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1 How Does One Evaluate and Monitor Respiratory Function in the Intensive Care Unit?




Maurizio Cereda





The purpose of evaluating and monitoring pulmonary function in the intensive care unit (ICU) is to assess the severity of pulmonary disease, its progression, and the patient’s response to therapy, most often mechanical ventilation. Unfortunately, pulmonary physiologic variables in ventilated patients have questionable prognostic value, and it is unclear how they should be used in daily clinical practice. These factors likely explain the limited clinical use of pulmonary function monitoring beyond the strictly essential variables (i.e., blood gases and ventilator volumes and pressures). However, research on pulmonary pathophysiology and, particularly, on respiratory mechanics has provided the rationale for outcome studies on ventilatory management and is responsible for the development of lung-protective mechanical ventilation strategies. This chapter attempts to highlight how pulmonary function monitoring allows the application of pathophysiologic knowledge to the management of each ventilated patient, implementing protective ventilatory strategies with the ultimate goal of improving outcomes.






Basic respiratory mechanics


The respiratory system requires the generation of pressure for its inflation, as a result of its resistive and elastic properties. Resistance is mainly caused by the airways, with a small contribution by tissue resistance, stress relaxation, and gas maldistribution.1 The elasticity of the respiratory system is expressed either as elastance (change in pressure divided by change in volume) or by its reciprocal, compliance, which is more commonly used at the bedside. Several techniques are available to measure respiratory mechanics, but the most practical one is the rapid airway occlusion technique.2 It estimates the elastic recoil pressure of the alveoli by measuring the inspiratory plateau airway pressure (Pplat). To use this technique, muscle paralysis is not required if respiratory muscle activity is negligible during the occlusion.


An important respiratory mechanics variable is intrinsic positive end-expiratory pressure (PEEPi). This is commonly measured using end-expiratory airway occlusion. PEEPi has important cardiopulmonary effects. These include decreased cardiac output, alveolar overdistention, increased work of breathing, and patient-ventilator asynchrony. If neglected, PEEPi leads to underestimation of compliance.


The respiratory system is composed of two compartments in series: the lung and the chest wall. The chest wall includes the abdomen because abdominal pathology can affect respiratory mechanics. The measurement of esophageal pressure, in addition to airway pressure, is necessary to define the relative contribution of each of these two compartments to respiratory mechanics and particularly to compliance.3 It must be remembered that esophageal pressure measurement can have significant inaccuracies, particularly in the supine position.4









Monitoring alveolar strain


Considerable research has highlighted the pathophysiologic mechanisms underlying acute respiratory failure and particularly the acute respiratory distress syndrome (ARDS). From the mechanical point of view, ARDS is characterized by a decrease of lung volumes and compliance.3 Computed tomography (CT) studies of patients with ARDS suggested that this pattern is not caused by increased rigidity of the parenchyma but rather by a decrease in the number of alveolar units that are available for ventilation.5 This reflects a combination of atelectasis and intra-alveolar deposition of edema fluid. If this ARDS model, the so-called baby lung,6 is valid, any given tidal volume (TV) will be distributed among a smaller number of alveoli than would be the case in normal lung (Fig. 1-1). Therefore, each alveolus will distend more than normal during inspiration.7 If TV is not decreased proportionally to the reduction of viable parenchyma, strain on the alveolar walls will increase.8 Excessive alveolar strain has been shown to cause ventilator-induced lung injury (VILI) in animals9,10 subjected to mechanical injury, inflammation, or both.11 So far, improved survival from the use of lower TV ventilation as opposed to higher TV12-14 has been demonstrated in three randomized controlled clinical trials. These findings suggest that limiting alveolar strain improves outcome.
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Figure 1-1 Visual illustration of the “baby lung” model. A decrease in the number of ventilated alveolar units results in a proportionally increased strain of the remaining units going from end-expiration (dashed line) to end-inspiration (continuous line), if the inspired tidal volume is not decreased. Increased alveolar strain is reflected by an increase in inspiratory plateau pressure (Pplat).




Alveolar strain can be defined as the ratio between TV and the end-expiratory lung volume (EELV).6 However, it is not known at what level alveolar strain in humans becomes harmful. Safety limits have been extrapolated from animal studies. Additionally, EELV can be measured only by techniques that currently are not widely available at the bedside. Thus, bedside monitoring of alveolar strain is mostly accomplished by measuring Pplat. This variable increases in direct proportion to the reduction in ventilated lung tissue. It is recommended that PEEP and TV be adjusted to keep Pplat below 30 to 35 cm H2O.15 This value was chosen because it is the pressure that inflates healthy alveoli to a volume close to vital capacity. The assumption is that any pressures below these values are inherently safe. It must be remembered that there is little evidence to support this proposal.16 Alveolar overdistention is possible even when the patient is ventilated with a small TV and at a Pplat lower than 35 cm H2O.17 Further, retrospective data analyses16 and observational studies18,19 suggest that patients may be harmed by high TV ventilation even when Pplat is lower than 30 cm H2O and in the absence of ARDS. Thus, although alveolar strain should be monitored through Pplat, the safe limits of this variable, if any exist, are still uncertain. The measurement of Pplat has other limitations. For example, Pplat is significantly and unpredictably affected by the elasticity of the chest wall, as documented by esophageal pressure and transpulmonary pressures.20 High Pplat in patients with decreased chest wall compliance may lead to overestimation of alveolar strain unless esophageal pressure is also measured.









Monitoring alveolar recruitment


An important goal of mechanical ventilation is the recruitment of atelectatic alveoli. This should decrease intrapulmonary shunt and improve oxygenation. Alveolar recruitment is defined as an increase in intrapulmonary gas gained by increasing the number of ventilated alveolar units. It is to be distinguished from the further inflation of previously open alveoli. Recruitment occurs mainly at elevated airway pressures because a significant amount of energy is required to reestablish a normal alveolar air-fluid interface.21 Contrary to a common misconception, the application of PEEP does not recruit alveoli but rather serves to prevent recurrent alveolar collapse.7,22 Suboptimal levels of PEEP lead to alveolar instability23 that is associated with VILI in animal models.24 Awareness of VILI induced by lack of alveolar recruitment has prompted clinical trials aimed at demonstrating that a ventilatory strategy incorporating both low VT and high PEEP has a positive outcome effect.13,14,25 The results of these studies have been discordant, and a clear recommendation on the use of PEEP in ARDS cannot yet be made. However, those studies that attempted to document alveolar recruitment and to choose PEEP accordingly showed a favorable outcome with higher PEEP.13,14 Therefore, research into instruments that evaluate recruitment and guide ventilator settings using better functional parameters continues.






Gas Exchange


Measurement of gas exchange is the most practical and most frequently used tool to evaluate alveolar recruitment in acute respiratory failure. Pao2 has been shown to correlate with lung volumes at different levels of PEEP26,27; however, reopening of alveolar units may not translate into gas exchange if the same units do not receive adequate perfusion. This was suggested by recent studies in animals and humans, in which improvements in the Pao2/Fio2 ratio had a poor predictive value for recruitment as quantified using chest CT.28,29 Further, elevated PEEP can alter oxygenation through mechanisms that do not involve alveolar recruitment. Examples include redistribution of pulmonary blood flow or decreased cardiac output.30 Thus, oxygenation changes may not accurately estimate mechanical recruitment of alveoli. This is an exceedingly relevant problem when the goal of ventilatory management is optimization of alveolar stability rather than maintenance of adequate arterial oxygenation.


Different variables besides Pao2 are used to monitor the level of oxygenation. These include the Pao2/Fio2 ratio, alveolar-arterial oxygen gradient, venous admixture, and shunt fraction. These variables are limited by the fact that their values are affected by Fio2 in a way that depends on intrapulmonary shunt and ventilation-perfusion maldistribution.31,32 Thus, Fio2 should be kept constant when assessing alveolar recruitment in a patient.


In animal models, alveolar recruitment and overdistention caused by PEEP have significant effects on alveolar dead space and Paco2. High PEEP decreases the perfusion of ventilated alveoli and increases Paco2, whereas moderate PEEP improves the distribution of ventilation and perfusion and reduces alveolar dead space.33 For this reason, measurement of Paco2 and dead space could be used to monitor recruitment of alveoli and detect their overdistention. In an animal study, the point of optimal alveolar recruitment and minimal overdistention was associated with improved Paco2.34 However, the clinical use of dead space to titrate PEEP is underinvestigated.









Computed Tomography


Chest CT has provided important insight into the pathophysiology of ARDS.6 By measuring tissue density, CT quantifies the ratio between air and water in each unit of volume analyzed (voxel) and allows assessment of alveolar recruitment by determining decreases in lung density induced by PEEP or by other interventions.35 Visual inspection of different CT images is helpful but is affected by intraobserver and interobserver variability. However, quantitative analysis of CT densities distribution allows the partitioning of the lung among compartments with different degrees of aeration. Consequently, alveolar recruitment can be quantified as the weight or volume of lung tissue that shifts from nonaerated to better aerated compartments.35,36 Additionally, hyperinflation can be detected as a compartment with abnormally low density.37 In a recent study using CT in ARDS patients, the weight of lung tissue that reopened after a recruitment maneuver predicted response to PEEP28 (Fig. 1-2). In this same study, neither gas exchange nor respiratory mechanics could identify recruitment with accuracy similar to CT.
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Figure 1-2 Computed tomography (CT) of the chest at low (5 cm H2O) and high (45 cm H2O) airway pressure in two patients with ARDS. A, Shifting of lung regions from poor to normal aeration suggests a significant potential for alveolar recruitment in this patient, who might benefit from increased levels of positive end-expiratory pressure (PEEP). B, High airway pressure only results in overdistention of previously aerated lung without achieving recruitment of poorly aerated lung tissue, suggesting that this patient may possibly not respond to high PEEP.


(From Gattinoni L, Caironi P, Cressoni M, et al. Lung recruitment in patients with the acute respiratory distress syndrome. N Engl J Med. 2006;354:1775-1786.)





CT has limitations. With conventional CT analysis, only a few slices of lung are analyzed, creating problems with image registration when intrathoracic contents shift. More information can be obtained with the use of whole-lung CT analysis.38 This technique allows identification of lower lobar atelectasis as an important feature of ARDS.39 It also must be remembered that CT only measures an average density within each voxel and cannot distinguish among the reopening of collapsed alveolar units, the inflation of previously open ones, and the redistribution of edema fluid.40 Using metal markers, the presence of atelectasis and its recruitment could not be radiologically detected in animals injured with oleic acid.41,42 This brings into question the validity of CT findings in this model.


In summary, chest CT likely provides a valid tool to evaluate and quantify alveolar recruitment and could be used to guide PEEP selection in ARDS. However, the greatest obstacle to this use of chest CT is the need to transport unstable patients out of the ICU. The advent of portable CT scanners could obviate to this limitation in the future.









Volume-Pressure Curve


Volume-pressure (VP) curves are obtained by stepwise inflations and deflations of the lungs, plotting the delivered volume over the measured elastic recoil pressures. If esophageal pressure is measured, the VP relationship can be partitioned into pulmonary and chest wall components. Compliance is calculated from the slope of the curve. The classic technique for obtaining a VP curve requires inflation through a super-syringe and has the disadvantage of requiring disconnection from the ventilator, although the technique is safe in most patients.43 Alternative techniques using a ventilator have been described. These include slow ventilator inflation44 or the performance of multiple airway interruptions at varying TVs.27,45 The different techniques used to record a VP curve deliver equivalent results.46,47 VP curves typically are obtained during deep sedation and muscle paralysis. However, reliable data can be obtained while avoiding paralysis.48


In normal lungs, the inflation limb of the VP curve is mostly linear and is approximated by the deflation limb (Fig. 1-3). In a surfactant-deficient lung, alveoli are initially collapsed and require elevated pressures to reopen, but once recruited, their inflation becomes easier. Therefore, the inflation limb has a lower inflection point (LIP) at a pressure that should correspond to alveolar recruitment. The compliance of the linear portion of the curve above the LIP is thought to express the elastic properties of the recruited alveoli.5 Deflation of a surfactant-deficient lung requires less energy and pressures than inflation, causing a significant amount of hysteresis.
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Figure 1-3 Schematic representation of volume-pressure (V-P) curves in a healthy individual (dashed line) and a surfactant-deficient individual (continuous line). The shaded areas represent hysteresis, which is increased in surfactant deficiency. Thick arrows indicate direction of inflation or deflation. LI, lower inflection point; UI, upper inflection point.




This interpretation of the VP curve morphology was extrapolated from surfactant deficiency to patients with ARDS, whose VP curves often show a similar morphology.49 An LIP on the inflation limb is thought to indicate the pressure required for alveolar recruitment,50 as suggested by chest CT in ARDS patients.5 Additionally, an upper inflection point (UIP) often can be identified at high volume and is likely related to alveolar overdistention.51 Thus, it was postulated that the LIP could be used to define the minimal level of PEEP and the UIP to identify the maximal tolerable Pplat, with the dual goal of maximizing alveolar recruitment and minimizing alveolar strain.37,51 The validity of this approach was supported by studies that showed improved survival13,14 and decreased cytokine levels52 in ARDS patients ventilated with PEEP set above the LIP and with low TV, compared with a lower PEEP and higher TV strategy. However, these results may not support the routine use of VP curves to set PEEP. The studies can be criticized for not recognizing a distinction between the effects of PEEP and of TV selection. Additionally, there are perplexities about the interpretation of the VP curve in patients with ARDS. Although it is well recognized that the presence of an LIP identifies patients with high recruitment potential,36 the value of the LIP may not correspond to the PEEP required to optimize recruitment.26 In fact, CT studies in animals53 and humans22,47 have shown that recruitment occurs at pressures that are significantly higher than the LIP and are spread over a broad range. Additionally, studies showed that the VP curves do not predict pulmonary volume during steady-state mechanical ventilation,47,54 suggesting a time dependence for alveolar recruitment that cannot be discerned from the VP curve.


Reanalysis of the physiology underlying the concept of the VP curve suggests that the morphology of the deflation limb may carry more information than initially recognized. Specifically, the deflation limb may reflect expiratory alveolar collapse.55 In fact, in animal models, the deflation curve closely predicts the response of lung volumes to varying PEEP levels.56 Additionally, compliance measurements obtained during a descending PEEP trial were able to identify the point of alveolar derecruitment as confirmed by CT.34 According to this approach, analysis of deflation VP curves or performance of descending PEEP trials may indicate the level of PEEP needed to preserve alveolar recruitment.57 However, a descending PEEP trial in ARDS patients could not identify a clear-cut point of alveolar derecruitment, suggesting that alveolar collapse is a continuous phenomenon that occurs throughout a wide distribution of airway pressures.26


Other important characteristics of VP curves should be mentioned. The VP relationship and compliance values are not static but change as a result of previous conditions of alveolar recruitment58 and also increase after the performance of a vital capacity maneuver.56 Therefore, it is important to standardize the ventilator history before performing a VP curve measurement. Impairments of chest wall mechanics, as in the case of abdominal hypertension, may cause the appearance of an LIP in the absence of alveolar recruitment.59 Although manual analysis of the VP curve has acceptable interobserver and intraobserver variability in the estimation of the LIP and UIP,60 computerized analysis and model fitting are increasingly used to interpret the VP relationship.61


In summary, the VP curve may be used to identify which patients have recruitment potential and thus may benefit from a higher level of PEEP. However, further research is needed before this tool can be used to identify the amount of PEEP needed to optimize recruitment and improve outcomes.









Static Compliance


Static compliance is probably the respiratory mechanics variable that is most commonly measured at the bedside. It typically is obtained by the rapid occlusion technique. The measurement of esophageal pressure has identified decreased chest wall compliance as a significant contributor to respiratory mechanics impairment, at least in certain populations of patients.62 In ARDS, static lung compliance is decreased proportionally to the reduction of EELV, likely due to a smaller number of ventilated alveoli.3 If this assumption is valid, static compliance values should reflect alveolar recruitment. In fact, the increase in compliance after a recruitment maneuver is proportional to recruited lung volume if PEEP is maintained constant.29 Early studies suggested that static compliance could be used to define the optimal setting of PEEP.63 However, the interrelation between static compliance and recruitment is less straightforward when PEEP is not constant. Studies in which mechanics and lung volumes were measured together did not always detect a correlation between compliance and recruitment at different levels of PEEP.47,64 Compliance may actually remain constant as PEEP is increased, even in the presence of significant alveolar recruitment.26,47,65 This effect may be due to the fact that PEEP recruitment may occur simultaneously with overdistention of previously open alveoli. Thus, the measured value of compliance could be an expression of the balance between these two phenomena. In summary, static compliance directly reflects alveolar recruitment when PEEP is stable. When PEEP is raised, a lack of increase in the value of compliance should not rule out the presence of alveolar recruitment, whereas its decrease should warn that alveolar overdistention may be occurring.









Lung Volume Measurements


If optimization of alveolar recruitment is the goal of mechanical ventilation, verification through direct measurement of lung volumes is reasonable. Recruitment or derecruitment can be identified as the change in EELV when PEEP is constant.66 If PEEP is not constant, recruitment can be quantified as a change in the volumes present in the lungs at a fixed, predetermined alveolar pressure.26,27,47,56,64,66 This measurement can be made by examining changes in exhaled volume and assuming that the functional residual capacity (FRC) remains constant.26 However, the FRC is likely affected by the previous ventilatory history. Thus, a direct determination of EELV and FRC is more desirable to estimate alveolar recruitment. Helium dilution, nitrogen washout,67,68 and chest CT have been used to quantify FRC, but the use of these tools in ventilated patients has been so far confined to research. Clinical monitors of FRC could become available in the future.









Stress Index


During the delivery of a TV with constant flow pattern, the airway pressure-time tracing should be linear. However, deviations from linearity, with convexities or concavities of the pressure-time tracing, are often observed and are related to alveolar recruitment and overdistention within the TV. The degree and the direction of deviation from linearity can be expressed mathematically by a variable called the stress index. CT scans in animals confirm that the value of the stress index is 1 in the absence of both recruitment and overdistention.69 In animals, a stress index near 1 minimized pulmonary inflammatory cytokine production,70 suggesting that using this index to target mechanical ventilation settings may minimize VILI. In a recent study, the stress index detected alveolar overdistention in ARDS patients ventilated according to a lung-protective strategy.71 Setting PEEP with the aim of optimizing the stress index resulted in decreased plasma cytokine levels. This suggests that the stress index could be a useful tool to monitor alveolar derecruitment and overdistention and that it could help optimize mechanical ventilation settings. The stress index has the advantage of being measured on a breath-to-breath basis by standard ventilator monitoring equipment. However, it requires constant flow inflation and minimal activity of the respiratory muscles during measurement, although muscle relaxation is not necessary.71












Inspiratory resistance


Resistance is relatively easy to monitor through the rapid airway occlusion technique.2 However, the value of this technique is limited by the fact that it only measures the resistance at the end of inspiration and neglects the expiratory component. Because of the presence of turbulent flow in the airways, the values of resistance change with inspiratory flow, and measurements obtained at different times can be compared only if the same inspiratory pattern and flows are used. The contribution of artificial airways to total resistance should be accounted for when comparing values obtained from different patients.


Measuring inspiratory resistance helps in diagnosing the presence of obstructive disease and in monitoring the response to therapeutic agents such as bronchodilators.72 Respiratory resistance is typically elevated in patients with asthma and chronic obstructive pulmonary disease in whom both the airways and the maldistributive components of resistance are higher than normal.73,74 Although elevated inspiratory resistance is not the hallmark of ARDS, inspiratory resistance is increased in these patients.75 This phenomenon can be due to increased airway hyperreactivity related to local inflammation and to time constant inequalities, but it can also be related to the loss of lung volume.3,75









Prognostic value of pulmonary function variables


Pulmonary function variables often are used clinically as indexes of severity and are thought to have prognostic value. Although this assumption is physiologically reasonable, its validity is largely undemonstrated. Functional variables such as the Pao2/Fio2 ratio and static respiratory compliance were incorporated in the lung injury score(LIS) by Murray and colleagues.76 However, the LIS was not confirmed to predict outcome of ARDS,77 and when studied alone, neither the Pao2/Fio2 ratio nor compliance was an independent predictor of mortality.78 Interesting results from observational studies suggest that the efficiency of CO2 elimination might better correlate with outcomes than oxygenation. In fact, alveolar dead space was an independent predictor of mortality in a group of ARDS patients, whereas oxygenation was not.79


Patients with late-stage ARDS have decreased compliance compared with the early-stage disease,80 likely because of fibrosis and tissue remodeling. Early studies using VP curves suggest that respiratory mechanics may help detect the presence of fibrosis in late stages of ARDS.49 The connection between low compliance and the extent of tissue remodeling and fibrosis is also suggested by a study in ARDS patients showing that compliance was related to markers of collagen turnover and surfactant degradation.81


Recent evidence suggests that chest CT may have a role in outcome prediction and in risk assessment. In contrast to oxygenation, the amount of recruitable lung tissue independently predicted mortality in a group of ARDS patients.28 Further, there is a correlation among mortality, high alveolar recruitability, and a diffuse pattern of opacities on CT scan.82 This correlation among CT appearance, recruitment, and outcome might reflect a relationship between alveolar recruitment and a significant amount of lung edema. In fact, the amount of pulmonary edema is probably associated with mortality.83,84









Conclusion


Despite abundant research on pulmonary pathophysiology, functional lung monitoring has questionable prognostic value and is of limited use in daily clinical practice. However, awareness of the outcome implications of mechanical ventilation has increased attention on measurements of lung function and particularly of respiratory mechanics. Bedside monitoring of static compliance and Pplat should be used routinely to detect the presence of alveolar overdistention and at least qualitatively assess the risk for VILI. Multiple techniques allow the detection of alveolar recruitment, although it is still unclear how to quantify the level of PEEP needed for each patient. Other techniques for the assessment of alveolar recruitment, such as CT scan and stress index, are available and likely will find more use in the future.





Author’s Recommendations






• Monitoring respiratory function is essential to identify patients’ responses to ventilatory support and to limit iatrogenic injury from mechanical ventilation.



• The essential mechanical characteristics of the respiratory system are compliance, resistance, and intrinsic PEEP, all of which can be measured using standard ventilator monitors and simple bedside maneuvers. These variables allow detecting changes in respiratory status and responses to therapeutic maneuvers.



• Patients with acute respiratory failure are at risk for excessive alveolar strain. Monitoring and limitation of plateau alveolar pressures decrease alveolar strain, although they may not guarantee its complete avoidance.



• Esophageal pressure monitoring can help assess the extent of alveolar strain, particularly in patients with abnormal chest wall mechanics.



• PEEP is clinically titrated by measuring its effects on gas exchange and on hemodynamics. However, direct measurement of alveolar recruitment assumes a high priority if the goal of mechanical ventilation is to avoid alveolar instability. Quantitative CT analysis of the chest is probably the best tool to evaluate alveolar recruitment, although practical issues limit its use. Other tools, such as VP curves, are available at the bedside and are helpful in detecting the presence of recruitable lung tissue. However, their validity in the determination of the optimal PEEP level is still undetermined.



• The relevance of respiratory function variables in predicting outcomes is uncertain in acute respiratory failure.
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2 What Are the Indications for Intubation in the Critically Ill Patient?
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The specific indications for endotracheal intubation are difficult to define. Although a seasoned practitioner could easily identify a patient who requires intubation, it is challenging to explain the exact parameters used for making such a decision. To date, there have been no significant studies evaluating the specific indications or guidelines for endotracheal intubation. These indications are increasingly more complicated in an era of advanced technology in oxygen delivery systems and noninvasive forms of ventilation.


Currently accepted indications can be divided into three basic groups: hypoxic respiratory failure, hypercarbic ventilatory failure (including cardiac arrest), and impaired consciousness and airway protection. These general indications are all based on accepted practice, with few or no data available to support specific guidelines. Perhaps Marino stated it best when he commented that, “…the indication for intubation and mechanical ventilation is thinking of it.”1


This chapter briefly discusses the evaluation of patients with hypoxic respiratory failure and hypercarbic ventilatory failure leading to the decision for endotracheal intubation. Additionally, information is presented on assessing patients with impaired consciousness and inability to protect their airway as well as other secondary indications for endotracheal intubation.






Hypoxic respiratory failure


Acute hypoxic respiratory failure results from inadequate exchange of oxygen across the pulmonary alveolar-capillary membrane. This impairment leads to a decrease in arterial oxygen tension (hypoxemia) and insufficient delivery of oxygen to tissues and cells (hypoxia). In medical literature, this type of failure is often described as type I failure, that is, hypoxemia without hypercarbia.


Oxygen delivery is the product of arterial oxygen content and cardiac output. Therefore, hypoxia can also occur secondary to decreased cardiac output, anemia, or abnormal oxygen-hemoglobin binding affinity.


The diagnosis of hypoxemia requires obtaining an arterial blood gas and is commonly defined as a Pao2 of less than 60 mm Hg. Pulse oximetry is commonly used for assessing hypoxemia. However, this modality measures the saturation of hemoglobin and not Pao2, reflecting oxygen dissolved in the blood or oxygen content, which includes both bound and unbound O2. Thus, a patient with severe anemia may have a normal Pao2 but a low O2 content. Low pulse oximetry values coincide with significant hypoxemia, but normal oxygen saturation does not exclude hypoxemia, especially in patients receiving a high Fio2. Normal Pao2 levels are 80 to 100 mm Hg in a healthy patient breathing room air and can exceed 500 mm Hg in a patient breathing 100% oxygen. Pulse oximetry values may remain normal until Pao2 decreases to less than 60 mm Hg. For this reason, the alveolar-arterial oxygen gradient should be evaluated in patients receiving a high Fio2. A widening alveolar-arterial oxygen gradient is a sign of worsening hypoxemia. Pulse oximetry may be unreliable in cases of severe anemia, carbon monoxide poisoning, methemoglobinemia, or peripheral vasoconstriction.


