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ASSESSING AND MODIFYING THE RISK OF POSTOPERATIVE PULMONARY COMPLICATIONS

The authors of the first three papers discussed in this section of the Overview present general discussions of the risks and management of postoperative pulmonary complications and their papers are discussed together in conjunction with several other articles on this subject. The first paper is entitled Postoperative Pulmonary Complications. It is by Trayner and Celli from the Division of Pulmonary and Critical Care Medicine of the Department of Medicine at St. Elizabeth’s Medical Center of Tufts University School of Medicine in Boston, Massachusetts. This paper appeared in MEDICAL CLINICS OF NORTH AMERICA in September, 2001. 


The second paper is entitled Preoperative Assessment of Pulmonary Risk. It is by Ferguson from the Department of Surgery at the University of Chicago in Illinois, and appeared in CHEST in May, 1999. 


The third paper (not included with these reprints) of the three presenting general discussions of the risks and management of postoperative pulmonary complications also appeared in the May, 1999, issue of CHEST and is entitled Assessing and Modifying the Risk of Postoperative Pulmonary Complications. It is by Doyle from the Division of Pulmonary and Critical Care Medicine at Stanford University Medical Center in Stanford, California.

Pathophysiology of Postoperative Respiratory Complications


In his paper cited above, Preoperative Assessment of Pulmonary Risk, Ferguson notes that most postoperative pulmonary complications are due to changes in lung volumes that occur in response to dysfunction of muscles of respiration and other changes in chest wall mechanics. Abdominal and thoracic surgical procedures greatly reduce vital capacity as well as causing smaller, but crucial reductions, in functional residual capacity (FRC), long recognized as the single most important lung volume measurement related to the development respiratory complications (ref 10 and Ferguson’s paper). Although there are no consistent changes in FRC after nonabdominal, nonthoracic surgery, FRC decreases by 10%–15% after lower abdominal operations, by 30% after upper abdominal operations, and by 35% after thoracotomy and lung resection. Other factors that decrease FRC include the supine position, obesity, the presence of ascites, the development of peritonitis, and general anesthesia. 


Ferguson states that the other important element in the etiology of postoperative respiratory complications is the closing volume (CV), which is the lung volume at which the flow from the dependent parts of the lungs stops during expiration because of airway closure. Factors that increase the closing volume include advanced age, tobacco use, fluid overload, bronchospasm, and airway secretions. 


Normally, the FRC is about 50% and the CV is about 30% of total lung capacity. When FRC is reduced or CV is increased, portions of the lung are subject to premature airway closure and atelectasis. This causes ventilation-perfusion mismatch resulting in hypoxemia and promotes the trapping of secretions resulting in pneumonitis, all of which may combine to cause respiratory insufficiency. 


Trayner and Celli note that pneumonia, bronchitis, lobar atelectasis, respiratory failure, and prolonged mechanical ventilation are among the major pulmonary complications of surgery and can greatly increase perioperative morbidity and mortality as well as prolonging hospitalization and increasing costs of care. Preoperative identification of patients at high risk of developing these and other postoperative pulmonary complications makes it possible to decrease the risk of these complications by taking appropriate preventive measures before surgery. The prevalence of these complications depends on patient-related and procedure-related risk factors which Trayner and Celli and Doyle review in their two papers cited above. 


Table 1 on page 1130 of the paper by Trayner and Celli lists some of the patient-related and procedure-related risk factors for postoperative pulmonary complications. Trayner and Celli also present and discuss the management of a high-risk patient which illustrates the occurrence of medically complex, but not uncommon, postoperative pulmonary complications. This patient 
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developed, and recovered from, pulmonary complications that developed after an emergency operation for a bleeding duodenal ulcer. Trayner and Celli review the use of cardiopulmonary exercise testing and symptom-limited stair climbing as predictors of operative risk and they and Doyle also discuss means of reducing the incidence of postoperative pulmonary complications by careful perioperative management. 

Patient-related Risk Factors for Developing 
Postoperative Pulmonary Complications

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Obesity


Trayner and Celli state that, in general, studies showing increased surgical risk in the elderly have not considered coexisting medical conditions (ref 37). They note that age alone did not independently predict the postoperative risk of pulmonary complications in two studies of patients with severe chronic obstructive pulmonary disease (COPD) (refs 24, 45). Age alone may be a risk factor, but not one that should preclude surgery. In her paper cited above, Assessing and Modifying the Risk of Postoperative Pulmonary Complications, Doyle notes that, although age alone is not an independent risk for developing postoperative pulmonary complications (Mohr, Estimation of Surgical Risk in the Elderly: A Correlative Review. J. AM. GERIATR. SOC. 31:99-102, 1983), in general, elderly patients have higher rates of treatment-related risks as well as a shorter life ex​pectancy; thus the risk of surgery may compete more closely with the risk of not performing surgery in elderly patients (Kheradmand, et al., Assessment of Operative Risk for Patients with Advanced Lung Disease. CLIN. CHEST MED. 18:484-494, 1997).


Obesity is a controversial risk factor for the development of postoperative pulmonary complications. Trayner and Celli cite a prospective study of 400 abdominal surgery patients which showed that a body-mass index >27 kg/m2) is one of 6 independent risk factors for the development of postoperative pulmonary complications (ref 7 in their paper). In contrast, Dales and associates (ref 11) found no difference in the rate of pulmonary complications after thoracic surgery in 117 patients who were stratified for body-mass index. Nevertheless, Tray​ner and Celli believe it is prudent to consider morbid obesity as a risk factor for postoperative pulmonary com​plications because of the following alterations in normal physiology that are associated with obesity:

1. 
total lung capacity, functional residual capacity, and vital capacity reduced;

2. 
increased work of breathing secondary to elastic load, chest wall resistance, upper airway resistance, and need to eliminate more carbon dioxide; and

3. 
hypoxemia, widened alveolar-arterial oxygen gradient, and ventilation-perfusion mismatch.


Similarly, Doyle points out that, while overall life expectancy is decreased by obesity, surgical mortality has not been shown to be increased by obesity alone (Mohr, Jett, Preoperative Evaluation of Pulmonary Risk Factors. J. GEN. INTERN. MED. 3:277-287, 1988). However, obese patients are significantly more likely to develop postoperative pulmonary complications such as atelectasis.


The relationship of obesity to the development of postoperative pulmonary complications is also addressed in another paper included in this issue selected readings entitled Postoperative Ventilatory Management. It is by Price from the Department of Anesthesiology and Rizk from the Intensive Care Units at Stanford University Medical Center in Stanford, California, and appeared in CHEST in May, 1999. These authors also note that, while an otherwise-healthy obese person may have normal pulmonary function studies, FRC and particularly the expiratory reserve volume decrease with increasing obesity, eventuating in tidal volumes impinging on the closing capacity, with resultant ventilation-perfusion mismatching in dependent zones (ref 24 in this paper by Price and Rizk). 


They also recall that Mircea and associates (ref 23) found that the pulmonary complication rate after cholecystectomy (35%) was 3 times higher in obese patients than in patients of normal weight. Price and Rizk state that after abdominal and thoracic surgery, there is a high incidence of respiratory complications with obesity, especially in patients with a history of obesity hypoventilation syndrome. Moreover, they note that hypoxia in obese patients tends to persist for 4–6 days after surgery, although this can be minimized and postoperative pulmonary complications reduced by intermittent lung inflation, upright positioning, and regional pain management.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Smoking


In their paper cited above, Trayner and Celli emphasize that the risk conferred by cigarette smoking on the development of postoperative pulmonary complications persists even in the absence of obstructive lung disease (ref 44 in their paper). They also recall that Warner and associates studied 200 patients undergoing coronary artery bypass graft surgery and found that patients who still were smoking or had stopped for less than 8 weeks before surgery had a pulmonary complication rate nearly four times that of patients who stopped smoking more than 8 weeks before surgery. Trayner and Celli note that while smoking cessation is recommended for at least 8 weeks before to surgery, if this duration is not feasible, the longest possible period of smoking abstinence before surgery is recommended — even for only a day before surgery!
Chronic Obstructive Pulmonary Disease (COPD)


Trayner and Celli state that symptomatic chronic obstructive pulmonary disease (COPD) is a risk factor for 
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the development of postoperative cardiopulmonary complications after high-risk surgery. They recall that Lawrence and associates (ref 27) noted that patients with abnormal physical findings on lung examination, including wheezing, rales, rhonchi, prolonged expiration, and decreased breath sounds, were nearly 6 times more likely to develop a pulmonary complication. 


In addition, Kroenke and his colleagues (ref 25) found a 20% incidence of pulmonary complications, but an absence of mortality in 15 patients with severe COPD. This latter study implied that there is no prohibitive level of pulmonary function below which surgery must be withheld, noting that even very-high-risk patients may proceed to surgery if necessary. However Kroenke and associates emphasize that care must be taken to optimize respiratory function to decrease the risk of major pulmonary complications to a minimum in COPD ​patients.


Trayner and Celli state that there is some controversy on whether routine preoperative blood gas analysis is necessary to predict patients at risk for pulmonary complications. Some small case series showed increased risk of morbidity with PaCO2 levels > 45 mmHg (refs 28, 38). Although, more recently, elevated PaCO2 levels were shown not to be a risk factor among candidates for lung resection (ref 22). Trayner and Celli state that elevation of the PaCO2 should not preclude high-risk surgery but should strongly indicate the need to follow gas exchange closely during the perioperative period.


The controversial nature of the need for preoperative blood gas measurements is emphasized in the paper by Doyle cited above, Assessing and Modifying the Risk of Postoperative Pulmonary Complications. She notes that in patients with known or suspected lung disease, such as COPD and asthma, preoperative pulmonary function tests, while unproven as prognostic tools, may nevertheless, reduce risk by aiding in medical management, and for patients being considered for lung resection, by helping determine very directly the safety or danger of lung resection. 


Moreover, Doyle points out that preoperative measurement of arterial blood gases is indicated in patients with lung disease for at least two reasons. First, she cites 3 studies showing that patients with hypercapnia have an increased incidence of postoperative pulmonary complications (refs 13, 16, 29 in her paper). Second, the development of hypercapnia in COPD patients is associated with a reduced life expectancy independent of the risk of surgery (Hodgkin, Prognosis in Chronic Obstructive Pulmonary Disease. CLIN. CHEST MED. 3:555-569, 1990). Persistently elevated PaCO2 values > 45 mmHg predict a high risk for pulmonary complications or death (Zibrak, O’Donnell, Indications for Preoperative Pulmonary Function Testing. CLIN. CHEST MED. 14:227-236, 1993). 


In addition, Doyle notes that hypoxemia (PaO2 < 50 mmHg) may also be a relative contraindication to surgery. She states that while a high PaCO2 or low PaO2 level may not absolutely contraindicate surgery, they emphasize the need for intense and careful preoperative support of high-risk patients. Nevertheless, Doyle further states that the risk of elective surgery in patients with severe lung disease, hypoxemia, and hypercapnia may in some instances prove to be unacceptable.

Chest Physiotherapy


Doyle recalls that several therapies loosely classified together as chest physiotherapy have been studied in reference to the reduction of postoperative pulmonary complications. These therapies have included deep-breathing exercises in conjunction with chest percussion and postural drainage, perioperative intermittent positive-pressure breathing, and incentive spirometry and they appear to be of some benefit in reducing pulmonary complications, although they are essentially of equivalent efficacy. The author states that, because of the relatively low cost and simplicity of self-administered incentive spirometry, it probably is the most practical of these therapies for reducing the risk of pulmonary complications. She emphasizes that preoperative instruction in the use of incentive spirometry is key to its effective use by the patient after surgery.


Incentive spirometry is discussed more completely in the next paper discussed (not included with these reprints) entitled The Effect of Incentive Spirometry on Postoperative Pulmonary Complications—A Systematic Review. It is by Overend and associates from the School of Physical Therapy at the University of Western Ontario and the London Health Sciences Center in London, Ontario, Canada, and appeared in CHEST in September, 2001. The authors note that the basic mech​an​ism of postoperative pulmonary complications is a lack of lung inflation caused by a change in breathing to a shallow, monotonous breathing pattern without periodic sighs, prolonged recumbent positioning, and temporary diaphragmatic dysfunction. Mucociliary clearance is also impaired postoperatively, which, along with the decreased cough effectiveness, increases risks associated with retained pulmonary secretions. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Ward and associates showed that postoperative atelectasis is better reduced by taking a deep breath and holding it for 3 seconds than by taking multiple deep breaths or not holding a deep breath (Ward, et al., An Evaluation of Postoperative Respiratory Maneuvers. SURG. GYNE​COL. OB​STET. 123:51-54, 1966). The first major study showing the benefits of postoperative maximal inspiration was performed by Thoren in 343 patients who were undergoing 
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cho​le​cystectomy. Overend and associates recall that Thoren documented a 42% incidence of atelectasis on chest radiographs in untreated postoperative control subjects versus 27% in patients receiving physical therapy after surgery including deep-breathing exercises. This incidence declined further, to 12%, in patients who received additional preoperative instruction in the breathing exercises (Postoperative Pulmonary Complications. ACTA. CHIR. SCAND. 107:194-205, 1954). 

 
Overend and associates note that an incentive spirometer encourages, through visual and/or audio feedback, of the performance of reproducible, sustained maximal inspiration. The Bartlett-Edwards incentive spirometer, which provides both visual feedback to the patient as well as recording the number of successful breathing maneuvers, was the standard incentive spirometer for many years, although it has since been replaced by less expensive, single-use units. 


The first specific report of incentive spirometry treatment was that of Van de Water and his colleagues who compared incentive spirometry to intermittent positive-pressure breathing (IPPB) in 30 patients after they underlined abdominal bilateral adrenalectomy and found no statistically significant difference in the incidence of pulmonary complications between the two treatment groups (Van de Water, et al., Prevention of Postoperative Pulmonary Complications. SURG. GYNECOL. OBSTET. 135:1-5, 1972). 

 
Incentive spirometry is still widely used ostensibly to prevent and treat postoperative pulmonary complications. O’Donohue surveyed its use in the U.S. and reported that 95% of hospitals in which cardiothoracic and abdominal surgery was performed used postoperative incentive spiro​metry (National Survey of the Usage of Lung Expansion Modalities for the Prevention and Treatment of Postoperative Atelectasis Following Abdominal and Thoracic Surgery. CHEST 87:76-80, 1985). Jenkins and Soutar reported that incentive spirometry was used in 44% in hospitals in which coronary artery bypass graft (CABG) surgery was performed in the U.K. 


More recently, Wattie repeated this survey and found that the incentive spirometry usage rate had increased to 71%, despite several recent publications questioning both the need for incentive spirometry in every CABG patient and the effectiveness of incentive spirometry in these patients (Incentive Spirometry Following Coronary Artery Bypass Surgery. PHYSIOTHER. 84:508-514, 1998).


Overend and associates note that a previous meta-analysis assessed the literature concerning the efficacy of incentive spirometry, intermittent positive-pressure breathing (IPPB), and deep-breathing exercises in preventing pulmonary complications after upper abdominal surgery (Thomas, McIntosh, Are Incentive Spirometry, Intermittent Positive Pressure Breathing, and Deep Breathing Exercises Effective in the Prevention of Postoperative Pulmonary Complications after Upper Abdominal Surgery?: A Systematic Overview and Meta-analysis. PHYS. THER. 74:3-10, 1994). While this meta-analysis was a valuable contribution, because of its limited scope with respect to surgery and the number of studies involving incentive spirometry it was unable to answer the research question posed by Overend and his colleagues. Moreover, as pointed out by Dean, meta-analyses based on methodologically flawed studies cannot resolve the results of conflicting studies (Dean, Invited Commentary. PHYS. THER. 74:10-16, 1994).


Overend and associates point out that, because of the widespread use of incentive spirometry and the recent reports suggesting that it may not always be effective, they systematically review the literature concerning incentive spirometry for preventing postoperative pulmonary complications. They searched MEDLINE, CINAHL, HealthSTAR, and Current Contents databases from their inception until June, 2000. Key terms included “incentive spirometry,” “breathing exercises,” “chest physical therapy,” and “pulmonary complications.” Articles were limited to human studies in English. A secondary search of the reference lists of all identified articles also was conducted. A critical appraisal form was developed to extract and assess information. Each study was reviewed independently by one of three pairs of group members. The pair then met to reach consensus before presenting the report to the entire review group for final agreement.


The search yielded 85 studies of incentive spirometry for preventing postoperative pulmonary complications. Overend and his colleagues initially accepted 46 of these studies for systematic review. However, in 35 of the 46 studies, they were unable to accept the stated conclusions due to flaws in methodology. Critical appraisal of the 11 remaining studies showed that 10 demonstrated no positive short-term effect or treatment effect of incentive spirometry after either cardiac or abdominal surgery. The single supportive study showed that incentive spirometry, deep-breath​​ing exercises, and IPPB were equally more effective than no treatment in preventing postoperative pulmonary complications after abdominal surgery.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Overend and associates concluded that, at pres​ent, the evidence does not support the use of incentive spirometry for decreasing the incidence of postoperative pulmonary complications after cardiac or upper abdominal surgery. However, they note that their systematic review was limited by the following factors. 

First, they retrieved papers written in English only and may not have reviewed all relevant studies. However, the authors do not think it is likely that the balance of evidence would have been affected by incorporating articles written in other languages, and many of the articles we selected were written by researchers in countries where English is not the first language. Second, Overend and his colleagues did not search supplements of relevant journals for abstracts not published as peer-reviewed articles. Third, they did not attempt to contact all authors to clarify or seek out information not clearly available in their studies. The effect 
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of this on their conclusions is not known, but Overend and associates believe that the absence of important information about methodologic concerns was suggestive that such concerns were not addressed by the authors of the papers they reviewed.


If the balance of evidence from the best available studies fails to support the use of incentive spirometry for decreasing the incidence of postoperative pulmonary complications after cardiac or upper abdominal surgery, Overend and associates question whether incentive spirometry should continue to be used in the treatment of these patients. They point out that they did not consider the financial aspects of this question as the costs of incentive spirometry are affected by many factors, including the type of spirometer and the method of use (i.e., single use vs. reuse after sterilization). 


It should also be noted that they found no evidence that incentive spirometry caused any harmful side effects in any of the 46 studies they critically appraised. Nevertheless, because of the need for clinical practice to be responsive to the evidence base, Overend and associates believe that the results of this systematic review indicate that incentive spirometry should not be used after cardiac or abdominal surgery. 

 
The next paper discussed (not included with these reprints) is entitled Safety and Efficacy of Postoperative Continuous Positive Airway Pressure to Prevent Pulmonary Complications after Roux-en-Y Gastric Bypass. It is by Huerta, Livingston, and associates from the Center for Human Nutrition, the Department of Pulmonary Medicine at the University of California in Los Angeles, California, and the Veterans Affairs Medical Center of Greater Los Angeles and appeared in the JOURNAL OF GASTROINTESTINAL SURGERY in the May-June, 2002, issue. The authors note that about 80% of all severely overweight patients are more likely to have one or more comorbid conditions such as diabetes, hypertension, osteoarthritis, hypercholesterolemia, and obstructive sleep apnea. These comorbid conditions increase the risk of death 2-fold in women and 12-fold in men as well as causing the operative risk of obese patients to be significantly higher than in nonobese individuals. Moreover, obese patients have a 12- to 30-fold increased risk of having obstructive sleep apnea (characterized by transient respiratory cessations during sleep) than individuals who are not obese. Typically associated with upper-body obesity, obstructive sleep apnea occurs in 50% of obese men and 40% of obese women. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Because of the adverse effect on pulmonary function, obstructive sleep apnea significantly increases the risk for pulmonary complications in obese patients undergoing abdominal surgery, especially upper-abdominal surgery (Clergue, et al., Inferences about Respiratory Muscle Use after Cardiac Surgery from Compartmental Volume and Pressure Measurements. ANESTHESIOL. 82:1318-1327, 1995). Furthermore, the combination of preexisting obstructive sleep apnea and laparotomy significantly increases morbidity and mortality from respiratory complications in obese patients (Rezaiguia, Jayr, Prevention of Respiratory Complications after Abdominal Surgery. ANN. FR. ANESTH. REANIM. 15:623-646, 1996).


Huerta, Livingston, and associates note that continuous positive airway pressure (CPAP) effectively treats sleep apnea (Strollo, Rogers, Obstructive Sleep Apnea. N. ENGL. J. MED. 334:99-104, 1996). CPAP is applied to the upper airway with a nasal mask, nasal prongs, or a mask that covers both the nose and the mouth. CPAP improves respiratory function in morbidly obese patients and accelerates reestablishment of preoperative pulmonary function after upper abdominal surgery (Joris, et al., Effect of Bi-level Positive Airway Pressure (BiPAP) Nasal Ventilation on the Postoperative Pulmonary Restrictive Syndrome in Obese Patients Undergoing Gastroplasty. CHEST 111:665-670, 1997). 


However, the use of CPAP has not been accepted after upper-intestinal surgery involving bowel anastomosis because of concerns that pressurized air will inflate the stomach and intestine and cause anastomotic disruption. In this regard, the authors recall that the Roux-en-Y gastric by​pass (RYGB), which is now the “gold-standard” operation for severe obesity, consists of two anastomoses: a proximal gastrojejunostomy and a distal jejunojejunostomy, both of which are at risk for disruption from intraluminal distention that might occur with CPAP. However, CPAP decreases pulmonary complications by preventing alveolar collapse in the postoperative period after RYGB. 


Because of the potential benefits of postoperative CPAP, Huerta, Livingston, and associates prospectively studied 1,067 patients undergoing RYGB to assess the safety and efficacy of postoperative CPAP, and more specifically to assess the incidence of anastomotic disruption and respiratory complications in patients receiving CPAP after a Roux-en-Y gastric bypass for obesity.

 
Obstructive sleep apnea was present preoperatively in 420 (40%) of these 1,067 patients and 159 (15%) were dependent on CPAP. Fifteen (1.5%) of the 1067 patients developed major anastomotic leaks postoperatively and among these patients. Two anastomotic leaks (1.3%) occurred in the 157 patients who received CPAP perioperatively, whereas leaks developed in 13 (1.5%) of the patients who did not receive CPAP. Contingency table analysis demonstrated that there was no correlation between CPAP utilization and the incidence of major anastomotic leakage (p = 0.6). Notably, no episodes of pneumonia were diagnosed in either group.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Huerta, Livingston and associates concluded that, despite the theoretical risk of anastomotic disruption 
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by pressurized air delivered with CPAP, no anastomotic leaks occurred in this large series of patients that were attributable to CPAP. Moreover, the authors state that there were no pulmonary complications among patients who, as a group, are very likely to develop postoperative pulmonary complications. Therefore, they believe CPAP is a useful modality for treating hypoventilation after RYGB without increasing the risk of developing postoperative anastomotic leaks and they recommend routine use of postoperative CPAP for RYGB patients with CPAP-dependent obstructive sleep apnea.

Antibiotics, Bronchodilators, 
and Steroids in COPD Patients

Doyle notes that, although about half of all pneu​mo​nias diagnosed in hospital are in surgical patients, preoperative antibiotics to prevent postoperative pneumonia in patients undergoing surgery should be reserved for patients with evidence of infected sputum. She states that in COPD patients with an increased cough with phlegm, a 10-day course of antibiotics may reduce the risk of postoperative pneumonia (Garibaldi, et al., Risk Factors for Postoperative Pneumonia. AM. J. MED. 70:677-680, 1981). Elective surgical procedures should be delayed until a full course of antibiotic therapy is concluded in such patients.


In preoperative patients with symptomatic COPD and asthma, bronchodilators and steroids can prevent bronchospasm and reverse any reversible component of ongoing bronchospasm. ß-agonist medications are the first-line medications and can be administered via nebu​lizer or metered-dose inhaler. Doyle recalls that Gracey and associates showed that COPD patients who received a preoperative conditioning regimen, including bronchodilators, had fewer postoperative pulmonary complications than historical controls (Preoperative Pulmonary Preparation of Patients with Chronic Obstructive Pulmonary Disease. CHEST 76,123-129, 1979). 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


In another prospective study, Garibaldi and associates (op. cit.) also found that bronchodilators and corticosteroids decreased the risk of postoperative pneumonia in COPD patients. Oh and associates showed that in symptomatic asthmatic patients and patients with severe COPD, preoperative corticosteroids steroids may be beneficial, but they should be given at least 12 hours before the operation because > 6 hours are required for them to take effect (Surgery in Corticosteroid-dependent Asthmatics. J. ALLERGY CLIN. IMMUNOL. 53:345-351, 1974). 


Doyle cautions that corticosteroids should be given in high doses for only a few days and then tapered gradually over the first postoperative week or longer. The pace of the taper depends largely on the role corticosteroids have played in the specific patient’s lung disease as on the patient’s postoperative course. Doyle notes that, in addition to being a good bronchodilator, theophylline can improve respiratory muscle function. However, its use preoperatively as a bronchodilator should be limited to patients in whom it has been of proven benefit and/or those in whom severe bronchospasm persists despite the optimal use of inhaled bronchodilators and corticosteroids. 

Operation-related Risk Factors for Developing 
Postoperative Pulmonary Complications—Site of Surgery


Trayner and Celli note that upper-abdominal surgery leads to restrictive physiology and diminished vital capacity. They list below several important aspects of peri​oper​ative pulmonary physiology after thoracic and upper abdominal surgery:

1. 
reduction in vital capacity by 50%–60% and reduction in functional residual capacity by 30%;

2. 
diaphragm dysfunction secondary to reflex inhibition after surgery;

3. 
pain and splinting;

4. 
atelectasis and pneumonia;

5. 
impaired gas exchange and hypoxemia;

6. 
impairment of cough and impaired mucociliary clearance; and

7. 
microaspiration.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

In his paper cited above, Preoperative Assessment of Pulmonary Risk, Ferguson notes that the incidence of pulmonary complications after abdominal surgery is about 30%, which is sufficiently high to have stimulated much research into the etiology of this problem (refs 49-53). In addition to dysfunction of the abdominal wall musculature, the supine position, the development of ascites, and other factors that reduce FRC after laparotomy, Ferguson notes that abdominal surgery has the unique tendency to impair diaphragmatic function, which further reduces FRC. 


Transdiaphragmatic pressure decreases by almost 70% on the first postoperative day and does not return to normal until at least 1 week after surgery (ref 54). Ade​quate relief of postoperative pain does not prevent this impairment which apparently is due to dysfunction of the diaphragm itself rather than to phrenic nerve or central neural sources. Ferguson recalls that upper-abdominal operations are associated with substantially worse postoperative diaphragmatic function than are lower-abdominal operations, and the risk of postoperative pulmonary complications is accordingly higher by a factor of 1.5 (ref 50).


Ferguson states that accurate preoperative prediction of pulmonary risk associated with abdominal surgery has been somewhat elusive. He particularly notes 
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that preoperative spirometric assessment to determine which patients are most likely to develop postoperative pulmonary complications, is popular, but unproven (ref 55). He notes that clinical factors shown to be useful for predicting postoperative pulmonary complications include a history of smoking, chronic bronchitis, airflow obstruction, obesity, and a prolonged preoperative hospital stay. 


The presence of colonizing bacteria in the stomach and the use of nasogastric intubation increase the specific risk of postoperative pneumonia (refs 50, 58—also see the paper by Mitchell and associates reviewed below which relates to the significant increase in postoperative pulmonary complications with postoperative nasogastric intubation). 


Ferguson also notes that laparoscopic surgical techniques promise to reduce the incidence of pulmonary complications by preventing substantial reductions in pulmonary function postoperatively, although he states that the data supporting these outcomes are scant at present (i.e., 1999, when his paper was published). Fer​guson emphasizes that the most important factors predicting postoperative pulmonary complications appear to be the overall condition of the patient (based on the classification of the American Society of Anesthesiologists) and patient age (ref 52). 

 
Based on available information, Ferguson states that preoperative evaluation of pulmonary risk in patients about to undergo abdominal surgery should include assessments of patient age, general performance status, relative weight, pulmonary comorbid conditions, the planned operation, and the incision to be used. He states that pre​oper​ative spirometry is indicated in patients in whom severe pulmonary dysfunction is evident in order to assess whether a period of preoperative pulmonary rehabilitation is indicated to improve a patient’s pulmonary condition before an elective operation is performed. (Ed. Note: As pointed out in the paper by Overend and associates reviewed below, The Effect of Incentive Spirometry on Postoperative Pulmonary Com​plications—A Systematic Review, postoperative incentive spirometry does not decrease the incidence of postoperative pulmonary complications after cardiac or upper abdominal surgery.)

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

 
In her paper cited above, Assessing and Modifying the Risk of Postoperative Pulmonary Complications, Doyle also notes that pulmonary complications are reported to occur in 20%–70% of patients undergoing upper abdominal and thoracic operations, in contrast to only a 4% incidence of pulmonary complications after urologic or orthopedic surgery. In one study, the pulmonary complication rate for all abdominal operations was 10.3%, compared with a rate of 0.6% for nonabdominal and nonthoracic operations (Wight​man, A Prospective Survey of the Incidence of Postoperative Pulmonary Complications. BR. J. SURG. 55:85-91, 1968). Another study showed the rate of postoperative pulmonary complications to be 25% for upper abdominal incisions vs 19% for thoracotomies. In thoracic resection, the complication rate relates to the amount of functional lung that has been resected. While risk based on site of operation might seem relatively fixed, Doyle notes that newer operative techniques particularly, laparoscopic abdominal surgery) may change this.

Anesthesia-related Risk Factors for Developing 
Postoperative Pulmonary Complications—Site of Surgery


Trayner and Celli state that the effects of anesthesia on the development of postoperative pulmonary complications include (ref 19):

1. 
reductions in lung volume related to a patient’s supine posture during surgery;

2. 
impairment of respiratory muscle function;

3. 
alterations in lung mechanics related to gas exchange and hypoxic pulmonary vasoreactivity; and

4. 
impairment of mucociliary clearance mechanisms.


Low lung volumes may contribute to areas of micro​ate​lec​tasis, increasing venous admixture, and shunting. In addi​tion to their effects on the respiratory muscles, drugs used in anesthesia may inhibit pulmonary hypoxic vasoconstriction and increase shunting, resulting in hypoxemia. Surgical procedures lasting over 3 hours have been associated with a higher risk of pulmonary complications (ref 8).


Trayner and Celli also recall that Berg and associates (ref 6) showed that three times as many pulmonary complications developed in patients who had postoperative residual neuromuscular block after receiving pancuronium as developed in patients who did not receive pancuronium, suggesting that neuromuscular blockers should be avoided in high-risk patients. (Ed. Note: For more discussion about the possible morbidity that may be caused by neuromuscular blockers in patients receiving mechanical ventilatory support, see the paper by Kambe entitled, A Critical Appraisal of the Newer Ventilator Strategies in the Treatment of Acute Respiratory Distress Syndrome, which is reviewed below.)

In her paper, Doyle notes that postoperative pneumonia is more common following operations lasting 4 hours or more, regardless of the site of operation (Garibaldi, et al., Risk Factors for Postoperative Pneumonia. AM. J. MED. 70:677-680, 1981). She also notes that the risk of many surgical procedures may decrease with improvements in: 

(1) 
anesthetic techniques, including the use regional versus general anesthesia (Yeager, et al., Epidural Anesthesia and Analgesia in High-risk Surgical Patients. ANES​THE​SI​OL. 66:729-736, 1987); 

(2) 
postoperative pain management (Bowdle, et al., A Multicenter Evaluation of Remi​fen​ta​nil for Early Post-operative Analgesia. ANESTH. ANALG. 83: 1292-1297, 1996 [Abstract]); and 
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(3) 
relating to the use of anesthetic agents with shorter elimination half-lives (Eger, New Inhaled Anesthetics. ANESTHESIOL. 80:906-922, 1994).

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

The next paper discussed is entitled Multivariate Analysis of Factors Associated with Postoperative Pulmonary Complications Following General Elective Surgery. It is by Mitchell and associates from the Departments of Medicine, Surgery, and Pediatrics at the University of Louisville and the Louisville Veterans Administration Medical Center in Louisville, Kentucky, and appeared in ARCHIVES OF SURGERY in February, 1998. The authors note that there are conflicting reports about which patient-related features increase the risk for postoperative pulmonary complications most significantly. 


They point out that interpretation of the English-language literature on the subject is limited because older studies, although including diverse operations, did not fully define postoperative pulmonary complications be​fore surgery or perform standardized preoperative eval​u​ations. Recent studies, including the few multivariate analyses available, are limited because of their focus on upper abdominal procedures (refs 1, 4, 6) or on patients with specific medical conditions (8, 15, 17, 19-20). 


Mitchell and associates state that, to their knowledge, there has been no multivariate analysis of factors that increase the risk of postoperative pulmonary complications in patients undergoing elective general surgery without disease-specific inclusion criteria. For this reason, they developed a predictive model based on clinical findings and perioperative conditions in order to iden​ti​fy patients most likely to develop postoperative pul​monary complications after elective, general, non​tho​racic surgical procedures. They did this to determine which specific risk factors might be modified to reduce the development of postoperative pulmonary complications.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Mitchell and associates recorded the preoperative history and physical examinations, spirometric, PaO2 and PaCO2 levels, and operative results in a random sample of 148 patients aged 40 years old or older who underwent elective, nonthoracic surgery under general or spinal anes​the​sia and were hospitalized for at least 24 hours postop​er​atively. They analyzed the risk factors associated with the development of one or more of the following pulmonary conditions (i.e. pulmonary complications of general elective surgery): acute bronchitis, broncho​spasm, atelectasis, pneumonia, adult respiratory distress syndrome, pleu​ral effusion, pneumothorax, prolonged mechanical ventilation, or death secondary to acute respiratory failure. All of these been patients underwent postoperative cardiopulmonary examinations and daily review of their medical records until they were discharged from the hospital.


Postoperative pulmonary complications developed in 16 (11%) of the 148 patients in this study. Mitchell and associates found that 3 risk factors were significantly more common among the patients who developed postoperative pulmonary complications than among those without such complications: 

(1) 
postoperative nasogastric intubation 
(81% vs. 16%; p < 0.001); 

(2) 
preoperative sputum production 
(56% vs. 21%; p = 0.005); and 

(3) 
more prolonged anesthesia 
(480 vs. 309 minutes; p < 0.001). 

Upper-abdominal surgery was performed in 11 (69%) of the 16 patients who developed postoperative pulmonary complications and in 20 (15%) of the 132 patients who did not develop postoperative pulmonary complications (p < 0.001); however, this difference between upper- and lower-abdominal surgery lost significance in multivariate analysis. (Ed. Note: Quite possibly this loss of significance was due to the small numbers of patients with pulmonary complications in this study.) 


The final linear logistic model included postoperative nasogastric intubation (odds ratio [OR]—21.8), excessive preoperative sputum production (OR—4.6), and more prolonged anesthesia (OR exp [0.01x] for an increase in x minutes—i.e., 1 minute of additional anesthesia time increases the OR to 1.01, resulting in 92% accuracy in predicting postoperative pulmonary complications.


Mitchell and associates concluded that 3 risk factors (postoperative nasogastric intubation, preoperative sputum production, and prolonged anesthesia) significantly increased the frequency of postoperative pulmonary complications among 148 patients undergoing a range of elective general surgical procedures. Multivariate analysis showed that these 3 risk factors predicted 92% of the complications. 

Postoperative nasogastric intubation was the single most important variable associated with the development of postoperative pulmonary complications. While naso​gas​tric intubation was most frequently used after abdominal operations, it was also used after various non​abdom​inal procedures. Mitchell and her colleagues found that postoperative nasogastric intubation identified the patients most likely to develop postoperative pulmonary complications more clearly than, and independently of, their next most important risk factor, upper-abdominal surgery. Moreover, their study showed that the incision site loses significance after adjusting for postoperative nasogastric intubation.


The authors note that routine nasogastric decompression after gastrointestinal tract surgery can often be safely eliminated (refs 27-32 in their paper), although nasogastric decompression continues to be commonly used. They ​recall that a prospective study by Savassi-Rocha and his colleagues showed a significantly higher incidence of atelectasis in patients undergoing prophylactic nasogastric intubation 
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after gastrointestinal surgery (ref 31). They also found an equal occurrence of nausea, vomiting, and abdominal distention in patients regardless of postoperative nasogastric intubation. In addition, Mitchell and associates cite a study by Cheadle and his colleagues who also found that prophylactic gastric decompression was associated with increased morbidity, delayed return of gastrointestinal tract function, and increased number of postoperative days until discharge from the hospital (ref 28). Mitchell and associates point out that, in their University of Louisville study, patients who underwent upper-abdominal surgery without postoperative nasogastric intubation developed no surgical complications.


Mitchell and her colleagues note that several mechanisms may account for the increased risk of postoperative pulmonary complications with nasogastric intubation including: 

(1) 
nasogastric tube interference with normal glottic clos​ure resulting in an ineffective postoperative cough and accumulation of pulmonary secretions that increase the risk of atelectasis and infection; 

(2) 
easier transference of bacteria from the oropharynx to the lungs when a nasogastric tube is present; and 

(3) 
reflex inhibition of normal diaphragmatic function by a nasogastric tube (ref 27).


The authors found that preoperative sputum production is strongly related to postoperative respiratory tract morbidity which confirms the results of several other groups of investigators (refs 5, 10, 18, 20, 33). Their study suggests that excessive preoperative sputum production is a better indicator than spirometry for predicting postoperative pulmonary complications in patients undergoing nonthoracic general surgery.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Mitchell and associates recall that several investigators have related postoperative pulmonary complications to mild to moderate obesity (refs 8, 12, 17), although those investigators did not determine the possible effect of pulmonary risk factors other than obesity. Similar to the findings of still other researchers (refs 9, 11, 13, 35) Mitchell and her colleagues detected no increase in postoperative pulmonary complications in obese patients.


The authors also found that age alone did not independently contribute to the development of postoperative pulmonary complications. They state that their elderly patients who underwent elective surgery may have been “healthier” than those not referred for elective procedures. However, they found no differences in the ASA classification ratings between patients younger and older than 65. Their elective surgical sample did not include many patients older than 85 years, so their findings do not extend to this group.

 
Mitchell and associates address how the 3 risk factors that most significantly increase the probability of postoperative pulmonary complications might be modified. They note that, while prolonged anesthesia significantly increases the development of postoperative pulmonary complications this may not be modifiable as it depends on the type of procedure performed. However, postoperative pulmonary complications may be decreased by postponing elective procedures until aggressive pulmonary management corrects excessive sputum production and productive cough. 


Finally, Mitch​ell and associates emphasize that elimination of routine nasogastric intubation has the greatest potential for preventing postoperative pulmonary complications and they strongly recommend avoidance of routine prophylactic nasogastric intubation. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

Modes of Postoperative Ventilation—Which to Use


In their paper cited above, Postoperative Ventilatory Management, Price and Rizk note that all of the considerations above play into the decision about whether to extubate promptly after a surgical procedure. If assisted ventilation is required postoperatively, they provide guidance for selection of a ventilatory mode in Table 2 on page 134S of their paper (adapted from Banner; ref 27), which describes currently used modes of ventilation. Price and Rizk state that, for otherwise healthy postoperative patients recovering from anesthesia and surgical trauma, the most common ventilatory mode is intermittent mandatory ventilation (IMV) with low levels (5–8 cmH2O) of pressure support and positive end-expiratory pressure (PEEP). 


For chronically ill patients with underlying disease, the inspiratory flow rate, rate of ventilation, and inspiratory to expiratory (I:E) ratio are optimized for the underlying disease state. Patients with obstructive disease should be ventilated with a low rate and adequately low I:E ratio to permit full expiration; patients with restrictive disease benefit from higher rate, lower tidal volume, and higher I:E ratio. 

 
In patients with acute lung injury postoperatively, recent interest has centered on the size of the tidal volume and the selection of PEEP level. Price and Rizk note that CT scans of the lungs of patients in ICUs have highlighted regional differences in lung inflation and the potential over​inflation of nondependent lung segments (ref 28). Similarly, evaluation of the pressure-volume curves of patients receiving mechanical ventilation suggests that conventional tidal volumes of 10 mL/kg and PEEP levels of 10 may over​inflate the lung, so that the lung is above the volume where it is still reasonably distensible (“upper inflection point” of the pressure volume curve) (ref 29) which raises the question of whether this causes lung injury, i.e., “volu​trau​ma.” However, very low lung volumes may cause shear stress as closed alveolar units are repetitively opened with each inspiration and expiration (i.e., each tidal volume). 
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A preliminary controlled trial of lower tidal volumes (6 mL/kg) and PEEP adjusted to that level of the pressure volume curve where compliance begins to be optimal (“lower inflection point”) suggests that this may improve prognosis (ref 30). This has been termed a “lung-protective ventilatory strategy.” Currently the American College of Chest Physicians suggests an upper limit of plateau pressure at 35 cmH2O, but even this level may be too high, by some estimates, to avoid volutrauma (ref 31). Price and Rizk note that ongoing trials will settle this issue, but currently, there is a distinct trend in ICUs in the United States toward lower tidal volume ventilation with PEEP levels being sufficiently high to keep the lung “open” to avoid shear stress.


Price and Rizk note that the other major trend in modes of ventilation is toward more interactive ventilatory modes, i.e., modes whereby the ventilator responds to the patient’s efforts and capabilities. Mandatory minute volume (MMV) is one such mode the authors have assessed in postoperative cardiac surgery patients at Stanford. MMV measures the patient’s expired ventilation and then provides whatever additional ventilation is required to make up a target minute ventilation level. Price and Rizk state that, in their experience, MMV only slightly influenced the very short postoperative ventilatory period in their patients, but it diminished the need to change ventilator parameters (from a mean of 6 changes to only 1) and simplified weaning. They note that proportional and pressure-assist ventilation modes adjust pressure support in response to patient efforts. These modes are theoretically appealing because they are potentially more comfortable and might hasten weaning. (Ed. Note: Weaning from mechanical ventilatory support is discussed more completely in a subsequent section of this Overview.) 

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
AIRWAY MANAGEMENT IN THE INTENSIVE CARE UNIT

 
The first paper discussed in this section of the Overview is entitled Surgical Airway Management in the Intensive Care Unit. It is by Pryor and associates from the Division of Trauma and Surgical Critical Care at the University of Pennsylvania School of Medicine in Philadelphia and appeared in CRITICAL CARE CLINICS in July, 2000. In 1909, when Chevalier Jackson defined the method most resembling the modern technique of performing tracheostomy, these procedures were mostly performed for diphtheria or malignant diseases threatening to obstruct the airway. Jackson condemned tracheostomies performed through the first and second tracheal rings in diphtheria patients because they led to severe airway stenosis and this caused him to effectively ban cricothyroidotomy until it was reintroduced in the early 1970s by Brantigan and Grow (ref 5). 


At this later time, the stenosis rate was dramatically lower after high tracheostomy and it was then realized realize that the earlier high rate of tracheal stenosis was due to the diphtheria and not to a high tracheostomy. However, tracheostomy became a secondary technique as endotracheal intubation became the procedure of choice for definitive airway control. Nevertheless, tracheostomy is still one of the most common procedures in critically ill and injured patients who require long-term airway management.

Tracheostomy Indications


Pryor and associates note that the indications for tracheostomy are divided into those that: (1) avoid complications of endotracheal intubation and (2) have specific clinical advantages over endotracheal intubation. 


In regard to the first indication for tracheostomy, it is noted that the two most significant complications of prolonged endotracheal intubation are: (1) laryngeal edema leading to subsequent laryngotracheal stenosis and (2) tracheal injuries caused by the endotracheal tube balloon cuff. Lindholm (ref 26) proposed a grade I through grade IV scale for grading laryngotracheal damage that is frequently used to categorize injuries caused by translaryngeal tubes. (The Lindholm scale is outlined in the Box on page 475 of this paper by Pryor and associates.)

 
In 1984, Whited (ref 42) noted that patients who were intubated for fewer than 5 days had only mild edema of the posterior laryngeal commissure, whereas 12% of those intubated for longer than 11 days developed severe laryngeal stenosis. However, Whited reported one of the highest incidences of laryngeal stenosis and others have shown stenosis rates as low as 1% (ref 2)


Pryor and associates note that it is not clear if conversion to tracheostomy decreases the damage initiated by endotracheal intubation. In fact, Colice and his colleagues found an increase in laryngeal swelling after conversion to tracheostomy. This may suggest that tracheostomy is indicated to decrease laryngeal edema and subsequent stenosis, if it is performed sooner than 4–5 days after endotracheal intubation, but later conversion may not prevent, and actually may exacerbate, edema and scarring of the larynx. Pryor and associates note that high-volume, low-pressure (< 25 mmHg) cuffs have significantly reduced laryngotracheal mucosal pressure necrosis.

 
Several advantages of tracheostomy include: 

(1) 
improved patient comfort; 

(2) 
easier nursing care; 

(3) 
less risk of inadvertent extubation; 

(4) 
facilitation of weaning from mechanically assisted respiration; 

(5) 
allowing the patient to speak; and 

(6) 
making oral nutrition possible.

It is emphasized that the indications for tracheostomy are the same whether the procedure is performed open or percutaneously, in the operating room or at the bedside; 
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moreover, none of these considerations should change the basic indication for the procedure.

Tracheostomy Techniques


Pryor and associates note that during the last 20 years two new ideas in operative airway management have become popular: (1) performance of percutaneous tracheostomy and (2) performance of bedside tracheostomy. These new ideas were developed to reduce costs and use physician time more effectively and it is not clear whether there are any other specific advantages to the patient.


Open tracheostomy performed in the operating room is the standard of care in most institutions and all other tracheostomy techniques must be validated in comparison with this standard.


Percutaneous tracheostomy was first described by Toye in 1969 (ref 39). The most popular percutaneous technique was the percutaneous dilatational tracheostomy (PDT) described by Ciaglia and associates as a bedside procedure (ref 7). A commercial kit (Cook Critical Care Inc., Bloomington, IN) is available that has the necessary instruments. (See Fig. 2 on page 478 of this paper by Pryor and associates.) With the Ciaglia technique a needle is passed through the skin of the neck into the trachea and a wire is passed through the needle into the trachea under direct bronchoscopic vision. Sequentially larger dilators are then placed over the wire to enlarge a tract through which a tracheostomy tube is placed over the wire into the trachea.


Graham and his colleagues (ref 13) retrospectively compared open tracheostomy with PDT and found no sig​nificant differences in minor or major complications. A recent meta-analysis of more than 65 studies (ref 11) showed significantly higher rates of bleeding, tube mis​place​ment, hypotension, and desaturation with percutaneous tracheostomy and, most alarmingly, a peri​operative death rate of 44 per 10,000 procedures with the percutaneous procedure versus 3 per 10,000 with open tracheostomy. There also was a higher rate of pos​te​rior tracheal wall laceration with the percutaneous technique. However, Pryor and associates note that this meta-analysis was criticized because techniques and equipment changed greatly over the study period.


In contrast, Moe and his colleagues (ref 27) provided an excellent review of all known PDT studies and evaluated 6 different PDT techniques. They found the Ciaglia technique to have the lowest rate of major hemorrhage (0.2%), pneumothorax (0.2%), and laryngeal granulation (0.7%). A recent prospective randomized study by Gysin and associates (ref 15) showed a significantly higher rate of minor perioperative complications with PDT than with open tracheostomy, but no difference in the rates of major complications. 

 
The proponents of PDT argue that the procedure has several advantages over open tracheostomy. First, PDT can be performed at the bedside, thus avoiding the risks of moving a critically ill patient; however, open tracheostomy can also be performed at the bedside. There is clearly a lower peristomal infection rate with PDT. Also, some have reported about a 50% reduction in overall charges with PDT, while others have found no savings at all (ref 27). Using the available data, Pryor and his colleagues compared PDT and open tracheostomy, as shown in Table 1 on page 479 of their paper, and they found that there is probably no true clinical advantage of PDT over open tracheostomy when both procedures are performed at the bedside.


Pryor and associates note that some patients are not good candidates for percutaneous tracheostomy including those with: 

(1) 
injuries, or possible injuries of the cervical spine, who are at risk for spinal destabilization during PDT; 

(2) 
very large necks due to fat or edema; 

(3) 
a high positive end-expiratory pressure (PEEP) requirement who may not tolerate the procedure during bronchoscopy or when the tract is dilated; or 

(4) 
severe head injuries, who are uniquely at risk for increases in intracranial pressure during PDT and during the periods of bronchoscopy that decrease alveolar ventilation and CO2 exchange.

Performance of Tracheostomy 
in the Operating Room or at the Bedside


Pryor and associates again emphasize that either PDT or open tracheostomy can be performed at the bedside without delaying the procedure by having to schedule operating room time. Bedside tracheostomy has gained popularity because it is well known that transporting patients can be the most dangerous time of their ICU stay because lines are easily lost, batteries in monitors and infusion pumps fail, and manual ventilation can re​sult in the loss of PEEP and minute volume (refs 18, 38). 


However, the authors note that bedside tracheostomy also has several disadvantages, in that the width of most ICU beds forces the operating surgeon to reach awkwardly into the operative field, the lighting is generally poor (often necessitating a headlamp), and equipment is not readily available. A qualified clinician at the head of the bed dedicated to providing adequate anesthesia and airway control can greatly facilitate the tracheostomy and help avoid airway complications.


The authors refer to a study of bedside versus operating room tracheostomies reported by Wease and his colleagues (ref 41) who performed 204 bedside tracheostomies in medical and surgical ICUs with a major complication rate of 2.9%, including 1 death, a nonfatal respiratory arrest, bleeding, pneumothorax, and tube entrapment. There was a 3.4% minor complication rate, including minor bleeding, tube dislodgment, and a mu​cous plug. The average charges for an operating room 
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tracheostomy, excluding surgeons’ fees, was $1,208—in contrast to $102 for a bedside tracheostomy. Wease and associates used anesthesiologists for the operating room procedure, but not for the bedside procedure, which may have contributed to the cost discrepancy.


Pryor and associates perform open tracheostomy at the bedside in the ICU whenever possible because they have found this to be expedient, safe, and cost-effective. However, if other surgical interventions are required (e.g., placement of feeding tubes) they perform the tracheostomy in the operating room. They perform the open tracheostomy at the bedside in the ICU using a headlamp to optimize lighting and with the patient positioned on a narrow chair that unfolds flat to allow a comfortable position for both the patient and the surgeon. They do this with the assistance of a senior anesthesia resident or a critical-care fellow who is dedicated to constantly attend to the airway and sedation during the procedure. The first surgical assistant passes the instruments. 

Timing of Tracheostomy after Endotracheal Intubation


Pryor and associates note that there still is no consensus on the optimal timing of tracheostomy in relation to the time elapsed since the patient underwent endotracheal intubation. Advocates of early trache​ostomy argue that laryngeal stenosis secondary to prolonged endotracheal (i.e., translaryngeal) intubation outweighs potential complications of tracheostomy, whereas clinicians who favor delayed tracheostomy are most concerned with tracheal stomal stenosis and other complications of tracheostomy.


Several studies have attempted to define the optimal timing for tracheostomy in critically ill or injured patients. Rodriguez and associates (ref 32) prospectively randomized trauma patients to undergo tracheostomy within 8 days, or > 8 days after endotracheal intubation. They found a decrease in the number of days ventilator support was required and in the overall hospital stay with early tracheostomy. In 1997, in a multicenter prospective study, Sugerman and his colleagues (ref 36) assessed patient outcome after early and late tracheostomy in trauma and nontrauma ICU patients. In this study, there was a significant problem with the randomization and reporting process, which placed 112 patients in the early tracheostomy group (3–5 days), and only 14 in the late group (10–14 days). There was no significant difference in the ICU length of stay, overall length of stay, rate of pneumonia, or number of deaths in any of the groups.


A consensus committee of the National Association of Directors of Respiratory Care in 1989 (ref 29) also assessed tracheostomy timing based on a review of all the available literature and a study of current trends at a major academic medical center, and failed to provide a consensus on when tracheostomy should be performed in critically ill patients (ref 3). 

 
Pryor and associates perform tracheostomy after 5–7 days of endotracheal intubation tracheostomy if, at that time, the patient continues to manifest hemodynamic instability, respiratory failure, or multiple system failure. However, if the patient is improving and is being weaned from the ventilator, they do not perform tracheostomy. They strongly consider performing tracheostomy within the first few days of admission in all patients with severe head injuries, preexisting severe respiratory disease with multisystem trauma, high spinal cord injuries, or significant maxillofacial trauma. (Ed. Note: For additional comments about tracheostomy, see the paper cited below, Evidence-based Guidelines for Weaning and Discontinuing Ventilatory Support, by MacIntyre and associates.)

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

Short-term Complications of Tracheostomy


Common early complications of tracheostomy include bleeding, pneumothorax, hypoxia, hypercapnia, and infection. Perioperative bleed​ing usually is minor, but can be severe if major anterior veins or the thyroid isthmus is severed. If necessary, Pryor and associates electively divide the thyroid isthmus during tracheostomy to reduce the risk of early or late bleeding from this source.


A retrospective review of 293 open tracheostomies performed in the operating room showed that only 1 (0.3%) of the patients developed a small pneumothorax which did not require treatment (ref 37). Mediastinal air or subcutaneous emphysema due to dissection of air from the tracheotomy site is usually benign. However, a posterior tracheal wall tear is a more likely cause after PDT; therefore, Pryor and associates state that a pneumomediastinum after PDT should prompt early diagnostic bronchoscopy (ref 22).

With adequate monitoring devices hypoxia during tracheostomy is usually transient and not harmful. Hypercapnia is especially prevalent during PDT performed with bronchoscopy, but does not occur when bronchoscopy is not used (ref 31).

Pryor and associates state that nosocomial pulmonary infection is more common with a tracheostomy than with endotracheal intubation (ref 24), probably because of diminished tracheal mucociliary clearance of bacteria with a tracheostomy and a stoma communicating directly with the trachea. The authors reiterate that the peristomal infection rate is less with percutaneous than with open tracheostomy, although the incidence of pneumonia is not clearly defined in relation to open or percutaneous tracheostomies.

Long-term Complications of Tracheostomy


The authors note that with the development of high-volume, low-pressure cuffs, the rate of tracheal stenosis at the cuff site has dropped 10-fold (ref 25). Tracheostomy stomal 
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stenosis due to pressure necrosis and mechanical damage can be exacerbated by: 


(1) 
a tube that is too large for the trachea; 


(2) 
a tube that moves excessively at the stomal site; or 


(3) 
by development of a peristomal infection. 


One prospective study showed a > 10% reduction in tracheal diameter in 65% of patients with tracheostomies compared with only 18% in patients undergoing endotracheal intubation only (ref 35). However, Pryor and associates note that symptomatic stenosis develops in 2%–8% of tracheostomy patients and even though this rate is relatively low, the extensive reconstruction is usually required. Although tracheal stenosis can occur at the cuff site after either long-term endotracheal intubation or tracheostomy, the incidence at the cuff site is much lower than tracheal stenosis at the stoma site after tracheostomy.

 
Pryor and associates note that trachea-innominate artery (TI) fistula is a rare complication of tracheostomy that pre​sents with massive hemoptysis and peristomal bleeding, sometimes preceded by a minor herald bleed that may be overlooked. Yang and his colleagues reported the management of 36 TI fistulas with an overall mortality rate of 73%. Patients treated by innominate artery ligation had the lowest rebleeding and mortality rates, whereas arterial repair or graft replacement resulted in a 60% rebleeding rate. They authors note that immediate management of a TI fistula includes: 

•
overinflation of the balloon to tamponade the bleeding, 

•
airway control with suctioning, and 

•
immediate exploration and ligation of the innominate artery.

