Specific elastance, stress and strain
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Pleural and transpulmonary pressure
The distending force of the lung is the difference between the alveolar and the pleural pressures, both during positive or negative pressure ventilation. During positive pressure ventilation, the airway pressure (PAW) is the driving force of the respiratory system, while during spontaneous breathing the driving pressure is the one generated by the respiratory muscles (Pmusc). The pressure generated by the ventilator or by the respiratory muscles is spent to move the gas and to inflate the respiratory system. This, in turn, is composed by the lung and by the chest wall (1), which are connected in series and inflated at the same volume. Considering the respiratory system in static conditions, i.e. at flow equal to zero, the relationship between the different pressures acting on it during mechanical ventilation and during the spontaneous breathing are summarized in the table 1. The mechanical properties of the lung and of the chest wall are expressed by the elastance, i.e. the ratio of ΔP to ΔV.
The respiratory system elastance (ETOT) is defined as the pressure needed to inflate the lung 1 liter above its resting position (functional residual capacity, FRC) in static conditions. According to the previously described model the airway pressure is the sum of transpulmonary pressure and pleural pressure:
PAW = PL + Ppl, 	eq.1
it follows that
ETOT = EL + EW 	eq.2
where ETOT represents the respiratory system elastance, EL the lung elastance and EW the chest wall elastance. 
From the previous equations we can derive that the transpulmoanry pressure is equal to:
PL = PAW * EL/ETOT 	eq. 3
In normal conditions the values of EL and EW are nearly similar and the ratio EL/ETOT is nearly equal to 0.5.
It is now clear that, during acute respiratory failure, any change in the respiratory system elastance is not only due to the lung elastance but also to the chest wall elastance variations (2-5). Anatomical features of the patients or the nature of the pathology may alter the chest wall elastance (6;7). As an example patients characterized by high intra-abdominal pressure usually have an high chest wall elastance. ARDS patients usually present a ratio EL/ETOT between 0.3 and 0.8. From these considerations it is clear that the transpulmonary pressure has a key role during the treatment of critically ill patients.. 



Esophageal pressure and pleural pressure
The esophageal pressure is currently used as a surrogate of the pleural pressure (8-15). Its measurements has recently regained relevance in clinical practice, mainly because of a study by Talmor et al. (16), in which the absolute values of Pes (considered equal to the absolute values of Ppl) were used to set PEEP in a series of ARDS patients. Esophageal pressure measurement, however, is quite controversial due to technical problems influencing the relationship between pleura and esophagus, as the elastance of the esophagus, the position of the catheter, the tone of the esophagus wall, the heart and lung weight and the position of the patient. The pleural pressure varies along the vertical axis of the lung (11). An experimental study showed that the esophageal pressure  is nearly equal to the pleural pressure in the middle part of the lung, while it is higher than the pleural pressure measured in the high part of the lung and lower in the lower part of the lung. However, esophageal pressure variations are well related to the pleural pressure variations in the whole lung leading to the consideration that it is reasonable to use esophageal (and transpulmonary) pressure variations rather than absolute values, which are influence by several factors.

Stress/strain concept
In a mono-dimensional structure the stress is defined as a force per unit of area which develops within the structure as a reaction to an external force of equal entity but opposite "direction" (n=ΔF/ΔS). Considering a virtual surface cutting the material the stress can be divided in 3 components: one normal and two shear stresses. Any force applied to a structure is associated to a deformation, called strain. In the simplest case of a mono-dimensional structure which undergoes a traction, deformation, can be defined as the ratio of the length variation (ΔL) to the resting length (L0): = ΔL/ L0 (1).
When a distending pressure is applied to the lung it is transmitted throughout the other lung regions by the lung "skeleton" (the extracellular matrix) (17). This is mainly composed of elastin, collagen and proteoglycans, molecules characterizing the mechanical properties of the lung. The elastin can be modeled as a spring which influences the elastic properties of the lung. The inextensible collagen can be compared to a stop-length at volumes near to the total lung capacity (18;19). Finally the proteoglycans stabilize the elastin-collagen net, contributing to the visco-elastic properties of the lung and to its stability at low/medium volumes. Epithelial and endothelial cells do not directly support the  pressure applied as they are anchored to the extracellular matrix by the integrins, structural proteins linked to the cytoskeleton. During the lung expansion these cells modify their shape. It has been shown that an excessive deformation may activate a series of mechano-sensors (20-22) with production of inflammatory reactance and leading to ventilator induced lung injury (VILI) (23-25).
Therefore, when a transpulmonary pressure is applied to the lung, into the lung skeleton a counterforce is developed of equal intensity (and opposite sign), which is called lung stress. The associated lung deformation is called strain and may be expressed as  ΔV/ V0. the volume variation, in turn, may be expressed as tidal volume. At macroscopic level the reationship between the lung stress and strain may be expressed by the following equation:
PL = K * ΔV/ V0 	eq. 4
In mechanics of the elastic body K is called Young's modulus, in lung physiology it is called specific lung elastance (22). The meaning of this parameter becomes evident when the ΔV is equal to V0, in this case K, i.e. the specific lung elastance, is equal to the transpulmonary pressure. Therefore we may consider the specific elastance, which reflects the intrinsic mechanical characteristics of the lung parenchyma and depends o its composition, as the transpulmonary pressure at which the elastic body (the lung) doubles its resting volume (V0). The specific elastance requires few considerations: 
1. to reach the total lung capacity, at which the collagen fibers are completely unfolded, 2-3 specific elastance equivalents are required. As an example, in man as the normal specific elastance is around 12 cmH2O the total lung capacity region is reached between 24 and 36 transpulmonary pressure.
2. the specific lung elastance depends on the animal species. As an example in pigs it amounts to 5-6 cmH2O (26). This indicates that total lung capacity in pigs is reached between 10 and 15 cmH2O. Conversely, a plateau pressure of 30 cmH2O in pigs would roughly correspond to 60 cmH2O in man.  Therefore the inter-species differences on specific elastance must be taken in account when considering the results of experimental studies.
3. During the early phases of acute respiratory failure we always found the specific elastance within normal limits (27;28) while it has been found deeply increased in COPD patients (29). The normality of specific elastance in ARDS is a further support of the "baby lung" concept. 
If we consider the equation 4, it is evident that the difference between barotrauma and volutrauma in ARDS vanishes, as barotrauma (stress) and volutrauma (strain) are linked by a proportionality constant similar to normal.

