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    Abstract
The history of oxygen from discovery to clinical application for patients with chronic lung disease represents a long and storied journey. Within a relatively short period, early investigators not only discovered oxygen but also recognized its importance to life and its role in respiration. The application of oxygen to chronic lung disease, however, took several centuries. In the modern era, physiologists pursued the chemical nature of oxygen and its physiologic interaction with cellular metabolism and gas transport. It took brazen clinicians, however, to pursue oxygen as a therapeutic resource for patients with chronic lung disease because of the concern in the 20th century of the risks of oxygen toxicity. Application of ambulatory oxygen devices allowed landmark investigations of the long-term effects of continuous oxygen that established its safety and efficacy. Although now well established for hypoxic patients, many questions remain regarding the benefits of oxygen for varying severity and types of chronic lung disease.

	oxygen
	ambulatory oxygen
	COPD

Introduction

As used in clinical medicine, the word “oxygen” is a misnomer. It actually denotes elemental oxygen with an atomic number of 8 and a symbol of “O” rather than the “oxygen” we clinicians intend, which is dioxygen, or “O2,” and the stable molecular form of elemental oxygen (“O”). Oxygen's name also represents a misnomer, because it stems from the Greek roots “oxys,” meaning “sharp” in reference to the sour taste of acids and the assumption by Lavoisier that it was an essential element for all acids, and “-genes,” which means “begetter.”

Despite these irregularities, the word “oxygen” entered common usage during the late 18th century (despite opposition from leading scientists of the day) because of its mention in a popular book of poems, The Botanic Garden (1791) written by Erasmus Darwin, the grandfather of Charles Darwin.1

Although eventually established as being a nonessential moiety in acids, the naming of oxygen as “begetter” proved correct, considering the essential role it plays in sustaining life on our planet. In terms of mass, it is the third most abundant element in the universe, following hydrogen and helium. It constitutes 50% of the earth's crust and comprises a third of the mass of humans, finding its way into essential molecules such as proteins, carbohydrates, and fats in addition to non-cellular structural elements such as bones and teeth. But its role in aerobic respiration sparks the greatest interest for oxygen among pulmonary physicians and respiratory therapists. Oxygen serves as the final electron acceptor in catabolic reactions that convert biochemical energy from nutrients into adenosine triphosphate, which fuels the human body. Because of its highly reactive nature, oxygen serves as an effective electron accepter, or oxidizing agent. But this reactive nature that forms oxides when oxygen comes into contact with almost all other elements explains why it can exist in a free gaseous form only through ongoing generation by photosynthesis. Consequently, oxygen was a relatively recent addition to our atmosphere, beginning to accumulate only 2.5 billion years ago after plant life with sufficient photosynthetic capacity populated the planet.

The story of oxygen as a therapeutic agent for patients with chronic lung disease mirrors its dual planetary roles, both as an essential molecule in support of life and an aggressive oxidizer of other molecules that can result in the degradation of biological tissues. The duality of assisting patients with hypoxia and at the same time potentially causing pulmonary injury has complicated clinicians' willingness to apply long-term oxygen therapy (LTOT) in clinical practice. This review highlights the milestones in our understanding of the safe use of oxygen for patients with lung disease, and identifies some of the limits to our knowledge.


Discovery

The laboratory discovery of oxygen occurred in 1771, when Carl Wilhelm Scheele, a German-Swedish pharmaceutical chemist, generated what he called “fire air” by heating mercuric oxide, silver carbonate, magnesium nitrate, and other nitrate salts.2 Isaac Asimov, the American writer of science and science fiction books, called Scheele “hard luck Scheele,”3 because he was the first to discover oxygen and a number of other elements, including molybdenum, tungsten, barium, hydrogen, and chlorine, but credit went to others. Scheele had communicated his oxygen discoveries by letter to Antoine Lavoisier in 1774, but did not document his discovery until 1775, when he sent to a publisher his Chemical Treatise on Air and Fire, which was not published until 1777. His hard luck continued when he died prematurely from mercury poisoning that resulted from the heating of mercuric oxides for the generation of oxygen.