The symptoms and signs of hypoxia are nonspecific and are noted in Table 2-1. Tachypnea and dyspnea may or may not be present depending on the etiology of the hypoxia.


Table 2-1 Symptoms and Signs of Hypoxia






	SYMPTOMS






	


Headache



Irritability



Confusion



Exhaustion









	SIGNS






	


Agitation



Lethargy



Somnolence



Coma



Central cyanosis



Seizures










Many disease processes can lead to hypoxemia, and the most common causes of hypoxemia respiratory failure and their pathophysiologies are described in Table 2-2.


Table 2-2 Causes of Hypoxemic Respiratory Failure






	INTRINSIC LUNG DISEASE






	


Atelectasis



Pneumonia



Lung consolidation



Noncardiogenic pulmonary edema



Transfusion-related acute lung injury (TRALI)



ARDS









	CARDIAC DISORDERS






	


Cardiogenic pulmonary edema









	VASCULAR DISORDERS






	


Pulmonary embolism









	TOXINS






	


Carbon monoxide










The initial treatment of all causes of hypoxemia is the same: ensure a patent airway and adequate ventilation, and provide supplemental oxygen. A Pao2 value of 50 to 60 mm Hg or an arterial oxygen saturation of 88% to 90% is often suggested as a minimal accepted value, although specific patients (i.e., patients with myocardial ischemia and those in shock) may warrant other cutoff values for escalation of therapy. Except in patients with severe shunt, hypoxemia will improve with delivery of high Fio2. Initial treatment starts with low-flow nasal cannula and escalates to a 100% non-rebreather mask or high-flow O2 therapy. If hypoxemia fails to reverse with supplemental oxygen and the patient has symptoms, noninvasive assisted ventilation with 100% O2 may be attempted. Certain specific contraindications, described elsewhere, preclude this approach. If a patient is unable to maintain a minimal oxygen saturation while ventilating with 100% Fio2, endotracheal intubation and mechanical ventilation will be required to improve this value.









Hypercarbic ventilatory failure


Acute ventilatory failure results from inadequate removal of gas from distal alveoli. This alveolar hypoventilation results in subsequent hypercarbia and respiratory acidosis. Mild ventilatory failure can exist alone or, when impairment is more severe, may be associated with hypoxemia. Ventilatory failure can result from a primary lung process or can occur secondary to disorders in the cardiac, neurologic, metabolic, or other systems. When associated with hypoxemia, this type of failure may be described in the literature as type II respiratory failure.


The diagnosis of hypercarbia is best made by obtaining an arterial blood gas. Hypercarbia is commonly defined as a Paco2 of more than 45. Unlike pulse oximetry for detecting hypoxemia, bedside monitors for detecting hypercarbia are not routinely available. End-tidal CO2 monitoring, now standard in intraoperative care, is not currently available at many institutions. This lack of bedside monitoring is particularly significant because the most common form of respiratory monitoring is normal pulse oximetry. Normal oxygen saturation can be found in the presence of significant hypoventilation, providing false confidence. It also is important to follow Paco2 values over time because changes in this parameter may provide information that is more important than the absolute value.


The signs and symptoms of hypercarbia depend on the patient’s baseline Paco2, the absolute value of Paco2, and the rate of change. Chronic hypercapnia may be well tolerated. Eliciting a history of chronic CO2 retention and performing careful serial evaluations of arterial pH are essential because hypercarbia with a near-normal pH is a sign of chronic compensation and often does not reflect an acute disorder. The symptoms and signs of hypercarbia, like those seen in patients suffering from hypoxia, are nonspecific and are noted in Table 2-3. These all may indicate respiratory fatigue and suggest that the patient soon may be unable to achieve the minute ventilation required to maintain normocarbia.


Table 2-3 Symptoms and Signs of Hypercarbia






	SYMPTOMS






	


Dyspnea



Headache



Confusion



Exhaustion









	SIGNS






	


Increased work of breathing



Accessory respiratory muscle use



Tachypnea



Shallow or small tidal volume breathing



Lethargy



Somnolence



Coma



Flapping tremor



Seizures



Cardiovascular collapse










As stated previously, the etiology of hypercarbic ventilatory failure can be a primary lung process or result from a nonpulmonary process. For the purposes of this chapter, respiratory and cardiac arrest are included as ventilatory failure. The most common causes of ventilatory failure are listed in Table 2-4.


Table 2-4 Causes of Hypercarbic Ventilatory Failure






	INTRINSIC LUNG DISEASES






	


Chronic obstructive pulmonary disease



Asthma









	ANATOMIC DISORDERS






	


Sleep apnea



Airway obstruction









	NEUROLOGIC DISORDERS






	


Brainstem or medullary stroke



Opiate or sedative overdose



Obesity-hypoventilation syndrome



Myasthenia gravis, Guillain-Barré syndrome



Critical illness myopathy or polyneuropathy









	CARDIAC DISORDERS






	


Cardiac arrest



Cardiogenic shock



Heart failure









	VASCULAR DISORDERS






	


Pulmonary embolism









	METABOLIC DISORDERS






	


Hypomagnesemia



Hypophosphatemia










As in hypoxic respiratory failure, the initial treatment of hypercarbic ventilatory failure is to ensure a patent airway and provide supplemental oxygen to treat associated hypoxemia. However, although the treatment for all causes of hypoxemic respiratory failure is to increase the oxygen content in the blood, the approach to hypercarbic ventilatory failure depends on etiology. In cases in which ventilatory failure is not the primary disorder, support of ventilation may be indicated, but definitive therapy should be directed at the underlying cause. For example, a narcotic overdose is treated with reversal agents, whereas ventilatory failure secondary to cardiogenic shock can be treated with inotropic agents. Describing the specific treatments for all causes of ventilatory failure is beyond the scope of this chapter.


When specific medical therapies are not available or not successful in increasing ventilation, or when ventilatory failure is the primary problem, treatment is concentrated on providing a means to increase minute ventilation. This most often is provided through noninvasive positive-pressure ventilation or endotracheal intubation and mechanical ventilation. Therapy is often initiated when hypercapnia is associated with worsening hypoxemia or when the patient experiences cardiac or neurologic failure secondary to effects of elevated CO2. The assisted ventilation provided from noninvasive positive-pressure therapy can provide additional time for treatment of underlying medical conditions (i.e., steroids, bronchodilators, diuretics, nitrates). This approach to chronic obstructive pulmonary disease (COPD) and congestive heart failure (CHF) exacerbations is well supported by evidence. The specific indications for noninvasive positive-pressure ventilation and a discussion of its use are provided in Chapter 4. Ventilatory failure despite optimal medical management and noninvasive ventilation is a clear indication for endotracheal intubation and mechanical ventilation.


In addition to instruments and tests available to detect worsening ventilatory failure, it is essential to evaluate the patient’s clinical condition for signs of fatigue and impending respiratory collapse on a continuous basis. Clinical assessment, combined with medical experience, is the most important tool for identifying patients requiring early intubation. Signs of impending collapse often include worsening dyspnea, tachypnea, use of accessory breathing muscles, and low tidal volume ventilation. Planned endotracheal intubation in a controlled setting is always preferable to emergent airway management.









Impaired consciousness and airway protection


Impaired consciousness with inability to protect the airway is another often-described indication for endotracheal intubation. Neurologic indications for endotracheal intubation are important because intubation for impaired consciousness and presumed airway protection may account for 20% of patients intubated in the intensive care unit (ICU).2 The trauma and neurologic literature often cites a Glasgow Coma Scale (GCS) value of 8 or less as a specific indicator for endotracheal intubation.3-5 GCS criterion for intubation is not based on concerns for respiratory distress but rather on the concern for development of worsening consciousness, hypoventilation, and airway protection. This arises from a retrospective analysis of the National Traumatic Coma Data Bank that demonstrates a greater risk for aspiration and worse clinical outcome in comatose patients (GCS < 8) not endotracheally intubated.6 Several subsequent studies support this conclusion.7 Severe brain injury is associated with decreased respiratory drive and hypoventilation, and patients likewise often have decreased muscle tone. This may increase the risk for airway obstruction and a failure to clear secretions.8-10 In addition, patients with traumatic brain injury and subarachnoid hemorrhage have been shown to be at increased risk for developing pulmonary edema. Indeed, as many as 30% of these patients may progress to severe acute lung injury or acute respiratory distress syndrome.11,12


Although intubation for a depressed level of consciousness has become the standard of care, no definitive controlled studies are available on the subject. Recent studies dispute the requirement for intubation based on neurologic status alone. Coplin and colleagues studied criteria used for extubation and found that neither level of consciousness nor the presence of a gag or cough reflex predicted success.13 In this study, 80% of patients with a GCS value of 8 or less and 90% of patients with a GCS value of 4 or less were successfully extubated. This also was the case for 88% of patients with an absent or weak gag reflex and 82% of patients with an absent or weak cough. Additionally, studies have shown that the risk for ventilator-induced lung injury is increased in patients with traumatic brain injury and subarachnoid hemorrhage, and many of these patients develop ventilator-associated pneumonia. This may lead to a prolonged hospital stay and increased mortality.14-17 Endotracheal intubation and mechanical ventilation also are associated with increased ICU delirium.


At one time, therapeutic hyperventilation was considered an indication for endotracheal intubation and mechanical ventilation in patients with traumatic brain injury. Hyperventilation lowers intracranial pressure (ICP) by inducing cerebral vasoconstriction and decreasing cerebral blood volume. However, the decrease in blood flow also can lead to cerebral ischemia, especially because injured brain tissue is more susceptible to ischemic insult. Because of this risk and a lack of clear benefit, current guidelines recommend against prophylactic or prolonged use of hyperventilation.18-21 Succinct, controlled hyperventilation still may be indicated in cases of acute neurologic deterioration secondary to herniation or sudden ICP elevation.21


Apart from cases of reduced consciousness, endotracheal intubation for airway protection also may be appropriate for patients with traumatic injury or swelling of the face, neck, or airway who are at risk for airway obstruction.









Secondary indications


A few special considerations for endotracheal intubation warrant brief discussion:



1. Patients with significant aspiration of particulate matter may be candidates for brief endotracheal intubation to facilitate bronchoscopy and lavage.



2. Neurologically or traumatically injured patients may warrant deep sedation and intubation in order to perform necessary imaging tests or diagnostic and therapeutic procedures.



3. Patients with status epilepticus may require deep sedation or paralysis for treatment of seizures.









Conclusion


The goal of endotracheal intubation and mechanical ventilation is to provide the delivery of the oxygen and ventilation that is primary to a patient’s survival. The decision to proceed with this invasive procedure requires an understanding of the pathologic and physiologic disorders that necessitate its use. Although much information is available on the study of respiratory pathology and physiology and on the delivery and modes of mechanical ventilation, little has been written about the specific indicators for endotracheal intubation. Because of the severity of a patient’s clinical condition and difficulty with study design, strong evidence and randomized controlled studies are not available on the subject. Until better clinical trials are available, one must use available clinical information in combination with specific medical knowledge and experience in making this decision.





Authors’ Recommendations






• Indications for endotracheal intubation and mechanical ventilation are commonly divided into hypoxic respiratory failure, hypercarbic ventilatory failure, and impaired consciousness and airway protection.



• Indications are all based on accepted practice, with few or no data available to support specific guidelines.



• Clinical assessment, combined with medical experience, is the most important tool for identifying patients requiring intubation.



• Arterial blood gas and Paco2 measurements are necessary to evaluate hypercarbic ventilatory failure because pulse oximetry values can remain near normal until ventilatory collapse.
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3 How Should Exacerbations of COPD Be Managed in the Intensive Care Unit?
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COPD prevalence


It is estimated that 80 million people worldwide and up to 10% of the U.S. population suffer from chronic obstructive pulmonary disease (COPD).1 It is the fourth leading cause of death and chronic morbidity in the United States and accounted for 5% of total deaths worldwide in 2002.2 COPD is the only leading cause of death that is rising, and it is predicted to be the third leading cause of mortality by 2030.3


Acute episodes of respiratory failure in patients with COPD are estimated to account for between 5% and 10% of acute emergency hospital admissions. Failure of first-line medical treatment is a common source of intensive care unit (ICU) referral, accounting for 2% to 3% of nonsurgical ICU admissions.4 Data reported in 1996 on 1016 patients who were hospitalized for acute exacerbations, half of whom required intensive care, demonstrated an in-hospital mortality rate of 11% and 6-month and 1-year mortality rates of 33% and 43%, respectively. Those who survived the first hospitalization had a 50% rate of rehospitalization within 6 months after discharge.5









Respiratory failure


The pathophysiology of acute respiratory failure in COPD is incompletely understood but may be precipitated by any condition that increases the work of breathing or, less commonly, decreases the respiratory drive (Table 3-1). Respiratory failure may be predominantly hypoxic (type 1) or hypercapnic (type 2). The mechanism of hypercapnia in COPD is unclear, and it is no longer believed to reflect problems with respiratory drive, as suggested by the concept of “pink puffers/blue bloaters.” Gas exchange abnormalities appear to result predominantly from ventilation-perfusion mismatch due to airflow limitation. Progressive respiratory failure reflects a combination of severe airflow obstruction, hyperinflation, and respiratory muscle fatigue. Regardless of the cause, hypercapnia and the need to assist ventilation identify patients with high initial mortality rates (up to 27%) and significant 12-month mortality rates (up to 40%).6-10


Table 3-1 Physiologic Factors Contributing to Respiratory Failure






	


Increased resistive load


• Widespread airflow obstruction (bronchospasm)






Decreased respiratory system compliance


• High lung volume (hyperinflation)






Dynamic hyperinflation (air trapping)


• Shortened expiratory time with prolonged expiration






Reduced power of respiratory pump (fatigue)


• Impaired mechanical efficiency



• Effects of acidosis and hypoxemia






Impaired drive


• Sleep deprivation



• CO2 narcosis




















Clinical precipitants of respiratory failure


Viral and bacterial infections account for between 50% and 70% of cases of acute respiratory failure in COPD.11,12 Numerous viral and bacterial agents have been implicated, but rhinoviruses, respiratory syncytial virus, Haemophilus influenzae, Moraxella catarrhalis, and Streptococcus pneumoniae are the frequent pathogens.12-15 Pseudomonas aeruginosa, Enterobacteriaceae, and Stenotrophomonas species are also isolated, particularly from patients with severe COPD and those requiring mechanical ventilation.16 The prevalence of atypical organisms, such as Mycoplasma and Chlamydia species, is less well defined.


Up to a further 10% of cases are caused by environmental pollution, including airway irritants such as smoke or fumes. In the remainder of cases, the cause is not always clear. Medical conditions can mimic or cause COPD exacerbations. Patients with COPD have higher rates of comorbid illnesses, in part reflecting exposure to cigarette smoke (Table 3-2). This is supported by results from the Towards a Revolution in COPD Health (TORCH) trial,17 in which only 35% of deaths were adjudicated as due to pulmonary causes, with cardiovascular disease being the second major cause of death (27%) and cancer the third (21%).


Table 3-2 Differential Diagnosis: Nonrespiratory Causes of Respiratory Failure in Patients with COPD






	


• Cardiovascular disease: myocardial ischemia, heart failure, pulmonary embolism



• Central nervous system depression: head trauma or injudicious use of sedatives, opioids, tranquilizers, or oxygen (O2)



• Endocrine and metabolic disorders: myxedema or metabolic alkalosis



• Thoracic abnormalities: chest trauma, pneumothorax, or thoracic or abdominal surgery










Pulmonary embolism can be an occult cause of acute respiratory failure in COPD. Tillie-Leblond and colleagues, in a prospective cohort study, reported that 22% of patients with a severe COPD exacerbation of unknown etiology had coexisting pulmonary emboli.18 Rutschmann and coworkers studied all patients presenting to the emergency room with COPD exacerbations and reported that the overall incidence of clinically unsuspected pulmonary embolism was 1.3%.19









Management of COPD


Treatment guidelines for management of acute exacerbations of COPD requiring admission to the ICU are broadly similar to those principles employed in patients without respiratory failure, although significantly more attention must be paid to safe and appropriate gas exchange. Addressing the issue of poor respiratory mechanics due to dynamic hyperinflation, loss of alveolar volume, and impaired ventilation is fundamental to COPD management. Clinically compensated chronic respiratory failure can rapidly become decompensated respiratory failure because of poor chest wall mechanics, suboptimal respiratory muscle function, malnutrition, obesity, and myopathy. Reducing the work of breathing using noninvasive positive-pressure ventilation (NIPPV) to improve oxygenation, rest muscles, and manage hyperinflation is key to the management of COPD.


Indications for referral to ICU include dyspnea that does not respond to emergency treatment, changes in mental status (confusion, drowsiness, or coma), persistent or worsening hypoxemia or severe or worsening hypercapnia, acidosis (pH < 7.2), and hemodynamic instability.3






Corticosteroids


For patients hospitalized with acute exacerbations of COPD, systemic corticosteroids administered for up to 2 weeks are clinically useful.20 Treatment of an exacerbation of COPD with oral or parenteral corticosteroids significantly reduces treatment failure and the need for additional medical treatment. Steroids increase the rate of improvement in lung function and dyspnea over the first 72 hours.21 They also reduce the length of hospital stay.22


The optimal dose and need for tapering, route of administration, and length of treatment are uncertain.


Intravenous corticosteroids should be given to patients who present with a severe exacerbation of COPD, in particular all those requiring ICU admission, and to patients who may have impaired absorption due to splanchnic hypoperfusion (e.g., patients in shock or congestive heart failure). Nevertheless, if tolerated, oral therapy is equally effective as intravenous administration in most patients.23 Nebulized steroids are superior to placebo but not better than parenteral therapy.24


Among the widely known side effects of corticosteroids, hyperglycemia occurs in about 15%.28 There appears to be no benefit to prolonged treatment with steroids beyond 2 weeks.25









Bronchodilators


Inhaled short-acting β-adrenergic agonists are the mainstay of therapy for an acute exacerbation of COPD because of their rapid onset of action and efficacy in producing bronchodilation.20 Parenteral or subcutaneous injection of short-acting β-adrenergic agonists is reserved for situations in which inhaled administration is not possible. Parenteral use of these agents results in greater inotropic and chronotropic side effects, which may precipitate myocardial ischemia or arrhythmias and cannot be recommended for most patients.


Anticholinergic bronchodilators such as ipratropium are equally efficacious,26 and it has been reported that combination therapy with inhaled β-adrenergic agonists provides better bronchodilation than either alone.27 This has not, however, been replicated in all studies.28


Bronchodilators may be administered through a nebulizer or a metered-dose inhaler (MDI) with a spacer device. Neither method has been shown to be superior, although physicians tend to favor the nebulized route because of ease of administration.


The use of methylxanthines such as theophylline in the treatment of COPD remains controversial. A meta-analysis of four randomized controlled trials by Barr and colleagues failed to demonstrate the efficacy of theophylline in acute COPD.29 Indeed, methylxanthines confer no additional benefit over and above conventional therapy with corticosteroids and bronchodilators, but are associated with significant side effects. These include nausea and vomiting, tremor, palpitations, and arrhythmias.









Antibiotics


The role of routine antimicrobials in acute exacerbations of COPD is also controversial. In patients with severe exacerbations requiring mechanical ventilation, antibiotic therapy is beneficial and has been shown to significantly decrease mortality (4% versus 22%), the need for additional courses of antibiotics, the duration of mechanical ventilation, and the duration of hospital stay.30


If administered, antimicrobials should be bacteriocidal β-lactamase–producing organisms. Although the choice is determined by local infectious and antimicrobial resistance patterns, amoxicillin and clavulanic acid, second-generation cephalosporins, or macrolides are all reasonable first-line agents. Three to 7 days of treatment is recommended.31 Broad-spectrum antibiotics such as fluoroquinolones and β -lactam with antipseudomonal activity should be used in patients at risk for resistant gram-negative infections such as Pseudomonas (i.e., recent hospitalization, previous colonization, previous severe exacerbation, or more than four exacerbations per year).


Although antibiotic treatment is recommended in patients with severe exacerbation of COPD, a bacterial source is not always present. Procalcitonin, a small protein that is normally undetectable in plasma, increases markedly in bacterial infections, but is not increased by inflammation because of autoimmunity or viral infection. Preliminary, single-center studies have provided encouraging evidence for the use of procalcitonin to predict the need for antibiotics in exacerbations.14 Procalcitonin-guided antibiotic treatment could be helpful in reducing antibiotic use in these patients without changing clinical success rates, although further large-scale studies of this and other inflammatory markers (such as C-reactive protein) are required.









Oxygen Therapy


Adequate oxygenation can be achieved in most patients with acute exacerbations of COPD. Ventilation-perfusion mismatch is usually improved by 24% to 28% oxygen. There appears to be a tendency to develop CO2 retention with high inspired oxygen tensions, although this depends on the mechanism and degree of injury. Oxygen therapy should never be withheld based on concern of the development of CO2 narcosis. The mechanism of oxygen-induced hypercarbia is likely to reflect increased physiologic dead space and the Haldane effect rather than any effect on hypoxic drive for ventilation. Nevertheless, controlled oxygen therapy is recommended in the critical care environment, based on sequential blood gas analysis. Hence, fixed-dose devices, such as venture masks or high-flow systems, are recommended, rather than variable-dose devices, such as nasal cannulas.






Assisted Ventilation


Recognition of the need for assisted ventilation is often a clinical judgment made as the patient fails to improve on initial treatment. Studies have shown that pH and degree of hypercapnia are better predictors of need for mechanical ventilation than hypoxia.32 NIPPV is indicated after initial treatment if the pH remains less than 7.32 and should be considered before intubation and invasive mechanical ventilation. There are a number of relative contraindications to NIPPV (Table 3-3), although judgment of a patient’s suitability should be made by the bedside clinician, and there are no absolute contraindications.


Table 3-3 Contraindications to Noninvasive Ventilation






	


• Respiratory arrest



• Impaired level of consciousness (Glasgow Coma Score < 8)



• Cardiovascular collapse requiring vasopressors



• Profound hypoxemia



• Vomiting or very high aspiration risk due to excessive secretions



• Uncooperative patient



• Extreme obesity (body mass index > 50 kg/m2)



• Recent facial or gastrointestinal surgery



• Burns










A number of randomized controlled trials have validated use of NIPPV in the setting of acute hypercapnic respiratory failure in COPD,33 and indeed several studies have demonstrated the superiority of NIPPV over tracheal intubation and mechanical ventilation. NIPPV is associated with reduction in intubation rates, nosocomial complications,34 and mortality.33,35,36 NIPPV may shorten the stay in the ICU. In addition, use of NIPPV has certainly improved the care of many COPD patients and has allowed some patients to undergo a more intense level of treatment than perhaps may have been previously available to them.


NIPPV fails in up to 20% to 30% of patients, some occurring late in the admission.35,37 These failures can reflect patient intolerance, inadequate augmentation of tidal volume, and problems with ventilation triggering. The prognosis in the late failure cohort is poor.37


The response to treatment needs to be closely monitored. This is primarily done by monitoring arterial blood gases, respiratory rate, hemodynamics, and overall degree of respiratory distress. Those who respond to NIPPV within 1 to 4 hours are consistently shown to have better outcomes.38 An initial reduction in respiratory rate is generally a good indicator of a positive response to NIPPV. Failure of NIPPV, contraindications, or imminent cardiorespiratory arrest should prompt endotracheal intubation and mechanical ventilation. Ideally, this should be performed in the controlled setting of the ICU because intubation can precipitate cardiovascular collapse.4


Although the optimal method of mechanical ventilation of the COPD patient is unknown (volume-targeted–pressure variable, pressure-targeted–volume variable, and dual control modes all have their adherents), tremendous care must be taken to balance the treatment of hypoxemia, unloading of the respiratory muscles, and auto–positive end-expiratory pressure (auto-PEEP). This usually involves relatively low levels of PEEP, low respiratory rates, and long expiratory times. If volume-controlled modes are used, careful titration of peak flow is required to balance patient-ventilator synchrony with high peak airway pressures and pressure cycling. Pressure-controlled and pressure-support modes are associated with reduced incidence of inspiratory dyssynchrony, but expiratory cycling must be carefully titrated (particularly in pressure support) to ensure adequate tidal ventilation and prevent worsening of hyperinflation. Expiratory dyssynchrony is problematic in pressure-targeted modes. Extreme care should be taken with the use of PEEP and the respiratory rate because dynamic hyperinflation may result from gas trapping (auto-PEEP) and lead to a significant drop in right ventricular preload and increased right ventricular afterload. The result may be significant hypotension and worsened ventilation-perfusion mismatch.39


The ventilation strategy should be targeted at normalization of blood gases for that particular patient. In other words, if the patient’s normal Paco2 is 60 mm Hg, this should be the target level. If CO2 levels below this are achieved, significant metabolic alkalosis will occur, and this is counterproductive.


