±71.0 † 103.9±61.2 † 141.1±81.0 † 115.1±52.4 † 0.069 0.003

PaCO2 37.2±5.0 37.8±5.3 50.5±8.4 50.6±13.9 <0.001 0.835 51.0±14.2 † 60.1±18.6 † 70.3±18.2 † 73.1±21.5 † <0.001 0.017
Lung Volume 876.4±70.6 840.5±120.4 1108.2±130.1 1086.0±148.7 <0.001 0.163 859.9±118.2 732.7±92.3 † 988.2±166.2 † 903.5±171.7 † <0.001 <0.001

Average Intensity -542.7±34.5 -518.8±46.4 -591.1±37.1 -580.4±43.7 <0.001 0.001 -497.4±44.9 -461.3±40.8 † -531.9±53.4 † -509.9±55.0 † <0.001 <0.001

P-value
Day2

PEEP3 VT12 PEEP15 VT6 PEEP3 VT12 PEEP15 VT6
Day1

P-value
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    Recruitment % by mass Derecruitment % by mass 

Day1 

PEEP 22.5 ± 5.7%  0.9 ± 0.5% 

Prone 18.9 ± 5.2% ‡ 5.9 ± 3.0% ‡ 

PEEP+Prone 28.3 ± 6.1% ¶ 2.0 ± 1.1% 

Day2 

PEEP 15.8 ± 2.9% † 0.6 ± 0.2% 

Prone 7.3 ± 1.5% †‡ 6.5 ± 2.8% ‡ 

PEEP+Prone 17.7±4.2% † 1.8±1.4% 

 

Table 2. The amount of recruited and derecruited lung tissue (as a percent 

of whole-lung mass) as a result of applying high PEEP, prone position, and 

the combination of both in early (Day 1) and late (Day 2) injury. Between-

day comparisons were made by paired t-test. Within-day comparisons 

were made using a mixed-effect regression model (see table E3 for 

compete analysis results). †: P<0.05 Day 1 vs. Day 2; ‡: P<0.05 effect of 

PEEP vs. prone; ¶: P<0.05 effect of PEEP alone vs. the combination of PEEP 

and prone positioning. 
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DISCUSSION 

Our data suggest that delayed application of positional therapy may 

diminish its beneficial effects on regional inflation. We used imaging to 

quantify the impact of the progression of experimental lung injury on the 

responses to body positioning: after supine non-protective ventilation for 

24 hours, the prone position was less effective at re-inflating and 

recruiting posterior-caudal lung tissue than in early injury. Furthermore, 

the EIT measurements hint that prone positioning may be unable to 

improve posterior lung mechanics after prolonged ventilation in clinical 

ARDS. 

Our large animal model mirrored the secondary progression of a primary 

lung insult. Previous small animal data showed that the evolution of lung 

injury led to a progressive loss of recruitability by higher PEEP [23]. Our 

study shows that the lungs’ ability to respond to prone positioning was 

also altered over time, and that injury characteristics transitioned from 

reversible decrease of aeration to consolidative lesions.  

To quantitate these evolving responses, we performed a detailed analysis 

of the effects of both prone positioning and PEEP on regional lung 

inflation. We used our registration method to map lung density shifts, 

including recruitment and derecruitment, with voxel-level resolution [14]. 

In early injury, switching position from supine to prone caused opposing 

changes in lung aeration in ventral vs. dorsal lung territories: a posterior 

region of the lungs was reinflated, while a large anterior territory was 
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deflated (Figure 5A), resulting in a stable EELV (Table 1) as in previous 

observations by our group [14] and others [24]. These changes were likely 

due to shifts of the gravitational and non-gravitational forces that deform 

the lungs [25]. Similar to our previous work [14], lung recruitment was 

prominent in the posterior-caudal territory during early injury (Figure 5B, 

Figure 6). This region was most likely well perfused [26], explaining the 

improved oxygenation in the prone position. However, after injury 

progression for over 24 hours, the posterior-caudal lung region became 

resistant to the forces that drive reinflation in the prone position (Figure 

5C, D). Furthermore, anterior lung deflation was also visible in the prone 

images on the second day, with the net result of a smaller EELV than in 

the supine position.  

Previous studies reported that opposite aeration shifts coexisted in the 

same subject when changing body position [27]. However, the relative 

contributions of recruitment and derecruitment cannot be separated and 

mapped when they are averaged within a large region of the lung [28,29]. 

By measuring aeration shifts in each individually registered voxel, we were 

able to show that, during early injury, derecruitment occurred in a smaller 

fraction of tissue than recruitment (Table 2). Derecruited voxels were 

mostly – but not exclusively – distributed in the anterior lung, a region 

with a smaller cross section than the posterior region. This geometric 

asymmetry can explain the net balance in favor of recruitment in prone 

subjects. On the second day, however, derecruitment by prone 
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positioning nearly offset recruitment, as the latter was smaller than in 

early injury. This suggests that the geometric factors that improve lung 

aeration in the acute stage of injury [25] do not guarantee a net beneficial 

effect of prone positioning when the posterior lung regions are 

consolidated.  

Image registration also enabled us to observe that, when applied 

separately, PEEP and prone positioning recruited non-overlapping regions 

of lung tissue (Figure 6A). This was due to the fact that the tissue recruited 

at high PEEP was more anterior on Day 2 than on Day 1, since the 

posterior-caudal lung had become harder to reinflate (Figure 5D).  