Indications for Cricothyroidotomy


Pryor and associates note that easily identifiable anat​omy, simple dissection, and the paucity of overlying vascular structures all make emergency cricothyroidotomy the fast​est, simplest, and most effective way to surgically establish an airway. The original, and currently most popular, indi​cation for elective cricothyroidotomy is to provide a long-term airway for patients who have had a median sternotomy. A high airway allows separation of the sternotomy wound from the airway incision, potentially decreasing sternal wound contamination. Although used by many cardiothoracic surgeons, Pryor and associates note that this indication has been substantiated in only one study of 8 patients (ref 28).
Technique of Cricothyroidotomy


The surface anatomy usually allows easy location of the cricothyroid membrane and in emergencies, a generous vertical incision avoids vascular structures and can be quickly extended down to the cricothyroid membrane which is punctured by the scalpel after which the hole is enlarged slightly. The thyroid and cricoid separate spontaneously so it is not necessary to hold the hole open with an instrument. Nevertheless, Pryor and associates note that a common mistake is to try to cannulate the small cricoid space with a large cannula. They recommend using a 6-mm tracheostomy tube or a 6-mm endotracheal tube instead.


Pryor and associates note that percutaneous mini​trache​os​tomy can be performed as an emergency or as an airway adjunct by placing a small-caliber (12-Fr) cannula introduced directly into the trachea through the cricoid membrane over a percutaneously placed introducer (Fig. 3, page 485 of their paper). The authors note that because of its small diameter, patients can breathe normally around the cannula and do not have to remain intubated. They state that, in over 50 percutaneous mini​trache​os​to​mies, van Heurn and associates had a minor complication rate of 10% but no major complications occurred (ref 40). The mini​tracheostomy has been shown to decrease postoperative atelectasis and the need for therapeutic bronchoscopy in patients undergoing thoracotomy (ref 30). 
Complications of Emergency Cricothyroidotomy


Pryor and associates point out that complications of emergency cricothyroidotomy must be viewed within the context of it being a lifesaving maneuver. Bleeding, misplacement of the cannula, fracture of the cricoid or thyroid cartilage, and failure to cannulate the trachea can occur. They note that emergency cricothyroidotomy is best performed by an experienced physician, although most clinicians perform the procedure for the first time in an emergency situation and a retrospective review of 65 emergent cricothyroidotomies showed that tracheal cannulation was successful in only 66% (ref 19).


Elective cricothyroidotomy is safer than emergency crico​thy​roidotomy. In the largest reported series, including 655 elective cricothyroidotomies, Brantigan and Grow (ref 5) had an overall complication rate of 6.1%, a tracheal stenosis rate at the cuff site of 0.8% (with no subglottic stenosis), and a mortality rate of 0.3%. However, Pryor and his colleagues note that the follow-up data in this series were collected by telephone, and no patients were examined bron​cho​scopically. Several subsequent studies showed a subglottic stenosis rate of about 2% after cricothyroidotomy (ref 8).


Pryor and associates note that Burkey and associates have provided an excellent collective review of crico​thy​roid​otomy complications (ref 6) up to 1991 in which the over​all complication rate was 6% and the 2 most serious complications were acute subglottic stenosis (3%) and chronic subglottic stenosis (1%). Groups at high risk for sub​glottic stenosis include patients with laryngeal pathology, previous endotracheal intubation for longer than 7 days, airway obstruction after previous intubation, and patients younger than 12 years.


Holst and his colleagues (ref 17) found that significant voice changes had developed in 52% of cricrothyroidotomy patients at 6-month follow-up. However, the voice changes can be subtle which may explain the lower rate of voice changes in earlier reports.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
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Conversion of Emergency Cricothyroidotomy to Tracheostomy


Pryor and associates note that cricothyroidotomies are usually converted to tracheostomies as early as pos​si​ble. Some contend that early conversion decreases sten​osis due to cricoid scarring; however, conversion forms a second hole in the trachea, thus doubling the risk of stomal stenosis. One small study prospectively randomized emergency cricothyroidotomy patients to conversion to tracheostomy (9 patients) or continuation of the original airway (11 patients); this study showed that stomal site complications were all at the trach​e​ostomy stomal site and not in the area of the cricoid.

 
The next paper discussed is entitled (not included with these reprints) is entitled A Meta analysis of Prospective Trials Comparing Percutaneous and Surgical Tracheostomy in Critically Ill Patients. It is by Freeman and associates from the Section of Burn, Trau​ma, and Surgical Critical Care at Washington University School of Medicine in St. Louis, Missouri, and appeared in CHEST in November, 2000. Traditionally, open surgical tracheostomy is performed in the operating room, using standard surgical principles. However, the authors recall that, in 1985, Ciaglia and associates described percutaneous dilatational tracheostomy (PDT), using the Seldinger approach (Ed. Note: as described and illustrated in the paper by Pryor and associates reviewed above). 


Freeman and his colleagues note that PDT is becoming increasingly popular because: (1) it is relatively simple to learn and perform even by individuals without extensive surgical training; and (2) it may be performed at the patient’s bedside with few personnel, thus eliminating the potential risks of transporting a crit​ically ill patient, as well as the inconvenience and expense of scheduling and utilizing operating room facilities.


Freeman and associates note that PDT is associated with complications not typically encountered with open surgical tracheostomy, including tracheal lacerations, tracheoesophageal fistula, and paratracheal insertion. It is also unknown whether major late complications of tracheostomy, such as tracheoinnominate artery fistula and symptomatic subglottic stenosis, are more or less common with PDT than with open surgical tracheostomy. To better understand the relative benefits and limitations of these two tracheostomy techniques, Freeman and associates, performed a meta-analysis of the few small prospective randomized studies comparing PDT to open surgical tracheostomy in critically ill patients requiring prolonged mechanical ventilation.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Freeman and associates searched MEDLINE, Current Contents, Best Evidence, Cochrane, and HealthSTAR databases from 1985 to 2000 to identify prospective controlled studies comparing PDT and surgical tracheostomy in critically ill patients. After establishing clinical and statistical homogeneity (Q statistic), studies were analyzed by a Mantel-Haenszel fixed-effect model. For each clinical end point examined, PDT and surgical tracheostomy were compared by calculating either absolute differences or odds ratios (ORs) with 95% confidence intervals (CIs) for continuous or discrete variables, respectively.


The authors pooled data from five studies that satisfied their search criteria to analyze 8 clinical end points from 236 patients. The operating time was 9.84 minutes shorter for PDT than for open surgical tracheostomy (95% CI—7.83 to 10.85 minutes). The was no significant difference between the overall operative complication rates of PDT and surgical tracheostomy (OR with 95% CI—0.732 [0.05 to 9.37]). However, PDT was associated with less perioperative bleeding than was surgical tracheostomy (OR with 95% CI—0.14 [0.02 to 0.39]), a lower overall postoperative complication rate (OR with 95% CI—0.14 [0.07 to 0.29]), as well as a lower postoperative incidence of bleeding (OR with 95% CI—0.39 [0.17 to 0.88]), and stomal infection (OR with 95% CI—0.02 [0.01 to 0.07]). 


There was no difference between the 2 tracheostomy techniques in: 

(1) 
days intubated prior to tracheostomy 
(absolute difference with 95% CI—0.16 days [– 0.9 to 1.22 days]); 

(2) 
overall procedure-related complications 
(OR with 95% CI—0.73 [0.06 to 9.37]); or 

(3) 
death 
(OR with 95% CI—0.63 [0.18 to 2.20]).

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Freeman and associates concluded that, despite its popularity, there are currently only a few small studies prospectively comparing PDT and open surgical tracheostomy. Their meta-analysis of 5 of these studies including 236 patients, suggest that PDT has potential advantages over open surgical tracheostomy, including ease of performance, and lower incidence of peristomal bleeding and postoperative infection. 


However, whether PDT has any advantage over open surgical tracheostomy with respect to either long-term complications or cost requires additional study. Nevertheless, if the findings of this meta-ana​lysis analysis are confirmed by adequately powered prospective trials, PDT may become the procedure of choice for establishing elective tracheostomy in patients requiring long-term mechanical ventilation.

 
The next paper discussed (not included with these reprints) describes another experience with percutaneous tracheostomy. It is entitled Long Term Complications of Percutaneous Dilatational Tracheostomy and is by Rosenbower and associates from the Departments of Surgery and Otolaryngology at Vanderbilt University School of Medicine in Nashville, Tennessee, 
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and appeared in AMERICAN SURGEON in January, 1998. The authors note that percutaneous dilatational trache​ostomy (PDT) was adopted in 1991 at their institution, because it was shown to be more cost effective than standard open tracheostomy and equally as safe as standard open tracheostomy in critically ill patients. (Ed. Note: As noted above by Pryor and his colleagues and by Freeman and associates, the cost effectiveness of percutaneous tracheostomy is still uncertain.) 


The objective of this study by Rosenbower and his colleagues was to evaluate the long-term outcome and complication rate of PDT in critically ill patients. In order to do this, they performed a consecutive case study of all Level I trauma patients treated at the Vanderbilt University Hospital from August, 1991, to May, 1994, who underwent PDT using the technique described by Ciaglia and associates in 1985 (Ciaglia, et al., Elective Percutaneous Dilatational Tracheostomy: A New Simple Bedside Procedure: Preliminary Report. CHEST 87:715-719, 1985). They remarked that percutaneous tracheostomy could be performed in an ICU without an anesthetist. (Ed. Note: However, it is recalled that Pryor and associates recommend that an assistant should always be present who is dedicated to monitoring and maintaining the airway at all times during the procedure.) 


Rosenbower and associates state that contra​indi​ca​tions to the percutaneous technique include marked obesity, thyromegaly, need for emergency airway access, and use in pediatric patients. They recall that Hazard and his colleagues (Hazard, et al., Bedside Percutaneous Tracheostomy: Experience with 55 Elective Procedures. ANN. THO​RAC. SURG. 46:63-67, 1988) reported their experience with the Ciaglia PDT technique and concurred with Ciaglia and associates that it was quicker, less traumatic, and associated with fewer early and late complications than standard open surgical tracheostomy (Ciaglia, Graniero, Percutaneous Dilational Tracheostomy: Results and Long-term Follow-up. CHEST 101:464-467, 1992).


Rosenbower and associates used a standard questionnaire to prospectively evaluate the Ciaglia percutaneous tracheostomy at least 1 year after the procedure in 95 patients and these patients were compared with 143 patients who underwent standard open surgical tracheostomies during the period of their study. All patients who were symptomatic after tracheostomy were offered fiberoptic laryngoscopy. The authors used descriptive statistical methods and the Student’s T test to analyze their data. 


Twenty of the 95 patients who underwent PDT were lost to follow-up, 12 died of causes unrelated to the pro​cedure, 6 were unable to participate in the study because they had severe traumatic brain injuries, and 2 patients required conversion to open tracheostomies. This left a study group of 55 patients. After a minimum follow-up of 1 year, 40 (73%) of the 55 patients were asymptomatic and 15 (27%) were symptomatic; the 15 symptomatic patients included two patients who developed acute airway compromise after decannulation secondary to subglottic stenosis. Both were recannulated and were subsequently decannulated uneventfully. 


Six patients declined fiberoptic laryngoscopy, because their symptoms were minimal (minor voice changes in 3 and intermittent hoarseness in 3). Nine patients underwent fiberoptic laryngoscopy, and all examinations were normal, showing no subglottic stenosis. The mean cost of standard open tracheostomy at the Vanderbilt University Hospital was $1,134 (58%) more than the mean cost of percutaneous dilatational tracheostomy. (Ed. Note: We recall, however, that Pryor and associates in their paper reviewed above, noted that these costs include operating room costs, although open surgical tracheostomy can also be performed safely and readily at the bedside in ICU patients without incurring operating room costs.)

 
Rosenbower and associates concluded that the percutaneous dilatational tracheostomy (using the Ciag​lia technique) is a safe, cost-effective alternative to standard open surgical tracheostomy because it is rapid, safe, easy, and cost effective in critically ill patients who require long-term mechanical ventilation when the procedure is not contraindicated by one or more of the conditions noted above. The long-term complication rate is comparable to that of standard open surgical tracheostomy. 

 
The next paper discussed (not included with these reprints) is entitled The Timing of Tracheotomy: A Systematic Review. It is by Maziak, Meade, and Todd from the Division of Thoracic Surgery at Toronto General Hospital and the University of Toronto, in Toronto, Ontario, Canada, and appeared in CHEST in August, 1998. The authors recall that, in the early 1960s, it was recognized that translaryngeal intubation can damage the oropharynx and larynx after only a few hours and this led to the performance of tracheotomy within 48 hours after tracheal intubation. However, with the development of less traumatic tubes and better ventilatory equipment, tracheotomy is usually delayed for about 2 weeks. Nevertheless, there is still controversy over whether translaryngeal or tracheostomy tracheal intubation causes more frequent and/or more severe laryngotracheal damage. 
 
Maziak and associates note that many studies published in the 1980s showed that patients who underwent tracheotomy had more serious airway and laryngeal injury than patients who did not have tracheotomy, even though most investigators attributed the excess damage in the tracheotomy group to the preceding prolonged translaryngeal intubation (refs 1-7 in this ​paper).

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.
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In 1989, at the Consensus Conference on Artificial Airways in Patients Receiving Mechanical Ventilation indications for placement of nasal and oral endotracheal tubes as well as tracheotomy tubes were defined and the Consen​sus Conference issued the following statement: “If the need for an artificial airway is anticipated to be greater than 21 days, a tracheotomy is preferred.” (Plummer, Gracey, Consensus Conference on Artificial Airways in Patients Receiving Mechanical Ventilation. CHEST 96:178-180, 1989). The Consensus Conference outlined desired research goals, including the need for a multicenter cooperative study comparing long-term translaryngeal intubation to early tracheotomy to better define the indications, limitations, and complications of each of the various routes of securing the airway for mechanical ventilation. 


Because this controversy persists, Maziak and associates systematically reviewed the literature relating to: 

(1) 
the effect of the timing of tracheotomy on the duration of mechanical ventilation; 

(2) 
the secondary changes in the trachea due to tracheal intubation; and 

(3) 
the clinical course of critically ill patients in the ICU. 


Two independent reviewers conducted a MEDLINE search for relevant literature in the form of randomized or observational controlled clinical studies. They selected studies for review on the basis of criteria determined a priori as well as evaluating the methodologic quality of the studies selected for review by duplicate independent review, also using criteria determined a priori.


Maziak and associates  note that only 3 of the 5 studies yielded by their search randomly allocated patients to early or late tracheotomy, although their methods of randomization were substandard since the patients were randomized to long-term translaryngeal intubation or to early conversion to tracheotomy by: (1) alternative allocation to these treatments; (2) date of admission; or (3) the patient’s medical record number. None of the studies was blinded. Follow-up was complete in only two of the studies, and two did not comment on follow-up. 


All of these papers clearly stated the inclusion and exclusion criteria and outlined the method of statistical analysis of the data. The 3 randomized trials reached different conclusions. Although the study by Rodriguez and associates suggested that the duration of mechanical ventilation, ICU stay, and hospital stay were reduced by early tracheostomy, they did not comment on the immediate or long-term sequelae of continued endotracheal intubation versus tracheotomy (Rodriguez, et al., Early Tracheostomy for Primary Airway Management in the Surgical Critical Care Setting. SURGERY 108:655-659, 1990). Moreover, the study included only young trauma patients. 


In contrast, Dunham and LaMonica found no difference with respect to important clinical outcomes with either type of airway management. They did, however, note that the incidence of major laryngotracheal damage was similar for early or late tracheotomy (Prolonged Tracheal Intubation in the Trauma Patient. J. TRAUMA 24:120-124, 1984). 


Conversely, in the third randomized trial, El-Naggar and associates found that the late tracheotomy group had a higher percentage of extubation and a lower incidence of airway lesions. Maziak and associates point out that, clearly, whether these trials are considered separately or together in isolation, or they yield insufficient information to permit a reasonable conclusion about early vs late tracheotomy.


The 2 retrospective studies of early versus late tracheotomy (Lesnik, et al., The Role of Early Tracheostomy in Blunt, Multiple Organ Trauma. AM. SURG. 58:346-349, 1992; and Blot, et al., Early Tracheotomy in Neutropenic, Mechanically Ventilated Patients: Rationale and Results of a Pilot Study. SUPP. CANCER CARE. 3:291-296, 1995) are at odds with each other. The findings of these 2 retrospective studies probably reflect institutional bias in the timing of tracheotomy or certain bias within the study patients.


Thus, Maziak and associates note that a definitive randomized, controlled trial comparing early versus late tracheotomy is still required and, in considering why this has not been accomplished, they note that: 

(1) 
each group of investigators has focused on only one aspect of the problem i.e., either laryngotracheal damage or duration of ventilation and length of stay and a definitive study requires accurate assessment of both outcomes, although assessment of laryngotracheal damage by endoscopy is time-consuming and costly and has precluded an accurate analysis; 

(2) 
the techniques for a proper economic analysis are costly and have precluded the design of several trials because of the importance of ICU cost containment; and 

(3) 
the incidence of laryngotracheal damage may be affected by the etiology of respiratory failure and other complicating clinical conditions and the duration of ventilation may be influenced by factors other than the timing of tracheotomy. 


Therefore, the authors note that an adequate randomized trial would require specific inclusion and exclusion criteria and standardized weaning practices, although this would require study of a large number of patients and standardization of weaning might be difficult to achieve when several institutions are involved.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
 
Maziak and associates concluded by emphasizing that the issue of tracheotomy timing continues to be critically important, despite the difficulty of studying this question. They note that early tracheotomy might benefit patients because it could accelerate weaning and reduce the duration of assisted ventilation, length of hospitalization, and cost. However, they also note that early tracheotomy may provide no benefits related to survival or duration of mechanical ventilation, but could lead to increased airway injury. Finally, the ​authors state that until a well-designed and executed, randomized, 
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prospective study comparing early with late tracheostomy is available this problem can only be managed with anecdotal information and on an individual, case-by-case basis as suggested in the papers reviewed above.

WEANING FROM MECHANICAL VENTILATION AND PLANNED EXTUBATION
 
In their paper cited above, Postoperative Ventilatory Management, Price and Rizk state that conventional weaning indices for predicting successful extubation have been based on functional vital capacity (FVC), maximum inspiratory pressure (MIP), and fractional inspired oxygen requirement (FiO2). (Ed. Note: Oxygenation is also assessed in conjunction with FiO2.) The indices can be divided into oxygenation criteria and ventilatory criteria and are outlined in Table 3 on page 134S of this paper by Price and Rizk.

 
Although these parameters are useful in otherwise healthy patients and patients who have been intubated for less than 1 week, they are insensitive for patients with CO2 retention, underlying pulmonary disease, or patients who have been receiving ventilatory assistance for more than 1 week. Also, none of these conventional weaning criteria assess the patient’s ability to protect his or her airway.


Another consideration during mechanical ventilation is that additional work of breathing (WOB) is imposed by the resistance of endotracheal tubes, breathing circuitry and demand, and positive end-expiratory pressure (PEEP) valves. Price and Rizk note that this work may be overcome by pressure support or evaluated and taken into consideration by measuring WOB. When WOB was assessed by Kirton and associates with a special apparatus (ref 34 in the paper by Price and Rizk), 16% of patients who otherwise would have failed extubation using standard criteria were successfully extubated and only 4% required rein​tu​bation. The normal physiologic WOB is < 0.75 J/L (Joules per liter) in adults (ref 35), although Kirton and his colleagues defined the total WOB as the physiologic WOB plus the WOB imposed by mechanical ventilation. In their study, if the total WOB was < 0.8 J/L, the patient was extubated. If total WOB was > 0.8 J/L, then the imposed WOB was measured and subtracted from total WOB to obtain a value for the physiologic WOB. If this value was < 0.8 J/L, the patient was then extubated (ref 34). 


Levy and associates (ref 35) emphasize that the total WOB alone may not be an accurate indicator of successful extubation, particularly in patients with COPD or obesity, ARDS, or pneumonia. Dehaven and his colleagues (ref 36) restricted WOB assays to tachypneic pa​tients in an otherwise standard weaning protocol. Using this technique, they found that 18% of patients would have otherwise remained intubated due to tach​yp​nea.


Pragmatically, the rapid shallow breathing index (RSBI) has become the most widely used method for predicting successful extubation, because of its simplicity. Price and Rizk note that the RSBI is simply the ratio of breathing frequency to tidal volume measured under conditions of spontaneous ventilation. If the RSBI exceeds 105, it predicts weaning failure (ref 37). This is most helpful in patients with no underlying pulmonary disease who have been ventilated mechanically for < 8 days. 


Jacob and associates (ref 38) found that measuring the RSBI just before and 30 minutes after weaning was highly predictive of weaning outcome in postoperative patients. The RSBI, of course, does not predict post​ex​tuba​tion pulmonary edema or stridor, so it is still necessary to treat hypervolemia before extubation (ref 38). Lee and associates caution that the RSBI is not a good indicator for weaning in medical patients with underlying pulmonary disease (ref 39).


Another parameter for weaning is measurement of the tracheal occlusion pressure (P0.1) defined as the inspiratory pressure generated 0.1 second after airway occlusion. Values of < 2 cmH2O are good indicators of adequate central respiratory drive (ref 33).


In an attempt to integrate a variety of measurements into a simple index that can be calculated (since no single measurement seems to work in all patients), several indexes have been developed. CROP is an acronym for an integrated index of Compliance, Rate, Oxygenation, and maximum inspiratory Pressure (ref 37). CROP attempts to reflect pulmonary gas exchange, as well as the balance between respiratory demand and re​serve. Price and Rizk note that CROP scores > 13 have been associated with successful weaning. The ad​verse factor/ventilator score combines multiple adverse factors with 6 ventilatory support parameters. Indices > 55 are associated with failure to wean (ref 33). 


Another yardstick, the weaning index (WI), is a measure of ventilatory endurance, pressure-time product, and an estimate of the efficacy of gas exchange. A value of < 4 is associated with successful weaning (ref 33). Price and Rizk state that the weaning index and tracheal occlusion pressure (P0.1) are probably the most accu​rate indices for weaning because they best reflect the abnormalities that result in failed extubation (i.e., increased WOB and drive to breathe) but they are not widely available. Because of simplicity and ready availability, the rapid shallow breathing index (RSBI) is the most valuable test, as shown in Table 4 on page 135S, which lists newer criteria for extubation. (Ed. Note: Also see the next paper reviewed by O’Keefe and asso​ciates.)


The value of assessment of the rapid shallow breathing index (RSBI) for determining when a patient is ready for extubation is also confirmed by a study reported in a paper (not included with these reprints) entitled Indicators of Fatigue and of Prolonged Weaning 
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from Mechanical Ventilation in Surgical Patients. It is by O’Keefe and associates from the Department of Surgery at the University of Texas Southwestern Medical Center and the Parkland Health and Hospital System in Dallas, Texas, and appeared in WORLD JOUR​NAL OF SURGERY in January, 2001. 


O’Keefe and his colleagues state that the indicators of weaning success have mostly been tested in patients receiving mechanical ventilatory support for short periods, and they may not be as accurate when ventilatory support has been required for more than a few days. Therefore, the authors evaluated established wean​ing indices in surgical patients requiring 72 hours or more of mechanical ventilation and pros​pec​​tively followed them for 6 months. They assessed the standard indices of ventilatory function daily once patients were ready to wean. These indices included the respiratory rate/tidal volume ratio (RSBI), the maximal inspiratory pressure, and the minute ventilation. 


The duration of weaning and explicitly defined episodes of fatigue were the outcomes of interest and O’Keefe analyzed the multiple factors that might influence the duration of weaning. They note that 95 patients (66% trauma patients and 34% surgery patients) survived to begin weaning, and 93% were successfully weaned. The median duration of mechanical ventilation before weaning was 4 days (range—3 to 16 days), and the median duration of weaning was 3 days (range—0 to 56 days). Fatigue occurred in 36 patients and was not reliably predicted by any of the weaning measurements. However, multivariate analysis showed that an RSBI of > 105 on the first day of weaning predicted prolonged weaning (hazard ratio—1.9; p = 0.03).


O’Keefe and associates concluded that after 72 hours of mechanical ventilation, clinical fatigue and successful weaning are not reliably predicted by standard indices of respiratory muscle strength and reserve. How​ever, a respiratory rate/tidal volume ratio (RSBI) of > 105 at the time a patient is ready to be weaned from the ventilator is associated with prolonged weaning.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


In their paper cited above, Postoperative Ventilatory Management, Price and Rizk point out that, in recent years, it is increasingly apparent that use of some index or protocol, is preferable to physician “best judgment” for weaning. In a randomized, controlled comparison of protocol-directed versus physician-directed weaning, Kollet and associates showed that protocol-guided weaning was more rapid (median of 35 h vs. 44 h). In fact, they noted that even use of divergent weaning protocols, as long as they are reasonable, seems to be more effective than physician-directed weaning, since in this study by Kollet and associates, the medical directors of four different ICUs each devised a unique weaning protocol (ref 40).


The study by Kollet and associates showing that use of some index or protocol, is preferable to physician “best judgment” for weaning was confirmed by the study reported in a more recent paper (not included with these reprints) entitled Protocol Weaning of Mechanical Ventilation in Medical and Surgical Patients by Respiratory Care Practitioners and Nurses: Effect on Weaning Time and Incidence of Ventilator-associated Pneumonia. It is by Marelich and associates from the Division of Pulmonary and Critical Care Medicine of the Departments of Internal Medicine, Surgery, Respiratory Care, and Nursing and the Center for Health Services Research in Primary Care at the University of California, Davis Medical Center in Sacramento. This paper appeared in CHEST in August, 2000. 


The objectives of the prospective, randomized, controlled study reported in this paper by Marelich and his colleagues were to determine the effect of a single ventilator management protocol (VMP) used in 385 patients receiving mechanical ventilation between June, 1997, and May, 1998, in medical and surgical ICUs on the: (1) duration of mechanical ventilation and (2) incidence of ventilator-associated pneumonia. This ICU ventilator management protocol was implemented by respiratory care practitioners and by registered nurses in the ICU.

Study Protocol for Ventilator Management (and Weaning)


Marelich and associates note that the Study Protocol Physicians caring for patients randomized to the experimental (VMP) groups were notified, and a verbal order was requested for study entry. VMP group patients were then screened for the appropriateness of an immediate spontaneous breathing trial (SBT). Patients receiving ventilation for more than 72 h before study entry did not meet criteria for an immediate SBT, and the protocol directed the incremental decrease of each subject’s FiO2, PEEP, intermittent mandatory venti​lation rate, and pressure support (PS) level, as tolerated, in a prioritized fashion.


Patients were then screened for spontaneous breathing trials (SBT) twice daily. To pass the SBT screen, patients had to have: (1) a Glasgow coma score  10 or a tracheostomy; (2) a mean arterial pressure of  60 mmHg without vasopressor agents (dopamine was allowed in doses 5 mg/kg body weight/min), and (3) an adequate cough not limited by pain. Physician approval for SBTs was not required. A 30-mm SBT was used and was performed on flow-by mode, PS (pressure support) 8 cm H2O with PEEP 8 cm H2O, or T piece, at the discretion of the respiratory care practitioner.


The SBT was terminated in the presence of: (1) oxygen saturations < 92%; (2) respiratory rate > 30 breaths/min; (3) spontaneous tidal volumes < 5 mL/kg body weight; or (4) respiratory distress. Physicians were asked at the end of successful SBTs to approve discontinuation of mechanical ventilation. If an SBT was not tolerated, the patients were returned to their prior ventilator settings and were rescreened every 6 hours between 7:00 a.m. and 7:00 p.m. for a repeat SBT, to a maximum of 2 SBTs each day.
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Incremental reduction of FiO2, PEEP, intermittent mandatory ventilation, and pressure support was allowed 24 hours/day for VMP patients. Patients in the VMP group were not allowed to undergo SBT (and therefore subsequent ventilator discontinuation) between 7:00 p.m. and 7:00 a.m. unless they met criteria for an immediate SBT on study entry.


Patients randomized to the control group were managed as per standard ICU practice. Physicians’ orders were required for all ventilator changes and weaning assessments. Algorithmic orders were allowed. No specific information on the VMP was provided to any participating physician. Physicians caring for patients randomized to the experimental (VMP) group were instructed not to interfere with the ventilator management by the respiratory care practitioner unless the patient was in respiratory distress or was unstable. Physicians on the trauma service referred to a printed, standardized description of ventilator management that had been in use before this VMP study was done. 


Marelich and associates note that the ICU patients managed by the single ventilator management protocol (VMP) and the control patients were comparable with respect to age, sex, severity of illness and injury, and duration of respiratory failure at the time of randomization. Use of the single ventilator management protocol decreased the duration of mechanical ventilation for patients from a median of 124 hours for the control group to 68 hours in the VMP group (p = 0.0001). There was a total of 31 episodes of ventilator-associated pneumonia among the 385 medical and surgical patients. Twelve of the surgical control patients developed ventilator-associated pneumonia, in contrast to 5 of the surgical VMP patients (p = 0.061). The effect of the VMP on the frequency of ventilator-associated pneumonia was less for medical than for surgical patients in this study. Mortality and ventilator discontinuation failure rates were similar in the control and VMP groups.


Marelich and associates concluded that a ventilator management protocol (VMP) designed for multidisciplinary use (i.e., surgical and medical patients) was effective in reducing duration of mechanical ventilatory support without any adverse effects on patient outcome. The VMP was also associated with a decreased incidence of VAP in trauma patients. These results, in conjunction with previous studies, indicate that VMPs, implemented by respiratory care practitioners and by registered nurses in the ICU rather than by physicians, are highly effective means of improving care, even in university ICUs.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Weaning


In their paper cited above, Postoperative Ventilator Management, Price and Rizk recall that, in the past, 3 standard weaning trials have been used: 


(1) 
the T-tube method; 


(2) 
IMV trials; and 


(3) 
pressure support ventilation (PSV). 


The T-tube method allows for intermittent trials of spontaneous breathing that are progressively lengthened until the patient can be extubated. IMV weaning permits a gradual decrease of the volume-cycled ventilatory rate. Pressure support weaning, in contrast, incrementally lowers the pressure provided with each spontaneous breath. 


A prospective randomized trial of these three weaning methods indicated that a once-daily trial of spontaneous breathing led to extubation three times more rapidly than IMV and twice as rapidly as pressure support ventilation (ref 41). A similar study assessed the screening of patients for extubation by respiratory therapists, followed by a 2-hour trial of spontaneous breathing to identify patients capable of breathing spontaneously. This method decreased the duration of mechanical ventilation by about 25% (ref 42). Overall, these studies indicate that physicians are slow to recognize patients capable of extubation and that spontaneous breathing trials may be useful for identifying patients who can be safely extubated. 

Failure to Wean


Failure to wean is usually due to oxygenation failure or to ventilatory failure. Oxygenation failure is most commonly associated with alveolar filling processes or low lung volumes. Ventilatory failure implies a mechanical or neuromuscular disorder with impaired ventilation and hypercarbia and most commonly reflects inspiratory muscle fatigue. 


The most common sequence of events in patients failing to wean is progressive tachypnea, paradoxic abdominal wall motion, and a cyclical change in breathing pattern in which the intercostal, abdominal, and dia​phragmatic muscles alternate in assisting breathing. When extubation fails, reintubation should be considered if: (1) the vital capacity falls to < 10–15 mL/kg; (2) the PaO2 falls to < 50–55 mmHg on FiO2 of 50%; (3) the respiratory rate rises to > 35–40 breaths/min; or (4) the midinspiratory flow falls to < 25 L/sec. These guidelines vary with the patient’s clinical appearance.


Price and Rizk note that, after weaning failure, possible correctable factors must be addressed. Nutrition should be maximized without carbohydrate overloading, and metabolic abnormalities should be corrected. Cardiovascular function and volume status should be reassessed. Discontinuing sedation should frequently be a major goal. Neuromuscular dysfunction, if not diag​nosed, should be evaluated. Sleep cycles are best opti​mized to minimize patient fatigue. In patients with severe sleep apnea, progesterone may be of value as a respiratory center stimulant. Bronchodilators are appro​priate for obstruction, and theophylline may be useful for its effects on central drive and diaphragm fatigability. If a correctable abnormality is found, selective use of noninvasive ventilation with a ventilatory support 
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system (BiPAP) may prevent reintubation. Pulmonary edema is the condition most readily managed in this way.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


The potential usefulness of noninvasive positive-pressure ventilation (NPPV) in selected patients requiring mechanical ventilatory support who fail extubation is described in a paper (not included with these reprints) entitled Trials Comparing Alternative Weaning Modes and Discontinuation Assessments. It is by Meade, Cook, and associates from the Departments of Medicine and Clinical Epidemiology and Biostatistics at McMaster University in Hamilton, Ontario; and the Department of Respiratory Therapy at the Hamilton Health Sciences Corporation in Hamilton, Ontario, Canada. This article is based on work performed by the McMaster University Evidence-based Practice Center, under contract to the Agency for Healthcare Research and Quality (Contract No. 290-97-0017) of Rock​ville, Maryland. This paper appeared in CHEST in December, 2001. 


The authors identified 16 randomized controlled trials of methods for weaning patients from mechanical ventilation, 8 of which were trials of discon​tinuation assessment strategies, 5 of which were trials of stepwise reduction in mechanical ventilatory support, and 3 of which were trials comparing alternative ventilation modes for weaning periods lasting < 48 hours. They found that different thresholds for de​ciding when a patient is ready for a trial of sponta​neous breathing, different criteria for a successful trial, and different thresholds for extubation may overwhelm the affect of alternative ventilation strategies. Nevertheless, the results of these studies suggest the possibility that multiple daily T-piece weaning or pressure support may be superior to synchronized intermittent mandatory ventilation for weaning.


Meade and associates note that randomized controlled trials indicate that early extubation with the back-up institution of NPPV as needed may be a useful strategy in selected patients. Indeed, the authors point out that the most dramatic finding in studies of progressive reduction in ventilatory’ support is from two small, but sound, trials that suggest that NPPV is markedly superior to pressure-supported ventilation with or without CPAP. While these results are intriguing, the randomized trials that addressed this question included fewer than 100 patients. 


Nevertheless, the promising results of these studies are reinforced by the unequivocal results of systematic reviews of NPPV in patients with exacerbations of COPD who were on the threshold of ventilatory failure that demonstrate mortality benefits in favor of NPPV. Meade and associates state that investigation of early NPPV in patients receiving mechanical ventilation should be one of the top priorities in this area of clinical research.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

The next paper discussed (not included with these reprints) is entitled Evidence-based Guidelines for Weaning and Discontinuing Ventilatory Support. This very useful paper is by MacIntyre, Cook, and the other members of the Writing Committee on Behalf of a Collective Task Force Facilitated by the American College of Chest Physicians; the American Association for Respiratory Care; and the American College of Critical Care Medicine. This paper also appeared in CHEST in December, 2001. (Ed. Note: While this paper is not included with these reprints, the full text of it and any recent articles from CHEST can now be readily downloaded from the Internet and printed, free-of-charge, in PDF format. The Internet site for obtaining all except the most recent CHEST articles is www.chestjournal.org.) 


MacIntyre and associates note that, as the conditions that warranted placing the patient on a ventilator stabilize and begin to resolve, the ventilator should be removed as quickly as possible. Unnecessary delays in this discontinuation process increase the complication rate for mechanical ventilation (e.g., pneumonia or airway trauma) as well as the cost. However, aggressiveness in removing the ventilator must be balanced against the possibility that discontinuation may be premature. Nevertheless, up to 42% of the time that a patient spends on a mechanical ventilator is during the discontinuation (weaning) process and this percentage is likely to be much higher with more slowly resolving lung pathology. Parenthetically, the authors of this paper point out that ventilator discontinuation is often termed “ventilator weaning” (implying a gradual process), but they prefer the more encompassing term “discon​tinuation.”

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


MacIntyre note that the following important issues are involved in the discontinuation of mechanical ventilation: 

(1) 
why a patient required a mechanical venti​lator; 

(2) 
techniques for distinguishing patients capable of ventilator discontinuation from those who are not; 

(3) 
an understanding of ventilator management for stable/recovering patients who still require some ventilatory support in order to minimize both complications and resource consumption; 

(4) 
the role of tracheotomy; and 

(5) 
long-term ventilator facilities for long-term ventilator-dependent patients.


To address many of these issues, the Agency for Health​care Policy and Research (AHCPR) charged the McMas​ter University Evidence Based Practice Center to perform a com​prehensive evidence-based review of many of the ​issues involved in ventilator weaning/dis​con​tin​u​a​tion based on an exhaustive review of several thousand articles in the world literature by Cook of the Writing Committee that resulted 
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in a comprehensive assessment of the state of the literature in 1999. From these evidence-based reviews, a series of recom​mendations was developed by the task force, which are the basis of this report.


MacIntyre and associates first note that the search for the underly​ing causes for ventilator dependence may be especially important if previously unrecognized, but reversible, conditions are discovered. The 4 basic causes of ventilator dependency are: 


(1) 
neurologic; 


(2) 
respiratory; 


(3) 
cardiovascular; and 


(4) 
psychologic. 


The reader is referred to pages 377S-378S of this paper for the detailed discussions of each of these 4 causes of ventilator dependence (not included with these reprints, but available from the publisher: www.chestjournal.org).

The Role of Tracheotomy in Mechanically Ventilated Patients


The authors summarize the role of tracheotomy in patients receiving mechanical ventilatory support by noting that tracheotomy should be consid​ered after an initial period of stabilization on the ventilator when it becomes apparent that the patient will require prolonged ventilator assistance. Tracheotomy then should be performed when the patient appears likely to gain one or more of the benefits ascribed to the procedure. MacIntyre and associates note that patients receiving mechanical ventilation who may derive particular benefit from early tracheotomy include:

1. 
those requiring high levels of sedation to tolerate trans​laryngeal tubes;

2. 
those with marginal respiratory mechanics (often manifested as tachypnea) in whom a tracheostomy tube having lower resistance might reduce the risk of muscle overload;

3. 
those who may derive psychological benefit from the ability to eat orally, communicate by articulated speech, and experience enhanced mobility; and

4. 
those in whom enhanced mobility may assist physical therapy efforts.

The Role of Long-term Facilities for Mechanically Ventilated Patients


MacIntyre and associates emphasize that a patient who remains ventilator-dependent despite maximal medical/surgical therapy and aggressive attempts to remove ventilator support is becoming an increasing challenge for critical-care practitioners. They cite two studies, which showed that up to 20% of medical ICU patients met the 21-day Health Care Financing Administration (HCFA) definition of prolonged mechanical ventilation (PMV). 


Better treatment and technology, no doubt, are playing a major role in the conversion of patients who would have died a decade ago into patients who survive today, but who have substantial remaining respiratory dysfunction. Before the 1980s, these patients simply remained in ICUs and were managed using acute-care principles. The only other option was permanent ventilator support in either the patient’s home or in a nursing home. The authors note that financial pressures, coupled with the concept that the aggressive ICU mindset might not be optimal for the more slowly recovering patient, have led to the creation of weaning facilities (both freestanding facilities and units within hospitals) that are potentially more cost-effective and better suited to meet the needs of these patients. A body of literature is now emerging indicating that many patients who previously would have been deemed “un​weanable” may achieve ventilator independence in such facilities.

MacIntyre and associates recommend unless there is evidence for clearly irreversible disease (e.g., high spinal cord injury or advanced amyotrophic lateral sclerosis), a patient requir​ing prolonged mechanical ventilatory support for respira​tory failure should not be considered permanently venti​lator-dependent until at least 3 months of weaning attempts have failed. They state that data from several centers caring for patients requiring long-term me​chan​ical ventilation offer insight into this question. In the Bar​low Regional Weaning Center experience, patients with prolonged ventila​tor dependence following acute cardiorespiratory failure were still undergoing ventilator discontinuation up to 3 months (and, on occasion, 6 months) post​intubation (refs 208-210 in this paper). Other studies (refs 211-212) show that the average time difficult-to-wean patients depend on ventilator support in the ICU is 36 days in addition to an average of 31 days during subse​quent (post-ICU) weaning. 


Thus, MacIntyre and associates state that the weight of evidence shows that several months of attempts at ventilator discontinua​tion are required before most patients who are receiving mechanical ventilation for acute respiratory failure can be declared to be permanently ventilator-dependent.


There are more than 30 studies (mostly observational, rather than controlled) on post-ICU weaning from prolonged mechanical ventilation. Table 9 from this paper, reproduced on the next page, summarizes the studies that report outcomes in more than 3,062 post-ICU patients in whom prolonged mechanical ventilation is defined as > 21 days of venti​lator dependency. Table 9 shows that 1,558 (52%) of these 3,062 patients were weaned effectively and safely from ventilation after they were transferred to units dedicated to discontinuing ventilatory support and the overall survival-to-discharge rate was 62%.


MacIntyre and associates note that the long-term regional weaning facilities generating the data in Table 9 are of two basic types. The first type, which includes most, but not all, of these facilities are those which are licensed as long-term acute-care hospitals, which are required by the HCFA to maintain a mean length of stay of > 25 days. These facilities are most often freestanding hospitals, which may have their own ICUs. Called “regional weaning centers” (RWCs) in Table 9, they serve several to many hospitals in their geographic area. 


The second type of long-term weaning facilities are step-down units or noninvasive respiratory-care units (NRCUs) which have no specific length-of-stay requirement. These units usually are located within a host hospital and primarily serve that hospital. 
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ILLUSTRATIONS


While both types of facilities have acute-care staffing, but not critical-care (ICU) staffing, they are often dissim​ilar in hospital admission and discharge criteria, treatment capability, and the availability of specialty/subspecialty consultation services and procedures offered on site, all of which may have a significant effect on the outcome of care. Both types of facilities are characterized by less intensive staffing and less costly monitoring equipment, therefore, they generate less cost per patient than do ICUs.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

MacIntyre and associates recommend, on the basis of the experiences in these long-term weaning facilities, that management of prolonged mechanical ventilation patients should be slow-paced and should include gradually lengthening self-breathing trials.


Despite differences in patient population and physical facilities, MacIntyre and associates note that the 
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available information on strategies for the discontinuation of prolonged mechanical ventilation in the studies listed in Table 9 has several similarities. (See Table 10 also reproduced on the previous page.) Daily spontaneous breathing trials (SBTs) initially are uncommon in long-term facilities since patients have already shown that they very unlikely to “turn around” in 24 hours. Instead, ventilator support is gradually reduced, using common modes of partial support. (See Table 7 from this paper by MacIntyre and associates also reproduced on the previous page.) 


Usually at the point of approximately half-support by mechanical ventilation, patients are switched to spontaneous breathing trials described above, which often is employed along with self-breathing trials of increasing duration. Since most patients are tracheotomized, tracheal collars are used to supply both oxygen and humidity, instead of the familiar T-piece used in the ICU. During these procedures, it is important for the staff to remain patient. Psychological support and careful avoidance of unnecessary muscle overload is important for these types of patients.


Long-term weaning facilities may be a particularly useful place to implement protocols such as those described MacIntyre and his associates on the Task Force. Skilled nonphysician personnel (e.g., registered nurses and registered respiratory therapists) are generally continually present in these units and are in a position to constantly interact with the patient and to make ventilator adjustments as appropriate. Of interest, MacIntyre and associates note that after the implementation of a therapist-implemented protocol for weaning, the time to weaning in a regional weaning center, with its predominantly “medical” population, de​clined from a median of 29 days to < 17 days over a 2-year period of protocol use.
UNPLANNED EXTUBATION AND REINTUBATION


The first paper discussed in this section of the Overview (but not included with these reprints) is entitled Unplanned Extubations in the Adult Intensive Care Unit A Prospective Multicenter Study. It is by Boulain and the Association Des Réanimateurs Du Centre-Ouest from the Service de Reanimation Médicale, Centre Hospitalier Universitaire Bretonneau, Tours, France, and appeared in the AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE in April, 1998. Among complications of endotracheal intubation for respira​tory support in critically ill adult patients, unplanned (i.e., self or accidental) extubation (UEX) occurs frequently and can cause morbidity or death. 


The factors contributing to this event are not well recognized in adult patients, and studies are conflicting—for instance, about whether factors such as the route of tra​cheal intubation, the method of tube fixation, or the level of patient consciousness could predispose unplanned extubation. Furthermore, although life-threatening complications of UEX have been described by several authors. Other possible consequences of UEX such as pneumonia or prolongation of mechanical ventilation (MV) have not been systematically examined; therefore, Boulain and his colleagues designed a prospective multicenter study to define the predisposing factors, assess the complications, and suggest means of preventing UEX in 426 patients receiving mechanical ventilation in 11 medical or medical-surgical adult ICUs in France. These hospitals included 3 university hospitals, 1 regional and teaching hospital, and 7 general hospitals from April 1, 1992, to May 31, 1992. The demographic and clinical characteristics of these patients are shown in Table 1 reproduced above from this paper by Boulain and associates.


Overall, this study included 3,576 patient-venti​lated days, or a total of 3,312 patient-ventilated days after excluding ventilated days after UEX or after a tracheotomy had been performed. There was at least 1 episode of UEX among 46 (10.8%) of the 426 study patients; 5 of the 46 patients had 2 episodes each; and 2 patients had 4 episodes each. As a result, there was a total of 57 unplanned extubations for a rate of 1.59 unplanned extubations per 100 intubated days. The 10.8% rate of UEX is similar to the 7%–16% rates reported in 6 other recently reported patient series.


Unplanned extubation patients (mean age—60 ± 21 years) received mechanical ventilation for a mean of 5.2 + 8.1 days (range—1 to 38 days) before their first episode of UEX, and the average total time they received mechanical ventilation was 10.9 ± 10.6 days (range—1 to 42 days). Their admission SAPS (severity acute physiology score) was 13 ± 3.2, which was essentially the same as the SAPS of the patients who did not sustain unplanned extubations. Thirty patients were orally intubated and 27 nasally intubated when unplanned extubation occurred.
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At the time of UEX, 46% of 57 patients who sustained unplanned extubations were considered cooperative, 61% were agitated, 12% were receiving continuous intravenous sedation, and 58% had their hands restrained. UEX was considered to be self-extubation 55 times, deliberate or not (including 2 UEX partially due to an air leak in the tube cuff and 2 UEX probably due to tube position). Twice, UEX was acci​dentally caused by one of the nursing staff. Overall, 10 UEX occurred during nursing procedures (washing or chang​ing the patient) at the bedside. The times of occurrence of UEX were evenly distributed among the different days of the week and among the different times of day. The mean nurse-to-patient ratio when the unplanned extubations occurred was essentially the same as the mean ratio in each of the 11 ICUs taking part in this study (range—1 of 3 to 1 of 4).

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.
Risk Factors for Unplanned Extubation


Boulain and associates note that, among the baseline clinical characteristics that could not change during the study period, only the presence of chronic respiratory failure (CRF) was a risk factor for UEX. The ICU facility did not influence the probability of UEX.


After excluding patients from the study in whom methods were alternated for tube fixation, routes of intubation, tube types, or ventilators during their period of intubation as well as excluding all 38 patients from one center where no UEX occurred, the study population consisted of 380 patients, including 38 UEX patients. In this restricted population, day-to-day univariate analysis indicated 3 risk factors for UEX: 

(1) 
lack of strong tube fixa​tion (i.e., fixation with only thin adhesive tape; log rank—4.15; p = 0.041); 

(2) 
orotracheal intubation (log rank—4.07; p = 0.043), and 

(3) 
presence of chronic respiratory failure (log rank = 3.95; p = 0.047). 

Af​ter adjustment using the Cox proportional-hazards model, orotracheal intubation (odds ratio [OR]—3.6; 95% CI—1.26 to 10.2) and chronic respiratory failure (OR—2.43; 95% CI—1.17 to 5.07) remained as indepen​dent risk factors for UEX.


Considering the number of intubated days in conjunction with the presence or absence of potential risk factors, 7 factors appeared to be independent risk factors. Three of those 7 were found to be signifi​cant: (1) lack of strong tube fixation; (2) lack of intravenous sedation; and (3) oro​tra​che​al intubation. Despite the lack of logistic analy​sis, it was readily shown that these 3 factors interacted in an additive or multiplicative manner: the UEX rate when no factor or only one was present ranged from 0 to 0.5 per 100 ventilated days; with 2 factors it ranged from 2.3 to 3.6 per 100 venti​lated days; and it reached the rate of 4.1 per 100 ventilated days when all 3 factors were present. The overall rate of 1.6 unplanned extubations per 100 ventilated days in this study is similar to the 1.1–2.1 per 100 ventilated days in other reports.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Complications of Unplanned Extubation


The mortality rate was similar in UEX (7 of 46) and non-UEX (98 of 380) patients. The rate of nosocomial pneumonia was sim​ilar in UEX (4 of 46) and in non-UEX patients (22 of 380); in fact, the 4 cases of nosocomial pneumonia in the UEX patients occurred before the episode of UEX. When only the first episodes of extubation were considered for each patient, the rate of reintubation after UEX was 61% (28 of 46). This rate was higher (p < 0.0001) than the reintubation rate of 10% (28 of 284) observed in the non-UEX population after planned extubation. 


The UEX patients who had chronic respiratory failure were reintu​bated more frequently than non-UEX patients (14 of 16 and 13 of 30, respectively; p < 0.01). Of a total of 28 reintubations among the UEX patients, 27 were performed within 72 hours (a de​lay generally used to define successful weaning from the venti​lator). Among them, 19 were done within 2 hours for life-threatening respiratory failure. None of the non-reintubated UEX patients died. In the non-UEX population, the attempt to wean them from the ventilator led to reintubation within 72 hours in 22 cases considered to be failures of weaning. The reason for reintubation was respiratory distress in all cases.


The additional duration of mechanical ventilation (MV) after the first extubation was similar in the re​intu​bated UEX patients and in the reintu​bated non-UEX patients (9.5 ± 6 days vs. 10.5 ± 7 days, respec​tively). This additional length of MV was also similar (by analysis of variance) between UEX and non-UEX patients in the subgroups of chronic respiratory failure and non-chronic respiratory failure patients.


The rate of immediate laryngeal edema after extubation was similar in UEX patients (2 of 46) and in non-UEX patients (12 of 284). Boulain and associates observed no bleeding complication of extuba​tion in either group. One prolonged cardiac arrest, causing death 2 days later, complicated one episode of UEX in a postoperative 41-year-old patient. (This was the only death related to UEX in this series of patients.)


Boulain and associates concluded that although mechanical ventilation (MV) is useful in critically ill patients even for long periods, ventilated patients are exposed to additional complications due to MV itself. Among these complications, UEX is a frequent event that can lead to seri​ous immediate complications, such as an ischemic cardiac ar​rest, or delayed complications related to the necessity of reintubation and perhaps to 
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an undue additional length of MV. This study clearly shows that a lack of intravenous seda​tion, the oro​tra​che​al route for intubation, and a lack of secure tube fix​a​tion are the major predisposing factors to UEX in ventilated adult patients. 


While it might seem difficult to improve the efficiency of patient surveillance and monitoring, particularly in French ICUs where the nurse-to-patient ratio is rarely over 1:3, Boulain and associates think that more vigilance by both the medical and nursing staffs in ICUs might reduce the incidence of UEX. This should include: 

(1) 
more adequate treatment of agitated patients; 

(2) 
verification of the correct position of the endotracheal tube daily (or more frequently) in patients who are orally intu​bated; 

(3) 
secure fixation of the endotracheal tube, particularly in orally intubated patients; and (4) daily consideration of the possibility of planned extubation. 

(Ed. Note: As pointed out by the authors of the next paper reviewed, some patients are maintained on ventilatory support longer than necessary.)


The next paper discussed (not included with these reprints) is entitled A Prospective Study of Unplanned Endotracheal Extubation in Intensive Care Unit Patients. It is by Betbesé and associates from the Intensive Care Unit of Hospital de la Santa Creu i Sant Pau, Universitat Autônonia de Barcelona, in Barcelona, Spain, and appeared in CRIT​ICAL CARE MEDICINE  in July, 1998. Several reports analyze the conse​quences of unplanned extubation (UEX) in critically ill patients, but there has been no prospective study analyzing factors that predict the need for reintubation. 


Between May, 1993, and January, 1996, Betbesé and associates prospectively studied 55 adult patients requiring endotracheal intubation and mechanical ventilation for more than 48 hours who sustained 59 episodes of unplanned extubation (frequency of unplanned extubation—7.3% of all intubated patients in their ICU). They performed this study in their 16-bed general ICU in a university tertiary referral hospital of 700 beds in order to: 

(1) 
analyze the magnitude of UEX in their ICU; 

(2) 
determine which variables may predict the need for reintubation after an episode of UEX; and 

(3) 
evaluate whether or not this UEX significantly increases mor​bidity and/or mortality or not.


There were 46 episodes of deliber​ate self-extubation (78%) and 13 episodes (22%) of accidental extubation. Twenty-seven (46%) of the episodes occurred in patients receiving full mechanical ventilatory support and 32 (54%) of the episodes occurred during weaning from mechanical ventilation. Reintubation was required after 27 episodes (46%) of UEX. Reintubation was required by 37% of the patients after deliberate self-extubation, in contrast to 77% of those sustaining accidental extubation patients (p = 0.01). Only 5 (16%) of 32 patients who sustained UEX during weaning re​quired reintubation, while reintubation was mandatory in 22 (82%) of the 27 patients who sustained UEX during full mechanical venti​latory support (p < 0.001). Multiple logistic regression analysis was performed to determine the variables independently associ​ated with the need for reintubation and this showed that the number of days of mechanical ventilation a patient had received was significantly associated with the need for reintuba​tion, and weaning was associated with no need for re​intu​bation. The model correctly predicted the need for rein​tubation in 50 (85%) of 59 reintubations.


Betbesé and associates concluded that, when deliberate, but unplanned, self-extubation occurs dur​ing weaning from mechanical venti​la​tion, reintubation is often not needed. This indicates that some patients undergo mechanical ventilation longer than necessary. Therefore, clinical evaluation of mechanically ventilated patients at least once daily is of utmost importance to determine whether or not patients meet the criteria for planned extubation. Close attention and surveillance during mechanical ventilation are of great importance, including protocol-directed weaning regimens, because this not only can reduce the duration of mechanical ventilation, but also the number of complications, including unplanned extubation. Although UEX is one of the most common complications of mechanical ventilation, and is potentially dangerous, no patients in this series died as a result of unplanned extubation. 


The next paper discussed (not included with these reprints) Unplanned Extubation: Risk Factors of De​vel​opment and Predictive Criteria for Reintuba​tion. It is by Chevron, Bonmarchand, and associates from the Medical Intensive Care Unit and the Department of Biostatistics at the Charles-Nicolle Hospital in Rouen, France, and appeared in CRITICAL CARE MEDICINE in June, 1998. Endotracheal intubation is the main route used to provide effective delivery of mechanical ventilation to intensive care patients. Along with its numerous advantages, intubation is also associated with a number of dis​advantages, and sometimes very seri​ous complications, including unplanned extubation.


Unplanned extubation (UEX) is defined as expulsion of the endotracheal tube. The tube is removed either deliberately by the patient or accidentally during nurs​ing care. UEX occurs in 3%–13% of intubated patients. It is a potentially serious accident since, in 31%–78% of cases, UEX requires reintu​bation and/or is complicated by arrhythmias, bronchial aspiration, dif​ficulty in reintu​ba​tion, or even death. 


Despite the frequency and potential severity of UEX, no studies, to the authors’ knowledge, have characterized the type of patients who are sus​ceptible to UEX or the circumstances predisposing to this complication, such 
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as the nursing workload. Furthermore, only one study has identified predictive criteria for reintubation; therefore, Chevron and associates conducted a study to: 

(1) 
define the type of patients likely to sustain UEX; 

(2) 
investigate a possible link between the development of UEX and the nursing workload; and 

(3) 
determine the factors predictive of reintubation.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Chevron and her colleagues recorded the following parameters: gender, age, main reason for admission, Simpli​fied Acute Physiology Score II, route of intubation (oral or nasotracheal), tube diameter, ventilatory mode, FiO2, frequency and tidal volume delivered by the ventilator immediately before UEX, arterial blood gases performed 24 hours before UEX, the presence of any sedation with, in this case, the last Ramsay score, the presence of hand restraints, the presence of weaning of ventilation, the accidental or deliberate nature of UEX, the Glasgow coma ccore at the time of UEX, the duration of ventilation before UEX, total duration of ventilation and stay in the intensive care unit, and the patient’s survival or death.


The authors evaluated the nursing workload using a score derived from the Projet de Recherche en Nursing and adapted to intensive care. UEX patients were more frequently intubated orally than controls (33.3% vs. 14.9%, respectively; p < 0.05). Among the sedated patients, UEX patients were more often agitated than controls (60% vs. 19%, respectively; p < 0.05). The nursing workload did not differ between days with and days without UEX.