Weaning can pose problems in ventilated COPD patients, with 20% to 30% of those meeting the traditional extubation criteria (Fio2 < 0.4 and tidal volume > 10 mL/kg) failing trial of weaning.4 Expiratory flow limitation has been proposed as a predictor of successful extubation, but more data are required.40 Scala and associates randomly assigned patients with COPD who were intubated for 48 hours to extubation and NIPPV or to continued invasive ventilation and conventional discontinuation after an unsuccessful initial spontaneous-breathing trial.35 The study demonstrated improved outcomes as measured by the percentage of patients in whom assisted ventilation could be discontinued, the duration of assisted ventilation, the length of stay in the ICU, and the incidence of ventilator-associated pneumonia. Therefore, early extubation directly to NIPPV should be considered in patients with exacerbations of COPD.















Prognosis and outcomes


Despite reasonable survival to hospital discharge, the decision to admit a patient to the ICU in advanced cases is often difficult, and there are both national and international variations in practice. One has to take into account expected prognosis, comorbidities, and estimated quality of life after the acute event. Factors influencing the decision to ventilate include cultural attitudes toward disability, perceived impact of treatment, financial resources, local medical practice, and patient wishes.3


The short-term survival rate after invasive mechanical ventilation ranges from 63% to 86%, which is better than would be expected in unplanned medical admissions.8,41 Survival after mechanical ventilation has been shown to be improved in the absence of a major precipitating cause for acute deterioration; perhaps because shorter periods of assisted ventilation are required, there are fewer iatrogenic complications.9


Identifying patients most likely to derive benefit from aggressive management remains problematic. Long-term survival rates are not as encouraging as survival to discharge figures. Rates of 52%, 42%, and 37% at 1, 2, and 3 years, respectively, were reported in one study from the United Kingdom,10 and similar numbers have been reported from other centers. Factors associated with poor prognosis are low physiologic reserve, increasing severity of illness, and multiorgan dysfunction (Table 3-4).


Table 3-4 Poor Prognostic Indicators Associated with Severe Exacerbation of COPD






	


• Increased age; presence of severe respiratory disease



• Increased length of stay in hospital before intensive care unit admission



• Cardiopulmonary resuscitation within 24 hr before admission



• Requirement for intubation



• Severe hypoxemia (Pao2/Fio2 ratio < 100)



• Hypercapnia



• Hypoalbuminemia



• Low body mass index (<20 kg/m2)



• Multiorgan failure










Although all these factors have been associated with increased in-hospital mortality,7 there is currently no reliable or definitive method for identifying patients at high risk for inpatient or 6-month mortality. Therefore, these parameters should not influence decisions about instituting, continuing, or withdrawing life-sustaining treatment.


A study of 166 COPD patients requiring mechanical ventilation found that absence of comorbid condition more than halved the in-hospital mortality rate (28% versus 12%; adjusted relative risk, 16%; P < .05).41 Adverse outcomes were associated with mechanical ventilation for more than 72 hours (37% versus 16%), no previous episodes of mechanical ventilation (33% versus 11%), and at least one failed extubation attempt (36% versus 11%). Further larger studies would be beneficial to decision making.


Although the information presented earlier can guide us in treatment decision making, patient preference also represents an essential component of our assessment. A prospective cohort study carried out in 92 ICUs and 3 respiratory high-dependency units in the United Kingdom examined outcomes in patients with COPD who were admitted to the ICU for decompensated type II respiratory failure, including survival and quality of life at 180 days.2 Of the survivors, 73% considered their quality of life to be the same as or better than it had been in the stable period before they were admitted, and 96% would choose similar treatment again.


In conclusion, if NIPPV fails, a short course of mechanical ventilation is warranted in most cases. Early re-evaluation is then recommended. Patient wishes play an important role in this decision, and advance directives based on discussion, ideally occurring during a medically stable period, regarding risks and complications of invasive ventilation are advocated.





Authors’ Recommendations






• Bronchodilators, including β2-adrenergic agonists and anticholinergics, remain the mainstay of therapy for patients with acute exacerbation of COPD.



• In most cases, a course of corticosteroids, not exceeding 14 days, is indicated.



• Theophylline is not currently supported by best evidence.



• Although the use of antibiotics is controversial, the development of respiratory failure of sufficient severity to warrant intensive care admission is an indication for antimicrobial therapy.



• Oxygen therapy should be titrated against blood gases, aiming at normalizing Pao2.



• Noninvasive ventilation is an effective intervention for severe hypercarbic respiratory failure. If NIPPV fails, mechanical ventilation should be considered.



• Ventilatory strategy in COPD should focus on delivering adequate flow to match patient demands while minimizing the development of auto-PEEP.



• During mechanical ventilation, Paco2 should be targeted at the patient’s normal range rather than “normal levels.” Normalization of Paco2 will result in significant metabolic alkalosis.



• The time on mechanical ventilation should be a short as possible; consideration should be given to extubation of the patient to NIPPV.



• Prognosis for patients admitted to the ICU with exacerbations of COPD is overall very good, and admission is warranted in most cases, dependent on patients wishes and advance directives.
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4 What Is the Role of Noninvasive Ventilation in the Intensive Care Unit?




John Brennan, Erik Garpestad, Nicholas S. Hill





Noninvasive ventilation (NIV) has assumed an important role in the intensive care unit (ICU), with increasing use during the past 10 years. It is now considered the ventilatory mode of first choice for such forms of acute respiratory failure as chronic obstructive pulmonary disease (COPD) exacerbations, acute cardiogenic pulmonary edema, and hypoxemic respiratory failure in immunocompromised patients and for facilitating extubation in patients with COPD who fail spontaneous breathing trials. Multiple randomized controlled trials have demonstrated that NIV improves outcomes in these forms of respiratory failure. Improved outcomes include avoidance of intubation and reduced morbidity and mortality compared to conventional therapy including intubation. Additionally, the role of NIV is expanding as more studies are completed in other forms of respiratory failure. There are encouraging results from trials evaluating NIV use in postoperative respiratory failure and preoxygenation of patients with hypoxemic respiratory failure before intubation in the ICU. The results are less clear in other forms of respiratory failure such as severe asthma, pneumonia, and acute lung injury (ALI)/acute respiratory disease syndrome (ARDS) and in postextubation respiratory failure in non-COPD patients.






Selecting patients for noninvasive ventilation


The first question that should be addressed when selecting patients for NIV is whether the patient needs ventilatory support. Such patients usually have moderate to severe respiratory distress, signs of increased work of breathing such as tachypnea, increased use of accessory muscles, or abdominal paradox. Arterial blood gases should be obtained before starting NIV in order to assess the severity of the gas exchange derangement (particularly Paco2) and to establish a baseline for comparison after the first 1 to 2 hours. Acutely ill patients should be monitored initially in an ICU or stepdown unit to make sure the patient is improving and tolerating the mask. Trials have shown that the response at the 1- to 2-hour time point is highly predictive of subsequent outcome; patients improving at this point are likely to succeed, but those failing to respond are likely to fail. Risk factors for failure after 2 hours of NIV are listed in Table 4-1.1-3


Table 4-1 Risk Factors for Failure of Noninvasive Ventilation






	


• pH < 7.25



• Relative risk > 35



• Acute Physiology and Chronic Health Evaluation II (APACHE II) score > 29



• Acute lung injury/acute respiratory distress syndrome



• Pneumonia



• Severe hypoxemia



• Shock



• Metabolic acidosis



• Impaired mental status

















Contraindications to noninvasive ventilation


When the need for ventilatory assistance is established, candidates for NIV should be screened for possible contraindications. NIV is contraindicated in patients with cardiopulmonary arrest because there is no time to place a mask and make adjustments. Any patient in shock requiring more than low doses of vasopressors is not a good candidate,4 nor is the patient with a large acute myocardial infarction, uncontrolled arrhythmias or cardiac ischemia, or a large upper gastrointestinal bleed that is threatening the upper airway. Uncooperative and agitated patients and those with severe claustrophobia are unlikely to tolerate the mask. Patients with copious secretions, impaired swallowing, and frequent vomiting are at risk for aspiration and are poor candidates. Recent upper gastrointestinal surgery is also a relative contraindication because of the risk for abdominal distention and suture line rupture, although there have been some reports of successful use of NIV in these patients. Upper airway obstruction due to epiglottitis or angioedema is best treated with intubation to avoid progression to complete airway obstruction and the need for emergent cricothyrotomy, although upper airway obstruction due to glottic edema after extubation may respond well.5 Impaired mental status is a relative contraindication, with one of the major concerns being the patient’s inability to remove the mask in the event of vomiting. However, hypercapnic coma in patients with COPD exacerbations should not be considered a contraindication, and one trial has shown good outcomes with NIV use in these patients6 (Table 4-2).


Table 4-2 Contraindications to Noninvasive Ventilation






	


• Cardiopulmonary arrest, shock



• Uncontrolled cardiac ischemia or arrhythmias



• Uncooperative or agitated



• Severe upper gastrointestinal hemorrhage



• Coma, nonhypercapnic



• High aspiration risk, vomiting



• Copious secretions



• Upper airway obstruction



• Severe bulbar dysfunction



• Recent esophageal or upper airway surgery



• Multiorgan dysfunction



• Inability to fit mask due to craniofacial abnormalities

















Applications of noninvasive ventilation in the intensive care unit


NIV has been tried for many types of respiratory failure in the ICU. However, the evidence to support these applications varies depending on the diagnosis or circumstance. Table 4-3 lists the most common applications and the levels of evidence supporting them. In the following, we discuss the evidence supporting the various applications in more detail, starting with those supported by the strongest evidence.


Table 4-3 Indications for Noninvasive Ventilation Use






	Strength of Recommendation*


	Indication for Noninvasive Ventilation

	Quality of Evidence†







	Strong

	COPD exacerbations

	A






	Acute cardiogenic pulmonary edema

	A






	Immunocompromised states

	A






	Facilitating extubation in COPD

	A






	Intermediate

	Postoperative respiratory failure

	B






	Preoxygenation in hypoxemic respiratory failure

	B






	Facilitation of flexible bronchoscopy

	B






	Palliation in DNR/DNI patients

	B






	Postextubation respiratory failure

	B






	Weak

	ALI/ARDS

	C






	Neuromuscular disease

	C






	Pneumonia

	C






	 

	Status asthmaticus

	C







ALI/ARDS, acute lung injury/acute respiratory distress syndrome; COPD, chronic obstructive pulmonary disease; DNR/DNI, do not resuscitate/do not intubate.


* Strength of recommendation: strong, recommended therapy; intermediate, strongly consider in good candidates for noninvasive ventilation (NIV); weak, cautious trial can be performed in otherwise excellent candidate for NIV.


† Quality of evidence: A, multiple randomized controlled trials showing benefit with NIV; B, single randomized trial or nonrandomized trials showing benefit with NIV; C, conflicting evidence or evidence of harm with NIV.






First-Line Therapy






COPD Exacerbations


Multiple randomized trials and meta-analyses have shown decreased intubation and improved mortality rates with NIV use compared with standard medical therapy in patients with exacerbations of COPD.7-12 Therefore, NIV should be considered the standard of care in patients with COPD exacerbations requiring ventilatory support in the absence of contraindications. The physiologic rationale in these patients is that NIV unloads the inspiratory muscles and increases tidal volume, decreases the dead space–to–tidal volume ratio, lowers respiratory rate, and improves alveolar ventilation.7 The addition of positive end-expiratory pressure (PEEP) decreases the work of breathing by decreasing the inspiratory threshold load imposed by auto-PEEP that frequently is present in these patients.13









Acute Cardiogenic Pulmonary Edema


Multiple randomized trials and meta-analyses have shown that either continuous positive airway pressure (CPAP) alone or NIV lowers intubation rates and mortality when compared with conventional medical therapy in patients with cardiogenic pulmonary edema.14-24 The benefit in these patients is mostly from the increase in intrathoracic pressure. This increases functional residual capacity (FRC), thereby recruiting flooded alveoli, improving gas exchange, and increasing lung compliance. It also reduces cardiac preload and afterload. This has salutary hemodynamic effects in most patients with cardiogenic pulmonary edema.25,26 Longer-term use of CPAP in stable congestive heart failure (CHF) patients has improved left ventricular ejection fraction, decreased mitral regurgitation, and decreased atrial natriuretic peptide levels compared with controls.27 Whether CPAP alone or NIV (i.e., pressure support plus PEEP) is the preferred modality is unclear. An early study showed an increased rate of myocardial infarctions with NIV,23 but subsequent trials and meta-analyses have failed to replicate this and rather have demonstrated that both modalities similarly reduce the need for intubation and lower mortality rates.16,24 Although CPAP has been suggested as the preferred initial modality because of its greater simplicity and lower expense, most centers use NIV initially because bilevel devices are readily available and unloading of the inspiratory muscles may be achieved more quickly. In unstable patients with pulmonary edema complicating ST elevation myocardial infarction, or in the presence of cardiogenic shock, early intubation is recommended.









Immunocompromised States


NIV decreases mortality compared with oxygen therapy alone in immunocompromised patients with hypoxemic respiratory failure. This includes patients with hematologic malignancies, patients who have had solid organ transplantation, or patients with HIV or AIDS.28,29 The beneficial effects are attributed to the avoidance of infectious complications related to intubation. These patients are particularly vulnerable to intubation-associated pneumonias and septic complications.30 We would recommend instituting this therapy early when there is a window of opportunity to avoid the progression to overt respiratory failure and the need for intubation. Once intubated, mortality rates among the immunocompromised are very high.30












Extubating Patients with COPD


Studies have shown decreased duration of mechanical ventilation and improved mortality when intubated COPD patients who have failed spontaneous breathing trials are extubated and supported with NIV.31,32 This should be done with extreme caution, however. Patients should be excellent candidates for NIV in every other way—hemodynamically stable, cooperative with a good cough, with manageable secretions and ability to be ventilated with pressure support levels not exceeding 15 cm H2O. Further, initial intubation should not have been difficult because of the potential for catastrophe should these patients require emergent reintubation. We have found early extubation to NIV to be useful in avoiding the need for tracheostomies in such patients.31 However, if this approach fails and reintubation is necessary, we usually proceed to prompt placement of a tracheostomy.









Other Intensive Care Unit Applications






Preoxygenation before Intubation


NIV can be an effective way of preoxygenating critically ill patients with hypoxemic respiratory failure before intubation.33 In one randomized trial,33 patients preoxygenated with NIV had improved oxygen saturations during intubation and a decreased incidence of significant desaturations during intubation. Anecdotally, we have had good success using this technique in our ICU. The beneficial effect of NIV likely is due to an increase in FRC with increased oxygen stores.









Flexible Bronchoscopy


NIV has been used during flexible bronchoscopy to avoid intubation.34,35 This technique may be especially useful in patients, such as immunocompromised patients, at high risk for infectious complications from airway invasion. The technique involves passing the bronchoscope through an adaptor attached to the NIV mask. In one trial, flexible bronchoscopy was performed in eight immunocompromised patients with hypoxemic respiratory failure. NIV improved oxygenation compared with oxygen supplementation alone, and none of the patients required intubation.35 Because of the risk for respiratory deterioration during the procedure, clinicians should be prepared for possible emergent intubation. An alternative technique to consider in these patients is performing bronchoscopy through a supraglottic device, such as a laryngeal mask airway, but this technique requires deep sedation.












Postoperative Respiratory Failure


One randomized trial in lung resection patients with postoperative respiratory failure showed decreased intubation rates and mortality with NIV compared with standard therapy.36 Another randomized trial found that prophylactic CPAP at 10 cm H2O for 12 to 24 hours after thoracoabdominal aortic surgery reduced pulmonary complications and decreased hospital length of stay compared with oxygen supplementation alone.37 Twenty-four hours of CPAP use after upper abdominal surgery was also associated with fewer intubations, a decreased occurrence of pneumonia and septic complications, and shorter ICU lengths of stay than oxygen therapy alone.38 Similar efficacy has been reported for post–gastric bypass patients.39 One of the main reasons for the beneficial effect of CPAP or NIV in the postoperative setting is the avoidance of a sedation- or pain-associated reduction in the FRC and concomitant impairment of cough. These predispose to atelectasis, hypoxemia, pneumonia, and respiratory failure.












Neuromuscular disease


Patients with neuromuscular disorders such as myopathies, muscular dystrophies, spinal muscular atrophy, scoliosis, and amyotrophic lateral sclerosis (ALS) are managed routinely with home NIV. This is supported by evidence from clinical trials showing improved quality of life with NIV use and, in some conditions, improved survival.40-43 The role of NIV is for reversal of hypoventilation and stabilization of the upper airway and for treatment of obstructive sleep apnea, which commonly complicates these disorders. When these patients are admitted to the hospital, it is usually because of a respiratory infection. Aggressive management of secretion retention is paramount in avoiding respiratory catastrophe. Such patients should be managed only in an ICU where they can be monitored closely and frequently assisted with coughing. They should receive around-the-clock NIV and help with coughing using manually assisted coughing combined with mechanical insufflation and exsufflation (“cough assist”) as often as necessary.44 There is a subset of rapidly progressive neuromuscular disorders, including myasthenic crisis and Guillain-Barré syndrome that involves “bulbar” muscles, impairing swallowing and the ability to mobilize secretions. These usually require preemptive intubation to avoid an unanticipated respiratory arrest.









Palliative care


NIV has a potential role in the treatment of patients with do-not-resuscitate/do-not-intubate (DNR/DNI) orders and end-of-life care. A study of NIV use in patients with heterogeneous respiratory failure and DNR/DNI status showed favorable outcomes in those with types of respiratory failure expected to do well with NIV, such as COPD and cardiogenic pulmonary edema.45 NIV can also be used for palliation of dyspnea or to extend life for a few hours to permit settling of affairs but should be discontinued if the mask is poorly tolerated or if dyspnea is not improved.









Possible role in the intensive care unit






Asthma


Evidence regarding the use of NIV in severe asthma is lacking. One randomized trial in an Israeli emergency department of patients with acute asthma showed that NIV improved FEV1 more rapidly and decreased the need for hospitalization compared with sham NIV.46 The patients were not in respiratory failure, however, with all patients having normal arterial blood gases. A Cochrane review concluded that more trials are needed before NIV can be recommended in this setting.47 NIV can be tried cautiously in asthma patients who fail to respond to initial bronchodilator therapy and have persistent increased work of breathing. This approach can be combined with heliox and continuous nebulization, although evidence is lacking to support this combination of therapies. Acute asthma patients treated with NIV must be watched closely, however, because they can deteriorate rapidly. Emergency intubation can be dangerous if delayed too long because these patients can have profound oxygen desaturations and can also progress to hemodynamic collapse from hyperinflation and increased intrathoracic pressure.









Pneumonia


Acute pneumonia has long been considered a risk factor for NIV failure.3 A trial evaluating NIV use in heterogeneous respiratory failure showed very poor outcome in the group of patients with pneumonia, with all such patients requiring intubation.48 Another study evaluated NIV use in patients with hypoxemic respiratory failure and identified community-acquired pneumonia as a subcategory with a high NIV failure rate (50% intubation rate).3 A randomized trial showed benefit of NIV in patients with severe community acquired pneumonia but only in the subgroup with underlying COPD.2 These data suggest that NIV should not be used routinely in patients with severe pneumonia.









Acute Lung Injury and Acute Respiratory Distress Syndrome


Like pneumonia, the evidence does not support the routine use of NIV in patients with ALI/ARDS. In a trial by Antonelli, ARDS was identified as a risk factor for NIV failure in addition to a higher Simplified Acute Physiology (SAPS) II score (>35).3 A recent trial evaluated NIV use in patients with ALI/ARDS and found a very high rate of failure (70%). Risk factors for NIV failure included shock (100% intubation rate), metabolic acidosis, and severe hypoxemia. These authors concluded that NIV should be used cautiously if at all if risk factors for failure are present.1 A recent cohort study showed that some patients with ARDS may benefit from NIV. Used as first-line therapy for ARDS patients not yet intubated on admission to the ICU, NIV was able to prevent subsequent intubation in 54% of patients. A SAPS II score higher than 34 and lack of improvement in Po2/Fio2 ratio to more than 175 after 1 hour of therapy were risk factors for NIV failure.49 This latest study suggests that some patients with ALI/ARDS may benefit from NIV, especially less severely ill patients without shock, metabolic acidosis, or severe hypoxemia. Close monitoring is essential, and if the Po2/Fio2 ratio does not improve after 1 hour, intubation and mechanical ventilation should be initiated.












Postextubation respiratory failure


A large multicenter trial evaluated a heterogeneous group of patients with postextubation respiratory failure and randomized patients to treatment with NIV or standard therapy. Unexpectedly, the group that received NIV had an increased ICU mortality rate as well as a 10-hour longer delay before reintubation.50 These results underscore the importance of proper patient selection in terms of the type of respiratory failure, with certain etiologies such as pneumonia and ALI/ARDS having poor outcomes. It is also clear that not delaying a needed intubation is essential. Postextubation respiratory failure can be treated with NIV if the patient is a good candidate without any contraindications and has a form of respiratory failure likely to respond to NIV, such as COPD or cardiogenic pulmonary edema. Again, closely evaluating the patient at the 1- to 2-hour point is critical to avoid delaying intubation.









Conclusion


The role of NIV in the ICU is gaining in importance as the evidence supporting its use in certain forms of acute respiratory failure accumulates. Some studies support the use of NIV to preoxygenate patients with hypoxemic respiratory failure before intubation as well as to facilitate flexible bronchoscopy in certain patients at high risk for infectious or bleeding complications from endotracheal intubation. The results of NIV or CPAP use in postoperative respiratory failure are encouraging, and this application requires further study. Data to support use in other forms of respiratory failure, including severe pneumonia, status asthmaticus, ALI/ARDS, and hypoxemic respiratory failure after extubation, are weaker, but selected patients with these conditions can be tried on NIV as long as they are closely monitored and intubated promptly if they fail to improve. Recent surveys have shown that the use of NIV is increasing in critical care units throughout Europe51 and presumably in the United States as well. Patients started on NIV should be monitored closely in an ICU or stepdown unit for mask tolerance and leaks, respiratory rate, use of accessory muscles, synchrony with the ventilator, and gas exchange. A careful assessment within 1 to 2 hours is important in determining the likelihood of success with NIV. This usually is sufficient to continue or demonstrate that intubation is required. Future studies should further define the role of NIV in the ICU and will likely expand the use of this important technology.





Authors’ Recommendations






• NIV has become an important part of the critical care ventilator armamentarium.



• Strong evidence supports the use of NIV for acute respiratory failure associated with COPD exacerbations, acute cardiogenic pulmonary edema, and immunocompromised states.



• Patients must be carefully selected for NIV, and NIV should be reserved for patients who require ventilatory assistance but have no contraindications.



• If patients are not improving within the first 1 or 2 hours of NIV, intubation should be performed without further delay.











References





1 Rana S., Hussam J., Gay P., et al. Failure of non-invasive ventilation in patients with acute lung injury: Observational cohort study. Crit Care. 2006;10:R79.


2 Confalonieri M., Potena A., Carbone G., et al. Acute respiratory failure in patients with severe community-acquired pneumonia. Am J Respir Crit Care Med. 1999;160:1585-1591.


3 Antonelli M., Conti G., Moro M.L., et al. Predictors of failures of noninvasive positive pressure ventilation in patients with acute hypoxemic respiratory failure: A multi-center study. Intensive Care Med. 2001;27:1718-1728.


4 Gray A.J., Goodacre S., Newby D.E., et al. 3CPO Study Investigators. A multicentre randomised controlled trial of the use of continuous positive airway pressure and non-invasive positive pressure ventilation in the early treatment of patients presenting to the emergency department with severe acute cardiogenic pulmonary oedema: the 3CPO trial. Health Technology Assessment (Winchester, England). 2009;13:1-106.


5 Nava S., Gregoretti C., Fanfulla F., et al. Noninvasive ventilation to prevent respiratory failure after extubation in high-risk patients. Crit Care Med. 2005;33:2465-2470.


6 Gonzalez Diaz G., Carillo A., Perez P., et al. Noninvasive positive-pressure ventilation to treat hypercapnic coma secondary to respiratory failure. Chest. 2005;127:952-960.


7 Brochard L., Isabey D., Piquet J., et al. Reversal of acute exacerbations of chronic obstructive lung disease by inspiratory assistance with a face mask. N Engl J Med. 1990;323:1523-1530.


8 Bott J., Carroll M.P., Conway J.H., et al. Randomised controlled trial of nasal ventilation in acute ventilatory failure due to chronic obstructive airways disease. Lancet. 1993;341:1555-1557.


9 Kramer N., Meyer T.J., Meharg J., et al. Randomized, prospective trial of noninvasive positive pressure ventilation in acute respiratory failure. Am J Respir Crit Care Med. 1995;151:1799-1806.


10 Plant P.K., Owen J.L., Elliott M.W. Early use of non-invasive ventilation for acute exacerbations of chronic obstructive pulmonary disease on general respiratory wards: A multicentre randomised controlled trial. Lancet. 2000;355:1931-1935.


11 Lightowler J. Noninvasive positive pressure ventilation for the treatment of respiratory failure due to exacerbations of chronic obstructive pulmonary disease (Cochrane Review). BMJ. 2003:185-189.


12 Keenan S.P., Sinuff T., Cook D.J., et al. Which patients with acute exacerbation of chronic obstructive pulmonary disease benefit from noninvasive positive pressure ventilation? A systematic review of the literature. Ann Intern Med. 2003;138:861-870.


13 Appendini L., Patessio A., Zanaboni S., et al. Physiologic effects of positive end-expiratory pressure and mask pressure support during exacerbations of chronic obstructive pulmonary disease. Am J Respir Crit Care Med. 1994;149:1069-1076.