High PEEP worsened compliance on both days of the study despite a 

significant quota of recruitment, which could be explained by the fact that 

anterior aeration was not increased by higher PEEP (Figure 6 A,C, and 

Figure 1 Online Supplement), suggesting maximal physiologic inflation in 

that region. This state was likely associated with unfavorable distribution 

of blood flow [30], contributing to worsening oxygenation at higher PEEP. 

Increased compliance with prone positioning on Day 1 can be explained 

by recruitment, although this mechanism does not completely account for 

the higher compliance also observed on Day 2, when both recruitment by 

prone positioning and EELV were decreased. It is possible that reduced 

inflation improved chest wall mechanics enough to offset the lack of net 

recruitment in the prone position [29]. 
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Fibroproliferative responses occur early human [31] and experimental 

[32] lung injury, and are likely involved in the loss of positional responses 

in our patients [19]. However, fibrosis is unlikely to have measurable 

physiologic and radiologic consequences in the stages of injury explored 

in our animal studies. Using serial CT in injured rats, we previously 

reported that dependent areas of suboptimal and unstable inflation were 

progressively replaced by persistent loss of ventilation [8], a progression 

that was mitigated by prone positioning. This evolution was likely caused 

by concentration of lung strain, causing edema through capillary stress 

[33]. Edema could also explain the loss of posterior recruitability observed 

in our current study, but it is also possible that supine ventilation with 

relatively large tidal volume and low PEEP provoked induration of 

previously recruitable tissue, as described in an acid aspiration model [23]. 

This evolution is probably mediated by protein accumulation in the 

airspaces and resulting surfactant deterioration [23], which increases the 

tendency to derecruitment until gas loss becomes irreversible [34].  

This study has potential clinical implications. The EIT measurements are 

explorative but hint to similarities between human and experimental 

ARDS in the evolution of imaging and physiological responses to 

positioning. In fact, the prone position improved regional compliance in 

the posterior lung regions of the early ARDS patients, likely indicative of 

lung recruitment in the same regions. Similar to the pigs, this effect was 

lost in late ARDS. Furthermore, the late ARDS subjects displayed a 
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decrease of anterior compliance in the prone position, suggesting 

worsened aeration. A large segment of the ARDS population is impervious 

to recruitment attempts [16]: e.g., Cornejo et al. showed smaller 

functional and radiologic effects of positioning in ARDS patients with low 

vs. high recruitability on chest CT [28]. Although other factors such as 

origin of injury [16] are likely contributors, our experimental and human 

results suggest that the stage of disease could contribute to variability of 

treatment responses.  

The most successful clinical trial on prone positioning [5] showed a strong 

outcome benefit when treatment was applied within 72 hours of injury 

onset. Our results provide a physiological rationale to avoid delaying 

treatment. Furthermore, we suggest posterior lung recruitability as a 

possible early marker of the potential clinical success of prone positioning; 

this can better guide clinicians because oxygenation responses are not 

associated with survival [35]. Restrained inflation may limit stretch-

induced injury in the anterior lung when subjects are prone [39], and may 

also reduce regional inflammation [7] in later injury stages. However, 

animal studies by our group [8] and by others show that improved 

inflation in the posterior lung may help contain early injury progression 

[36]. This regional response may be particularly relevant in obese patients, 

who suffer from posterior lung collapse and disproportionately benefit 

from positional therapy [37]. If our human findings are confirmed in 

clinical studies, EIT may provide bedside assessments of the likelihood 
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that positional therapy will improve regional lung mechanics –and 

potentially outcomes - in individual patients. 

Our study has important limitations. In the absence of perfusion data, we 

can only speculate on the mechanisms through which prone positioning 

affected gas exchange in our study, but positional changes in ventilation 

and perfusion distributions are well documented [4,27]. We cannot 

discriminate the effects of chest wall mechanics on regional inflation and 

on respiratory compliance, respectively, in the absence of esophageal 

manometry.  

We ventilated animals for 24 hours with non-protective settings to 

accelerate injury progression, which limits the clinical extrapolation of our 

results, although lung-protective ventilation did not prevent worsening of 

lung strain distribution in supine sheep [7]. Furthermore, the differences 

observed in EIT measurements between early and late ARDS suggest that 

lung protective ventilation may not avoid the degradation of positional 

effects on lung mechanics. During imaging, we chose a large gradient 

between tested PEEP levels because response to this PEEP range is a good 

predictor of maximum recruitability [16]. Furthermore, we wanted to 

reveal whether or not spatial patterns of response are superimposable 

between higher PEEP and prone positioning. However, a smaller PEEP 

difference could have produced better functional results. We chose 

different tidal volumes between tested PEEP levels to limit lung 

overdistension and barotrauma during high PEEP while avoiding lethal 
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hypoxemia during low PEEP. Finally, ventilator settings were applied in-

scanner for only 15 minutes, although pilot studies showed that CT 

inflation patterns in our model were not substantially altered by longer 

wait times. 

Faulty registration can induce errors in voxel-level measurements of 

inflation shifts due to higher PEEP and positional changes, but we have 

previously provided reassuring data showing that major airway structures 

[8,14], outer lung borders [38], and inflation distributions [8,14,39] are 

reasonably preserved after warping. 