Twenty-three (37%) of the 62 cases of UEX were reintu​bated. In the first study, which lasted 10 months, UEX occurred in 40 (14%) of 281 ventilated and intubated patients; 36 cases were sufficiently documented to be compared with 74 intubated and ventilated controls. In the second study, which lasted 15 months, the 23 reintubated patients among a series of 62 UEX patients were compared with the 39 patients who were not reintubated. 


In these studies UEX was deliberate in 87% of the cases and 63% of deliberate, but unplanned, extubation patients did not require reintubation. These results reflect a delay in weaning and extubation in certain patients that might be explained by an inadequate ratio between the number and quality of the nursing staff and the number of patients and severity of their illnesses. Thorens and associates demonstrated that, when this ratio was below a specific threshold, the dura​tion of weaning and mechanical venti​lation markedly increased, despite the use of a weaning protocol (Influence of the Quality of Nursing on the Duration of Wean​ing from Mechani​cal Ventilation in Patients with Chron​ic Obstructive Pulmonary Disease. CRIT. CARE MED. 23:1807-1815, 1995). 

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

A delay in weaning and extubation could also be explained by the fact that in this study the initiation and management of the weaning process were left to the clinical judgment of the attending physician alone. In contrast, Ely and associates and Kollef and his colleagues recently demonstrated that the weaning process led to a more rapid extubation when guided by a protocol than when directed by a physi​cian alone. 


Finally, it is also possible that the use of pressure-sup​port venti​lation unduly prolongs the duration of wean​ing. Esteban and associates reported that patients who were weaned using intermittent trials of spontaneous breathing were extubated twice as rapidly as patients using pressure support ventilation.


Chevron and associates concluded that patients at risk for unplanned extubation (UEX) are characterized by oral, rather than nasal, intubation and inade​quate sedation. They also found that multivariate analysis showed that 3 factors were significantly correlated with a significantly greater likelihood of reintubation: 

(1) 
the level of consciousness evaluated by the Glas​gow coma score; 

(2) 
acciden​tal rather than deliberate UEX; and 

(3) 
a PaO2/FiO2 ratio of < 200 (< 26.7 kPa). 

This study partially confirm the results of a study reported by Listello and Sessler in 1992. 

BRONCHOSCOPY IN ICU PATIENTS

 
The next paper discussed is entitled Role of Bronchoscopy in Modern Medical Intensive Care Unit. It is by Raoof, Mehrishi, and Prakash from the Inter​ven​tional Pulmonary Unit of the Division of Pulmonary and Critical Care Medicine at Nassau University Medical Center in East Meadow, New York; the Department of Clinical Medicine at the State University of New York, in Stony Brook, New York; and the Division of Pulmonary and Critical Care Medicine at the Mayo Medical Center and the Mayo Medical School in Rochester, Minnesota, and appeared in CLINICS IN CHEST MEDICINE in June, 2001. The common causes of pulmonary disease in the ICU include pneumonia (community-acquired and nosocomial), pulmonary edema (cardiogenic and non​cardiogenic), pulmonary hemorrhage, thromboembolic disease, pri​mary and metastatic lung cancer, drug- and radiation-induced lung injury, and others, including connective tissue disorders.


Raoof and associates note that the versatility and easy portability of the fiberoptic bronchoscope (FOB) allow bronchoscopy to be performed easily and safely at the bedside. Tobin and his colleagues estimate that as many as 98% of all bronchoscopic procedures are now performed with the fiberoptic bronchoscope. 


However, despite the many advantages of fiberoptic bronchoscopy, rigid bronchoscopy is sometimes preferred, especially as the primary means of diagnosing and treating massive hemoptysis or large foreign body 
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aspiration. Rigid bronchoscopy in the ICU, is limited to situations in which a fiberoptic bronchoscope is not available or in a spontaneously breathing patient with a mature tracheal stoma. High-risk patients and those who require bronchoscopic lung biopsies (BLB) probably still should undergo rigid bronchoscopy in the operating room because of the risk of bleeding and tension pneumothorax (especially with positive-pressure ventilation.)

Indications for Bronchoscopy


The frequencies of conditions for which bronchoscopy is performed in ICU patients with various medical conditions are listed on page 242 of this paper by Raoof and associates (from Hasegawa and his colleagues [ref 108] and Olapade and associates [ref 86]). Olapade and associates reported that 45% of a total of 198 bronchoscopies, were performed to remove retained secretions, 35% to obtain specimens for culture, 7% to evaluate the airway evaluation, 2% to diagnose and treat hemoptysis, and 0.5% each to facilitate endotracheal intubation and removal of foreign bodies. 

 
Raoof and associates note that diagnostic and therapeutic bronchoscopies are often performed simultaneously. They recall that in their prospective study of a series of 56 bronchoscopies in 50 patients, Bellomo and his colleagues performed 68% of the examination for diagnostic purposes and 32% for therapeutic reasons. 


Therapeutic and Diagnostic Bronchoscopy—Hemoptysis


One of the major diagnostic indications for ICU fiber​optic bronchoscopy is the evaluation of hemoptysis. Raoof and associates cite a study of 264 consecutive patients undergoing bronchoscopy for initially unexplained hemoptysis in whom bronchogenic carcinoma (29%) and bronchitis (23%), were the major causes of hem​optysis. No specific cause was determined in 22% of patients (ref 102). Because of the risk of recurrent hemorrhage, bronchoscopy should be performed for hemoptysis within 12–18 hours after ICU admission (ref 104). Patients with massive hemoptysis should be intubated to secure the airways in case the rate of bleeding increases. In addition, intubation permits easy removal and reintroduction of the bronchoscope if the suction channel becomes occluded with a blood clot. 


Fiberoptic bronchoscopy allows easy access to the upper lobes and more distal bronchial orifices. If the site of active bleeding cannot be identified with confidence, the fiberoptic bronchoscopy may be used to lavage the segments of the lung to look for appearance of fresh blood. Once the bleeding segment is identified, further therapeutic measures can be attempted to stop the bleeding.


Raoof and associates note that the initial attempt at visualizing the bleeding site is most often made by fiberoptic bronchoscopy, although in about 10% of patients when bleeding is massive, rigid bronchoscopy is preferred. After locating the source of hemoptysis, the bleeding site can often be controlled by direct instillation of iced saline or a combination of saline and 1:1000 epinephrine. 


Additional techniques include direct application of a solution of thrombin or fibrinogen-thrombin combination or use of a Fogarty balloon-tipped catheter to tamponade the bleeding bronchoscopic subsegment. Right-heart balloon catheters also have been used to control bleeding. The larger Fogarty catheter balloon may occlude a lobe or perhaps an entire lung. However, the smaller right-heart balloon catheter can be maneuvered into subsegmental bronchi and thereby preserving gas exchange to a greater extent while tamponading the bleeding site.

Some bleeding lesions can be controlled by endobronchial electrosurgery and laser therapy. Raoof and associates also point out that surgical treatment of massive hemoptysis should always be considered. Selective unilateral intubation with a double-lumen endo​tra​cheal tube can be a lifesaving measure in an attempt to exclude the healthy lung from the bleeding site. Once hemodynamic stability and adequate oxygenation are achieved, copious lavage and suctioning of the non​bleed​ing side can be performed with the fiberoptic bronchoscope.

Therapeutic Bronchoscopy—
Retained Secretions and Atelectasis


Raoof and associates note that therapeutic fiberoptic bronchoscopy is mostly done to clear thick mucous secretions and plugs, especially when tracheal suctioning, inhaled bronchodilators, and chest physiother​apy fail to do this. Immediate bronchoscopy is necessary at times to clear out thick mucous plugs, especially in patients with underlying pulmonary diseases.


Raoof and associates recall that Weinstein and his colleagues performed 43 therapeutic fiberoptic bronchoscopies in patients with respiratory failure; 80% of these lavages were associated with a significant increase in the ratio of arterial to alveolar oxygen pressures and 63% with a significant increase in effective static compliance within 8 hours after lavage (ref 130). Prompt bronchoscopic removal of retained thick mucous secretions and plugs is lifesaving in some patients and should not be withheld because of hypoxemia, which may itself be the reason to perform the bronchoscopy. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Therapeutic bronchoscopy for retained secretions is usually reasonably successful. Raoof and associates note that Lindholm and his colleagues (ref 71) observed an improvement in aeration on chest x-ray in 81% of 71 procedures 
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and Stevens and associates observed improved oxygenation in 44% of 70 fiberoptic bronchoscopies performed for retained secretions. In another surgical ICU study, 58% of 51 patients who underwent 67 bronchoscopies had x-ray improvement in aeration (ref 113).


Tsao and associates (ref 120) described a new technique for re-expanding and atelectatic lung. They insufflated room air into the lung with an Ambu bag connected to the working channel of a bronchoscope after the bronchoscope was wedged into a segment of the collapsed lung. They observed rapid and complete radiologic resolution, accompanied by a stencil decrease in the alveolar-arterial oxygen gradient over the ensuing 24 hours in 12 (85%) of 14 patients.


Raoof and associates recall that, although the superiority of fiberoptic bronchoscopy over physiotherapy for the treatment of retained secretions has not been clearly established, Overstreet and his colleagues proposed that bron​choscopy should be performed if: (1) atelectasis is caused by retained secretions and (2) air bronchograms are visible only to the level of segmental bronchi. When there is a distal air bronchogram that extends to sub​seg​men​tal bronchi or beyond, chest physiotherapy is more likely to be useful (ref 87). 


Although not proved prospectively, Raoof and associates state that fiberoptic bronchoscopy should be strongly considered in patients who have: (1) atelectasis involving a lobe, or more than one lobe atelectasis, in a patient who has not responded to vigorous chest physiotherapy or (2) life-threatening atelectasis entire lung. They note that, with the exception of large, obstructing central airway mucous plugs, improved aeration on a chest film usually does not occur for 6–24 hours and its follows auscultatory findings and gas-exchange evidence of improved aeration.


Endobronchial Obstruction


Endobronchial stenting in respiratory failure caused by central obstructive lesions can prevent impending respiratory failure and facilitate weaning. Expandable wire endobronchial stents are used most commonly for malignant obstructing lesions, and silicone stents are used for patients with either malignant or benign obstructing lesions. Endobronchial obstruction caused by primary lung cancer or metastatic disease may lead to respiratory failure requiring emergency relief of the obstruction by broncho​scop​ic Nd-YAG laser therapy and endobronchial stenting followed by mechanical ventilatory assistance. Immediate relief of airway occlusion and obstructive symptoms can be expected in > 90% of patients. Raoof and associates refer to a series of 37 patients from the Cleveland Clinic, 18 of whom had acute symptoms of bronchial obstruction. After placement of endobronchial Wallstents, all of these patients had endoscopic evidence of airway patency and 97% had symptomatic relief. 


Control and Monitoring of Airways


Raoof and associates recall that Marelli and his colleagues assessed the benefits of bronchoscopic guidance of percutaneous tracheostomy in 61 patients in whom bronchoscopic transillumination facilitated identification of the appropriate site and verified satisfactory placement of dilators and a tracheostomy tube. They concluded that endoscopic guidance of percutaneous tracheostomy increases the safety of the procedure and may prevent complications such as pneumothorax, subcutaneous emphysema, and creation of paratracheal false passage (ref 75). 

 
Removal of Foreign Bodies


Flexible bronchoscopy allows evaluation of the lower respiratory airways for the presence of obstruction and foreign bodies, such as avulsed teeth, food particles, parts of animal bones, and a variety of other objects and removal of such blockages with various endobronchial instruments with success rates ranging from 60% to 82% (refs 70, 126). Large foreign bodies can be removed by applying suction and bringing the entire bronchoscope out with the particulate matter adhering to the tip. 

 
Miscellaneous Uses of Fiberoptic Bronchoscopy


Other uses of fiberoptic bronchoscopy in the ICU include therapeutic administration of solutions to selected regions of the tracheobronchial tree, e.g., administration of surfactant in ARDS and N-acetyl cysteine for mobilization of mucous plugs. Whole-lung lavage for pulmonary alveolar proteinosis and drainage of lung abscess and bronchogenic cysts can also be attempted with fiberoptic bronchoscopy. Raoof and associates note that persistent bronchopleural fistulas are associated with high mortality rates; they point out that flexible bronchoscopy can also be used to identify the bronchopulmonary segment that is the source of air leakage after which the fistula may be closed with bron​cho​scopically administered fibrin glue solution although they state that this is usually tedious to perform and is associated with mixed results (refs 79, 111, 124).

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Diagnostic Bronchoscopy in the ICU


Raoof and associates note that the most common indication for diagnostic bronchoscopy in the ICU is the pres​ence of lung infiltrates due to pneumonia. A fiber​op​tic bronchoscope is frequently used to obtain specimens from the lower respiratory tract by broncho​alve​o​lar lavage (BAL), protected-brush sampling (PSB), and bronchoscopic lung biopsies (BLB), which frequently are performed together to identify potential pathogens. Quan​titative cultures of the specimen collected are per​formed to differentiate colonization from real pathogens. The authors state that nosocomial pneumonia develops in 9%–25% of patients after prolonged mechanical ventilation (ref 67). Over 70% of ARDS patients have evidence of bacterial pneumonitis at autop​sy and the mortality of this infection ranges from 35% to 90%. The prognosis depends on the prompt identification of the causative organisms and their virulence; therefore prompt diagnosis and treatment is important, especially in immunocompromised patients. 
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Optimal Positioning of Endotracheal and Tracheostomy Tubes


Stevens and associates found poor placement of endotracheal tubes during fiberoptic bronchoscopy in 14 (15%) of 92 patients. Flexible fiberoptic bronchoscopy may also be helpful in replacing an endotracheal tube in a patient on mechanical ventilation who requires a change of tube. The fiberoptic bronchoscope is used as a guide stent and advanced next to the existing endotracheal tube, while the latter is gradually withdrawn. The new tube is then passed into the trachea over the bronchoscope. This assures that the airway is not lost in a patient who is completely dependent on mechanical ventilation (ref 99). Halebian and Shires used this technique successfully in 27 of 29 attempts (ref 44). 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Smoke lnhalation


Raoof and associates recommend prompt fiberoptic bronchoscopy in patients with acute smoke inhalation to identify early inflammation or swelling of the laryngeal area. The need for intubation should be anticipated and an endotracheal tube should be placed over the bronchoscope before examining the airways. This may allow prophylactic intubation before symptoms of upper airway obstruction develop (refs 52, 127) Mucosal edema and redness and ulceration in the subglottic region, associated with deposition of carbon particles in the airways, are indicative of severe inhalational injury. 


Traumatic Airway Injury


The authors note that patients may die after severe chest wall trauma because of missed cervical tracheal lesions (ref 10) and they emphasize that such injuries are most safely and expeditiously diagnosed by fiberoptic bronchoscopy (FOB). A pneumothorax associated with a persistent large air leak after tube thoracostomy suggests a tracheobronchial injury, and FOB should be performed immediately in such patients. FOB also is recommended whenever there is a traversing wound of the mediastinum. Raoof and associates note that, in 53 chest trauma patients, bronchoscopy performed within 3 days of injury should lesions such as tracheal or bronchial transections, lacerations, or contusions; hemorrhage; or mucous plugging in 53% of the patients (ref 45).


Bronchoscopy in Mechanically Ventilated Patients


Raoof and associates emphasize that the indications for fiberoptic bronchoscopy in patients receiving mechanical ventilation are usually the same as in nonintubated patients. They recall that, among 297 fiberoptic broncho​scop​ic examinations performed in 223 ICU patients by Stevens and his colleagues, 65% were performed in patients while they were receiving mechanical ventilation in this rate is similar to rates ranging from 66% to 79% in three other recent series (refs 71, 81, 126). 


When performing bronchoscopy in mechanically ventilated patients, Raoof and associates emphasize that the bronchoscopist must ensure that the bronchoscope will pass easily through the endotracheal tube. When transoral fiberoptic bronchoscopy is performed in an intubated patient, the lubricated scope is passed through a special adapter (ref 35) that permits insertion of the bronchoscope into the tracheobronchial tree with minimal loss of tidal volume. A bite block must be placed while using this route to prevent the patient inadvertently biting on the scope. The bronchoscope is then advanced through the endotracheal tube into the trachea. 


During the procedure, the patient usually is ventilated with 100% oxygen. Every effort must be made to maintain SaO2 at  90% at all times. Oxygen also can be delivered through the suction channel of the bronchoscope. The advantages of delivering oxygen through this route are prevention of fogging of the lens by the dry gas, pushing secretions and blood out of the channel to prevent visual obstruction, and delivery of nearly 100% oxygen. 


Lidocaine is injected through the bronchoscope as it is advanced. To make sure the patient is receiving adequate tidal volume, ventilator tidal volumes can be increased by 40%–50%. Repeated suctioning usually is avoided because it can decrease alveolar volume and delivery of oxygen, especially when a large-channel bronchoscope is chosen. After bronchoscopy, the ventilator settings are usually returned to preprocedure settings. 


Continuous monitoring of blood pressure, heart rate, electrocardiographic tracings, and SaO2 by pulse oximetry is necessary. At the end of the procedure, the position of the endotracheal tube should be rechecked with the bronchoscope. A postoperative chest radiograph is recommended to rule out barotrauma.


On pages 257-258 of their paper, Raoof and associates specifically discuss complications of bronchoscopic procedures in mechanically ventilated patients.

Risk Factors and Precautions During Bronchoscopy


Although generally a safe procedure, the risk for complications of bronchoscopy are increased in the presence of several factors which are listed on page 249 of this paper by Raoof and associates. Guidelines to minimize risks are summarized here:

•
Use an endotracheal tube with an internal diameter of  8 mm, if a standard fiberscope size (5.7 mm diameter) is used.

•
Discontinue positive end-expiratory pressure (PEEP) or reduce by 50%, or monitor bronchoscope tip pressure.

•
Increase fractional inspired oxygen (FiO2) to 1.0 starting 15 minutes before procedure and tidal volume by about 30% during bronchoscopy.

•
Check arterial blood gases before and after procedure; postpone examination if arterial oxygen saturation (SaO2) is < 90% on FiO2 of 1.

•
Monitor SaO2 by continuous pulse oximetry.

•
Monitor tidal volume.
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•
Monitor end-tidal carbon dioxide in selected unstable or hypercapnic patients.

•
Monitor pulse and blood pressure.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
The Technique of Bronchoscopy


The reader is referred to pages 250-252 of the paper by Raoof and associates for their detailed description of the technique of bronchoscopy, including: 

(1) 
the list of prerequisites for performing a safe and efficient bronchoscopy in ICU patients; 

(2) 
anesthesia and sedation during bronchoscopy; 

(3) 
the use of antisialogogues (although in recent years the use of these agents has been challenged); 

(4) 
topical anesthesia; 

(5)
monitoring; and 

(6) 
the technique of bronchoscopic examination of its intubated and nonintubated patients.

Special Considerations—Battery Bronchoscope


Raoof and associates note that with the recent development of battery bronchoscopes (see Fig. 1 on page 253 of their paper), fiberoptic bronchoscopy has become much quicker and easier because battery bronchoscopy includes no, or minimal, requirements for accessories such as a light source, bronchoscopy cart, or assistant nurse. Battery bronchoscopy allows rapid and reliable assessment of the position of an endotracheal tube. The authors note that has been well documented that the tip of an endotracheal tube can move by about 4 cm as the head position changes from full flexion to extension (refs 27, 28) and they point out that, in certain clinical situations, there may not be enough time to wait for chest radiography to determine the position of the endotracheal tube. 


The rapid performance of bedside bronchoscopy with a battery bronchoscope allows rapid visualization of the tube position and if the endotracheal tube must be repositioned, the new position can be confirmed immediately with the bronchoscope. Battery broncho​scopes may also be used to rapidly intubate patients with difficult airways, such as those that occur with airway trauma, ankylosis of the temporal mandibular joint, large oropharyngeal tumors, rheumatoid arthritis, and cervical spine instability.

Special Considerations—Ultrathin Bronchoscope


The outer diameter of ultrathin bronchoscopes have a distal-end outer diameter of 2.8 mm and inner channel diameter of 1.2 mm (Fig. 2, page 254, Raoof, et al.). The ultrathin bronchoscope helps in evaluating the nature and extent of the upper airway obstruction when there is a risk for signif​i​cantly compromising the airways with larger (standard) bronchoscopes. For ex​am​ple, fiberoptic control with a standard diameter bron​cho​scope during the performance of a percutaneous (Ciaglia) tracheostomy can reduce minute ventilation and cause hypercapnia, but this can be easily avoided by introducing the bronchoscope intermittently, only during certain critical stages of the procedure, or by using a smaller-diameter bronchoscope—i.e., an ultra​thin bronchoscope. This minimizes the chances of hypox​e​mia, hypercarbia, and dynamic hyperinflation. 


An ultrathin bronchoscope can also be easily used in patients with a smaller size endotracheal tube in place, obviating changing to a larger-size endotracheal tube. Because the more peripheral airways can be reached easily with an ultrathin bronchoscope, it may help in planning endoscopic interventional procedures in which the extent of the endobronchial tumor involvement and visualization of the airways distal to the obstruction are essential (e.g., for Nd-YAG laser therapy).


Raoof and associates discuss the risks and contra​indi​cations to bronchoscopy in ICU patients on pages 253-255 of their paper.


Finally, the reader is also referred pages 255-258 of this paper by Raoof and associates for their detailed discussions of the complications of bronchoscopy in ICU patients including: (1) hypoxemia; (2) bleeding; (3) cardiac complications; (4) sedatives and local anesthesia; (5) laryngospasm and bronchospasm; (6) fever and bacteremia; (7) mortality (Olapade and Prakash noted that there were no deaths in 7 studies including more than 800 patients undergoing 1,150 bronchoscopic procedures—ref 86); and (8) miscellaneous complications. 

PATHOLOGY AND PATHOGENESIS OF THE ACUTE RESPIRATORY DISTRESS SYNDROME


The discussions of the acute respiratory distress syndrome (ARDS) in this Overview are chiefly based on 2 general review papers that serve as the background for reviews and citations of more specific aspects of this subject. The first paper is entitled The Acute Respiratory Distress Syndrome. It is by Ware and Matthay from the Cardiovascular Research Institute and the De​partments of Medicine and Anesthesia at the University of California, San Francisco, and appeared THE NEW ENG​LAND JOURNAL OF MEDICINE for May 4, 2000. 


The second background paper on ARDS is entitled Acute Lung Injury and Acute Respiratory Distress Syndrome the Clinical Syndrome. It is by Steinberg and Hudson from the Division of Pulmonary and Critical Care Medicine of the Department of Medicine at the Harborview Medical Center and the University of Washington School of Medicine in Seattle and appeared in CLINICS IN CHEST MEDICINE in September, 2000. 


These two review papers provide a general discussion of the definitions, clinical features, and epidemiology of ARDS and acute lung injury (ALI), and the ​authors discuss advances in the areas of pathogenesis, resolution, and treatment. 
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It is first emphasized that identification and treatment of the clinical disorder that incites the development of ARDS is a very important aspect of the initial management of a patient with ALI-ARDS. The most common of these inciting disorders include sepsis, pneumonia, aspiration of gastric contents, trauma, multiple transfusions, and ischemia reperfusion. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


These and other inciting disorders that may lead to the development of ARDS are listed in Table 1 reproduced below from a paper entitled Treatment of ARDS. This paper appeared in CHEST in October, 2001, and is by Brower from Johns Hopkins University in Baltimore, Maryland; Berthiaume from the University of Montreal in Canada; and Ware and Mat​thay from the Cardiovascular Research Institute at the University of California at San Francisco. (Ed. Note: This paper is not included with these reprints; however, this and all recent articles from CHEST can now be downloaded from the Internet and printed, gratis from publisher, in PDF format—the Internet address for all CHEST articles [except the most recent ones] is www. chestjournal.org.) 


Brower and associates note that, in some circumstances, the underlying cause of ALI-ARDS can be treated directly. For example, patients with pneumonia from bacterial or opportunistic infections may respond to specific antimicrobial therapy. A careful search for a treatable cause of pulmonary infection, such as bacterial pneumonia, atypical pneumonia from Mycoplasma or Legionella, or an opportunistic infection from fungi, tuberculosis, or Pneumocystis carinii is warranted. The diagnostic evaluation should be guided by the clinical history. In other patients, an infectious cause of ALI-ARDS may be related to an extra​pul​mo​nary site of infection, such as the biliary tract, peritoneal cavity, or urinary tract. 


The diagnosis of intraabdominal sepsis should be considered early in patients with sepsis syndrome and ALI-ARDS of uncertain etiology. Prompt surgical intervention to eradicate an intraabdominal source of sepsis is associated with better outcomes (Anderson, et al., Laparotomy for Abdominal Sepsis in the Critically Ill. BR. J. SURG. 83:535-539, 1996). Factors associated with positive findings at exploratory laparotomy include objective findings on physical examination and ultrasound, or CT findings suggestive of an intraabdominal focus of infection. 


Although the prognosis for recovery from sepsis-induced lung injury is worse than from any other cause, specific medical and surgical treatment of the pulmonary or extra​pul​monary source of sepsis is indicated to enhance the chance of survival. Brower and associates note that, in many ALI-ARDS patients, the insult that caused lung injury, such as aspiration or multiple transfusions, cannot be treated except to prevent recurrence and provide optimal supportive care as outlined ​below.

 
In their paper cited above, Acute Lung Injury and Acute Respiratory Distress Syndrome the Clinical Syndrome, Steinberg and Hudson note that acute lung injury (ALI) refers to a syndrome of severe, acute respiratory failure characterized by respiratory distress, a severe impairment of oxygenation, and noncardiogenic pulmonary edema and the term, acute respiratory distress syndrome (ARDS), is applied to patients with more severe manifestations of ALl. Both terms are reflect a relatively specific pathologic injury of the lung with a wide range of causes or associated conditions. Because pulmonary tissue is rarely available for pathologic examination and there are no practical methods for measuring the barrier function or endothelial and epithelial injuries, a constellation of associated clinical, physiologic, and radiologic manifestations of ALI and ARDS are used to define these two conditions. 

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Definitions of Acute Lung Injury (ALI) and 
Acute Respiratory Distress Syndrome (ARDS)


In their paper, The Acute Respiratory Distress Syndrome, cited above Ware and Matthay recall that the acute respiratory distress syndrome (ARDS) was first described in 1967 by Ashbaugh and his colleagues when they reported 12 patients with acute respiratory distress, cyanosis refractory to oxygen therapy, decreased lung compliance, and diffuse infiltrates evident on the chest radiograph; however, they did not provide specific criteria that could be used to identify ARDS patients systematically, so there was controversy over the incidence and natural history of the syndrome and the mortality associated with it (ref 2 in the paper by Ware and Matthay). 


In 1988, an expanded definition was proposed that quantified the physiologic respiratory impairment with the use of a 4-point lung-injury scoring system based on: 

(1) 
the level of positive end-expiratory pressure (PEEP); 
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(2) 
the ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen (PaO2/FiO2); 

(3) 
the static lung compliance; and 

(4) 
the degree of infiltration evident on chest x-rays (ref 4 in the paper by Ware and Matthay). 


Although the lung-injury scoring system has been widely used to quantify the severity of lung injury in both clinical research and clinical trials, it cannot be used to predict the outcome during the first 24–72 hours after the onset of the acute respiratory distress syndrome so it has limited clinical usefulness.


In 1994, a new definition (ref 5) was recommended by the American-European Consensus Conference Com​mittee. (See Table 1 on page 1335 of the paper by Ware and Matthay.) In their paper cited above, Steinberg and Hudson also note that the Consensus definition simplifies previous definitions for ease of wide clinical application and limits the criteria for ALI to: 

(1) 
an oxygenation abnormality with an arterial partial pressure of oxygen to inspired oxygen fraction (PaO2/FiO2) ratio  300; 

(2) 
bilateral opacities on chest radiograph compatible with pulmonary edema; and 

(3) 
a pulmonary artery occlusion pressure (PA 18 mmHg if a pulmonary artery catheter is in place or no clinical evidence of left atrial hypertension if PAOP measurements are unavailable). 


The more severe form of injury, ARDS, is defined similarly except that the PaO2/FiO2 ratio is 200. It is emphasized that all patients meeting these criteria who have a PaO2/ FiO2 ratio 300 have ALI, which includes both ALI and ARDS; however, while all patients with ARDS have ALI, not all patients with ALl have ARDS.


Ware and Matthay note that this Consensus definition facilitates earlier enrollment of affected patients into clinical trials because: (1) it allows recognition of patients with acute lung injury and (2) it is simple to apply clinically. Despite some minor shortcomings, the widespread acceptance of both the 1994 Consensus definition and the 1988 lung-injury scoring system improved the standardization of clinical research and ​trials relating to ALI and ARDS. Ware and Matthay recommend that clinicians routinely use the 1994 Consensus definition to allow comparison of their patients with patients enrolled in clinical trials. 
 
Steinberg and Hudson note that it might be assumed that ARDS patients have worse outcomes than ALI patients with a PaO2/FiO2 between 200 and 300, although this is uncertain. The PaO2/FiO2 ratio cutoffs are independent of the level of positive end-expiratory pressure (PEEP) used even though oxygenation can be (inconsistently) affected by PEEP. 


The radiographic opacities with ALI-ARDS need to be bilateral, but their characteristics are not well defined. Most experts agree that the opacities do not have to be symmetric nor diffuse as long as they are bilateral and consistent with pulmonary edema. Opacities that are primarily due to by atelectasis and pleural effusions, or to isolated increased vascular markings, do not meet the intent of the definition, although distinguishing these patterns can be difficult in a critically ill, mechanically ventilated person. 

Finally, a PAOP > 18 mmHg excludes the diagnosis of ALl or ARDS, but clearly patients with ALI or ARDS also can be volume overloaded, or in heart failure, with an elevated left atrial pressure. A clinical definition may not always reflect the underlying pathology, and processes other than diffuse alveolar damage (e.g., diffuse alveolar hemorrhage from Goodpasture’s syndrome) may variably be included in populations of patients with ARDS. 

 
Steinberg and Hudson note that the basic pathology of ALI-ARDS is diffuse alveolar damage (DAD) characterized by an acute injury of the alveolar epithelium along with the alveolar capillary endothelium and the pulmonary interstitium. This DAD is caused by an acute inflammatory response, usually accompanied by a tremendous influx of neutrophils, and it leads to a breakdown in the barrier and gas exchange functions of the lung. Initially, this results in flooding of the alveolar spaces with protein-rich edema fluid, resulting in severe abnormalities of gas exchange and lung compliance. If the process is sustained, fibrous proliferation occurs with collagen deposition and lung remodeling. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


The pulmonary pathology of the more severe form of acute lung injury, ARDS, is very extensively described and illustrated by numerous photomicrographs accompanied by line drawings showing the basic pathology of acute lung injury. This material is presented in a paper (not included with these reprints) entitled Pulmonary Pathology of Acute Respiratory Distress Syndrome that also appeared in CLINICS IN CHEST MEDICINE in September, 2000. It is by Tomashefski from the Department of Pathology at the MetroHealth Medical Center and the Department of Pathology at Case Western Reserve School of Medicine in Cleveland, Ohio. 


The author also notes that the pathologic features of the lung in ALI-ARDS are caused by severe acute injury of the alveolocapillary unit which is manifested as diffuse alveolar damage. Table 1 reproduced on the next page from page 436 of this paper by Tomashefski outlines the time courses of the 3 pathologic phases characterizing the progression of the diffuse alveolar damage that leads to the fully developed ALI syndrome. The 3 overlapping temporal phases that correlate with the clinical evolution of the disease include: 

(1) 
the exudative phase of edema and hemorrhage; 

(2) 
the proliferative phase of organization and repair; and 
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ILLUSTRATIONS

(3) 
the fibrotic phase of end-stage fibrosis. 

Tomashefski emphasizes that pulmonary lesions correlate with the phase of alveolar damage rather than its specific cause.


Tomashefski describes each of these three phases separately and in detail and correlates their morphologic features with their associated clinical events and the proposed mechanisms of injury. He notes that extravasation of intravascular fluid into the pulmonary interstitium dominates the onset of ALI-ARDS and the term ARDS is often simplistically equated with permeability pulmonary edema. However, Tomashefski emphasizes that, as the process develops, the edema is overshadowed by cellular necrosis, epithelial hyperplasia, inflammation, and ultimately, by alveolar fibrosis. The fibrotic processes of the fibrotic phase are illustrated in Figs. 15 and 17 reproduced above from this paper by Tomashefski.


Tomashefski points out that just as the ALI syndrome is a generalized clinical response, histologic examination of lung tissue rarely affords a definitive diagnosis of the original (initiating) pulmonary insult that leads to the development of ALI; therefore, communication between clinician and pathologist is paramount in attempting to discern the probable cause of this often fatal condition. Tomashefski notes that interpretation of lung biopsies or tissue at autopsy is further hampered by the fact that many of the clinical events that commonly occur during the course of ARDS, such as shock, disseminated intravascular coagulation, septicemia, or inhalation of high concentrations of oxygen, produce pulmonary lesions resembling those of the initial insult in patients with ALI. 


Finally, Tomashefski emphasizes that progress in better understanding the pathogenesis of ARDS and the development of effective treatment ultimately depends on 
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careful clinical and experimental studies and the application of immunohistochemical and molecular biology techniques to unravel the basic mechanisms of cellular injury and response.


In their paper cited above, The Acute Respiratory Distress Syndrome, Ware and Matthay discuss the pathogenesis of ALI-ARDS noting again that two separate barriers form the alveolar-capillary barrier—the microvascular endothelium and the alveolar epithelium—as illustrated in Fig. 3 on page 1339 of their paper. They state that it is now better recognized that degree of alveolar epithelial injury is an important predictor of the outcome (refs 49, 50). As shown in Fig. 3, the normal alveolar epithelium consists of: (1) flat type I cells that make up 90% of the alveolar surface area and are easily injured and (2) cuboidal type II cells that comprise the remaining 10% the alveolar surface and are more resistant to injury; the functions of the cuboidal type II cells include surfactant production, ion transport, and proliferation and differentiation to type I cells after injury. 

 
The loss of epithelial integrity during and after acute lung injury and the acute respiratory distress syndrome causes several harmful effects: 

(1) 
normally, the epithelial barrier is much less permeable than the endothelial barrier; therefore, epithelial injury contributes to alveolar flooding; 

(2) 
the loss of epithelial integrity and injury to type II cell injury disrupt normal epithelial fluid transport and impair removal of edema fluid from the alveolar space; 

(3)
type II cell injury reduces the production and turnover of surfactant; 

(4) 
loss of the epithelial barrier can lead to septic shock in patients with bacterial pneumonia; and 

(5) 
severe alveolar epithelial cell injury that interferes with epithelial repair may lead to fibrosis.


Ware and Matthay also discuss several causes of epithelial/endothelial injury in the lung including: 

(1) neutrophil-dependent lung injury—there is circumstantial clinical and experimental evidence of the occurrence of neutrophil-mediated injury in ALI-ARDS, although recent evidence questions whether neutrophilic inflammation is the cause or the result of lung injury; 

(2) proinflammatory and antiinflammatory cytokines—a complex network of cytokines and other proinflammatory compounds initiate and amplify the inflammatory response in ALI-ARDS, however, new evidence indicates that, in addition to the production of proinflammatory cytokines, the balance between proinflammatory and antiinflammatory mediators is also important; therefore, better understanding of the role of cytokines in ALI-ARDS requires studies of the biologic activity of specific cytokines (refs 47, 63) rather than simple assessment of static cytokine levels by immunologic methods; 

(3) ventilator-induced lung injury—older studies focused on the potential toxic effects of high fractions of inspired oxygen (ref 19) but mechanical ventilation at high volumes and pressures can also injure the lung (ref 64) causing increased permeability pulmonary edema in the uninjured lung (refs 65, 66) and enhanced edema in the injured lung (ref 67); moreover, alveolar overdistention (even with conventional tidal volumes of 10–15 mL/kg of predicted body weight) coupled with the repeated collapse and reopening of alveoli can initiate a cascade of proinflammatory cytokines (ref 68) and this has led to several clinical trials of protective ventilatory strategies to reduce alveolar over​dis​tention and increase the recruitment of atelectatic ​alveoli. 


The authors recall that, interestingly, a recent study showed that a strategy of protective ventilation could reduce both the pulmonary and the systemic cytokine response (ref 69).

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

A very recent paper on protective ventilation is included in this issue of SRGS. This paper is entitled Lung-protective Ventilation Strategies in Acute Lung Injury. It is by Brower from the Department of Pulmonary and Critical Care Medicine at Johns Hopkins University, in Baltimore, Maryland; and Rubenfeld from the Department of Pulmonary and Critical Care Medicine at Harborview Medical Center and the University of Washington in Seattle, and appeared in CRITICAL CARE MED​ICINE in April, 2003. While mechanical ventilation allows about 60% of ALI patients to survive to hospital discharge (refs 2-5), mechanical ventilation may also cause ventilator-associated lung injury could, paradoxically, delay or prevent recovery from respiratory failure in other ALI patients (ref 6-10). 


Mechanical ventilation was first used in critically ill patients (including those with ALl) in the 1950s, but the techniques used resembled those employed by anesthesiologists (refs 11, 12), two aspects of which could have contributed to ventilator-associated lung injury (VALI), i.e., overdistention of the lung and low end-expiratory volumes and pressures (Ed. Note: which as noted above may lead to harmful effects due to cyclically repeated alveolar collapse and reexpansion). 


The authors recall that, originally, generous tidal volumes of 10–15 mL/kg were useful for maintaining nearly normal arterial PaO2 and pH levels as well as acceptable arterial oxygenation without high fractions of inspired oxygen (refs 13, 14), especially in patients with increased intrapulmonary shunts and dead-space fractions. However, the volume of aerated lung in ALl patients is greatly reduced by edema, atelectasis, and consolidation of the more severely diseased lung regions, so that venti​lation with generous tidal volumes and inspiratory pressures may overdistend the relatively normal aerated lung regions (refs 9, 17). Overdistention causes inflammation, increased vascular permeability, loss of surfactant function, and other manifestations of 
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ALl (refs 10, 18-21). Smaller tidal volumes with lower inspiratory pressures (i.e., volume-limited and pressure-limited ventilation) could reduce lung injury from overdistention, but might not achieve adequate gas exchange. 

 
Brower and Rubenfeld recall that, in the 1990s, there were no clearly accepted standards for initiating, monitoring, and adjusting ventilator settings, therefore, it was necessary for clinicians to attempt to interpret the preclinical data based on their own, often limited, experience. This led to the great disparity in mechanical ventilatory practices as reflected by the broad ranges of tidal volumes, inspiratory pressures, and levels of PEEP prescribed for ALI patients (refs 31-33). For example, one survey showed that ICU physicians used initial tidal volumes ranging widely from 5 to 17 mL/kg in ALl patients (ref 31).

Brower and Rubenfeld note that, in the 1990s, 5 clinical trials were conducted to provide useful information to guide the mechanical ventilatory practices of clinicians (refs 4, 5, 34-36). The authors reviewed the published reports of these 5 clinical trials and compared clinical outcomes of patients with acute lung injury, randomized to mechanical ven​ti​lation with either a lung-protective or a control, conventional, standard, or traditional approach. They point out that lung-protective mechanical ventilation strategies are designed to prevent injury from overdistention by using lower tidal volumes and lower inspiratory pressures (volume-limited and pressure-limited ventilation) or injury from ventilation with atelectasis and alveolar flooding at end-expiration (i.e., open-lung ventilation). 


In one trial, clinical outcomes were better in the study group that received combined volume-and pressure-limited and open-lung strategies compared with the study group that received a conventional approach. Of 4 trials focusing on volume- and pressure-limited ventilation alone, 3 showed no improvements in clinical outcomes, although 1 demonstrated a substantial reduction in mortality and an increase in ventilator-free days. The different results in these 4 trials may be attributable to differences in tidal volumes between the study groups, chance variation, or differences in the management of respiratory acidosis.


Brower and Rubenfeld concluded by noting that 2 of the 5 randomized clinical trials demonstrated that the technique used for mechanical ventilation in ALI patients can substantially affect mortality and other important clinical outcomes. There is a growing consensus that a higher priority should be given to preventing ventilator-associated lung injury from over​dis​ten​tion than has been given in the past. In addition, they point out that some compromise of traditional gas exchange goals is required to achieve this lung protection objective. They state that the ALI-ARDS Network volume- and pressure-limited protocol is useful (ref 4). However, they also note that more information is still needed to allow clinicians to customize mechanical ventilation techniques in relation to the risks and benefits specific to individual patients. The results of recently completed or ongoing trials of open-lung approaches, combined with the results of previous clinical studies, will provide invaluable guidance for making the difficult clinical decisions about managing patients with ALI (ref 49).

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

Other Mechanisms of Lung Injury


In their paper, The Acute Respiratory Distress Syndrome, cited above, Ware and Matthay point out that, like any form of inflammation, ALI-ARDS are complex processes in which multiple pathways can propagate or inhibit lung in​jury. For example, abnormalities of the coagulation system often develop, leading to platelet-fibrin thrombi in small vessels and impaired fibrinolysis within the distal air spaces of the injured lung (refs 18, 70). In addition, abnormalities in the production, composition, and function of surf​ac​tant probably contribute to alveolar collapse and gas-ex​change abnormalities (refs 54, 55). 

Fibrosing Alveolitis


Ware and Matthay note that fibrosing alveolitis apparently begins early in the course of the disorder and may be promoted by early proinflammatory mediators such as interleukin-1. Alveolar levels of procollagen III peptide, a pre​cursor of collagen synthesis, are elevated early, even by the time mechanical ventilation is initiated and the early appearance of procollagen III in the alveoli is associated with an increased risk of death. Ware and Matthay note that, whereas the disorder may rapidly resolve after the acute phase of ALI-ARDS, other patients develop fibrotic lung injury that may be observed histo​logically as early as 5–7 days after the onset of the disorder. The alveoli fill with mesenchymal cells and their products, along with new blood vessels (Fig. 2, page 1337 of this paper). Histologic evidence of fibrosing alveolitis is also associated with increased mortality, and ALI-ARDS patients who die have a marked accumulation of collagen and fibronectin in the lung at autopsy. 

 
Ware and Matthay also briefly discuss the clinical, histopathological, and radiographic manifestations of the three distinct phases of ALI. They note that the acute, or exudative, phase is manifested clinically by the rapid onset of respiratory failure in a patient with a risk factor for the condition. Arterial hypoxemia refractory to treatment with supplemental oxygen is a characteristic feature. Radiographically, the findings are indistinguishable from those of cardiogenic pulmonary edema (ref 14 in this paper). Bilateral infiltrates may be patchy or asymmetric and may include pleural effusions as shown in Fig. 1 on page 1336 of this paper by Ware and Matthay (ref 15). 


As also shown in Fig. 1, CT imaging of the lungs shows that alveolar filling, consolidation, and atelectasis occur predominantly in dependent lung zones, whereas other 
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areas may be relatively spared on the CT images (refs 16, 17). However, bronchoalveolar-lavage studies indicate that even radiographically spared, nondependent areas may have substantial inflammation (ref 18). Ware and Matthay note that pathological findings of ALI include diffuse alveolar damage, with neutrophils, macrophages, erythrocytes, hyaline membranes, and protein-rich edema fluid in the alveolar spaces (ref 19), capillary injury, and disruption of the alveolar epithelium as shown in Fig. 2 on page 1337 of this paper by Ware and Matthay (refs 20, 21, 22). 

 
Ware and Matthay point out that, although ALI and ARDS may resolve completely in some patients after the initial acute phase, in others it progresses to fibrosing alveolitis with persistent hypoxemia, increased alveolar dead space, and a further decrease in pulmonary compliance (refs 19, 20). (Ed. Note: See Figs. 15 and 17 reproduced above from the paper by Tomashefski for a depiction of the fibrotic changes.) Pulmonary hypertension due to obliteration of the pulmonary-capillary bed, may be severe and may lead to right ventricular failure (ref 23). Ware and Mat​thay also note that chest x-rays show linear opacities, consistent with the presence of evolving fibrosis (Fig. 1, page 1336 of their paper). CT imaging of the chest shows diffuse interstitial opacities and bullae (ref 17). Histologically, there is fibrosis along with acute and chronic inflammatory cells and partial resolution of the pulmonary edema (Fig. 2, page 1337, Ware and Matthay; refs 19, 20). Pneumothorax occurs, but in only 10%–13% of ALI-ARDS patients and (as noted in the next paper reviewed by Weg and associates) is not clearly related to airway pressures or the level of PEEP (ref 25). 

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
 
The next paper discussed (not included with these reprints) is entitled The Relation of Pneumothorax and Other Air Leaks to Mortality in the Acute Respiratory Distress Syndrome. It is by Weg and associates from the Pulmonary and Critical Care Division of the Department of Internal Medicine, at the University of Michigan Medical Center in Ann Arbor, Michigan; the University of Texas Health Science Center and the Audie L. Murphy Memorial Veterans Affairs Hospital in San Antonio, Texas; Rush-Presbyterian-St. Luke’s Medical Center in Chi​cago, Illinois; the Cleveland Clinic in Cleveland, Ohio; Glaxo-Wellcome, Research Triangle Park, North Carolina; and the Department of Biostatistics at the University of Michigan School of Public Health in Ann Arbor. This paper appeared in THE NEW ENG​LAND JOURNAL OF MED​ICINE for February 5, 1998. 


The authors recall that during the past 20 years, laboratory investigations led to the belief that high ventilatory pressures cause barotrauma, or more precisely, air leaks (i.e., any extrusion of air outside the tracheobronchial tree), including pneumothorax, pneumomediastinum, pneumopericardium, pulmonary interstitial edema, and subcutaneous emphysema. Weg and asso​ciates recall that in animal models of ARDS, air leaks are associated with acute lung injury and increased mortality and this finding is linked with pulmonary CT images showing that ARDS is distributed nonuniformly throughout the lungs. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


In turn, this CT finding and concomitant physiologic studies suggest that with ARDS, there are diseased areas of the lung that do not take part in ventilation and normal areas that do. The normal area, estimated to be about one-third of the normal lung and dubbed the “baby lung,” is thought to be severely damaged by high pressures (Maunder, et al., Preservation of Normal Lung Regions in the Adult Respiratory Distress Syndrome: Analysis by Computed Tomography. JAMA 255:2463-2465, 1986; and Gattinoni, et al., Pressure-volume Curve of Total Respiratory System in Acute Respiratory Failure: Computed Tomographic Scan Study. AM. REV. RESPIR. DIS. 136:730-736, 1987). 


More recently, air leaks and acute lung injury have been attributed to high ventilatory volumes, or “volutrauma.” Weg and associates note that these findings have led to a pleth​ora of new ventilatory strategies, the use of increasingly complex and expensive ventilators, iatrogenic acid-base derangements, and widespread use of prolonged muscle paralysis with its attendant increase in morbidity; therefore, Weg and associates emphasize that these strategies require reassessment.

 
Weg and associates state that in two uncontrolled clinical trials of extracorporeal membrane oxygenation (ECMO) that included extracorporeal carbon dioxide removal and new ventilatory modes that limit pressures in ARDS patients, the mortality was greatly reduced to about 40% from about 90% among historical controls. However, Weg and associates note that ECMO did not improve survival in two controlled trials showing mortality rates of 90% and 38%, respectively (Zapol, et al., Extra​corporeal Membrane Oxygenation in Severe Acute Respiratory Failure: A Randomized Prospective Study. JAMA 242:2193-2196, 1979;  Prani​koff, et al., Efficacy of Extracorporeal Life Support in the Set​ting of Adult Cardiorespiratory Failure. ASAIO J. 40:M339-M343, 1994; Gattinoni, et al., Low-frequency Positive-pressure Ventilation with Extracorporeal CO2 Removal in Severe Acute Respiratory Failure. JAMA 256:881-886, 1986; Hickling, et al.,  Low Mortality Rate in Adult Respiratory Distress Syndrome using Low-volume, Pressure-limited Ventilation with Permissive Hypercapnia: A Prospective Study. CRIT. CARE MED. 22:1568-1578, 1994).


The authors recall that “open-lung” mechanical ventilation is characterized by: 

(1) 
very low tidal volumes (< 6 mL/kg of body weight); 

(2) 
permissive hypercapnia (usually requiring sodium bicarbonate to moderate pH); and 

(3) 
PEEP to prevent alveolar collapse. 


Weg and associates note that “open lung” mechanical ventilation has become very popular because of its supposedly 
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lower mortality rate. However, the authors note that one small study showed that 5 (33%) of 15 patients receiving open-lung ventilation died; however, 7 (54%) of 13 patients receiving conventional mechanical ventilation died, so the mortality rates with the two modes of mechanical ventilation did not differ significantly (p = 0.45).


To determine whether pneumothorax or other air leaks are caused by high ventilatory pressures or volumes or are associated with an increased mortality rate at 30 days, Weg and his colleagues analyzed the data from a prospective, multinational trial of aerosolized synthetic surfactant in 725 patients with ARDS caused by sepsis. They compared the ventilatory pressures and volumes (the highest values during the 5-day study) in the patients who had no air leaks with the pressures and volumes in those with pneumothorax or any other type of air leak (the highest values during the 16-hour and 24-hour periods before the air leaks developed).


These investigators found that 50 (6.9%) of the 725 ARDS patients developed pneumothorax, and 77 (10.6% percent) had pneumothorax or other air leaks during the study. There were no significant differences between patients with air leaks and those without air leaks in any pressure or volume examined. The overall mortality at 30 days was 40% (95% CI—36% to 44%) which is similar to the mortality rates in similar studies (refs 37, 38 in this paper). Among the patients with pneumothorax, the overall mortality was 46% (95% CI—32% to 60%), and among those without pneumothorax, the overall mortality was 39% (95% CI—36% to 43%; p = 0.35). The mortality was 46% (95% CI—34% to 57%) in the group with any air leaks and 39% (95% CI—35% to 43%) in the group with no air leaks (p = 0.28).

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Weg and his colleagues concluded that, in 725 patients with ARDS due to sepsis who were receiving mechanical ventilation with conventional pressures and volumes, there were no significant correlations between high ventilatory pressures or volumes and the development of pneumothorax or other air leaks. Pneumothorax or other air leaks were not associated with a significantly increased mortality rate. 


This study confirms the extensive anecdotal evidence that pneumothorax and other air leaks are uncommon in patients undergoing conventional mechanical ventilation for ARDS and suggest that these complications may be related to the severity of the lung injury. Weg and associates specifically state that their findings do not support the concept that ventilatory pressures should be limited to predefined values such as a static pressure of 35–40 cmH2O, since conventional ventilatory pressures and volumes do not appear to affect the lungs adversely.

 
Finally, Weg and associates point out that their study has limitations. Although the data were obtained in a prospective, randomized, placebo-controlled trial, with all patients included in the analyses, they note that the hypotheses they addressed were not the primary end points of the study. In addition, the study period was only 5 days.

Resolution of ALI-ARDS and Recovery

Ware and Matthay note that the recovery phase of ALI-ARDS is characterized clinically by gradual resolution of hypoxemia and improved lung compliance. Typically, the radiographic abnormalities resolve completely. They state that the degree of histologic resolution of fibrosis has not been well characterized, although in many patients pulmonary function returns to normal. 


Strategies that hasten the resolution of the illness may ultimately be as important as those that attenuate early inflammatory lung injury. Alveolar edema is resolved by the active transport of sodium and perhaps chloride from the distal air spaces into the lung interstitium (Fig. 4, page 1342 of this paper by Ware and Matthay; refs 79-83). Water follows passively, probably through transcellular water channels, the aquaporins, located primarily on type I cells. 


In clinical studies, clearance of alveolar fluid can occur surprisingly early and is often apparent within the first few hours after intubation and initiation of mechanical ventilation (refs 49, 50, 71). Maintenance of the ability to remove alveolar fluid is associated with improved oxygenation, a shorter duration of mechanical ventilation, and an increased likelihood of survival (refs 49, 50). 

 
Ware and Matthay note that a considerable quantity of both soluble and insoluble protein must also be removed from the alveoli. The removal of insoluble protein is particularly important, since hyaline membranes provide a framework for the growth of fibrous tissue. Soluble protein appears to be removed primarily by diffusion between alveolar epithelial cells. Insoluble protein may be removed by endo​cyto​sis and trans​cyto​sis by alveolar epithelial cells and by phagocytosis by mac​ro​phages (Fig. 4, page 1342).


The type II cell is the progenitor for reepithelialization of a denuded alveolar epithelium. The type II alveolar epithelial cells proliferate to cover the denuded basement membrane and then differentiate into type I cells, to restore the normal alveolar architecture and increase the fluid-transport capacity of the alveolar epithelium. This proliferation is controlled by epithelial growth factors, including keratinocyte and hepatocyte growth ​factors.


Ware and Matthay note that the mechanisms of resolution of the in​flammatory-cell infiltrate and fibrosis in ALI-ARDS are uncertain. Apop​tosis (programmed cell death) is thought to be a major mechanism, in general, for clearing neutrophils from sites of inflammation and may be important in clearing neutrophils from the injured lung, although this has not yet been confirmed. This is an important question, because the mechanisms 

V32n1 page 38

that alter epithelial integrity need to be identified. The role of proapoptotic and antiapoptotic mechanisms in both the injury and repair of the alveolar epithelium and the lung endothelium is an important area for future research. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

 
The resolution of and recovery from ALI-ARDS is discussed and illustrated very extensively in a paper (not included with these reprints) entitled Mechanisms of Repair and Remodeling Following Acute Lung Injury. (Ed. Note: The bibliography of this paper lists 242 articles.) It is by Ingbar from the Pulmonary, Allergy, and Critical Care Division of the Departments of Medicine and Pediatrics at the University of Minnesota School of Medicine; and the Critical Care and Medical Intensive Care Unit, at the Fair​view University Medical Center in Minneapolis, Minnesota, and appeared in CLINICS IN CHEST MEDICINE in September, 2000. 


This author also notes that the clinical course of ARDS is quite variable. One of the most fascinating aspects of this syndrome is that patients with severe lung dysfunction that persists for long periods of time can recover a considerable amount, if not all, of their pulmonary function over the ensuing year. However, some patients who have physiologic and radiographic lesions of equal severity initially recover extremely rapidly and can be extubated within just a few days. Ingbar notes that these observations raise many questions, including “How is recovery from such a severe injury possible?” and “What accounts for the wide variation in rates of recovery?”


This review considers many aspects of lung repair but, because this is a vast topic that incorporates much of contemporary lung cell biology, the author highlights the major advances in basic understanding that may be applied to accelerating repair. He cites several reviews of this subject (refs 20, 21, 58, 94a, 130a, 131, 198, 210 in his paper), as well as referring to other detailed reviews will be cited for each topic, where available.


Ingbar notes that, at present, we largely lack the ability to correlate the clinical course of ARDS patients with potential factors involved in the biochemical and cellular basis of lung repair. This requires very large patient databases with measurement of many biochemical parameters. Important mechanistic determinants during the repair phase can be sought by correlation with late outcomes; however, a large-scale cooperative effort among multiple centers with sharing of follow-up data and patient specimens is essential. We also lack detailed human histologic material from many phases of ARDS and, particularly, know little of the long-term morphologic impact of ARDS in survivors. Ingbar points out that establishment of a national registry that follows ARDS survivors and that would seek their cooperation in advance in obtaining autopsy specimens when they die of other causes would be very valuable. Correlating the pathology with their pulmonary function during recovery would give important insights into the reasons for the different patterns of abnormal pulmonary functions.


Ingbar emphasizes that the factors that determine the success of pulmonary repair at resolution of ALI-ARDS are of critical importance in testing new treatment strategies. Only a few of the questions that still require answers include: 

(1) 
Would accelerating the resolution of alveolar edema alter the course of subsequent fibrosis and inflammation? 

(2) 
Does surfactant replacement therapy—a costly proposition in adults with ARDS—lead to better long-term outcomes in survivors? 

