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    Abstract
In the following perspective, we will highlight seemingly remote, downstream consequences of common ventilator management decisions. For example, a change in PEEP may alter venous return, blood pressure, cardiac output, arterial and venous blood gas tensions, metabolic rate, respiratory sensations, breathing pattern, and the work of breathing. If providers consider any of these changes dangerous or maladaptive, they may initiate additional interventions in the form of vasoactive agents, intravenous fluids, and/or sedatives, all of which have their own risk/benefit profile. The approach to such co-interventions is rarely addressed even in well-designed large clinical trials. Therefore, it is often impossible to infer intervention-specific mechanisms of action and/or identify the phenotype of responders and nonresponders in such trials. On the flip side, in preclinical research intended to uncover mechanisms, experimental animals are rarely treated the way a critically ill patient would be. For respiratory therapists, this knowledge gap stresses the imperative to think beyond the lungs and to communicate ventilator management decisions with all members of the healthcare team.

	mechanical ventilation
	adverse effects
	lung injury
	supportive care

Introduction

A casual search of the biomedical literature of the last 5 years generates > 100,000 hits for articles pertaining to “mechanical ventilation.” This number is not surprising, given the need for respiratory support during surgery and critical illness, the advances in sensor and microprocessor technology, and the growing appreciation of mechanobiology in the pathogenesis of lung injury and repair. The concern for ventilator-induced lung injury (VILI) has motivated numerous preclinical and clinical trials focused on optimal ventilator settings and established low tidal volume (VT) ventilation as the standard of care for patients with ARDS.1 Although there is a general consensus that large parenchymal deformations induce a pro-inflammatory immune response, the specific means to minimize biophysical lung damage remains a topic of active investigation and debate. Preclinical studies tend to focus on the topographical distributions of parenchymal stress and strain and on the effects of breathing mode, ventilator settings, and body posture upon them. Clinical trials, in turn, examine the effects of the very same variables on patient-centric outcomes. As in any integrated system, an intervention directed at one system component can trigger remote or global system responses. For ventilator management, such responses can manifest as hemodynamic instability, shortness of breath, pain, and agitation.


VT and Lung Injury

The VT setting is not only a critical determinant of arterial oxygenation and alveolar ventilation, but is also the most important risk factor of VILI.2 Therefore, many providers limit VT to < 8 mL/kg predicted body weight even in patients with normal lungs.3 This differs greatly from historic norms, in which VT as large as 15 mL/kg actual body weight were the standard of care. The reasons why early practitioners of mechanical ventilation chose to set VT to supraphysiologic levels are informative. For one, the discipline of critical care arose from the need to provide respiratory support following surgery. Anesthetists had learned that large tidal inflations were needed to recruit atelectatic lung during inhalational anesthesia and thereby prevent hypoxemia.4 Although it is now understood that PEEP is the preferred means of preventing perioperative gas absorption atelectasis,5 that insight was not appreciated at the time. Moreover, the use of PEEP in this setting can frequently cause hypotension due to the effect of anesthesia upon venous capacitance and vascular tone.6 Therefore, some providers choose to limit the use of PEEP despite strong clinical evidence that lung-protective ventilator settings during surgery are efficacious and associated with fewer postoperative complications.7 Choosing to protect the lungs by applying high PEEP while accepting the cardiovascular risks associated with the aggressive use of inotropes and vasoactive agents is particularly challenging in morbidly obese patients.8

A second reason for the acceptance of large VT settings as the norm during the early days of mechanical ventilation was air hunger, which even normocapnic patients may perceive while supported in volume modes. The loss of variability in breath-to-breath amplitude and timing can generate an error signal, which manifests as dyspnea. Dyspnea, in turn, may be relieved by large tidal inflations of the chest on account of vagal afferent stimulation9 and is another reason why the use of sedatives and narcotics is commonplace in the care of mechanically ventilated patients.