In conclusion, the results of this study support the hypothesis that 

evolving lung injury is characterized by a time-dependent loss of aeration 

response to prone positioning in the posterior lung. This deterioration 

probably contributes to variability in responses to positional therapy and 

might undermine the clinical outcome benefits of this treatment.  



 
 

133 

REFERENCES  

 

1  Gattinoni L, Bombino M, Pelosi P, et al. Lung structure and 

function in different stages of severe adult respiratory distress 

syndrome. JAMA 1994;271:1772–9. 

2 Matamis D, Lemaire F, Harf A, et al. Total respiratory pressure-

volume curves in the adult respiratory distress syndrome. Chest 

1984;86:58–66. doi:10.1378/chest.86.1.58 

3 Network TARDS. Ventilation with Lower Tidal Volumes as 

Compared with Traditional Tidal Volumes for Acute Lung Injury 

and the Acute Respiratory Distress Syndrome. New England 

Journal of Medicine 2000;342:1301–8. 

doi:10.1056/NEJM200005043421801 

4 Richter T, Bellani G, Harris RS, et al. Effect of Prone Position on 

Regional Shunt, Aeration, and Perfusion in Experimental Acute 

Lung Injury. Am J Respir Crit Care Med 2005;172:480–7. 

doi:10.1164/rccm.200501-004OC 

5 Guerin C, Reignier J, Richard JC, et al. Prone positioning in severe 

acute respiratory distress syndrome. The New England journal of 

medicine 2013;368:2159–68. doi:10.1056/NEJMoa1214103; 



 
 

134 

6 Gattinoni L, Pelosi P, Vitale G, et al. Body position changes 

redistribute lung computed-tomographic density in patients with 

acute respiratory failure. Anesthesiology 1991;74:15–23. 

7 Motta-Ribeiro GC, Hashimoto S, Winkler T, et al. Deterioration of 

Regional Lung Strain and Inflammation during Early Lung Injury. 

Am J Respir Crit Care Med 2018;198:891–902. 

doi:10.1164/rccm.201710-2038OC 

8 Xin Y, Cereda M, Hamedani H, et al. Unstable Inflation Causing 

Injury. Insight from Prone Position and Paired Computed 

Tomography Scans. American Journal of Respiratory and Critical 

Care Medicine 2018;198:197–207. doi:10.1164/rccm.201708-

1728OC 

9 Bellani G, Laffey JG, Pham T, et al. Epidemiology, Patterns of 

Care, and Mortality for Patients With Acute Respiratory Distress 

Syndrome in Intensive Care Units in 50 Countries. Jama 

2016;315:788–800. doi:10.1001/jama.2016.0291 

10 Guérin C, Beuret P, Constantin JM, et al. A prospective 

international observational prevalence study on prone 

positioning of ARDS patients: the APRONET (ARDS Prone Position 

Network) study. Intensive Care Medicine 2018;44:22–37. 

doi:10.1007/s00134-017-4996-5 



 
 

135 

11 Goligher EC, Kavanagh BP, Rubenfeld GD, et al. Oxygenation 

response to positive end-expiratory pressure predicts mortality 

in acute respiratory distress syndrome. A secondary analysis of 

the LOVS and ExPress trials. Am J Respir Crit Care Med 

2014;190:70–6. doi:10.1164/rccm.201404-0688OC 

12 Artigas A, Camprubí-Rimblas M, Tantinyà N, et al. Inhalation 

therapies in acute respiratory distress syndrome. Ann Transl Med 

2017;5. doi:10.21037/atm.2017.07.21 

13 Grasso S, Mascia L, Del Turco M, et al. Effects of recruiting 

maneuvers in patients with acute respiratory distress syndrome 

ventilated with protective ventilatory strategy. Anesthesiology 

2002;96:795–802. doi:10.1097/00000542-200204000-00005 

14 Xin Y, Cereda M, Hamedani H, et al. Positional Therapy and 

Regional Pulmonary Ventilation: High-resolution Alignment of 

Prone and Supine Computed Tomography Images in a Large 

Animal Model. Anesthesiology Published Online First: 4 August 

2020. doi:10.1097/ALN.0000000000003509 

15 Gerard SE, Herrmann J, Kaczka DW, et al. Multi-resolution 

convolutional neural networks for fully automated segmentation 

of acutely injured lungs in multiple species. Medical Image 

Analysis 2020;60:101592. doi:10.1016/j.media.2019.101592 



 
 

136 

16 Gattinoni L, Caironi P, Cressoni M, et al. Lung Recruitment in 

Patients with the Acute Respiratory Distress Syndrome. New 

England Journal of Medicine 2006;354:1775–86. 

doi:10.1056/NEJMoa052052 

17 Patroniti N, Bellani G, Manfio A, et al. Lung volume in 

mechanically ventilated patients: measurement by simplified 

helium dilution compared to quantitative CT scan. Intensive Care 

Medicine 2004;30:282–9. doi:10.1007/s00134-003-2109-0 

18 Tustison NJ, Avants BB. Explicit B-spline regularization in 

diffeomorphic image registration. Front Neuroinform 2013;7. 

doi:10.3389/fninf.2013.00039 

19 Fukuda Y, Ishizaki M, Masuda Y, et al. The role of intraalveolar 

fibrosis in the process of pulmonary structural remodeling in 

patients with diffuse alveolar damage. Am J Pathol 

1987;126:171–82. 