For many years the discovery of oxygen was incorrectly attributed to Joseph Priestley, an 18th-century English theologian with a political dissenter's inclination, natural philosopher, chemist, and educator, who heated red mercuric oxide and isolated oxygen as a colorless gas causing a candle to burn more brightly. He was “first to press,” having published his generation of oxygen in 1774, 3 years after Scheele's discovery. Priestley, however, never understood the implications of his own work. He used his observations to argue for the phlogiston theory of gases and against atomic theory, which was emerging at the time. Priestley had other controversial opinions on a number of political and theological issues, which aroused suspicion and resulted in a mob burning his home and church and his flight from England to central Pennsylvania for the final years of his life.

Although not the independent discoverer of oxygen, as he claimed, Antoine Lavoisier is recognized for advancing scientific knowledge of oxygen's chemical nature and role in normal respiration. His 1774 communications with both Priestley and Scheele allowed him in 1775 to repeat their experiments using more sophisticated laboratory equipment. He named the odorless gas “oxygen” based on his belief that it was essential for all acids. He proposed the role of oxygen in oxidizing metals and in respiration, demonstrating that it was taken up by the body during inhalation to allow slow combustion of organic substrates and that carbon dioxide was exhaled as a by-product. He proved that oxygen was a chemical element, which discredited the phlogiston theory. And he proposed that the composition of air contained oxygen (“vital air”) and nitrogen (“azote” or “lifeless air”) in his 1777 book, Mémoire Sur la Combustion en General (On Combustion in General). Like Scheele and Priestley before him, his life followed a difficult course; he was sent to the guillotine during the French revolution, when it was discovered that royal funds supported his laboratory.


Application of Oxygen in Medicine

The potential value of oxygen for patients with respiratory conditions was quickly recognized after its discovery. Thomas Beddoes, considered the father of respiratory therapy, worked with the inventor James Watt to generate oxygen and other gases, and opened a Pneumatic Institute in Bristol, England, in 1798, using oxygen and nitrous oxide to treat asthma, congestive heart failure, and other ailments.4 The institute closed after 3 years because of a typhus epidemic that consumed England's health resources, but oxygen remained available at apothecaries during the 18th and early 19th centuries, through generation by electrolysis.4 The first cylinders for storing oxygen were developed in 1868,5 which allowed its use in general anesthesia. By 1885, George Holtzapple used oxygen to manage a young patient with pneumonia, and established its role in acute care.6

The 20th century saw the dawn of oxygen use in clinical medicine and a rapid succession of discoveries of its physiologic effects and technological advances that allowed its clinical application. Haldane's expedition to Pike's Peak in 1911 generated the first descriptions of the effects of hypoxia and served as the foundation for his commonly quoted observation, “Anoxaemia not only stops the machine but wrecks the machinery.”7 Haldane subsequently described the Haldane effect, perfected a method for measuring oxygen content in blood, and did experiments on hyperbaric oxygen exposure. Other legendary scientists who fostered our modern understanding of oxygen in clinical medicine include Christian Bohr, Karl Hasselbalch, Joseph Barcroft, August Krogh, John Priestley, Yandell Henderson, and Herman Rahn.4

But effective use of oxygen in clinical practice also required more pragmatic advances. In 1907, Arbuthnot Lane devised rubber tubing that served as a nasal catheter for oxygen administration, and Haldane developed designs for modern-day oxygen masks. The oxygen tent was invented in the 1920s by Leonard Hill and constructed out of canvas with slots cut for patient access but no means of ventilation.8 Alvan Barach (Fig. 1) modified the tent using ice chunks for cooling and soda lime to absorb exhaled carbon dioxide, which allowed closed tent systems.9 Barach went on to perfect other oxygen delivery systems and became the first to report in the modern era the use of oxygen in support of hospitalized patients with pneumonia.10 Both Barach and Haldane developed “meter masks” with valves that diluted oxygen with room air, thereby allowing the adjustment of delivery oxygen concentrations. Barach also developed hoods to provide patients with constant positive airway pressure.
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Fig. 1. Dr Alvan Barach (1895–1977) introduced oxygen therapy to the United States and refined its application through a series of pioneering innovations, books, and journal publications. His work included design of oxygen delivery devices, application of constant pressure breathing, and popularization of aerosol therapy. (From Reference 9, with permission.)