Stress and strain in a dishomogeneous lung
When a pressure is applied on the surface of the  visceral pleura, either by the contraction of the inspiratory muscles or by the ventilator, the sum of the developed internal forces is equal to the external one. Part of these forces are borne by the air/liquid interface, but in presence of surfactant, they are very low up to the 80% of the total lung capacity (30). The remaining part of the forces are borne by the fibers of the lung skeleton. Every fiber of the lung skeleton is characterized by a relationship stress/strain according to the applied force. If the lung is homogeneous every fiber sustain a stress/tension equal to the one sustained by the other fibers. In presence of damaged or inextensible fibers (as during emphysema) a lower number of fibers has to bear the same total force. In this case the healthy fibers have to sustain a greater stress/strain than in homogeneous lung.
If part of the lung is collapsed during the inflation or cannot expand, the fibers located in the "ill region" are stressed but not strained. In this case the neighbor fibers have to sustain a greater deformation. It has been computed, on theoretical basis, that if the collapsed region was equal to 1/10 of the total lung volume in healthy conditions, the application of 30 cmH2O airway pressure would result in tension of 140 cmH2O in the neighbor fibers (31). Therefore, independently on the precision of this computation, it is clear that a dishomogenous distribution of stress and strain within the lung causes the overload of the healthy regions near to the "ill" one, even up the "stress at rupture".
As discussed above the concept of specific lung elastance reinforces the model of the "baby lung" (32) which reaches its total lung capacity at 2-3 specific elastance equivalents, what evere are the resting dimensions of the lung. Hence the indications to measure lung volumes and/or esophageal pressure to estimate the stress/strain distribution within the lung during mechanical ventilation. The tidal volume normalized on ideal body weight, in fact, may result in different stress/strain values, due to the different mechanical characteristics of the patients. For example, a 70-kg man with ARDS may have, according to the severity of the lung injury, a residual baby lung equal to 60%, 40%, or 20% of his normal lung size. If the ventilator is set to deliver 10 mL/kg, the actual delivered tidal volume would generate an alveolar strain, which would result from the application, in normal lung, of a tidal volume equal to 17 mL/kg, 25 mL/kg, and 50 mL/kg, values associated with a significant lung injury in laboratory studies. It is even conceivable that in some critical cases even very low tidal volumes cannot be beard by the patients, opening the way to alternative treatments as the extracorporeal support. 
Recent findings showed as the edema formation was a threshold phenomenon, induced by the mechanical ventilation when the global strain reaches a critical value of about 2 (26). This threshold roughly indicates the point where the stress/strain curve loses its linearity, indicating that some lung regions cannot expand any further. At this level of stress/strain 24-48 hours of mechanical ventilation are lethal and the lung deterioration, as indicated by the lung weight, is associated with impairment of respiratory mechanics, gas exchange, hemodynamics, inflammation, distal organs damage and 100% mortality. It is important to point out, however, that lethal strain values are rarely applied in clinical practice so, to explain the VILI phenomenon other mechanisms must be taken into account, as the dishomogeneity of the lung, and the presence of "ill" regions possibly acting as "stress risers", as previously discussed.




	
	Mechanical Ventilation
	Spontaneous Breathing

	Driving Pressure
	Paw
	Pmusc

	Lung Motor
	PL
	Ppl

	Chest Wall Motor
	Ppl
	Pmusc – Ppl = PW



Table 1: relationship between the different pressures acting on the respiratory system during mechanical ventilation and during the spontaneous breathing (static conditions, i.e. zero flow)
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