20 Costa EL, Lima RG, Amato MB. Electrical impedance tomography. 

Current Opinion in Critical Care 2009;15:18–24. 

doi:10.1097/MCC.0b013e3283220e8c 

21 Introduction to Mixed Modelling: Beyond Regression and 

Analysis of Variance | Wiley. Wiley.com. 

https://www.wiley.com/en-



 
 

137 

us/Introduction+to+Mixed+Modelling%3A+Beyond+Regression+a

nd+Analysis+of+Variance-p-9780470035962 (accessed 13 Oct 

2020). 

22 Bates D, Mächler M, Bolker B, et al. Fitting Linear Mixed-Effects 

Models Using lme4. Journal of Statistical Software 2015;67:1–48. 

doi:10.18637/jss.v067.i01 

23 Allen GB, Leclair T, Cloutier M, et al. The response to recruitment 

worsens with progression of lung injury and fibrin accumulation 

in a mouse model of acid aspiration. American Journal of 

Physiology-Lung Cellular and Molecular Physiology 

2007;292:L1580–9. doi:10.1152/ajplung.00483.2006 

24 Albert RK, Leasa D, Sanderson M, et al. The prone position 

improves arterial oxygenation and reduces shunt in oleic-acid-

induced acute lung injury. Am Rev Respir Dis 1987;135:628–33. 

doi:10.1164/arrd.1987.135.3.628 

25 Hubmayr RD, Walters BJ, Chevalier PA, et al. Topographical 

distribution of regional lung volume in anesthetized dogs. J Appl 

Physiol Respir Environ Exerc Physiol 1983;54:1048–56. 

doi:10.1152/jappl.1983.54.4.1048 



 
 

138 

26 Altemeier WA, McKinney S, Krueger M, et al. Effect of posture on 

regional gas exchange in pigs. J Appl Physiol 2004;97:2104–11. 

doi:10.1152/japplphysiol.00072.2004 

27 Richard JC, Bregeon F, Costes N, et al. Effects of prone position 

and positive end-expiratory pressure on lung perfusion and 

ventilation. Crit Care Med 2008;36:2373–80. 

doi:10.1097/CCM.0b013e31818094a9 

28 Cornejo RA, Díaz JC, Tobar EA, et al. Effects of Prone Positioning 

on Lung Protection in Patients with Acute Respiratory Distress 

Syndrome. Am J Respir Crit Care Med 2013;188:440–8. 

doi:10.1164/rccm.201207-1279OC 

29 Galiatsou E, Kostanti E, Svarna E, et al. Prone Position Augments 

Recruitment and Prevents Alveolar Overinflation in Acute Lung 

Injury. American Journal of Respiratory and Critical Care Medicine 

2006;174:187–97. doi:10.1164/rccm.200506-899OC 

30 Musch G, Harris RS, Vidal Melo MF, et al. Mechanism by Which a 

Sustained Inflation Can Worsen Oxygenation in Acute Lung 

Injury. Anesthesiology 2004;100:323–30. doi:10.1097/00000542-

200402000-00022 

31 Chesnutt AN, Matthay MA, Tibayan FA, et al. Early detection of 

type III procollagen peptide in acute lung injury. Pathogenetic 



 
 

139 

and prognostic significance. American Journal of Respiratory and 

Critical Care Medicine 1997;156:840–5. 

doi:10.1164/ajrccm.156.3.9701124 

32 Curley GF, Contreras M, Higgins B, et al. Evolution of the 

Inflammatory and Fibroproliferative Responses during Resolution 

and Repair after Ventilator-induced Lung Injury in the Rat. 

Anesthesiology 2011;115:1022–32. 

doi:10.1097/ALN.0b013e31823422c9 

33 Katira BH, Giesinger RE, Engelberts D, et al. Adverse Heart-lung 

Interactions in Ventilator-induced Lung Injury. Am J Respir Crit 

Care Med Published Online First: 10 August 2017. 

doi:10.1164/rccm.201611-2268OC 

34 Gaver III DP, Nieman GF, Gatto LA, et al. The POOR Get POORer: 

A Hypothesis for the Pathogenesis of Ventilator-Induced Lung 

Injury. Am J Respir Crit Care Med Published Online First: 10 June 

2020. doi:10.1164/rccm.202002-0453CP 

35 Albert RK, Keniston A, Baboi L, et al. Prone position–induced 

improvement in gas exchange does not predict improved survival 

in the acute respiratory distress syndrome. American journal of 

respiratory and critical care medicine 2014;189:494–496. 



 
 

140 

36 Broccard A, Shapiro RS, Schmitz LL, et al. Prone positioning 

attenuates and redistributes ventilator-induced lung injury in 

dogs. Critical care medicine 2000;28:295–303. 

37 De Jong A, Molinari N, Sebbane M, et al. Feasibility and 

effectiveness of prone position in morbidly obese patients with 

ARDS: a case-control clinical study. Chest 2013;143:1554–61. 

doi:10.1378/chest.12-2115 

38 Xin Y, Song G, Cereda M, et al. Semiautomatic segmentation of 

longitudinal computed tomography images in a rat model of lung 

injury by surfactant depletion. Journal of Applied Physiology 

2015;118:377–85. doi:10.1152/japplphysiol.00627.2014 

39 Cereda M, Xin Y, Hamedani H, et al. Tidal changes on CT and 

progression of ARDS. Thorax 2017;:thoraxjnl-2016-209833. 

doi:10.1136/thoraxjnl-2016-209833 

 

  



 
 

141 

Funding: This work was supported by NIH (Bethesda, MD, USA) grants 

R01-HL137389 and R01-HL139066, and by the Reginald Jenney 

Endowment Chair at Harvard Medical School and by Sundry Funds of the 

Anesthesia Center for Critical Care Research of the Department of 

Anesthesia, Critical Care and Pain Medicine of the Massachusetts General 

Hospital.  