14 Bersten A.D., Holt A.W., Vedig A.E., et al. Treatment of severe cardiogenic pulmonary edema with continuous positive airway pressure delivered by face mask. N Engl J Med. 1991;325:1825-1830.


15 Lin M., Yang Y., Chiany H., et al. Reappraisal of continuous positive airway pressure therapy in acute cardiogenic pulmonary edema: Short-term results and long-term follow-up. Chest. 1995;107:1379-1386.


16 Nava S., Carbone G., DiBattista N., et al. Noninvasive ventilation in cardiogenic pulmonary edema: A multicenter randomized trial. Am J Respir Crit Care Med. 2003;168:1432-1437.


17 Crane S.D., Elliott M.W., Gilligan P., et al. Randomised controlled comparison of continuous positive airways pressure, bilevel non-invasive ventilation, and standard treatment in emergency department patients with acute cardiogenic pulmonary oedema. Emerg Med J. 2004;21:155-161.


18 Pang D., Keenan S.P., Cook D.J., et al. The effect of positive airway pressure on mortality and the need for intubation in cardiogenic pulmonary edema. Chest. 1998;114:1185-1192.


19 Rasanen J., Heikkila J., Downs J., et al. Continuous positive airway pressure by face mask in acute cardiogenic pulmonary edema. Am J Cardiol. 1985;55:296-300.


20 Lin M., Chiang H.T. The efficacy of early continuous positive airway pressure therapy in patients with acute cardiogenic pulmonary edema. J Formos Med Assoc. 1991;90:736-743.


21 Masip J., Roque M., Sanchez B., et al. Noninvasive ventilation in acute cardiogenic pulmonary edema. JAMA. 2005;294:3124-3130.


22 Ho K.M., Wong K.A. comparison of continuous and bi-level positive airway pressure non-invasive ventilation in patients with acute cardiogenic pulmonary oedema: A meta-analysis. Crit Care. 2006;10:R49.


23 Mehta S., Jay G.D., Woolard R.H., et al. Randomized prospective trial of bilevel versus continuous positive airway pressure in acute pulmonary edema. Crit Care Med. 1997;25:620-628.


24 Winck J., Azevedo L., Costa-Pereira A., et al. Efficacy and safety of non-invasive ventilation in the treatment of acute cardiogenic pulmonary edema: A systematic review and meta-analysis. Crit Care. 2006;10:R69.


25 Naughton M., Rahman M., Hara K., et al. Effect of continuous positive airway pressure on intrathoracic and left ventricular transmural pressures in patients with congestive heart failure. Circulation. 1995;91:1725-1731.


26 Tkacova R., Rankin F., Fitzgerald F., et al. Effects of continuous positive airway pressure on obstructive sleep apnea and left ventricular afterload in patients with heart failure. Circulation. 1998;98:2269-2275.


27 Tkacova R., Liu P.P., Naughton M.T., et al. Effect of continuous positive airway pressure on mitral regurgitant fraction and atrial natriuretic peptide in patients with heart failure. J Am Coll Cardiol. 1997;30:739-745.


28 Hilbert G., Gruson D., Vargas F., et al. Noninvasive ventilation in immunosuppressed patients with pulmonary infiltrates, and acute respiratory failure. N Engl J Med. 2001;344:481-487.


29 Antonelli M., Conti G., Bufi M., et al. Noninvasive ventilation for treatment of acute respiratory failure in patients undergoing solid organ transplantation: A randomized trial. JAMA. 2000;283:2239-2240.


30 Hauringa A.J., Leyva F.J., Giralt S.A., et al. Outcome of bone marrow transplantation patients requiring mechanical ventilation. Crit Care Med. 2000;28:1014-1017.


31 Ferrer M., Esquinas A., Arancibia F., et al. Noninvasive ventilation during persistent weaning failure: A randomized controlled trial. Am J Respir Crit Care Med. 2003;168:70-76.


32 Nava S., Ambrosino N., Clini E., et al. Non-invasive mechanical ventilation in the weaning of patients with respiratory failure due to chronic obstructive pulmonary disease: A randomized study. Ann Intern Med. 1998;128:721-728.


33 Baillard C., Fosse J.P., Sebbane M., et al. Noninvasive ventilation improves preoxygenation before intubation in hypoxic patients. Am J Respir Crit Care Med. 2006;174:171-177.


34 Antonelli M., Conti G., Rocco M., et al. Noninvasive positive-pressure ventilation vs. conventional oxygen supplementation in hypoxemic patients undergoing diagnostic bronchoscopy. Chest. 2002;121:1149-1154.


35 Antonelli M., Conti G., Riccioni L., et al. Noninvasive positive-pressure ventilation via face mask during bronchoscopy with BAL in high-risk hypoxemic patients. Chest. 1996;110:724-728.


36 Auriant I., Jallot A., Herve P., et al. Noninvasive ventilation reduces mortality in acute respiratory failure following lung resection. Am J Respir Crit Care Med. 2001;164:1231-1235.


37 Kindgen-Milles D., Muller E., Buhl R., et al. Nasal continuous positive airway pressure reduces pulmonary morbidity and length of stay following thoracoabdominal aortic surgery. Chest. 2005;128:821-828.


38 Squadrone V., Coha M., Cerutti E., et al. Continuous positive airway pressure for treatment of postoperative hypoxemia. JAMA. 2005;293:589-595.


39 Joris J.L., Sottiaux T.M., Chiche J.D., et al. Effect of bi-level positive airway pressure (BiPAP) nasal ventilation on the postoperative pulmonary restrictive syndrome in obese patients undergoing gastroplasty. Chest. 1997;111:665-670.


40 Simonds A.K., Muntoni F., Heather S., et al. Impact of nasal ventilation on survival in hypercapnic Duchenne muscular dystrophy. Thorax. 1998;53:949-952.


41 Young H.K., Lowe A., Fitzgerald D.A., et al. Outcome of noninvasive ventilation in children with neuromuscular disease. Neurology. 2007;68:198-201.


42 Bach J.R., Salstein K., Sinquee D., et al. Long-term survival in Werdnig-Hoffmann disease. Am J Phys Med Rehabil. 2007;86:339-345.


43 Simonds A.K., Elliott M.W. Outcome of domiciliary nasal intermittent positive pressure ventilation in restrictive and obstructive disorders. Thorax. 1995;50:604-609.


44 Tzeng A.C., Bach J.R. Prevention of pulmonary morbidity for patients with neuromuscular disease. Chest. 2000;118:1390-1396.


45 Levy M.M., Tanios M.A., Nelson D., et al. Outcomes of patients with do-not-intubate orders treated with noninvasive ventilation. Crit Care Med. 2004;32:2002-2007.


46 Soroksky A., Stav D., Shpirer I. A pilot prospective, randomized, placebo-controlled trial of bi-level positive airway pressure in acute asthmatic attack. Chest. 2003;123:1018-1025.


47 Ram F.S., Wellington S., Rowe B., et al. Non-invasive positive pressure ventilation for treatment of respiratory failure due to severe acute exacerbations of asthma. Cochrane Database Syst Rev. 1, 2005. CD004360


48 Honrubia T., Garcia Lopez F., Franco N., et al. Noninvasive vs. conventional mechanical ventilation for acute respiratory failure. Chest. 2005;128:3916-3924.


49 Antonelli M., Conti G., Esquinas A., et al. A multiple-center survey on the use in clinical practice of noninvasive ventilation as a first-line intervention for acute respiratory distress syndrome. Crit Care Med. 2007;35:18-25.


50 Esteban A., Frutos-Vivar F., Ferguson N.D., et al. Noninvasive positive-pressure ventilation for respiratory failure after extubation. N Engl J Med. 2004;350:2452-2460.


51 Demoule A., Girou E., Richard J.C., et al. Increased use of noninvasive ventilation in French intensive care units. Intensive Care Med. 2006;32:1747-1755.
















5 How Should Acute Severe Asthma Be Managed in the Intensive Care Unit?




Edward Warren, E.R. McFadden, Jr.





Bronchial asthma is a common disorder. About 22.2 million people in the United States are affected.1 Of these, about 55% experienced at least one attack in the previous year. This results in 1.8 million visits to the emergency department (ED) and 497,000 hospitalizations.1 Given the sheer magnitude of the problem, one would think that evidence-based treatment algorithms for all acute phases of the illness would be readily available. Regrettably, this is not the case, and empirical approaches still abound. Nowhere is this more evident than in the intensive care unit (ICU), where robust data to support decision making and therapeutic approaches in key areas are surprisingly sparse.


Whenever possible, this chapter relies on conclusions drawn from randomized controlled trials (RCTs) to try to provide information. Meta-analyses, systematic reviews, and consensus statements from professional organizations are employed, with the caveat that such information can be viewed only as limited secondary evidence and not as the gold standard.2-4






Treatment of acute episodes in the emergency department


The care of the acute asthmatic in the hospital almost always begins in the ED. It is here that proper evaluation and management may ward off the need for intubation and intensive care, and it is here that there is substantial evidence for determining optimal care. On the other hand, evidence for specific therapeutic approaches in the ICU is scarce. Should an episode of acute severe asthma occur in the ICU, however, it is logical to use evidence-based approaches that have been validated in the ED setting.


Asthma is a reversible disease, and most attacks are short-lived and clear with removal of the offending agent. Rapid reversal of acute airflow obstruction is best achieved by the inhalation of a short-acting β2-adrenergic agonist (SABA) like albuterol and the early administration of systemic corticosteroids to those patients who fail to respond adequately.5 Albuterol most often is given either as three doses of 2.5 mg every 20 minutes for 1 hour or two doses of 5 mg over 40 minutes. The optimal amount to terminate an attack appears to lie between 5 and 10 mg.6 About 70% to 80% of patients quickly respond to albuterol and can be discharged to home. About one third of patients achieve this with the first dose.6


A systematic review of 22 trials involving 1520 patients suggests there is no difference between administration of SABA by metered-dose inhaler (MDI) with a holding chamber or by jet nebulization.7 Continuous administration may be more effective in terms of admission rates and pulmonary function, particularly in children with severe exacerbations, but the effect is small.8 In adult patients, there is no benefit of intravenous administration of β2-adrenergic agonists over inhaled administration.


The place of anticholinergic agents, like ipratropium bromide, is unclear. The major difficulty with this class of drugs is that, in contrast to the sympathomimetics, they have slow onset of action (30 to 60 minutes versus 15 seconds) and are only medium-potency bronchodilators (10% to 15% versus 25% to 50% increases in FEV1).9 Data from meta-analyses and RCTs, however, suggest that when given in combination with albuterol, they may facilitate resolution and improve lung function.10,11 Generally, the effect is small. To date, there have not been any prospective attempts to study the impact of ipratropium in patients resistant to SABA, and it is here that they would be of the greatest benefit.


The National Institutes of Health (NIH) consensus guidelines state that systemic glucocorticoids should be given to patients who have moderate or severe exacerbations and to those who are not completely responsive to initial SABA therapy.5 Corticosteroids require ligand-dependent activation of receptors, gene expression, and ultimately new protein synthesis to decrease inflammation; thus, the benefits occur gradually over 6 to 12 hours.12 In most cases, the attack has ended long before the impact of the drug is seen. In view of this, it is most prudent to reserve corticosteroids for those patients who are resistant or respond slowly to SABA. The appropriate dose of corticosteroids remains a matter of debate9,12; however, oral administration appears to have equivalent efficacy to intravenous methylprednisolone.13 Inhaled corticosteroids in very high doses have been purported to reduce admission rates compared with placebo, but it remains unclear whether they can replace systemic glucocorticoids or should be employed in conjunction.9 Like epinephrine, these agents are potent vasoconstrictors and likely produce their beneficial consequences through this mechanism.14


Methylxanthines are not recommended. A Cochrane review demonstrated no additional benefit to optimal SABA therapy and a higher frequency of palpitations, arrhythmias, and vomiting.15









Treatment of acute attacks in the hospital


As noted earlier, between 20% and 30% of asthmatic patients in the ED have poor short-term responses to albuterol and require admission to the hospital.6 Because these patients have already failed first-line treatment, they are particularly challenging. Here too, however, the natural history is one of resolution, albeit slower than in the ED. The usual therapeutic approach is to continue nebulized albuterol and glucocorticoids with frequent monitoring of the response. With protocol therapy, it generally takes about 36 to 48 hours for such patients to achieve discharge criteria.


It is critical that objective measures of airflow limitation such as FEV1 or peak expiratory flow rate (PEFR) and gas exchange be repetitively determined in hospitalized patients. Essential components also include clinical evaluations of the degree of respiratory distress and fatigue. Physicians’ subjective estimates of the severity of illness often are grossly inaccurate and cannot be relied on.9 Ordinarily, monitoring of O2 saturation by pulse oximetry (Spo2) is sufficient to assess ventilatory efficiency. Patients in whom measures of arterial blood gases are absolutely essential are those with a pretreatment Spo2 saturation of less than 90%, anyone in whom saturation falls during observation, and those in whom PEFR does not improve to 40% to 45% of predicted or worsens after treatment.9 Patients with hypercapnia or normocapnia and persistent respiratory or metabolic acidosis early in the course of their episode require follow-up assessments after receiving adequate doses of β2-adrenergic agonists.9 The presence of any of these elements requires continuous monitoring in an ICU environment that can provide immediate ventilatory support.


We are unaware of any prospective studies using rigorously standardized treatment that have determined the number of hospitalized patients who worsen on general medical units and require transfer to the ICU. In one large series involving a survey of 29,430 admissions for asthma in 215 hospitals, the ED was the source for 80% to 90% of ICU patients.16 Only 5% to 10% of patients appear to have started out as routine admissions and been transferred.17 In our experience, continuous monitoring on an every 2- to 4-hour basis over the first 24 to 36 hours after admission using standardized “care paths” has virtually eliminated the need for ICU transfers from the floor.









Treatment of acute asthma in the intensive care unit


Precise numbers on the need for ICU admissions for refractory asthma are unavailable. The range in the literature varies from 2% to 20%,16-35 with several recent large studies reporting a figure between 10% and 15%.16,18 It is difficult to know how to interpret these numbers. Given that the criteria used to determine ICU admissions are rarely stated and that preadmission treatment often is not standardized, they cannot be used unequivocally as a surrogate for severity. Rather, they appear to be a reflection of caregiver comfort. For example, when we installed protocol therapies in the ED and established objective criteria for hospitalization, ICU admissions decreased 41%.36 When a new group of physicians assumed responsibilities for the ED, admissions rose.


In general, the therapeutic approaches in the ICU are similar to those in the hospital and involve administering SABA, corticosteroids, and O2 as well as frequent assessment of clinical status, pulmonary mechanics, and gas exchange. Here too, most patients respond well to therapy, but a small number worsen. Signs of impending respiratory failure include dyspnea sufficient to interfere with speech, changes in mental status, and new or increasing use of the accessory muscles of respiration.5,9 The ultimate morbidity and mortality in the ICU are a function of how the patients are treated. All studies show that the more invasive the therapeutics approaches, the greater the incidence of complications and death. Intubation in particular increases the risk.16-35 Consensus recommendations on asthma care5 suggest that adjunct treatments such as intravenous magnesium sulfate and Heliox be considered to avoid the need for intubation. However, intubation should not be delayed if it is thought necessary.


Magnesium is an important cofactor in many enzymatic reactions, and hypomagnesemia and hypermagnesemia can promote contraction and relaxation of smooth muscle, respectively. Further, there is evidence that intravenous administration of magnesium can cause bronchodilation and may reduce the neutrophilic burst seen with the inflammatory response. For these reasons, magnesium sulfate has been proposed for the treatment of severe acute asthma. Unfortunately, evidence of efficacy is inconclusive. Meta-analyses and systematic reviews have not shown benefit in either admission rates or pulmonary function improvement, save possibly in those presenting with severe attacks (PEFR < 25% to 30% predicted) who fail to respond to initial treatments.5,9 However, the effect is small (i.e., about 10% increase in FEV1 or 50 L/min increase in PEFR), with only a trend toward a reduction in hospitalization rates. Nonetheless, because this is the group in whom there is a pressing need for additional treatments, expert panels have suggested that magnesium sulfate merits a try if an hour of conventional therapy does not produce the desired results.5 Ultimately, appropriately designed RCTs of sufficient size will be needed before firm conclusions can be drawn. The advantages and disadvantages of treatment with magnesium sulfate are detailed in references 5 and 9.


Heliox, a blend of helium and oxygen, has also been offered as a therapeutic option for patients with severe attacks. Because of its low density relative to air or oxygen alone, it reduces airway flow resistance and with it the resistive work of breathing. It does not appear to have any influence on the basic disease process in asthma. Hence, any beneficial effects are transitory and disappear when air or O2 is once again breathed. It is theorized that Heliox use may forestall muscle fatigue until bronchodilators and steroids can take effect. Favorable and unfavorable meta-analyses and RCTs have appeared regarding the benefits of Heliox-driven albuterol nebulization. Thus, the issue remains controversial. As with magnesium sulfate, appropriately designed RCTs are needed. The pros and cons of Heliox use are reviewed in detail in references 5 and 9.


Leukotriene modifiers have also been proposed as adjunct treatments, but there is insufficient evidence to make recommendations regarding these agents in the management of refractory asthma.5


When all the aforementioned treatments fail, and the patient remains in severe respiratory distress, decisions must be made about whether to initiate ventilatory support. This can be accomplished by either noninvasive or invasive techniques.37-39 Noninvasive face mask ventilation may offer short-term support for some subjects with hypercapnic respiratory failure who can cooperate with their care and are able to protect their airways, but its application is limited by poor patient acceptance. In contrast to acute respiratory failure due to chronic obstructive pulmonary disease (COPD), for which there is strong evidence for the benefits of this treatment,40 the role of noninvasive ventilation in treating respiratory failure due to asthma remains unproved.5,9


In contrast, employing invasive ventilatory support can be life saving. About 30% of patients in published reports are believed to need intubation, but the range varies from 2% to 70%.16-35 The reasons are unknown, and the criteria employed in making the decision are only provided in about 40% of the publications.16-35 In most cases, the decision is based on clinical judgment. Consensus recommendations hold that patients with apnea or coma should be intubated immediately, but there are no other absolute indications.5 The mere presence of CO2 retention is not sufficient.37 However, progressive hypercapnia, deterioration of mental status, exhaustion, and impending cardiopulmonary arrest strongly suggest the need for ventilatory support. All authorities agree that intubation should be considered before any of the aforementioned reasons develop and that it should be performed by a physician who has extensive experience with the procedure and airway management.


If possible, a large-bore (≥8 mm) endotracheal tube should be used, both to facilitate the suctioning of secretions and to decrease resistance to airflow. Adequate sedation is paramount to keep the patient relaxed and breathing in synchrony with the ventilator.37,38,41-47 This can usually be achieved with benzodiazepines combined with opioids, or propofol.48-50 Ketamine is an attractive agent because of its bronchodilating properties; however, its psychotropic and sympathomimetic actions are major limitations. Trials in nonintubated patients with severe exacerbations have not shown clinical benefit.5 Studies of intubated patients are not available. If dyssynchrony with the ventilator persists, neuromuscular blockade may be necessary. Paralysis also eliminates expiratory effort that may result in airway collapse and dynamic hyperinflation. A variety of agents are available, but there are no comparative RCTs as to the relative effectiveness in asthma. These agents should be administered judiciously because they can be associated with a myopathy that is worsened by concomitant corticosteroids.44 The risk increases with the duration of paralysis.44


After the patient is intubated and sedated, bronchodilators and corticosteroids must be continued until the attack clears. Factors related to the endotracheal tube, the ventilator circuit, the ventilatory pattern and settings, and the patient-ventilator interface may reduce aerosol deposition in the lower airway to as low as 5%, and higher doses must be used.45-48 MDIs are the preferred route of administration.47,48


Intubation and mechanical ventilation are not without problems. Morbidity, cost, and mortality are all higher in patients so treated.16-35 On average, the literature suggests that this therapy carries with it 1.3 complications per intubation, including hypotension, pneumothorax, pneumomediastinum, atelectasis, ventilator-assisted pneumonia, arrhythmias, sepsis, gastrointestinal bleeding, and cerebral hypoxia.17-38 In the large multicenter study described earlier,16 admission to the ICU prolonged hospitalization by 1 day, and intubation increased this time to 4.5 days at an additional cost of more than $11,000. Asthma fatalities in the ICU vary widely but averaged 2.7% in one review.9 In those intubated, the rate rises to 8.1%.9 Since this publication, several large studies reported mortality rates of 10% and 21%.16,18 These figures are quite sobering given that death from acute exacerbations of asthma in general are reported in less than 0.5% of patients.9,49


A common, but often overlooked, complication associated with invasive ventilatory support is auto–positive end-expiratory pressure (auto-PEEP).37,38 The problem derives from incomplete exhalation of a breath before the next inhalation begins. This results in progressive inflation of the lungs and compressive cardiopulmonary physiology.37,38,50 Auto-PEEP rises directly with minute ventilation.50 The lungs and chest walls become less elastic, and the inflation pressures and work of breathing rise. As this happens, venous return, blood pressure, and cardiac output fall. Even without auto-PEEP, the institution of positive-pressure ventilation in an already hyperinflated thorax can markedly worsen hemodynamics. This effect is amplified in the volume-depleted patient and by the vasodilatory effects of sedatives. In addition to the ventilator maneuvers, described later, fluid resuscitation should begin promptly.5


Recommended initial ventilator settings are as follows: a tidal volume of 8 mL/kg, a respiratory rate of 11 to 14, an inspiratory flow rate of 100 L/min, and a PEEP of zero.50,51 Although high inspiratory flow rates increase peak airway pressures, there are no firm data suggesting that high peak pressures are associated with complications.52 The ventilator should be adjusted to allow the maximal possible time for exhalation by combining small tidal volumes with slow respiratory rates and short inspiratory times. Although there is no clear level of static end-inspiratory pressures (plateau pressures) predictive of complications, levels of 30 cm H2O or higher appear to correlate with hyperinflation and auto-PEEP.38,50-52 The volume of gas at the end of inspiration above functional residual capacity (FRC; termed VEI) may be the best predictor of ventilator-induced hypotension and barotrauma in asthmatic patients. Values greater than 20 mL/kg are associated with an increased rate of complications.51 This is a more difficult measurement than plateau pressure, and most clinicians and respiratory therapists are unfamiliar with it.


Strategies to reduce auto-PEEP often result in hypoventilation.53 The ensuing hypercapnia, termed permissive hypercapnia, is well tolerated as long as it develops slowly and the carbon dioxide tension remains at 90 mm Hg or less.53,54 When necessary, the pH can be defended pharmacologically.54 This approach is the current consensus recommendation of the NIH expert panel on asthma.5 Permissive hypercapnia is not uniformly effective, and consultation with or comanagement by physicians who have expertise in ventilator management is appropriate to avoid risks.









Conclusion


Asthma is common, and severe exacerbations remain an enormous problem in terms of patient morbidity and resource use. Unfortunately, there is a dearth of evidence from which to base treatment decisions in the ICU. When data are lacking, it is reasonable to use evidence-based approaches that have been studied in the ED setting. Physicians have proved to be poor judges of the severity of an asthma attack, and it is essential to use objective criteria when triaging a patient to an unmonitored bed or an ICU bed. SABA and early administration of systemic corticosteroids are the mainstays of treatment. The added benefit of anticholinergic agents has not been adequately studied, and the effect is likely small. The roles of intravenous magnesium sulfate and Heliox are controversial; however, there is consensus for their use in trying to avoid the need for intubation. When ventilatory support is needed, noninvasive ventilation can be tried, although its efficacy has not been proved. Intubation and mechanical ventilation can be life saving but should be done with great care. In the setting of acute asthma, this therapy is associated with significant complications, including death. It is imperative that the physicians in the ICU pay close attention to the patient’s physiology and the ventilator-patient interactions.





Authors’ Recommendations






• Evidence-based treatment guidelines for the ICU management of acute asthma are lacking.



• Decisions about admission to the ICU should be based on objective, physiologic criteria.



• SABA and systemic steroids are the mainstay of treatment.



• Intravenous magnesium and Heliox can be used as adjunctive therapy.



• When needed, initiation of invasive ventilatory support should not be delayed.



• Complications from positive-pressure ventilation are common in asthmatic patients and contribute significantly to the hospital mortality of these patients.



• Understanding the physiologic effects of the ventilator-patient interaction is paramount.
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6 How Should Pulmonary Embolism Be Diagnosed and Treated?




Jacob Gutsche, Jiri Horak





Pulmonary embolism (PE) represents the extreme end of a spectrum of disease characterized by the deposition and embolization of venous clot. Collectively, these disorders are referred to as venous thromboembolism (VTE). Patients with PE typically develop some degree of ventilation-perfusion mismatch and increased pulmonary arterial pressures. This can lead to hypoxemia and right heart strain or failure. Because of the high potential for associated mortality, the diagnosis of PE should be considered by the intensivist confronted with acute pulmonary or cardiovascular failure.






Epidemiology and natural history


The prevalence of PE among hospitalized patients in the United States, according to data collected between 1979 and 1999, was 0.4%. The incidence in the United States is estimated at 600,000 cases per year.1 In reality, these numbers may be misleading because the clinical presentation of PE is nonspecific. The acute case fatality rate for PE ranges between 7% and 11%.


Most often, PE arises from deep venous thrombosis (DVT). In about 70% of patients with PE, DVT can be found in the lower limbs.2,3 The initial studies on the natural history of VTE were carried out in the setting of orthopedic surgery during the 1960s. A landmark report showed that VTE started during surgery with DVT of the calf or more proximal venous system in about 30% of patients. DVT resolved spontaneously after a few days in about one third of cases and did not extend in about 40%. However, in 25%, it developed into proximal DVT and PE.4 Major risk factors for the development of VTE are listed in Table 6-1.