(3) 
How much should we worry about the use of high levels of oxygen for support of arterial partial pressure of oxygen? and 

(4) 
Is it better to accept hyperoxia to avoid pressure or volume trauma induced by mechanical ventilation with higher minute ventilations? 

These major management issues all may affect the success of the late repair and recovery process and treatment trials need to examine the long-term physiologic and functional outcomes.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
RISK FACTORS FOR DEVELOPING ALI-ARDS

 
In their paper cited above, Acute Lung Injury and Acute Respiratory Distress Syndrome the Clinical Syndrome, Steinberg and Hudson state that clinical risk factors are either conditions associated with ALI-ARDS or markers that occur in conditions known to be associated with this condition. The data on risk factors have been generated primarily for ARDS so this discussion reflects that limitation. These associated conditions can be categorized mechanistically as causing ​either direct (primary) or indirect (secondary) injury, i.e., a result of extrapulmonary illness or injury that injures the lungs through activation of systemic inflammation, presumably related, in part, to elevated levels of blood cytokines and other biochemical and cellular mediators (ref 6). 


Steinberg and Hudson note that understanding the importance of various risk factors includes knowing the incidence of ARDS- or ALI-associated with the particular risk factor and the prevalence of that particular risk factor in the general population at risk. Table 2 on page 403 of their paper lists disorders associated with ARDS; clinical factors shown to increase ARDS risk also include the factors listed below:

•
age (refs 4, 21),

•
female gender (trauma only) (ref 21),

•
severity of illness (ref 21),

•
Acute Physiology and Chronic Health Evaluation (APACHE) II,
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•
Injury Severity Score (ISS) (ref 21),

•
cigarette smoking (ref 34),

•
chronic alcohol abuse (ref 22), and

•
combination of risk factors.


Steinberg and Hudson note that assessment of the various clinical factors predictive of ARDS is much easier than attempting to predict the development of ALI by biochemical measurements of blood levels of agents (e.g., cytokines); or by examining bronchoalveolar lavage (BAL) fluid; therefore, they review only the studies of clinical risk factors for ARDS.


Steinberg and Hudson recall that 3 older prospective studies (refs 17, 21, 36) identified clinical risk conditions for ARDS, although all were based on data from the early 1980s. They point out that these three older studies are of somewhat limited value because of the many changes in medical practices since they were done (e.g., decreased use of blood products in resuscitation of trauma patients and the use of cell-saver devices in the operating room). In this regard, they recall that no study has prospectively studied risk factors for their association with ALI or ARDS based on the newer Consensus definitions of ALI-ARDS. These newer definitions, with less rigorous radiographic criteria than those used in the two previous studies, may change the number of patients with severe (bilateral) pneumonia who would be classified as having ARDS. Nevertheless, diffuse pneumonia appears to be a relatively common risk condition, regardless of whether it is classified as pneumonia or as sepsis originating from the lungs.

 
Two of the 3 studies noted above were performed at the Harborview Medical Center in Seattle, Washington (refs 21, 36 in this paper by Steinberg and Hudson), and the other at the University of Colorado in Denver (ref 17). Considered together, these studies provide a better concept of the frequency of ARDS in patients with various clinical conditions. However, it is noted that both the second Seattle study and the Denver study failed to predict approximately 22% of the patients who developed ARDS during the study period because the patients did not have the prospectively defined risk conditions for ARDS, but developed ARDS nevertheless.

 
Most ARDS series indicate that severe sepsis causes about 40% of all cases of ARDS and that severe sepsis is the risk factor that most commonly predisposes to ARDS. In this regard, Steinberg and Hudson note that the second Seattle study did not include pneumonia as a risk factor for ARDS, although pneumonia did not appear to be a prominent diagnosis in the “missed” patients in the Seattle study, suggesting that patients with severe pneumonia who are likely to develop ARDS are also likely to have severe sepsis. 
 
The second Seattle study identified 3 severe trauma factors associated with the development of ARDS and noted the frequency of ARDS with each factor: 

(1) 
transfusion of > 15 units of blood within a 24-hour period for emergency resuscitation of trauma (however, multiple transfusions in medical patients was also associated with the development of ARDS)—35% incidence of ARDS; 

(2) 
lung contusion—22% incidence of ARDS; and 

(3) 
multiple long-bone fractures or an unstable pelvic fracture—11% incidence of ARDS. 


This study defined aspiration of gastric contents as either witnessed aspiration or suctioning gastric contents from the trachea; and aspiration of gastric contents was associated with a moderate  (36%) incidence of ARDS (22% in a similar Denver study).

EPIDEMIOLOGY OF ALI-ARDS

Incidence of ALI-ARDS


In their paper cited above, The Acute Respiratory Distress Syndrome, Ware and Matthay state that, despite the lack of a uniform definition and the heterogeneity of the causes and clinical manifestations of ALI-ARDS, some more recent studies showed incidences of 1.5–8.3 cases per 100,000 general population per year in the United States (refs 27, 28, 29). However, on the basis of the screening of large numbers of patients by the NIH Acute Respiratory Distress Syndrome Network during the past 3 years, some investigators believe the original earlier NIH estimate of 75 cases per 100,000 population per year may be more accurate (ref 26). To settle this issue, a prospective epidemiologic study based on the 1994 Consensus definition is under way in Seattle. 

 
The next paper discussed is entitled Epidemiology of Acute Lung Injury. It is by Rubenfeld from the Division of Pulmonary and Critical Care Medicine at Harborview Medical Center and the University of Washington in Seattle and appeared in CRITICAL CARE MEDICINE in April, 2003. Rubenfeld notes that ALl is a syndrome of acute hypoxemic respiratory failure that is not primarily cardiac in origin. Moreover, the reliability or validity of the criteria for diagnosing ALI have not been clearly confirmed and this lack of a gold standard for diagnosing ALl is a challenge because this condition is defined by laboratory, radiologic, and physiologic criteria that are not well characterized (ref 1 in this paper). For example, there is no diagnostic test for ALl, such as troponin in myocardial infarction, or bacterial culture in infectious diseases. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Rubenfeld notes that even the terminology used in the now generally accepted Consensus definition of ALI-ARDS discussed above can be confusing in that ALI is a general term that includes both less severe acute lung injury (ALI) 

V32n1 page 40

and more severe acute lung injury (ARDS). Moreover, discharge diagnostic codes, which are used to study the epidemiology of many diseases do not accurately identify patients with ALI (ref 2). In addition, compared with chronic diseases like cancer or asthma, ALl has a short duration and high short-term mortality rate, which limits the number of prevalent cases available for study at any given time. 

 
Finally, the epidemiology of critical illness syndromes is further complicated by two medical realities: (1) the epidemiology of ALI-ARDS is mostly played out in an ICU so the epidemiology is partially determined by factors affecting access to an ICU; and (2) death in the ICU nearly always reflects a decision to withdraw life support which makes it virtually impossible to distinguish the risk factors for death due directly to the critical illness from the factors relating to a decision to withdraw life support (refs 3, 4).


Despite the problems noted above, Rubenfeld reviewed the epidemiology of acute lung injury (ALl) based on recently published studies of the definitions, incidence, and outcomes of All, with particular emphasis on its effect on public health. 

 
The author notes that incidence is defined as the number of new cases divided by the population at risk and he recalls that recent studies place the incidence of ALI at 20–50 cases/100,000 person-years, with approximately 18%–25% of cases (i.e., 3–8 cases/100,000 person-years) meeting the ALI hypoxemia criterion (PaO2/FiO2 of < 300), but not the ARDS hypoxemia criterion (PaO2/FiO2 of < 200). (See Table 2 on page S279 of this paper by Rubenfeld.) Overall 28-day mortality rates for ALI-ARDS are approximately 35%–40%. The incidence rates may significantly underestimate the incidence of ALI, at least in the United States. 


Rubenfeld notes that approximately 380,000 patients with severe sepsis are cared for in ICUs each year in the United States and that about 30% develop ARDS (refs 36, 37). Assuming that sepsis is the only cause of ARDS, and ignoring patients with milder hypoxemia who meet ALI criteria, these data suggest that at least 115,000 people per year in the United States (54 cases/100,000 person-years) develop ARDS due to severe sepsis alone. Extrapolating from registry data on patients with ALI at each of the sites in the multiple-center ARDS Network, Goss and his colleagues (ref 38) estimated that, even with the conservative assumption that ALI cases are cared for only in ICUs with more than 10 beds and in hospitals with residency programs, the incidence of ALl in the United States is 22–50 cases/100,000 person-years.

Attributable and Associated ALI Mortality Rates


To address the complexities of deaths associated with ALI, Rubenfeld notes that it is helpful to think of attributable mortality rate in two categories: (1) deaths associated with the disease and (2) deaths caused by the disease that could be prevented by some therapy. The former is much easier to calculate, although the latter is more important for public health purposes.


Rubenfeld points out that, in 2000, the adult population of the United States (> 15 yrs old) was 214 million, and it is reasonable, based on the studies cited previously, that if there are 20–50 cases/100,000 person-years of ALI, there is a total of 43,000–107,000 cases/year in the United States. If the mortality rate is 35%–40%, there are 17,000–43,000 deaths per year associated with ALI, which is comparable to the numbers of deaths from other diseases with an important public health impact such as breast cancer, HIV infection, and asthma, as shown in Table 3 on page S280 of Rubenfeld’s paper. 

 
Rubenfeld notes that three recent multiple-center studies evaluated prognostic variables in ALI-ARDS patients outside of clinical trials. A Scandinavian study found that age, acute physiology, PaO2/FiO2 ratio, and chronic liver disease were statistically significant predictors of the mortality rate (refs 7, 8). An Australian study found that age, Acute Physiology and Chronic Health Evaluation (APACHE) II score, PaO2/FiO2 ratio, number of radiographic quadrants of the lung involved, and organ failure were significantly associated with mortality rate (ref 10). Finally, in a French cohort acute physiology, PaO2/FiO2 ratio, septic shock, and immunosuppression as a comorbidity were associated with a significantly higher mortality rate (ref 9). 

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
 
In their paper cited above, The Acute Respiratory Distress Syndrome, Ware and Matthay that risk factors that predict an increased mortality risk of at the time of diagnosis of ALI-ARDS include chronic liver disease, nonpulmonary organ dysfunction, sepsis, and advanced age (refs 6, 7, 10, 30). Surprisingly, initial indexes of oxygenation and ventilation, including the ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen (PaO2/FiO2) and the lung-injury score, do not predict outcome. In 3 large studies, the mortality rate among patients with an initial  PaO2/FiO2 ratio of 300 was similar to that among patients with a ratio of 200 (refs 6, 7, 30). However, the failure of pulmonary function to improve during the first week of treatment is a negative prognostic factor (ref 8).


Ware and Matthay also note that in most ALI-ARDS patients who survive, pulmonary function returns nearly to normal within 6–12 months, despite severe pulmonary injury to the lung. Residual impairment of pulmonary mechanics may include mild restriction, obstruction, impairment of the diffusing capacity for carbon monoxide, or gas-exchange abnormalities with exercise, but these abnormalities are usually asymptomatic (refs 41,42). Severe disease and prolonged mechanical ventilation identify patients at highest risk for persistent abnormalities of pulmonary function (refs 40, 43). Survivors have a generally reduced health-related quality of life as well as pulmonary-disease-specific health-related quality of life (refs 40, 44-46). 

Change in ALI-ARDS Mortality Rate over Time


Rubenfeld notes that the mortality rate for ALl or ARDS fell from > 60% in the 1980s to < 40% in the 1990s 
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(refs 47-49). An analysis of death records from the United States showed an almost 15% reduction in deaths attributed to ARDS from 1989 to 1996 (ref 50). He notes that the reasons for this decrease are uncertain, but have not been shown to be due to population changes, changing severity of illness, changes in ventilatory strategy, or specific therapeutic innovations. In their paper cited above, The Acute Respiratory Distress Syndrome, Ware and Matthay state that possible explanations for the decrease include more effective treatments for sepsis, changes in the method of mechanical ventilation, and better supportive care of critically ill patients. Ware and Matthay point out that the possibility that mortality is decreasing emphasizes the importance of the use of randomized control subjects rather than historical controls in clinical studies of ALI-ARDS.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


In their paper cited above, Acute Lung Injury and Acute Respiratory Distress Syndrome—The Clinical Syndrome, Steinberg and Hudson state that there is a debate as to whether fatality rates in patients with ARDS have decreased over time. Through most of the 1980s, mortality was in the range of  60%. A gradual reduction in mortality rate began in approximately 1989 until mortality ranged from 30% to 40% by 1994. This mortality rate has persisted since that time in the authors’ patients (Fig. 3, page 413 of this paper by Steinberg and Hudson). In 1996, Krafft and his colleagues (ref 24) published a meta-analysis of 102 studies of ARDS, plotting mortality against year of publication. They found that there was a wide range in mortality across time in the studies they examined, but no reduction in mortality; therefore, they concluded there was no evidence for a reduction in mortality in recent years. More recently, however, two epidemiologic studies showed a 37% and 41% mortality in patients with ARDS (refs 29, 50 in the paper by Steinberg and Hudson). 


The authors believe the preponderance of data strongly suggests that survival in patients with ARDS has improved over time. Steinberg and Hudson state that the exact reasons for this improvement remain unclear but may relate to better treatment of the underlying predisposing illnesses and improved supportive care of patients with ALl and ARDS, including changes in ventilator management.

 
Long-term survival after ARDS is relatively good but varies depending on the underlying risks, age, and comor​bid​ities. Steinberg and Hudson note that trauma victims who survive to hospital discharge have a very good prognosis over the following 2 years, with very little mortality. Survivors of sepsis continue to be at risk for death after hospital discharge. Interestingly, when compared with matched cohorts of patients, ARDS, in and of itself, does not contribute to an increased risk for death after hospital discharge. Trauma and sepsis survivors have similar long-term outcomes regardless of whether they had ARDS during their hospital stay (ref 40).

Steinberg and Hudson recall that, in 1985, Montgomery and associates found that patients dying after the onset of ARDS died without resolving their ARDS, but apparently died primarily of multiple organ failure and sepsis rather than respiratory causes, such as hypoxia or uncontrollable respiratory acidosis. These observations were confirmed by two studies reported in 1997 and 1999 (refs 16, 50). 


Attributable Long-term Mortality Rate


Rubenfeld notes that Davidson and associates (ref 53; and see the next paper reviewed) found that the long-term survival of ARDS patients with sepsis was significantly less than the long-term survival of trauma patients, regardless of the presence of ARDS; however, when his analysis was restricted to patients who survived to hospital discharge, there was no independent effect of ARDS on long-term mortality. Importantly, Davidson found that 80% of all deaths after the onset of ARDS occurred in the hospital and 77% occurred by day 30.


The study by Davidson referred to in the previous paragraph is described in a paper (not included with these reprints) entitled The Effect of Acute Respiratory Distress Syndrome on Long-term Survival. It is by Davidson, Ruben​feld, and associates from the Division of Pulmonary and Crit​ical Care Medicine of the Department of Medicine at Har​borview Medical Center and the University of Washing​ton School of Medicine, in Seattle. This paper appeared in THE AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE in December, 1999. The ​authors cite 4 recent studies showing that mortality associated with sepsis continues for years after hospital discharge as compared with the mortality of matched controls. They point out that if a significant number of deaths after critical illness occurs in the months after hospital discharge, hospital and ICU mortality may be inadequate (or incomplete) endpoints for clinical trials of critical care. Moreover, information about long-term outcomes is essential to patients and families making decisions about continued life support and aggressive medical care. 


Despite a large body of clinical research, Davidson,  Ru​ben​feld, and associates note that there had been no published studies of the long-term mortality of patients with ARDS. Therefore, they conducted a prospective, matched, parallel cohort study to describe the survival of patients with ARDS after hospital discharge and to assess the affects of other clinical factors on long-term mortality after this syndrome. Also, in an effort to distinguish the specific effect of lung injury on long-term mortality from the effects of ARDS-associated risk factors and critical illness in general, the authors evaluated survival in ARDS patients and in comparable control patients who did not develop ARDS.


The study included 127 patients with ARDS associated with trauma or sepsis and 127 controls matched for risk factor (trauma or sepsis) and severity of illness who survived to hospital discharge. Davisson and associates restricted their analysis to hospital survivors because the ​effect of ARDS on hospital mortality has been described, and they were specifically interested in the independent effect of ARDS on late mortality. An additional strength of 
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their study was the rigor with which each patient’s vital status was determined. It is unlikely that deaths were not accounted for. The prospective identification of ARDS subjects and controls makes it unlikely that there was a bias in the assembly of either group.

 
The main outcome measure was time until death. Survival was associated with age, risk factor for ARDS, and comorbidity. There was no difference in the long-term mortality rate for ARDS patients and that of matched controls (hazard ratio for ARDS—1.00; 95% CI—0.47 to 2.09) after controlling for age, risk factor for ARDS, comorbidity, and severity of illness.


Davidson, Rubenfeld, and associates concluded that if sepsis or trauma patients survive to hospital discharge, ARDS does not increase their risk of subsequent death over the risk imposed by their risk factor for initially developing ARDS and over the risks imposed by their comorbidities. Older patients, patients with sepsis, and patients with comorbidities, regardless of whether or not they had ARDS, have a higher risk of death after hospital discharge. Therefore, survival after hospital discharge in patients with ARDS associated with trauma or sepsis can be modeled on survival data based on underlying risk factor, age, and comorbidities. The authors point out that their study also has important findings for investigators. Clinical trials that use hospital mortality will capture 80% and those that use 100-day mortality as an endpoint will capture 89% of all deaths that occur within 2 years after ARDS associated with sepsis or trauma. Data on long-term outcomes of critical illness are essential for modeling the cost-effectiveness of therapies in critical care. For example, the data on long-term outcome from the present study can be combined with the data on quality of life in ARDS survivors and data on the cost and efficacy of an ARDS treatment to generate accurate cost-utility models. Cost-utility ratios can be compared with other economic data to determine the relative value of treatments for critically ill patients. 

Attributable and Associated ALI Morbidity Rates

In his paper cited above, Epidemiology of Acute Lung Injury, Rubenfeld notes that recent clinical evidence suggests that the ALI mortality rate, in some subgroups, is now as low as 20%, therefore, the morbidity rate in ALl survivors is increasingly significant. If there are 107,000 cases of ALI each year, 70% of whom survive, and if all patients with trauma-associated ALI and 50% of those with sepsis-associated ALI survive for 5 years, then there are now more than 280,000 ALI survivors in the United States who recovered from ALI less than 5 years previously.


Attributable Effects of ALI on Functional Status


Functional status includes pulmonary function, gas exchange, exercise tolerance, and cognitive performance. Several investigators have found that pulmonary function in ALI survivors is severely abnormal (primarily restrictive, although some obstructive abnormalities) during the first month after the onset of ALI. However, in the survivors, this is followed by 3–6 months of rapidly improving pulmonary function. (Most improvement occurs within 6 months.) Most patients have little measurable pulmonary dysfunction, except for a reduced diffusion capacity for carbon monoxide, although a few have a persistent severe restrictive ​defect.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Attributable Effects of ALI on Psychiatric
Outcomes and Quality of Life


Rubenfeld emphasizes that to an ALI survivor, quality of life is as important as any specific physical or functional variable. Potential problems were initially anecdotal, as clinicians saw ALI survivors in follow-up and heard them describe depression and difficulties at work or with relationships. Subsequently, these outcomes have been more formally studied by means of standardized questionnaires and tools. 

 
Rubenfeld states that a year after the onset of ALI most survivors have impaired memory, attention, and concentration and/or decreased mental processing speed (ref 58). The extent to which these cognitive abnormalities are attributable to ALI or to the risk conditions is unknown, but they are significant.


Hopkins and associates (ref 58) interviewed ALI survivors by using the Medical Outcomes Study 36-item, short-form health survey (SF-36). At 1 year, ALI survivors continued to have poor scores in the following domains of the SF-36: emotional, mental health, bodily pain, and general health. Davidson and his colleagues (ref 59) compared ALI survivors with matched critically ill controls who had not developed ALI and found worse results for the ALI survivors in the areas of physical functioning, general health, and vitality an average of 2 years after hospitalization many of these patients still found it difficult to function fully and return to work.


During the first 15 months after ALI, Weinert and associates (ref 60) found that more than 75% of survivors had depression scale scores indicating a diagnosis of depression. In another study (ref 61), they found that an antidepressant was prescribed for more than one half of a cohort of critically ill patients transferred to a long-term acute care facility 

 
Rubenfeld concluded that ALI, when rigorously studied, is apparently more common than indicated by previous estimates and it significantly affects public health (ref 71). Epidemiologic studies alone cannot identify causal factors, but they can verify mechanisms generated in the laboratory. Important research questions are not included in traditional epidemiology. For example, for ALI, health services research based on interactions between clinicians, clinical practice, the health system, and human diseases is just beginning. Finally, Rubenfeld emphasizes that implementation of lung-protective ventilation techniques, practice variation in the management of ALI, and the effect of ICU structure 
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and volume on ALI and mechanical ventilation outcomes are all important health services research questions that should be addressed.

CLINICAL DIAGNOSIS OF ACUTE LUNG INJURY AND ACUTE RESPIRATORY DISTRESS SYNDROME

Clinical Diagnosis


In their paper, Acute Lung Injury and Acute Respiratory Distress Syndrome—The Clinical Syndrome, cited above, Steinberg and Hudson note that ARDS is diagnosed clinically by identifying a constellation of historical and physical findings and excluding specific processes that mimic ARDS but require unique therapy. The inciting event is usually obvious and is seen as the direct cause of respiratory failure. Steinberg and Hudson note that usually little is required to make a clinical diagnosis and certain principles of supportive therapy can be initiated regardless of cause. ARDS usually develops within 12–48 hours of the predisposing event, although rarely it may not develop for up to 5 days. (See Fig. 1 on page 406 of this paper by Steinberg and Hudson.)


Conscious patients become anxious, agitated, and dyspneic as ARDS develops. Initially, dyspnea may be exertional, but it progresses quickly to severe dyspnea at rest, tachypnea, and hypoxemia. Inflam​matory pulmonary changes reduce lung compliance (stiffening) which, in turn, reduces the tidal volume, causing rapid respiration and increased work of breathing. Initially, patients may maintain acceptable arterial blood gases, perhaps even generating a respiratory alkalosis. Most patients deteriorate over several hours, requiring intubation and mechanical ventilation. 


However, Steinberg and Hudson emphasize that mechanical ventilation is not necessary to diagnose ARDS, because a few patients with mild lung injury and normal mentation can avoid intubation, either with high-flow oxygen therapy or the use of noninvasive respiratory support, such as mask continuous positive airway pressure. If measured, pulmonary artery occlusion pressure should be < 18 mmHg, although lung injury can coexist with intravascular volume overload. Total respiratory compliance is often reduced but this generally is not required for the diagnosis. Regardless of the specific diagnostic criteria applied, it is conceptually important to recognize that acute pulmonary dysfunction is a spectrum of severity with definable ALl and ARDS at the far end of the spectrum.

Laboratory Studies

There are no laboratory findings specific for ARDS other than the PaO2/FiO2 levels and ratios characteristic of the syndrome. As noted above, Steinberg and Hudson recall that the Consensus definition of ALI-ARDS simplifies previous definitions for ease of wide clinical appli​ca​tion and limits the criteria for ALl to: 

(1) 
an oxygenation abnormality with an arterial partial pressure of oxygen to inspired oxygen fraction (PaO2/FiO2) ratio 300; 

(2) 
bilateral opacities on chest radiograph compatible with pulmonary edema; and 

(3) 
a pulmonary artery occlusion pressure (PAOP) 18 mmHg if a pulmonary artery catheter is in place or no clinical evidence of left atrial hypertension if PAOP measurements are unavailable. 

The more severe form of injury, ARDS, is defined similarly except that the PaO2/FiO2 ratio is < 200.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

X-ray Abnormalities


Chest x-rays in ARDS patients usually show diffuse bilateral infiltrates consistent with pulmonary edema. These infiltrates may be mild or dense, interstitial or alveolar, patchy or confluent. They should, however, represent parenchymal disease and should not be caused by effusions, atelectasis, or masses. Initially, a chest radiograph can be misleading because there is no distinct characteristic pattern to the development of these infiltrates. They may develop quickly and symmetrically, even before hypoxemia becomes apparent, or more gradually and asymmetrically. In fact, unilateral ARDS has been described in the absence of blood flow to the contralateral lung such as in pulmonary embolism or unilateral pulmonary artery hypoplasia. 


The chest x-ray may show focal infiltrates early in the course of ARDS, interpreted initially as pneumonia or patchy, segmental atelectasis, only to progress over a few hours or days to a complete “white-out.” It can also be difficult radiographically to distinguish cardiogenic pulmonary edema from ARDS. Finally, the correlation between the x-ray abnormalities and the degree of hypoxemia can be variable. The Editors of SRGS would note, as discussed elsewhere in this Overview, that it is now recognized that chest CT imaging more accurately assesses the areas of lung involved by ARDS than does chest radiography.

Arterial Blood Gas Measurements


Arterial blood gas measurements are markedly abnormal in patients with ARDS. Initially, patients may have a respiratory alkalosis, along with hypoxemia, although the overall acid-base balance may be affected by the underlying condition of the patient. Because the PaO2 is influenced by the FiO2, as noted above, most ARDS definitions define hypoxemia in terms of a PaO2I FiO2 ratio or an arterial-to-alveolar oxygen gradient (PaO2/PAO2 ratio). The latter ​ratio may be more appropriate at high altitude. Carbon dioxide exchange may be abnormal early, even with respiratory alkalosis because high minute ventilations are usually present. This reflects simultaneous existence of shunt or low ventilation-perfusion ratio (V/Q) units causing hypoxemia 
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and deadspace or high V/Q units, causing abnormal carbon dioxide (CO2) exchange.


As deadspace ventilation and work of breathing increase, the ability to clear CO2 effectively diminishes and the initial respiratory alkalosis gives way to respiratory acidosis. In later phases of ARDS, oxygenation abnormalities frequently improve and abnormal CO2 exchange with respiratory acidosis, despite increased minute ventilation, may be the predominant gas exchange abnormality.


Although many abnormalities have been identified, there is currently no specific diagnostic test for lung injury. Many of the laboratory abnormalities seen in patients with ARDS relate to the underlying illness and the reader is referred to page 407 of this paper by Stein​berg and Hudson for their discussions of these various laboratory abnormalities that may be present with, but not specific for, ARDS. 

Bronchoalveolar Lavage


Steinberg and Hudson note that many investigators have examined bronchoalveolar lavage fluid for biochemical and cellular abnormalities of inflammatory mediators, such as cytokines, reactive oxygen species, leukotrienes, and activated complement fragments that might predict the onset or outcome of ARDS. Cellular analysis of BAL fluid reveals high neutrophil counts in patients at risk and with early ARDS. Neutrophils commonly make up > 60% of the total cell population of BAL fluid (normal is < 5%). Interestingly, it appears that as ARDS resolves, neutrophils are replaced by alveolar macrophages. 

 
Bronchoscopy with BAL is one of the mainstays of the evaluation of patients, immunocompromised or not, with ARDS of uncertain cause. Steinberg and Hudson state that this can be done safely in most patients by experienced operators. Although analysis of BAL fluid is not specific for ARDS, it is done to rule out other acute processes. Trans​bronchial lung biopsies are generally avoided in a mechanically ventilated patient, although some data suggest the procedure may be safe. An open-lung biopsy is rarely done because it is often non​diag​nos​tic when the disease process has not already been identified by careful clinical evaluation and bronchoscopy. (Ed. Note: See page 408 of this paper by Steinberg and Hudson for their entire discussion of broncho​alve​olar lavage studies in ALI-ARDS ​patients.) 

Differential Diagnosis of ALI-ARDS


A partial list of the various diseases (including congestive heart failure, diffuse pulmonary infections, and many other specific causes of acute respiratory failure associated with parenchymal infiltrates on chest radiograph) that may be confused with ARDS is provided in Table 4 on page 409 of this paper by Steinberg and Hudson. Many of the diagnoses listed in the table are also causes of ARDS but are included in the differential diagnosis list because of the specific nature of their occurrence. 


Congestive heart failure, or intravascular volume overload, is an important consideration in the evaluation of these patients. It may, in fact, be the most common alternative diagnosis for ARDS in the ICU. Fluid resuscitation is often crucial in the management of patients with trauma and sepsis and the fluid volumes required for maintenance of blood pressure and organ perfusion may result in pulmonary edema. As discussed earlier, the chest x-ray, by itself, often cannot distinguish cardiogenic from non​cardio​gen​ic pulmonary edema. In patients clearly at risk for ARDS, it is easy to see the difficulty in distinguishing these two processes. 


Furthermore, ALl can coexist with volume overload, so the presence of cardiogenic edema does not exclude the possible lung injury with increased permeability. If this possibility exists, and the patient can tolerate it clinically, Steinberg and Hudson state that it is reasonable to attempt diuresis. Once the intravascular volume overload resolves (i.e., the PAOP is < 18 mmHg) lung injury can be more accurately assessed.


Steinberg and Hudson note that, even more challenging can be an ALI-ARDS patient with no immediate or obvious cause of this condition. Patients occasionally present to an emergency room or clinic acutely ill with significant hypoxemia and diffuse pulmonary infiltrates. In these ​patients, a careful search for precipitating causes of the syndrome must be carried out. The most probable causes in this setting are likely to be infectious in nature, either diffuse pulmonary infection or evolving ARDS from an occult source of sepsis. 


A complete evaluation, including the blood gas measurements, should include a detailed history and physical examination; blood and urine cultures; urinalysis; sputum evaluation, if the patient has a productive cough; and directed studies as suggested by the examination, including consideration of intraabdominal infection. BAL may be extremely helpful, as well, to evaluate for viral pneumonia, PCP, tuberculosis, Legionella spp, fungal infection, and other unusual pathogens. Procollagen peptide and tuberculosis need to be considered in patients with this presentation, even when no apparent risk for immunosuppression ​exists. When immunosuppression does exist, as in acquired im​mu​nodeficiency syndrome, hematologic malignancy neu​tro​penia, or organ transplantation, the search for these and other opportunistic infections becomes a high priority.

 
The reader is referred to pages 408-411 for detailed discussions by Steinberg and Hudson of the various diseases included in the differential diagnosis of ALI-ARDS.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
NATURAL HISTORY OF ACUTE LUNG INJURY AND ACUTE RESPIRATORY DISTRESS SYNDROME


Fig. 1 on page 406 of the paper by Steinberg and Hudson (Acute Lung Injury and Acute Respiratory Distress Syndrome—The Clinical Syndrome) graphically depicts the time from onset of the clinical risk for developing ARDS to the development of the syndrome. When sepsis syndrome is first identified (all criteria are met), approximately 20% of all patients have already developed ARDS. Only a small percent of trauma patients 
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meet the criteria of ARDS at the time of trauma, probably because the trauma event is well characterized in time, whereas the inflammatory process has been ongoing for some time before severe sepsis criteria are met. Including the three categories of sepsis, trauma, and other causes (primarily aspiration of gastric contents), approximately 50% of patients who eventually develop ARDS do so by 24 hours after the onset of their risk event. 


Approximately 85% will have developed ARDS by 72 hours, with the remaining patients who ultimately develop ARDS do so over the next several days. These patients may simply have delayed lung injury related to systemic inflammation or may have onset of a second risk factor during this time (for example, sepsis complicating trauma). Alternatively, this delay may reflect worsening lung injury in mechanically ventilated patients related to ventilator-induced lung injury.


The course of acute lung injury after its onset is quite variable. Steinberg and Hudson state that, during the first week, patients die or improve and no longer require mechanical ventilation. The course is shown graphically by Sloane and his colleagues (ref 42) in Fig. 2 on page 411 of the paper by Steinberg and Hudson which is based on a multicenter study from Philadelphia. Patients are more likely to die during the first 2 weeks after the onset of ARDS than later in the course, however, those who survive beyond this time actually have a much better prognosis, even though their course may be quite prolonged. 

TREATMENT OF ACUTE LUNG INJURY AND THE ACUTE RESPIRATORY DISTRESS SYNDROME


In their paper cited above, The Acute Respiratory Distress Syndrome, Ware and Matthay state that improvement in the supportive care of patients with ALI and ARDS may have contributed to the recent decline in the mortality rate. Therefore, a careful search should be made for the underlying cause, with particular attention to the possibility of diagnosing and treating sepsis or pneumonia, since ALI-ARDS patients frequently die of uncontrolled infection. Enteral feeding is preferred to parenteral nutrition to avoid the serious risk of catheter-induced sepsis. Prevention of gastrointestinal bleeding and thromboembolism is also important (ref 92). Although many specific therapies have not proved beneficial, an important advance has been the establishment of a network supported by the NIH, including 10 clinical centers, 24 hospitals, and 75 ICUs, that provides the infrastructure for well-designed, multicenter, prospective randomized trials of potential new therapies. 

Mechanical Ventilation


Ware and Matthay note that although the normal resting tidal volume is 6–7 mL/kg, historically a tidal volume of 12–15 mL/kg was recommended for ALI-ARDS, although this comparatively high tidal volume may cause further lung injury. The possibility of ventilator-associated lung injury was first considered in the 1970s (ref 64) and this led to a study of extracorporeal membrane oxygenation (ECMO) in which the tidal volume was reduced to 8–9 mL/kg (ref 93). However, this strategy, like extracorporeal removal of carbon dioxide in a subsequent study did not decrease mortality. Table 3 on page 1343 of this paper by Ware and Matthay lists various alternative ventilatory strategies for ALI-ARDS. 

 
The next paper discussed is entitled ARDS: Current Treatment and Ventilator Strategies. This general review paper is by O’Connor and Hall from the Departments of Anesthesia and Critical Care and Medicine at the University of Chicago in Illinois. It appeared in ANESTHESIOLOGY CLINICS OF NORTH AMERICA for March, 1998. The authors note that accumulating data from basic science and clinical studies have dramatically changed the understanding of the ways in which mechanical ventilation itself may interact with the acutely injured lung to further impair pulmonary function. 


This has prompted an evolution in methods of selecting tidal volume, positive end-expiratory pressure (PEEP), and ventilator mode, with clinical outcome studies now suggesting improved pulmonary function and survival. In addition, there are several promising new pharmacologic treatments of ARDS. These innovations in care, and perhaps even more importantly improved supportive management of critically ill patients, generally appear to be associated with an improved survival of patients with ARDS in recent years (ref 64).

O’Connor and Hall begin this paper with a definition, classification, and pathophysiologic description of ARDS. After this, they review the concept of volutrauma in acute lung injury, as well as the animal and clinical investigations suggesting that appropriate ventilator settings can minimize this form of lung injury. Next, the authors discuss the clinical strategies of permissive hypercapnia, “open lung” ventilation, and prone positioning. “Open lung” ventilation typically involves a pressure-controlled mode of ventilation, choosing initial ventilator settings of:an FiO2 of 100%, a peak inflation pressure of 40 cmH2O (preferably < 30 cmH2O); an inspiration/expiration (I:E) ratio of 1:1; and a PEEP setting of 15 cmH2O. 


O’Connor and Hall also discuss therapies they believe are best used as salvage therapies in ARDS, i.e., high-frequency ventilation (HFV), inverse-ratio ventilation (IRV), and extracorporeal membrane oxygenation/intravenous oxygenation (ECMO/IVOX). Potentially coupled to the ventilator approaches to these patients are various pharmacologic therapies, some of which the authors review. O’Connor and Hall conclude with a practical bedside approach to these patients, attempting to define state-of-the-art management (Ed. Note: as of 1997—the year before this paper was published), 
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as well as areas that are most appropriately considered experimental.

Definition of ARDS


ARDS has many causes and a widely variable clinical course. The authors note that the criteria for diagnosing ARDS include:

(1) 
injury of the epithelium of the lung (e.g., by aspiration) or to pulmonary endothelium (e.g., by sepsis);

(2) 
tachypnea and dyspnea and detection of crackles on chest auscultation;

(3) 
diminished compliance (e.g., < 40 mL/cmH2O);

(4) 
impaired gas exchange (e.g., PaO2/FiO2 < 200) (Ed. Note: this finding is the sine qua non for diagnosing the most severe form of ALI, i.e., ARDS);

(5) 
diffuse (3-  or 4-quadrant) airspace filling on chest radiograph (Ed. Note: preferably assessed by chest CT imaging);

(6) 
exclusion of high-pressure pulmonary edema (e.g., the pulmonary capillary wedge pressure is < 18 mmHg [echocardiographic examination]).

Pathophysiology and Classification of ARDS


O’Connor and Hall state that there are probably several different pathophysiologic pathways to ARDS. Some forms of ARDS, such as those occurring following acid aspiration, probably are caused by direct chem​ical injury to the alveolus. Others, such as ARDS associated with sepsis and pancreatitis, probably are due to systemic inflammation. The details of these pathways are still poorly understood, as is ARDS itself. As the understanding of the pathophysiology of ARDS increases, the classification will probably become more refined and more specific therapies will be directed at distinct pathophysiologic causes.

 
Because ARDS is a syndrome, recognizing its existence is not equivalent to diagnosing the patient’s under​lying problem. O’Connor and Hall emphasize that this seemingly obvious insight is often not well appreciated. For example, appropriate supportive therapy may transiently stabilize an ARDS patient, but if the underlying abdominal source of sepsis is not pursued by early tests, such as CT or diagnostic peritoneal lavage, the patient will probably succumb. Having made this important point, the authors emphasize that the remainder of this article focuses on the supportive management of these patients, which sustains the patient while simultaneous diagnostic and therapeutic interventions are made for the underlying disease(s) that caused the acute lung injury. Whenever the clinician encounters a patient with ARDS, a search for the underlying cause must be initiated and promptly completed.


O’Connor and Hall recall that several scoring systems allow investigators to compare the severity of ARDS across studies and settings (ref 66). As shown in Table 2, perhaps the most widely accepted scoring system is the Lung Injury Score (LIS) proposed by Murray and Matthay in 1988, is based upon chest radiograph, degree of hypoxia, lung compliance, and PEEP level (Table 2, page 157 of this paper by O’Connor and Hall).

 
Regardless of the inciting cause, the basic pathology of ARDS begins with a pulmonary capillary leak that floods the lung interstitium and alveolar space with protein-rich fluid despite normal pulmonary microvascular pressures and this flooding diminishes lung compliance (Panel A, Fig. 1, page 158 of this paper). The clinician can quantitate the effect of lung edema during mechanical ventilation by simple observation of the airway pressures typically displayed on most ventilators (Fig. 2, page 159). 


Diminished lung compliance results in increased work of breathing in the spontaneously breathing patient or relatively high static airway pressures during mechanical ventilatory support. In addition to these adverse consequences upon lung mechanics, alveolar flooding results in a substantial fraction of mixed venous blood traversing nonventilated airspaces, effecting a right-to-left intrapulmonary shunt that is relatively refractory to oxygen therapy (Panel B, Fig. 1, page 158).


This pulmonary capillary leak, also termed low-pressure or noncardiogenic pulmonary edema, characterizes the early phase of ARDS (Fig. 3, page 160). Microscopically, to pathologists, ARDS is the clinical manifes​ta​tion of diffuse alveolar damage (DAD) which follows a continuum from early pulmonary edema to progressive lung inflammation and cellular injury. Then, either resolution or progression to diffuse lung fibrosis occurs. This early phase of DAD is termed exudative because pulmonary edema and its pathophysiologic consequences are the most prominent morphologic and physiologic findings.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Edema fluid sampled from the trachea at the onset of ARDS is high in protein (70%–90% of serum level), in contrast to patients with congestive heart failure with high-pressure pulmonary edema (ref 26). Indeed, this simple test can be used to determine the cause of pulmonary edema. However, this analysis loses its diagnostic value if it is not performed early in the course of edema formation because the healed alveolar membrane is capable of active clearance of water and electrolytes from the alveolar liquid, causing an elevation of the alveolar fluid protein in cases of resolving ARDS or cardiogenic pulmonary edema (ref 60).


Whereas a portable chest radiograph in ARDS patients is often interpreted as showing diffuse lung infiltrates, alternative imaging techniques such as CT have shown marked inhomogeneity of alveolar flooding (ref 33, 34). This finding suggests that the application of large tidal volumes and PEEP may cause overdistention of relatively
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 spared lung regions before recruitment of flooded alveoli and that other strategies to improve gas exchange might be useful.


During the days after an acute lung injury, hyaline membrane formation caused by precipitation of serum proteins in the alveolar spaces is prominent. Inflammatory cells become more numerous within the interstitium of the lung, and necrosis of type I pneumocytes may occur. By days 7–10, disordered healing is frequently observed, and abnormal collagen deposits can be seen throughout the lung. This stage is the proliferative phase of ARDS (Fig. 3, page 160). Alveolar flooding typically decreases at this time, and ventilator management is dominated by a large dead space (often 70%–80%), a requirement for a large minute ventilation (typically > 15 L/min), and pulmonary hypertension. 


Lung mechanics continue to be restricted as a result of fibro​sis rather than edema, and bronchospasm frequently emerges as a clinical problem at this time. Alveolar edema is less prominent at this stage and may be difficult to detect radiographically. Chest x-rays obtained at this point in the course of the syndrome have a typical honeycomb appearance in the lung parenchyma. The time course of recovery from the proliferative phase of ARDS is relatively variable, with some patients making a nearly complete recovery in a relatively brief period of time and ​others having marked lung derangements indefinitely. Interestingly, lung healing may occur even after many months (ref 25). 
 
The next paper discussed is entitled An Evidence Based Approach to Pressure- and Volume-limited Ventilation Strategies. It is by Meade from the Critical Care Medicine Program at the University of Toronto in Ontario, Canada, and appeared in CRITICAL CARE CLINICS in July, 1998. The author recalls that, in 1993, the American College of Chest Physicians and the European Society of Intensive Care Medicine recommended pressure- and volume-limited ventilation for patients with acute lung injury to reduce barotrauma and perhaps reduce the development of ARDS. However, although they acknowledged that this type of ventilatory support required further assessment by randomized clinical trials. 


The promise of this lung-protective ventilation strategy has been tempered by the prevailing uncertainty regarding adverse clinical sequelae of hypercapnia, an anticipated phenomenon when ventilating pressures and volumes are reduced in patients with low lung compliance (ref 13 in this paper by Meade). None of the previously reported clinical studies had rigorously investigated potential physiological effects of hypercapnia under these circumstances. The observed effects of acute hypercapnia in healthy humans, animals, or isolated tissues cannot be generalized clinically to ICU patients; therefore, the degree of hypercapnia that is acceptable in critically ill patients and the degree of pressure limitation have been left to the individual clinician. 


Now, however (Ed. Note: stated in 1997), as the results of several pertinent randomized controlled trials of pressure- and volume-limited ventilation are being disseminated to critical care clinicians, Meade states that it is time (in 1997) to reappraise the best clinical evidence evaluating pressure- and volume-limited ventilation strategies for ALI. She critically reviews the best available clinical research evidence (Ed. Note: up to 1997), evaluating the role of pressure- and volume-limited ventilation strategies in patients with ALI presented in 5 randomized, but unblinded, clinical trials included in her review which are summarized Tables 2, 3, and 4 on page 375-377 of Meade’s paper (refs 1, 2, 4, 5, 26, 27, 38). Table 2 describes the study interventions, Table 3 outlines the methodologic quality of the studies reviewed, and Table 4 summarizes the study results.

 
Meade notes that the results of the 3 studies that specifically addressed the role of pressure- and volume-limited ventilation in patients with ALI consistently suggest that this type of ventilation does not reduce mortality nor cause harm (refs 4, 5, 38). However, she also points out that 2 related studies demonstrated benefit (refs 1, 2, 26) and one of these studies showed a statistically significant reduction in mortality (ref 2). 


In summary, Meade notes that the results reviewed indicate that for the average population of critically ill patients with ALI, pressure- and volume-limited ventilation strategies do not improve clinically important outcomes such as mortality unless applied in combination with levels of PEEP greater than PFLEX (i.e., the lower inflection point on the ascending limb of a static pressure-volume curve, as measured at the time of randomization).


Meade states that the results of these studies can be applied in critical care practice, with some important limitations. For instance, with respect to the applicable patient population, according to the selection criteria of Amato and associates (ref 1), ARDS patients younger than 70 years stand to benefit, excluding patients with intracranial hypertension or cardiovascular disease. 


With respect to the ventilatory strategy, Meade points out that most mechanical ventilators in current usage (Ed.: 1997) can apply tidal volumes approximating 6 mL/kg and limit peak airway pressures to 40 cmH2O; however, the use of static pressure-volume curves to estimate PFLEX is more problematic. 

First, this measurement process has not been rigorously evaluated nor standardized and is not an assessment that is currently used by most intensivists. There is yet no published description that is sufficiently detailed to allow ICU clinicians to reproduce the study procedure, and most ICUs are not equipped to perform the procedure. Second, this process requires that patients be paralyzed, and although the time requirement is not described, it may be prohibitive. Finally, because lung injury changes over time, PFLEX is unlikely to remain constant, and intensivists may reasonably choose to measure PFLEX daily or to simply liberalize their use of PEEP to reflect the levels achieved by Amato and associates in their experimental group (ref 1). Meade notes that in additional limitation to the application of this intervention in clinical practice is that the management of profound respiratory acidosis with intravenous buffers is not adequately addressed in the current ​literature.


Even though the results of Meade’s review can be applied in practice, with moderate difficulty, the current medical literature leaves clinicians with questions about some 
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additional clinically important outcomes. In particular, potential adverse effects of hypercapnia, particularly effects on cardiovascular, renal, and cerebral function, require further evaluation in this setting. More information about patients at risk, and about the incidence and degree of hypercapnia observed in these trials, will help intensivists to utilize pressure- and volume-limited ventilation strategies more effectively. Further information addressing these concerns may be available following the publication of more recent work or from the pooling of data across studies.

 
Meade concluded by stating, in summary, that, based on the evidence from the five studies reviewed, clinicians should use a pressure-limited ventilation strategy for patients with acute lung injury, but combine this strategy with relatively liberal use of PEEP. Finally she points out that are critical care clinicians can expect more information about the degree of hypercapnia that can be safely permitted in the full reports of the randomized controlled trials reviewed and in related critical care literature.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Tracheal Gas Insufflation


In their paper cited above, Treatment of ARDS, Brower and associates note that physiologic dead space is elevated in patients with ALI-ARDS, and small-tidal-volume ventilation frequently causes hypercapnia and acute acidosis. Tracheal gas insufflation (TGI) is an adjunct to mechanical ventilation that reduces dead space (refs 153-157 in this paper) and may, therefore, be useful for attenuating the hypercapnia and acidosis that may result from small-tidal-volume ventilation in ALl-ARDS patients.


Without TGI, the bronchi and trachea are filled with alveolar gas at the end of exhalation. This carbon dioxide-laden gas is forced back into the alveoli during the next inspiration. However, with TGI, 4–8 L/min of fresh gas can be insufflated through a small catheter or through small channels in the wall of the endotracheal tube into the lower trachea to flush out the CO2-laden gas before the next inspiration. TGI may desiccate secretions and injure the airway mucosa and the TGI catheter may become a nidus for accumulation of secretions. TGI may also cause auto-PEEP from the expiratory flow and resistance of the ventilator-exhalation tubes and valve. Nevertheless, Brower and associates state that development of special equipment and explicit guidelines may, in the near future, allow clinicians to use TGI to manage patients with severe hypercapnia and acidosis.

 
The effects of PEEP in patients with ALI-ARDS are discussed more specifically in the next paper reviewed (not included with these reprints) entitled Immediate Effects of Positive End-expiratory Pressure and Low and High Tidal Volume Ventilation upon Gas Exchange and Compliance in Patients with Acute Lung Injury. It is by Burns, O’Keefe, and associates from the Department of Respiratory Care of Parkland Memorial Hospital and the Department of Surgery at the University of Texas Southwestern Medical Center in Dallas, Texas, and appeared in the JOURNAL OF TRAUMA, INJURY, INFECTION, AND CRIT​ICAL CARE in December, 2001. 


The authors cite two recent studies which suggested that a lung protective ventilator strategy that avoids end-inspiratory alveolar over​distention improves survival and decreases the duration of mechanical ventilation in patients with moderate to severe ALI (Amato, et al., Effect of a Protective-ventilation Strategy on Mortality in the Acute Respiratory Distress Syndrome. N. ENGL. J. MED. 338:347-354, 1998; and ARDS Network, Ventilation with Lower Tidal Volumes as Compared with Traditional Tidal Volumes for Acute Lung Injury and the Acute Respiratory Distress Syndrome. N. ENGL. J. MED. 342:1301-1308, 2000 [Ed. Note: The second of these two very important papers is included in this issue of SRGS and is discussed below.]).

 
In these two studies and others, low-tidal-volume ventilation was the common factor for improving the clinical outcome of ALI. However, studies show that alveolar damage is caused not only by overdistention, but also by the shear stress caused by repeated end-expiratory collapse and reexpansion (Muscedere, Tidal Ventilation at Low Airway Pressures Can Augment Lung Injury. AM. J. RESPIR. CRIT. CARE MED. 149:1327-1334, 1994). Therefore, Burns and associates point out that the combination of low end-expiratory pressure and low-tidal-volume ventilation may lead to relatively lower mean airway pressures, alveolar instability, progressive alveolar collapse, and ventilator associated lung injury. For this reason, in addition to maintaining adequate oxygenation-positive end-expiratory pressure (PEEP) levels that prevent end-expiratory alveolar collapse could theoretically minimize ventilator-associated lung injury. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


However, the authors note that there is little evidence to support this hypothesis nor to determine the role of selecting an appropriate level of PEEP in modifying the course of ALl or ARDS. PEEP was initially shown to recruit collapsed alveoli and to improve oxygenation probably by reducing the shunt fraction (Holzapfel, et al., Static Pressure-volume Curves, and Effect of Positive End-expiratory Pressure on Gas Exchange in Adult Respiratory Distress Syndrome. CRIT. CARE. MED. 11:591-597, 1983). However, a clinical trial showed that a modest amount of PEEP (8 cmH2O) did not prevent ARDS in patients at risk (Pepe, et al., Early Application of Positive End-expiratory Pressure in Patients at Risk for the Adult Respiratory-distress Syndrome. N. ENGL. J. MED. 311:281-286, 1984).
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Burns, O’Keefe, and associates recall Gattinoni and colleagues demonstrated by CT chest imaging that a proportion of collapsed alveoli in patients with ARDS could be re​ex​panded (i.e., recruited) by the application of PEEP and that the amount of PEEP required was related to the dependency of the lung regions (Gattinoni, et al., Regional Effects and Mechanism of Positive End-expiratory Pressure in Early Adult Respiratory Distress Syndrome. JAMA. 269:2122-2127, 1993).


The concern over whether persistent or repeated alveolar collapse and reinflation with tidal ventilation exacerbated ALl was only recently addressed when Cere​da and his colleagues demonstrated in 8 patients with ARDS, at relatively low-tidal-volume ventilation (8.5 mL/kg) and 5 or 10 cmH2O of PEEP, that during a 30-minute period respiratory system compliance deteriorated from baseline levels, suggesting alveolar instability and progressive collapse (Cereda, et al., Positive End-expiratory Pressure Prevents the Loss of Compliance During Low Tidal Volume Ventilation in Acute Lung Injury Patients. CHEST. 109:480-485, 1996).

 
Based on the observations noted above, the purpose of the study reported in this paper by Burns and associates was to determine the immediate effects of PEEP and tidal volume combinations upon gas exchange and respiratory compliance in a cohort of patients with moderate to severe ALl. Because the studies of Muscedere and associates cited above indicated that the combination of low tidal volume ventilation and low end-expiratory pressures augments experimental lung injury, Burns, O’Keefe, and associates hypothesized that a combination of low PEEP (5 cmH2O) and low-tidal-volume ventilation (6 mL/kg of ideal body weight) results in low static compliance and gas exchange in comparison to other combinations of PEEP (10, 15, 20, and 25 cmH2O) and tidal volumes (10 mL/kg) in patients with moderate to severe ALl.

 
These investigators prospectively studied 14 patients each of whom was treated with of 10 different tidal volume-PEEP combinations, applied in random order. After 5 minutes at each tidal volume-PEEP combination, they recorded the levels of PaO2/FiO2 and static compliance. Burns and his colleagues compared these levels during low- and high-tidal-volume ventilation as well as across 5 PEEP levels. They found that at both low- (6 mL/kg) and high- (10 mL/kg) tidal-volume ventilation, the PaO2/FiO2 levels increased with increasing PEEP, up to 20 cmH2O. 


Similar changes in static compliance were not evident. Static compliance was highest at PEEP of 10 and 15 cmH2O, regardless of tidal volume. With PEEP set at 5 cmH2O, static compliance was significantly lower with 6 mL/kg than with 10 mL/kg tidal volumes. Overall, static compliance was lowest for both tidal volume conditions with PEEP set at 25 cmH2O.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Burns, O’Keefe, and associates concluded that the combination of 6 mL/kg tidal volumes and 5 cmH2O PEEP results in poor compliance and oxygenation. At the other extreme, they could not determine any advantage to PEEP set at 25 cmH2O, although benefit to selected patients could not be ruled out. Finally, the authors note that until more precise and reliable methods are available for measuring pulmonary mechanical properties and for selecting PEEP, modest levels of PEEP (10–15 cmH2O) would seem appropriate for the ini​tial management of these patients.

 
The next paper discussed is entitled Selecting the Right Level of Positive End Expiratory Pressure in Patients with Acute Respiratory Distress Syndrome. It is by Rouby and Goldstein from the Reanimation Chirurgicale Pierre Viars, Department of Anesthesiology, Hospital Pitié-Salpétrière of the University of Paris, France, and appeared in the AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MED​I​CINE for April 15, 2002. The authors note that the administration of PEEP is aimed at preventing the end-expiratory collapse of diseased pul​mo​nary areas in order to reverse severe hypoxemia resulting from pulmonary shunting, which is a hallmark of ARDS. 


Rouby and Goldstein note that, despite the introduction of PEEP in the late 1960s (ref 1 in this paper) and the publication of more than 9,000 articles on PEEP since then, the issue about the “right level of PEEP” is still remains highly controversial. For 30 years, the pendulum has swung between minimal PEEP, providing maximum oxygen delivery at the lowest airway pressure (refs 2, 3), and high PEEP, keeping the lung fully open at end-expiration (ref 4). 


The authors point out that a reasonable means of determining the “right level of PEEP” requires a comprehensive understanding of the rationale for providing alveolar recruitment, the mechanical forces opposing PEEP-induced reopening of atelectatic areas, and the determinants of PEEP-induced lung overinflation and ventilator-induced lung injury (VILI). The authors note that the hemodynamic impairment that may be observed after PEEP implementation is basically due to PEEP-induced lung overinflation and has been extensively described in recent reviews (refs 5, 6).


The reader is referred to this paper by Rouby and Goldstein for their detailed discussions of several aspects of the physiology and pathophysiology of the “right level of PEEP,” including: 

(1) 
the rationale for reexpanding the diseased lung; 

(2) 
the mechanical forces opposing PEEP-induced lung re-aeration; and 

(3) 
the factors limiting PEEP-induced alveolar recruitment and promoting lung overinflation. 


Rouby and Goldstein then discuss selection of the “right level of PEEP “ for which they propose a pragmatic rather than a dogmatic method of selection for each patient with ARDS. This pragmatic selection should be based on a realistic assessment of the risk of alveolar 
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overdistension and overinflation. They emphasize that the potential benefit of keeping the diseased lung fully open during tidal ventilation (an hypothetical reduction of the so-called mechanical ventilation-induced “biotrauma” (ref 161) must be balanced against the well-established risk resulting from lung overinflation (refs 13, 14). At the bedside, the physician should make his or her decision about the “right level of PEEP “ based on 3 criteria: 

(1) 
the lung morphology pattern assessed early in the course of ARDS by chest CT imaging; 

(2) 
the shape of the pressure-volume (P-V) curve; and 

(3) 
the changes in gas exchange resulting from different PEEP levels.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Most ARDS patients have normally aerated lung regions coexisting with edematous and atelectatic areas at zero end-expiratory pressure (ZEEP) (ref 7). The extension of non-aerated regions and the regional distribution of the loss of aeration have a major influence on the pressure-volume (P-V) curve. Patients with atelectatic lower lobes coexisting with aerated upper lobes have a P-V curve characterized by a moderate decrease in the slope of the P-V curve and a low or nonexistent lower inflection point (refs 8, 32). In patients whose loss of aeration is distributed focally, the P-V curve has two components: (1) one related to the mechanical properties of the normally aerated lung regions and (2) one resulting from the recruitment of the non-aerated lung areas. 