Barach laid the foundation for our use of LTOT for chronic lung disease. In 1936 he noted that “Oxygen therapy in suitable cases relieves difficult breathing, restores strength, and helps reduce the swelling of the patient's legs and back”.11 He went on to design and use the first portable oxygen devices for patients with emphysema. In the 1950s he used transfilled oxygen bottles for ambulatory patients with exertional dyspnea.12,13 During the same period, Coats and Gilson14 and Pierce15 used oxygen in small, portable, compressed gas cylinders, noting subjective improvement in symptoms in patients with lung disease.


Early Scientific Evidence of Oxygen Benefits in Chronic Lung Disease

LTOT, however, had only marginal data on outcomes during the first years of its use to justify its expense and support its safety. Its broad application was slowed because of concerns about risks of CO2 narcosis. In 1966, the Veterans Administration cooperative study of the course and outcomes of patients with COPD reported the natural history of COPD and factors associated with a poor survival, one of which was hypoxia.16 Concurrently, Thomas Petty (Fig. 2) at the University of Colorado was gaining experience with a newly available liquid oxygen transfilling system, and began investigating its value for patients with advanced COPD. In 1967, he and his colleagues reported 6 patients with severe emphysema, pulmonary hypertension, and secondary polycythemia who were stabilized for one month in an in-patient setting and underwent right heart catheterization.17 In the second month they were treated with oxygen to maintain PaO2 values in the 60–70 mm Hg range. Repeat catheterization demonstrated that 3 patients had decreased mean resting pulmonary artery pressures, and 4 of the 5 with data available for their baseline red cell mass demonstrated decreased polycythemia. Patients also reported subjective improvements in exercise capacity, global sense of well-being, and their ability to engage in activities of daily living. Shortly thereafter, a study from Birmingham, England, confirmed similar benefits in reducing pulmonary hypertension and polycythemia for 6 patients with advanced COPD and chronic hypoxia treated with oxygen therapy.18 In 1968 Petty and Finigan reported an additional 20 COPD patients who benefited from oxygen therapy.19 Petty's group also emphasized that hypercapnia rarely occurred in 175 pulmonary rehabilitation patients treated with oxygen and subsequently introduced the concept of controlled oxygen delivery.20
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Fig. 2. Dr Thomas Petty (1932–2010) was a junior faculty physician at the University of Colorado in 1965, when he was assigned on one particular day a routine task of unpacking newly arrived prototype equipment for ambulatory oxygen therapy. He developed a passion for oxygen therapy and “brazenly” went counter to conventional wisdom that oxygen was dangerous for patients with COPD. His early research established the safety and scientific basis for ambulatory oxygen therapy. He was a leading investigator in planning and conducting the Nocturnal Oxygen Therapy Trial. (Courtesy of American Association for Respiratory Care.)




But these studies still had not confirmed the survival benefit from oxygen suggested by the Veterans Administration cooperative study. In 1970, Neff and Petty reported their experience with 182 patients with COPD enrolled in a pulmonary rehabilitation, of whom 33 received continuous oxygen.21 They compared the survival rates of these subjects with those reported in the Veterans Administration cooperative study16 and observed improved survival with oxygen in those patients with cor pulmonale and heart disease, matched for age and severity of disease. A survival benefit was not observed in the absence of heart failure. Although an uncontrolled trial, the large differences in mortality of 28% versus 62% in patients with cor pulmonale treated with and without oxygen stimulated interest in ambulatory oxygen therapy for its potential survival effect.