Table 6-1 Major Risk Factors for Venous Thromboembolism






	


• Spinal cord injury



• Major general surgery



• Major trauma



• Major orthopedic surgery



• Pelvis, hip, and long bones fracture



• Malignancy



• Myocardial infarction



• Congestive heart or respiratory failure










Modified from: Anderson FA Jr, Spencer FA. Risk factors for venous thromboembolism. Circulation. 2003;107(Suppl 1):9–16.


PE typically occurs 3 to 7 days after the onset of DVT. PE presents with shock or hypotension in 5% to 10% of cases. In up to 50% of cases, shock is not present, but there are signs of right ventricular dysfunction or injury. This is associated with a poorer prognosis.5,6


PE is difficult to diagnose because of the nonspecific clinical presentation or complete lack of symptoms. Among patients with proximal DVT who have lung scans, about 50% will have associated, usually clinically asymptomatic, PE.7









Pathophysiology


The initial clinical consequences of acute PE are primarily hemodynamic. They become apparent when more than 30% to 50% of the pulmonary arterial bed is occluded by thromboemboli.8 Large or multiple emboli can acutely increase pulmonary vascular resistance. The resultant increased afterload cannot be overcome by the right ventricle (RV) because a non-preconditioned, thin-walled RV cannot generate mean pulmonary pressures that exceed 40 mm Hg.8 Underfilling of the left ventricle (LV) decreases blood pressure and coronary blood flow. The combination of increased RV myocardial workload and decreased RV coronary perfusion gradient (decreased systemic diastolic pressure − increased intraventricular pressure) contributes to RV ischemia. This ischemia worsens RV dysfunction and may initiate a vicious circle that ultimately may result in pulseless electrical activity (PEA) and sudden cardiac death.9


In up to one third of patients, right-to-left shunt through a patent foramen ovale may lead to severe hypoxemia and an increased risk for systemic embolization.10









Diagnosis


Evaluating the likelihood of PE in an individual patient based on the clinical presentation is the first and the most important step to select an appropriate diagnostic strategy and interpret diagnostic test results.









Clinical presentation


Suspicion of PE should accompany clinical symptoms such as dyspnea, chest pain, and syncope. These are present in more than 90% of patients with PE.11,12 The likelihood of PE increases with the number of risk factors present. However, in about 30% of cases, PE occurs in the absence of any risk factors. Individual clinical signs and symptoms are not very helpful because they are neither sensitive nor specific.


Other symptoms include cough and blood-tinged sputum. Signs include fever, tachycardia, tachypnea, cyanosis, and coarse breath sounds. Auscultation may yield a new fourth heart sound or accentuation of the pulmonic component of the second heart sound. Electrocardiography may reveal evidence of right heart strain, tachycardia, or atrial fibrillation.


The chest radiograph is usually abnormal, with the most frequently encountered findings (plate-like atelectasis, pleural effusion, or elevation of a hemidiaphragm) being nonspecific.13 However, the chest radiograph is useful in excluding other causes of dyspnea and chest pain.


PE is generally associated with hypoxemia. However, up to 20% of patients with PE have a normal arterial oxygen pressure (Pao2) and a normal alveolar-arterial oxygen gradient.14 Electrocardiographic signs of RV strain, such as inversion of T waves in leads V1 to V4, a QR pattern in lead V1, the classic S1Q3T3 type, and incomplete or complete right bundle-branch block, may be helpful, particularly when of new onset.15,16 Electrocardiographic changes are generally associated with the more severe forms of PE, and lack of electrocardiographic changes does not exclude PE.


Based on clinical presentation or lack of it, PE can be divided into three groups: hemodynamically unstable, hemodynamically stable and symptomatic, and asymptomatic.






Hemodynamically Unstable Group


This group includes patients presenting with shock or severe hypotension associated with RV dysfunction and injury. These patients require rapid, specific diagnosis and therapy because of the high mortality risk (short-term mortality > 15%).17,18


Any intensive care unit (ICU) patient who is at risk for PE and is hemodynamically unstable should be evaluated for acute right heart failure and thrombus in the right heart or main pulmonary artery. Acute heart failure is not specific for PE, and other etiologies must be considered. The main therapeutic goal is to rapidly restore flow through the pulmonary circulation.









Hemodynamically Stable, Symptomatic Group


This group of patients can be divided into intermediate- and low-risk subgroups. Intermediate-risk PE is diagnosed when the patient has either RV dysfunction or myocardial injury. Indicators of RV dysfunction include (1) elevated right heart pressures and RV dilation, (2) hypokinesis, or (3) pressure overload on echocardiography. Elevation of cardiac troponin T or I indicates RV injury. Initial therapy is aimed at the prevention of further pulmonary thromboembolism.









Asymptomatic, Silent Group with Incidental Finding


Mild, untreated PEs carry a lower immediate mortality than recurrent PEs. Because of the intrinsic fibrinolytic activity of the lung, small PEs usually resolve spontaneously. Withholding anticoagulation treatment in nonmassive PE is an acceptable strategy for patients who have indeterminate ventilation perfusion study, negative serial lower extremity venous examination results, adequate cardiopulmonary reserve, and relative or absolute contraindications to anticoagulation treatment.19 The rationale for this approach is based on synthesis of the results of several studies. The optimal management of patients with asymptomatic PE has not been studied prospectively.












Diagnostic tools


Because chest radiography is neither sensitive nor specific, the literature describes two modalities used in the diagnosis of PE: perfusion lung scans and computed tomography (CT) pulmonary angiography. The ease and speed of acquiring a CT scan make it the most widely used diagnostic tool for patients with suspected PE.


Perfusion lung scans ([image: image] scans) have been used to detect the presence of perfusion defects within the patients' pulmonary circulation. The patient is injected with radionucleotide agents, followed by sequential scans. The major advantage of perfusion lung scans is the avoidance of nephrotoxic radiographic contrast. In the PIOPED study, 755 patients underwent [image: image] scans and selective pulmonary angiography within 24 hours of the symptoms that suggested PE.20 Thirty-three percent20 of the patients had angiographic evidence of PE. Almost all patients with PE (98%) had abnormal [image: image] scan findings. Thus, [image: image] scans are highly sensitive for acute PE. However, although PE was documented by angiography in 88%, only 41% of the patients with PE had a high-probability scan. Most patients with PE (57%) had an intermediate-probability or low-probability scan. Thus, specificity was low. In postoperative patients with significant atelectasis, consolidation, or PE, the negative predictive value is low.


High-resolution multidetector computed tomography (MDCT) has replaced the [image: image] scan as the study of choice in many hospitals for PE evaluation. CT scanning is widely available, can be performed rapidly, and provides clear anatomic and pathologic lung images (so that the clinician often obtains a diagnosis despite a negative angiographic examination) and the ability to concurrently evaluate potential embolic sources in the legs or pelvis. The results of studies that have evaluated CT pulmonary angiography have shown sensitivities up to 90% with single-detector CT scans.21 With developing technology, in particular the availability of multidetector units, the accuracy of these scans is improving. Four-slice MDCT scans have an increased sensitivity for subsegmental PE. In two studies of about 100 patients, sensitivities for the detection of PE with four-slice CT angiography have been reported to be 96%22 and 100%,23 with respective specificities of 98% and 89%. The combination of arterial phase and venous phase CT angiography appears more sensitive (90%) and specific (96%) than arterial phase alone.24 For nonoperative patients, the combination of a negative CT pulmonary angiogram and negative d-dimers effectively excludes PE.25,26 However, d-dimers are neither sensitive nor specific in the perioperative period. Postoperative patients with high clinical suspicion of PE and a negative MDCT scan should undergo lower extremity ultrasonography.27









Treatment


Without treatment, mortality from hemodynamically unstable PE approaches 30%.28 In treated patients, the overall mortality decreases to 15%.29 The treatment of PE in the postoperative patient is complicated by the inherent potential for bleeding with therapeutic anticoagulation and thrombolytics.


For acute PE, the options for treatment include therapeutic anticoagulation, inferior vena cava (IVC) filter placement to prevent continued embolization from the lower extremities, clot thrombolysis, and surgical embolectomy. Hemodynamically stable patients diagnosed with PE should receive therapeutic anticoagulation with intravenous unfractionated heparin or subcutaneous low-molecular-weight heparin (LMWH). Meta-analyses have shown that LMWH treatment, when adjusted to body weight, is at least as effective and safe as dose-adjusted unfractionated heparin.30 However, in postoperative and critically ill patients and in patients in whom epidural catheters have been placed, the shorter half-life and reversibility of intravenous unfractionated heparin provides a safety buffer over LMWH. Therefore, despite the absence of randomized prospective trials, when there is a risk for clinically significant bleeding, unfractionated heparin may be safer. Treatment should be commenced before confirmation of the diagnosis if there is clinical suspicion of PE.31 As described previously, heparin should be adjusted to goal activated partial thromboplastin time (aPTT) and anti–factor Xa levels checked if the patient is requiring large doses of unfractionated heparin without achieving therapeutic aPTT.


Patients who cannot be anticoagulated (such as those with intracranial bleeding) commonly have an IVC filter placed as soon as possible to prevent further embolization. Again, although this approach is logical, there are no randomized prospective trials to substantiate its adoption.


Following the success of thrombolytics in the management of acute myocardial infarction, thrombolysis been proposed as therapy for massive PE. Thrombolytic agents available for use in the United States include tissue plasminogen activator (tPA), streptokinase, and urokinase. These agents all convert plasminogen to plasmin, which in turn breaks down fibrin and promotes clot lysis. The International Cooperative Pulmonary Embolism Registry (ICOPER) reported on 108 patients with massive PE.32 Thrombolysis did not improve 90-day outcomes in the 33 patients treated. This is consistent with an earlier systematic review that failed to demonstrate outcome improvement between thrombolysis and intravenous heparin.33 In the absence of supportive data, and with evidence of increased risk for intracranial hemorrhage and bleeding from the wound site, thrombolysis cannot be recommended for postoperative patients who have undergone major abdominal or pelvic surgery.


Pulmonary embolectomy has been performed in patients who have massive PE, are hemodynamically unstable despite heparin and fluid resuscitation, and are not candidates for thrombolysis. Patients with life-threatening PEs may be placed on extracorporeal membrane oxygenation for stabilization and taken to the operating room for open thrombus extraction. No prospective clinical trials have evaluated outcomes from embolectomy. All available data consist of case reports and case series. The largest series of pulmonary embolectomies at one institution was reported by Meyer and colleagues Paris in 1991.34 During a 20-year period from 1968 to 1988, 96 of 3000 patients (3%) with confirmed PE underwent pulmonary embolectomy under cardiopulmonary bypass. The overall hospital mortality rate was 37.5%. Preoperative cardiac arrest and preoperative shock were associated with an increased mortality: the mortality rate in patients in shock was 42%, as compared with 17% in those without shock. In general, embolectomy is considered a therapy of last resort and should not be considered for most patients with PE.









Acute right ventricular dysfunction management


RV systolic function is determined by contractility, afterload, preload, rhythm, synchrony of ventricular contraction, and ventricular interdependence in the setting of acute pressure and volume overload. Acute dilation of the RV shifts the interventricular septum toward the left, alters LV geometry, and function and contributes to low cardiac output state.


Volume loading should be performed carefully. The absence of hemodynamic improvement with an initial fluid challenge suggests ventricular interdependence physiology. Logic would mandate cessation of fluid administration. Bedside echocardiography may be indicated in this case. Aggressive treatment of arrhythmias, atrioventricular dyssynchrony, and high-degree atrioventricular block in acutely dilated RV is required to prevent further decompensation.


Every effort should be made to avoid hypotension, which may lead to a vicious cycle of RV subendocardial ischemia and further hypotension. This may require the use of multiple vasogenic amine or phosphodiesterase inhibitor infusions. There are no data to support the use of any one medication or specific combinations.


The RV is much more sensitive to increased afterload than the LV. This may make pulmonary vascular dilators useful and may limit the value of agents that constrict.


Inhaled pulmonary vasodilators, inhaled nitric oxide, inhaled prostacyclin, iloprost, and inhaled milrinone may help to decrease pulmonary vascular resistance and improve RV function.


Echocardiography is helpful in the diagnosis and management of acute RV dysfunction. In patients in low-flow states, the absence of echocardiographic evidence of pressure-overloaded RV most likely eliminates PE as a cause. Conversely, severe hypokinesis of the RV mid free wall, with preserved contraction of the apical segment (McConnell sign), may be specific for PE.35


RV dilation with tricuspid regurgitation and septal shift suggest volume-pressure overload, and further volume loading should be avoided.





Authors’ Recommendations






• VTE is a common problem in ICU. PE is the extreme end of the disease.



• PE arises most often from lower extremity DVT.



• PE signs and symptoms are neither sensitive nor specific. Therefore, PE should be considered in any ICU patient with acute pulmonary or cardiovascular dysfunction.



• The diagnostic strategy and initial management is based on hemodynamic stability. The main therapeutic goal for the hemodynamically unstable patient is restoration of flow through the pulmonary artery. Hypotension should be aggressively treated with careful volume loading and vasopressors.



• Perfusion lung scanning and CT pulmonary angiography are the modalities most often used to diagnose PE.



• Anticoagulation should be initiated immediately in any patient with a confirmed PE or a high clinical suspicion and low bleeding risk.



• The use of thrombolysis in ICU patients remains controversial.
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7 What Is the Optimal Approach to Weaning and Liberation from Mechanical Ventilation?




Alistair Nichol, Ville Pettila, David James Cooper





Liberation from mechanical ventilation is a central component in the care of the critically ill patient. Weaning is the progressive reduction in the amount of support delivered by a mechanical ventilator. However, the term weaning is frequently used to cover the transition from intubation and full mechanical support through to a spontaneous breathing patient with a protected airway.1 This chapter focuses on the clinical assessment of readiness to wean, the technique for conducting a spontaneous breathing trial, and the assessment of readiness of extubation. In addition, we review the evidence supporting various ventilator strategies in the difficult-to-wean patient.


A recent classification system divides intensive care patients into simple to wean, difficult to wean, or prolonged wean.2,3 Simple-to-wean patients are extubated on the first attempt, make up most of the patients in the intensive care unit (ICU) (about 69%) and have a low mortality rate (about 5%).4,5 The remaining cohort of either difficult-to-wean patients (requiring up to three attempts or up to 7 days from the onset of weaning) and prolonged-wean patients (more than three attempts or greater than 7 days from the onset of weaning) require greater effort to successfully liberate from mechanical ventilation. These difficult-to-wean and prolonged-wean patients have an associated higher mortality rate (about 25%).4,5


Longer duration of mechanical ventilation is associated with increased mortality6 and costs (mechanical ventilation costs more than $2000/day7), and it has been estimated that the 6% of patients who require prolonged mechanical ventilation consume 37% of ICU resources.8 In part, this is because more severely ill patients usually require longer periods of mechanical ventilation. Overall, 40% to 50% of the time spent on mechanical ventilation occurs after the weaning process has started.4,6,9


Expert consensus2 has proposed that the weaning process be considered in six steps:



• Treatment of acute respiratory failure



• Clinical judgment that weaning may be possible



• Assessment of the readiness to wean



• A spontaneous breathing trial



• Extubation



• Possible reintubation


Most critically ill patients require a period of rest after intubation, but these steps emphasize that consideration of the weaning process should begin very soon after intubation and also allow clinicians to examine the weaning process in a number of discrete logical sequential steps and develop contingency plans if patients fail to make sufficient progress. In addition, this framework allows failure of weaning to be considered as either failure of a spontaneous breathing trial or the need for reintubation and ventilation, or else death, within 48 hours of extubation.2


Current research has targeted a number of these steps and identified key areas by which clinicians may optimize liberation from mechanical ventilation.






Clinical suspicion that weaning may be possible


Because of the significant morbidity and mortality associated with prolonged mechanical ventilation, it is generally accepted that all ventilated ICU patients should be assessed for their readiness to wean at least on a daily basis. The importance of this readiness to wean assessment has been highlighted by a number of trials, which have demonstrated that weaning can be achieved in most patients after the first formal assessment of readiness to wean,10,11 and by the finding that nearly 50% of unexpected self-extubations during the weaning process did not require reintubation.12









Assessment of readiness to wean


The clinical assessment of readiness to wean is a two-step process based on (1) assessment of predictors of weaning and (2) successful completion of a spontaneous breathing trial. It is self-evident that both these steps are dependent on sensible clinicians minimizing sedation before assessment and weaning trials and choosing short-acting sedation infusions that can be optimized for nocturnal rest yet reduced rapidly before daytime breathing trials.13,14 The concept of nocturnal rest, in conjunction with daytime respiratory muscle training, is important for those patients whose weaning is more difficult and prolonged.






Predictors of Successful Weaning


The initial screening evaluation of readiness to wean is composed of a clinical examination and an assessment of a number of objective criteria (respiratory, cardiovascular, and neurologic) that aim to predict successful weaning4,5,9-11,15,16 (Table 7-1). Individually, these predictors are neither highly sensitive nor specific, but together with the clinical examination, they allow the clinician to identify patients who will clearly not be suitable for weaning and who may suffer detrimental effects from an unnecessary spontaneous breathing trial. All other patients should undergo a spontaneous breathing trial. This is an important point because many patients who meet some but not all of the criteria for weaning will still successfully wean, clinicians frequently underestimate the ability of patients to wean, and failure of a spontaneous breathing trial in most patients is less injurious than failure to wean.


Table 7-1 Clinical and Objective Measures of Readiness to Wean






	Clinical assessment

	


Resolution of acute process requiring intubation and ventilation


Patient awake and cooperative



Chest wall pain controlled



Adequate cough



Absence of excessive tracheobronchial secretions



Absence of


Nasal flaring



Suprasternal and intercostal recession



Paradoxical movement of the rib cage or abdomen















	Objective measures

	


Respiratory stability: oxygenation


SaO2 > 90% on FiO2 ≤ 0.4




PaO2 ≥ 50-60 mm Hg on FiO2 ≤ 0.5




Alveolar-arterial Po2 gradient < 350 mm Hg (FiO2 1.0)



PaO2/FiO2 ≥ 150







Respiratory stability: function


Respiratory rate ≤ 35 breaths/min−1




Maximal inspiratory pressure ≤ −20 to −25 cm H20




Tidal volume > 5 mL/kg−1




Minute ventilation < 10 L/min−1




No significant respiratory acidosis




Respiratory rate/tidal volume < 105 breaths/min−1/L−1*




CROP index > 13 mL/breaths/min−1†




Integrative index of Jabour < 4/min−1‡







Cardiovascular stability


Heart rate < 140 beats/min−1




Systolic BP > 90 and < 160 mm Hg




Minimal inotropic/vasopressor support







Neurologic function


Including normal mentation on sedation














* The respiratory rate/tidal volume ratio is also known as the rapid shallow breathing index.


† CROP index = [compliance (dynamic) × maximal inspiratory pressure × (arterial partial pressure of oxygen/alveolar partial pressure of oxygen)]/respiratory rate.


‡ Integrative index of Jabour = pressure time product × (minute ventilation to bring the Paco2 to 40 mm Hg/tidal volume during spontaneous breathing)






Individual Limitations of the Readiness-to-Wean Predictors


Independent prediction criteria for successful weaning are neither sensitive nor specific. They are summarized here:



• A minute ventilation of less than 10 L/min is associated with a positive predictive value of only 50% and a negative predictive value of 40%.17




• The maximal inspiratory pressure (MIP), a measure of respiratory muscle strength, was initially suggested to be a good indicator of weaning success.18 These findings have not been replicated in subsequent trials.



• Static compliance (i.e., tidal volume/ (plateau pressure - positive end expiratory pressure [PEEP]) has a low positive predictive value (60%) and negative predictive value (53%).17




• Occlusion pressure (P0.1), the airway pressure 0.1 second after the initiation of a spontaneous breath, is a measure of respiratory drive. The results from studies determining the utility of this index have been conflicting to date.19-21




• The rapid shallow breathing index (RSBI; respiratory rate/tidal volume ratio) measured over 1 minute in the spontaneously breathing patient has demonstrated a high sensitivity (97%) and a moderate specificity (65%) for predicting patients who will subsequently successfully pass a spontaneous breathing trial compared with the other predictors.17 RSBI remains controversial. For example, Tanios and colleagues reported that its use prolonged weaning time and did not reduce the incidence of extubation failure or tracheostomy.22 However, this trial was small, and there was a high likelihood of selection bias and crossover in the non-RSBI utilization arm. Results from a more recent randomized controlled trial (RCT) suggest that the predictive value of RSBI may be improved using automatic tube compensation.23



In summary, individual mechanical criteria should not be considered reliable indicators to predict successful weaning. However, when used in combination with careful clinical examination, it is likely that these indices do predict the likelihood of failure to wean.


A variety of compiled prediction tools have been proposed that aim to improve the sensitivity and specificity of prediction over individual criteria. However, these predictors (see Table 7-1) are more complex and are more commonly used in clinical trials than in routine clinical practice.



• A compliance, respiratory rate, arterial oxygenation, and maximal inspiratory pressure (CROP) index (see Table 7-1) greater than 13 mL/breath/min has prospectively determined positive predictive value of 71% and a negative predictive value of 70% to predict weaning success.17




• A Jabour pressure-time product (see Table 7-1) of less than 4/min has been shown in a retrospective study to have a positive predictive value of 96% and a negative predictive value of 95%.24



Future research is required to identify simple predictors that are sufficiently sensitive and specific to predict successful weaning. In the absence of such measures, the clinician should have a low threshold for conducting a daily spontaneous breathing trial.












Spontaneous Breathing Trial


The initiation of the weaning process is defined as the commencement of the first spontaneous breathing trial. A number of techniques can be used to conduct a spontaneous breathing trial, including the T-tube or T-piece, pressure support ventilation (PSV), and automatic tube compensation (ATC), all of which may be used with or without continuous positive airway pressure (CPAP). Failure of a spontaneous breathing trial is defined as the development of respiratory (function or oxygenation), cardiovascular, or neurologic instability and is determined by clinical assessment and objective testing during the trial (Table 7-2).2,10,11,17,25,26 There appears to be little predictive advantage to increasing the duration of the spontaneous breathing trial assessment to longer than 20 to 30 minutes.5,27 Prospective studies have demonstrated that most patients successfully pass their first spontaneous breathing trials and more than 60% of patients successfully wean5,10,11,15,23,28,29 (Table 7-3). Interestingly, trials to date have not demonstrated that any one of these techniques is superior in its ability to predict weaning success (see Table 7-3). However, clinicians still need to be aware of the relative advantages and disadvantages of each technique.


Table 7-2 Clinical and Objective Determinants of Failure of a Spontaneous Breathing Trial






	Clinical assessment

	


Agitation and anxiety 


Reduced level of consciousness



Significant sweating



Cyanosis



Evidence of increased respiratory muscle effort 


Increased accessory muscle use



Facial signs of distress



Dyspnea















	Objective measures

	


Respiratory stability: oxygenation 


PaO2 ≤ 50-60 mm Hg on FiO2 ≥ 0.5 or SaO2 < 90%







Respiratory stability: function


Paco2 > 50 mm Hg or an increase in Paco2 > 8 mm Hg




pH < 7.32 or a decrease of pH ≥ 0.07 pH units




Respiratory rate/tidal volume > 105 breaths/min−1/L−1*




Respiratory rate > 35 breaths/min−1 or increase ≥ 50%







Cardiovascular stability


Heart rate > 140 beats/min−1 (or increase ≥ 20%)




Systolic BP > 180 mm Hg (or increase ≥ 20%)




Systolic BP < 90 mm Hg




Significant cardiac arrhythmias







Neurologic function


Reduced level of consciousness














* The respiratory rate/tidal volume ratio is also known as the rapid shallow breathing index.




Table 7-3 Success of Spontaneous Breathing Trial and Success in Weaning from Mechanical Ventilation


[image: image]








T-Tube or T-Piece


This well-established method involves attaching the end of the endotracheal tube to a short piece of tubing that acts as a reservoir and a connection to the humidified fresh gas flow. There were initial concerns that the increased resistance to airflow and the increased work of breathing induced by the endotracheal tube resulted in a work load in excess of that required when the tube was removed. However, these studies did not account for the airway inflammation and edema that frequently accompanies extubation and results in little difference between the pre-extubation and postextubation work load.30,31 The T-piece may be modified with a PEEP valve to maintain functional residual capacity during the trial.









Pressure Support Ventilation


PSV is patient triggered, pressure targeted, and flow cycled. It is usually combined with PEEP. At low levels (5 to 7 cm H2O, depending on tube diameter and length), pressure support is dissipated within the endotracheal tube, and there is no additional flow in the trachea. Consequently, pressure support is widely used during spontaneous breathing trials. There are theoretical concerns that the use of PSV may not mimic the true postextubation work load and about the difficulty of predicting the level of PSV necessary to completely compensate for the resistive load.32 However, studies using low levels of PSV during spontaneous breathing trials have found no difference in predicting ultimate weaning success.9,28,29,33 The advantage of this approach over the T-piece is safety: the patient is not disconnected from the ventilator, and tidal volumes and respiratory rate are measured. If the patient becomes apneic, the ventilator generates controlled backup breaths.