Very often, high PEEP levels overinflate aerated parts of the lungs, while atelectatic lower lobes are only partially inflated (recruited) (ref 32). In other words, the concept of “keeping the lung fully open during tidal ventilation” cannot be applied to patients with a focal loss of aeration without reintroducing a risk of ventilator-induced lung injury. Consequently, Rouby and Goldstein recommend limiting PEEP to relatively low levels (around 10 cmH2O) be combined with the prone position and the administration of nitric oxide and/or almitrine, both of which improve arterial oxygenation by redistributing pulmonary blood flow toward ventilated lung areas. The prone position reduces lobar interdependence and promotes the recruitment of juxtadiaphragmatic lung regions by decreasing the chest wall compliance through a limitation of the expansion of the cephalic parts of the thorax (ref 37).

 
In the few patients with ARDS without any normally aerated lung regions at zero end-expiratory pressure (ZEEP) (refs 7, 8), optimizing PEEP should follow a different rationale. As predicted by a mathematical model of ARDS in which the entire lung is collapsed at end-ex​pi​ra​tion (ref 38), Rouby and Goldstein point out that the P-V curve of pa​tients with a diffuse and nonfocal loss of aeration can be considered as a lung recruitment curve. On this curve, lower and upper inflection points indicate the pressures at which lung recruitment begins and ends, whereas the slope of the P-V curve represents the potential for aveolar re​cruitment. 


Because the risk of overinflation appears minimum even for high PEEP (refs 29, 32), the highest PEEP consistent with the administration of a tidal volume providing enough CO2 elimination without reaching a plateau pressure greater than the upper inflection point (ref 39) should be administered. In other words, the concept of “keeping the lung fully open during tidal ventilation” can be applied to patients without any normally aerated lung regions at zero end-expiratory pressure (ZEEP) without introducing a risk of ventilator-induced lung injury.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Finally, at the bedside, the physician should try to evaluate the lung morphology pattern by considering chest radiographs in combination with the shape of the P-V curve. However, Rouby and Goldstein note that obtaining a thoracic CT scan early in the course of ARDS is the preferred method for characterizing lung morphology, because it was recently shown that AP chest radiographs can be misleading for this purpose (ref 8). 

 
Using a technique that requires no special equipment, pressure-volume (P-V) curves in ZEEP and PEEP can be obtained with most currently available ICU ventilators (ref 40). Rouby and Goldstein recall that the most recent ICU ventilators are equipped with systems that can measure P-V curves without disconnecting the patient from the ventilator. Because one of the goals of PEEP is attaining an arterial saturation > 90% at the lowest FiO2, monitoring arterial oxygen saturation and blood gas levels is a well-established clinical practice. 


However, since arterial oxygenation depends on factors other than alveolar recruitment (e.g., cardiac output, mixed venous oxygen saturation, and hypoxic pulmonary vasoconstriction) it would be dangerous to consider the PaO2 level as the gold standard for optimizing PEEP. In particular, Rouby and Goldstein, point out that, because alveolar recruitment and lung overinflation can be simultaneously observed in different parts of the lung, changes in PaO2 cannot be considered sensitive enough to detect the risk of ventilator-induced lung injury. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

 
Rouby and Goldstein concluded by noting that, in Fig. 2 on page 1185 of their paper, they propose a logical sequence of steps that the clinician could follow at the bedside for selecting the “right level of PEEP,” defined as the PEEP optimizing arterial oxygenation without introducing a risk of oxygen toxicity and ventilator-induced lung injury.


Ruby and Goldstein also point out that a vital condition for safely determining the “right level of PEEP” is the identification 
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of clinical tools allowing early detection of lung overinflation. Whether changes in PaCO2 and alveolar dead space could be predictive of lung overinflation remains to be determined. An alternative option could be to assess the predictive value of the ratio between PEEP-induced increase in functional reserve capacity (FRC) and PEEP-induced alveolar recruitment derived from the pressure-volume (P-V) curves. 


Another important issue concerns the role of lung re​cruit​ment maneuvers for optimizing PEEP. Although re​cent​ly evaluated in experimental animals (ref 41) and in a small number of ARDS patients (ref 42), the question as to whether or not periodic sighs could increase alveolar recruitment for a given PEEP level requires additional study in larger series of patients. Along these lines, differences in opening and closing pressures of injured lungs may have direct clinical implications. Clinical studies are required to determine whether setting the “right level of PEEP” should be performed according to inflation or deflation P-V curves; in other words, should PEEP be systematically implemented after a recruitment maneuver. 


Last but not least, Rouby and Goldstein note that a multi​center randomized study assessing the impact of PEEP optimization on mortality rate and duration of mechanical ventilation is warranted. For such a study to succeed, it should include a treatment group in whom “high” PEEP levels are adjusted according to the individual lung morph​ol​ogy and not adjusted routinely and indiscriminately administered.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
 
The next paper discussed is entitled A Critical Appraisal of the Newer Ventilator Strategies in the Treatment of Acute Respiratory Distress Syndrome. It is by Kambe from the Department of Surgery at the University of Connecticut Medical Center in Farmington and the Department of Surgical Critical Care and Trauma at New Britain General Hospital in New Britain, Connecticut, and appeared in PROB​LEMS IN GENERAL SURGERY in September, 2000. Kambe points out that, even though ARDS presents clinically in a uniform way, it may not be a uniform disease and he further notes that simply because “all ARDS looks alike” it does not nec​es​sarily follow that it can be successfully managed with a single strategy of treatment. 


This may partially account for the wide disparity in mortality data. For example, Croce and associates recently reported that, in trauma patients, ARDS appeared as two distinct and separate clinical entities (ref 7) presenting at different times in the patient’s hospitalization and apparently with different etiologies and had different clinical outcomes. Kambe recalls that Schuster (ref 5) points out that, if any sense is to be made of any data that has been collected or will be collected, the ARDS lesion must be more specifically characterized pathologically.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Schuster also points out that current studies fail to present inclusion criteria that test the severity of ARDS as well as the severity of the illness that caused the ARDS. This concept of dual criteria makes sense in that it must be generally accepted that ARDS develops as a result of another underlying illness or illnesses.

 
However, Kambe points out that just because two diseases occur together does not necessarily mean cause-and-effect. When ARDS was first described it was thought that shock played a primary etiologic role, and ARDS was then called posttraumatic lung by Moore and associates (ref 8). However, shortly afterward it was shown experimentally in animals (ref 9) and then clinically (ref 10) that hemorrhagic shock alone does not cause ARDS. Hemorrhagic shock is, however, associated with ARDS, because a multitude of events that occur with the shock are now known to cause ARDS including: 

•
severe tissue injury and necrosis; 

•
sepsis (ref 10 in this paper by Kambe), 

•
ischemia/reperfusion injury (ref 11), and 

•
maybe a direct injury due to the WBCs and antibodies within the transfused blood (ref 12).


Kambe notes that, until the separate causes of the lung injury, as well as the lung injury itself, can be identified, quantified, and successfully treated, it seems likely that the data will continue to defy interpretation.

 
The author states that, although mechanical ventilation may be lifesaving, there is a growing consensus that the ventilator, or at the least the way it is used, plays a significant part in the clinical course of ARDS (refs 13-15). He contends that the newer and novel strategies for dealing with the adverse consequences of mechanical ventilation are not really new. 


Kambe recalls that in 1984 Gattinoni published an article that outlined the physiologic principles upon which the new lower tidal volume, lower pressure, ventilatory strategy is based (ref 16). Furthermore, there was an increasing amount of animal data suggesting that airway pressures and/or tidal volumes previously thought to be safe could injury the lung. 


Tsuno and his colleagues also stated that, for similar pressures, the larger the change in volume, the larger the pulmonary injury (ref 17). This injury consisted of alveolar hemorrhage, neutrophil infiltration, interstitial congestion and edema, emphysematous change, and hyaline membrane formation. This injury was pathologically and clinically similar to ARDS (refs 17-19). 


As early as 1976, Teplitz published an article suggesting that ARDS might be partly iatrogenic and aggravated by aggressive mechanical ventilation in patients with a preexisting pulmonary injury (ref 20). The mechanical damage caused by the changes in pressure or volume has variously been called barotrauma. However, in order to differentiate this “barotrauma” from the barotrauma manifested as pneumothorax or pneumomediastinum, the name has 
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been changed to volutrauma. “Volutrauma” is also used because it reflects the belief that the damage to the lungs comes from the stretching and shearing of the pulmonary tissues as the lung expands.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Kambe notes that, by 1993, a Consensus conference agreed on certain physiologic principles that are the underlying physiologic basis to the volume- and pressure-limiting strategy of ventilatory support in ARDS patients (ref 21 in this paper by Kambe as well as a paper by Bernard, Artigas, Brigham, et al., The American-European Consensus Conference on ARDS: Definitions, Mechanisms, Relevant Outcomes, and Clinical Trial Coordination. AM. J. RESPIR. CRIT. CARE MED. 149:818-824, 1994). These principles are:

1. Overdistention of normal and damaged lungs causes injury. Since the exact volume that over distends the alveolus cannot be measured, pressure is used as an estimate and transthoracic pressures > 35 cmH2O is of concern. The best measure of transthoracic pressure is plateau pressure. However there are conditions, such as decreased chest wall compliance or increased intraabdominal pressure, in which higher plateau pressures would be safe.

2. If limiting plateau pressures and tidal volumes cause the PaCO2 to rise above normal levels and cause the pH to fall below normal, this was considered a reasonable trade off in order to maintain a safe pressure. There was no general agreement as to the safe upper limit of PaCO2 or the safe lower limit of pH.

3. Positive end expiratory pressure (PEEP) is useful in not only supporting oxygenation but also in minimizing lung damage. No consensus was reached as to the appropriate level of PEEP.

4. FiO2 should be minimized; however, in order to control plateau pressure, an oxygen saturation of slightly less than 90% was acceptable.

5. If oxygenation was inadequate after these ventilatory maneuvers, then sedation, paralysis, position changes (i.e., prone ventilation), changes in cardiac output and hemoglobin should all be considered.

 
Kambe concluded by noting that Gattinoni’s work provided an excellent framework from which several theoretically sound rules of engagement have emerged:

(1) 
Tidal volumes must be limited.

(2) 
PEEP should be added to keep the lung from collapsing during end expiration (ventilating above Pflex).

(3) 
An elevated PaCO2 that allows ventilation within these parameters may be desirable.

(4) 
Oxygenation should be optimized using all the variables available, cardiac output, hemoglobin, decreased oxygen consumption, as well as FiO2 and PEEP. 


Many of these strategies are not new, just under​utilized.


Kambe notes that pressure-limited, or pressure-controlled ventilation (PCV) has become the most common mode of ventilation used for this lung protective strategy. However it should be noted that the use of PCV is a way to accomplish this goal and not an end in itself. As described in the literature, the use of PCV often leads to the use of secondary strategies such as inverse-ratio breathing and this frequently leads to the need to paralyze the patient. Kambe states that these paralytic agents may lead to catastrophic accidents such as accidental extubations or long term neuromuscular weakness more frequently than has been suspected. Kambe suggests that simply limiting tidal volume by the use of intermittent mandatory ventilation (IMV) or assist control (AC) is just as theoretically sound and may be easier to use.


The reader is referred to pages 81-82 in Kambe’s paper for his complete discussion of the serious morbidity that may be caused by neuromuscular blockers in patients receiving mechanical ventilatory support. Briefly, he notes that there is significant concern that there is a lack of knowledge about the use of paralytics in the ICU. Kambe recalls that, in 1980, Miller-Jones and Williams (ref 35 in Kambe’s paper) reviewed the administration of pancuronium without also giving either analgesics or sedatives to 48 of 50 patients in a community hospital ICU and, not surprisingly, they roundly criticized this practice. In a second study from the University of Washington Medical School (ref 36), resident physicians and ICU nurses were surveyed regarding their knowledge about the most common paralytic drugs, sedatives, and narcotics used in their ICU. While all correctly identified narcotics as analgesics without a direct effect on anxiety, 5% of resident physicians and 10% of the ICU nurses thought pan​cu​ro​nium had analgesic effects and 15% of the residents and 30% of the nurses were unsure as to its analgesic properties. Worse, 50% of the residents and 80% of the nurses thought pancuronium had anxiolytic properties.


Kambe notes that it is of interest that with pressure control ventilation (PCV), especially as the I:E ratio approaches  1, there is an increasing need to heavily sedate and paralyze the patient. In this regard, he notes that a recent study (ref 37 in Kambe’s paper) showed that 85% of paralyzed patients were routinely monitored for pain and anxiety; however, he points out that it is unconscionable that 15% of paralyzed ICU patients were not routinely monitored for pain and anxiety! He emphasizes that if a ventilatory mode is used that requires many patients to be paralyzed, care must be 
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taken to assure that all of these patients are adequately sedated and relieved of their pain.


Once complications of neuromuscular blockade were considered to be rare and relatively benign events; however, Kambe emphasizes that this is now known to be incorrect. He cites a study of the economic impact of neuromuscular blockade in which Rudis and associates (ref 38) showed that 5.5% of patients paralyzed for at least 24 hours suffered from a long-term neuromuscular weakness and they speculated that this percentage probably was higher for ARDS patients who were paralyzed for periods significantly longer than 24 hours—which is often the case. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


The mean ICU stay for these patients was 58 days after the neuromuscular blockade was discontinued. Moreover, 60% developed nosocomial pneumonias, 90% required tracheotomy, and 50% ultimately died in the hospital. Of those who survived, it took longer than 6 months to fully recover. Rudis and associates conservatively estimated the median hospital cost to be $54,632 for the paralyzed patients versus $12,476 for the matched nonparalyzed controls, not including the very significant costs for any extra procedures or complications such as tracheotomy, gastrostomy, or nosocomial pneumonias.

 
Kambe notes that, while prolonged motor weakness may develop after any of the neuromuscular blocking agents, concomitant use of the steroid-based agents (pancuronium, vecuronium) with corticosteroids reportedly increases the probability of developing prolonged weakness to 24%–40% (refs 39, 40). However, giving the muscle blockers by intermittent bolus rather than by continuous intravenous infusion seems to reduce the incidence of prolonged weakness, if corticosteroids and steroid-based neuromuscular blockers must be given together (ref 40).


Kambe notes that the list of drugs that antagonize paralytics (e.g., corticosteroids, phenytoin, methylxanthines) is nearly as long as the list of drugs that potentiate these paralytics (e.g., ß-blockers, calcium-channel blockers, magnesium). In addition, many common ICU conditions alter the actions of paralytics. For example, tissue edema expands the volume of distribution of these drugs, making it more difficult to adequately load the patient and then when adequate paralysis is finally achieved, the large reservoir of drug in the edema fluid prolongs recovery from the paralytic state. Other conditions, such as respiratory acidosis, metabolic alkalosis, hypokalemia, and hyponatremia, also potentiate neuromuscular blockade (ref 41).


Kambe also points out that the use and titration of these neuromuscular blocking drugs in mechanically ventilated patients is rather haphazard. Kleinpell found (ref 37) that only 16% of ICU nurses used peripheral nerve stimulators to monitor the degree of neuromuscular blockade, while 31% used clinical judgment only, and 52% used clinical judgment and nerve stimulators. When using nerve stimulators, only 58% used only the baseline response to train-of-four stimuli for monitoring. The amount of current, and the number of twitches used to titrate the drug, and the frequency of monitoring also varied widely.

 
Finally, Kambe states that, at present (i.e., at the time of publication of this paper, 2000), the literature is not clear on which parameter to choose as a target for mechanical ventilatory support—limiting the pressure (to < 35 mmHg), or limiting the absolute tidal volume, or neither, or both (to < 5–7 mL/kg). He states, however, that no studies had shown a statistically significant advantage to this strategy. (Ed. Note: It is emphasized that this is no longer correct, as noted in the next paper reviewed from the Acute Respiratory Distress Syndrome Network.)

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

The next paper discussed is entitled Ventilation with Lower Tidal Volumes as Compared with Traditional Tidal Volumes for Acute Lung Injury and the Acute Respiratory Distress Syndrome. This paper was written by Brower and associates for the NIH Acute Respiratory Distress Syndrome Network and appeared in THE NEW ENGLAND JOURNAL OF MEDICINE for May 4, 2000. The Editors of SRGS would emphasize that this most important and truly landmark paper will from now on undoubtedly be one of the most frequently cited articles relating to the treatment of ALI-ARDS. 


It describes the study whereby the NIH Acute Respiratory Distress Syndrome Network compared a traditional tidal volume (12 mL/kg of predicted body weight) with a lower tidal volume (6 mL/kg of predicted body weight) in 861 patients. In the group receiving lower tidal volumes, plateau pressure (airway pressure measured after a 0.5 second pause at the end of inspiration) could not exceed 30 cmH2O and a detailed protocol was used to adjust the fraction of inspired oxygen and positive end-expiratory pressure (PEEP). 


The in-hospital mortality rate was 40% in the group treated with traditional tidal volumes and 31% in the group treated with lower tidal volumes (p = 0.007). Thus, the mortality was significantly reduced by 22% with lower tidal volumes, a finding of major importance. This large multicenter trial provides the first convincing evidence that a specific therapy for ARDS can significantly reduce mortality from ARDS. This trial also provides further evidence of the clinical significance of ventilator-associated lung injury as well as providing a well defined protocol for ventilation against which future strategies can be compared. 

 
The positive results of this NIH trial differed from those of two previous studies of low tidal volumes, a Canadian study of 120 patients (ref 104 in this paper) and a European study of 116 patients (ref 105). There are several possible explanations for the discrepant results. First, this current NIH study had the lowest tidal volume when the tidal volumes were compared with the 
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use of the same calculation of ideal body weight; therefore, the NIH study may have been better able to show a difference between the treatment groups. Second, in this NIH study respiratory acidosis associated with alveolar hypoventilation and hypercapnia was treated by allowing the respiratory rate to increase to 35 breaths per minute and by the administration of intravenous sodium bicarbonate. Conceivably, respiratory acidosis might have had deleterious effects in the groups treated with low tidal volumes in the other two studies. Third, the other studies had many fewer patients, which reduced the statistical power for demonstrating a treatment effect.

NEW VENTILATOR STRATEGIES


The discussion of newer ventilators strategies in this section of the Overview is based on three recent papers. The paper is entitled Advances in the Management of Acute Respiratory Distress Syndrome Protective Ventilation. It is by Hirvela from the Department of Surgery at the University of California, Davis-East Bay, Alameda County Medical Center in Oakland, California, and appeared in ARCHIVES OF SURGERY in February, 2000. The second paper is entitled Mechanical Ventilation in Acute Lung Injury and Acute Respiratory Distress Syndrome. It is by Brower and Fessler from the Division of Pulmonary and Critical Care Medicine of the Department of Medicine at Johns Hopkins University School of Medicine in Baltimore, Maryland, and appeared in CLINICS IN CHEST MEDICINE in September, 2000. The third paper,  Treatment of ARDS, was cited earlier in this Overview. It is by Brower, Berthiaume, and Ware and Matthay.

 
Hirvela notes in her paper that ventilation of ARDS patients evolved as the disease was better understood. It is now known that the total (functional) lung volume may be reduced > 50% in some ARDS patients; therefore, ventilation with a “normal” tidal volume may excessively increase airway pressures. She points out that barotrauma is a misnomer, since the resulting lung injury is actually due to hyperinflation, or volutrauma. In 1988, Dreyfuss and associates showed that experimental animals subjected to high airway pressures, but normal tidal volumes were similar to control animals, but those exposed to high tidal volumes and high airway pressures showed gross edema and increased lung weight with associated cellular damage (ref 11 in Hirvela’s paper). 
ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

 
A second conceptual leap was understanding that although ARDS is a diffuse process, areas of relatively normal lung and diseased lung are interspersed, so there are regional differences in ventilation. While higher peak inspiratory pressures (PIPs), positive end-expiratory pressures (PEEPs), and tidal volumes lead to a higher incidence of clinical barotrauma (i.e., volutrauma), such as pneumo​thorax and pneumomediastinum, lung damage from over​​​dis​​ten​tion may be far more insidious, and ultimately more lethal particularly since the more normal alveoli are less stiff and more easily distended and, therefore, more suscep​ti​ble to injury by overinflation. So limiting the tidal volume and airway pressure during ventilatory support by rou​​tine use of smaller tidal volumes, permissive hypercapnia, pressure-limited ventilation, and inverse-ratio venti​lation should be advantageous. In addition, Hirvela notes that new insights into regional underventilation have also led to reevaluation of the concept of “best PEEP” (refs 13, 14, 29) and the introduction of prone ventilation (refs 30-33). 
 
Brower and Fessler note that in patients with ALI-ARDS, injury to type II pneumocytes in the alveoli decreases surfactant production, and existing surfactant is inactivated by plasma proteins that leak into small airways and alve​oli. With inadequate surfactant function, increased surface tension at air-fluid interfaces causes diffuse micro​ate​lec​tasis. Other airspaces fill with fluid, inflammatory cells, and debris and are therefore unavailable for ventilation and gas exchange. Hypoxemia therefore occurs primarily from arteriovenous shunt. 


Some aerated lung regions are poorly ventilated because their regional compliances are reduced or their airway resistances are elevated from regional inflammation and interstitial fluid extravasation. These low ventilation-per​​fusion (V/Q) units may contribute further to hypoxemia. Brower and Fessler point out that other lung units may be over​​ventilated if their airspace compliances are relatively high or their regional blood flows are reduced by micro​throm​​​bi and capillary obliteration. Such high V/Q units cause high deadspace and elevated ventilation requirements with ALI-ARDS. In milder cases, hypoxemia may be corrected with increased fractional inspiration of oxygen (FiO2) and spontaneous increases in minute ventilation are sufficient to maintain normal arterial partial pressure of CO2 (PaCO2). In more severe cases, mechanical ventilation is necessary to ensure adequate gas exchange and prevent death from severe hypoxemia and hypercapnia.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Traditional Mechanical Ventilation Techniques Used in ALI and ARDS Patients


Brower and Fessler state that tidal volumes of 10–15 mL/kg are frequently used during general anesthesia because they help prevent hypoxemia from atelectasis, which often develops when normal tidal volumes of 7–8 mL/kg are used. These generous tidal volumes are also useful for maintaining normal carbon dioxide clearance when deadspace is elevated, as in ALI and ARDS, and may also help recruit small bronchioles and alveoli, reducing shunt fraction and improving oxygenation. The authors recall that a large survey of mechanical ventilation practices by intensivists for ALI and ARDS 
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patients in 1992 showed that most used tidal volumes  10 mL/kg (ref 25).

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

 
Brower and Fessler note that by raising the fraction of oxygen in the inspired gas (FiO2) arterial oxygena​tion usually can be supported, however, this does not occur in some patients and oxygen toxicity from the high FiO2, may exacerbate ALI. Positive end-expiratory pressure (PEEP) improves arterial oxygenation by redistributing lung water from alveolar to interstitial spaces as well as by opening and stabilizing some atelectatic ​alveoli. 


Clinicians must decide how to balance risks of PEEP, including circulatory depression and bar​otrauma, against the risks of oxygen toxicity from high FiO2. Some believe the best PEEP in individual patients is the level that results in maximal systemic oxygen delivery, balancing the beneficial effects of PEEP on arterial oxygenation versus its adverse effects on cardiac output. However, the authors state that most clinicians apparently use the least PEEP necessary to achieve satisfactory arterial oxygenation at a FiO2 that seems as safe as the PEEP. (See Fig. 1 on page 492 of Brower and Fessler’s paper.) Unfortunately, there is very little clinically useful information to guide these decisions, so the use of PEEP and FiO2, varies widely. 
 
With few exceptions, normal or near-normal levels of PaO2 and PaCO2 can be main-tamed for days or weeks with traditional mechanical ventilation in ALl or ARDS patients. This “buys time” to administer specific treatments for the conditions that may have caused ALI or ARDS, although many patients die without resolution of lung injury despite aggressive treatments for the conditions that precipitate their illness. However, a major challenge in managing ALI-ARDS is to ensure adequate support for gas exchange while avoiding ventilator-associated lung injury (VALI).


In this article, Brower and Fessler briefly review key aspects of the pathophysiology, histopathology, and radiologic changes of ALI and ARDS to provide the basis for understanding this challenge. On pages 493-495, they review several aspects of the mechanisms of VALI including: 

(1) 
heterogeneous lung injury in ALI-ARDS; 

(2) 
ventilator-associated lung injury from over​dis​ten​tion or stretch; 

(3) 
ventilator-associated lung injury from ventilation with atelectasis at end-expiration; and 

(4) 
ventilator-associated lung injury and inflammatory cytokine release.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Lung-protective Strategies to Prevent 
Ventilator-associated Lung Injury


Hirvela, in her paper, and Brower (with associates), in his papers cited above, describe various modified methods of ventilation designed to achieve satisfactory gas exchange while minimizing VALI.

Smaller Tidal Volumes and Permissive Hypercapnia


Hirvela notes that reduction of the tidal volume immediately reduces alveolar overdistention. The respiratory rate can be increased to maintain a normal carbon dioxide (CO2) level; however, as the mechanical ventilation rate rises to > 25-30 breaths per minute, the previous breath may not be fully expired before the next is delivered. This causes breath stacking and buildup of intrinsic PEEP (also called auto-PEEP or inadvertent PEEP) resulting in adverse cardiorespiratory side effects that ultimately decrease cardiac output. This can be avoided simply letting the plasma CO2 level rise, i.e., permissive hypercapnia which is now an accepted practice and can be implemented with any volume-cycled ventilator. 


Several reports indicate that plasma CO2 levels > 100 mmHg (average—50 to 77 mmHg) can be tolerated and that this technique may improve survival (refs 4, 6, 8, 9, 22, 23 in Hirvela’s paper). Associated pH values are generally 7.2–7.3, although levels below 7.0 are recorded. However, in patients with severe closed head injury, CO2 should be maintained at mildly reduced or normal levels. Also with a rapidly progressing metabolic acidosis, the deliberate addition of a respiratory component to the acidosis may result in an unacceptably low pH. Hirvela notes that a gradual increase of the plasma CO2 level over 10–12 hours is advocated to permit intracellular adjustment to alterations in pH (ref 27).

To determine whether a more rapid rise in CO2 was detrimental, Thorens and associates (ref 20) allowed the average PaCO2 to rise from 40 mmHg to 59 mmHg and the average pH to fall from 7.4 to 7.26 in 11 mechanically ventilated patients over 30–60 minutes and they maintained this for 2 hours. They noted no adverse cardiorespiratory or other ill effects. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Carvalho and his colleagues (ref 34) also rapidly induced hypercapnia in 25 patients receiving relatively high doses of PEEP (average—16 cmH2O). Despite the initial precipitous rise in plasma pCO2 from 35 mmHg to 58 mmHg, they observed no adverse side effects demonstrating that an almost instantaneous rise in CO2 is well tolerated in patients with normal cardiac reserve and an appropriate volume status.


Hirvela emphasizes that alveolar shear injury can result with an excessively small tidal volumes which causes opening and closing of the small airways with every breath (“tidal recruitment,” “airway winking”). Although it is difficult to set an absolute lower limit for tidal volume, Hirvela 
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notes that 4 mL/kg is commonly suggested. A pressure-volume curve can be used to more accurately detect the presence of airway shear. PEEP can be adjusted to attenuate or eliminate airway injury. (See the “Best PEEP and Inflection Points” section of Hirvela’s paper on pages 129-131.)


In their paper, Mechanical Ventilation in Acute Lung Injury and Acute Respiratory Distress Syndrome, Brower and Fessler are less sanguine than Hirvela about permissive hypercapnia, although they agree that it may be necessary to “permit” hypercapnia and respiratory acidosis to achieve lung protection. They note that some clinicians and investigators (refs 66, 67 in this paper), citing encouraging results in uncontrolled trial of permissive hypercapnia in ALI and ARDS, suggest that acute respiratory acidosis may be well tolerated and that lung protection in ALI and ARDS patients is more important than the traditional acid-base objectives (refs 46, 74, 154 in this paper). 


However, Brower and Fessler caution that acute hypercapnia and acidosis may cause circulatory dysfunction, increased intracranial pressure, and muscle weakness (refs 91, 144, 157). Moreover, many patients experience dysp​nea and agitation from acute respiratory acidosis, increasing requirements for sedatives or neuromuscular blockade. Complications from these medications include neuropathy, myopathy, and prolonged ventilator dependence (ref 61; Ed. Note: see the cautionary comments about neuromuscular blockade in the paper by Kambe reviewed above).

Nevertheless, Brower and Fessler note that the results of the recently completed National Institutes of Health trial, reported in the paper (cited above) entitled, Ventilation with Lower Tidal Volumes as Compared with Traditional Tidal Volumes for Acute Lung Injury and the Acute Respiratory Distress Syndrome, suggest that the beneficial effects of lung protection from excessive stretch outweigh the adverse effects, if any, from decreased alveolar ventilation. Hypercapnia and acidosis were relatively mild in the ARDS Network trial, however, Brower and Fessler note that this was primarily because the protocol procedures required high respiratory rates and allowed sodium bicarbonate infusion to compensate for respiratory acidosis when the plasma pH fell below 7.3. As a result, although lung-protective effects appear to have been important, Brower and Fessler contend that it is not yet clear that hypercapnia and acidosis are without serious consequence.

 
In their paper, Treatment of ARDS, Brower and associates recall that the ARDS Network trial referred to above, excluded patients with elevated intracranial pressure or with sickle hemoglobin because hypercapnia and acidosis can adversely affect these conditions. However, they recommend the lower tidal volume ventilation technique for most other patients with ALI-ARDS. Brower and associates note that the complete methodology for the ARDS Network trial procedures is available at www.ardsnet.org and from the National Auxiliary Publications Service (c/o Microfiche Publications, 248 Hempstead Turnpike, West Hemp​stead, NY 11552; document 05542). 
ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

The lower tidal volume strategy of the ARDS Network trial is summarized in Table 2 reproduced above from the paper, Treatment of ARDS, by Brower and associates. Except for the lower tidal volumes with permissive hypercapnia, this approach is consistent with previously accepted standard supportive treatment for ALI/ ARDS. With the substantial improvements in important clinical outcomes demonstrated in the ARDS Network trial, Brower and associates emphasize that the lower tidal volume strategy may now be considered standard supportive treatment for patients with ALI-ARDS, until another mechanical ventilation strategy is proven to be superior.

Volume-cycled Versus Pressure-controlled Ventilation


In their paper cited above, Treatment of ARDS, Brower and associates note that volume-cycled mechanical ventilation modes (volume-assist/control and intermittent mandatory ventilation) are used most frequently in ALI-ARDS patients, but pressure-cycled modes can provide similar levels of ventilatory support. Inspiratory increments in transmural alveolar pressure and volume vary directly with each other according to the pressure-volume characteristics of the lung, regardless of ventilator mode. Thus, Brower and associates point out that, for a given tidal volume, there is no advantage or disadvantage of pressure-controlled versus volume-cycled modes in relation to risks of baro​trau​ma or stretch-induced lung injury. 


Some suggest that the rapid inspiratory airflow with pressure-con​trolled modes is more favorable for gas exchange. However, there were no differences in PaO2 or PaCO2 when ALI-ARDS patients received ventilation with volume-cycled vs pressure-controlled modes at constant tidal volume, end-expiratory alveolar pressure, and ratio of the duration of inspiration to the duration 
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of expiration (I:E). Nevertheless, Brower and associates state that some patients may be more comfortable receiving pressure-support ventilation, especially when there are substantial respiratory efforts. However, volume-cycled modes provide greater control over tidal volume, which is an important determinant of ventilator-associated lung injury.

Brower and associates state that sufficient gas exchange is usually achieved with conventional mechanical ventilation. However, this may not be possible in some ALI-ARDS patients without causing ventilator-associated lung injury or oxygen toxicity. Numerous additional treatments to improve gas exchange or reduce ventilation or hyperoxia-associated lung injury are currently under investigation. Some new treatments utilize novel methods of mechanical ventilation. Others utilize pharmacologic mechanisms to improve gas exchange and lung mechanics. These approaches are discussed in a section of the paper, Treatment of ARDS by Brower and associates, entitled “Potential New Treatments Strategies.”

 
In her paper, Advances in the Management of Acute Respiratory Distress Syndrome—Protective Ventilation, Hirvela recalls that 11 of the 12 patients in the original ARDS series of Ashbaugh and associates (ref 1 in Hirvela’s paper) were initially managed with pressure-cycled ventilators, which were unsatisfactory because they could not provide adequate tidal volumes. However, contemporary ventilators that can simultaneously control airway pressures and adjust delivery to ensure a set minute ventilation offer a better solution because they incorporate the most desirable features of both volume- and pressure-control ventilation. 


In a prospective, randomized trial comparing pressure-limited and volume-controlled ventilation in 27 respiratory failure patients, Rappaport and associates showed that lung compliance improved significantly with pressure-control ventilation, but worsened with vol​​ume-control venti​lation. Moreover, the pressure-con​trol group were extubated sooner and their 56% mor​tal​​ity rate was less than the 64% mortality of the volume-control group; but this difference was not statistically significant. While the numbers are small, Hirvela notes that these results support limiting airway pressure, regardless of whether it is the ventilator or the ICU personnel who provide the feedback control.

Inverse-ratio Ventilation


Another technique for reducing airway pressure is inverse-ratio ventilation (IRV). In spontaneously breathing normal patients, the ratio of expiration time to inspiration time (I:E ratio) is 1:2. In contrast, by slowing the flow velocity during mechanical ventilation the time to deliver the tidal volume (i.e., inspiration) increases and the time for expiration decreases, thus, the ratio of the I:E times during a respiratory cycle can be adjusted to equalize or even reverse the inspiration and expiration times to produce IRV. 

Hirvela notes that IRV has 2 potentially beneficial effects: (1) because the tidal volume is delivered more slowly, the driving pressure does not need to be so high, thus reducing peak inspiratory pressure (PIP) and (2) pro​longed inspiratory time may (?) improve oxygenation in some patients. 


However, Lessard and his colleagues (ref 27) compared pressure-controlled inverse-ratio ventilation (PC-IRV) at 2:1 and 3:1 to pressure-controlled and volume-controlled ventilation at 1:2 in 9 patients with severe ARDS and in this small group, oxygenation did not improve with IRV. Moreover, reversals of the I:E ratio are not well tolerated and ratios > 1.5:1 usually require neuromuscular blockade.


In their paper, Treatment of ARDS (cited above), Brower and associates also discuss IRV per se and in conjunction with airway pressure-release ventilation. They note that some investigators have suggested that atelectatic alveoli may be recruited and stabilized by extending the duration of inspiration and shortening the duration of expiration. If so, then intrapulmonary shunt could be reduced and arte​rial oxygenation improved without increasing PEEP, inspiratory airway pressures, tidal volume, or lung stretch. 


Brower and his colleagues state that IRV is associated with shunt reduction and improved arterial oxygenation in patients with ALI-ARDS. However, the short exhalation times of IRV probably cause some auto-PEEP. Thus, improved gas exchange in previous studies with IRV may have occurred because of an increase in end-expiratory alveolar pressure. 


In 3 studies of ARDS patients, effects of IRV on shunt and oxygenation were compared with effects of PEEP without IRV. When end-expiratory alveolar pressures or thoracic volumes were matched during IRV and conventional ventilation, arterial oxygenation and shunt were similar. These studies suggest that the mechanism by which IRV improves oxygenation is the same as with externally applied PEEP, i.e., that shunt reduction does not occur with IRV unless there is increased end-expiratory alveolar pressure. Furthermore, Brower and associates point out that most patients receiving IRV require heavy sedation, and many require neuromuscular blockade because IRV is very uncomfortable. There is growing awareness of complications from seda​tion and neuromuscular paralysis in critically ill patients. 

 
The authors of the next two papers reviewed present experiences indicating that inverse-ratio ventilation (IRV) does improve oxygenation. The first paper (not included with these reprints) is entitled The Outcome of Early Pressure-controlled Inverse Ratio Ventilation on Patients with Severe Acute Respiratory Distress Syndrome in the Surgical Intensive Care Unit. It is by Wang and Wei from the Critical Care Division of the Surgical Department and the Department of 
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Education and Medical Research of the Changhua Christian Hospital in Changhua, Taiwan. This paper appeared in the AMERICAN JOURNAL OF SURGERY in February, 2002. The second paper (not included with these reprints) is entitled Pressure Control Inverse Ratio Ventilation in the Treatment of Adult Respiratory Distress Syndrome in Patients with Blunt Chest Trauma. It is by McCarthy and associates from the Department of Surgery at Wright State University School of Medicine and the Department of Respiratory Care Services at Miami Valley Hospital in Dayton, Ohio, and appeared in THE AMERICAN SURGEON in November, 1999. 


Wang and Wei note that the overall ARDS mortality rate fell from 53%–68% in 1983 to a low of 36% in 1993 (Milberg, et al., Improved Survival of Patients with Acute Respiratory Distress Syndrome (ARDS): 1983-1993. JAMA 273:306-309, 1995). They cite the recent NIH ARDS Network study (described earlier in this Overview) that finally and clearly demonstrated that low tidal volume, pressure-limited ventilation with permissive hypercapnia significantly reduces the ARDS mortality rate. Wang and Wei also note that both animal and human studies have shown that pressure limitation in the ventilatory management of ARDS can prevent or reduce ventilator-induced lung injury. They further state that the common reasons for initiating pressure-controlled inverse-ratio ventilation (PC-IRV) are failure of volume-cycled conventional ratio ventilation (VC-CRV) to decrease high peak inspiratory pressure (PIP), maximal PEEP, or an elevated fraction of inspired oxygen (FiO2). These failures may lead to pneumothorax, oxygen toxicity, impaired cardiac function, further decreased lung compliance, and a higher mortality rate. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Wang and Wei note that PC-IRV increases the inspiratory time and mean airway pressure for more gas distribution and oxygen diffusion and the shorter expiratory time may prevent alveolar collapse (Yanos, et al., The Physiologic Effects of Inverse Ratio Ventilation. CHEST 114:834-838, 1998). They also state that, now that PC-IRV has been shown to improve oxygenation, to limit peak inspiratory pressure (PIP), and to reduce hemodynamic depression, the question arises about why this method had not been used before (Tobin, Lewan​dow​ski, Nontraditional and New Ventilatory Techniques. CRIT. CARE NURS. Q. 11:12-18, 1988; and Delgado, Pressure Controlled Inverse Ratio Ventilation. CRIT. CARE. NURS. Q. 23-35, 1996).


Wang and Wei investigated whether early PC-IRV could be an effective alternative to volume-cycled conventional ratio ventilation (VC-CRV) and maintain oxygenation without raising PEEP. They switched 20 patients who had severe ARDS from VC-CRV to PC-IRV because these patients failed to maintain a SaO2 level of > 90% despite a PIP of > 35 cmH2O, an FiO2 of 60%, and a PEEP of 10 cmH2O. During PC-IRV, the frequency of ventilation was limited to < 20 per minute (usually 12–16 per minute) and the minute volumes were signif​icantly lower than with volume-cycled conventional ratio ventilation. Limiting the respiratory rate may play a crucial role in preventing the development of auto-PEEP (i.e., intrinsic PEEP. Wang and Wei believe this may be the major contribution to the good results of their study. 


While receiving PC-RV, these 20 patients were sedated and paralyzed with continuous intravenous propofol (0.5-1.0 mg/kg/hour) and atracurium (0.3–0.6 mg/kg/hour). No loading dose of propofol was given because of its rapid onset and to lessen its effect on blood pressure. During infusion of sedatives and neuromuscular blocking agents, the systolic blood pressure fell to < 90 mmHg in 6 of the 20 patients. Infusion of sedative agents was discontinued if patients became hypotensive and fluid resuscitation was immediately begun to restore tissue perfusion and cate​cho​lamine or vasopressor agents were administered if hy​po​tension persisted despite this management. The nursing staff used the Glasgow coma scale and the Ramsey se​da​tion score to assess the patients every 4 hours (Wang, et al., Long-term Continuous Infusion of Propofol as a Means of Sedation for Patients in Intensive Care Unit: Relationship Between Dosage and Serum Concentration. ACTA. ANAESTHESIOL. SCAN. 36:93-98, 1998).


While these 20 patients were receiving conventional ratio ventilation the pertinent mean values were: peak inspiratory pressure (PIP)—44 ± 8.0 cm H2O; mean airway pressure—19.5 ± 8.0 cm H2O; minute volume—11.0 ± 2.1 L/min; and lung injury score—2.8 ± 0.2. 


After these 20 patients were switched to pressure-controlled inverse-ratio ventilation (PC-IRV), the mean values were: PIP—32 ± 5. 1 cmH2O; mean airway pressure—25.4± 4.6 cmH2O; minute volume—8.3 ± 0.9L/min; and lung injury score—2. 5 ± 0.4. 


The differences in all of these parameters were statistically significant. The values of PaO2/FiO2 before VC-CRV applied PEEP and PC-IRV were 118 ± 27 and 113 ± 27, which was not a significant difference. External applied PEEP was reduced and oxygenation was improved after PC-IRV began. Intrinsic PEEP did not develop in these patients and no patient developed complications from baro​trauma.


The mean duration of VC-CRV in these 20 patients before switching to PC-IRV was 1.6 ± 1.5 days (range—1 hour to 5.8 days) and the mean time of PC-IRV was 5.5 ± 4.0 days (range—1 to 15 days). Fifteen (75%) of the 20 patients survived; the 5 patients who died had septic shock complicated by multiple organ system failure.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Wang and Wei concluded that early PC-IRV improves arterial oxygenation, reduces the lung injury score, and reduces peak inspiratory pressure with no significant hemodynamic compromise. The study showed that PC-IRV can be safely used within 72 hours 
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after the onset of ARDS. The authors believe these encouraging results show that PC-IRV is not only an acceptable early alternative mechanical ventilatory therapy, but may be more beneficial than VC-CRV in managing severe ARDS; nevertheless, they emphasize that further randomized prospective studies of PC-IRV are needed.

 
In their paper cited above (Pressure Control Inverse Ratio Ventilation in the Treatment of Adult Respiratory Distress Syndrome in Patients with Blunt Chest Trauma), McCarthy and associates recall that pressure-controlled inverse-ratio ventilation (PC-IRV) has been advocated by several investigators for treating ARDS because PC-IRV can achieve better oxygenation with less barotrauma. McCarthy and associates also note that the use of PC-IRV has probably increased in patients with blunt chest injuries, although this has not been completely evaluated.


McCarthy and associates state that the positive ​effects of PC-IRV may be attributable to: (1) the decelerating inspiratory waveform that characterizes pressure-control ventilation and more evenly distributes ventilation at lower peak airway pressures and (2) reversal of the inspiratory:expiratory (I:E) ratio which increases inspiratory time allowing a longer period for gas diffusion while decreasing expiratory time which maintains alveoli above the closing volume and stabilizes surfactant-deficient regions of the lungs. 


The inspired oxygen concentration (FiO2) can, therefore, be decreased to reduce oxygen toxicity. However reversal of the I:E ratio may cause air trapping leading to the development of auto PEEP and impaired venous return. Thus, improved oxygen saturation with PC-IRV may be counterbalanced by decreases in the cardiac ​index, tissue oxygen delivery, and oxygen consumption. McCar​thy and associates note that the present emphasis on the importance of normal levels of oxygen delivery and oxygen consumption and their strong asso​ciation with the outcome of ARDS patients has led to increased concerns about the effect of alternative ventilatory modalities such as PC-IRV in the treatment of ARDS.


McCarthy and her colleagues evaluated the efficacy of PC-IRV in improving oxygenation in 15 patients with severe ARDS (10 due to blunt chest trauma, 3 due to sepsis and 2 due to fat emboli) in order to assess the potential risks of PC-IRV, including the development of auto PEEP, impaired oxygen delivery, and barotrauma. These 15 patients had severe progressive ARDS characterized by two or more of the following criteria: 


•
peak inspiratory pressure > 10 cm H2O; 


•
PaO2/FiO2 ratio < 150; and 


•
peak inspiratory pressure (PIP) > 45 cmH2O. 


Within 24 hours after initiation of PC-IRV, these patients stabilized and the mean PaO2/FiO2 ratio rose from 96.3 ± 57.8 to 146.8 ± 91.1 (p < 0.05) while the peak inspiratory pressure fell from 47.9 ± 13.8 to 38.8 ± 8.4 cmH2O. The auto-PEEP increased from 0.5 ± 1.9 to 7.5 ± 5.6 cmH2O (p < 0.05). The oxygen delivery index remained essentially the same (563 ± 152 to 497 ± 175 mL/min/m2). Three (20%) of the 15 patients developed evidence of barotrauma, 1 patient developed critical illness polyneuropathy, and 3 (13%) died.


McCarthy and associates concluded that PC-IRV is an effective ventilatory modality for blunt chest trau​ma patients with severe ARDS. They caution that auto-PEEP levels and cardiac index should be monitored carefully during PC-IRV to insure maintenance of oxygen delivery to the tissues. The incidence of baro​trau​ma and the 13% ARDS mortality rate in this series are comparable to other series of PC-IRV and are significantly less than with conventional modes of ventilation. 

 
Airway pressure-release ventilation (APRV) is similar to inverse-ratio ventilation (IRV), although patients can breathe spontaneously during the prolonged periods of elevated airway pressure. Thus, APRV may be considered a hybrid of pressure-controlled inverse-ratio ventilation and intermittent mandatory ventilation. 


A related mode, intermittent mandatory pressure-release ventilation (IMPRV), provides an inspiratory pressure support to some or all of the spontaneous ​efforts that occur independent of the IRV-like cycle of the ventilator. This can further reduce work of breathing and oxygen cost of breathing and enhance alveolar ventilation while retaining some potential lung-protective effects of IRV. Arterial oxygenation may improve with APRV and IMPRV, but as with IRV, air trapping may occur from the very short periods of exhalation. If improved oxygenation requires air trapping, then it is not clear that lung protection can be achieved with these modes. Brower and associates state that, to their knowledge, there are no controlled studies demonstrating improvements in key clinical outcomes in patients who received IRV, APRV, or IMPRV.

Best PEEP and Inflection Points


Hirvela points out that PEEP improves oxygenation by decreasing pulmonary shunt and dead space ventilation, often permitting a lower FiO2 and thus reducing the well-recognized risk of oxygen toxicity described by Nash and associates (ref 38) and by Barber and his colleagues (ref 39). These results, as well as other expe​ri​mental and epidemiological data, lead to the recommendation that an FiO2 of > 60% for longer than 3 days be avoided whenever possible. Oxygen saturations in the low 90s to high 80s are acceptable in most patients. The use of PEEP minimizes oxygen-mediated lung damage by making it possible to reduce the FiO2 to 60%. An appropriate level of PEEP can also reduce ventilator-related lung trauma. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.
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The selection of a PEEP level for optimal protection from ventilator-related injury is best understood in the context of static lung compliance, static pressure-volume curves, and inflection points (Pflex). Static compliance is a measure of lung and chest wall stretch for a given tidal volume. The tidal volume is delivered and paused at end inspiration to measure pressure in the airway, i.e., the plateau pressure and by plotting plateau pressure, measured at progressively increasing tidal volumes, a static pressure-volume curve. 


Sites where the mostly linear curve flattens are the lower and upper inflection points as shown in Fig. 1 on page 130 of Hirvela’s paper. The presence of a lower inflection point indicates that small airways are opening and closing with every breath. To prevent or attenuate the alveolar shear injury caused by this cyclical opening and closing, PEEP can be added in an amount slightly exceeding that at the lower inflection point. The best effect may not be evident for 20–30 minutes or more because several respiratory cycles may be required for full airway recruitment. 

 
Above the upper inflection point, there is very little stretch left in the airway system and high pressures are needed to load even small amounts of additional tidal volume. This is a zone at which most barotrauma is likely and simply reducing the tidal volume will bring ventilation back down onto the more compliant part of the pressure-volume curve. Hirvela notes that inflection points are not always present, but when they are, ventilating “between the inflection points” is believed to offer the best means of minimizing both shear injury and barotrauma.

 
Hirvela recalls that Gattinoni and his colleagues (refs 10, 13, 40) used CT images of the lungs to demonstrate alveolar recruitment by different amounts of PEEP and they compared the CT results with traditional parameters of lung mechanics to show that the amount of lung available for recruitment could be estimated by a ratio of the slopes of the curves below and above the lower inflection point (ref 10). According to the CT images, “best PEEP” and optimal oxygenation with minimal barotraumas was identified as the pressure at which the curve became linear, just above the lower inflection point.

 
Hirvela notes that too little PEEP can be as harmful as too much and that, since PEEP can be protective, accurate determination of “least PEEP” also requires a pressure-volume curve because inflection points are variable (and sometimes absent). Generation of a static pressure-volume curve can be cumbersome and potentially dangerous because interrupting mechanical ventilation for plateau pressure measurements may decompensate marginally stable patients. 


An alternative that can provide similar information is the dynamic pressure-volume loop (Fig. 2, page 131 of Hirvela’s paper), which represents a series of dynamic compliance measurements calculated as the tidal volume is moving, without interrupting ventilation. Beaking at the top end of the loop corresponds to overdistention just as with the static curve. At the bottom, beaking may be the result of unopened airways, or it may be caused by increased resistance to flow within open airways from a variety of causes. This can be assessed by adding PEEP and determining whether the lower inflection point is attenuated or eliminated. As with the static pressure-volume curve, the beneficial effect of PEEP may take some time to fully manifest. 


Hirvela notes that use of dynamic pressure-volume curves is possible only in ventilators with a liquid crystal display (LCD) screen and the appropriate graphics software. If the addition of PEEP has the desired effect on the lower inflection point but results in the appearance of an upper inflection point, the response should be to decrease tidal volume, keeping ventilation between the inflection points. 

 
Hirvela notes that a final consideration in determining “best PEEP” is cardiac performance. Since right ventricular output represents the preload for the left ventricle, left ventricular stroke volume can be profoundly depressed by PEEP, especially in a hypovolemic patient. In patients with limited cardiac reserve or increased oxygen demands, ad​di​tion of PEEP may impair tissue perfusion even as it improves PaO2; therefore, continuous cardiac monitoring is advisable in such patients. A cardiac index of 3.0 L/min/m2) is an acceptable lower limit, if global oxygen delivery and consumption are within normal range.


Appropriate fluid volume replacement is essential to minimize the hemodynamic side effects of PEEP, although it may be difficult to be sure that a patient who is receiving PEEP is euvolemic. In general, the hemodynamic effects of PEEP < 10 cmH2O are insignificant. More accurate readings may be obtained if the patient is transiently disconnected from the ventilator (after preoxygenation when possible). However, this can cause decompensation of marginally stable patients; therefore, if a pulmonary artery catheter is in place, it may be more prudent to determine the response to a fluid bolus by measuring cardiac output. Bedside echocardiography is also a safe and useful way to noninvasively assess volume status, ventricular preload, cardiac performance, and response to volume loading.


Hirvela notes that, occasionally when the ventilator is disconnected, blood pressure increases. This is a sign that the mechanical ventilation is adversely affecting cardiac output, because of PEEP, auto-PEEP, or continuously high airway pressures. The “deliberate disconnect” can be used diagnostically if progressive hypotension develops, when PEEP-like side effects are suspected, but it is not possible to check for auto-PEEP. If the blood pressure rebounds within seconds of the disconnect (much as when a tension pneumothorax is relieved), auto-PEEP or excessive positive airway pressure is usually the cause.


A final clue to the presence of relative hypovolemia is the appearance of cyclical variations in the arterial line tracing. This is the “wavering A-line sign” (Fig. 3, page 131 of Hirvela’s paper). With mild to moderate hypovolemia there are cyclical increases and decreases in the height of the pulse pressure tracing, synchronous with the ventilator rate (Fig. 3, top). More profound hypovolemia causes undulation of the entire tracing, including the base​line (Fig. 3, bottom). However, Hirvela notes that hypovolemia may be present without the wavering A-line sign, especially if 
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pressors are in use, so it is not a highly sensitive finding. If present, the diagnosis of hypovolemia (relative to the positive pressure ventilation in use) should be entertained and volume loading or reducing airway pressures should be considered. A simple test is to transiently reduce airway pressures by decreasing the PEEP or tidal volume to see if the “waver” disappears.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Prone Positioning of ARDS Patients


Hirvela, states that although the concept of prone ventilation is not new, the recent CT studies of patients with ARDS have led to renewed enthusiasm for its use in ARDS. These studies have shown that there is a gravity-dependent distribution of volume loss in the lungs of supine patients with ARDS. The dependent parts of the lung are better perfused. 


In their paper cited above, Treatment of ARDS, Brower and associates note that, although it is uncertain which patients will respond positively to prone positioning, this position substantially improves arterial oxygenation and allows substantial reductions in FiO2 and PEEP in about 65% of ARDS patients. In a pig model of ALI, Lamm and associates (Mech​anism by Which the Prone Position Improves Oxygenation in Acute Lung Injury. AM. J. RESPIR. CRIT. CARE MED. 150:184-193, 1994) demonstrated improved ventilation to previously dependent (dorsal) regions in the prone position. In the prone position, pleural pressures appear more uniform, allowing some dorsal regions of the lung to open and participate in ventilation and gas exchange thus reducing ventilator-associated lung injury by promoting more uniform distribution of tidal volume and by recruiting dorsal lung regions, preventing repeated opening and closing of small airways or excessive stress at margins between aerated and atelectatic dorsal lung units.

 
Pelosi and his colleagues (Effects of the Prone Position on Respiratory Mechanics and Gas Exchange During Acute Lung Injury. AM. J. RESPIR. CRIT. CARE MED. 157:387-393, 1998) assessed lung mechanics and CT images of ARDS patients in the supine and prone positions and found that chest wall compliance tended to decrease in the prone position, and tidal volume tended to redistribute toward previously atelectatic dorsal regions with an improvement in arterial oxygenation. There could also be lung-protective effects of prone positioning from the overall decrease in atelectasis at end-expiration.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


In her paper cited above, Advances in the Management of Acute Respiratory Distress Syndrome Protective Ventilation, Hirvela notes that prone ventilation has been associated with improved outcome in several small series. Nine of 13 profoundly hypoxic patients treated with prone ventilation by Mure and his colleagues survived (ref 31). These patients began with an average SaO2 of 84% and an average FiO2 of 0.80. Among responders (12/13), the SaO2 rose to an average of 94% while the FiO2 was decreased to 0.72. It is also noteworthy that several patients remained continuously prone for over 40 hours and patients who did not respond initially remained prone for up to 24 hours to achieve a response. Stocker and associates (ref 28) maintained 17 patients in the prone position on low-volume, pressure-limited ventilation with permissive hypercapnia. Oxygenation improved significantly in all 17 patients and their actual mortality rate was only 12% despite a predicted mortality of 35% by APACHE II scoring. They note that 8 other ARDS patients were not placed prone because of spine fractures or severely elevated intracranial pressure.


Hirvela points out that there are remarkably few complications of prone ventilation. The data of Jolliet and associates noted (ref 30 in Hirvela’s paper) observed no change in mean arterial pressure, systemic vascular resistance, car​diac index, pulmonary artery wedge pressure, or central venous pressure in their patients who were maintained in the prone position. However, it is recalled that Stocker and associates (ref 28) reported one case of corneal ulceration requiring a corneal transplant, so it is essential to avoid pressure on the eyes. Inadvertent extubation has also been reported, so the airway must be secured before repositioning. 


In patients with intracranial hypertension, prone positioning should be used with caution and under strict intracranial pressure monitoring because prone positioning of the head may impede venous return and increase intracranial pressure. Prone positioning of a patient who has undergone a temporary abdominal closure for an abdominal compartment syndrome is probably not advisable. Facial edema is an expected side effect of prone positioning. In general, awake patients should be sedated and under neuromuscular blockade. Finally, Hirvela notes that it is far easier for a determined patient to crawl out of bed from the prone position.