Because VT, and thus lung strain—a dimensionless measure of parenchymal stretch/deformation—are central to the pathogenesis of VILI, it only makes sense to employ volume modes in patients with the highest risk of injury. However, the literature contains numerous, largely unsubstantiated claims that certain pressure modes are superior to volume controlled modes for patients with ARDS.10 In general, benefit has been inferred from improvements in arterial oxygenation and better patient/ventilator synchrony. For the most part, these improvements can be traced to an increase in VT and may therefore not be inherent to ventilation mode per se. Unless patients are heavily sedated and paralyzed, pressure modes do preserve some of the biologic variability in breathing pattern. However, mode-related differences in ventilation and oxygenation need not convey long-term benefit if they are associated with an increased VILI risk.


VT Limitation During Spontaneous Breathing

There is a great deal of uncertainty as to whether the goals of lung protection, namely the restriction of VT to < 8 mL/kg predicted body weight and the application of higher PEEP settings, should be applied to spontaneously breathing ARDS patients as well. It is not uncommon for patients to exceed safe VT limits early on, while supported with noninvasive ventilation, or later in the course of their disease during spontaneous breathing trials. In both instances, the decision to impose safe VT and optimal PEEP settings assumes that the risk of causing lung injury outweighs the risks associated with prolonged intubation and the use of sedatives, narcotics, and paralytics (Fig. 1).

[image: Fig. 1.]
[image: Fig. 1.]
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Fig. 1. Balancing ventilator management goals and patient-centric outcomes.




Although there are no specific quantitative data to allow providers to precisely balance these risks, current knowledge of biophysical lung injury mechanisms does suggest that the risk of VILI is not specific to breathing mode and applies equally to mechanical ventilation and spontaneous breathing. A recent report suggests that diaphragm-apposed lung regions could be exposed to injurious deformations during strong inspiratory ventilator triggering efforts.11,12 In fact, there is growing evidence that the use of paralytics during the initial stages of ARDS management is associated with improved patient survival.13 Therefore, it seems unwise to delay intubation in a spontaneously breathing or noninvasively ventilated patient, who maintains acceptable arterial oxygen tensions only at the expense of distress and persistent hyperventilation. Neither the mechanisms of action nor the optimal duration of neuromuscular blockade in patients with severe ARDS are firmly established. The clinical trial, which suggested efficacy, arbitrarily set the duration of neuromuscular blockade to 48 h. Better data on the optimum timeframe of this intervention would be helpful, because prolonged use of paralytics is associated with muscle wasting, tends to be applied in conjunction with deep sedation, and therefore delays any chance for early physical rehabilitation and risks late neuropsychiatric complications.14–16


Lung Protection During Ventilator Liberation

The optimal approach to lung protection during the weaning phase is even less clear. In particular, patients who had been deeply sedated and are prone to agitated delirium tend to take very large tidal breaths while they are assessed for liberation from mechanical ventilation. Nonetheless, their VILI risk is presumably lower than it had been at the outset, because the alveolar edema that amplifies VT-dependent interfacial injury mechanisms has by then undergone a phase transition from a liquid to a gel.17,18 In other words, the conditions that had favored injury by so-called atelectrauma may no longer prevail.19 Despite the low rapid-shallow breathing index, some of these patients may not meet criteria for extubation due to persistent encephalopathy or high PEEP requirements. Many practitioners ignore less-than-ideal VT under these circumstances, because they consider the risks associated with keeping a patient in a drug-induced encephalopathic state to be unacceptable.


Breath Stacking

One of the more common concerns in patients who are ventilated with lung-protective VT in a volume mode is breath stacking. This happens whenever the neural inspiratory time, that is, the time during which inspiratory motor units are active, exceeds the machine-set inspiratory time or when spontaneous inspiratory activity is coupled in a peculiar entrainment pattern to machine inflations.20,21 Although switching from a volume mode to a pressure mode is likely to eliminate most forms of breath stacking, it typically does so by allowing VT to rise to potentially injurious levels. Under such circumstances, the provider is faced with several choices: (1) to accept the VT-associated VILI risk; (2) to enforce lung protection through the use of sedatives, narcotics, and/or neuromuscular blocking agents; or (3) to enforce lung protection by prolonging the machine-set inspiratory time, that is, by reducing inspiratory flow.