 



 
 

142 

ONLINE SUPLLEMENT 

 

 

ANIMAL EXPERIMENTS 

Animal Preparation and Monitoring 

Ten female Yorkshire pigs (30.7±1.1 kg) were anesthetized with 

intramuscular injection of ketamine (20–25 mg/kg) and xylazine (2 

mg/kg); anesthesia was maintained by continuous intravenous infusion of 

ketamine (7–20 mg/kg/h), midazolam (0.2–0.7 mg/kg/h) and fentanyl (4–

50 µg/kg/h) via a femoral vein catheter. Propofol (4–15 mg/kg/h) was 

used as an adjunct agent in case of inadequate anesthetic level. The 

femoral artery was catheterized for blood pressure and arterial blood gas 

monitoring. Femoral vessel cannulation was ultrasound-guided (Butterfly 

iQ, Guilford, CT). Pigs were intubated with a 6.5 mm cuffed endotracheal 

tube and mechanically ventilated (Servo-i, Maquet, Solna, Sweden). SpO2, 

heart rate, blood pressure, end-tidal CO2, and body temperature were 

continuously monitored (Cardell Max-12, Tampa, FL). The bladder was 

catheterized via the urethra. The urine output was collected and recorded 

hourly throughout the experiment. Rectal temperature was monitored 

continuously, and was actively maintained between 100 and 102 F with a 

circulating water pad. All animals received intravenous hydration with 

lactate Ringer’s (10–20 ml/kg bolus and 1 mg/kg/h infusion). Hypotension 

(mean arterial blood pressure <60 mmHg) was treated by fluid bolus 
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administration and, if not responsive after two boluses, by epinephrine 

infusion. 5% dextrose was supplemented if blood glucose fell below 60 

mg/dL, and potassium chloride was added for blood potassium below 4 

mmol/L. Adequate anesthetic depth was monitored and recorded every 

10 minutes and was maintained by increasing or decreasing the rates of 

ketamine/midazolam/fentanyl/propofol IV infusions. Immobility of 

respiratory muscles was monitored by visual analysis of ventilator 

tracings; during computed tomography (CT) scans, anesthetics were 

adjusted if motion artifacts were visible in the CT images. 

HCl Instillation 

After animal instrumentation and stabilization and the collection of 

healthy baseline physiological measurements, 3.5 ml/kg of hydrochloric 

acid (HCl, pH 1.0) was divided in 5 ml aliquots and instilled via 

bronchoscopy (Ambu Inc., Columbia, MD) into the lobar bronchi of each 

lung (approximately 10 injection each lung) to assure symmetric 

distribution of the acid. During HCl instillation, the pig was ventilated 

under pressure control ventilation (PEEP 5 cmH2O, driving pressure 20 

cmH2O). The animals were then placed supine and stabilized while 

ventilated with pressure control ventilation (PEEP 10 cmH2O, driving 

pressure 20 cmH2O) for 2 hours. 

Mechanical Ventilation  
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After the initial stabilization period, Day 1 CT scans were obtained. All 

animals were then ventilated supine for 24 hours on volume-controlled 

ventilation with PEEP 3 cmH2O and tidal volume (VT) 12 ml/kg. FiO2 and 

respiratory rate were targeted to arterial oxygen saturation (>90%) and 

PaCO2 (35–45 mmHg). However, to avoid dynamic hyperinflation, 

respiratory rate was not increased above 35 breaths per minute. After 24 

hours, CT was repeated (Day 2). Respiratory mechanics (inspiratory airway 

resistance, intrinsic PEEP, and respiratory system compliance) were 

measured with an accepted technique [1] every hour, and arterial blood 

gases were measured every six hours. Animals were expeditiously 

transported to and from the CT scanner while manually ventilated with 

PEEP 5–10 cmH2O. 

Image Acquisition  

CT scans were acquired with a Siemens SOMATOM Force scanner 

(Siemens Medical Systems, Erlangen, Germany). The settings were: 120 

kVp, 200 mAs, pitch 0.95, slice thickness 0.75 mm, collimation 57.6x0.6 

mm, estimated dosage 3–5 mSv. All images were reconstructed to a 

resolution of 1x1x1 mm with QR44 kernel. In the scanner, CT images and 

physiologic measurements were obtained after supine and prone 

ventilation with one of two settings randomly applied for 15 minutes: 1) 

low PEEP-high volume (PEEP 3 cmH2O, VT 12 ml/kg, rate 25 bpm), or 2) 

high PEEP-low volume (PEEP 15 cmH2O, VT 6 ml/kg, rate 40 bpm). 

Recruitment maneuvers were performed after arrival at the scanner and 
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again after each position change. The pigs lay unsupported when in the 

prone position. Lungs were scanned during 5-second-long end-inspiratory 

and end-expiratory pauses; however, only the expiratory images were 

used for analysis.  