Brower and his colleagues emphasize that several ICU personnel are required to safely implement prone positioning. One person must ensure stability of the airway during the position change, since dislodgment of the endotracheal tube may not be immediately apparent and is difficult to manage in the prone position. Others must manipulate chest tubes, IV catheters, and monitoring devices. Once patients are in the prone position, procedures for routine care, such as bathing and daily assessments of IV catheter sites, are frequently compromised. 

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
 
The next paper discussed (not included with these reprints) is entitled Complications of Prone Ventilation in Patients with Multisystem Trauma with Fulminant 
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Acute Respiratory Distress Syndrome. It is by Offner and associates from the Department of Surgery at Denver Health Medical Center and the University of Colorado Health Sciences Center in Denver, Colorado, and appeared in THE JOURNAL OF TRAU​MA: INJURY, INFECTION, AND CRITICAL CARE in February, 2000. The authors state that even though several studies have shown that ventilation of ARDS patients in the prone position improves oxygenation, prone ventilation has not been widely accepted in the management of ARDS because it is viewed as a complex maneuver with potential life-threat​ening complications in critically ill patients with multiple invasive lines and tubes. 


However, Offner and associates note that reports to date suggest that prone positioning is safe in critically ill patients, although details have been lacking from these reports, therefore the authors investigated the use of prone positioning in severely injured and critically ill postoperative patients with ARDS refractory to standard management, devoting particular attention to complications of prone ventilation in these patients.


The authors state that from August, 1997, to September, 1998, they used prone ventilation to treat 9 blunt trauma patients (mean age—29 ± 4.5 years) who had postinjury ARDS and hypoxemia refractory to other ventilatory strategies. The average Injury Severity Score (ISS) was 26 ± 5; and, at the time of prone positioning, the mean Lung Injury Score was 3.5. Offner and associates defined ARDS as the presence of acute bilateral infiltrates on chest radiograph, severe hypoxemia (PaO2/FiO2 < 200), and no evidence of left atrial hypertension (based on clinical examination or pulmonary artery occlusion pressure < 18 mmHg).


In brief, full ventilatory support with assist/control mode ventilation was provided to these 9 ARDS patients during acute resuscitation. Tidal volume varied from 10 to 12 mL/kg ideal body weight, and the rate was adjusted to maintain PaCO2 between 35 and 40 mmHg and pH from 7.40 to 7.45 (unless brain injury is present). Patients were initially placed on an FiO2 of 1.0 and subsequently weaned to maintain arterial hemoglobin saturation SaO2  90%. If the FiO2 cannot be reduced to a nontoxic level ( 0.6) within 12 hours, optimal PEEP was determined by using best oxygen delivery as the end point. 


Once the patient is resuscitated, partial ventilatory support was initiated with a combination of synchronized intermittent mandatory ventilation and pressure support ventilation. In patients who developed ARDS, a pressure-targeted strategy of ventilation was instituted to maintain plateau airway pressures of less than 40 cmH2O. Tidal volume was progressively decreased to achieve an acceptable plateau pressure, with a lower limit of 5 mL/kg. 


Pressure-control ventilation was also used to accomplish the same goal in selected patients. Mean airway pressure was maintained by progressively increasing inspiratory time until an inspiratory/expiratory (I:E) ratio of 1:1 was reached. Permissive hypercapnia was allowed as long as the arterial pH was  7.25. In selected patients, tracheal gas insufflation was used as to control excessive hypercapnia. Prone ventilation was considered in patients with refractory hypoxemia despite these measures. 


Patients were not considered candidates for prone positioning if uncontrolled intracranial hypertension, an open abdomen (patient required damage control laparotomy or decompression for abdominal compartment syndrome), or an unstable spinal fracture were present. Inhaled nitric oxide was used in combination with prone positioning in patients with a marginal or inadequate oxygenation response. Other measures included adequate analgesia, sedation, and neuromuscular blockade (if necessary) to prevent ventilator asynchrony and minimize work of breathing.


A team of 4–6 individuals, including the ICU nursing staff, surgical housestaff and attending surgeons, and a respiratory therapist, performed prone positioning manually. In selected patients Offner and associates used the Vollman Prone Positioner (Hill-Rom, Inc., Batesville, MD). Patients were maintained in the prone position until it was necessary to return to the supine position for essential nursing care, necessary procedures or emergencies. When possible, the head and arm positions were changed every 2 hours. Before and 6 hours after each initial change in position the authors recorded arterial blood gases and ventilator settings, as well as the duration of mechanical ventilation before prone positioning and the Murray Lung Injury Score at the time of prone positioning. The authors particularly noted the occurrence of complications attributable to prone positioning. 

 
After prone positioning, the mean PaO2/FiO2 ratio increased from 75 ± 7 to 147 ± 27 but with prone ventilation (p < 0.05, paired t test); and, in 6 of the 9 patients, the FiO2 could be decreased. Four major complications occurred (44%). One patient developed a midline abdominal wound dehiscence; severe facial or upper chest-wall pressure necrosis developed in 2 patients, despite extensive padding and careful attention to skin care; and a fourth patient sustained a cardiac arrest immediately after prone positioning.


Offner and associates concluded that prone positioning can improve oxygenation in patients with severe postinjury ARDS, but may also result in significant complications. The authors emphasize that, in their 9 critically ill patients, prone positioning was used late in the course of their illnesses, which may have contributed to the high complication rate in this study. 


The authors make several recommendations for minimizing the risk of complications during prone positioning. They emphasize that an institutional protocol should be developed to standardize the process of prone posi​tioning in critically ill patients. Problems with the pa​tient’s 
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airway, vascular access, and other invasive devices should be anticipated. The authors use 2 ICU nurses and 2 physician housestaff, as well as a respiratory therapist who is responsible for ensuring a secure airway throughout the turning process. After the turn, all tubes and lines are rechecked and secured. In addition, ventilator parameters should be reassessed because occasional changes in compliance during prone positioning can lead to changes in airway pressure or tidal volume. 


Increased pulmonary secretions may require more frequent suctioning. The head of the bed should be ele​vated 10°–15° to minimize facial edema during prone positioning and particular attention should be given to protecting the eyes. Careful padding of pressure points and use of appropriate specialty beds may help minimize skin breakdown. Finally, the neck and extremities should be placed in appropriate physiologic positions to avoid compression neuropathy.


The next paper discussed (not included with these reprints) is entitled A Protocolized Approach to Pulmonary Failure and the Role of Intermittent Prone Positioning. It is by Michaels and associates from the Legacy Emanuel Hospital Shock/Trauma Program and the Oregon Health Sciences University in Portland, Oregon, and appeared in the JOURNAL OF TRAUMA: INJURY, INFECTION, AND CRITICAL CARE in June, 2002. The authors note that the clinical characteristics of ARDS regardless of cause are: (1) loss of pulmonary compliance; (2) hypoxemia; and (3) loss of functional residual capacity (FRC). They recall that some mechanical ventilation strategies designed to “recruit” alveoli from injured segments of the lung may overdistend the remaining healthy lung; therefore, they developed a standard clinical protocol for mechanical ventilation of patients with ARDS. 


The principles of this protocol are to optimize oxygen delivery while limiting ventilator-induced lung injury. They first try to increase the patient’s functional residual capacity (FRC) with several commonly used tech​niques including: (1) therapeutic bronchoscopy for bronchial plugging; (2) PEEP optimization; and (3) pressure-limited ventilator modes with smaller tidal volumes for alveolar recruitment without barotrauma and reduction of dependent atelectasis, ventilation-perfusion (V/Q) mismatch, and intrapulmonary shunt. 


When this protocol does not increase the PaO2/FiO2  ratio to > 200, Michaels and his colleagues use intermittent prone positioning to improve oxygenation, although the survival benefit of prone positioning for ARDS has been questioned (Gattinoni, et al., Effect of Prone Positioning on the Survival of Patients with Acute Respiratory Failure. N. ENGL. J. MED. 345:568-573, 2001).

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Michaels and associates note that this series included 29 trauma patients and 11 patients with various vascular or general surgical problems who had severe ARDS characterized by PaO2/FiO2 ratios of 200. The trauma patients were 42.9 ± 3.2 years old and the vascular/general patients were 62 ± 7.5 years old. Average Injury Severity Score was 25.9 ± 3.7 and the Murray lung injury score was 2.65 ± 0.9. These patients were entered into a mechanical ventilation protocol designed to maintain mixed venous saturation (SvO2) > 70% with an FiO2 < 0.50. The treatment protocol included: 

(1) 
pulmonary artery oximetry; 

(2) 
“best PEEP” determination; 

(3) 
optimization of cardiac function; 

(4) 
limitation of VO2; 

(5) 
transfusion to a hematocrit level of 35%; 

(6) 
frequent bronchoscopy; 

(7) 
rational diuresis; and, 

(8) 
if the FiO2 fell below 0.50, a trial of intermittent prone positioning (IPP) with every-6-hour rotations. 

Unstable spine fractures and pelvic external fixators were the only contraindications to IPP.


These investigators use intermittent prone positioning in patients with: 

•
recent tracheostomy, 

•
open abdomens, 

•
laparotomy, 

•
thoracotomy, 

•
leg external fixators, 

•
central nervous system injury, 

•
continuous venovenous hemofiltration and extracorporeal membrane oxygenation cannulae, 

•
vasopressor therapy, 

•
recent chest-wall open reduction and internal fixation, and 

•
facial fractures. 


Michaels and his colleagues found that after intermittent prone positioning began: the PaO2/FiO2 ratio increased from 132.1 ± 8.5 to 231.6 ± 14.2 (p < 0.001); the FiO2 decreased from 65.9 ± 4.0% to 47.0 ± 1.1% (p < 0.001); and the SvO2 increased from 75.3 ± 1.8% to 78.6 ± 1.6% (p = 0.023). PEEP and static compliance were unchanged. 


The mean duration of intermittent prone positioning was 85.6 ± 14.9 hours (median—55 hours; range—12 to 490 hours). Within 48 hours, all patients were on FiO2 0.50. The mortality rate in this series was 20% (14% for trauma) and none died of ARDS. The only complications of intermittent prone positioning were one case of partial-thickness skin loss from a malpositioned nasogastric tube and a case of transient lingual edema.

 
In their 40 ARDS patients, Michaels and associates found that, as the lung heals, the pulmonary edema and compression resolve, and the degree of alveolar recruitment added by each change in position becomes less. Intermittent prone positioning in sequence with supine positioning recruits the atelectasis-prone alveoli at the transition 
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region between fully compressed and fully ventilated lung. As this region begins to aerate in both the prone and supine positions, the change in PaO2/ FiO2 ratio becomes predictably less. The authors note that this observation influenced the frequency of intermittent prone positioning and the overall duration of this therapy at their institution.

 
The authors recall that other investigators have used intermittent prone positioning only when the PaO2/FiO2 ratio fell below 100, rather than below 200 as in this current series of patients, or as a salvage maneuver; also, other investigators have maintained high levels of both FiO2 and PEEP during prone ventilation.


Michaels and associates began to obtain prone CT scans of the chest as a routine adjuvant to their pulmonary failure protocol on the basis of early experience with several patients. Like Gattinoni and Pelosi, they have used the CT scan to evaluate the relative contributions of collapse, consolidation, contusion, abscess, effusion, pneumothorax, subcutaneous emphysema, and pneumatocele to the clinical situation. Frequently, therapeutic decisions are influenced by these CT scans, and they have also served to illustrate the individual patient’s lung parenchymal responses to intermittent prone positioning. Michaels and associates are currently evaluating the costs, risks, and benefits of obtaining a supine and prone CT scan of the chest early in the care of these patients.


The conclusions of the Prone-Supine Study group reported above by Gattinoni and associates (N. ENGL. J. MED. 345:568-573, 2001) are not necessarily applicable to the patients in this study by Michaels and his colleagues studied. Most of the patients in the Prone-Supine Study group were medical patients with pneumonia; they were older than the patients in this current report; and, in fewer than 10%,  trauma or sepsis was the primary diagnosis. Michaels and associates point out that, in their series, patients similar to those in the Prone-Supine Study group had both a poor response to intermittent prone positioning and an overall higher mortality rate. The patients in the Prone Supine Study received only 7 hours of prone ventilation each day. 


Michaels and associates believe that intermittent prone positioning on a 6-hour schedule optimizes the benefits of recruitment and atelectasis prevention while limiting the costs of labor and patient risks. The post hoc observation that the group of patients with the lowest PaO2/FiO2 ratios and the highest Simplified Acute Physiology Score II in the Prone Supine Study group did have a lower mortality rate (relative risk of death—0.54) suggests that intermittent positive positioning may be of greater benefit to the most severely ill patients. Clearly, further study is required, particularly in a homogeneous group of trauma patients with severe disease who are treated with a more intensive protocol of intermittent prone positioning.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
 
Michaels and associates concluded by noting that their study showed that intermittent prone positioning was independently responsible for an increase in the PaO2/FiO2 ratio and SvO2. They effectively and safely used intermittent prone positioning (IPP) in their patients with severe ARDS. These patients included many with issues generally considered to be contraindications to IPP as noted above. Intermittent prone positioning and best-PEEP therapy enabled the authors to wean all of their patients’ FiO2 to 0.50 within 48 hours after the onset of ARDS. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

 
The next paper discussed is entitled Prone Ventilation. It is by Albert from the Department of Medicine at the University of Colorado Health Sciences Center and the Department of Medicine at the Denver Health Medical Center. This paper appeared in CLINICS IN CHEST MEDICINE in September, 2000. The first documentation that the prone position actually improved oxygenation was provided in 1976 and 1977 (refs 15, 48 in Albert’s paper) in patients with the acute respiratory distress syndrome (ARDS), but these observations went largely unrecognized until 1987, when the mechanical effects of prone positioning were first studied, and the clinical observations were repeated by Langer and colleagues in 1988. 


Albert reviews the clinical information regarding the effects of prone ventilation on gas exchange in patients with ARDS, discusses the mechanisms by which this improvement occurs, and considers how prone ventilation might also decrease ventilator-induced lung injury.

Effect of Prone Ventilation on Oxygenation


Considerable published experience documents that oxygenation improves when patients with ARDS or acute lung injury (ALl) are turned from supine to prone. The degree of improvement varies (see Fig. 1 on page 512 of this paper), but it is frequently of sufficient magnitude to allow a reduction in the fraction of inspired oxygen (FiO2), the level of positive end-expiratory pressure (PEEP), or both. Although the approximate 100 mmHg improvement in the 20 consecutive patients shown in Fig. 1 was statistically and clinically significant, it is apparent that some patients respond well and others do not. The literature suggests that the response rate ranges from 50% to 75%. Rarely, the arterial oxygen tension (PaO2) may drop slightly with prone positioning (ref 46).
Mechanisms by Which Prone Ventilation Improves Gas Exchange


Albert notes that it was initially postulated that prone-position-induced improved oxygenation resulted from: 

(1) 
increases in FRC; 

(2) 
differences in diaphragm movement; 

(3) 
a redirection of perfusion to better-ventilating, ventral lung regions; 

(4) 
improvements in cardiac output and, accordingly, in mixed venous partial pressure of oxygen; or 
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(5) 
better drainage of pulmonary secretions.


In an animal model, Albert and associates first showed that the prone position consistently improved the PaO2 by about 100 mmHg within 5 minutes of turning the animals. The improvement resulted from a marked reduction in shunt as well as some improvements in ventilation-perfusion heterogeneity (as measured by the multiple inert gas elimination technique). 


The change in functional residual capacity (FRC) (measured by helium dilution) was not statistically significant, and there was no position-induced difference in ventral or dorsal diaphragm movement, pulmonary vascular pressures, or cardiac output (ref 1). Nevertheless, functional residual capacity is known to increase on turning from supine to prone, particularly when suspending the shoulder and pelvic girdles, allowing the thorax and abdomen to hang in a dependent position. Although FRC might be increased by employing such supports, possibly further improving oxygenation, it is clear that oxygenation clearly improves with prone positioning without substantive increases in FRC.

 
Albert and his colleagues next considered whether prone positioning might redistribute lung perfusion as a function of the reversal in the direction of gravity. For perfusion redistribution to reduce shunt, turning prone would have to redirect blood flow to areas of lung receiving better ventilation, presumably because they are less injured. Much to their surprise, however, Albert and associates found that regional perfusion (measured with radiolabeled micro​spheres) is preferentially directed to dorsal lung regions regardless of whether these regions are in the dependent or nondependent position. Accordingly, the only way shunt could be reduced without a change in perfusion distribution would be if turning prone recruited alveoli that were being perfused, but not ventilated, when supine.

 
Albert notes that any proposed mechanism explaining how the prone position improves oxygenation must account for the following clinical observations: 

(1) 
When oxygenation improves, it generally (but not always) occurs extremely rapidly. 

(2) 
The improvement can persist in some patients after they are returned supine. 


and 

(3) 
Patients who fail to respond to the initial attempt at prone ventilation may improve on subsequent attempts.


Dorsal lung recruitment certainly could explain the rapid improvement in gas exchange with prone positioning, because, on turning prone, the forces governing airspace collapse (or airspace patency) would immediately change. Secretion drainage could also contribute, because, when prone, airways angle down, facilitating secretion clearance. Many users of prone ventilation have noted copious secretion drainage on turning patients prone.

Does Prone Ventilation Improve Morbidity and Mortality?


Despite the numerous reports documenting that prone ventilation improves oxygenation in patients, Albert points out that no studies have yet addressed whether this translates into reduced morbidity or mortality. Prone ventilation frequently allows reductions in the FiO2 (Fig. 1, page 512 of Albert’s paper); therefore morbidity or mortality might be reduced by decreasing oxygen toxicity. Prone ventilation can also allow reduction of the level of PEEP which could reduce morbidity and mortality. However, being prone should limit the extent of airspace closure and, therefore, the extent of harmful rapid opening and closing of airspace at any level of PEEP less than that which produces optimal airspace opening.

 
Albert concluded by noting that considerable clinical experience confirms that oxygenation often improves in ARDS patients during ventilation in the prone position. The improvement occurs because, in the prone position, the lung fits into the thorax so that lung distention is more uniform and compressive forces that cause dorsal airspace collapse in the supine position are reduced in the prone position. Whether these changes translate into reduced morbidity and mortality has yet to be determined, but Albert note that prone ventilation can allow reduction of the FiO2, thus decreasing oxygen toxicity and limiting ventilator-induced lung injury.


In their paper cited above, Treatment of ARDS, Brower and associates recall that in a recent trial, clinical outcomes did not improve in ARDS patients randomized to prone positioning for at least 6 hours a day versus patients randomized to remain supine. They suggest that more prolonged periods of prone positioning may be necessary to achieve lung protection and survival benefits. However, they note that there are no clinical studies to guide clinicians regarding the length of time to maintain prone positioning each day for maximal benefit. 


Moreover, while there are no clear guidelines about when to initiate or discontinue prone positioning although Brower and his colleagues note that some investigators recommend using prone positioning early in the course of ALI-ARDS, to improve lung recruitment, minimize ventilator-associated lung injury, and reduce requirements for PEEP and FiO2. An aggressive approach maintains prone positioning for  20 hours each day, allowing relatively brief periods of supine positioning for bathing, servicing of vascular catheters, and to relieve pressure on ventral surfaces. Brower suggests that this schedule may be maintained until requirements for ventilator assistance decrease and weaning seems feasible.

Lung-protective Ventilation with Higher PEEP


Brower and his colleagues note that PEEP is traditionally used to achieve adequate arterial oxygenation without potentially toxic oxygen concentrations. However, as noted above there may also be lung-protective effects of PEEP. Several animal studies suggest that PEEP may prevent lung injury from repeated opening and closing of small bronchioles and alveoli, or from excessive stress at margins between atelectatic and aerated lung units. This mechanism of ventilator-associated lung injury may be more likely in patients with indirect causes of ALI-ARDS 
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(e.g., sepsis and trauma) in which elevations in airway pressure typically cause substantial airspace recruitment. 


Some investigators (Amato, et al., Effect of a Protective-ventilation Strategy on Mortality in the Acute Respiratory Distress Syndrome. N. ENGL. J. MED. 338:347-354, 1998) have suggested customizing PEEP in individual patients after assessments of the pressure-volume characteristics of the respiratory system or lungs. Studies with experimental ALI (Tremblay, et al., Injurious Ventilatory Strategies Increase Cytokines and C-fos m-RNA Expression in an Isolated Rat Lung Model. J. CLIN. INVEST. 99:944-952, 1997) and humans with ALI-ARDS (Ranieri, et al., Effect of Mechanical Ventilation on Inflammatory Mediators in Patients with Acute Respiratory Distress Syndrome: A Randomized Controlled Trial. JAMA. 282:54-61, 1999) demonstrated reductions in inflammatory cytokines in the alveolar lavage fluid and plasma with higher PEEP, although this protective effect may require PEEP levels that are substantially higher than those typically used to support arterial oxygenation. 


In a prospective, randomized trial (Amato, et al., ibid), clinical outcomes improved more significantly in patients who received mechanical ventilation with higher PEEP levels than in those receiving traditional PEEP levels. However, in that study, higher PEEP was used along with lower tidal volumes and other measures to reduce ventilator-asso​ciated lung injury. Brower emphasizes that because of the many potential adverse effects of PEEP, it is important to confirm that mechanical ventilation with higher PEEP levels, independent of other lung-protective strategies, will improve important clinical outcomes in ALI-ARDS patients. Brower and associates note that the NIH ARDS Network is currently conducting a trial to test the value of higher levels of PEEP.

Noninvasive Positive-pressure Ventilation (NIPPV)


Brower and associates note that endotracheal intubation is required for most applications of positive-pressure ventilation. Complications of endotracheal intubation include upper-airway injuries, tracheomalacia, tracheal stenosis, sinusitis, and ventilator-associated pneumonia. Noninvasive positive-pressure ventilation (NIPPV) uses a tight-fitting face mask as an alternative interface between the patient and ventilator to avoid these complications (ref 136). NIPPV has additional advantages of allowing some verbal communication by patients, and some patients can eat during short respites from the face mask. Studies in ALI-ARDS patients demonstrated fewer cases of nosocomial pneumonia and shorter requirements for ventilator assistance in patients receiving NIPPV than in those receiving ventilation via endotracheal tubes. 


However, NIPPV is not feasible in delirious or obtunded patients. Moreover, air leaks from the face mask may prevent adequate ventilatory assistance in patients who require high inspiratory airway pressures. Additional time commitments by nurses or respiratory therapists may be needed during the initial period of support with NIPPV. Brower and his colleagues point out that the role of NIPPV is not yet established.

Proportional Assist Ventilation

In their paper (Treatment of ARDS), Brower and associates note that, like other modes of positive-pressure ventilation, proportional-assist ventilation elevates airway pressure during inspiration. However, unlike other modes, the inspiratory airway pressure assistance varies directly with patient and effort. This allows breath-to-breath variations in in​spi​ra​tory airflow and tidal volume, as with pressure-support ventilation, but the magnitude of the pressure assistance increases with patient effort. Moreover, the inspiratory assistance can be customized to the elastance and resistance properties of each patient’s respiratory system. Proportional-assist ventilation can also be adjusted to provide more or less positive-pressure assistance, depending on a patient’s ability to sustain some ventilation. This mode is most favorable for breathing comfort and for reducing unnecessary work of breathing. The authors note that it may be the best mode to use with noninvasive positive-pressure ventilation (NIPPV). 

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
High-frequency Ventilation

Brower and associates recall that the results of a large randomized, controlled trial of high-frequency ventilation (HFV) in adults with acute respiratory failure were disappointing, although this study included a heterogeneous group of patients. Moreover, the HFV procedures in this trial (Carlon, et al., High-frequency Jet Ventilation: A Prospective Randomized Evaluation. CHEST. 84:551-559, 1983) were not designed to avoid ventilation with atelectasis at end-expiration. Uncontrolled studies (Fort, et al., High-frequency Oscillatory Ventilation for Adult Respiratory Distress Syndrome: A Pilot Study. CRIT. CARE MED. 25:937-947, 1997; and Gluck, et al., Use of Ultrahigh Frequency Ventilation in Patients with ARDS: A Preliminary Report. CHEST. 103:1413-1420, 1993 [erratum: CHEST 104:1940, 1993]) showed that gas exchange could be maintained at acceptable levels with HFV in patients with severe ARDS. Brower and his colleagues notes that randomized trials will be necessary to determine whether important clinical outcomes are better with HFV than with conventional ventilator-based lung-protective strategies.


Krishnan and Brower from the Department of Medicine at Johns Hop​kins University (Baltimore, Maryland) also review high frequency ventilation in a paper (not included with these reprints) entitled High-frequency Ventilation for Acute Lung Injury and ARDS, that appeared in CHEST in September, 2000. The authors note that many studies suggest that conventional ventilation may perpetuate or exacerbate lung injury by delaying or preventing recovery from ALI-ARDS. They recall that small tidal volume ventilation to reduce end-expiratory lung volume during conventional ventilation 
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was recently shown by the ARDS Network trial in the United States to improve mortality when compared to the more traditional tidal volume ventilation. (Ed. Note: This ARDS Network trial is discussed above in the paper entitled Ventilation with Lower Tidal Volumes as Compared with Traditional Tidal Volumes for Acute Lung Injury and the Acute Respiratory Distress Syndrome.) 


Krishnan and Brower also note that while there are encouraging results with recent conventional ventilation-based lung protective strategies, the potential benefits of the strategies may be limited. They stay that high-frequency ventilation (HFV), especially high-frequency oscillatory ventilation (HFOV), offers the best opportunity to achieve greater lung recruitment without overdistention while maintaining normal or near-normal acid-base parameters. 


The results of animal and pediatric studies of HFOV are encouraging, but other studies are necessary to determine the value and optimal use of this modality in adults with ALI-ARDS. Krishnan and Brower point out that some studies indicate that high frequency ventilation may be beneficial in patients with bronchopleural fistulas. However, they also note that this gross manifestation of volutrauma occurs in only about 10% of patients with ALI-ARDS and is not significantly associated with increased mortality. (Ed. Note: See the paper by Weg and associates entitled The Relation of Pneumothorax and Other Air Leaks to Mortality in the Acute Respiratory Distress Syndrome, which is included in this issue of SRGS and is reviewed above.) 


Thus, Krishnan and Brower state that the extra costs of using HFOV (i.e., new equipment purchase and training of personnel for a small proportion of ALI-ARDS patients) are not justified unless the results of well-designed studies ultimately show that HFOV is superior to conventional ventilation; until then, HFOV should be considered a promising, but experimental mode of ventilation for ALI-ARDS patients.


A more detailed consideration of high-frequency oscillatory ventilation is provided in the next paper discussed entitled High-Frequency Oscillatory Ventilation. It is by Ferguson and Stewart from the Division of Respirology of the Department of Medicine and the Critical Care Medicine Programme at Mount Sinai Hospital of the University of Toronto in Canada and appeared in CRITICAL CARE CLINICS in January, 2002. The authors recall that, until recently, mechanical ventilatory support was used simply to maintain adequate gas exchange and normal PO2 and PCO2 blood levels. However, in 1993, based on the extensive animal data and limited human data suggesting that ventilators could cause or worsen ARDS or acute lung injury, a Consensus conference recommended further studies and also recommended, in the interim, limiting lung trauma caused by overdistention while maintaining oxygenation with PEEP. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


After this Consensus conference, 5 randomized, controlled studies indicated that the principles of lung-protective ventilation for patients with ARDS are: 

(1) 
tidal volume limitation; 

(2) 
maintenance of an adequate end-expiratory lung volume, and 

(3) 
use of the lowest achievable FiO2. 


Three of the 5 studies limited tidal volume and pressure, but showed no difference in mortality (refs 7, 8, 76 in this paper by Ferguson and Stewart). However, these 3 trials, while providing some limitation of the tidal volume in the control group, did not attempt to maintain a high end-expiratory lung volume. Moreover, all 3 studies were underpowered to detect a difference in mortality. 


However, in a fourth study, Amato and his colleagues (ref 2), limited tidal volume, used levels of PEEP set above the lower inflection of the static volume-pressure curve, and performed lung recruitment maneuvers in the treatment group. They ventilated the control group to normal levels of blood gases with no pressure limitation and showed a large and statistically significant reduction in 28-day mortality in the treatment arm with an absolute risk reduction of 33% (number-needed-to-treat [NNT] = 3). This trial was criticized because of the extremely high mortality rate and degree of barotrauma in the control arm. Ferguson and Stew​art note that regardless of whether the treatment was effective or the control was harmful, this was the first randomized, controlled trial demonstrating that ventilatory strategies can improve the mortality rate of ARDS. 


The authors note that, most recently, the large, randomized, controlled multicenter trial reported by the ARDS Network in the United States showed a 9% absolute mortality risk reduction in the treatment arm, as noted in the paper, Ventilation with Lower Tidal Volumes as Compared with Traditional Tidal Volumes for Acute Lung Injury and the Acute Respiratory Distress Syndrome, discussed above and included in this issue of SRGS. The ARDS Network compared tidal ventilation with 6 mL/kg ideal body weight to tidal ventilation with 12 mL/kg. Other interventions in the treatment arm included aggressive management of respiratory acidosis and the matching of minute ventilation between the groups. This latter intervention led to a much higher respiratory rate in the treatment arm, which may have led to the development of dynamic hyperinflation (although this result was not recorded in this study) and a subsequent avoidance of atelectrauma (i.e., alveolar shear trauma caused by cyclical collapse and reexpansion of the alveoli). 


Based on these studies, physicians now are searching for methods that may further limit ventilator-associated lung injury (VALI) while still achieving adequate gas exchange. One potential method is high-frequency oscillatory ventilation (HFOV) (ref 27). Ferguson and Stewart note that HFOV is one of several ventilatory modes, together 
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termed high-frequency ventilation (HFV), that employ frequencies > 1 Hz and typically have small tidal volumes often below the anatomic dead space. HFOV theoretically has properties that make it an ideal mode for avoiding VALI (ref 29). In this paper, Ferguson and Stewart discuss those properties and present an overview of the history, physiology, and practical implementation of HFOV.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Physiology of HFOV


As mentioned previously, high-frequency oscillatory ventilation (HFOV) is one of numerous ventilatory modes, together termed high-frequency ventilation, that employ small tidal volumes and high respiratory frequencies (more than 60 breaths per minute). Other modalities in this group include high-frequency jet ventilation (HFJV) and high-fre​quency positive-pressure ventilation (HFPPV). These modes are not discussed in any detail in this paper; although they and HFOV share certain commonalities, there are also important differences; therefore, statements made about a particular mode cannot necessarily be applied to others.

 
Ferguson and Stewart show the gas circuit for HFOV in Fig. 1 on page 93 of their paper. Oxygenated, humidified gas is passed across the path of an oscillating membrane in the form of a continuous bias flow. The membrane oscillates at its set frequency (typically 3-15 Hz) and delivers small tidal volumes typically ranging from 1 mK/kg to 5 mL/kg. Unlike conventional ventilators, HFOV allows the clinician to separate the functions of oxygenation and ventilation almost completely. 


During HFOV oxygenation at a given fraction of inspired oxygen (FiO2) is largely proportional to the mean airway pressure (PAW) and resultant lung volume. The PAW is adjusted primarily by changes in the resistance valve at the end of the bias flow circuit, as shown in Fig. 1. Changes in the rate of bias flow also affect PAW. In contrast, alveolar ventilation during HFOV is controlled by adjustments to the pressure amplitude (DP) of the oscillating membrane (the pressure change around the mean) and the respiratory frequency. 


Carbon dioxide (CO2) removal is enhanced by increases in deltaP, but paradoxically is decreased by increases in frequency. This increase in CO2 occurs because the tidal volume and frequency are related inversely during HFOV, and tidal volume usually has the dominant effect on alveolar ventilation. HFOV is unique among high-frequency modes because both the inspiratory and expiratory phases are active. This characteristic may explain why dynamic hyperinflation is less of an issue with this device, as long as the PAW is adequate. 

 
No single mechanism is responsible for the successful alveolar ventilation and subsequent CO2 removal during HFOV with tidal volumes less than the anatomic dead space. Several potential explanations have been offered, but their relative contribution to alveolar ventilation is unclear. These mechanisms are listed on page 94 of this paper by Ferguson and Stewart. 

 
Although the physiology is complex and interesting, Ferguson and Stewart note that simple observation of a patient to come to shows unequivocally that HFOV is a highly efficacious method for removing CO2.

Ventilator-associated Lung Injury (VALI)


The reader is referred to pages 95-96 of this paper by Ferguson and Stewart for their detailed discussion of ventilator-associated lung injury (VALI). They note that VALI is histopathologically identical to ARDS and that there are at least 3 mechanisms by which VALI may occur: 

(1) 
oxygen toxicity; 

(2) 
volutrauma; and 

(3) 
atelectrauma (lung injury created by the repeated opening and closing of alveolar units). 


As mentioned previously, VALI results in more than a simple worsening in lung mechanics and oxygenation. Extensive investigation in animals and humans has shown that these injuries promote a proinflammatory state, a phenomenon termed biotrauma (refs 21, 85). These findings support the theory that VALI may be involved in the development of MODS, the major cause of death in patients with ARDS (ref 74).

HFOV is theoretically ideal for preventing VALI in patients with ARDS. In HFOV the extremely small tidal volume results in a minimal variation around the PAW and mean lung volume during tidal breathing. (See Fig. 2 on page 98 of this paper by Ferguson and Stewart.) In addition, the PAW can be set at a level that allows these oscillations to avoid areas of atelectasis and over​distention, as illustrated on the static volume-pressure curve (Fig. 3, page 98). 


Because higher PAW can be employed without the risk for tidal overdistention seen with conventional mechanical ventilation, Ferguson and Stewart state that HFOV can be highly effective at improving oxygenation. Rapidly improved oxygenation may allow a faster reduction in FiO2, thus reducing the total exposure to potentially toxic levels of oxygen. Also, because oxygenation and ventilation are decoupled in HFOV, clinicians are not forced to compromise between the benefits of lung protection and the development of hypercapnia. 


The authors note that hypercapnia has several potentially harmful effects, including enhanced catecholamine release, a reduced seizure threshold, cerebral hyperemia, and reduced renal blood flow (ref 26). Moreover, Ferguson and Stewart note that the aggressive management of respiratory acidosis in the ARDS Network Study referred to above is one explanation suggested for the positive results of this trial.
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ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

Clinical Experience with HFOV

Ferguson and Stewart discuss the clinical experience with high-frequency oscillatory ventilation (HFOV) in infants and in children on pages 98-100 of their paper and the reader is referred to these sections of their paper for that information. The authors note that, to date in adults, HFOV has been used for rescue therapy of patients with severe ARDS not responding to conventional mechanical ventilation (refs 14, 16, 28, 53—These studies are all case series and the reader is referred to pages 100-101 of this paper by Ferguson and Stewart for more information concerning these studies). 


Ferguson and Stewart note that, although it is difficult to draw definitive conclusions from these case series data, HFOV seems to improve physiologic variables such as oxygenation and respiratory acidosis and seems to be safe. Whether it actually reduces mortality, its role outside the rescue setting, and its ideal timing remain to be seen. 


Fortunately, more data are likely to be available in the near future. An industry-sponsored multicenter randomized, controlled trial comparing HFOV with conventional mechanical ventilation m patients with ARDS was recently completed, and the results seem to favor HFOV (A. Stentzler, personal communication to the authors in 2001). 
ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Practical Use of HFOV


A full review of the practical application of HFOV in adults is beyond the scope of this article, but readers are directed to an excellent review by Mehta and McDonald, soon to be published, that specifically addresses this topic (ref 54 in the paper by Ferguson and Stewart). In general, two factors seem important when implementing HFOV in adults: early initiation and lung recruitment. As outlined previously, the limited clinical experience with HFOV in adults suggests that outcome may be improved when HFOV is applied earlier in the patient’s course of respiratory failure. Although this indication is clearly not strong evidence, it is supported by findings in animal studies that VALI occurs after only a short exposure to harmful ventilatory strategies (refs 23, 43, 58, 86). Also, randomized controlled trials of lung protection using conventional mechanical ventilation have specified early application of HFOV to limit preexisting irreversible lung (refs 27, 28, 76).


The other principle that seems central to the successful application of HFOV is lung recruitment and the maintenance of an adequate end-expiratory lung volume. In contrast to conventional ventilation, little tidal recruitment is seen in HFOV (ref 30). Lung recruitment can, however, occur gradually over time simply by setting the PAW above the critical opening pressure of the lung (refs 46, 79). This method (practically implemented by setting the PAW 4-8 cmH2O above that used on conventional mechanical ventilation and titrating to achieve adequate oxygenation) has been employed in adults receiving HFOV to date (refs 14, 28, 53). However, the authors note that this technique may be ineffective in more severe forms of lung injury, leading several groups to investigate the use of recruitment maneuvers (sustained inflations) to achieve lung recruitment. 


Ferguson and Stewart note that, regardless of how it is achieved, lung recruitment and maintenance of an adequate end-expiratory lung volume seem to improve arterial oxygenation, making lung recruitment extremely useful for rescue ventilatory support. Once the lung is opened, it should be maintained in this state by first weaning the FiO2 to relatively low levels before sig​nif​i​cantly reducing the PAW. 


Lung recruitment also seems to be important for achiev​ing the goals of lung protection, in that the desirable position of oscillating the patient in a safe zone on the deflation limb of the volume-pressure curve (Fig. 3, page 98, Ferguson and Stewart) can be achieved only with some degree of an open-lung strategy. Finally, this manner of implementation may prevent the dynamic hyperinflation that was reported early in the development of HFOV (refs 11, 67, 69).


Ferguson and Stewart concluded by noting that high-frequency oscillatory ventilation (HFOV) seems theoretically ideal for treating ARDS, because it allows maintenance of adequate oxygenation and ventilation without causing further damage to an already injured lung. HFOV also seems a sound strategy for improving oxygenation in patients who are no longer responding to conventional mechanical ventilation. Currently, HFOV should be used in the adult ICU as one of many ancillary therapies available for treating extremely ill, hypoxemic patients with ARDS. Future research may define the role of HFOV or more routine use in the prevention of VALI in patients with ARDS.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

Surfactant Replacement Therapy


Surfactant, which is normally produced by type II pneu​mo​cytes, decreases surface tension at the air-fluid interface of small airways and alveoli. Without surfactant, alve​oli may collapse and resist opening, even with high airway pressures. In ALI-ARDS, surfactant function is deficient for several reasons. Brower and associates (in Treatment of ARDS, cited above) note that experimental studies in ALl models showed improved pulmonary function with administration of exogenous surfactant (Lewis, Jobe, Surfactant and the Adult Respiratory Distress Syndrome. AM. REV. RES​PIR. DIS. 147:218-233, 1993 [erratum in AM. REV. RES​PIR. DIS. 147:1068, 1993]) and initial clinical studies of exo​gen​ous surfactant therapy in patients with ARDS were encouraging. 
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However, a multicenter, randomized, placebo-controlled trial in 725 patients with sepsis-induced ARDS showed that an artificial protein-free surfactant given by aerosol did not improve arterial oxygenation, duration of mechanical ventilation, or survival. Possible explanations for these negative results were: 

(1) 
only about 5% of the aerosolized surfactant reached the distal airspaces; 

(2) 
artificial protein-free surfactants may not be as effective as natural surfactants or protein-containing artificial; 

(3) 
inflammatory injury with ARDS often progresses to fibrotic destruction of the lung which may not be ameliorated by surfactant replacement; and 

(4) 
most ALI-ARDS patients die of multiple organ dysfunction rather than respiratory failure and surfactant would not directly affect uncontrolled infections or non​pulmonary organ dysfunction. 


Brower and associates note that some newer surfactant preparations that are delivered into the lung through the endotracheal tube or by bronchoscopic instillation are now in clinical trials in ALI-ARDS patients. 

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Extracorporeal Gas Exchange (ECMO)


Despite optimal mechanical ventilation, some ALI-ARDS patients experience refractory hypoxemia. For this reason, Brower and his colleagues recall that Zapol and associates conducted a prospective, multicenter, randomized trial (Extra​corporeal Membrane Oxygenation in Severe Acute Respiratory Failure: A Randomized Prospective Study. JAMA. 242:2193-2196, 1979) to compare extracorporeal membrane oxygenation (ECMO) to conventional ventilation alone; how​ever, the mortality rate in both groups of patients was approximately 90%. Extracorporeal gas exchange technology has now been improved to decrease complications and improve outcomes. 


In the early ECMO trial, oxygenation was the primary objective and to achieve adequate arterial oxygenation, blood flow through the extracorporeal ​device had to be > 50% of cardiac output. Extracorporeal CO2 removal (ECCO2R) has now been developed with the primary objective of reducing the high respiratory rates and tidal volumes required to achieve normal PaCO2, thereby decreasing ventilator-associated lung injury. This goal can be achieved with lower extracorporeal blood flow rates, but achieves only 20%–30% of total oxygen requirements; therefore, in ECCO2R, most oxygenation is still achieved through the lungs, although this requires much less mechanical ventilatory support than mechanical ventilation without ECCO2R.


Brower and associates recall that, in 1986, Gattinoni and his colleagues reported a mortality rate of 50% in 47 patients treated with low-frequency positive-pressure ventilation (LFPPV) and ECCO2R. This was a striking reduction from the 90% mortality in the historical control group cited above (Zapol, ibid.) and similar relatively better results with LFPPV and ECCO2R were reported by Brunet and his colleagues. While results were encouraging, later studies, including a prospective, randomized trial (Morris, et al., Randomized Clinical Trial of Pressure-controlled Inverse Ratio Ventilation and Extracorporeal CO2 Removal for Adult Respiratory Distress Syndrome. AM. J. RESPIR. CRIT. CARE MED. 149:295-305, 1994 [erratum in AM. J. RESPIR. CRIT. CARE MED. 149{3 pt. 1}:838, 1994]) comparing important clinical outcomes in 40 patients with severe ARDS receiving either conventional mechanical ventilation or LFPPV with ECCO2R suggested that the improved mortality in the earlier, uncontrolled trials was not from LFPPV with ECCO2R, but from improvements in other aspects of critical care.


The next paper discussed (not included with these reprints) is entitled Extracorporeal Membrane Oxygenation: A Ten-year Experience. It is by Mols and associates from the Department of Anesthesiology and Critical Care Medicine, University of Freiburg, Germany, and appeared in THE AMERICAN JOURNAL OF SURGERY in August, 2000. Since its introduction in the early 1970s extracorporeal membrane oxygenation (ECMO) has received varying support by intensivists. Initially, the concept of keeping the lungs at rest to facilitate lung healing triggered considerable enthusiasm among clinicians treating patients with ARDS. However, enthusiasm for ECMO abruptly ceased when a large U.S. multicenter trial failed to demonstrate its benefit (Zapol, et al., op. cit.). 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


The technique of venoarterial perfusion was a major short​coming of ECMO because it had the potential to cause additional ischemic lung injury. However, Kolobow and associates eliminated this problem by developing a veno​venous perfusion technique (Gattinoni, Kolobow, et al., Low-frequency Positive Pressure Ventilation with Extracorporeal Carbon Dioxide Removal (LFPPV-ECCO2R): An Experimental Study. ANESTH. ANALG. 57:470-477, 1978; and Kolobow, et al., An Alternative to Breathing. J. THORAC. CARDIOVASC. SURG. 75:261-266, 1978). 


The venovenous perfusion technique separated CO2 removal from oxygenation. Their concept of extracorporeal CO2 removal (ECCO2R) was introduced into clinical practice in 1980 by Gattinoni and associates (Gattinoni, et al., Treatment of Acute Respiratory Failure with Low-frequency Positive Pressure Ventilation and Extracorporeal Removal of CO2. LANCET. 2:292-294, 1980). 


In an attempt to reduce ventilator-induced lung injury Hickling and his colleagues proposed the concept of permissive hypercapnia in 1990. Subsequently, vigorous normalization 
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of PaCO2 became less important during extracorporeal gas exchange as well. The term “extracorporeal lung assist” (ECLA) was introduced to indicate that both oxygenation and CO2 removal were performed independently from the patients’ lungs. 


In the following years, however, the terminology was changed back to ECMO. ECMO has been employed worldwide since the late 1980s. Most often a venovenous approach is used to preserve lung perfusion. Despite growing experience, the indication (and benefit) for ECMO continues to be highly controversial. In recent years, there has been a marked decline in the use of ECMO. This may be related to a lower incidence of severe ARDS and improved conventional therapy eliminating the need for ECMO in many patients. 


Against this background, Mols and associates present their current therapeutic strategy in ARDS and their experience in a series of 245 patients, of whom 62 were treated with ECMO between 1991 and 1999. The survival rate was 55% in ECMO patients and 61% in non-ECMO patients.


The authors provide detailed discussions of the complications, potential benefits and shortcomings of ECMO treatment of ARDS, and note that all of their ECMO data can be integrated and summarized into pros and cons for ECMO therapy. They note that several facts can be used to argue pro ECMO. First, ECMO is a convincing therapeutic concept because the harmful effect of aggressive mechanical ventilation on the acutely injured lung is well established in clinical and experimental studies. However, they also note that low ventilator pressures may have a deleterious effect as well as high pressures and that ECMO can relieve this mechanical injury of the lungs in most if not all ​patients. Moreover, the authors point out that there is a large and grow​ing experience with ECMO in several centers worldwide. This experience indicates that ECMO often saves the life of patients, whose death due to severe or rapidly deteriorating hypoxemia is imminent. Admittedly, this ​often impressive clinical experience is based on the certainty with which the patient’s death without ECMO can be predicted.


Mols and associates reiterate that death from ARDS as a result of severe hypoxemia cannot be predicted with absolute certainty up to the time a patient dies. (Ed. Note: It is again recalled that most ARDS deaths are due to multiple organ failure rather than to respiratory failure.) For this reason, The authors emphasize that it cannot be known with certainty whether a patient treated with ECMO would not have survived with conventional treatment. Moreover, an improvement in survival by ECMO has never been established and the authors agree that this is the most serious argument against ECMO. Other arguments against ECMO are related to the very high costs of this technique. 


Finally, ECMO may be rejected because of its high complication rate, although Mols and associates note that no data really supports this concern and they state that, in their experience, complications of ECMO are rare and seldom fatal.


Mols and associates note that neither the incidence of ARDS nor their ECMO outcome data make it possible for them to estimate how often ECMO is indicated to treat severe ARDS or the number of clinical ECMO units required. However, they believe that if ECMO is proven to be useful, it should be concentrated in only a few clinical centers with well trained staff. They note that this may increase the survival rate among ARDS patients even when ECMO is not used or is contraindicated.

ECMO on Interhospital Transport


At the time of the first phone call from a referring hospital, some ARDS patients are in acute danger of dying from severe hypoxemia. Mols and associates note that, because of this problem, mobile ECMO systems were developed. However, in their experience, potential ECMO patients (i.e., those with more severely impaired oxygenation) were referred substantially later than non-ECMO patients. The authors state that pulmonary gas exchange of very few if any patients is deteriorating so rapidly that safe transport cannot be organized if severe hypoxemia is anticipated. Consequently, transport of patients suffering from acute, life-threatening hypoxemia may be almost completely preventable if the referring hospital would call 1 or 2 days earlier. Furthermore, Mols and associates point out that an “early” transfer of a severe ARDS patient to a specialized center is desirable in any case, since the prognosis may deteriorate with increasing duration of mechanical ventilation before ECMO is considered.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Mols and associates concluded by noting that ECMO is not a “magic bullet” for the treatment of ARDS. They state that the negative ECMO study cited above, reported by Zapol and associates from the United States in 1979, laid to rest any enthusiasm for this technique. However, accumulating experience and improvements in ECMO since that report indicate that ECMO may significantly increase survival in selected patients with severe ARDS. These investigators believe current evidence suggests that ECMO is useful for selected patients until a better therapy becomes available which, ideally, is based on a better understanding of the cause of ARDS. Until then, Mols and associates state that it seems advisable to keep ECMO in the therapeutic armamentarium for the treatment of severe ARDS.

 
The next paper discussed is entitled Extracorporeal Membrane Oxygenation for Severe Respiratory Failure. It is by Alpard and Zwischenberger from the Department of Surgery at the University of Texas Medical Branch in Galveston and appeared in CHEST SURGERY CLINICS OF NORTH AMERICAN in May, 2002. The authors provide a detailed discussion of all aspects of extracorporeal membrane oxygenation (ECMO), a term describing prolonged extracorporeal cardiopulmonary bypass achieved by extrathoracic vascular cannulation. ECMO is performed with modified heart-lung machine usually consisting of a distendible venous 
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blood drainage reservoir, a servoregulated roller pump, a membrane lung to exchange oxygen and carbon dioxide, and a countercurrent heat exchanger to maintain normal body temperature as shown diagrammatically in Fig. 1 on page 356 of this paper. The authors note that the principles on which neonatal ECMO is based also apply to ECMO for pediatric and adult patients although they point out pertinent differences. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Alpard and Zwischenberger also describe the expanding use of ECMO for cardiac failure after surgical repair of congenital heart defects and for support in heart and lung transplantation. Since 1989, participating ECMO centers have voluntarily registered all patients with the Neonatal, Pediatric, and Adult ECMO Registry of the Extracorporeal Life Support Organization (ELSO). Information concerning patient demographics, pre-ECMO clinical features, indications, medical and technical complications, and outcomes on ECMO are collected and updated continuously as new patients receive ECMO support (ref 1 in the paper by Alpard and Zwischenberger).


During the initial experience with ECMO in neonates, which began in the 1960s, the overall survival rate was 75%–95% (refs 4-6). ECMO is now the standard treatment for unresponsive severe respiratory failure in neonates based on worldwide application in over 20,638 neonates with an overall 77% survival rate (ref 1). On average, pediatric patients with unresponsive severe respiratory failure spend about 2 weeks on ECMO, although some survivors receive ECMO for up to 4–6 weeks before lung recovery (ref 11). Bartlett and his colleagues (ref 5) reported an ECMO survival rate of 30% in children and older infants whose predicted survival rate with conventional therapy was < 10%. 


Green and his colleagues (ref 12) reported the results from the Pediatric Critical Care Study Group multicenter analysis of ECMO for pediatric respiratory failure. ECMO was associated with a significant reduction in mortality versus conventional or high-frequency ventilation (74% survival rate with ECMO vs. 53% survival in controls). Up to July, 2001, ECMO had been used in more than 2,145 children with respiratory failure with an overall survival rate of 63% (ref 1). ECMO has also been used for children needing cardiac support with a survival rate of 54% (ref 1). 


Patients who had been excluded from ECMO because of conditions such as immunosuppression following treatment for malignancy, burns, meningococcemia and other diseases, are now surviving because of ECMO (refs 13-16). However, the authors emphasize that if ECMO is to be used to full advantage for cardiorespiratory failure, more detailed information is needed about long-term outcome, morbidity, health-care costs, and cost/ benefit analyses.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
ECMO in Adults


Alpard and Zwischenberger recall that, in 1972, Hill and associates (ref 17) reported the first successful clinical use of ECMO in adults and a national study of adult ECMO sponsored by the National Heart, Lung, and Blood Institute of the National Institutes of Health (NIH) began in 1975. However, in 1979, after 90 patients were entered, this study was discontinued because the mortality rate was about 90% in both the control and treatment groups. After this, interest in adult ECMO nearly ceased, although in 1986, Gattinoni and his colleagues (ref 21) reported a 49% survival rate in patients with severe respiratory failure treated with a form of ECMO. 


Because the expected survival with ECMO is about 50%, ECMO is appropriate in patients with potentially reversible underlying pathologic processes and predicted survivals of less than 20% (ref 22). The indications for ECMO in adults include acute reversible respiratory or cardiac failure unresponsive to optimal ventilator and pharmacologic management when the predicted mortality rate is 80% or more and when recovery can be expected within a reasonable period (several days to 3 weeks) of ECMO. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

 
Reversible respiratory failure in adults is difficult to define; Alpard and Zwischenberger state that the criteria for ECMO in adults are controversial. Many use a PaO2/FiO2 (PF) ratio of < 100 as an indications for ECMO, taking particular care to avoid ECMO in patients with established pulmonary fibrosis. All agree the goal is to identify ARDS patients with an estimated 80% mortality who have potentially reversible respiratory pathophysiology. Causes of acute respiratory failure supported with ECMO include primary and secondary ARDS of multiple etiologies and reactive airway disease (ref 37). Another disease once considered a contraindication to ECMO is sepsis accompanying respiratory failure. Rich and his colleagues (ref 38), however, demonstrated that sepsis or bacteremia was not predictive of survival. Selection criteria vary somewhat between adult ECMO centers worldwide. Experience plays a major role in patient selection, and cannot be characterized or quantitated.


For most adults with unresponsive severe respiratory failure, venovenous ECMO is the method of choice including both extracorporeal CO2 removal (ECCO2R) and veno​ven​ous ECMO (Table 1, page 359 of this paper by Alpard and Zwischenberger). ECCO2R emphasizes CO2 removal through low-flow (approximately 1 L) bypass, using low-frequency positive-pressure ventilation (LFPPV) by the natural lungs. With this venovenous ECMO, oxygen uptake and CO2 removal are dissociated with oxygenation being accomplished primarily through the lungs, while CO2 is cleared through the extracorporeal circuit. Even the most severely injured lungs are capable of oxygen transfer if they are not required to provide any ventilatory function. 
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LFPPV with ECCO2R is performed at an extracorporeal blood flow of 20%–30% cardiac output. Vascular access is achieved by combinations of jugular-femoral, femoral-femoral, or saphenous-saphenous veins. 

 
Venovenous ECMO emphasizes oxygenation in addition to CO2 removal, achieved through the use of higher flow rates (approximately 5 L) and a parallel configuration of 2 oxygenators to increase surface area. Patients with more advanced respiratory failure and high trans​pul​mon​ary shunt fractions require the additional oxygen transfer supplied by venoarterial ECMO. In a recent retrospective review of 94 patients, Bartlett and his colleagues concluded that percutaneous cannulation can be used for veno​venous ECMO in adults (ref 40). Venoarterial (VA) extracorporeal support is reserved for patients with cardiovascular instability or failure to maintain an adequate cardiac output during the course of respiratory failure. 


Venovenous ECMO (Fig. 2, page 360, Alpard and Zwisch​en​berger) has the advantage of maintaining normal pulmonary blood flow and avoiding arterial cannulation with its risk of systemic microemboli. Total support of gas exchange with venovenous perfusion, returning the perfusate blood into the venous circulation through the femoral vein or a modified jugular venous drainage catheter, also has the advantage of avoiding carotid artery ligation. Bartlett and associates developed a polyurethane double-lumen catheter for single-site cannulation of the internal jugular vein (refs 42, 43). 

 
Alpard and Zwischenberger note that the current practice of waiting until the natural lungs become severely dysfunctional, and then having to support cardiopulmonary function almost completely with venoarterial ECMO, may give way to the concept of early lung assistance. Single-site cannulation has already become the method of choice in neonates for ECMO. A single cannula tidal flow veno​ven​ous ECMO system has been developed that even allows percutaneous access (refs 45, 46). Gattinoni and associates (ref 21) achieved a 49% survival rate in adult ARDS using a modified ECMO technique (LFPPV with ECCO2R). The improvement in survival is also attributed in part to better patient selection, venovenous perfusion, better regulation of anticoagulation, and ventilator management directed toward lung rest.


Pre-ECMO variables found to be significant independent predictors of outcome included number of days of mechanical ventilation, PF ratio, and patient age. Patients with respiratory failure alone had the best prognosis, with a mortality rate of 40%. Mortality increased substantially with increases in the number of organ failures. Alpard and Zwischenberger note that, as of July, 2001, 678 adults treated with ECMO have been entered in the ELSO Registry with an overall survival rate of 56% (ref 1).