Automatic Tube Compensation


ATC is an automatic method by which the ventilator compensates for the degree of resistance provided by the endotracheal tube and is increasingly found on modern ventilators. With ATC, tube resistance is measured dynamically, and inspiratory flow is adjusted in response. This accounts for not only the diameter and length of tube but also the presence of inspissated secretions and kinks. ATC is as effective as PSV or T-piece weaning.23,29 There are no published data that this modality confers additional benefit over PSV.









Continuous Positive Airway Pressure


CPAP is combined with T-pieces, PSV, and ATC in many ICUs as part of the spontaneous breathing trial. Proponents of CPAP argue that it increases functional residual capacity, maintains small airway patency, may be beneficial for left ventricular dysfunction, and has minimal harmful effects.34 There are few data to support or refute this viewpoint.












Suitability for Extubation


Extubation is the final stage in successful liberation of a patient from the mechanical ventilator. However, it would be unwise to extubate any patient before assessing the ability of that patient to protect and maintain a patent airway. This clinical assessment involves testing for adequate level of consciousness, cough strength, frequency of secretions, and airway patency. The likelihood of undergoing a successful extubation is significantly higher if the Glasgow Coma Scale score is 8 or higher, as opposed to less than 8.35 Although there are a number of objective measures of cough strength (e.g., card moistening36 and spirometry37), most clinicians subjectively determine the presence of a moderate to strong cough before extubation. In addition, it is important to quantify secretions because the likelihood of weaning success decreases with increased secretions and frequent suctioning intervals.16,36


The most common test for airway patency is determination of a cuff leak. This test is commonly used to identify patients at high risk for postextubation stridor or obstruction.38,39 The cuff leak test is neither sensitive nor specific, although physicians report the presence of a leak to be reassuring. Intravenous steroid therapy, to reduce laryngeal edema, should be considered in all patients after prolonged intubation.40












Ventilator management of the difficult-to-wean patient


The difficult-to-wean patient has already failed at least one spontaneous breathing trial or has required reintubation within 48 hours of extubation. The failure of a spontaneous breathing trial may be accompanied by a significantly increased inspiratory effort,25 which may strain the respiratory muscles.41 Current evidence suggests that this extra burden does not cause long-lasting (low-frequency) fatigue, but it is uncertain whether this may induce short-lasting (high-frequency) fatigue.25 Therefore, after the failure of either a spontaneous breathing trial or trial of extubation, the clinician must determine the presence of exacerbating factors that reduced the success of weaning2,42 (Table 7-4) and provide ventilatory management to balance the need for adequate ventilator support (minimizing respiratory fatigue) against the need to minimize support (increase patient respiratory autonomy) to improve the chances of subsequent successful weaning.


Table 7-4 Assessment of Factors That Reduce the Success of Weaning






	Respiratory

	
Increased restrictive load: bronchospasm, tube kinking, tube obstruction


Increased chest wall elastic load: pleural effusion, pneumothorax, abdominal distention



Increase lung elastic load: infection, edema, hyperinflation









	Cardiovascular

	


Cardiac dysfunction, either long-standing or secondary to increased load









	Neuromuscular

	


Depressed central drive: metabolic alkalosis, sedatives analgesics



Neural transmission: spinal cord injury, Guillain-Barré syndrome, myasthenia gravis, phrenic nerve injury



Peripheral dysfunction: critical illness neuropathy and myopathy









	Neurophysiologic

	


Delirium



Depression



Anxiety









	Metabolic

	


Hypophosphatemia



Hypomagnesemia



Hypokalemia



Hyperglycemia



Steroid use—controversial









	Nutrition

	


Obesity



Malnutrition



Overfeeding









	Anemia

	


Hemoglobin: 70-100 g/dL










The clinician should conduct a careful physical examination and review the patient’s diagnostic tests to uncover and treat any reversible contributory factors (see Table 7-4). In the absence of any obvious remedial conditions or while such conditions are being treated, the most appropriate modality of ventilation must be chosen with which to manage these difficult-to-wean patients. The most widely used modes of ventilation are (volume) assist-control ventilation (ACV), synchronized intermittent mechanical ventilation (SIMV—volume control), and PSV.






Assist Control Ventilation


ACV is the most widely used mode of ventilation worldwide and is frequently described by the moniker CMV (controlled or conventional mechanical ventilation). It is widely believed to rest the diaphragm during respiratory failure and after a spontaneous breathing trial. Conversely, short periods of ACV may induce diaphragm dysfunction and injury.43









Synchronized Intermittent Mechanical Ventilation


The use of SIMV as a weaning tool involves a progressive reduction of the mechanical ventilator respiratory rate in steps of 1 to 3 breaths/min; 30 to 60 minutes later, the patient is assessed for signs of failure to adapt to the increased patient load (similar to failure of breathing trial criteria; see Table 7-2). Accumulating data support the contention that SIMV is a poor weaning mode.


SIMV may actually contribute to respiratory muscle fatigue or prevent recovery from fatigue11 secondary to an increased work of breathing due to ventilator factors (increased effort to activate the SIMV demand valve, inspiratory, and expiratory dyssyncrony44,45) or patient factors (inability of respiratory center to coordinate with the intermittent nature of the support41).


Brochard and colleagues randomized 457 patients to SIMV or PSV.10 They demonstrated that SIMV (with T-piece spontaneous breathing trials) resulted in slightly longer duration of mechanical ventilation (9.9 ± 8.2 days) compared with PSV (9.7 ± 3.7 days). This trial also found that SIMV had higher rates of weaning failure (SIMV, 42%; PSV, 23%; T-piece, 43%). A second RCT of 546 patients reported that an SIMV-based weaning strategy resulted in longer duration of mechanical ventilation (5 days) compared with a PSV-based strategy (4 days) and T-piece ventilation (3 days).11









Pressure Support Ventilation


PSV allows the patient to determine the depth, length, flow, and rate of breathing.46 PSV as a weaning tool involves the gradual reduction of pressure support by 2 to 4 cm H2O once or twice a day as tolerated. This method results in a progressive reduction in ventilatory support over hours to days. Two large RCTs have demonstrated that PSV is superior to SIMV in reducing the duration of mechanical ventilation in difficult-to-wean patients.10,11 Although one of these trials demonstrated that PSV weaning was more efficient than T-piece weaning,10 the other trial demonstrated T-piece trials to be superior.11 However, these potentially contradictory results may be accounted for by differences in the trial weaning protocols. Interestingly, one small prospective RCT has recently suggested that PSV weaning is superior to T-piece weaning in patients with chronic obstructive pulmonary disease (COPD).47









T-Piece Trials


This method is the oldest ventilator weaning technique and involves sequentially increasing the amount of time the patient spends on the T-piece.10,11 A single daily trial is as efficient and effective as multiple short trials and is less labor intensive.11









Noninvasive Ventilation


The increasing clinical use and familiarity with noninvasive ventilation (NIV) in the critical care setting makes it an attractive tool in the difficult-to-wean patient. The potential advantages of NIV are to avoid the complications of intubation and sedation and to reduce the total time of invasive mechanical ventilation. The use of NIV in weaning can be separated into preventing extubation failure in selected patients, providing a rescue therapy for postextubation respiratory distress, and permitting early extubation in patients who fail to meet standard extubation criteria.






Preventing Extubation Failure in Selected Patients (Prophylactic Therapy)


Prophylactic NIV has the potential to prevent hypoxia, hypercapnia, and atelectasis and to reduce the work of breathing, thereby reducing the rate of respiratory complications. RCTs have demonstrated that in high-risk postoperative patients (vascular, abdominal, and thoracoabdominal surgery), NIV results in trends toward improved oxygenation, reduced infection rate, reduced reintubation rate, and reduced hospital stay and mortality.48-50 A meta-analysis by Agarwal and colleagues (n = 259) suggested that prophylactic NIV in carefully selected patients is associated with a reduced reintubation rate (relative risk [RR], 0.46; 95% confidence interval [CI], 0.25 to 0.84) and intensive care unit mortality (RR, 0.26; 95% CI, 0.1 to 0.66), but not the hospital mortality rate.51 These results suggest that the application of prophylactic NIV may be beneficial in carefully selected high-risk patients.









Rescue Therapy to Avoid Reintubation for Postextubation Respiratory Distress (Rescue Therapy)


A recent meta-analysis of two RCTs that compared NIV with the standard medical therapy in patients (n = 302) with postextubation respiratory failure did not demonstrate a reduction in the reintubation rate (RR, 1.03; 95% CI, 0.84 to 1.25) or ICU mortality rate (RR, 1.14; 95% CI, 0.43 to 3.0) in the NIV group.51 Therefore, current evidence suggests that NIV should not be used for patients with postextubation respiratory failure. These patients should be reintubated expeditiously.









Permitting Early Extubation in Patients Who Fail to Meet Standard Extubation Criteria (Facilitation Therapy)


Interest has emerged in using NIV in highly selected patients to facilitate earlier removal of the endotracheal tube while still allowing a progressive stepwise reduction of ventilator support. This strategy involves extubating the patient who has failed a spontaneous breathing trial directly on to NIV (PSV + CPAP) compared with standard therapy (invasive mechanical ventilation). Clearly, this approach can only be successful in patients who have good airway protection, a strong cough, and minimal secretions, so they are likely to be conscious alert patients who have slowly resolving lung injury but who retain good respiratory neuromuscular function. In practice, these patients frequently have COPD. Four RCTs have suggested that this approach may reduce the duration of mechanical ventilation, ICU stay, and the rate of infection.52-55 Two meta-analyses that included these studies demonstrated a consistent positive effect on overall mortality.56,57 Since the time of these publications, another small RCT of 65 patients with COPD demonstrated that NIV reduces the incidence of pneumonia associated with mechanical ventilation and the need for tracheotomy in patients who fail initial weaning attempts.58 These studies suggest that NIV used to facilitate weaning in mechanically ventilated patients, with predominantly COPD, is associated with promising evidence of clinical benefit.57 The utility of this approach in hypoxic respiratory failure, trauma, and surgical patients has yet to be determined.















Role of tracheostomy in weaning


The insertion of a tracheostomy is an important tool in the difficult-to-wean patient. Tracheostomy is usually far less irritating to the patient than an endotracheal tube, and the decreased sedation requirements usually enable weaning strategies that would otherwise not be possible. Tracheostomy also provides a more secure airway,59 reduced work of breathing,60,61 and a reduced rate of ventilator-associated pneumonia.59 Studies have not determined whether early or late tracheostomy is superior.62









Consideration of weaning protocols


A number of studies have reported that either lack of attention to screening for the ability to progress or the unnecessary delay in progression through the weaning steps is associated with increased morbidity and mortality4,16,63 and that weaning protocols have resulted in reduced ventilator-associated pneumonia, self-extubation rates, tracheostomy rates, and cost.4,9 Although it could be suggested that strict weaning protocols should be implemented in all ICUs, there are conflicting data.64





Authors’ Recommendations






• Sedation reduction and use of short-acting titratable sedative infusions is essential to enable early appropriate clinical assessments. Assessment of readiness to wean and reductions in sedative infusions should be considered early and frequently in critically ill patients receiving mechanical ventilation.



• After the acute insult has resolved, clinicians should have a low threshold for conducting a spontaneous breathing trial in all critically ill patients.



• The spontaneous breathing trial should last more than 30 minutes and may employ a T-piece or T-tube, PSV (≤10 cm H2O), or ATC, with or without CPA (≤5 cm H2O).



• Current data support PSV as being the simplest and most effective method.



• If the patient can protect the airway, extubate; if not, consider an artificial airway early to facilitate liberation from mechanical ventilation.



• If the patient fails a spontaneous breathing test, the clinician should (1) address all contributory causes of failure to wean, (2) not perform or repeat a spontaneous breathing trial for 24 hours, (3) support the patient with a non fatiguing mode of ventilation (most commonly PSV), (4) consider NIV if appropriate, and (5) consider tracheostomy.



• Weaning protocols may be cautiously considered in ICUs; however, these are not a replacement for expert clinical opinion.











References





1 Slutsky A.S. Mechanical ventilation. American College of Chest Physicians’ Consensus Conference. Chest. 1993;104:1833-1859.


2 Boles J.M., Bion J., Connors A., et al. Weaning from mechanical ventilation. Eur Respir J. 2007;29:1033-1056.


3 Brochard L. Pressure support is the preferred weaning method. As presented at the 5th International Consensus Conference in Intensive Care Medicine: Weaning from Mechanical Ventilation 2005; April 28–29


4 Ely E.W., Baker A.M., Dunagan D.P., et al. Effect on the duration of mechanical ventilation of identifying patients capable of breathing spontaneously. N Engl J Med. 1996;335:1864-1869.


5 Esteban A., Alia I., Tobin M.J., et al. Effect of spontaneous breathing trial duration on outcome of attempts to discontinue mechanical ventilation. Spanish Lung Failure Collaborative Group. Am J Respir Crit Care Med. 1999;159:512-518.


6 Esteban A., Anzueto A., Frutos F., et al. Characteristics and outcomes in adult patients receiving mechanical ventilation: A 28-day international study. JAMA. 2002;287:345-355.


7 Cooper L.M., Linde-Zwirble W.T. Medicare intensive care unit use: Analysis of incidence, cost, and payment. Crit Care Med. 2004;32:2247-2253.


8 Wagner D.P. Economics of prolonged mechanical ventilation. Am Rev Respir Dis. 1989;140:S14-S18.


9 Kollef M.H., Shapiro S.D., Silver P., et al. A randomized, controlled trial of protocol-directed versus physician-directed weaning from mechanical ventilation. Crit Care Med. 1997;25:567-574.


10 Brochard L., Rauss A., Benito S., et al. Comparison of three methods of gradual withdrawal from ventilatory support during weaning from mechanical ventilation. Am J Respir Crit Care Med. 1994;150:896-903.


11 Esteban A., Frutos F., Tobin M.J., et al. A comparison of four methods of weaning patients from mechanical ventilation. Spanish Lung Failure Collaborative Group. N Engl J Med. 1995;332:345-350.


12 Epstein S.K., Nevins M.L., Chung J. Effect of unplanned extubation on outcome of mechanical ventilation. Am J Respir Crit Care Med. 2000;161:1912-1916.


13 Kress J.P., Pohlman A.S., O’Connor M.F., Hall J.B. Daily interruption of sedative infusions in critically ill patients undergoing mechanical ventilation. N Engl J Med. 2000;342:1471-1477.


14 Kress J.P., Gehlbach B., Lacy M., et al. The long-term psychological effects of daily sedative interruption on critically ill patients. Am J Respir Crit Care Med. 2003;168:1457-1461.


15 Vallverdu I., Calaf N., Subirana M., et al. Clinical characteristics, respiratory functional parameters, and outcome of a two-hour T-piece trial in patients weaning from mechanical ventilation. Am J Respir Crit Care Med. 1998;158:1855-1862.


16 Coplin W.M., Pierson D.J., Cooley K.D., et al. Implications of extubation delay in brain-injured patients meeting standard weaning criteria. Am J Respir Crit Care Med. 2000;161:1530-1536.


17 Yang K.L., Tobin M.J. A prospective study of indexes predicting the outcome of trials of weaning from mechanical ventilation. N Engl J Med. 1991;324:1445-1450.


18 Sahn S.A., Lakshminarayan S. Bedside criteria for discontinuation of mechanical ventilation. Chest. 1973;63:1002-1005.


19 Herrera M., Blasco J., Venegas J., et al. Mouth occlusion pressure (P0.1) in acute respiratory failure. Intensive Care Med. 1985;11:134-139.


20 Capdevila X.J., Perrigault P.F., Perey P.J., et al. Occlusion pressure and its ratio to maximum inspiratory pressure are useful predictors for successful extubation following T-piece weaning trial. Chest. 1995;108:482-489.


21 Montgomery A.B., Holle R.H., Neagley S.R., et al. Prediction of successful ventilator weaning using airway occlusion pressure and hypercapnic challenge. Chest. 1987;91:496-499.


22 Tanios M.A., Nevins M.L., Hendra K.P., et al. A randomized, controlled trial of the role of weaning predictors in clinical decision making. Crit Care Med. 2006;34:2530-2535.


23 Cohen J., Shapiro M., Grozovski E., et al. Prediction of extubation outcome: A randomized, controlled trial with automatic tube compensation vs. pressure support ventilation. Crit Care. 2009;13:R21.


24 Jabour E.R., Rabil D.M., Truwit J.D., Rochester D.F. Evaluation of a new weaning index based on ventilatory endurance and the efficiency of gas exchange. Am Rev Respir Dis. 1991;144:531-537.


25 Jubran A., Tobin M.J. Pathophysiologic basis of acute respiratory distress in patients who fail a trial of weaning from mechanical ventilation. Am J Respir Crit Care Med. 1997;155:906-915.


26 Laghi F., Cattapan S.E., Jubran A., et al. Is weaning failure caused by low-frequency fatigue of the diaphragm? Am J Respir Crit Care Med. 2003;167:120-127.


27 Perren A., Domenighetti G., Mauri S., et al. Protocol-directed weaning from mechanical ventilation: Clinical outcome in patients randomized for a 30-min or 120-min trial with pressure support ventilation. Intensive Care Med. 2002;28:1058-1063.


28 Farias J.A., Retta A., Alia I., et al. A comparison of two methods to perform a breathing trial before extubation in pediatric intensive care patients. Intensive Care Med. 2001;27:1649-1654.


29 Haberthur C., Mols G., Elsasser S., et al. Extubation after breathing trials with automatic tube compensation, T-tube, or pressure support ventilation. Acta Anaesth Scand. 2002;46:973-979.


30 Straus C., Louis B., Isabey D., et al. Contribution of the endotracheal tube and the upper airway to breathing workload. Am J Respir Crit Care Med. 1998;157:23-30.


31 Mehta S., Nelson D.L., Klinger J.R., et al. Prediction of post-extubation work of breathing. Crit Care Med. 2000;28:1341-1346.


32 Nathan S.D., Ishaaya A.M., Koerner S.K., Belman M.J. Prediction of minimal pressure support during weaning from mechanical ventilation. Chest. 1993;103:1215-1219.


33 Matic I., Majeric-Kogler V. Comparison of pressure support and T-tube weaning from mechanical ventilation: Randomized prospective study. Croat Med J. 2004;45:162-166.


34 Hess D. Ventilator modes used in weaning. Chest. 2001;120(suppl):474S-476S.


35 Namen A.M., Ely E.W., Tatter S.B., et al. Predictors of successful extubation in neurosurgical patients. Am J Respir Crit Care Med. 2001;163:658-664.


36 Khamiees M., Raju P., DeGirolamo A., et al. Predictors of extubation outcome in patients who have successfully completed a spontaneous breathing trial. Chest. 2001;120:1262-1270.


37 Smina M., Salam A., Khamiees M., et al. Cough peak flows and extubation outcomes. Chest. 2003;124:262-268.


38 Fisher M.M., Raper R.F. The “cuff-leak” test for extubation. Anaesthesia. 1992;47:10-12.


39 Maury E., Guglielminotti J., Alzieu M., et al. How to identify patients with no risk for postextubation stridor? J Crit Care. 2004;19:23-28.


40 Francois B., Bellissant E., Gissot V., et al. 12-h pretreatment with methylprednisolone versus placebo for prevention of postextubation laryngeal oedema: A randomised double-blind trial. Lancet. 2007;369:1083-1089.


41 Imsand C., Feihl F., Perret C., Fitting J.W. Regulation of inspiratory neuromuscular output during synchronized intermittent mechanical ventilation. Anesthesiology. 1994;80:13-22.


42 Alia I., Esteban A. Weaning from mechanical ventilation. Crit Care. 2000;4:72-80.


43 Vassilakopoulos T., Petrof B.J. Ventilator-induced diaphragmatic dysfunction. Am J Respir Crit Care Med. 2004;169:336-341.


44 Gherini S., Peters R.M., Virgilio R.W. Mechanical work on the lungs and work of breathing with positive end-expiratory pressure and continuous positive airway pressure. Chest. 1979;76:251-256.


45 Gibney R.T., Wilson R.S., Pontoppidan H. Comparison of work of breathing on high gas flow and demand valve continuous positive airway pressure systems. Chest. 1982;82:692-695.


46 MacIntyre N.R. Respiratory function during pressure support ventilation. Chest. 1986;89:677-683.


47 Matic I., Danic D., Majeric-Kogler V., et al. Chronic obstructive pulmonary disease and weaning of difficult-to-wean patients from mechanical ventilation: Randomized prospective study. Croat Med J. 2007;48:51-58.


48 Bohner H., Kindgen-Milles D., Grust A., et al. Prophylactic nasal continuous positive airway pressure after major vascular surgery: Results of a prospective randomized trial. Langenbeck’s archives of surgery. Deutsche Gesellschaft fur Chirurgie. 2002;387:21-26.


49 Squadrone V., Coha M., Cerutti E., et al. Continuous positive airway pressure for treatment of postoperative hypoxemia: A randomized controlled trial. JAMA. 2005;293:589-595.


50 Kindgen-Milles D., Muller E., Buhl R., et al. Nasal-continuous positive airway pressure reduces pulmonary morbidity and length of hospital stay following thoracoabdominal aortic surgery. Chest. 2005;128:821-828.


51 Agarwal R., Aggarwal A.N., Gupta D., Jindal S.K. Role of noninvasive positive-pressure ventilation in postextubation respiratory failure: A meta-analysis. Respir Care. 2007;52:1472-1479.


52 Ferrer M., Esquinas A., Arancibia F., et al. Noninvasive ventilation during persistent weaning failure: A randomized controlled trial. Am J Respir Crit Care Med. 2003;168:70-76.


53 Nava S., Ambrosino N., Clini E., et al. Noninvasive mechanical ventilation in the weaning of patients with respiratory failure due to chronic obstructive pulmonary disease: A randomized, controlled trial. Ann Intern Med. 1998;128:721-728.


54 Girault C., Daudenthun I., Chevron V., et al. Noninvasive ventilation as a systematic extubation and weaning technique in acute-on-chronic respiratory failure: A prospective, randomized controlled study. Am J Respir Crit Care Med. 1999;160:86-92.


55 Chen J., Qiu D., Tao D. [Time for extubation and sequential noninvasive mechanical ventilation in COPD patients with exacerbated respiratory failure who received invasive ventilation]. Zhonghua Jie He He Hu Xi Za Zhi. 2001;24:99-100.


56 Burns K.E., Adhikari N.K., Meade M.O. Noninvasive positive pressure ventilation as a weaning strategy for intubated adults with respiratory failure. Cochrane Database Syst Rev. 4, 2003. CD004127


57 Burns K.E., Adhikari N.K., Meade M.O. A meta-analysis of noninvasive weaning to facilitate liberation from mechanical ventilation. Can J Anaesth. 2006;53:305-315.


58 Trevisan C.E., Vieira S.R. Noninvasive mechanical ventilation may be useful in treating patients who fail weaning from invasive mechanical ventilation: A randomized clinical trial. Crit Care. 2008;12:R51.


59 Stauffer J.L., Olson D.E., Petty T.L. Complications and consequences of endotracheal intubation and tracheotomy. A prospective study of 150 critically ill adult patients. Am J Med. 1981;70:65-76.


60 Diehl J.L., El Atrous S., Touchard D., et al. Changes in the work of breathing induced by tracheotomy in ventilator-dependent patients. Am J Respir Crit Care Med. 1999;159:383-388.


61 Davis K.Jr, Campbell R.S., Johannigman J.A., et al. Changes in respiratory mechanics after tracheostomy. Arch Surg. 1999;134:59-62.


62 Maziak D.E., Meade M.O., Todd T.R. The timing of tracheotomy: A systematic review. Chest. 1998;114:605-609.


63 Ely E.W., Baker A.M., Evans G.W., Haponik E.F. The prognostic significance of passing a daily screen of weaning parameters. Intensive Care Med. 1999;25:581-587.


64 Krishnan J.A., Moore D., Robeson C., et al. A prospective, controlled trial of a protocol-based strategy to discontinue mechanical ventilation. Am J Respir Crit Care Med. 2004;169:673-678.
















8 Is Oxygen Toxic?




Craig Dunlop, Pauline Whyte





Supplementary oxygen is the most frequently used therapeutic intervention in clinical medicine. Oxygen is administered to treat hypoxia in acute and chronic respiratory failure, often in high inspired concentrations. It is given to perioperative patients; there is emerging evidence that this therapy may reduce the incidence of surgical site infections. Hyperbaric oxygen therapy, in which oxygen is administered in a high pressure chamber, is used to treat decompression illness and carbon monoxide poisoning, enhance wound healing, and kill anaerobic bacteria. Since the late 19th century, the toxic effects of hyperbaric oxygen have been known. Since the 1960s, it has been believed that high concentrations of normobaric oxygen may be toxic, in particular to lung tissue.1 This chapter aims to unravel the published data on oxygen toxicity, from both the normobaric and hyperbaric literature. These data are of varying quality, often conflicting in their conclusions and rarely involving critically ill patients. Finally, we conclude with the question: Is oxygen beneficial?