Image Analysis  

To quantitatively analyze lung inflation, we first segmented (separated 

from non-pulmonary tissue) lung images using a validated deep-learning 

methodology [2]. This multi-resolution convolutional neural network can 

achieve an accurate and consistent segmentation across all the images, 

and has been validated on canine, porcine and ovine injured lung CTs [3]. 

Lung weights [4] and end-expiratory lung volumes (EELV) [5] were 

calculated using accepted methodology applied to the segmented images. 

We then registered (aligned) segmented CT scans obtained in the prone 

position (at low and high PEEP) and in the supine position (at high PEEP) 

to the supine low-PEEP images using deformable registration to align lung 

borders and internal features between images [6,7]. More specifically, 

due to the large difference between supine and prone  images, two 

registration steps were performed as described in our published work [8]. 

First, the masks (outlines) of the images were aligned with rigid, affine and 

deformable registration algorithms, in sequence, to obtain a transform 

matrix (ΦM). Second, deformable registration of prone to supine images 

was performed, building upon the previously acquired ΦM. This allowed 

us to measure the effects of positioning and PEEP on the aeration of each 
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tissue voxel [8], which was quantified as the voxelwise change in density 

(HU) between the registered (warped) images (prone, high PEEP, or in 

combination) and the supine-low PEEP (target) image. Lung recruitment 

was defined as the non-aerated voxels in which aeration was restored, 

causing voxel density to decrease from >-100 Hounsfield units (HU) to any 

lower value when turning prone and/or increasing PEEP; conversely, 

voxels whose density increased to >-100 HU from a lower range were 

labeled as ‘derecruitment’ [8]. Recruited and derecruited voxels were 

identified and mapped in the registered images. Since all images were 

warped to match the same coordinates, the voxels recruited (or 

derecruited) by prone position, PEEP, and their combination could be 

spatially identified. All aeration changes were mapped and spatially 

analyzed in 10 anterior-posterior and 10 cranio-caudal equal-weight bins. 

Histologic Analysis 

After Day 2 CT imaging, animals were euthanized for autopsy. A total of 

12 samples were acquired from each pig lung (lower/middle/upper lobes 

from each sides) and fixed in 10% formalin. Several 10-μm-thick slices 

excised from each section were stained with hematoxylin and eosin 

(H&E). The severity of lung injury in each slide was subsequently scored 

by two blinded operators. Injury was assessed by a combination of 

infiltration of polymorphonuclear cells (scale of 0–2: 0 = no infiltrate, 1 = 

infiltrate in the perivascular compartment, 2 = infiltrate in alveolar 

compartment), alveolar structure disruption (scale of 0–3: 0 = regular, 1 = 
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distorted, 2 = collapsed with torn capillary–alveolar membrane, 3 = 

collapsed with opacity), presence of hyaline membranes (scale of 0–5: 0 = 

None, 1 = detected in 1 or 2 areas, 2 = present in 3 or 4 areas, 3 = present 

in 5 or 6 areas, 4 = present in 7 or 8 areas and 5 = present in 9 or 10 areas) 

and edema (scale of 0–10: 0 = regular alveolus, through 10 = dilated 

vessels in alveolar walls and proteinaceous material in alveolus). All 

quantifications were performed using Leica microscope imaging software. 

Additional details can be found in our previously published paper [9].  

Statistical Analysis 

Data was prepared in Jupyter Notebook using Python 3.6. Statistical 

analysis was performed using RStudio 1.2.5001 (R Foundation for 

Statistical Computing; Vienna, Austria). No power analysis was performed 

due to the explorative nature of the study. Two-tailed paired T-tests with 

Bonferroni correction were performed for comparisons between different 

time points. Since each pig was imaged multiple times under different 

conditions, we used a mixed model approach (lme4, R package) [10,11]. 

Fixed effects were considered to be the effects of PEEP, positioning, and 

their combination on physiologic and imaging variables. To study the 

differences of within-subject factors as a function of time, we preferred 

to use separate models for each day. We assigned pig (as a subject term) 

as a random effect. We reported each estimate with its confidence 

intervals. Comparisons were assumed to be significant if the corrected 

95% confidence interval did not contain zero. We also reported Cohen’s d 
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effect sizes for each factor to show the clinical significance of positioning, 

PEEP, and their combination on different dependent variables. We have 

also reported an equivalent P-value (lmerTest, R package) [12] for readers 

unfamiliar with mixed models and the interpretation of confidence 

intervals. An experiment-wide Type I error level of 0.05 was used.  

ARDS PATIENTS 

The human studies were approved by the Investigational Review Board at 

the Massachusetts General Hospital (IRB 2019P001995). Data were 

obtained in 4 patients meeting  acute respiratory distress syndrome 

(ARDS) criteria [13], who were studied either early (N=2) or late (N=2) 

after ARDS onset. The cutoff between early vs. late ARDS was set at seven 

days based on Fukuda et al. [14]. The authors of this study described rapid 

intra-alveolar fibroproliferation starting the second week after ARDS 

onset.  