Alpard and Zwischenberger are currently conducting prospective, randomized, controlled, unblinded, multicenter outcome studies com​par​ing the effect of percutaneous extracorporeal AVCO2R with low tidal volume (6 mL/kg) mechanical ventilation on all-cause mortality and ventilator-free days in children with acute, severe respiratory failure secondary to burn injury with or without severe smoke inhalation and in adults with ARDS (PaO2/FiO2 ratio < 200). Severe progressive ARDS with a PaO2/FiO2 ratio of < 100 and profound hypoxia exceed the capacity for AVCO2R to reverse the pathophysiology despite CO2 homeostasis.

 
The reader is referred to pages 363-371 of this paper by Alpard and Zwischenberger for their detailed discussions of the techniques and complications of ECMO in patients with various pathologic conditions. A comparison of the different extracorporeal treatment modalities is shown in Table 2 on page 364 of this paper (refs 70, 71). 

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
 
After ECMO is established and appropriate pH, PaO2, and PaCO2 values are obtained, ventilator settings are reduced to minimize barotrauma and oxygen toxicity (peak inspiratory pressure—15 to 20 cmH2O; rate—10 breaths per minute; FiO2—0.3). The optimum PEEP level is uncertain, but many programs use high PEEP (12–15 cmH2O) with mean airway pressures of 13–16 cmH2O, based on experimental studies in a neonatal lamb model of meconium aspiration (ref 73). 

 
Alpard and Zwischenberger concluded by noting that the future of extracorporeal support depends on the development of techniques and devices to make the ECMO less invasive, safer, and simpler to manage. Using percutaneous catheters without surgical exploration can reduce potential bleeding wounds. Most ECMO for respiratory support will be carried out in the veno​venous mode using a single catheter with 2 ​lumens or a single-lumen tidal flow system. The use of the Seldinger wire-guided technique with sequential dilators and placement of large catheters directly or with peel-away sheaths decreases bleeding complications from cannulation sites. Cannulation can be accomplished quickly and easily under a variety of circumstances, including on-ECMO transport and emergency access.


Heparin-bonded oxygenators, pump chambers, and extracorporeal circuits may allow ECMO for days without bleeding, complications, or formation of clots. Various groups have tested heparin-coated circuits and reported reduced thrombogenicity and reductions in required systemic heparinization for prolonged support (refs 132-135). New applications of ECMO will include emergency room and catheter laboratory resuscitation in cardiac failure, resuscitation in trauma and hemorrhagic shock, and use as an adjunct to perfusion and temperature control.


Finally, Alpard and Zwischenberger note that the ECMO experience has stimulated the development of artificial lung prototypes, which are being evaluated in large animal trials (refs 136-138). The future of ECMO also includes laminar flow oxygenators; safe, simple auto​matic pumps; nonthrombogenic surfaces to eliminate 
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bleeding complications; advances in respiratory and cardiac care; and new approaches to clinical trials.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

Fluorocarbon Liquid-assisted Gas Exchange


In their paper cited above, Treatment of ARDS, Brower and associates note that fluorocarbon liquids can dissolve 17 times more oxygen than water can, and fluorocarbon liquids spread quickly over the respiratory epithelium. Because of their low surface tension, when even small amounts of fluorocarbon liquids are instilled into the lung, they improve alveolar recruitment, arterial oxygenation, and increase lung compliance, as with surfactant therapy.


Fluorocarbons are nontoxic, minimally absorbed, and eliminated by evaporation through the lungs. Fluorocarbons have been used in animals for total liquid ventilation, although this requires a liquid ventilator-gas exchange device to oxygenate the liquid, deliver the tidal volume, and remove carbon dioxide. 


Alternatively, with partial liquid ventilation, the lungs are filled approximately to functional residual capacity and gas ventilation is then continued with a conventional ventilator. Various animal models of lung injury, as well as promising studies in humans with ARDS, showed that total and partial liquid ventilation gas exchange was better than with conventional ventilation probably because of alveolar recruitment with the low-surface tension fluoro​car​bon liquids. 


Atelectasis and alveolar filling are frequently worse in dependent lung regions; however, the dense fluorocarbon tends to “gravitate” to these regions, where it is of potentially greatest value for alveolar recruitment. Moreover, the weight and resulting pressure of the liquid in dependent regions of the lung may divert pulmonary blood flow to nondependent, better-ventilated regions.

 
Brower and associates note that mechanical ventilation with high airway pressures may still injure the lung parenchyma during liquid ventilation, as during gas ventilation. With total liquid ventilation, there is also the risk of mechanical interference with venous return and larger volumes of fluorocarbon may decrease cardiac output by a sim​ilar mechanism as high PEEP. However Brower and asso​ciates recall that Schaffer and associates in 1992 showed that there was minimal hemodynamic instability with partial liquid ventilation with a fluorocarbon dose of 20 mL/kg (Liquid Ventilation. PEDIATR. PULMONOL. 14:102-109, 1992). They note that there are some encouraging reports of the safety and efficacy of partial liquid ventilation in adults and pediatric patients with ARDS, as well as in neonates with respiratory distress. However, more investigation is needed to demonstrate improvements in key clinical outcomes before this novel technique can be adopted for routine clinical use in ALI-ARDS patients.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Therapeutic Strategies to Reduce Sepsis-induced ARDS


Treatment of sepsis before ARDS develops or in the early phase of ALI-ARDS could improve outcomes in these patients. Unfortunately, however, the results of trials of high doses of glucocorticoids (Sprung, et al., The Effects of High-dose Corticosteroids in Patients with Septic Shock: A Prospective, Controlled Study. N. ENGL. J. MED. 311: 1137-1143, 1984; and Bernard, et al., High-dose Corticosteroids in Patients with the Adult Respiratory Distress Syndrome. N. ENGL. J. MED. 317:1565-1570, 1987), antiendotoxin monoclonal antibody, anti-TNF therapy, and anti-interleukin (IL)-1 therapy were disappointing. 


However, Browers and associates recall that activated protein C was recently shown to reduce mortality in sepsis patients by novel antiinflammatory and anticoagulant mechanisms (Bernard, et al., Efficacy and Safety of Recombinant Human Activated Protein C for Severe Sepsis. N. ENGL. J. MED. 344:699-709, 2001; and Matthay, Severe Sepsis: A New Treatment with Both Anticoagulant and Anti-inflammatory Properties. N. ENGL. J. MED. 344:759-762, 2001).
Glucocorticoid Therapy


As discussed in the preceding section, high doses of glucocorticoids do not prevent the development of ARDS in patients with sepsis. In addition, Brower and associates note that randomized, controlled clinical trials (Sprung, et al., op. cit., and Bernard, NEJM 344, 2001, op. cit.) did not show any beneficial effects when high doses of glucocorticoids were administered to patients early in the course of ALl-ARDS. Since some patients with late-phase ALl-ARDS have persistent inflammation, fibroproliferation, and inflammatory cytokine release in the airspaces of the lung, glucocorticoid treatment at this late stage might modulate these processes and facilitate recovery, although glucocorticoids may also impair recovery by increasing nosocomial infections. 

 
Corticsteroids in ARDS patients is discussed more extensively by Luce from the Department of Medicine and Anesthesia at the University of California, San Francisco, and the Medical-Surgical Intensive Care Unit at San Francisco General Hospital in his paper Corticosteroids in ARDS: An Evidence-based Review. This paper appeared in CRITICAL CARE CLINICS in January, 2002. Luce recalls that ARDS was first described in 12 adult patients by Ashbaugh and his colleagues in 1967 (ref 4). Corticosteroids were administered to 9 of the 12 patients with ARDS in this original series from the University of Colorado and 2 of these 9 patients were thought to have benefited from corticosteroid therapy. 


In a subsequent publication (ref 37) from that institution, the authors noted that “clinical experience indicates the use of corticosteroid drugs is highly beneficial 
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in patients with the adult respiratory distress syndrome.” Luce notes that, because of this enthusiastic support from the University of Colorado and other centers, corticosteroids were administered to thousands of patients with acute lung injury and ARDS after 1967, and their use has been studied and reviewed extensively (refs 15, 27, 29 in this paper by Luce).

 
Luce states that his review of the use of corticosteroids in ARDS is strictly clinical and is evidence-based in that it primarily discusses large, randomized, placebo-controlled trials with little or no heterogeneity that generally have been published beyond abstract form. The primary endpoint of most of these studies was mortality. Because sepsis is such an important risk factor for ARDS, many of the trials involved patients who were known or assumed to be septic or in septic shock, in many cases according to criteria developed by the American College of Chest Physicians/Society of Critical Care Medicine Consensus Conference. Luce divides his article into 4 parts as noted in the following discussions: 

(1) 
the use of high-dose corticosteroids for anti​inflammatory purposes in sepsis and septic shock; 

(2) 
the use of high-dose corticosteroids in early ARDS; 

(3) 
the use of high-dose corticosteroids in late ARDS; and 

(4) 
the use of lower doses of corticosteroids to treat relative adrenal insufficiency in septic patients.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

High-dose Corticosteroids for Early Sepsis and Septic Shock


Two meta-analyses published in 1995 summarized 8 prospective, controlled trials of corticosteroids in patients with sepsis or septic shock published between 1963 and 1993. After providing detailed summaries of these eight trials, Luce notes that the final prospective, randomized trial of corticosteroids in sepsis was conducted by him and his colleagues at San Francisco General Hospital and the results were published in 1988 (ref 26 in Luce’s paper). 


This study by Luce and colleagues was stopped before a full 150 patients were enrolled because the manufacturer of the study drug concluded from this study and from those of Bone and associates (ref 11) and the Veterans Administration Study Group (ref 44) that methylprednisolone does not prevent or ameliorate the development of septic shock or ARDS and is associated with increased mortality in patients who had a creatinine level > 2 mg/dL before receiving the drug. Thus, Luce notes that, on the basis of these 8 prospective, controlled trials, corticosteroids in high doses cannot be recommended for patients with sepsis or septic shock.

High-dose Corticosteroids for Early 
Acute Respiratory Distress Syndrome


Weigelt and associates performed the first randomized, controlled trial to determine whether corticosteroids can prevent ARDS in patients who are at risk for developing ARDS but are not necessarily septic or in septic shock. After treatment, 25 conticosteroid-treated patients and 14 placebo-treated patients developed ARDS, a difference that was not statistically significant. Moreover, infectious complications occurred in 30 corticosteroid-treated patients and in 18 placebo-treated patients.


In 1987, Bernard and his colleagues treated 99 patients with early ARDS due to various causes at 7 hospitals in the U.S. and Canada; 50 were randomized to receive intraven​ous methylprednisolone (30 mg/kg) every 6 hours for 24 hours and 49 to receive placebo. Forty-five days after study entry there were no differences between the methylpredni​so​lone and placebo groups in mortality (30 vs. 31 patients) or the reversal of ARDS (18 vs. 19 patients). Infectious complications were similar in both groups (8 vs. 5 patients). 


Although this investigation indicated that high-dose corticosteroids generally do not attenuate ARDS when given early, conclusions about the possible benefit of corticosteroids in certain groups at risk could not be drawn because of the small numbers of patients in some of these groups. In this regard, Luce briefly summarizes several studies which showed that in patients with ARDS or at risk for developing ARDS: (1) high-dose corticosteroids are of value in patients at risk for the fat embolism syndrome; and (2) cortico​steroids are helpful as adjunctive therapy for all hypoxemic patients with AIDS with known or suspected Pneumocystis carinii pneumonia (PCP).

High-dose Corticosteroids for Late 
Acute Respiratory Distress Syndrome


Luce recalls that corticosteroid-treatment for established or late ARDS rather than early ARDS has been explored by several investigators in uncontrolled studies. He provides detailed summaries of several of these studies and finally notes that shortly after the publication of the study by Meduri and associates (ref 32), Wheeler and his colleagues (ref 47) of the NIH ARDS Network noted that the small size and crossover design of the study limited the conclusions that could be drawn from it. The ARDS Network, which involves more than 20 hospitals affiliated with 10 academic medical centers in the United States, for several years has been conducting a study of the use of corticosteroids in late ARDS based on the treatment regimen but not the crossover design of the investigation of Meduri and associates. Enrollment in this study has been slow, partly because of the difficulty of ruling out active infections in patients with late ARDS. Until this larger study is completed, the issue of whether corticosteroids benefit patients with established (i.e., late) ARDS remains unresolved.

Low-dose Corticosteroids for Relative Adrenal Insufficiency


Corticosteroid and cortisol secretion increases in response to sepsis, shock, surgery, and other stresses, and 
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absolute adrenal insufficiency (in contrast to relative adrenal insufficiency) in patients with these conditions is rare. Adrenal function in severely ill patients customarily is assessed by measuring baseline cortisol levels during stress and 30 and 60 minutes after adrenal stimulation by corticotropin. Many clinicians regard a baseline level of < 10 mg/dL (276 mmol/L) as clinically low and a concentration > 18 mg/dL (497 mmol/L) after stimulation with 1 mg of low-dose corticotropin as indicating adequate adrenal reserve. 


A similar response to stimulation with only 250 mg of high-dose corticotropin suggests relative adrenal insufficiency. Despite the wide use of these general guidelines, recent investigations suggest that the interpretation of base​​line and poststimulation cortisol levels is uncertain, especially in septic patients. In 1991, Rothwell and associates (ref 38) assessed adrenocortical function in 32 patients with septic shock and this study: (1) suggested that rel​ative rather than absolute adrenal insufficiency was pres​​​ent in a significant number of septic shock patients with septic shock; and (2) noted the potential value of corticotropin stimulation in detecting such patients.


Luce recalls that 3 recent investigations tested the hypo​thesis that low doses of corticosteroids benefit patients with septic shock (Bollaert and associates [ref 9]; Briegel and his colleagues [ref 13]; and Annane [ref 2]). Luce notes that the results of the multicenter trend study by Annane and associates are difficult to interpret, and the overall clinical significance cannot be determined until the entire study is published. Furthermore, whether low-dose corticosteroids will affect the incidence or severity of ARDS in septic patients has not been examined. Nevertheless, the possibility that these agents can improve organ function, including that of the lungs, and reduce mortality in patients with septic shock has generated considerable excitement in the critical care community, as reflected in a spate of recent editorials (refs 1, 2, 9, 13, 14, 28, 33, 39, 42). Luce notes that it is hoped that this excitement will be justified by the evidence obtained from large, randomized trials.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
VENTILATOR-ASSOCIATED PNEUMONIA

 
The first paper discussed in this section of the Overview is a general review article entitled Ventilator-associated Pneumonia. It is by Morehead and Pinto from the Division of Pulmonary and Critical Care Medicine at the University of Kentucky School of Medicine and the Department of Medicine at the Veterans Affairs Medical Center in Lexington, Kentucky. This paper appeared in the ARCHIVES OF INTERNAL MEDICINE for July 10, 2000.

Definition of Ventilator-associated Pneumonia


Morehead and Pinto note that ventilator-associated pneumonia (VAP) is a parenchymal lung infection that develops in 9%–24% of patients undergoing mechanical ventilatory support for > 48 hours. This definition distinguished VAP from community-acquired pneumonia and highlights pathogenic features peculiar to mechanically ventilated patients. The authors note that a recent multicenter Euro​pean study (ref 1 in this paper) showed that pneumonia is now the most common infection encountered in the ICU and it has an associated mortality rate of 24%–71% when acquired during mechanical ventilation. 

 
A more detailed definition and description of VAP is outlined in Table 1 on page 1209 of the next paper dis​​cussed entitled Ventilator-associated Pneumonia in the Surgical Intensive Care Unit. It is by Brown, Luchette, and associates from the Division of Trauma and Critical Care of the Department of Surgery of the University of Cincinnati, Ohio; and the Bernard O’Brien Institute in Melbourne, Australia. This paper appeared in the JOURNAL OF TRAUMA INJURY, INFECTION, AND CRITICAL CARE in December, 2001.

Epidemiology of Ventilator-associated Pneumonia


In their paper cited above, Ventilator-associated Pneumonia, Morehead and Pinto recall that Gram-negative bacillus pneumonia became recognized as a significant cause of morbidity and mortality in hospitalized patients during the 1950s, coinciding with increasing use of mechanical ventilation and antibiotics. Contaminated respiratory care equipment was initially implicated as the source of these pathogens; however, despite implementation of infection control measures, pneumonia has remained the most common ICU-acquired infection.

The authors of another paper included in this issue of SRGS also discuss the epidemiology of ventilator-associated pneumonia (VAP). This paper, Evidence-based Assessment of Diagnostic Tests for Ventilator-associated Pneumonia: Executive Summary, is by Grossman from the Mount Sinai Hospital in Toronto and Fein from the North Shore University Hospital in Manhassett, New York. It appeared in CHEST in April, 2000. The authors note that VAP is a common disorder, with a prevalence of 6–52 cases per 100 patients, depending on the population studied. They emphasize that VAP must be distinguished from other forms of hospital-acquired (nosocomial) pneumonia, because treatment, prognosis, and outcome may differ significantly. 


Grossman and Fein note that nosocomial pneumonia is an intrahospital infection that typically develops 48 or more hours after admission and VAP is a form of nosocomial pneumonia that is a complication of intubation and mechanical ventilatory support. Early-​onset VAP occurs during the first 4 days of mechanical ventilation and often is caused by Streptococcus pneu​mon​iae, Haemophilus influenzae, or Moraxella catar​rha​lis. Uncommonly, anaerobes are the causative agents. Late-onset VAP develops  5 days after the initiation of mechanical ventilation, and is commonly caused by 
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Pseu​domonas aeruginosa, Acinetobacter or Entero​bac​ter spp, or methicillin-resistant Staphylococcus aureus (ref 5 in this paper).

Grossman and Fein point out that each day an endo​tracheally intubated patient undergoes mechanical ventilation, the crude rate of VAP increases by 1%–3% and the risk of death increases 2-fold to 10-fold. When the causative pathogen is P. aeruginosa, disease-specific (attributable) mortality may be as high as 43% (ref 6 in this paper by Grossman and Fein). In addition, VAP often dramatically increases the hospital stay and total hospital costs as documented in a recent paper (not included with these reprints), entitled Epidemiology and Outcomes of Ventilator-associated Pneumonia in a Large US Database. It is by Rello and associates for the VAP Outcomes Scientific Advisory Group and appeared in CHEST in December, 2002. They note that of the 9,080 patients meeting their study entry criteria, VAP developed in 842 patients (9.3%) a mean of 3.3 days after mechanical ventilation began. Development of VAP in these patients was associated with an increase of more than $40,000 in mean hospital charges per patient ($104,983 ± $91,080 with VAP vs. $63,689 ± $75,030 without VAP; p <0.001).

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.
Incidence of Ventilator-associated Pneumonia


The next paper discussed is entitled Ventilator-associated Pneumonia—Prevention, Diagnosis, and Therapy. It is by Keenan and associates from the Royal Columbian Hospital, New Westminster, British Columbia; Kingston General Hospital and the Ontario Ministry of Health, Kings​ton, Ontario; the Department of Anesthesiology and Pain Medi​cine at the Walter C. Mackenzie Health Sciences Centre of the University of Alberta, Edmonton, Alberta; St. Jos​eph’s Hospital and McMaster University in Hamilton, On​ta​rio; the Centre for Health Evaluation and Outcome Sciences at St. Paul’s Hospital and the University of British Columbia in Vancouver, British Columbia, all in Canada. This paper appeared in CRITICAL CARE CLINICS in January, 2002. These authors state that the incidence of ventilator-associated pneumonia (VAP) in the ICU ranges widely from 10% to 65% in various reports. Patients at high risk for acquiring VAP are those who have chronic obstructive lung disease, burns, neurosurgical illnesses, ARDS, witnessed aspiration, reintubated patients; patients who receive H2 receptor antagonists, paralytic agents, or continuous enteral nutrition. 

Keenan and associates note that the morbidity and mor​tality attributable to VAP is clinically important. In the most recent prospective, matched, cohort study, Heyland and associates found that patients who developed VAP stayed in the ICU a mean of 4.3 days (95% CI—1.5 to 7.0 days) longer than patients who did not develop VAP. Patients with VAP also have a trend toward an increased mortality risk (absolute risk increase—5.8% [95% confidence intervals—2.4% to 14.0%). Six other studies that used a matching strategy (refs 14, 16, 33, 85, 92) showed that VAP is asso​ciated with a prolonged ICU stay (range—5 to 13 days). The attributable VAP mortality in these studies ranged from an absolute risk increase of 0% up to 50%. In this paper, Keenan and associates review the clinical studies related to prevention, diagnosis, and treatment of VAP.

 
In their paper cited above, Ventilator-associated Pneumonia in the Surgical Intensive Care Unit, Brown, Luchette, and associates point out that VAP is second in incidence only to urinary tract infection as the most common nosocomial infection and is the single most common nosocomial infection in the ICU, accounting for 15%–18% of all hospital-acquired infections. Furthermore, a recent study found that 45% of 4,501 ICU patients were infected and that approximately half were acquired in the ICU (ref 2). VAP has a greater influence on the length of ICU stay, total hospital stay, and ventilator days than any other infection and has a staggering effects on health care cost. (Ed. Note: Regarding these costs, see the paper cited above, Epidemiology and Outcomes of Ventilator-associated Pneumonia in a Large US Database, by Rello and associates.)

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Risk Factors Predisposing to the Development 
of Ventilator-associated Pneumonia


The risk of developing ventilator-associated pneumonia relates to host factors and to the duration and intensity of exposure to potential pathogens. Morehead and Pinto note that single-center multivariate analyses have implicated prolonged mechanical ventilation and reintubation as risk factors. A recent multicenter Canadian study (ref 16 in the paper by Brown and associates) evaluated 1,014 mechanically ventilated patients and found the following independent predictors of VAP: 

•
a primary diagnosis of burns, trauma, central nervous system disease, respiratory tract disease, or cardiac disease; 

•
witnessed aspiration; 

•
mechanical ventilation within the previous 24 hours; and 

•
use of paralytic agents. 


Two other important findings of this analysis were: 

(1) 
a rising daily risk for pneumonia until the fifth day of mechanical ventilation, with subsequent decline, and 

(2) 
a protective effect of systemic antibiotic therapy. 


Factors not assessed in this study but found to be predictive in other analyses include low endotracheal tube cuff pressure, transport outside the ICU, and supine body position. Although investigators (ref 17) have identified recent surgery and altered sensorium as risk factors predisposing to pneumonia in mixed populations of ventilated and nonventilated ICU patients, studies 
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excluding spontaneously breathing patients have consistently been unable to demonstrate this relationship, suggesting that intubation and mechanical ventilation obviate these risks.

 
In their paper, Brown and associates state that independent correlation has been shown between increased risks of developing VAP for several factors in ICU patients. Studies by Craven and his colleagues and by Torres and associates of 233 and 322 mechanically ventilated ICU patients, respectively, identified multiple independent risk factors for the development of VAP, including chronic obstructive pulmonary disease (COPD), treatment with H2 blockers, the presence of an intracranial pressure monitor, ventilator circuits which are changed at less than 48-hour intervals, more than one endotracheal intubation, use of PEEP, immunosuppression, history of aspiration, mechanical ventilation for > 3 days, and major surgical procedures.


By far, endotracheal intubation is the greatest risk factor in the development of VAP, increasing the incidence 7- to 21-fold (refs 4, 17 in this paper by Brown and associates). Perhaps the term “tube-associated pneumonia” would more accurately describe this condition, as it is well accepted that patients do not acquire pneumonia from the ventilator. According to Torres and associates, reintubation resulted in a 47% pneumonia rate compared with a 10% rate for matched controls. The total ICU stay and crude mortality were also higher in reintubated patients than in controls. 


In a prospective study of 294 ventilated trauma patients, Rodriguez and associates (ref 12) identified 5 significant risk factors for pneumonia including: 


(1) 
emergency intubation; 


(2) 
closed head injury; 


(3) 
hypotension; 


(4) 
blunt mechanism; and 


(5) 
high Injury Severity Score (ISS).

 
Brown and associates note that it has been clearly demonstrated that frequent circuit changes result in an increased incidence of VAP. In reviewing the literature Stamm (ref 19 in Brown’s paper) discovered that the interval between ventilator circuit changes could be extended to 7 days without increasing the rate of VAP. (Ed. Note: Also see below the paper, Influence of Airway Management on Ventilator-associated Pneumonia: Evidence From Randomized Trials, by Cook and associates which is included in this issue of SRGS.)


Brown and associates suggest that a better understanding and working knowledge of these risk factors and the associated pathophysiology may help predict patients at high risk for developing VAP so that appropriate preventive measures may be employed. 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

Pathogenesis of Ventilator-associated Pneumonia


In their paper cited above, Ventilator-associated Pneumonia, Morehead and Pinto point out that events important in the progression to pneumonia in intubated patients begin with oropharyngeal colonization by potentially path​o​genic bacteria. Endotracheal tube placement creates an abnormal continuum between the upper airway and the trachea and establishes a subglottic reservoir of secretions rich in bacterial pathogens. Secretions in this subglottic pool are aspirated into the trachea and become part of the biofilm lining the endotracheal tube that can be disseminated into the lung by the ventilator (refs 28, 29). In addition, organisms within the stomach can also contaminate the subglottic secretions. These events are summarized in Fig. 1 on page 1928 of this paper by Morehead and Pinto.

 
Although bacterial colonization of the lower respiratory tract is an essential step in pneumonia development, tracheal aspirate cultures are not completely reliable predictors of infection, even if a quantitative culture threshold exceeding 10 colony-forming units (CFUs)/mL is a significant finding (refs 30-32). In the absence of antibiotic treatment, histological pneumonia is associated with a bacterial burden > 10 CFU per gram of lung tissue, suggesting a quantitative threshold for diagnosing pneumonia. However, various studies including patients receiving antibiotics have shown a highly variable ability to predict pneumonia based on quantitative cultures above threshold (i.e., sensitivity—11% to 100%; and specificity—45% to 100%). Thus, the assumption that quantitative bacteriologic study accurately predicts histological patterns may be incorrect in certain clinical situations.

Pathophysiology of Ventilator-associated Pneumonia


In their paper cited above, Ventilator-Associated Pneumonia in the Surgical Intensive Care Unit, Brown, Luchette, and associates note that bacteria gain access to the lung by 3 main routes: (1) direct inhalation; (2) hematogenous spread; and (3) aspiration. Aspiration is the most common route for VAP. Forty-five percent of healthy people have been shown to aspirate while sleeping and this percent is further increased by factors common to infirm patients, i.e., impaired gastric and intestinal motility, as well as impaired consciousness, diminished gag reflex, and decreased muco​cil​iary clearance. Using radioactive labeling of gastric contents, Torres and associates (ref 22) found that aspiration was significantly more common in patients studied in the supine versus semirecumbent (45°) position, and that the mag​nitude of supine aspiration was time-dependent. However, in a similar study of 70 intubated patients, Ibanez and his colleagues (ref 23) showed no significant difference in the rate of gastroesophageal reflux among patients in the supine versus semirecumbent ​position.


Most endotracheally intubated patients also have a gastric tube to decrease gastric distention and provide access for enteral feeding. However, patients with nasogastric tubes have a high rate of gastroesophageal reflux as well as a high rate of sinusitis. For these reasons, Brown and associates prefer orogastric to nasogastric tubes for gastric decompression and remove them as soon as possible. 
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Gastric intubation may also provide a conduit for migration of bacteria into the oropharynx; therefore, when long-term gastric decompression is necessary, as in patients with a severe closed head injury, early placement of a gastrostomy tube should be considered.


Tracheal intubation contributes greatly to the problem of microaspiration. Oral and gastric bacteria colonize the subglottic area. A foreign body, i.e., an endotracheal tube, is quickly coated with a biofilm above and below the cuff. The tube itself contributes several significant, detrimental mechanical factors. First, the normal primary barrier to aspiration, the glottis, is eliminated. The balloon cuff erodes the tracheal epithelium, allowing direct bacterial invasion. Finally, airway desiccation leads to a loss of mucus and antibody production in the oral cavity. The additional presence of a nasogastric tube further compounds the problem by eliminating the normal protective pressure gradient across the gastroesophageal junction. Some have suggested that continuous aspiration of subglottic secretions may help in reducing the incidence of VAP. In a recent randomized, blinded study, Valles and associates found a reduction in VAP from 39.6 episodes/1,000 ventilator days in control patients to 19.9 episodes/1,000 ventilator days with continuous aspiration of subglottic secretions (ref 25). Moreover, the average time before pneumonia developed increased from 5.9 to 12 days. Brown and associates note that, although these results are impressive, use of these expensive specialized endotracheal tubes should be limited to patients at high risk for developing VAP.

 
Gastric alkalinization, by antacids and H2 blockers, promotes bacterial overgrowth, and presumably higher rates of significant aspiration. A gastric pH > 4 predisposes to colonization with Gram-negative rods and Staphylococcus aureus. The use of sucralfate had previously been asso​ci​ated with lower rates of VAP compared with the use of antacids or H2 blockers. In a randomized trial of 244 mechanically ventilated patients, the incidence of late-onset pneumonia (more than 4 days after endotracheal intubation) was 5% in patients receiving sucralfate versus 10% in those receiving antacid, and 21% in ranitidine-treated patients (ref 27). 


The lack of effect of sucralfate on gastric pH, with a resultant lower incidence of bacterial colonization, has been implicated as the cause for the decreased incidence of pneumonia (ref 32). However, in a more recent prospective, randomized trial including 242 intubated ICU patients, Thom​ason and associates (ref 34) found no difference in the rates of nosocomial pneumonia or gastrointestinal bleeding among groups receiving sucralfate, antacid, or ranitidine. These studies question the role of gastric colonization secondary to alkalinization as a mechanism for VAP. 


Moreover, Brown and associates point out that a recent multicenter, prospective, randomized study actually showed that, for unknown reasons, sucralfate treatment significantly increased the incidence of pneumonia in ARDS. In any event, Brown and associates routinely place their ARDS patients on H2 blockers instead of sucralfate.

 
In heterogeneous ICU populations, several earlier studies have shown decreases in morbidity and nosocomial pneumonia rates with the prophylactic nonabsorbable antibiotics to obtain selective digestive decontamination (SDD) of the digestive tract. Cerra and associates (ref 39) also showed a significant decrease in nosocomial infections in patients randomized to SDD with norfloxacin and nystatin versus placebo, although there was no decrease was demonstrated in mortality, multisystem organ failure, or ARDS. 


The French Study Group on Selective Decontamination of the Digestive Tract randomized 445 mechanically ventilated patients to treatment with topical nonabsorbable antibiotics (tobramycin, colistin sulfate, and amphotericin B) or placebo (ref 40). No difference was found between the two groups with regard to ICU and 60-day mortality or incidence of pneumonia. The role of SDD in critical care practice is still unclear, and for this reason Brown and his colleagues do not currently use SDD to prevent pneumonia.

Prevention of Ventilator-associated Pneumonia

In his paper cited above, Ventilator-associated Pneumonia Prevention, Diagnosis, and Therapy, Keenan and associates note that the pathogenesis of VAP is thought to involve the aspiration of pathogenic organisms in sufficient quantities to overwhelm the local immune system of critically ill patients. The original source of these organisms may be exogenous (arising from the ventilator circuit suctioning process, or health care personnel) or endogenous. It is postulated that pathogenic organisms from the gastrointestinal tract colonize the stomach or the upper airway and are then aspirated to lead to the development of VAP. In this context, Keenan and his colleagues categorize prevention strategies as those involving the airway and ventilator circuit, and secretion management as shown in Fig. 1A on page 109 of his paper and those involving the gastrointestinal tract as shown in Fig. 1B.

 
The next paper discussed is a Review Article from the Current Concepts section of the NEW ENGLAND JOURNAL OF MEDICINE for February 25, 1999 entitled The Prevention of Ventilator-associated Pneumonia. This paper is by Kollef from the Pulmonary and Critical Care Division of the Department of Internal Medicine at Washington University School of Medicine and the Medical Intensive Care Unit and the Department of Respiratory Care Services at the Barnes-Jewish Hospital in St. Louis, Missouri. The ​author emphasizes that participation in well-defined programs, which may be part of a more general effort to prevent nosocomial infections. The efficacy and cost effectiveness of such efforts should be supported by clinical studies, local experience, and the views of experts in the field (ref 7 in this paper). Moreover, to increase their acceptance and success, such efforts should be tailored to the characteristics of the individual hospital. 


Kollef cites several resources for guidance in developing this preventive program (refs 7, 14-18). It is also important for a person or group to take charge of implementing the process and to have a mechanism for tracking rates of nosocomial infection as outlined in the 10-step program listeD in Table 1 on page 628 of Kollef’s paper. Non​phar​ma​co​logic means of preventing ventilator-associated pneumonia 
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are summarized in Table 2 on page 629 of this paper by Kollef and pharmacologic means are summarized in Table 3 on page 630. These two Tables can guide the development of a program to prevent ventilator-associated pneumonia. Each of the recommendations listed in Tables 2 and 3 is discussed separately, and in detail, in Kollef’s paper and the reader is referred to pages 628-633 of this paper for these detailed discussions. 

 
Prevention of ventilator-associated pneumonia is also discussed in a paper entitled Influence of Airway Management on Ventilator-Associated Pneumonia: Evidence From Randomized Trials. It is by Cook and associates from the Department of Medicine at the St. Joseph’s Hospital in Hamilton, Ontario, Canada; and the Service de Reanimation Medicale, Hôpital de Poissy, Poissy, France; and Service de Reanimation Medicale, Hôpital Henri Mondor, Uni​ver​site Paris-Val de Maine in Creteil, France, and appeared in the JOURNAL OF THE AMERICAN MEDICAL ASSOCIATION for March 11, 1998. The authors note that the largest ICU prevalence study up to 1997 when his paper was written showed that ventilator-associated pneumonia (VAP) accounted for nearly half of the infections in intensive care units in Europe (ref 2 in this paper), although there are several promising strategies that may decrease the burden of illness caused by nosocomial pneumonia. 


These strategies can be classified as: 

•
mechanical, focusing on the ventilator circuit (e.g., frequency of tubing changes and gas humidification strategies), the endotracheal tube (e.g., intubation orifice, suctioning, and secretion drainage), and patient positioning (e.g., body position and kinetic bed therapy); 

•
gastrointestinal tract treatments (e.g., enteral feeding strategies); 

•
pharmacologic approaches (e.g., selective digestive de​contamination, endotracheal antibiotics, and stress ulcer prophylaxis); or 

•
the influences of the ICU environment.


Randomized trials have evaluated the influence of some of these treatments on surrogates of VAP. Cook and associates recall that Craven and his colleagues (ref 3) allocated patients to receive ventilator tubing changes every 24 or 48 hours and found no difference in inspiratory-phase gas cultures or tubing colonization. In another study, a trend toward decreased tracheal colonization was observed in patients ventilated with heat and moisture exchangers instead of heated humidifiers (ref 4). Rouby and his colleagues (ref 5) randomized patients to nasal or oral intubation and found that radiologic evidence of maxillary sinusitis was markedly higher in the nasally intubated group. The relationship between body position and tracheobronchial aspiration was assessed by 3 randomized trials showing that scintigraphic evidence of aspiration is less common in patients placed in the semi-recumbent than in the supine position (refs 6-8). 


Cook and associates note that these various studies are prominent contributions to the experimental evidence regarding VAP prevention strategies, although a direct, confirmed causal relationship between these surrogate end points and VAP would strengthen the inferences drawn from them. To gather more data on VAP prevention strategies Cook and associates systematically searched several computerized databases from 1980 to July, 1997, to evaluate the influence of ventilator circuit and secretion management on nosocomial pneumonia as studied in randomized prospective clinical trials. In addition to searching MEDLINE and EMBASE, they examined the Cochrane Database of Systematic Reviews and the Database of Abstracts of Reviews (DARE) with no language restrictions in their search. Cook and associates also developed a comprehensive list of relevant trials and wrote to the first author of each to identify any other relevant unpublished trials in this field.

 
The authors state that synthesis of the data from their search of the literature showed that the frequency of ventilator circuit changes and the type of endotracheal suction system do not appear to influence VAP rates (3 trials, none with significant difference; range of relative risks—0.84 to 0.91). However, lower VAP rates may be associated with: 

•
avoidance of heated humidifiers and use instead of heat and moisture exchangers (5 trials, only 1 showing a significant difference; range of relative risk—0.34 to 0.86); 

•
use of oral versus nasal intubation (1 trial; relative risk [RR]—0.52; 95% confidence interval [CI]—0.24 to 1.13); 

•
subglottic secretion drainage versus standard endotracheal tubes (2 trials, 1 showing a significant difference; RR—0.46 to 0.57), and 

•
kinetic versus conventional beds (5 trials, only 1 showing a significant difference; RR—0.35 to 0.78).


Cook and associates concluded that some ventilator circuit and secretion management strategies may influence VAP rates in critically ill patients. However, they note that whether these strategies are adopted in practice depends on several factors such as the magnitude and precision of estimates of benefit and harm, as well as access, availability, and costs. Finally, they state that it strategies to prevent them whether or so she’d pneumonia were evaluated in multicenter studies, more precise and generalizable estimates of their effect may become available.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Airway, Ventilator Circuit, and Secretion Management


In their paper cited above, Ventilator-associated Pneumonia: Prevention, Diagnosis and Therapy, Keenan and associates note that, because airway ventilation circumvents normal defense mechanisms, the route of intubation (nasal or oral) is relevant to the occurrence of VAP as shown in Table 1 on page 110 of their paper. Five small, randomized controlled trials demonstrated a decreased incidence of sinusitis with 

V32n1 page 81

orotracheal than with nasotracheal intubation and, in the one trial including VAP as an outcome, there was also a trend toward less VAP with orotracheal than with nasotracheal intubation. However Keenan and associates cite 3 randomized, controlled trials that showed no difference in incidence of VAP between patients undergoing scheduled ventilator circuit changes and those who had circuits changed on an as-needed basis.


Humidification of ventilator gas replicates normal nasal humidification, improves the fluidity of tracheobronchial secretions, and facilitates drainage; however, Keenan and associates point out that humidification also might increase the incidence of VAP by providing an environment that fosters the growth of organisms that cause VAP. Inspired gas may be humidified by different methods, including a heat and moisture exchanger (HME) or a heated humidifier. Six randomized, controlled trials comparing the relative effectiveness of HMEs and heated humidifiers showed no consistent benefit of one over the other in terms of incidence of VAP. However, Keenan and his colleagues point out that heat and moisture exchangers cost less. 

 
Subglottic secretions from the oropharynx may be removed by irrigation and drainage or by continuous suctioning above the cuff of the endotracheal tube, ​using a specially designed endotracheal tube with an incorporated suction port. Keenan and associates note that 1 randomized, controlled trial showed that removal of accumulated subglottic secretions significantly reduced the incidence of VAP (ref 110) and 3 other trials showed a trend toward a reduced incidence of VAP with the removal of subglottic secretions.


Conventional suctioning of the airway may also reduce the incidence of VAP and 3 randomized, controlled trials showed no consistent difference between open and closed methods of conventional suctioning of the airway.


Keeping a patient continuously in the supine position may enhance the susceptibility to VAP by causing retention of airway secretions and atelectasis. Moreover, regular changes of patient position are important to prevent decubitus ulcer formation. Keenan and associates note that 7 randomized, controlled trials have demonstrated that continuous lateral rotation of ICU patients by movement of the entire bed using a kinetic treatment table or by regular inflation and deflation of bed air cells reduces the incidence of VAP by preventing retention of airway secretions and atelectasis; however, concerns about costs have limited this treatment.


Because airway instrumentation probably contributes to the development of VAP, eliminating the need for endotracheal intubation by using noninvasive positive-pressure ventilation (NPPV) as an adjunct to weaning or as an alternative means of mechanical ventilation, may reduce the incidence of VAP. Keenan and associates recall that 3 small, randomized, controlled trials reported a trend (refs 10, 113) or a significant reduction (ref 3) in VAP in patients with respiratory distress undergoing NPPV rather than standard ventilatory therapy. A large observational study also suggests that NPPV for acute respiratory distress may decrease the incidence of VAP (ref 41). 
 
Because endotracheal intubation bypasses normal glottic defense mechanisms and may increase the incidence of VAP, tracheostomy may restore this barrier and prevent VAP. The three randomized controlled trials suggested that earlier tracheostomy may reduce the likelihood of VAP (refs 30, 91, 102). However, Keenan and associates note that concerns about the validity of these 3 studies preclude definitive assessment of the benefit of early tracheostomy in preventing VAP.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.
Gastrointestinal Tract Management 
in Relation to the Prevention of VAP


Retrograde transmission of contaminated gastric contents to the oropharynx and subsequent aspiration into the tracheobronchial tree predispose critically ill patients to VAP. A recent randomized controlled trial showed that the incidence of VAP was reduced by maintaining patients in the semirecumbent position as much as possible (ref 26). Keenan states that the largest randomized controlled trial to date shows that ranitidine is superior to sucralfate for preventing significant gastrointestinal bleeding episodes (ref 18). Although this trial and other smaller trials showed a trend toward a lower incidence of VAP with sucralfate, 2 other trials showed that sucralfate was no better than placebo in preventing VAP (refs 5, 114).


Only 6 randomized, controlled trials have compared the relative effectiveness of enteral versus parenteral nutrition in regard to the prediction of VAP. Keenan and associates state that enteral feeding was associated with a lower incidence of VAP in trauma patients, but there was a trend towards a higher incidence of VAP with enteral feeding in head injury patients.


Reduction of the gastric pH by acidified enteral feeding and intermittent feeding to decrease bacterial growth and prevent VAP has been studied, but there was no consistent reduction in the incidence of VAP. Because of their immuno​modu​lating properties, branched-chain amino acids, nucleotides, arginine, glutamine, and omega-3 fatty acids, may reduce the effects of infection in critical illness. However, Keenan and associates note that, despite 7 randomized, controlled trials of these nutrients in critically ill patients, it is still unclear whether they reduce the incidence or severity of VAP. Finally, bypassing the stomach and feeding into the distal small bowel has been the subject of 3 randomized, controlled trials, only one of which reported a trend towards a reduction in VAP.

Antibiotic Treatment to Attempt to Prevent VAP


Keenan and associates state that the rationale for using antibiotics to prevent VAP is related to their potential to 

V32n1 page 82

abolish or eradicate bacteria colonizing the lower respiratory tract (by aerosol or direct endotracheal instillation of antibiotics), the pharynx, and the gastrointestinal tract (by topical pastes and enteral instillations), or all of these sites (by direct, topical, or enteral instillation in combination with short-term intravenously administered antibiotics). However, few randomized controlled trials have examined tracheal instillation or the use of intravenous antibiotics alone, thus preventing any conclusions on the potential benefit of these strategies to date. 


In addition, numerous meta-analyses of selective decontamination of the digestive tract (SDD) with either a combination of topical and intravenous antibiotics or topical antibiotics have demonstrated clearly that while both methods decrease the rate of VAP, only strategies including intravenous antibiotics also reduce the mortality from the VAP. Furthermore, Keenan and associates point out that concerns about the potential ​effect on local antibiotic resistance patterns with such extensive use of antibiotics in the ICU have prevented the widespread adoption of these strategies.

Diagnosis of Ventilator-associated Pneumonia


The diagnosis of ventilator-associated pneumonia according to criteria modified from those established in 1992 by the Amer​ican College of Chest Physicians (Pingleton, et al., Patient Selection for Clinical Investigation Of Ventilator-associated Pneumonia: Criteria for Evaluating Diagnostic Techniques. CHEST 102:553S-556S, 1992) is discussed in the next paper reviewed (not included with these reprints) entitled Experience with a Clinical Guideline for the Treatment of Ventilator-associated Pneumonia. This paper is by Ibrahim, Kollef, and associates from the Divisions of Pulmonary and Critical Care Medicine and Infectious Diseases of the Department of Internal Medicine at Washington University School of Medicine and the Departments of Nursing and Pharmacy at Barnes-Jewish Hospital in St. Louis, Missouri. It was published in CRITICAL CARE MEDICINE in June, 2001. (Ed. Note: The discussion of treatment of VAP in this paper is reviewed below in the section of this Overview relating specifically to treatment of ventilator-associated pneumonia.) 


Ibrahim, Kollef, and associates prospectively defined ventila​tor-associated pneumonia (VAP) as the occurrence of new and persis​tent radiographic infiltrates in conjunction with one of the following: 

•
positive pleural cul​tures for the same organism as that recovered in the tracheal aspirate or sputum, 

•
radiographic cavitation, or 

•
histopathological evi​dence of pneumonia; 

or two of the following: 
•
fever, 

•
leukocytosis, or 

•
purulent tracheal aspirate or sputum. 


Persistence of an infiltrate was defined as having the infiltrate present radiographically for at least 72 hours. Fever was de​fined as an increase in the core temperature of  1° C and a core temperature > 38.3°C. Leu​kocytosis was defined as a 25% increase in the circulating leukocytes from the baseline admission value and a value > 10,000 mm–3 (10 × 109/L). Tracheal aspirates were considered purulent if abundant neutrophils were present in a high-power field using Gram’s stain (i.e., > 25 neutrophils per high-power field). In addition, when available, bron​cho​scopic and nonbronchoscopic bronchoalveolar lavage (BAL) cultures with appropriate quantitative thresholds were used to support the diagnosis of ventilator-associated pneumonia. The use of BAL for the etiolog​ical diagnosis of VAP was determined by the patient’s MICU attending physician. For all other patients, a tracheal aspirate culture was obtained before antibiotic treatment began. A second episode of VAP was considered to have occurred if it was diagnosed at least 48 hours after completing the course of antibiotic treatment for the first episode of VAP. Hospital mortality was defined as those patient deaths occurring during the initial hospital admission during which they were studied.

Differential Diagnosis of VAP


Ibrahim, Kollef, and associates prospectively screened all of their study patients to exclude the possible alternative causes for fever and radiographic chest densi​ties. The pres​ence of atelectasis was defined by the complete disappearance of radiographic densities within 48 hours of eval​uation. Conges​tive heart failure was defined by a suggestive hemodynamic profile on pulmonary artery cathe​ter​ization (i.e., increased pulmonary ar​tery occlusion pressure) and resolution of the pulmonary infiltrates following diur​esis. Alve​olar hemorrhage was defined by a grossly bloody return on BAL. Fi​nally, pulmonary embolism was defined by the presence of at least two segmental or larger mismatched perfusion abnormalities on a ventilation-perfusion scan or suggestive radiographic findings on pulmonary angiography and spiral computed tomography. 


(Ed. Note: For a detailed discussion of the diagnosis and therapy of pulmonary embolism see the paper included in this issue of SRGS entitled Pulmonary Embolism. This paper is by Lee from the Division of Pulmonary and Critical Care Medicine of the Department of Internal Medicine at the University of Texas Medical Branch in Galveston and appeared in CHEST SURGERY CLINICS OF NORTH AMER​ICA in May 2002. In addition, for considerably more information about pulmonary embolism, see pages 82–88 of the issue of SRGS entitled Venous Disease and Venous Thromboembolism [Vol. 31, No. 6, 2005].)
 
In their paper cited above, Ventilator-associated Pneumonia: Prevention, Diagnosis, and Therapy, Keenan and associates state that several studies have shown that diagnosis of VAP by clinical criteria alone is unreliable. To aid in the diagnosis and to identify the infecting organisms, bronchoscopy, using protected-specimen brushings (PSB), or bronchoalveolar lavage (BAL) may be more accurate than reliance on standard endotracheal aspirates. Initial reports suggested that the sensitivity and specificity of these strategies were high (pooled estimates were 89.9% and 94.5% respectively for PSB, and 53.3%–100% and 98.6% for 
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BAL) although this is uncertain in patients who have received antibiotics before bronchoscopy, as shown by diagnosis of pneumonia at post-mortem examination. 


Keenan and associates recall that a recently conducted nonrandomized, prospective cohort study compared patients with a clinical suspicion of pneumonia who underwent bronchoscopy with those who had a clinical suspicion of pneumonia but did not undergo bronchoscopy. The group that underwent bronchoscopy with PSB or BAL had a lower mortality rate than the group that did not undergo bronchoscopy (18.5% vs. 34.7%; p = 0.03); however, because the patients were not assigned randomly to invasive or noninvasive diagnosis, these findings should be interpreted cautiously. A potential advantage of invasive diagnostic techniques is that antibiotic therapy may be tailored to the results of PSB or BAL, thus avoiding unnecessary treatment with broad-spectrum antibiotics that might lead to the emergence of resistant microorganisms in the ICU and increased antibiotic costs. This study did illustrate clearly that invasive tests, despite their unknown reliability and validity, may influence clinically important outcomes.

 
Finally, Keenan and associates state that, for years, French investigators have preferred invasive techniques for diagnosing VAP and, on page 116 of their paper, Keenan and associates describe a recently reported large, multi​cen​tered, randomized, unblinded study in France of 413 crit​ically ill patients with a clinical suspicion of VAP (ref 36). Patients were assigned randomly to bronchoscopy with BAL or PSB or to nonquantitative endotracheal aspirates; those with recent changes in antibiotic therapy were excluded from the study, limiting the generalizability of the results. 


Antibiotics were withheld if a patient had no bacteria on the Gram stain and no signs of severe sepsis. If the patient had signs of severe sepsis, empiric antibiotic treatment was initiated and, if subsequent cultures became negative, antibiotic treatment was discontinued. The choice of individual antibiotics was left to the attending physician, but followed American Thoracic Society (ATS) Consensus Conference guidelines on antibiotic choices (ref 12 in Keenan’s paper). 


Patients whose treatment was based on the results of invasive diagnostic techniques had more antibiotic-free days in a 28-day period (11.5 vs. 7.5 days), fewer antibiotics per day (1.0 vs. 1.3), and less organ dysfunction at days 3 and 7 (as measured by a Sepsis-related Organ Failure Assessment score). At 14 days, the mortality rate was significantly lower in the group who had invasive tests (16.2% vs. 25.8%; p = 0.022), but at 28 days, mortality rates were similar in the two groups. There was no difference between the groups in ventilator-free days or duration of ICU stay. 


Keenan and associates note that it is difficult to explain how less exposure to antibiotics in the first few weeks of care resulted in such an early and significant treatment effect on mortality. They also point out that the non​stan​dard​ized antibiotic administration in this study is an important confounding variable. As noted above, antibiotics were prescribed to study patients according to the ATS guidelines and following them can result in the use of several different combinations of antibiotics, therefore, this is also an important confounding variable 

 
The group undergoing invasive diagnostic studies had a much lower rate of inappropriate empiric antibiotics (1 patient [0.5%] vs. 24 patients [13%]; p < 0.001). Thirty-two percent of the patients who received inappropriate antibiotics died, versus 20.4% of the 388 patients who received appropriate initial therapy (p < 0.02). Of the cohort who received inappropriate antibiotics, 33% died (all in the noninvasive diagnostic group) before day 14. Keenan and associates suggest that perhaps the mortality difference between groups had less to do with the diagnostic strategy and more with the antibiotic choices. There is additional evidence that the treatment groups may not have been treated equally in this unblinded study. For example, there were more patients diagnosed with infections other than VAP in the invasively treated group (22 vs. 5; p <0.001).


In their paper cited above, Ventilator-associated Pneumonia in the Surgical Intensive Care Unit, Brown, Luchette, and associates note that, despite advances in diagnostic modalities, definitive diagnosis of pneumonia remains difficult in ventilated patients. Clinical, radiographic, and laboratory criteria are frequently used in various combinations to guide diagnosis and therapy. However, no single chest x-ray sign has > 68% accuracy in the diagnosis of pneu​monia (ref 46). Moreover, because of the high incidence of ARDS and the systemic inflammatory response syndrome (SIRS) in SICU patients, the validity of a radiographic infiltrate is even less reliable. 


Brown and associates note that, in an effort to standardize terminology regarding the diagnosis of VAP, investigators at the International Consensus Conference panel developed criteria for defining def​inite, probable, definite absence of, and probable ab​sence of pneumonia as shown in Table 1 on page 1209 of this paper by Brown and associates. The CDC has also outlined specific criteria for the diagnosis of nosocomial pneumonia, as shown in Table 2 on page 1210 of this paper.


In support of the nonspecific nature of fever, pulmonary infiltrates, and purulent tracheal secretions, Fagon and his colleagues and others demonstrated equivalent mortality rates (26% vs. 27%, respectively) in patients not clinically suspected of having pneumonia, and in patients suspected of having pneumonia by the criteria in Tables 1 and 2, but in whom the diagnosis was excluded by more invasive diagnostic techniques. 

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Nosocomial Pneumonia Versus the Systemic
 Inflammatory Response Syndrome


In an attempt to distinguish nosocomial (i.e., venti​la​tor-associated) pneumonia from SIRS, Croce and asso​ciates performed bronchoalveolar lavage in 43 adult trauma patients with clinical evidence of pneumonia. Patients with  105 colony-forming units (CFU)/mL were defined as having pneumonia, and received antibio​tics. Those with < 105 CFU  were defined as having 
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SIRS and empiric treatment was stopped. Forty-three percent were diagnosed with pneumonia and 53% with SIRS. Sixty-five percent of those diagnosed with SIRS improved without antibiotics, and Croce and associates concluded that bronchoscopy with BAL can distinguish pneumonia from SIRS, and that antibiotic therapy can be based solely upon quantitative BAL cultures showing > 105 CFU.

Nosocomial Pneumonia and the 
Adult Respiratory Distress Syndrome


Patients with an initial diagnosis of SIRS or pneu​monia may develop ARDS and multiple organ failure. These patients have reached PaO2/FiO2 200 with bilat​eral infiltrates and a pulmonary artery occlusion pressure 18 mmHg. Chastre and associates, using bron​cho​scopic BAL and PSB, found that 55% of ARDS patients develop ventilator-associated pneumonia. A recent multicenter prospective study confirmed these findings with 37% of ARDS patients developing VAP and an increase in total venti​lator days from 11.3 to 33 (ref 35).

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.

Quantitative Cultures


Due to the lack of specificity in clinical diagnosis, much investigation has gone into the development of objective criteria. Brown, Luchette, and associates note that quantitative cultures of tracheal aspirates (TA), bronchoalveolar lavage (BAL), and protected-specimen brush (PSB) are now the mainstay of pneumonia diagnosis for ventilated patients The reader is referred to pages 1210-1212 of this paper by Brown and associates for detailed descriptions of these diagnostic tests. 

Protocol Combining BAL and PSB


Brown and associates note that both BAL and PSB have inherent drawbacks, namely, cul​ture results are not available for 24–48 hours, and the sensitivities and specificities are lower than acceptable when either method is used alone. Chastre and associates (ref 58) performed BAL and PSB simultaneously to address these concerns and they achieved a combined sensitivity of 100% and specificity of 96% in a study of 61 patients with pneumonia proven by autopsy data, rapid cavitation, or positive pleural cultures. Brown and associates suggest that examining the cost effectiveness and clinical outcomes associated with such a protocol seems warranted.


Airway Visualization


Timsit and associates (ref 24) studied the direct airway visualization in 91 ICU patients with suspected pneumonia, and found that 3 factors correlated with the presence of pneumonia as later diagnosed by PSB including direct bronchoscopic visualization of: 

(1) 
distal pu​rulent secretions; 

(2) 
persistence of surging distal secretions during exhalation; and 

(3) 
a decrease in the PaO2/FiO2 ratio of  50 mmHg. 

Two or more of these findings predicted the diagnosis with 94% sensi​tivity and 89% specificity. 

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Current Practice for Diagnosing 
Ventilator-associated Pneumonia


Brown, Luchette, and associates note that their current diagnostic protocol incorporates early use of blind protected mini-BAL in patients with clinically suspected VAP before the initiation of antibiotic therapy as shown in the diagnostic algorithm in Fig. 1 on page 1212 of their paper. The chal​lenging part of the protocol is withholding empiric antibiotic therapy until pneumonia is confirmed by quantitative results. Brown and associates believe this diagnostic technique is simpler, safer (similar to tracheal aspiration), and less expensive than more invasive bronchoscopic techniques. 


Current practice involves the collection of the specimen by a trained respiratory care practitioner, obviating the need for physician-performed bronchoscopy. Their found that the blind mini-BAL technique yielded sensitivity and specificity rates comparable with those of bronchoscopic BAL (ref 88). Finally, they point out that, in complex surgical patients, early elimina​tion of pneumonia from the differential diagnosis may allow earlier identification of other sources of infection.