In healthy subjects with intact vagal afferent reflexes, reducing inspiratory flow would simply prolong neural inspiratory time further and would likely be counterproductive.22 However, patients who are stressed often lose neuromechanical modulation of respiratory motor output. Nevertheless, reducing flow in hypercapnic patients rarely eliminates breath stacking. When it does eliminate it, it does so at the expense of increased and potentially exhausting respiratory muscle efforts. Such efforts can be associated with substantial lung and chest wall distortions and may cause injury to diaphragm-apposed lung regions, even at recommended VT.11


Prone Position

Recent meta-analyses and a prospective clinical trial have rekindled interest in the prone position as a lung-protective intervention.23,24 Based upon available evidence, the decision to place a patient in the prone position should be reserved for individuals with the most severely injured lungs and is therefore often employed from the outset, in conjunction with deep sedation and induced muscle paralysis. However, if prone positioning is to improve outcome, it requires a long-term commitment to this strategy, that is, the maintenance of the prone posture for many days with only brief daily supine holidays.24 Because so little is known about the long-term benefits of early mobilization25 or about managing ventilated patients without the adjunct use of sedatives,26 the unintended consequences of prone lung protection could prove costly. As is true for virtually all clinical intervention trials to date in which specific ventilator management approaches were found efficacious, the comparison groups tended to involve well-sedated patients, who rarely left their bed.


Recruitment Strategies

The sustained recruitment of airless lung units is one of the central tenets of lung-protective mechanical ventilation. Recruitment strategies seek to reduce parenchymal strain by distributing inspired gas across a greater number of lung units27 and serve to protect the lungs from so-called atelectrauma by preventing liquid bridge formation in small airways and airspaces.19,28 Recruitment generally requires a transient inflation of the lungs to high pressures and volumes, followed by the application of PEEP to maintain the recruitment gains. An in-depth discussion of the merits of different recruitment strategies is beyond the scope of this perspective. Nevertheless, practitioners need to understand that not all changes in respiratory mechanics that accompany recruitment maneuvers mean that previously closed lung units have in fact opened,29 or that recruitment maneuver-associated changes in PaO2 are necessarily biomarkers of long term benefit.

Those who define the optimal PEEP as the end-expiratory pressure at which respiratory system compliance is maintained at the highest possible value30 must be comfortable having to support blood pressure and cardiac output by pharmacologic means. Not only will high levels of PEEP increase pleural pressure and thereby lower venous return, PEEP can also precipitate right heart failure on account of its effect on pulmonary vascular resistance and right ventricular afterload. These conditions must be recognized and differentiated because they require distinct interventions, and can prove challenging even in experienced hands.

A recently published report, which suggested that the early application of high frequency oscillatory ventilation (HFOV) in patients with ARDS may cause harm, highlights this challenge.31 In-hospital mortality was 47% in the HFOV group, as compared with 35% in the control group (relative risk of death with HFOV, 1.33; 95% CI, 1.09–1.64, P = .005). Because HFOV represents arguably the most aggressive lung recruitment strategy, more subjects randomized to the HFOV arm required vasoactive drugs and did so for substantially longer periods of time. It would be inappropriate to attribute the mortality difference between HFOV and conventional care entirely to adverse cardiovascular effects associated with an overaggressive recruitment strategy. At the same time, this hypothesis cannot be rejected offhand.


Conclusions

To conclude, the examples in this perspective seek to emphasize that ventilator management decisions must be made in anticipation of required co-interventions and with consideration of their associated risks and benefits. Affected domains are both physical and psychological. The examples point out significant knowledge gaps surrounding current standards of supportive care and should serve as a reminder that benefit of ventilator management decisions should not be judged by their effects on lung function alone.
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