Regional lung mechanics were recorded using electrical impedance 

tomography (Enlight 1800, Timpel Medical, São Paulo, Brazil), as part of 

comprehensive monitoring by the Lung Rescue Team at Massachusetts 

General Hospital [15]. All patients were sedated, and ventilated in 

volume-controlled mode, tidal volume of 5–6 mL/Kg predicted body 

weight. EIT acquisitions were performed in the prone and in the supine 

position, at PEEP 15 cmH2O. The time interval between the supine and the 

prone assessments was below 24h. 
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EIT images were reconstructed according to a 3D finite element model 

and plotted in a matrix of 32 x 32 pixels. Regions of interest (ROIs) were 

defined as each horizontal layer in the EIT matrix, where layer 1 was the 

most ventral and layer 32 the most dorsal (Figure 2). The impedance 

change induced by ventilation (DZV) was quantified in each ROI by 

averaging 20 respiratory cycles. EIT-regional compliance was calculated as 

the proportion of tidal ventilation in each ROI divided by the elastic recoil 

pressure of the respiratory system (Figure 2). 

Patients #1, #2, #3 and #4 were 69, 35, 60, 62 years old, respectively. Days 

of mechanical ventilation, global respiratory system compliance (CRS), 

and oxygenation (PaO2/FIO2 ratio) are reported in Figure 7 of the main 

text. 
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Figure 1. The regional distributions of average intensity (A) and intensity 

change due to tested treatments (PEEP, prone position, and their 

combination) (B) were analyzed by partitioning the lung into 10 segments 

of equal volume along the Anterior-Posterior and Caudal-Cranial axis. Day 

1 (closed circles) and Day 2 (open squares) are shown in each plot. 
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Figure 2. Functional images by electrical impedance tomography (EIT) 

were reconstructed in a matrix with 32 horizontal pixel layers and 32 

vertical pixel columns (32 x 32). Regions of interest (ROIs) were composed 

of each horizontal bin layer in the EIT matrix, which is the maximum 

vertical resolution allowed by the instrument. The area outlined in red 

exemplifies a ROI selection. EIT-regional ventilation was calculated by 

multiplyng the fractional tidal change of impedance (DZV(layer)/DZV(global), 

averaged over 20 breaths) by the tidal volume (VT, in ml). Then regional 

complaince was obtained by dividing this value by the driving pressure of 

the respiratory system (Pplateau - PEEP). 
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  Healthy HCl 12h 24h 
pH 7.5±0.1 7.4±0.1 7.5±0.0 7.4±0.1 

Lactic Acid (mmol/L) 0.7±0.4 1.0±0.3 † 0.7±0.2 ‡ 0.7±0.4 
Creatinine (mg/dL) 1.8±0.4 1.8±0.2 2.0±0.3 ‡ 2.0±0.5 

Blood Glucose (mg/dL) 83.0±17.1 76.0±21.2 82.4±19.6 78.5±21.5 
FiO2 0.5±0.0 0.6±0.2 0.5±0.1 0.7±0.2 

SpO2 (%) 
99.5±0.7 

98.4±1.1 
† 97.4±1.6 96.3±2.3 

Respiratory Rate 22.2±2.6 22.5±2.6 22.4±3.7 22.8±5.1 
Peak Inspiratory 

Pressure (cmH2O) 17.6±2.4 
32.4±3.3 

† 34.9±6.4 41.4±6.4 § 
Plateau Pressure 

(cmH2O) 12.9±2.5 
25.3±4.3 

† 26.6±5.6 32.2±3.9 § 
Mean Airway Pressure 

(cmH2O) 6.3±0.7 9.3±1.1 † 9.4±1.3 12.1±2.1 § 
Auto PEEP (cmH2O) 0.1±0.3 0.5±0.7 0.6±0.7 0.3±0.5 

Airway Resistance 
11.1±1.2 

21.8±5.5 
† 18.0±6.5 21.0±9.4 

Total Fluids (ml)       3162.7±1284.6 
Total Urine Output (ml)       2677.6±883.6 
Mean Blood Pressure 

(mmHg) 87.9±14.6 75.6±13.0 72.0±13.3 67.5±10.4 
EtCO2 (mmHg) 34.3±1.7 36.0±3.6 35.0±2.9 35.9±5.0 

Heart Rate 
73.5±6.1 

83.9±4.6 
† 83.9±16.5 92.8±20.0 

 

 

Table 1. Physiological and laboratory values before and after lung injury 

and during 24 hours of non-protective ventilation. †: P<0.05 healthy vs. 

HCl, ‡: P<0.05 HCl vs. 12h, §: 12h vs. 24h.  
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Table 2. Comparisons of physiological characteristics of pigs at different 

PEEP levels and positions on different study days using a mixed-effect 

regression model, as detailed in the Statistical Analysis section. 
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Table 3. Recruited and derecruited lung tissue (as a percent of whole-lung 

volume and mass) as a result of applying high PEEP alone, prone position 

alone, and their combination in early (Day 1) and late (Day 2) injury. 

Comparisons were performed using a mixed-effect regression model, as 

detailed in the Statistical Analysis section. 
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CHAPTER 4: SUMMARY, CONCLUSION AND 
FUTURE PERSPECTIVES 
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4.1 SUMMARY AND CONCLUSIONS  

 

Diaphragmatic dysfunction and pulmonary stress during mechanical 

ventilation are serious conditions that reducing positive outcomes and 

weaning successful in ICU patients. 

Despite advances in the management of mechanical ventilation using of 

innovative strategies to overcome these problems and the development 

of novel pharmacological treatment, as Bellani have showed, the Acute 

Respiratory Distress Syndrome mortality is estimated as high as 40% [1]. 