Groups then began to focus on the duration of oxygen therapy necessary to improve clinical outcomes. Stark et al demonstrated in 1972 that as little as 12–15 hours of oxygen a day improved hemodynamics as effectively as 24 hours of oxygen use.22 These findings created the ethical equipoise to propose multicenter trials to test the effects of duration of oxygen therapy on patient outcomes.


Multicenter Trials of Long-Term Oxygen Therapy

In 1974, the Surgarloaf conference on the Scientific Basis of Respiratory Therapy sponsored by the National Heart, Lung, and Blood Institute of the National Institutes of Health convened experts on chronic lung disease and respiratory therapy to review the evidence for benefit from oxygen therapy. The attendees identified the need for a prospective randomized trial designed to establish benefit and determine the necessary duration of oxygen administration each day to maximize clinical benefit.23 The conference recommendations spawned the prospective randomized Nocturnal Oxygen Therapy Trial (NOTT) that randomized patients to nocturnal oxygen (goal of 12 h) versus continuous (goal of 24 h) ambulatory oxygen to determine effects on survival and hemodynamic outcomes.24 The study enrolled patients in Chicago, Denver, Detroit, Los Angeles, San Diego, and Winnipeg, with a clinical diagnosis of emphysema, with or without chronic bronchitis, and either PaO2 at rest breathing room air ≤ 55 mg Hg during a 3-week steady state period, or PaO2 ≤ 59 mm Hg with electrocardiographic evidence of right ventricular hypertrophy, clinically determined right heart failure, or a hematocrit > 55% (Table 1).
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Table 1. Comparison of the Nocturnal Oxygen Treatment Trial (NOTT) and the Medical Research Council (MRC) Trials




In 1980, the NOTT reported the results of 203 patients with a mean of 19.3 months follow-up. Use of continuous oxygen (17.1 ± 4.8 h of oxygen use) conferred significant benefit, with a relative risk of death of 1.94 (1.17–3.24) for the nocturnal oxygen group (12.0 ± 2.5 h of oxygen use).25 The mortality differences between the continuous and nocturnal oxygen groups at 12 months and 24 months were 11.9% versus 20.6%, and 22.4% versus 40.8%, respectively. Continuous oxygen improved pulmonary vascular resistance and decreased the severity of polycythemia. None of the subjects with preexisting pulmonary hypertension, however, normalized their pulmonary vascular resistance. No differences were noted between groups in arterial blood gases, FEV1, lung volumes, maximum work attained, mean pulmonary artery pressures, or cardiac index.

In 1981, the Medical Research Council (MRC) in the United Kingdom reported the results of a long-term oxygen trial that differed from the NOTT in comparing 15 hours of oxygen, which included nocturnal use, with no supplementary oxygen therapy (see Table 1).25 The trial enrolled 87 patients with COPD (chronic bronchitis or emphysema) who had irreversible airways obstruction, severe arterial hypoxemia, carbon dioxide retention, and mild pulmonary hypertension. The study demonstrated a survival advantage at 3 years and beyond, with a mortality of 45.2% and 66.7% for the oxygen treated and control groups, respectively (Fig. 3). Among secondary outcomes, no benefit was noted from supplemental oxygen in days spent working, days spent in the hospital for COPD exacerbations, polycythemia, or pulmonary hemodynamics. The mortality advantage, however, appeared greater in the subgroups with the highest PaCO2 and red cell mass values at baseline.
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Fig. 3. Mortality in male patients enrolled in the Medical Research Council oxygen trial. (From Reference 25, with permission.)