Formation of reactive oxygen species


Oxygen is a highly reactive element, a property that leads to its toxic potential. The oxygen molecule, an electron acceptor, is nontoxic, and normal mitochondrial function reduces most molecular oxygen to water through the sequential donation of four electrons. Less than 5% of oxygen molecules at mitochondrial level convert to reactive oxygen species (ROS)2 and are responsible for oxidative damage. The term reactive oxygen species encompasses both free radicals and chemicals that take part in radical-type reactions (gain or loss of electrons); they do not contain unpaired electrons and are not true radicals in themselves. The most common ROS include the superoxide anion ([image: image]), hydrogen peroxide (H2O2), hydroxyl radicals (OH−), singlet oxygen (O−), hypochlorous acid (HOCl), and ozone (O3). Cellular sources of ROS include the mitochondrial electron transport chain, oxidant enzymes such as xanthine oxidase, phagocytic cells through NADPH oxidase, cyclooxygenase during arachidonic acid metabolism, cellular auto-oxidation of Fe2+ and epinephrine, and metabolic enzymes such as the cytochrome P-450 family and the nitric oxide synthetases when inadequate substrate is available.3









Mechanism of injury


ROS cause injury to lipids, proteins, and nucleic acids. Lipid peroxidation results in disruption of the cell membrane with consequent interruption of cellular signaling. Oxidative protein damage alters the conformation of receptors, enzymes, and signal pathways, with the obvious potential for altered function. Oxidative injury by ROS may result in DNA strand breaks, with abnormal replication and transcription. Thus, oxidative stress may produce a wide spectrum of injury, ranging from modulation of gene expression to altered cell growth and necrosis.









Defenses against reactive oxygen species


Because ROS are produced as byproducts of normal metabolism, defense mechanisms exist to limit damage. Accumulation of ROS is usually prevented by cellular enzymes such as superoxide dismutase, catalase, and components of the glutathione redox cycle, including glutathione peroxidase and glutathione reductase. Nonenzyme antioxidants, including vitamins C and E, β-carotene, and uric acid, also reduce ROS to less harmful molecules (Fig. 8-1).





[image: image]

Figure 8-1 Formation of reactive oxygen species.




Actively dividing cells are potentially at increased risk for oxidative damage due to exposure of rapidly replicating DNA. Effective protection in this setting may be achieved by cells entering a transient growth-arrested state.4


Damage repair systems also exist and may occur either by direct mechanisms or indirectly by removal and subsequent replacement of injured molecules.









Manifestations of oxygen toxicity


Much of the early work on oxygen toxicity was done by Donald, who exposed a number of Royal Navy divers to high oxygen pressures, both in wet and dry conditions.5 He demonstrated marked variation in individual susceptibility between divers and marked variation in individual susceptibility from day to day.


Oxidative stress occurring as a result of ROS production is thought to be an ongoing process at physiologic levels of oxygen. When the balance between ROS and scavenging systems is altered, free radicals may contribute to the normal aging process,6 development of cancers,7 heart failure,8 and diabetic vascular and cerebrovascular disease.9


The effects of oxidative stress are potentially increased during normobaric administration of high oxygen concentrations and are accentuated further in hyperbaric conditions.1 Formation of ROS is increased with administration of higher partial pressures or concentrations of oxygen, and when scavenging systems are overwhelmed, this may potentially lead to tissue injury.


In summary, high levels of oxygen the at cellular level results in the formation of ROS. ROS cause lipid peroxidation, oxidative injury to nucleic acid chains, and oxidative protein damage.









Normobaric oxygen administration






Pulmonary Toxicity


Hyperoxia has been shown to be toxic in a variety of animal models; there are few published data that demonstrate similar effects in humans. Hence, pulmonary toxicity in critical care, although widely believed to occur, remains controversial. Lorrain Smith first noted congestion and consolidation of the lungs in mice and larks after inhalation of high oxygen partial pressure at various levels in 1899.10 Most of the information on the physiologic effects in humans has been obtained from healthy volunteers, with few clear data available on those with known lung disease.11-13 Of all the cells in the human body, those of the tracheobronchial tree and lung parenchyma are exposed to the highest oxygen tensions, whereas the oxygen cascade affords those elsewhere a degree of protection. Effects range from atelectasis to diffuse alveolar damage (DAD) indistinguishable from the acute respiratory distress syndrome (ARDS).


A fraction of oxygen (Fio2) less than 0.5 at atmospheric pressure is commonly accepted to be tolerated indefinitely, although the evidence for this is not clear. Barach, experimenting with rabbits, concluded that 60% oxygen does not cause pulmonary damage, even after prolonged exposure varying from 1 to 2 months.14 More recently, Aoki and colleagues similarly concluded that long-term 40% oxygen exposure did not produce significant lung injury in guinea pigs.15 However, even at low delivered oxygen concentrations, increased levels of inflammatory mediators have been detected in expired gas in humans, suggesting the potential for damage to occur.16 In a small study of 25 patients, Register and associates concluded that administration of 50% oxygen compared with 30% may contribute to postextubation pulmonary dysfunction.17


Above an Fio2 of 0.6, there is an initial asymptomatic decrease in vital capacity, with washout of alveolar nitrogen by elevated oxygen concentrations resulting in alveolar atelectasis and production of a right-to-left shunt.18


The classic features of oxygen toxicity are the morphologic changes seen in response to hyperoxia and their subsequent clinical consequences. Most human studies are in healthy volunteers, with small sample sizes and uncertain relevance to clinical practice. For example, a small study of six healthy volunteers suggested that retrosternal discomfort was the earliest presenting symptom of tracheobronchitis.19 Other features include pleuritic chest pain, cough, and dyspnea. Spirometry demonstrated a decrease in vital capacity. Features develop at an early stage, with inflammatory change visible on bronchoscopic examination after 6 hours of breathing oxygen at greater than 90%.20 Resolution of symptoms usually occurs over a number of days.


The clinical progression of DAD mirrors that of ARDS. An initial exudative phase is characterized by increasing dyspnea, bilateral crackles, frothy and bloody sputum, and widespread infiltrates on chest radiograph. This may progress to a fibrotic phase. Although some studies have attempted to define the impact of oxygen toxicity on acute lung injury in a critical care setting, the large number of confounding variables mean that answers remain unclear. Other factors include ventilator-associated pneumonia, ventilator-related barotrauma and volutrauma (ventilator-induced lung injury [VILI]), and the underlying disease processes.


Elliot and colleagues attempted to define predictors for lung function in survivors of ARDS and found the duration of administration Fio2 greater than 0.6 was the only variable related to reduced diffusion capacity at 1 year.21 The severity of lung injury was likely related to patterns of oxygen administration; however, this was a retrospective study of only 16 patients. More recently, a larger retrospective study by de Jonge and colleagues found in-hospital mortality to be independently associated with mean Fio2 during intensive care unit (ICU) stay after correction for severity of illness.22 However, they also recognized that multiple confounders may not have been accounted for and that further work is required.


Singer and associates found no difference in respiratory variables in a prospective trial of 40 patients receiving either 100% or titrated O2 after cardiac surgery.23 In contrast, Barber and coworkers found that severely brain-injured patients treated with Fio2 of 1.0 had deterioration of respiratory variables when compared with those receiving Fio2 of 0.21.24 However, no postmortem differences were observed. Both studies were small and in isolated populations, with a number of sources of bias.


In summary, the earliest manifestation of hyperoxic injury to the lungs is retrosternal discomfort associated with tracheobronchitis. Subsequently, a syndrome analogous to ARDS develops, starting with an inflammatory phase and followed by a fibroproliferative phase. These data arise from volunteer studies, and it is unknown whether high Fio2 negatively affects critically ill patients.












Hyperbaric oxygen administration






Central Nervous System Toxicity


Central nervous system (CNS) toxicity was first described by Paul Bert in 1877.25 CNS toxicity is manifested by a number of symptoms, the most dramatic of which is an oxygen convulsion. These are generalized and tonic-clonic in nature. There is marked interindividual and intra-individual variability in time to symptom onset, but there appears to be a threshold around a partial pressure of oxygen (Po2) of 1.7 atm, below which convulsions do not occur (Table 8-1).


Table 8-1 Oxygen Toxicity Associated with Recreational Diving






	Symptoms

	No. of Cases

	Percentage






	Convulsions

	 46

	9.2






	Twitching lips

	303

	60.6






	Vertigo

	 44

	8.8






	Nausea

	 43

	8.6






	Respiratory disturbance

	 19

	3.8






	 Dyspnea

	 8

	 






	 Cough

	 6

	 






	 Other

	 5

	 






	Twitching, other than lips

	 16

	3.2






	Sensation of abnormality

	 16

	3.2






	Visual disturbance

	 5

	1






	Acoustic hallucinations

	 3

	0.6






	Paraesthesia

	 2

	0.4







British Medical Journal May 17 1947. Oxygen Poisoning in Man by Kenneth W Donald D.S.C.,M.D.,M.R.C.P.


The immediate management of an oxygen convulsion is to remove the diver from the oxygen supply. During recompression for a diving related illness, a diver will generally be allowed to have three uncomplicated oxygen seizures before treatment is abandoned.









Ocular Toxicity


Patients receiving hyperbaric oxygen therapy (HBOT) for nondiving injuries such as nonhealing wounds may receive a prolonged treatment course lasting several weeks or months. Such patients may develop myopia, which is generally reversible.26,27


Cataract development in association with a prolonged course of HBOT (seven patients with exposures between 300 and 850 hours) was reported in 1984,28 but it was not until 2007 that a case report was published which suggested the de novo formation of a cataract in a healthy female after 48 hyperbaric oxygen sessions.29 Reduced glutathione plays a critical role in maintaining lens transparency, and cataract formation has been attributed to oxidation of glutathione in the lens stroma.












Assessment of exposure: units of pulmonary toxic dose


The relationship between Po2 and duration of exposure was described mathematically by Bardin and Lambertson.30 They defined a unit of pulmonary oxygen toxicity as the degree of pulmonary toxicity incurred as a result of breathing 100% oxygen for 1 minute at 1 bar absolute pressure, based on vital capacity (VC) decrements (Table 8-2).


Table 8-2 Units of Pulmonary Oxygen Toxicity versus Percentage Decrement in Vital Capacity






	Equivalent UPTD Units

	Average Decrement in VC (%)






	615

	 2






	825

	 4






	1035

	 6






	1230

	 8






	1425

	10






	1815

	15






	2190

	20







Adapted from Harabin L, Homer D, Weathersby PK, et al. Predicting Pulmonary O2 Toxicity: A New Look at the Unit Pulmonary Dose. Bethesda, MD: Naval Medical Research Institute; December 1986.


Both diving and recompression therapy involve breathing oxygen at variable partial pressures for various periods of time. The units of pulmonary toxic dose (UPTD) system allows these different exposures to be added together to produce an overall oxygen exposure for the treatment or dive. A general guideline is an acceptable limit of a 2% decrement in VC for divers and a 10% decrement in VC for patients undergoing recompression therapy.


The major limitation of the UPTD approach is that individual susceptibility and the degree of recovery between dives or treatments is not taken into account.


In summary, hyperbaric oxygen therapy has been associated with convulsions and the development of cataracts. However, the relatively low number of reported cases and the relatively high number of patients undergoing HBOT suggests that these adverse effects are rare. The UPTD system has been developed to measure the degree of oxygen exposure in at-risk patients. It is unclear whether this system is of value in critical care.









Management of oxygen toxicity


The basic principle of management is early titration of Fio2 to the lowest level possible while maintaining adequate tissue oxygenation. Practically, suggested targets of Spo2 of 88% to 95% or a Pao2 of 55 to 80 mm Hg (7.4 to 10.7 kPa) are commonly used.31 A wide variety of therapeutic maneuvers may be used in those with advanced pulmonary disease such as maintenance of positive end-expiratory pressure (PEEP), prone positioning, alternative modes of ventilation, inhaled nitric oxide, and extracorporeal membrane oxygenation. Many of these remain controversial, with no definite benefit on overall mortality yet demonstrated.


If the mechanism of tissue injury is consequent on increased ROS formation, enhancement of defenses against ROS should theoretically reduce damage and improve outcomes. This has been demonstrated in animal models.32-34 White and colleagues demonstrated less morphologic changes in the lungs in response to hyperoxia in transgenic mice with elevated levels of superoxide dismutase.35 However, the little available evidence in humans is conflicting. A small cohort study suggested that patients with lower plasma antioxidant levels had worse outcomes compared with those with normal levels,36 whereas another small study suggested that patients with septic shock treated with glutathione and N-acetylcysteine had reduced markers of oxidative stress.37 Suter and coworkers found that administration of N-acetylcysteine compared with placebo in acute lung injury improved systemic oxygenation and reduced requirements for ventilatory support, although it had no effect on development of ARDS or mortality.38 Two further studies suggested that administration of N-acetylcysteine may improve some respiratory parameters but again did not have any effect on mortality.39,40


The difficulty arises when attempting to place limits on oxygen administration in light of either a significant oxygen requirement or clinical need for hyperbaric treatment. In the critically ill, significant hypoxia as a result of other insults and leading to development of ARDS will necessitate administration of high oxygen partial pressures, and the need to achieve adequate oxygen delivery far outweighs the little evidence available regarding toxic pulmonary effects of oxygen in this population. In hyperbaric treatments, a risk-benefit analysis should be undertaken on a case-by-case basis, taking into account the low and generally reversible incidence of oxygen toxicity.


In summary, if oxygen toxicity truly exists in the critical care population, the best means of treatment is prevention and the avoidance, when possible, of an Fio2 greater than 0.6. However, there is insufficient evidence to support withholding higher Fio2 levels if required to maintain “safe” arterial oxygen tension levels.









Hyperoxia and surgical site infections: is oxygen beneficial?


Unlike the literature on oxygen toxicity in critical illness, which is fragmented and often anecdotal, there are a growing number of clinical and observational trials on the impact of high Fio2 in perioperative medicine. For example Hedenstierna’s group and followers have extensively studied and defined absorption atelectasis18,41,42 and techniques that can be used to avoid it.43,44 There are accumulating data that oxygen may beneficial in the prevention of surgical site infections. This is based on evidence that oxidative killing by neutrophils, the primary defense against surgical pathogens, depends critically on tissue oxygenation. Hopf and colleagues45 performed a noninterventional, prospective study of subcutaneous wound oxygen tension (Psqo2) and its relationship to the development of wound infection in surgical patients. One hundred and thirty general surgical patients were enrolled, and Psqo2 was measured perioperatively. There was an inverse relationship between wound oxygen tension and the risk for developing surgical site infections (SSIs). They hypothesized that manipulating Fio2 may increase Psqo2 and reduce SSIs.


Greif and coworkers46 randomly assigned 500 patients undergoing colorectal resection to receive 30% or 80% inspired oxygen during the operation and for 2 hours afterward. Anesthetic treatment was standardized, and all patients received prophylactic antibiotic therapy. Wounds were evaluated daily until the patient was discharged and then at a clinic visit 2 weeks after surgery. The arterial and subcutaneous partial pressure of oxygen was significantly higher in the patients given 80% oxygen than in those given 30% oxygen. The duration of hospitalization was similar in the two groups. Among the 250 patients who received 80% oxygen, 13 (5.2%; 95% confidence interval [CI], 2.4% to 8%) had surgical-wound infections, compared with 28 of the 250 patients given 30% oxygen (11.2%; 95% CI, 7.3% to 15.1%; P = .01). The absolute difference between groups was 6% (95% CI, 1.2% to 10.8%).


These data were confirmed by a smaller study from Spain. Belda and associates47 undertook a double-blind, randomized controlled trial of 300 patients aged 18 to 80 years who underwent elective colorectal surgery. Patients were randomly assigned to either 30% or 80% Fio2 intraoperatively and for 6 hours after surgery. Anesthetic treatment and antibiotic administration were standardized. A total of 143 patients received 30% perioperative oxygen, and 148 received 80% perioperative oxygen. Surgical site infection occurred in 35 patients (24.4%) administered 30% Fio2 and in 22 patients (14.9%) administered 80% Fio2 (P = .04). The risk for SSI was 39% lower in the 80% Fio2 group (relative risk [RR], 0.61; 95% CI, 0.38% to 0.98%) compared with the 30% Fio2 group. After adjustment for important covariates, the RR of infection in patients administered supplemental oxygen was 0.46 (95% CI, 0.22% to 0.95%; P = .04).


Pryor and colleagues48 claimed opposite results. This study included 165 patients undergoing general surgery, who were randomized to 30% or 80% oxygen. The overall incidence of SSI was 18.1%. In an intention-to-treat analysis, the incidence of infection was significantly higher in the group receiving Fio2 of 0.80 than in the group with Fio2 of 0.35 (25.0% versus 11.3%; P = .02). Fio2 remained a significant predictor of SSI (P = .03) in multivariate regression analysis. Patients who developed SSI had a significantly longer length of hospitalization after surgery (mean [SD], 13.3 [9.9] versus 6.0 [4.2] days; P < .001).


This study was criticized for a number of reasons. It is unclear whether the group assignment was truly blind. Tissue oxygenation was not blind. Wound infection was identified by retrospective chart review, a highly unreliable technique. There was no standardization of fluid therapy, temperature, or antibiotic prophylaxis. Patients receiving 80% oxygen were more likely to be obese, had longer operations, and lost more blood. All these factors may be associated with increased risk for SSI. Significantly more patients in the high Fio2 group went back to the postanesthetic care unit intubated after surgery. Finally, the incidence of wound infections, at 25%, was high in the hyperoxic group compared with the study by Grief46 but similar to the control group in the study by Belda.47


Maragakis and colleagues49 undertook a case-control retrospective review of SSIs in patients undergoing spinal surgery. Two hundred and eight charts were reviewed. The authors claimed that the use of an Fio2 of less than 50% significantly increased the risk for SSI (odds ratio, 12; 94% CI, 4.5% to 33%; P < .001). This study has the same flaws as that by Prior and colleagues,48 albeit with opposite results.


Myles and associates50 enrolled 2050 patients into a study that randomized them to either Fio2 of 80% or 30%, plus 70% nitrous oxide. Patients given a high Fio2 had significantly lower rates of major complications (odds ratio, 0.71; 95% CI, 0.56% to 0.89%; P = .003) and severe nausea and vomiting (odds ratio, 0.40; 95% CI, 0.31% to 0.51%; P < .001). Among patients admitted to the ICU postoperatively, those in the nitrous oxide–free group were more likely to be discharged from the unit on any given day than those in the nitrous oxide group (hazard ratio, 1.35; 95% CI, 1.05% to 1.73%; P = .02). It is unclear whether these data represent a beneficial effect of oxygen or a detrimental effect of nitrous oxide.


In summary, as part of a multimodal prevention strategy that includes timing of antibiotic administration, maintenance of body temperature, and perhaps glycemic control, perioperative hyperoxia appears to reduce the risk for postoperative surgical site infections. Whether these data are applicable in the ICU has yet to be investigated.





Authors’ Recommendations






• High levels of oxygen at the cellular level result in the formation of ROS.



• ROS cause lipid peroxidation, oxidative injury to nucleic acid chains, and oxidative protein damage.



• The earliest manifestation of hyperoxic injury to the lungs is retrosternal discomfort associated with tracheobronchitis. Subsequently, a syndrome analogous to ARDS develops, starting with an inflammatory phase and followed by a fibroproliferative phase.



• Hyperbaric oxygen therapy has been associated with convulsions and the development of cataracts.



• The UPTD system has been developed to measure the degree of oxygen exposure in at-risk patients.



• If oxygen toxicity truly exists in the critical care population, the best means of treatment is prevention and avoidance, when possible, of an Fio2 greater than 0.6.



• Perioperative hyperoxia appears to reduce the risk for postoperative surgical site infections. Whether these data are applicable in the ICU has yet to be investigated.
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9 What Is the Role of Hyperbaric Oxygen Therapy in the Intensive Care Unit?




Stephen R. Thom





Hyperbaric oxygen (HBO2) therapy is a treatment modality in which a person breathes 100% O2 while exposed to increased atmospheric pressure. HBO2 treatment is carried out in either a monoplace (single patient) or multiplace (typically 2 to 14 patients) chamber. Pressures applied while in the chamber are usually 2 to 3 atmospheres absolute (ATA), the sum of the atmospheric pressure plus additional hydrostatic pressure equivalent to one or two atmospheres. Treatments typically are for 2 to 8 hours, depending on the indication, and may be performed from 1 to 3 times daily. Monoplace chambers are usually compressed with pure O2. Multiplace chambers are pressurized with air, and patients breathe pure O2 through a tight-fitting face mask, a hood, or an endotracheal tube. During treatment, the arterial O2 tension typically exceeds 2000 mm Hg, and levels of 200 to 400 mm Hg occur in tissues.1






Mechanisms of action


When assessing the role of HBO2 in critical care management, focus should be placed on mechanisms of action. Therapeutic mechanisms of HBO2 are based on elevating hydrostatic pressure and the partial pressure of oxygen (Po2). Elevated hydrostatic pressure raises gas partial pressures in the body and causes a reduction in the volume of gas-filled spaces according to Boyle’s law. This action has direct relevance to conditions such as arterial gas embolism and decompression sickness. Hyperoxygenation mediates most therapeutic actions in intensive care unit (ICU) cases, and effects are based on production of reactive species. A summary of these mechanisms is shown in Figure 9-1.





[image: image]

Figure 9-1 Overview of the therapeutic mechanisms of hyperbaric oxygen (HBO2). The two primary effects of HBO2 are to reduce the volume of bubbles in the body and to elevate tissue oxygen tensions. The figure outlines effects that result from increased production of reactive oxygen species (ROS) and reactive nitrogen species (RNS) because of hyperoxia. GFs, growth factors; HIF-1, hypoxia-inducible factor-1; HO-1, heme oxygenase-1; HSPs, heat shock proteins; SDF-1, stromal-derived factor-1; SPCs, stem-progenitor cells; VEGF, vascular endothelial growth factor.




It is well accepted that reactive oxygen species (ROS) mediate O2 toxicity, which for HBO2 encompasses pulmonary injuries, central nervous system effects manifested by grand mal seizures, and ocular effects such as reversible myopia.2 ROS and reactive nitrogen species (RNS) also serve as signaling molecules in transduction cascades, or pathways, for a variety of growth factors, cytokines, and hormones.3,4 As such, reactive species can generate either positive or negative effects, depending on their concentration and intracellular localization. Because exposure to hyperoxia in clinical HBO2 protocols is rather brief (typically about 2 hours/day), studies show that antioxidant defenses are adequate so that biochemical stresses related to increases in reactive species are reversible.5-7 Treatments often include so-called air breaks, whereby a patient breathes just air for 5 minutes once or twice through the course of a treatment. This intervention has been demonstrated to enhance pulmonary O2 tolerance.8 Although more is still to be learned about the role ROS and RNS play in therapeutic responses to HBO2, this chapter briefly outlines what is known and then summarizes major categories of problems or processes in which controlled clinical trials have demonstrated clinical efficacy.









Growth and transcription factors


Wound healing disorders are a concern in all aspects of medicine and can be a major factor for patients languishing in ICUs. This is especially true for those with underlying diabetes.9 Further, review of data regarding wound healing provides a rationale for other indications in critically ill patients.


HBO2 in current practice is used to treat refractory diabetic wounds and delayed radiation injuries. Common elements shared by both disorders include depletion of epithelial and stromal cells, chronic inflammation, fibrosis, an imbalance or abnormalities in extracellular matrix components and remodeling processes, and impaired keratinocyte functions.10,11 Diabetic wound healing also is impaired by decreased growth factor production, whereas in postirradiation tissues, there appears to be an imbalance between factors mediating fibrosis and those promoting normal tissue healing.10,11


The effectiveness of HBO2 as an adjuvant therapy for the treatment of diabetic lower extremity ulcerations is supported by six randomized trials and evaluations from a number of independent evidence-based reviews.12-14 The pathophysiology of radiation injury is obviously different from that of diabetic wounds, but the varied tissue abnormalities have been likened to a chronic wound. The benefit of HBO2 for radiation injury also has been shown in randomized trials and is supported by independent evidence-based reviews.15 It is important to state that, for both diabetic wounds and radiation injuries, HBO2 is used in conjunction with standard surgical management. By itself or if used only in the postoperative period, HBO2 may be inadequate treatment.16 Animal trials also have documented benefits of HBO2.17-19 The basis for efficacy is only partially understood but appears to be a combination of systemic events as well as local alterations within the wound margin (see Fig. 9-1).


Neovascularization occurs by two processes. Regional angiogenic stimuli influence the efficiency of new blood vessel growth by local endothelial cells (termed angiogenesis) and stimulate the recruitment and differentiation of circulating stem-progenitor cells (SPCs) to form vessels de novo in a process termed vasculogenesis.20,21 Clinical HBO2 has effects on both these processes.