The aim of the first study has been mainly focused on the effects of 

Angiotensin-(1-7) treatment in a rat model of diaphragmatic dysfunction 

induced by 8 hours of MV. To our knowledge, no studies investigated the 

role of Ang-(1-7) on the diaphragmatic injury. The main finding showed 

the ability of Ang-(1-7) to preserve the muscles fiber from atrophy event 

during the mechanical ventilation. 

Our explanation for that observation it’s that Ang-(1-7) was able to reduce 

the expression of Atrogin-1 and Muscle RING finger 1 (MuRF1), the two 

major muscle-specific E3 ubiquitin ligases that are increased 

transcriptionally in skeletal muscle under atrophy-inducing conditions.  

Supporting that, the lower levels of Myogenin mRNA that we found, 

typically expressed by slow fibers. 

The findings about the force generation muscle capability were not as 

evident as those about the fiber atrophy prevention. Indeed, treatment 
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with Angiotensin-(1-7) did not improve the diaphragmatic contraction, 

even if the two groups of rats treated with Mas and AT2R antagonists 

showed a greater contractility dysfunction, with less force developed at 

every frequency of stimulation. This may suggest that beneficial effects of 

Angiotensin-(1-7) are not correlated only to the prevention of fiber size 

but probably even about others physiological events. Therefore, future 

perspectives will be to investigate and evaluate the effects of Ang-(1–7) 

on the oxidative stress and confirm our findings in a model of ventilation 

more prolonged. However, these results encourage further preclinical 

studies direct to use angiotensin-(1–7) in human patients.  

 

As is known, pulmonary stress during mechanical ventilation accelerates 

ARDS development [2]. 

The injury progression may limit the clinical efficacy of therapeutic and 

pharmacological treatments, limiting the opportunity of a positive 

outcomes. Indeed, during the ARDS management the timing of 

intervention with specific strategies is essential and fundamental to 

achieve a good level of success. Nowadays is unclear how lung injury 

progression during mechanical ventilation modifies pulmonary responses 

to prone positioning. The aim of this project was to understand and clarify 

if the progression of ARDS may decrease the beneficial effects of prone 

position to meliorate outcomes during the mechanical ventilation.  
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We compared the efficacy of prone positioning on regional lung aeration 

in late vs. early stages of lung injury.  

Overall, the main findings of this study were promising showing for the 

first time that the progression of lung injury is strictly correlated with the 

stage of lung injury and the duration of ventilation. The results suggest 

that injury progression in ventilated lungs may lessen prone positioning’s 

ability to improve aeration and recruit posterior lung regions.  Indeed, we 

showed that there is a time-dependent loss of aeration response to prone 

positioning in the posterior lung. The decline of this event may generate 

a variability in responses to pronation therapy and might limit the clinical 

efficacy of this important treatment. Furthermore, EIT measurements hint 

that pronation may be unable to improve posterior lung mechanics after 

prolonged ventilation in clinical ARDS. 

Therefore, the beneficial effects of pronation on the regional physiology 

are time dependent and with our results providing an important rationale 

to avoid delaying treatment. 
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4.2 FUTURE PERSPECTIVES 

The future goals are to combine the heterogenic knowledges that I 

acquired during my research period in Milan and Philadelphia to evaluate 

the effect of pronation on the diaphragmatic dysfunction during a 

mechanical ventilation.  

The overdistention of the lung is one of the most important mechanisms 

that damages tissue during a mechanical ventilation, in addition the 

release of and/or activation of cytotoxic and inflammatory 

cascades worsen the medical case [3]. 

Although the prone position is often considered a non-physiological 

posture for human beings, it reconfigures the diaphragm profile in ways 

that could improve its function and biology. Due to redistribution of 

abdominal pressures, we think that the dorsal part of the diaphragm 

undergoes more sustained stretch than in the supine position. This stretch 

may attenuate the progressive loss of muscle mass during prolonged 

mechanical ventilation, by maintaining a state of tension on the muscle 

fibers.  Preclinical studies showed a decrease of diaphragm fiber apoptosis 

in prone vs. supine sheep [4].  

In this respect, we hypothesize that the prolonged stretch that occurs 

during pronation could makes the inactivity more tolerable mitigating the 

detrimental effects about the diaphragm during the mechanical 

ventilation. 
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Our future aim is to study the effects of body position on the 

diaphragmatic dysfunction due to prolonged mechanical ventilation. The 

potential role of pronation to mitigate the adverse effects of prolonged 

mechanical ventilation represents a major leap forward in developing 

effective, personalized approaches to ICU patients. Investigate the effects 

of pronation on the diaphragmatic dysfunction, at different conditions, 

could suggest if a personalized ventilation can determinate an 

improvement in weaning outcome.   

Our primary hypothesis is that, in the prone position prolonged stretch of 

the posterior region of the diaphragm mitigates the detrimental effects of 

inactivity on its muscle fibers. Ventilation in prone position might 

improves diaphragm tolerance by modifying the muscle profile compared 

to ventilation in supine position, and it could protect the diaphragm, 

through a different respiratory mechanics, from the pressure load due to 

ventilation. If it’s confirmed, the mitigating effect of prone positioning on 

VIDD represents a major leap towards developing more effective and 

personalized strategies to control the adverse effects of prolonged 

ventilation and to limit ventilator dependence. Using imaging and 

biological methodologies, we will test this hypothesis in a model of rat.  

Moreover, the second future goal it will be to investigate if the 

progression of ARDS exasperated by the ventilatory parameters could 

worsen the diaphragm muscle physiology.  
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