Petty proposed that the demographic, physiological, and clinical features of patients enrolled in both the NOTT and MRC studies were sufficiently similar to allow collective analysis of the survival data.26 When analyzed in this way, an oxygen dose response was noted, with poorest survival in the group not treated with oxygen from the MRC study, intermediate survival in the 12–15 hour oxygen groups combined from the NOTT and MRC studies, and the best survival in the continuous oxygen group reported in the NOTT study (Fig. 4).27 Subsequent uncontrolled trials of ambulatory oxygen therapy have generally produced survival results consistent with the dose response curves noted in the combined NOTT and MRC trials.28–33 Based on the original observations from the NOTT and MRC trials, LTOT became recognized as one of the few available therapeutic interventions that improve survival in patients with advanced COPD, which still is the primary justification for its use in COPD. These studies established our modern-day criteria for payment for oxygen therapy. They also generated support for supplemental oxygen for hypoxic patients with other chronic pulmonary conditions, even though these conditions were not included in the NOTT or MRC trials.
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Fig. 4. Overlapped survival curves from the Medical Research Council oxygen trial and the Nocturnal Oxygen Treatment Trial study, showing a dose-response curve to the duration of oxygen administration. (From Reference 27, with permission.)





Limitations of Knowledge

Although the NOTT and MRC studies were foundational in establishing a survival benefit of supplemental oxygen for patients with advanced COPD, many gaps remain in our understanding of the role of LTOT for patients with COPD and other forms of chronic lung disease (Table 2). Some of these gaps result from limitations of the NOTT and MRC data (see Table 1).34 These trials were not entirely comparable, in that patients in the MRC study continued to smoke, but no data were provided regarding the impact of smoking on measured outcomes; data on smoking rates were not provided in the NOTT study report. Patients in the MRC study also had more severe resting hypercapnia and pulmonary hypertension. And, finally, the MRC study noted no effect of oxygen therapy on physiologic variables, in contrast to the NOTT study, which observed improved pulmonary vascular resistance and hematocrit. The NOTT study, however, did not observe a causal relationship between these physiologic variables and survival.
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Table 2. Persistent Research Questions Regarding Long-Term Oxygen Therapy




Also of note, our complete understanding of the benefits of LTOT on survival and the justification for billions of dollars spent on oxygen therapy rest largely on the NOTT and MRC trials and a handful of other randomized controlled trials performed during the last 30 years, that enrolled a total of 501 subjects.18,24,35,36 These and other studies29,37,38 have demonstrated secular trends in COPD outcomes, with the better survival noted in more recent studies (Fig. 5).39 Questions consequently remain regarding the indications for oxygen therapy, considering the heterogeneity of COPD, and other therapeutic interventions for COPD that have become available since the MRC trial and NOTT.40 Recent analyses directed at these limitations34,40–42 coincide with the recently launched multicenter National Heart, Lung, and Blood Institute trial (the Long-Term Oxygen Treatment Trial [LOTT]), that will address the use of supplemental oxygen for patients with COPD and moderate hypoxemia at rest or with desaturation only with exercise.43 The remainder of this review highlights some of the important open questions that remain regarding LTOT.
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Fig. 5. Survival of subjects enrolled in long-term oxygen therapy trials during a 19-year period. Note the trend toward improved survival in the most recent trials.24,25,29,37,38 A: Carrera et al 1999.38 B: Cooper et al 1987.37 C: Nocturnal Oxygen Therapy Trial group 1980.24 D: Strom 1983.29 E: Medical Research Council25 (with oxygen). F: Medical Research Council25 (without oxygen). (From Reference 39, with permission.)




Oxygen Effects on Brain Function

Krop and Block were the first to show improved brain function with oxygen therapy, compared with a placebo treatment with compressed air, in patients with advanced COPD.44 Noting this report, Petty et al made similar observations in a cohort of patients with COPD enrolled in pulmonary rehabilitation, and recommended in 1979 that “impaired neuropsychiatric function associated with COPD” represented an indication for LTOT.45 The NOTT had reported that impaired neuropsychiatric function was a predictor of benefit from continuous oxygen therapy and that cognitive function improved in both the nocturnal and continuous oxygen groups.24 A rationale for improved brain function with oxygen therapy was supported in 1982, when Grant and co-workers reported an inverse correlation between PaO2 and degree of cerebral dysfunction in COPD.46 A follow-up study of the NOTT noted comparable modest improvement in brain function in both the nocturnal and continuous oxygen groups 6 months after LTOT initiation, but no improvement in mood or emotional status.47 A more rigorous study of only 10 hypoxic patients with COPD, who were cognitively impaired, as compared with age-matched controls, demonstrated that 3 months of LTOT resulted in a trend toward improved neuropsychological function, cerebral blood flow velocity, and autonomic function, although the benefits were not statistically significant.48