 
In their paper cited above, Evidence-based Assessment of Diagnostic Tests for Ventilator-associated Pneumonia: Executive Summary, Grossman and Fein also point out that ventilator-associated pneumonia (VAP) is difficult to diagnose, and the precise role of invasive testing is controversial. Confronted with changing clinical findings and/or findings on chest radiography suggestive of the development of VAP and demanding specific therapy, clinicians increasingly use invasive testing to supplement their clinical diagnosis of VAP. Invasive techniques include the protected-specimen brush (PSB) technique and bronchoalveolar lavage BAL.

 
The Amer​ican College of Chest Physicians’ Health and Science Policy Committee assembled a panel of scientific experts to develop diagnostic recommendations based on a rigorous review of the literature. The panel included experienced methodologists to ensure that the review process was justifiable and unbiased. Recommendations were developed through group discussion and were based on direct evidence, when it was available, and expert consensus opinion, when direct evidence was not available.


To implement the evidence-based assessment, the panel adopted the following grading system for most recommendations:
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Grade A: 
recommendation based on direct scientific evidence;

Grade B: 
recommendation based on scientific evidence, supplemented by expert opinion;

Grade C: recommendation based on expert opinion alone; and

Grade D: no definitive evidence or consensus opinion.

This paper covers the following topic areas:

•
Panel methodology;

•
Epidemiology of VAP;

•
Radiologic diagnosis of VAP;

•
Clinical criteria in the diagnosis of VAP;

•
Endotracheal aspiration sampling;

•
BAL sampling;

•
The PSB technique;

•
Blinded, invasive diagnostic procedures; and

•
Invasive procedures in nonresolving pneumonia.


This executive summary by Grossman and Fein reports the panelists’ major conclusions and final recommendations about the diagnosis and treatment of VAP. The reader may assess the thoroughness of the evaluation process and the validity of the conclusions by reviewing each section of this paper.


On page 178S of their paper, Grossman and Fein note that the standard clinical criteria for diagnosing ventilator-associated pneumonia include at least 2 of 3 findings: (1) fever; (2) leukocytosis; and (3) purulent tracheal secretions, usually with abnormal chest radiographs. The authors recall that Fagon and associates found that with all 3 of these conditions, the likelihood of VAP is high (Fagon, et al., Evaluation of Clinical Judgment in the Identification and Treatment of Nosocomial Pneumonia in Ventilated Patients. CHEST 103:547-553, 1993). 

 
Grossman and Fein state that the presence of a chest radiographic infiltrate in a patient with fever, leukocytosis, or purulent tracheobronchial secretions has high diagnostic sensitivity but low specificity. They note that the initial diagnosis of VAP is based on clinical suspicion and the presence of new or progressive x-ray infil​trates. Unfortunately, the accuracy of interpretation of chest x-rays has not been extensively evaluated. Moreover, the incidence of pneumonia in immunocompetent patients with normal findings on chest x-ray and a compatible clinical presentation is unknown. However, such findings are common among immuno​com​pro​mised patients with Pneumo​cystis carinii pneumonia.


In diagnosing VAP, the presence of alveolar infiltrates, determined by invasive techniques or by histologic studies, has a sensitivity of 58%–83% for air bronchogram signs, and 50%–78% for new or worsening infiltrates on chest radiographs. Specificity is unknown, because reports do not state the appropriate denominator (i.e., the number of patients receiving ventilator assistance who do not have pneumonia and who have normal chest x-rays).


Grossman and Fein state that chest x-rays are not a reliable diagnostic tool means for diagnosing VAP because there are other causes of chest radiographic abnormalities in ventilator-assisted patients. Furthermore, they point out that the negative clinical and economic effects of misinterpreting chest x-rays have not been evaluated.


When all 4 clinical criteria for diagnosing VAP are present (i.e., the 3 clinical criteria for VAP and chest radiographic findings), the specificity for correctly diagnosing VAP improves, but the diagnostic sensitivity drops to < 50%, which is clinically unacceptable (Suth​er​land, Steinberg, Maunder, et al., Pulmonary Infection During the Acute Respiratory Distress Syndrome. AM. J. RESPIR. CRIT. CARE. MED. 152:550-556, 1995). Fagon and associates (op. cit.) noted that the only study examining interobserver diagnostic variability and reliability showed no major differences between individual physicians or physicians grouped by level of training. 


These findings suggest that the presence of abnormal clinical manifestations, combined with abnormal radiographic findings, can be used for the initial screening for VAP. However, Grossman and Fein note that the lack of specificity with this method suggests that additional diagnostic procedures are needed, such as cultures of lower respiratory tract secretions (grade B recommendation).

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


The clinical criteria for diagnosing ventilator-associated pneumonia are also discussed in the next paper discussed entitled Clinical Criteria in the Diagnosis of Ventilator-associated Pneumonia. This paper is by Wunderink from the Department of Pulmonary and Critical Care Research at the Methodist Hospitals of Memphis, Tennessee, and appeared in CHEST in April, 2000, along with the paper by Grossman and Fein discussed above. Wunderink further discusses the accuracy of the traditional clinical criteria of fever, leukocytosis, and purulent tracheal secretions, usually with abnormal radiographic signs, that are used to diagnose ventilator-associated pneumonia (VAP). 


Wunderink reviewed 8 studies relating to the diagnosis of VAP based on clinical suspicion. These studies are outlined in Tables 7-8 on page 192S of his paper. He points out that most of these studies assume that all patients who had no clinical findings suggestive of VAP did not have pneumonia. No study mentions that unsuspected pneumonia was documented in patients who did not meet study entry criteria. However, Wunderink notes that the fact that autopsy studies regularly show pneumonia in patients not treated with antibiotics suggests that a subjective clinical impression that pneumonia is not present may be inaccurate 
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in some patients. Wunderink cites one autopsy study which showed that 9% of patients who were not given antibiotic therapy and died had VAP (Rouby, et al., Nosocomial Bronchopneumonia in the Critically Ill. AM. REV. RESPIR. DIS. 146:1059-1056, 1992).


Wunderink concluded his review of the 8 studies of the clinical (i.e., noninvasive rather than invasive) diagnosis of VAP by noting that, although biased by study entry criteria, the diagnostic sensitivity of an infiltrate on a chest radiograph and one of the three clinical features of VAP (fever, leukocytosis, or purulent tracheal secre​tions) is high for VAP, but the specificity is low. He further concluded that the only way to increase the specificity of clinical criteria is to require all 4 diagnostic criteria, although this results in an unacceptably low sensitivity (< 50%). Thus, Wun​der​ink states that these findings suggest that the presence of abnormal clinical manifestations, combined with abnormal chest radiographic findings, can be used for the initial screening for VAP. However, the lack of specificity with this method suggests that additional diagnostic procedures are needed, such as cultures of lower respiratory tract secretions (grade B recommendation).


In the final analysis, Wunderink notes that clinical suspicion of VAP is as sensitive and specific as any fixed objective criteria, with the possible exception of the composite clinical pulmonary infection (CPI) score of Pugin (Pugin, et al., Diagnosis of Ventilator-associated Pneumonia by Bac​teriologic Analysis of Bronchoscopic and Nonbron​cho​scopic “Blind” Bronchoalveolar Lavage Fluid. AM. REV. RES​PIR. DIS. 143: 1121-1129, 1991). Wunderink, points out that, unfortu​nately, in most patients the complete CPI score can be calculated only in retrospect, after VAP is suspected clinically. The Editors of SRGS would recall that Garrard and A’Court diagnosed VAP if the clinical pulmonary infection score was  6 (the highest possible score is 10), based on the assessment of 5 variables, each with a score range of 0–2. These variables included: temperature, white blood count, purulence of secretions, oxygenation, and extent of filtrates on chest radiography. The CPI score was observed to increase progressively from a baseline of < 6 to > 6 during the 2 days preceding the day of diagnosis and initiation of antibiotic therapy. Once therapy began, the CPI score fell gradually over the next 9 days, generally dropping below 6 by the fifth day of treatment. When the CPIS did not fall, clinical deterioration was usually due to infection with P. aeruginosa.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Pulmonary infiltrates in ICU patients are also discussed more specifically in a paper (not included with these reprints) entitled Pulmonary Infiltrates in the Surgical ICU: Prospective Assessment of Predictors of Etiology and Mortality. It is by Singh and associates from the Infectious Disease Section of the Veterans Affairs Medical Center in Pittsburgh and the Geisinger Medical Center in Danville, Pennsylvania, and appeared in CHEST in October, 1998. Pulmonary infiltrates of a diverse etiology are common in ICU patients and, while nosocomial pneu​monia is reported in up to 10%–25% of ICU patients, most of the pulmonary infiltrates in ICU patients are not due to pneumonia. In a review of 6 studies comprising 317 patients with pulmonary infiltrates who were receiving mechanical ven​til​a​tion, only 36% had pneumonia and other etiol​ogies of pulmonary infiltrates included atelectasis, congestive heart failure, ARDS, pulmonary embo​lism, pulmonary fibrosis, pulmonary hemorrhage, and lung carcinoma (Louthan, Meduri, Differential Diagnosis of Fever and Pulmonary Densities in Mechanically Ventilated Patients. SEMIN. RESPIR. INFECT. 111:77-95, 1996). 


Singh and associates recall that predictors and outcome of pneumonia have been determined in several previous studies; however, most reports have consisted of homogenous patient populations (usually postoperative patients) and none, to the authors’ knowledge, included trans​plant recipients. Indeed, transplant patients were selectively excluded in studies of ventilator-associated pneumonia. ICU care is an integral part of the treatment of transplant recipients. Although transplant recipients are susceptible to infections due to opportunistic pathogens, nosocomially ac​quired bacterial pneumonia is the leading cause of pulmonary infections in these patients.


The primary objective of this study by Singh and her colleagues was to prospectively assess the etiology, predictors, and mortality associated with various types of pulmonary infiltrates in 129 consecutive patients from diverse patient populations who developed pulmonary infiltrates in the surgical ICU. The most common etiologies of pulmonary infiltrates in these patients were: pneumonia—30%; pulmonary edema—29%; acute lung injury—15%; and atelectasis—13%. Enteral nutrition was associated with a significantly lower incidence of acute lung injury (ALI) as compared with pneumonia (22% vs. 58%; p = 0.012). Patients with liver disease were significantly more likely to have pulmonary infiltrates due to ALI as compared with other etiologies (p = 0.02). A clinical pulmonary infection (CPI) score (i.e., Pugin score—calculated as noted above in the review of the paper by Wunderink) > 6 virtually excluded ALI, pulmonary edema, or atelectasis as etiologies of pulmonary infiltrates. Nosocomial Haemo​phil​us/pneu​mococcal pneu​monia occurred significantly earlier in the ICU as than Gram-negative (p = 0.05) or methicillin-resistant Staphylococcus aureus (MRSA) pneu​monia (p = 0.01). Pneumonia in trauma patients was significantly more likely to be due to Haemophilus/pneumococcus than in all other ICU patients (54% vs. 0%; p = 0.0004).


Singh and associates concluded by noting that the type of ICU population, timing of onset, and selected clinical and laboratory characteristics of the patients can assist in determining the likelihood of the etiology of 
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pulmonary infiltrates on chest radiographs. They found that trauma patients were very susceptible to H. influen​ziae/pneumococcal pneumonia and patients with liver disease to acute lung injury. Pneumonia due to Haemo​phil​us/pneu​mococcus was significantly more likely to occur earlier than pneumonia due to Gram-negative bacteria or MRSA. 


These data have implications for empiric antimicrobial therapy and for suspected pneumonia in the ICU, the authors suggest that, antibiotics for Haemophi​lus/pneu​mococcus should suffice as empiric therapy for early ICU pneumonias in immunocompetent patients, whereas MRSA or Gram-negative coverage should be reserved for those who are immunocom​promised, chronically ill, or have prolonged ICU stays. 


Finally, Singh and associates emphasize that Pugin (CPI) scores are based on readily available and easily assessable clinical criteria and can be helpful in the management of pulmonary infiltrates in ICU patients. (Ed. Note: See the paper by Wunderink reviewed above for calculation of the Pugin [CPI] score.) Although pneumonia could not be excluded with a Pugin score of < 6, a score of  6 necessitates antimicrobial therapy and excludes pulmonary edema, acute lung injury, etc. as likely causes of pulmonary infiltrates.


The next paper discussed is entitled Alternative Case Definitions of Ventilator-associated Pneumonia Identify Different Patients in a Surgical Intensive Care Unit. It is by Minei and associates from the Departments of Surgery and Internal Medicine at the University of Texas Southwestern Medical Center and the Departments of Respiratory Therapy, Infection Hospital System Control, and Pharmacy, at Parkland Health and Hospital System in Dallas, Texas. This paper appeared in SHOCK in September, 2000. The authors note that diagnosis of ventilator-associated pneumonia (VAP) continues to be uncertain and controversial. Typically, VAP is diagnosed by systemic signs of pulmonary infection, leukocyto​sis, new or progressive infiltrates on chest radiographs and culture confirmation from tracheal or deep bronchial sampling (refs 1-3). 


This last criterion is especially controversial. The use of broncho​scop​ically obtained deep bronchial samples either by protected-specimen brush (PSB) or broncho​alveolar lavage (BAL) for quantitative culture has been reported to increase diagnostic specificity without decreasing sensitivity (refs 4-8). The reported sensitivity and specificity of PSB/BAL ranges from 36% to 62% and from 45% to 100%, respectively, depending on the “gold standard” utilized for comparison (refs 4-8). 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


However, the lack of a readily available and generally accepted “gold standard” has led other investigators to define clinical scoring systems (e.g., the Pugin [or CPI] score) to attempt to improve diagnostic accuracy (ref 9). Furthermore, the quantitative threshold used to define a positive culture obtained from a deep bronchial specimen is not standardized and seems to depend on the clinical circumstances. Recent reports suggest that the quantitative threshold defining a positive culture must be reduced in the presence of antibiotics (refs 10-11).


VAP is often difficult to diagnose in surgical ICU patients. For example, patients with traumatic injuries may man​ifest the systemic inflammatory response syndrome (SIRS) and have leukocytosis and fever without infection. Abdominal and chest operations are frequently followed by atelectasis that may mimic pneumonia. Direct chest injury can make interpretation of the chest radiograph difficult. Furthermore, many patients receive antibiotics to treat underlying infections or as prophylaxis for surgery.


The diagnosis of VAP in surgical ICU patients continues to be a challenge because the diagnostic criteria for VAP are not standardized due to the complex clinical presentations of these patients. Therefore, Minei and his colleagues evaluated 4 commonly used sets of criteria used to diagnose VAP. They examined the incidence rates and the agreement (or lack of agreement) among these 4 sets of criteria for diagnosing VAP (i.e., the case definitions) in a consecu​tive cohort of 255 surgical ICU patients who received mechanical ventilatory support for at least 48 hours.


The case definitions of VAP (i.e., the sets of criteria for diagnosing VAP) compared by these investigators included: 

(1) 
the CDC definitions; 

(2) 
the Johanson definitions which do not rely on culture data; 

(3) 
the Physician’s Probable Diagnosis which does rely on positive quantitative cultures; and 

(4) 
the antibiotic treatment group. 

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
Case Definitions (The Criteria for Diagnosing VAP)


The case definitions were chosen to reflect commonly used diagnostic criteria based on clinical, laboratory, radiographic, and culture data. The CDC definition used in the NNIS studies since 1988 are characterized by two separate sets of criteria: 

NNIS definition one (NNIS1): rales or dullness to percussion on physical examination of the chest and any of the following: 

(a) 
new onset purulent sputum; 

(b) 
organism isolated from blood culture; or 

(c) 
isolation of pathogen from specimen obtained by trans​tracheal aspirate, bronchial brushing, or biopsy. 

NNIS definition two (NNIS2): 

-
chest x-ray showing new or progressive infiltrate, consolidation, cavitation, or pleural effusion, and 
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-
any of the 3 criteria (a, b, or c above) used in NNIS1.


The criteria of the Physicians Probable Diagnosis of Pneumonia definition, adapted from Pingleton (ref 3 in this paper by Minei and associates) were a new, progressive, or persistent pulmonary infiltrate and one of the following: 

(a) 
positive quantitative culture of >104 microorganisms obtained by protected bronchial alveolar lavage (BAL); 

(b) 
positive blood culture with an organism identical to that cultured from lower respiratory tract cultures; or 

(c) 
when bronchoscopic protected specimens were technically unobtainable, performance of non-bronchoscopic blind BAL.


The criteria of the Johanson definition of VAP (ref 2) were: 

(a) 
new or progressive infiltrate on chest x-ray; 

(b) 
fever or hypothermia (> 38.5°C or < 36°C); 
(c) 
leukocytosis or leukopenia (WBC > 11.0 or < 4.0 × 109 cells/L); and 

(d) 
purulent tracheobronchial secretions. 

Because ICU patients frequently have abnormal chest radiographs related to underlying disease or injury, Minei and associates modified the Johanson definition to include new, progres​sive, or persistent infiltrate on chest radiograph in addition to the criteria a, b, and c of the original Johanson definition.


Finally, Minei and associates note that the antibiotic treatment definition of VAP characterized patients who received at least 72 h of broad-spectrum antibiotics for a clinical diagnosis of VAP, regardless of the clinical criteria used that resulted in treatment. In this regard, the decision to treat any patient in the cohort with antibiotics was left to the discretion of that patient’s attending physician.


Minei and associates state that 44 (17%) of the 255 study patients received antibiotic treatment for VAP. Depending on the definition of VAP evaluated, the criteria for diagnosing VAP were met in as few as 4% of patients by the Johanson definition and in up to 48% of patients by the CDC definitions. Thus, in a surgical ICU, the definitions of VAP showed little agreement. The particular case definition chosen to diagnose VAP determines the incidence rate of pneumonia, the time to onset of pneumonia, and the risk factors of the type of patient treated. Other than duration of mechanical ventilation and tube feeding, the risk factors predicting VAP varied significantly among the definitions.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


Grossman and Fein state that the diagnostic algorithm shown in Fig. 1 on page 180S of their paper cited above, Evidence-based Assessment of Diagnostic Tests for Ventilator-associated Pneumonia: Executive Summary, may be helpful when VAP is suspected. They state that pneumonia should be suspected in patients receiving mechanical ventilatory support if 2 or more of the following clinical features are present: 


•
temperature of > 38°C or < 36°C; 


•
leukopenia or leukocytosis; 


•
purulent tracheal secretions; and/or


•
decreased PaO2. 

In the absence of such findings, no further investigations are required, and observation will suffice (grade B recommendation).


If 2 or more of these abnormalities are present, a chest x-ray should be evaluated. If the findings are normal, other causes of the abnormal clinical features should be investigated (grade C recommendation). If the x-ray shows alveolar infiltrates or an air bronchogram sign, or if the findings have worsened, the panel recommends either of 2 management options. The first option involves quantitative testing, and the second involves empirical treatment and nonquantitative (qualitative) testing.


With the first management option, quantitative procedures include nonbronchoscopic techniques (quantitative endotracheal aspiration, BBS, mini-BAL, or BPSB) and bron​cho​scopic techniques (BAL, PSB, or protected BAL). Because these tests have similar sensitivities, specificities, positive predictive values, and likelihood ratios, the choice depends on local expertise, experience, availability, and cost factors (grade D recommendation). Treatment should be based on the results of diagnostic testing. Decisions about empirical antibiotic therapy should be based on the patient’s clinical stability, the degree of clinical suspicion, and the results of preliminary tests.


With the second management option, the selection of appropriate empirical antibiotic therapy is based on risk factors, local epidemiology, and resistance patterns, and involves qualitative testing to identify possible pathogens. Some clinicians include quantitative testing. Therapy is adjusted according to culture results or clinical response.


These two management options are offered (grade D recommendation) because of insufficient high-level evidence to indicate that quantitative testing produces better clinical outcomes than empirical treatment. While invasive tests may avoid antibiotic treatment for clinically insignificant organisms, no direct evidence or consensus indicates the superiority of one invasive test over another (grade B recommendation). In a recent study, withholding of antibiotic therapy when invasive tests did not confirm a clinical suspicion of VAP was not associated with the recurrence of VAP or with increased mortality rates (Bonten, et al., Implementation of Bronchoscopic Techniques in the Diagnosis of Ventilator-associated Pneumonia to Reduce Antibiotic Use. AM. J. RESPIR. CRIT. CARE MED. 156:1820-1824, 1997). Grossman and Fein note that factors to consider in choosing a test for VAP include sensitivity and specificity, ability to improve patient outcome, potential adverse effects, availability of the test, and cost. The panel did not 
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determine whether the potential benefits of diagnostic testing outweigh the potential risks of such testing. 

 
Grossman and Fein note that there are substantial gaps in the scientific knowledge of all of these diagnostic techniques, most notably, the lack of data on the specificity and reproducibility of findings from chest radiographs. Because many diagnostic techniques have not been standardized, reported sensitivity and specificity data vary, and it is difficult to compare results in the diagnosis of VAP between medical centers. Another problem is that the populations that have been studied have been very heterogeneous, and some studies have used only subsets of patients in order to make a specific point.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

Many patients receive antimicrobial agents before testing is performed, making it difficult or impossible to interpret test results. Evidence suggests that after recent antibiotic treatment for suspected VAP, the diagnostic thresholds for numbers of organisms in the culture must be decreased to maintain accuracy. In contrast, ongoing antibiotic therapy for a preexisting infectious disease does not affect the accuracy of PSB or BAL. Grossman and Fein note that future studies should define patient populations more carefully particularly with respect to the onset of antimicrobial therapy. They state that the variability of invasive testing might diminish and the test characteristics might improve if this analysis were standardized. A “gold standard” should be defined, since autopsy studies and studies of lung tissue obtained by biopsy are obviously impractical. The only randomized, prospective clinical trial comparing invasive techniques and noninvasive quantitative techniques in patients with VAP showed that invasive techniques led to more frequent changes in antibiotic therapy but did not change the mortality rate (Bonten, et al., ibid.).

 
Finally, Grossman and Fein recommend formal outcome research with randomized, controlled trials to assess various strategies for diagnosing and managing VAP. This would provide the opportunity to eval​u​ate economic outcomes using cost-benefit, cost-effectiveness, and cost-utility analyses.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


The next paper discussed (not included with these reprints) is entitled Multifactorial Analyses in the Diagnosis of Pneumonia Arising in the Surgical Intensive Care Unit. It is by Polk and Mizuguchi from the Department of Surgery and the Price Institute of Surgical Research at the University of Louisville School of Medicine in Louisville, Kentucky, and appeared in THE AMERICAN JOURNAL OF SURGERY in February, 2000. The authors note that the diagnosis of ventilator-associated pneumonia contin​ues to be problematic, although in most ICUs clinical criteria are used to diagnose ventilator-associated pneu​monia based on chest x-ray, fever, leukocytosis, alterations in the pulse oximeter observations, the need to alter modes and amounts of ventilatory support, and more specific microbiologic studies, such as appropri​ate sputum, Gram stain, and cultures to identify pneumonia. 


However, clinical findings alone are readily confused with adult respiratory distress syndrome (ARDS) and/or pul​monary contusion in a blunt trauma victim who has other sources of fever. The reliance on clinical criteria alone frequently results in unnecessary, inappropriate, or inade​quate antibiotic ther​apy. Infiltrates on chest x-ray in ventilated patients may indicate pneumonia, but may also be caused by pulmonary hemorrhage, atelectasis, or ARDS. Invasive diagnostic techniques, such as protected specimen brush and bronchoalveolar lavage, provide an impor​tant microbiologic diagnosis. However, Polk and Mizu​guchi note that cost and inconvenience limit broad usage of these invasive diagnostic techniques. Furthermore, dependence on cultures produces a large number of false-positive results and some of the positive results are often returned much too late to be useful for directing therapeutic choices.

Polk and Mizuguchi state that all workers in this field are familiar with two extremes of clinical error in diagnosing ventilator-associated pneumonia. At the one end of the spectrum is the patient with pulmonary infiltrates, fever, leuko​cytosis, and positive Gram stains and cultures who is treated aggressively with antibiotics, but in whom the actual source of fever is an abdominal infection. One may argue that no harm is done by this, but in fact the choice of antibiotics for intraabdominal abscess should be quite different from that for pneumonia. Moreover, admin​istration of inappropriate antibiotics may promote coloni​zation and certainly enhances the development of multire​sistant organisms. At the other end of the spectrum is the patient who has pneumonia, a fever, and leukocyte count that are at the lower end of the appropriate range, and who is being managed by aggressive ventilation as if for ARDS, while the pneumonia goes untreated. The authors state that it is their opinion that  10% of such patients who are entered into ventilator-associated pneumonia trials prove to have some other diagnosis.


Fever and leukocytosis are likely to herald an evolving pneumonia in a mechanically ventilated patient, but Polk and Mizuguchi note that what is so troublesome is the wide variation in both fever and leukocytosis found in their patients who, in retrospect, had pneumonia from the beginning. For this reason they looked for a way to display these factors on a time-oriented scale (i.e., a grid) that would visibly permit confirmation of the diagnosis of pneu​monia. Their work has focused primarily on the definition of pneumonia patients who do poorly (i.e., have persistent pneu​monia despite appropriate treatment), recover, and then recur; or those who die). Polk and Mizuguchi note that the pneumonia grid is an investi​gative tool used to confirm the presence of pneumonia and define its time of onset. Fig. 1 reproduced on the next page from this paper by Polk and Mizuguchi shows how the “pneumonia grid” may help identify 
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ILLUSTRATION

patients likely to have a poor outcome unless they are treated for ventilator-associated pneumonia.


The authors note that the best clinical outcome is when analysis of the pneumonia grid leads to an accurate diagnosis of VAP and this triggers treatment with the most appropriate antibiotic, as determined by the bacterial sensitivities in an individual ICU. Whenever possible, Polk and Mizu​guchi use a narrow-spectrum antibiotic. However, when the pneumonia grid fails to confirm the diagnosis of pneumo​nia, they intensify respiratory support and oxygen delivery. After 48 hours, they bronchoscope the patient, per​form bronchoalveolar lavage (BAL), repeat the stains and culture, and reconsider therapeutic choices. They state that it may well be that the long-neglected concept of quantitative BAL cultures is more valuable than they had realized initially.

Finally, Polk and Mizuguchi note that it is occasionally recognized that the pneumonia grid analysis is erroneous and that a false diagnosis of pneumonia was made. In such instances, they emphasize that it is absolutely es​sential to discontinue antibiotic treatment as soon as possible and to reculture the patient’s pulmonary secretions at intervals to be certain an antibiotic-resistant secondary pneumonia was not inadvertently created where there was none initially. Meanwhile, other sources of fever should always be aggressively investigated.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.
TREATMENT OF VENTILATOR-ASSOCIATED PNEUMONIA


In their paper cited above, Ventilator-associated Pneumonia—Prevention, Diagnosis, and Therapy, Keenan and associates point out that ventilator-associated pneumonia (VAP) can be classified as early (occurring within 4–7 days of onset of mechanical ventilation) or late (occurring after 7 days of ventilation). This distinction is important, because early VAP is most ​often caused by easily treated organisms (e.g., Streptococcus pneumonia, Hemophilus influenzae, Staphylococcus aureus, and possibly lactose-fermenting Gram-neg​a​tive bacteria), whereas late VAP often is caused by difficult-to-treat organisms (e.g., Pseudomona species, Acinetobacter, Stenotrophomonas, methicillin-resistant Staphylococcus aureus [MRSA]) (refs 61, 89, 90, 109). 


Kollef and his colleagues found for example, that 20 (23%) of 87 patients who developed late-onset VAP ​after only 4 days of mechanical ventilation were infected with a multi​drug-​resis​tant, difficult-to-treat organism and the mortality rate was 65%, which was twice that of the control group (ref 61). Similarly, in a single ICU in France, 77 (57%) of 135 consecutive episodes of VAP over a 25-month period were caused by these difficult-to-treat organ​isms (ref 109). Keenan and associates note that other studies have documented the association between prior antibiotic exposure and the development of infec​tion caused by a multiresistant organism (refs 89, 90).
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Empiric therapy for VAP (antibiotics started before the results of cul​tures are known) usually consists of one or two agents with activity against both Gram-negative and Gram-positive organisms. Keenan and associates recall that several reports doc​umenting empiric therapy based on clinical judgment in patients sus​pected of having pneumonia indicated that the initial antibiotic treatment was often inadequate (refs 34, 65). Moreover, other studies have shown that patients receiving inadequate empiric therapy have a much higher mortality rate (91%) than those receiving adequate empiric antibiotic therapy (38%) (refs 1, 73), even though the inade​quately treated group subsequently had therapy changed to an adequate agent, empirically, or based on culture results.


Keenan and associates recall that Kollef and his colleagues evaluated the relationship between inade​quate antimicrobial treatment and mortality in 130 critically ill patients with suspected VAP (ref 65), 44 of whom were classified as receiving inadequate antibiotics. After receiving the results of mini-BAL cultures, antibiotics were: (1) not changed in 51 cases—39%; (2) changed in another 51 cases—39%; and (3) discontinued in the re​maining 28 cases—22%. The mortality rates for these 3 groups were 33%, 61%, and 14%, respectively, suggesting that a delay in achieving adequate antibiotic coverage (even though the antibiotics are changed after the culture results are known) significantly increases the mortality rate. 


Keenan and associates note that, on the basis of these data, the use of broad-spectrum antibiotics as the initial management of suspected VAP is likely to result in less microbiologic failure and better clinical outcomes. However, they point out that, in the best-case scenario, in patients with > 7 days of mechanical ventilation and prior antibiotic therapy, any single broad-spectrum agent (by itself) would be adequate in < 45% of patients. Furthermore, to prevent the development of resistance during treatment, it is recommended that 2 drugs be used to treat infections caused by Pseudomonas (ref 105). Therefore, to ensure maximal probability of adequate treatment of an infecting organism, combination therapy with 2 broad-spectrum antibiotics is recommended for late-onset VAP (ref 12). 


Keenan and associates note that the American Thoracic Surgery (ATS) guidelines recommend that, for patients with late-onset VAP with risk factors, empiric treatment should include the combination of an amino​gly​coside or ciprofloxacin plus one of an anti​pseudo​mo​nal peni​ci​lin, or a ß-lactam/ß-lactamase inhibitor combination, or ceftazidime, or imipenem with or with​out vancomycin (ref 12). However, Keenan and associates note that there is no rigorous evidence supporting these guide​lines and broad-spectrum antibiotics are not without their side effects. They note that observa​tional studies that document a higher mortality rate in patients receiving inadequate antibiotics or in patients who had their antibiotics changed may be describing only an association, not a causal relationship.


Developing a multiresistant organism or changing the antibiotics may be associated with a greater severity of illness or comorbidity. If so, despite therapeutic changes, these patients would be more likely to succumb to the underlying illness. Often antibiotics are changed because the patient is deteriorating clinically, regardless of the organisms or sensitivities. Conversely, because assessments of drug activity are performed in vitro, patients sometimes improve while receiving drugs that are reportedly inactive against a specific organism. 


Keenan and associates caution that data on the prevalence of multiresistant organisms from French and other European centers may not apply to most North American ICUs. For example, a recent Canadian study assessing the attributable morbidity and mortality of VAP, only 14 (13.6%) of 177 patients with VAP were treated empirically with inappropriate antibiotics, and the incidence of Pseudomonas and Acinetobacter was < 25%. No cases of Stenotrophomonas were documented (ref 46). Furthermore, overuse or indiscriminate use of broad-spectrum antibiotics is impli​cated in the development of infections caused by multiresistant, difficult-to-treat organisms (refs 86, 100). The primary strategy for preventing antibi​otic-resistant nosocomial infections is eliminating or reducing the unnec​essary use of antibiotics. In addition, Keenan and associates note that overuse of antibiotics may increase the frequency of antibiotic-associated side effects (allergic reactions, diar​rhea, etc.). Finally, the excessive use of broad-spectrum antibiot​ics certainly increases costs.

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type.


In their paper cited above, entitled Experience with a Clinical Guideline for the Treatment of Ventilator-associated Pneumonia, Ibrahim, Kollef, and associates note that the high levels of antimicrobial resistance in ICUs, oncolo​gy/bone marrow transplant wards, and dialysis units are directly related to the greater overall administration of antibi​otics within these areas. Therefore, clinicians frequently face the dilemma of needing to prescribe antibiotics for a suspected nosocomial infection while avoiding unnecessary antibiotic administration in order to minimize antimicro​bial resistance pressures. 


For this reason, Ibrahim, Kollef, and associates performed a prospective before-and-after study to determine: 

(1) 
whether implementation of a clinical guideline could increase the initial administra​tion of adequate antimicrobial treatment to patients with ventilator-associated pneumonia and 

(2) 
the safety of an antimicrobial guideline promoting the use of a shorter course of antibiotic treatment of patients with ventilator-associated pneumonia. 
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This study was designed as a pilot investigation to determine whether the competing goals of providing ade​quate antimicrobial treatment to patients with ventilator-associated pneumonia yet avoiding po​tentially needless antibiotic administra​tion could be achieved simultaneously.

Ventilator-associated Pneumonia Treatment Guideline

Ibrahim, Kollef, and associates based their ventilator-associated pneumonia (VAP) treatment guideline on our previous experience identifying the most common bacterial pathogens associated with VAP in their MICU. This was done to minimize the initial administration of inadequate antimicrobial treatment. Before antibi​otics were given, the authors cultured blood, tra​cheal aspirate, or bronchoalveolar lavage (BAL) fluid in all patients with a diagnosis of VAP. The main goal of the guideline was to provide initial administration of adequate antimicrobial treatment for patients with VAP. In their MICU, this meant providing initial treatment for Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus (MRSA). This was accomplished by providing initial intravenous combination antimicrobial treatment with vancomycin (1 g every 12 hrs for Gram-positive bacterial infec​tion), and the combination of imipenem (500 mg every 6 hrs) and cip​ro​floxacin (400 mg every 12 hrs) for Gram-negative bacterial infection. 


The combination of imipenem and cipro​floxacin was selected because it provided in vitro coverage for > 90% of the P. aerugi​nosa isolates from patients with ventilator-associated pneumonia in the authors’ MICU. In addition, all antibiotic administration was adjusted for patients with renal insufficiency to minimize iatrogenic toxicity. The guideline also required modification of antibiotic treatment after 24–48 hours based on the available culture results and the clinical course of the patient.


The second goal of the VAP treatment guideline was to reduce potentially unnecessary antimicrobial administration. This was planned by recom​mending a 7-day course of adequate antimi​crobial treatment for patients with VAP. Use of antibiotic treatment beyond 7 days was encouraged only for patients with persistent signs and symp​toms consistent with active infection (e.g., fe​ver > 38.3°C, circulating leukocytic count > 10,000 mm–3 [10 × 109/L], lack of improvement on the chest x-ray, and continued pu​rulent sputum). However, the patients’ treating physicians could alter the duration of antimicrobial treatment based on their clini​cal judgment. 


All patients had rectal swab cul​tures obtained for vancomycin-resistant enterococci at the time of MICU admission and discharge. In addition to the antibiotic treatment guideline, routine VAP prevention measures were applied to all patients in the MICU. These included maintaining a semirecumbent body position, discontinuation of mechanical ventilation using an MICU-specific weaning protocol, avoidance of gastric distension by monitoring re​sidual volumes following feedings, and routine inspection of ventilator circuits to remove condensate. 


Inadequate antimicrobial treatment was prospectively defined as the administration of an initial antimicrobial regimen without dem​onstrated bacteriocidal or bacteriostatic in vitro activity against the identified bacterial species associated with VAP. This condition included the absence of anti​microbial agents directed at a specific class of microorganisms (e.g., absence of vancomycin for VAP attributed to MRSA) and the administration of an antimicrobial agent to which the microorganism associated with VAP was re​sistant (e.g., empirical treatment with ceftazi​dime for an extended-spectrum ß-lactamase-producing strain of Klebsiella pneumoniae). Adequate antimicrobial treatment was defined as the administration of an initial antimicro​bial regimen with in vitro activity against the bacterial species associated with VAP. Patients without isola​tion of pathogenic microorganisms in their respiratory cultures were considered to be re​ceiving adequate antimicrobial treatment.


Between April, 1999, and January, 2000, Ibrahim, Kollef, and associates prospectively evaluated 102 medical ICU patients at their university-affili​ated teaching hospital to assess the usefulness of a guideline for antimicrobial treatment of VAP. The main outcome the authors evaluated was the initial administration of adequate antimicrobial treatment as determined by respiratory tract cultures. Secondary outcomes evaluated included the duration of antimicrobial treatment for VAP, hospital mortality, intensive care unit and hospital lengths of stay, and the occurrence of a second episode of VAP. Fifty consec​utive patients with VAP were evalu​ated in the before period of this study and 52 consecutive patients with VAP were evaluated in the after period. 


Severity of illness using Acute Physiology and Chronic Health Evaluation (APACHE) II (25.8 ± 5.7 vs. 25.4 ± 8.1; p = 0.798) and the clinical pulmonary infection scores (6.6 ± 1.0 vs. 6.9 ± 1.2; p = 0.105) were similar for patients during the two treatment periods. Initial administration of ade​quate antimicrobial treatment was significantly greater during the after period than during the before period of this study (94.2% vs. 48.0%; p < 0.001). The duration of antimicrobial treatment was significantly shorter during the after period compared with the before period (8.6 ± 5.1 days vs. 14.8 ± 8.1 days; p < 0.001). A second episode of VAP occurred significantly less often among patients in the after period (7.7% vs. 24.0%; p = 0.030).


Ibrahim, Kollef, and associates concluded that a relatively simple guideline can be employed to increase the administration of adequate antibiotic ther​apy for ventilator-associated pneumonia (VAP), decrease the duration of antibiotic treatment, and potentially prevent the occurrence of subsequent episodes of VAP. Increasing antimicrobial resistance makes the administration of inadequate antimicrobial treatment more likely to occur in the hospital setting. Therefore, clinicians should be aware of the prevailing patho​gens and their antibiotic susceptibilities at their own institution and use antibiotic regimens to which they are susceptible. In addition, the unnecessarily prolonged use of broad-spectrum antibiotics without appropriate microbiological support should be avoided. 


Although the this protocol did not reduce the hospital mortality or length of hospital stay, im​proving the effectiveness 
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of prescribed antibiotic regimens and reducing the administration of unnecessary antibiotic treatment seem to be worthwhile outcomes. Large clinical trials are needed to determine the optimal duration of antimicrobial treatment for patients with specific nosocomial infections including VAP and to determine the influence of various antibiotic strategies on patient outcomes and antimicrobial resistance. Such strategies may vary depending on local patterns of disease occurrence, bacteriologic profiles, and prevalence of antibiotic resistance.

ATTENTION: No CME quiz questions are based on the above SUPPLEMENTAL material in serif type.

In their paper cited above, Ventilator-associated Pneumonia in the Surgical Intensive Care Unit, Brown, Luchette, and associates also emphasize that a compelling need for accurate diagnosis of VAP is to avoid several potentially significant detrimental effects from overuse of antibiotics when the diagnosis is based only on clinical criteria. First, inappropriate therapy in patients with pneumonia is associated with an increased mortality rate. Second, indiscriminate antibiotic usage is associated with development of multiple-resistant strains, such as imipenem-resistant Pseudomonas aeru​ginosa, vancomy​cin-resistant Enterococcus, and cefta​zi​dime-resistant Klebsiella (refs 51-53). Third, empiric antibiotic therapy predisposes to infection with more virulent strains due to selection of colonizing species. Fagon and associates found an increase in the proportion of pneumonias due to Pseudomonas and Acineto​bacter, from 19% to 65%, with the administration of antibiotics before pneumonia developed, and the mortality rose from 48% to 83% when antibiotics were started before the development of pneumonia (ref 3 in the paper by Brown, Luchette, and associates). 

ATTENTION: No CME quiz questions are based on the following SUPPLEMENTAL material in serif type, which continues to the end of the Overview.


The next paper discussed (not included with these reprints) is entitled Empiric Therapy for Pneumonia in the Surgical Intensive Care Unit. It is by Fabian from the Department of Surgery at the University of Tennessee in Memphis and appeared in THE AMERICAN JOURNAL OF SURGERY in February, 2000. Fabian emphasizes that empiric therapy of ventilator-associated pneu​monia (VAP) in surgical patients should be based on ICU-specific surveillance data, because microbial flora patterns vary wide​ly between geographic regions as well as within hospitals. Data from the National Nosocomial Infection Surveillance (NNIS) System show that Pseudomonas aeruginosa and Staphylo​coccus aureus are the most common isolates from patients with VAP (each 17.4%). Data from the NNIS also documents higher rates of antibiotic resistance in ICUs than in hospitals in general, as well as unit-specific resistance patterns, thus, ICU-specific antibiograms are highly desirable. 

In their paper cited above, Ventilator-associated Pneumonia, Morehead and Pinto note that appropriate treatment of VAP can be defined as treatment with antimicrobial drugs that cover all likely pathogens isolated from respira​tory tract secretions based on two considerations including: (1) samples sent for culture should reflect lower respiratory tract secretions which are characterized by > 25 granulocytes and < 10 epithelial cells per low-power field and (2) less virulent organisms such as vancomycin-resistant enterococci and coagulase-nega​tive staphylococci might not be pathogenic and this is especially likely when more virulent bacteria (the more likely culprit) are simultaneously isolated and risk factors for invasive disease are absent. 


Thus, Morehead and Pinto note that the single most important management decision af​ter a clinical diagnosis of pneumo​nia is whether antimicrobial ac​tivity against potentially resistant organisms such as Pseudomonas ae​ruginosa, Acinetobacter species, and Stenotrophomonas maltophilia is warranted. Trouillet and associates (ref 75) showed by multivariate analysis, that du​ration of ventilation before pneu​monia developed and previous broad-spectrum antibiotic treatment were the only factors associated with high-risk organisms. Moreover, in 84 patients ventilated for 7 days or more with previous antibiotic exposure, an empirical triple-drug regimen including vancomycin was required to obtain acceptable antimicrobial ac​tivity in 88% of episodes. With these data in mind, the American Thoracic Society guidelines (ref 85 in this paper by Morehead and Pinto) rec​ommend expanded coverage for these organisms in patients with 5 days or more of hospitalization before pneumonia developed, previous antibiotic treatment, corticosteroid use, structural lung disease, or immunosuppression.


Morehead and Pinto note that empirical antibiotic selection should take into ac​count risk factors, as outlined above, especially time of pneumonia onset. Patients with late-onset pneumonia ( 5 days of hospitalization) or risk factors should receive antibiotics with acceptable antip​seudomonal activity as shown in Fig. 2 on page 1930 of this paper by Morehead and Pinto, including select fluoro​quin​o​lones, aminoglycosides, ß-lactams with or without ß-lac​tam​ase inhibitors, and third-generation cephalosporins, as well as imipenem, meropenem, and aztreonam. Mono​ther​apy with these agents (excluding aminoglyco​sides) is associated with clinical failure in 15%–29% of patients (refs 86-89); however, because of exclusion of the most severely ill patients in some of these trials, the failure rate experi​enced in clinical practice might be higher. 


Most clinical failures are due to high-risk organisms, as indicated by the ability to eradicate P. aeruginosa in only 34% of pneu​monic episodes in one study (ref 90). Morehead and Pinto recall that mul​ticenter randomized trials com​pared imipenem with ciprofloxacin, piperacillin-tazo​bac​tam, and cefta​zidime as single-agent therapy, but showed no clear-cut supe​riority of any one agent; however, piper​a​cillin-tazobactam seemed to be more effective against P. aeruginosa (ref 86). They state that to minimize clinical failure associated with high-risk patho​gens, 2 antimicrobial 
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agents with different mechanisms of action are rec​ommended for VAP treatment until culture results are available (e.g., a ß-lactam plus an aminoglyco​side; however, newer agents also have excellent activity. (See Fig. 2 on page 1930 of this paper by Morehead and Pinto.)


Limited data suggest that pi​peracillin-tazobactam may be the preferred agent against high-risk organisms; one recent multicenter study (ref 91) comparing a combination of piperacillin-tazobactam plus ami​kacin with ceftazidime plus amika​cin showed a 2-fold higher rate of clinical and microbiologic failure with the ceftazidime-containing regi​men (26% vs. 46%; p = 0.023) because of both superinfection and persistence and relapse of the initial infecting organism. Because failure to eradicate high-risk organisms might be responsible for most recurrent VAP (ref 92), and because of the risk of inducing resistance by cephalosporin monotherapy (ref 93), Morehead and Pinto state that it seems preferable to use noncephalosporin antibiotics for high-risk organisms (i.e., P. aeruginosa, Acinetobacter species, Enterobacter species, and S. malto​philia) or a second agent to prevent this occurrence.


Morehead and Pinto note that selection of empirical antibiotic selection should also consider local bac​terial resistance patterns and the heightened risk of inadequate therapy in more severely ill patients. A re​cent study (ref 94) demonstrated signifi​cant variability in pathogens in 3 institutions in that, in one hospital, inadequate empirical therapy would have been prescribed for nearly 20% of patients if standard guidelines had been followed without regard to local bac​terial patterns. Moreover, methicil​lin-resistant S. aureus (MRSA) is prevalent in certain institutions with risk factors similar to high-risk gram-negative ba​cilli and, in these institutions, addi​tion of vancomycin to the empirical regimen should be considered in pa​tients at risk for early death.


Extended-spectrum lac​tam agents are particularly likely to induce bacterial resistance to antibiotic drug, although, no antibiotic class is immune to this phenomenon. With this in mind, antibiotic resistance should be minimized by using agents with the narrowest activity spectrum after culture and sensitivity data become available and by stopping animicrobial therapy when infection is reasonably excluded. Morehead and Pinto note that other strat​egies to prevent resis​tance include antibiotic class restric​tion and regularly scheduled changes in antibiotic class used for empirical therapy in ICUs.
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1.
All of the following statements concerning the risks of postoperative pulmonary complications are true, except (choose one):

a.
Ferguson notes that, when the functional residual capacity (FRC) is reduced, portions of the lung are subject to atelectasis.

b.
Trayner and Celli have emphasized that pulmonary risks conferred by smoking are found only in patients with obstructive lung disease.

c.
Doyle points out that preoperative measurement of arterial blood gases is indicated in patients with lung disease.

d.
Overend and associates found no evidence supporting the use of postoperative incentive spirometry.

2.
All of the following statements concerning the risks of postoperative pulmonary complications are true, except (choose one):

a.
Huerta and associates identified an increase in leaks when positive airway pressure is used after gastric bypass surgery.

b.
Ferguson notes that abdominal surgery impairs diaphragmatic function more than other types of surgery.

c.
Mitchell and associates identified that postoperative nasogastric intubation increases the risk of pulmonary complications.

d.
Mitchell and associates state that age alone does not increase the risk of postoperative pulmonary complications.

3.
According to Pryor and associates, all of the following statements concerning airway management in the ICU are true, except (choose one):

a.
One indication for tracheostomy is to avoid the complications of endotracheal intubation.

b.
During the Ciaglia technique of percutaneous dilational tracheostomy a wire is placed through a needle and into the trachea under direct bronchoscopic vision.

c.
They perform open tracheostomy in the operating room whenever possible.

d.
There is currently no consensus on when tracheostomy should be performed in critically ill patients.

4.
All of the following statements concerning airway management in the ICU are true, except (choose one):

a.
Pryor and associates note that cricothyroidotomies are usually converted to tracheostomies as early as possible.

b.
A meta-analysis performed by Freeman and associates identified potential advantages of percutaneous dilational tracheostomy of open tracheostomy.

c.
Rosenbower and associates state that percutaneous dilational tracheostomy is a safe alternative to open tracheostomy.

d.
Maziak and associates state that several randomized controlled trials have compared early versus late tracheostomy in ICU patients, resulting in a clear set of treatment guidelines.

5.
All of the following statements concerning airway management in the ICU are true, except (choose one):

a.
Price and Rizk define the rapid shallow breathing index (RSBI) as the ratio of tidal volume to breathing frequency measured during spontaneous ventilation.

b.
O’Keefe and associates identified that a RSBI of > 105 at the initiation of ventilator weaning predicts a prolonged weaning course.

c.
Price and Rizk recall that trials comparing weaning methods identified that a daily trial of spontaneous breathing results in the shortest time to extubation.

d.
MacIntyre and his colleagues recommend gradually lengthening self-breathing trials for weaning patients after prolonged ventilation.

6.
All of the following statements concerning unplanned extubation (UEX) are true, except (choose one):

a.
Boulain and associates found that 50% of the intubated patients in their study had at least one episode of UEX.

b.
Boulain and associates state that increased vigilance by medical and nursing staffs in ICUs might reduce the incidence of UEX.

c.
Betbesé and associates suggest that protocol-directed weaning can decrease the incidence of UEX.

d.
Chevron and associates identified the patients with oral endotracheal tubes (versus nasal) are at increased risk of UEX.

7.
All of the following statements concerning bronchoscopy in ICU patients are true, according to Raoof and associates, except (choose one):

a.
The diagnosis of hemoptysis is most often made by rigid broncoscopy.

b.
Prompt bronchoscopic removal of retained thick mucous should not be withheld because of hypoxia.

c.
Flexible bronchoscopy can be helpful in replacing endotracheal tubes in ventilator-dependent patients.

d.
An ultrathin bronchoscope helps in evaluating upper-airway obstruction.

8.
All of the following statements concerning acute lung injury (ALI) are true, except (choose one):

a.
Steinberg and Hudson state that the definition of ALI includes arterial partial pressures of oxygen to inspired oxygen fraction (PaO2/FiO2) ratio of over 300.

b.
Brower and Rubenfeld note that randomized studies indicate that the method of mechanical ventilation affects the mortality of patients with ALI.

c.
Weg and associates identified no significant correlation between high ventilatory pressures during mechanical ventilation and the incidence of pneumothorax.

d.
Ware and Matthay note that the biologic mechanisms that resolve lung inflammation after ALI are uncertain.

9.
All of the following statements concerning risk factors for developing ALI are true, except (choose one):

a.
Steinberg and Hudson recall that the Seattle study identified pneumothorax as a risk factor for ALI in trauma patients.

b.
Ware and Matthay state that initial indexes of oxygenation do not predict mortality in patients with ALI.

c.
Ware and Matthay note that, in most ALI patients who survive the lung function returns to normal with 6 to 12 months.

d.
Rubenfeld states that most patients who survive ALI will have impaired memory, attention, and concentration for the first year.

10.
All of the following statements concerning the clinical diagnosis of ALI and acute respiratory distress syndrome (ARDS) are true, except (choose one):

a.
Steinberg and Hudson state that there is no lab value other than oxygen measurements that is specific for ARDS.

b.
O’Connor and Hall state that the exclusion of high-pressure pulmonary edema is necessary to diagnose ARDS.

c.
O’Connor and Hall state that increased lung compliance increases the work of breathing in ARDS patients.

d.
O’Connor and Hall state that alveolar flooding results in a right-to-left intrapulmonary shunt refractory to oxygen therapy.

11.
All of the following statements concerning the ventilator management of ALI and ARDS are true, except (choose one):

a.
Brower and associates state that tracheal gas insufflation reduces tidal volume during mechanical ventilation.

b.
Burns and associates could not determine any advantage to PEEP (positive end-expiratory pressure) set at 25 cmH2O.

c.
Rouby and Goldstein state that the “right level of PEEP” is based in part upon the shape of the pressure-volume curve.

d.
Rouby and Goldstein note that obtaining a thoracic CT scan early in the course of ARDS can characterize lung morphology.

12.
All of the following statements concerning the ventilator management of ALI and ARDS are true, except (choose one):

a.
Kambe notes that the best measure of transthoracic pressure is the plateau pressure.

b.
Kambe states that tidal volumes must be limited when ventilating a patient with ALI.

c.
Kambe cites a study that demonstrated that 50% of patients paralyzed for at least 24 hours will suffer long-term weakness.

d.
Brower and associates found that patients with ALI-ARDS who received lower tidal volumes had a decreased mortality.

13.
All of the following statements concerning new ventilator strategies are true, except (choose one):

a.
Brower and Fessler state that traditional ventilation during general anesthesia utilizes tidal volumes measuring 10–15 mL/Kg.

b.
Hirvela notes that reduction of the tidal volume immediately reduces alveolar overdistention.

c.
Brower and associates emphasize that higher tidal volume strategy should be considered the standard for ALI-ARDS.

d.
Brower and associates point out that, for a given tidal volume, there is no advantage to pressure-controlled versus volume-controlled modes.

14.
All of the following statements concerning new ventilator strategies are true, except (choose one):

a.
Brower and associates state that inverse-ratio ventilation is associated with an increase in shunting and impaired arterial oxygenation.

b.
Wang and Wei concluded that pressure-controlled inverse-ratio ventilation (PC-IRV) improves arterial oxygenation.

c.
McCarthy and associates concluded that PC-IRV is effective in blunt thoracic trauma care.

d.
McCarthy and associates state that airway pressure-release ventilation (APRV) is a hybrid of pressure-controlled inverse-ratio and intermittent mandatory ventilation.

15.
All of the following statements concerning new ventilator strategies are true, except (choose one):

a.
Hirvela points out that PEEP improves oxygenation by increasing pulmonary shunt and dead space ventilation.

b.
Hirvela states that computerized tomography studies in ARDS patients demonstrate a gravity-dependent loss in lung volume.

c.
Offner and associates conclude that prone positioning of ARDS patients can result in significant patient complications.

d.
Michaels and associates found that intermittent prone positioning of ARDS patients was independently responsible for increased oxygenation.

16.
All of the following statements concerning new ventilator strategies are true, except (choose one):

a.
Brower and his colleagues recall that results from large randomized studies examining high-frequency ventilation for adults with ARDS did not support its use.

b.
Ferguson and Stewart demonstrate that high-frequency oscillatory ventilation (HFOV) allows separation of oxygenation and ventilation.

c.
Ferguson and Stewart state that HFOV does not improve oxygenation.

d.
Ferguson and Stewart state that HFOV prevents further damage to the injured lung.

17.
All of the following statements concerning new ventilator strategies are true, except (choose one):

a.
Mols and associates conclude that current evidence suggests that extacorporeal membrane oxygenation (ECMO) is useful for selected patients.

b.
Alpard and Zwischenberger state that indications for ECMO include acute reversible respiratory or cardiac failure with an 80% predicted mortality rate.

c.
Alpard and Zwischenberger note that the future of ECMO depends upon methods to make it safer and simpler to manage.

d.
Brower and associates state that trials found that high doses of glucocorticoids administered early in ALI-ARDS reversed lung damage.

18.
All of the following statements concerning ventilator-associated pneumonia (VAP) are true, except (choose one):

a.
Morehead and Pinto state that a recent multicenter study showed that pneumonia is now the most common infection encountered in the ICU.

b.
Grossman and Fein point out the each day an intubated patient undergoes mechanical ventilation the crude rate of VAP increases by 1-3%.

c.
Brown and associates point out that recent multicenter studies demonstrated an increased incidence of VAP with the use of H2 blockers.

d.
Keenan notes that some studies have demonstrated a reduction in mortality in ARDS patients who received invasive tests to diagnose VAP.

19.
All of the following statements concerning ventilator associated pneumonia (VAP) are true, except (choose one):

a.
Chastre and associates found that 55% of ARDS patients develop VAP.

b.
Grossman and Fein note that the standard clinical criteria for diagnosing VAP includes fever and leukocytosis.

c.
Singh and associates state that the timing of onset of VAP rarely assists in determining the etiology of the pulmonary infiltrate on chest radiographs.

d.
Minei and associates found that the criteria for VAP were met in as few as 4% of patients being treated for pneumonia in the ICU.

20.
All of the following statements concerning the risks of postoperative pulmonary complications are true, except (choose one):

a.
Grossman and Fein found that use of invasive diagnostic techniques in patients with VAP leads to more frequent alterations in antibiotic therapy.

b.
Keenan and associates point out that VAP can be classified as early if it occurs within 4–7 days after the onset of mechanical ventilation.

c.
Keenan notes that patients with late-onset VAP should be treated with one drug only.

d.
Fagon and associates found an increase in pneumonias due to Pseudomonas in patients who received antibiotics before VAP developed.
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