HBO2 reduces circulating levels of proinflammatory cytokines under stress conditions (e.g., endotoxin challenge).22 Further, in wounded tissues or isolated cells, HBO2 increases synthesis of many growth factors. HBO2 does not alter circulating levels of insulin, insulin-like growth factors, or proinflammatory cytokines (e.g., tumor necrosis factor-α [TNF-α], interleukin-6 [IL-6], and IL-8) in normal healthy humans.22 Vascular endothelial growth factor (VEGF) and angiopoietin, as well as stromal-derived factor-1 (SDF-1), influence SPCs homing to wounds and SPCs differentiating to endothelial cells.23,24 Synthesis of VEGF, which is the most specific growth factor for neovascularization, has been shown to be increased in wounds by HBO2.25 HBO2 also stimulates synthesis of basic fibroblast growth factor and transforming growth factor-β1 by human dermal fibroblasts,26 angiopoietin-2 by human umbilical vein endothelial cells,27 and platelet-derived growth factor (PDGF) receptor in wounds.28 Extracellular matrix formation is closely linked to neovascularization, and it is another O2-dependent process.29 Enhanced collagen synthesis and cross-linking by HBO2 have been described, but whether changes are linked to the O2 dependence of fibroblast hydroxylases versus some alteration in balance of wound growth factors, metalloproteinases, and inhibitors of metalloproteases is as yet unclear.29-31


Oxidative stress at sites of neovascularization will stimulate growth factor synthesis by augmenting synthesis and stabilizing hypoxia inducible factors-1 and -2 (HIF-1, HIF-2).32,33 Hypoxia-inducible transcription factors are heterodimers of HIF-α and a constitutively expressed HIF-β (also called the aryl hydrocarbon receptor nuclear translocator [ARNT] subunit). Enhanced growth factor synthesis by HBO2 is due at least in part to augmented synthesis and stabilization of HIFs.25 This may seem paradoxical, but even under normoxic conditions, HIF activity is regulated by a variety of cellular microenvironmental modifications. It is well recognized that expression and activation of HIF-α subunits are tightly regulated, and their degradation by the ubiquitin-proteasome pathway typically occurs when cells are replete with O2.34,35 However, whether hypoxic or normoxic conditions prevail, free radicals are required for HIF expression.35-37 In addition to ROS, synthesis of •NO is required for VEGF-mediated angiogenesis,38 and many downstream effects of VEGF are stimulated by •NO.39,40


The influence HBO2 has on HIF isoform expression appears to vary based on chronology (e.g., looking early or late after wounding or an ischemic insult). One recent model showing accelerated wound healing by HBO2 reported lower HIF-1 levels at wound margins with reduced inflammation and fewer apoptotic cells. In contrast, higher levels of HIF-1 have been linked to elevated VEGF in wounds in response to hyperoxia.32 Recently, exposure to HBO2 was shown to elevate HIF-1 and HIF-2 levels in vasculogenic SPCs. The basis for this effect is augmented production of the antioxidant thioredoxin and one of its regulatory enzymes, thioredoxin reductase, in response to oxidative stress. Among other actions, thioredoxin has been shown to promote the expression and activity of HIFs.41 HIF-1 and HIF-2 then secondarily stimulate transcription of many genes involved in neovascularization. These include SDF-1 and its counterpart ligand, CXCR4, as well as VEGF. A physiologic oxidative stress that triggers the same pathway is lactate metabolism.33


Bone marrow NOS-3 activity is required for SPC mobilization.42 SPC mobilization is compromised by diabetes, apparently because NOS activity can be impaired due to responses related to hyperglycemia and a reduced presence of insulin.43,44 In addition, radiation and chemotherapy, along with other factors such as age, female gender, and coronary artery disease, are known to diminish SPC mobilization.45-47 By stimulating •NO synthesis in bone marrow, HBO2 mobilizes SPCs in normal humans and patients previously exposed to radiation.48 Preliminary observations suggest the same is true for diabetic patients. In animal models, SPCs mobilized by HBO2 home to wounds and accelerate healing.17,18 HBO2 also improves clonal cell growth of SPCs from humans and animals.48 Functional enhancements of SPCs by HBO2 appear to be related to augmentation of HIF-1 and HIF-2 levels.


Therefore, to summarize, HBO2 can stimulate healing in refractory wounds and irradiated tissues. One oxidative stress response that triggers improved function, at least for SPCs, involves elevations of thioredoxin and thioredoxin reductase. These secondarily increase HIF-1 and HIF-2. The influence of HBO2 on HIFs in other cell types or tissues is variable. Increased synthesis of growth factors and collagen has been demonstrated. A separate free radical–based mechanism for augmentation of neovascularization by HBO2 involves bone marrow SPC mobilization that increases the number of circulating SPCs that may home to injured tissues.









Anti-inflammatory effects of HBO2



A variety of disorders can be loosely grouped to facilitate the discussion on mechanisms of HBO2, although this clearly does not address all elements of these complex pathophysiologic processes. Clinical HBO2 protocols for these conditions are much shorter than for wound healing. Treatments occur for just a few days rather than weeks; are performed at higher O2 partial pressures (about 2.5 to 3 ATA), and may occur multiple times in the same day.


Skin graft and flap failures may be due to ischemia-reperfusion injuries. A prospective, blinded clinical trial found that administration of HBO2 before and for 3 days after the procedure led to a 29% improvement in graft survival.49 Although this is the only randomized clinical trial on skin grafts, numerous animal studies support its conclusions (see citations in reference 50). Clinical studies have documented significant survival enhancement with HBO2 for extremity reimplantation and free tissue transfer and after crush injury.51,52 Other clinical trials have shown reductions in coronary artery restenosis after balloon angioplasty and stenting,53 decreased muscle loss after thrombolytic treatment for myocardial infarction,54 improved hepatic survival after transplantation with more rapid return of donor liver function,55 and a reduced incidence of encephalopathy seen after cardiopulmonary bypass and after carbon monoxide poisoning.56,57


As is the case with wound healing, there appear to be complex and perhaps overlapping mechanisms for therapeutic effects of HBO2 (see Fig. 9-1). An early event associated with tissue reperfusion is adherence of circulating neutrophils to vascular endothelium. This process is mediated by β2-integrins. When animals or humans are exposed to HBO2 at 2.8 to 3 ATA (but not to 2 ATA O2), the ability of circulating neutrophils to adhere to target tissues is inhibited temporarily.58-61 In animal models, HBO2-mediated inhibition of neutrophil β2-integrin adhesion has been shown to ameliorate reperfusion injuries of brain, heart, lung, liver, skeletal muscle, and intestine, as well as smoke-induced lung injury and encephalopathy due to carbon monoxide poisoning.60,62-67 It also appears that benefits of HBO2 in decompression sickness involve the temporary inhibition of neutrophil β2-integrins in addition to the Boyle’s law–mediated reduction in bubble volume.


Exposure to HBO2 inhibits neutrophil β2-integrin function because hyperoxia increases synthesis of reactive species derived from NOS-2 and myeloperoxidase, leading to excessive S-nitrosylation of β-actin.68 This highly localized process occurs within neutrophils and is not observed in other leukocytes, probably because of a paucity of myeloperoxidase. β-Actin modification increases the concentration of short, non–cross-linked filamentous (F)-actin, alters F-actin distribution within the cell, and inhibits β2-integrin clustering on the membrane surface. HBO2 does not reduce neutrophil viability, and functions such as degranulation, phagocytosis, and oxidative burst in response to chemoattractants remain intact.60,61,69 Inhibiting β2-integrins with monoclonal antibodies also will ameliorate ischemia-reperfusion injuries but, in contrast to HBO2 antibody therapy, causes profound immunocompromise.70,71 Perhaps the most compelling evidence that HBO2 does not cause immunocompromise comes from studies in sepsis models, where HBO2 has a beneficial effect.72,73 HBO2 does not inhibit neutrophil antibacterial functions because the G-protein–coupled inside-out pathway for activation remains intact, and actin nitrosylation is reversed as a component of this activation process.68 The denitrosylation mechanism in neutrophils is an area of current investigation.


Monocyte-macrophages exhibit lower stimulus-induced proinflammatory cytokine production after exposure to HBO2. This is seen with cells removed from humans and animals exposed to HBO2 and also when cells are exposed to HBO2 ex vivo.74 The HBO2 effect on monocyte-macrophages may be the basis for reduced circulating cytokine levels after endotoxin stress.22 The mechanism is unknown but could be related to HBO2-mediated enhancement of heme oxygenase-1 and heat shock proteins (HSP; e.g., HSP 70).7 Hence, once again, an oxidative stress response appears to occur. There are additional mechanisms involved with beneficial HBO2 effects in reperfusion models. HBO2 augments ischemic tolerance of brain, spinal cord, liver, heart, and skeletal muscle by mechanisms involving induction of antioxidant enzymes and anti-inflammatory proteins.75-79


HIF-1 is responsible for induction of genes that facilitate adaptation and survival from hypoxic stresses.35 Therefore, it has been a focus of interest when examining HBO2 therapeutic mechanisms in ischemia-reperfusion models. HIF-1 is involved with proapoptotic as well as antiapoptotic pathways and, in brain, promotes astrocyte-mediated chemokine synthesis.80,81 In several models, exposure to HBO2 appears to ameliorate postischemic brain injury by decreasing HIF-1 expression.82 When HBO2 is used in a prophylactic manner to induce ischemic tolerance, however, the mechanism appears related to upregulation of HIF-1 and at least one of its target genes, erythropoietin.83 Thus, as was the case in wound healing models, timing of HBO2 application appears to influence cellular responses.


There has been a long tradition of considering HBO2 therapy for a variety of highly virulent infectious diseases, such as necrotizing fasciitis and clostridial myonecrosis, with a view that the microorganisms involved were particularly sensitive to elevated Po2. Several retrospective cohort trials indicate there is a benefit to including HBO2 with antibiotics and surgery for necrotizing fasciitis.84 In the only multicenter retrospective study, survival was not statistically significant (30% mortality rate [9 of 30 patients] with HBO2 and 42% [10 of 24 patients] without HBO2). Despite this observation, the authors support the use of HBO2 because of an apparent selection bias between groups.85 Retrospective comparisons examining efficacy of HBO2 in clostridial myonecrosis support its use, but again there is ongoing debate.86


Most clinically significant anaerobic organisms are actually rather aerotolerant, and thus tissue O2 tensions, even those achievable with HBO2, would be expected to be only bacteriostatic.87 More likely therapeutic mechanisms include impairment of exotoxin production, which is O2 sensitive and can be inhibited at tissue partial pressures achievable with HBO2,86 and leukocyte killing, which is improved at progressively higher O2 tensions.88 A broader focus may be required to elucidate the as yet unclear pathophysiology of these serious infections and the role of HBO2. A recent study of streptococcal myonecrosis showed that host responses to even minor traumatic injuries increase expression of vimentin in muscle tissue, enhancing adhesion and sequestration of microorganisms.89 There may be a role for intravascular platelet-neutrophil aggregation with vascular occlusion in these infectious processes.90,91 These issues are much closer to the pathophysiologic events seen with disorders such as ischemia-reperfusion injuries than traditional ideas in infectious diseases. There is ample room for further investigation.









Mechanism summary


This brief review has highlighted beneficial actions of HBO2 and the data that indicate oxidative stress brought about by hyperoxia can have therapeutic effects. Figure 9-1 provides a summary of mechanisms, all of which appear to stem from elevations in reactive species. Although there has been substantial advancement of the field in recent years, more work is required to establish the breadth of HBO2 use in 21st century medicine. Investigations of fundamental mechanisms are still needed, and on the clinical front, patient selection criteria must be clarified to truly make HBO2 a cost-effective treatment modality.









Common indications and supporting citations






Arterial Gas Embolism and Decompression Sickness


Hyperbaric therapy has been used to treat disorders related to gas bubbles in the body for quite some time. In the 19th century, workers frequently were noted to experience joint pains, limb paralysis, or pulmonary compromise when they returned to ambient pressure. This condition—decompression sickness (DCS), caisson disease, or bends—was later attributed to nitrogen bubbles in the body, and recompression was found to relieve symptoms.92 The mechanism, based purely on Boyle’s law with reduction of gas bubble volume due to pressure, was later improved by adding supplemental oxygen to hasten inert gas diffusion out of the body. Similar observations were made at later times for scuba divers, who also are prone to develop arterial gas embolism (AGE) due to pulmonary overpressurization on decompression. Iatrogenic AGE has been reported in association with cardiovascular, obstetric-gynecologic, neurosurgical, and orthopedic procedures. Indeed, it can occur whenever disruption of a vascular wall occurs. Nonsurgical processes reported to cause AGE include overexpansion during mechanical ventilation, hemodialysis, and accidental opening of central venous catheters.


Treatment of gas bubble disorders includes standard support of airway, breathing, and circulation plus application of HBO2. Referral should be prompt, but even when treatments may be delayed for hours to days, a trial of therapy is recommended. Gas bubbles have been reported to persist for several days, and many reports note success when HBO2 is begun after long delays. Controlled animal trials support efficacy of HBO2, but randomized clinical trials have not been done.93









Carbon Monoxide Poisoning


Carbon monoxide (CO) is the most common cause of injury and death by poisoning in the world.94 The affinity of CO for hemoglobin to form carboxyhemoglobin (COHb) is more than 200-fold greater than that of O2. CO-mediated hypoxic stress is a primary insult, but COHb values correlate poorly with clinical outcome.57,95,96 Therefore, alternative mechanisms to explain the toxicity of CO have been sought. Oxidative injury to brain after CO poisoning has been shown to occur in several animal models.97 Excessive release of excitatory amino acids, such as glutamate, has been implicated as a component of CO-mediated brain injury.98-100


Survivors of acute CO poisoning are at risk for developing delayed neurologic sequelae that include cognitive deficits, memory loss, dementia, parkinsonism, paralysis, chorea, cortical blindness, psychosis, personality changes, and peripheral neuropathy. Delayed neurologic sequelae typically occur 2 to 40 days after poisoning. The incidence is 25% to 50% after severe poisoning.


Administration of supplemental oxygen is the cornerstone of treatment of CO poisoning. Oxygen inhalation will hasten dissociation of CO from hemoglobin and provide enhanced tissue oxygenation. HBO2 causes carboxyhemoglobin dissociation to occur at a rate greater than that achievable by breathing pure oxygen at sea-level pressure. Additionally, HBO2, but not ambient pressure oxygen treatment, has several actions that have been demonstrated in animal models to be beneficial in ameliorating pathophysiologic events associated with central nervous system injuries mediated by CO. These include an improvement in mitochondrial oxidative processes,101 inhibition of lipid peroxidation,102 and impairment of leukocyte adhesion to injured microvasculature.60 Compared with 1 ATA, HBO2 treatment of animals poisoned with CO have a more rapid improvement in cardiovascular status, lower mortality,103 and lower incidence of neurological sequelae.104


There are five prospective randomized trials that have assessed clinical efficacy of HBO2 for acute CO poisoning.57,95,105-107 Several failed to find benefit106,107 but methodologic weaknesses have diminished their clinical impact. The current consensus is that HBO2 treatment significantly reduces the incidence of delayed neurologic sequelae and, in retrospective comparisons, also appears to diminish acute mortality.108 As yet, however, there is no agreement among hyperbaric practitioners as to the length of delay from poisoning beyond which there is no chance for benefit from HBO2.109









Clostridial Myonecrosis (Gas Gangrene)


Successful treatment of gas gangrene is highly dependent on prompt recognition and aggressive intervention. Mortality rates from 11% to 52% have been reported. There are four retrospective comparisons and 13 case series detailing the use of HBO2. Many were cited in a previous review.1 Owing to difficulties in comparing patient groups, impartial assessment based on mortality or “tissue salvage” rates is difficult. Most authors comment on clinical benefit from treatment, and I share that opinion. Temporal improvement of vital signs in patients with gangrene can be among the most dramatic observations in day-to-day practice.









Crush Injury


A single randomized controlled trial involving 36 patients constitutes the limited experience with HBO2 for acute traumatic peripheral ischemia and suturing of severed limbs. This study demonstrated that HBO2 improved healing and reduced infection and wound dehiscence.51 In a case series of 23 patients, HBO2 was deemed to improve limb preservation. This study also suggested that the change in transcutaneous tissue oxygen level from ambient to hyperbaric conditions predicted outcome. The rationale for considering HBO2 is to temporarily improve oxygenation to hypoperfused tissues because hyperoxia-induced vasoconstriction can diminish edema formation. This latter mechanism has been demonstrated most convincingly in experimental compartment syndrome.









Progressive Necrotizing Infections


The use of HBO2 for treatment of necrotizing fasciitis and Fournier gangrene, mixed aerobic-anaerobic infections, has been reported in six nonrandomized comparisons and three case series.85,110-117 As with gas gangrene, variations in time of diagnosis and clinical status on admission compromise assessment of the existing literature. Most recently, Brown and associates reported a multicenter experience in which 30 patients received HBO2 and 24 surgery and antibiotics only.85 A trend toward increased survival was noted in the HBO2 group (30% with HBO2 and 42% without). However, the authors state their support for continued use of HBO2 because of an apparent selection bias between groups and the limited power of the study. Animal trials have been difficult to assess because synergistic bacterial processes are difficult to establish. One report has found HBO2 to potentiate the effect of antibiotics in streptococcal myositis.118









Thermal Burns


Some burn centers employ adjunctive HBO2 to severe burns, but as controversy persists, this is not a universal practice. Documented benefits with HBO2 in reducing partial- to full-thickness skin loss, hastening epithelialization, and lowering mortality in animal models have been reported. Randomized clinical trials, albeit with small patient numbers, have reported improved rates of healing, shorter hospitalization stays and reduced costs.119-121 Uncontrolled series also have reported efficacy, but some studies have failed to find benefit.122-124 The rationale for treatment has been based on reducing tissue edema and increasing capillary angiogenesis. The latter mechanism has not been shown directly with thermal injuries.





Authors’ Recommendations






• Mechanisms of HBO2 related to production of ROS and RNS alter protein functions and also modify gene expression by modulating one or more transcription factors.



• HBO2 can affect a variety of disease processes based on animal and clinical trials.



• Clinical efficacy of HBO2 has been demonstrated in prospective randomized clinical trials, but more work is needed to elucidate its benefits in critical care.
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10 What Is the Clinical Definition of ARDS?
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Acute respiratory distress syndrome (ARDS) is a form of acute respiratory failure characterized by acute hypoxemia and by diffuse radiologic pulmonary abnormalities. ARDS is detected in various clinical settings, has multiple causes, and manifests with a variable course. Histopathologically, ARDS is characterized by disseminated, acute inflammatory damage to alveoli. This initially presents as interstitial and intra-alveolar edema with polymorphonuclear extravasation. With time, the process may evolve to fibrosis.1 However, these clear histopathologic changes are not reflected in characteristic biologic, radiologic, or functional markers. Therefore, it is difficult to identify acute alveolar inflammation accurately. The diagnosis of ARDS in patients is made using a set of clinical criteria. Nonetheless, it has proved remarkably difficult to construct a system of definitions for ARDS. Indeed, none of the available criteria is completely satisfactory. Diagnostic criteria remain problematic owing to questionable validity (the ability to identify a group of patients with a certain condition and outcome) and reliability (the ability to identify a condition in a predictable manner). This is unfortunate because an adequate clinical definition of ARDS is needed for research (i.e., to select candidates for clinical trials) and intervention (i.e., to identify which patients should receive treatments supported by such trials). In fact, it is probable that the lack of valid and reliable ARDS definitions has contributed to the inconsistent results of many clinical studies2 and to discrepancies observed in the incidence and mortality of this syndrome.3 This chapter reviews the definitions for ARDS that have been employed to date, including the current American European Consensus Conference (AECC) criteria.4 Their virtues and flaws are highlighted. Finally, hypothetical modifications for future clinical criteria are discussed.






Previous definitions


ARDS was first reported in 1967 by Ashbaugh and colleagues.5 They observed 12 patients displaying a clinical, physiologic, and pathologic course of events that was remarkably similar to the infantile respiratory distress syndrome. These patients presented with acute onset of severe dyspnea, tachypnea, oxygen refractory cyanosis, loss of lung compliance, and diffuse alveolar infiltration on chest radiograph. This pattern of clinical presentation was used to characterize this newly discovered acute respiratory distress syndrome. Subsequently, Petty and coworkers in 1971 modified its name from “acute” to “adult” respiratory distress syndrome to differentiate it from its newborn counterpart.6 In the two decades that followed, there were no standardized diagnostic criteria for ARDS, and the syndrome continued to be loosely defined. According to a systematic review published in 1996, only 50% of the published articles on the incidence and risk factors of ARDS used some definition of this syndrome.3 When definitions were used, most were derived from Ashbaugh’s description and included hypoxemia and bilateral chest infiltrates. Most authors distinguished ARDS from cardiogenic pulmonary edema based on the absence of clinical or measured left atrial hypertension. Although uniformly considered the most characteristic feature of ARDS, the definition of hypoxemia was not consistent among studies. Multiple variables (i.e., Pao2, Pao2/Fio2 ratio, or alveolar-arterial Po2 gradient) and various discriminating values were used to define critical hypoxemia. Additionally, only a few studies required the presence of positive end-expiratory pressure (PEEP) to diagnose ARDS,7,8 and therefore the response to ventilatory support was largely ignored.


A number of approaches to better characterize ARDS were proposed. Most were based on physiologic abnormalities, but they did not prove to be useful. The extracorporeal membrane oxygenation (ECMO) entry criteria were conceived to recruit patients with very severe acute respiratory failure into a randomized study on ECMO.9 Patients were enrolled in the study if they met either one of two different sets of criteria: Pao2 less than 50 mm Hg with PEEP greater than or equal to 5 cm H2O and with Fio2 of 1 for at least 2 hours (fast criteria), or Pao2 less than 50 mm Hg with Fio2 greater than or equal to 0.6 for at least 12 hours in conjunction with an intrapulmonary shunt fraction of more than 30% measured after 48 hours of maximal medical management (slow criteria). These criteria selected patients with a mortality rate of 90%. This was the goal of the approach but was not useful in other contexts. Subsequently, the ECMO criteria were used again to define severe ARDS, although, in a 1991 study, the death rate of patients selected in this manner was reported to be lower (55%) than in the original ECMO trial.10 More recently, Murray and colleagues developed a lung injury score (LIS) to categorize the presence and the severity of the physiologic manifestations of ARDS and to document changes over time in the severity of the process.11 The LIS is a three-part assessment describing the state of lung injury, its severity, and associated conditions. The first part indicates whether the condition is acute or chronic; the second part (Table 10-1) stratifies the severity of lung injury using a score (ranging 0 to 4) that combines oxygenation, PEEP, radiologic appearance, and respiratory system compliance. Finally, the third part designates what underlying pathologies caused (when known) or are associated with lung injury. Advantages of the LIS included use of ventilator settings in the determination of severity. In particular, accounting for PEEP settings helped distinguish patients with ARDS from patients who have easily reversible conditions such as atelectasis or pulmonary edema from fluid overload. In addition, the LIS included bedside assessment of respiratory compliance. This variable, although typically low in ARDS, has been touted as an independent predictor of mortality.12 Finally, the LIS introduced the concept that ARDS was not a single entity but rather included a spectrum of variable severity. Although the LIS offered a good pathophysiologic characterization of ARDS, its relative complexity and the lack of prospective validation have limited its use. However, an important trial of an “open” approach to mechanical ventilation in ARDS used a LIS of 2.5 or higher as a selection criterion.13 Importantly, the LIS was a one-time assessment and did not assign a weight to the duration of physiologic changes.


Table 10-1 Components of the Lung Injury Score


Adapted from Murray JF, Matthay MA, Luce JM, Flick MR. An expanded definition of the adult respiratory distress syndrome. Am Rev Respir Dis. 1988;138:720-723.






	 

	Value






	CHEST RADIOLOGY SCORE






	No alveolar consolidation

	 

	0






	Alveolar consolidation, 1 quadrant

	1






	Alveolar consolidation, 2 quadrants

	2






	Alveolar consolidation, 3 quadrants

	3






	Alveolar consolidation, 4 quadrants

	4






	HYPOXEMIA SCORE






	Pao2/Fio2


	≥300

	0






	Pao2/Fio2


	225-299

	1






	Pao2/Fio2


	175-224

	2






	Pao2/Fio2


	100-174

	3






	Pao2/Fio2


	<100

	4






	PEEP SCORE (WHEN VENTILATED)






	PEEP

	≥5

	0






	PEEP

	6-8

	1






	PEEP

	9-11

	2






	PEEP

	12-14

	3






	PEEP

	≥15

	4






	RESPIRATORY SYSTEM COMPLIANCE SCORE (IF AVAILABLE)






	Compliance

	≥80 mL/cm H2O

	0






	Compliance

	60-79 mL/cm H2O

	1






	Compliance

	40-59 mL/cm H2O

	2






	Compliance

	20-39 mL/cm H2O

	3






	Compliance

	≤19 mL/cm H2O

	4







Divide the aggregate sum by the number of components that were used:









	 

	Score






	No lung injury

	0






	Mild to moderate

	0.1-2.5






	Severe lung injury (ARDS)

	>2.5







PEEP, positive end-expiratory pressure.
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Author Year Number Passed Initial SBT Extubated at 48 hr Method
(from all extubated)

TRIALS DESCRIBING SUCCESS RATE OF INITIAL SBT AND EXTUBATION

Brochard 1994 56 347 (76%) Tpiece

Esteban 1995 546 416 76%) (86%) Tpiece

Vallverdu 1998 27 148 (68%) 125 (84%) Tpiece

Esteban 1999 526 416 (79%) 346 (82%) Tpiece

TRIALS DESCRIBING SUCCESS RATE OF INITIAL SBT AND EXTUBATION USING DIFFERING TECHNIQUES

Esteban 1997 rn 397 (82%) 323 81%) PSV/T-piece
Subgroup 26 205 (86%) 167 (81%) PSV 7 cm HO
Subgroup 26 192 (78%) 136 (81%) Tpiece

Farias 2001 257 201 (78%) 173 86%) PSV/T-piece
Subgroup 125 99 (79%) 79 (80%) PSV 10¢m HO
Subgroup 132 102(77%) 89 (87%) Tpiece

Haberthur 2002 %0 78 (87%) 63 (79%) ATC/PSV /T-piecet
Subgroup 30 29(96%) 25 (86%) ATC
Subgroup 30 23(77%) 18 (78%) PSV 5 cm HO
Subgroup 30 24(80%) 19 (79%) Tpiece

Cohen 2009 19 161 @5%) 139 (86%) ATC/PSV.
Subgroup 57 8103%) 71 (88%) ATC
Subgroup % 80 66%) 68 (86%) Psv

Some patents initially sandomized to the T-piece/ PSV groups who faled an SBT viere subsequently extubated aflr an ATC trisl
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