Based on these reports, we know that hypoxia has a negative effect on cognitive performance.46,49,50 We also know that supplemental oxygen improves cerebral oxygenation and possibly brain function for patients who may not otherwise fulfill indications for LTOT.51 We do not know, however, how to measure and define neuropsychiatric impairment in a manner that ensures benefit from oxygen therapy, nor do we know how to confirm a beneficial effect, considering the co-administration of other therapies that produce a sense of improved well being.52



Benefits of LTOT for Pulmonary Hypertension in Severe COPD

The benefits of LTOT for managing pulmonary hypertension represent an important focus of investigation, because more than 20% of patients with advanced COPD have pulmonary hypertension, which is usually mild to moderate, but may be severe and poorly correlated with FEV1.34 The presence of pulmonary hypertension is associated with increased mortality, increased rates of exacerbations, and longer hospitalizations during exacerbations, independent of FEV1.53,54 Although the NOTT study demonstrated improvement in hemodynamic parameters, the duration of this benefit and its impact on survival remain uncertain.40 One study demonstrated that oxygen therapy > 15 h/d in hypoxic COPD patients reversed a worsening trend in severity of pulmonary hypertension,55 while another study demonstrated that 2 years of LTOT for 14–15 h/d was associated with only a small reduction in pulmonary pressures.33 The latter study, however, demonstrated that pulmonary hypertension returned to baseline values after 6 years of oxygen, although pressures remained stable subsequently, despite a worsening of FEV1 and hypoxia.55 The effects of acute administration of oxygen on pulmonary hemodynamics do not appear to predict the potential for LTOT to improve survival in COPD.56 Consequently, the effects of LTOT on the course of pulmonary hypertension in COPD remain poorly established. Also, data do not exist for other chronic respiratory conditions, other than COPD, that are associated with pulmonary hypertension.



Red Cell Mass

Patients with COPD in the NOTT study who had pulmonary hypertension and elevated hematocrits had the highest mortality and the greatest survival benefit with oxygen therapy.24 Patients with advanced COPD, however, also experience hypoxia-induced depression of erythropoiesis, which can result in low hematocrits, which, in retrospective studies, identified patients with poor survival.57,58 Data are needed, therefore, on the impact of oxygen therapy on erythropoietin production and survival across the spectrum of hematocrit abnormalities that occur in COPD.34



Oxygen Therapy in Mild to Moderate Hypoxia

The NOTT and MRC trials examined patients with severe hypoxia, as indicated by a PaO2 ≤ 55 mm Hg or evidence of cor pulmonale (56 ± 65 mm Hg). We have sparse data regarding the effects of LTOT for patients with mild to moderate resting hypoxia.41,59 Two small, randomized controlled trials with a total of 163 patients with mild to moderate hypoxemia noted no survival benefits during 1–3 years of follow-up.35,60 Neither study, however, used other clinical measures of COPD severity, nor assessed mortality risk as inclusion criteria, so the generalizability of these data are limited.42 Moreover, patients used oxygen only for 13.5 h/d; achieving benefit in the setting of less severe hypoxia may require oxygen administration for closer to 24 hours a day, considering that being off of oxygen therapy for only 3 hours is sufficient to cause acute worsening of pulmonary hypertension.40

The appropriate end points for measuring oxygen benefit in this patient group are uncertain. Survival may not be appropriate or even feasible to study because of the large number of subjects required. No studies exist regarding the impact of LTOT for these patients, in terms of decreasing exacerbations, improving exercise tolerance, enhancing quality of life, or reversing neuropsychologic dysfunction.40 Multiple clinical characteristics may also need to be identified that serve as indications of LTOT for subgroups of patients with mild to moderate hypoxemia, such as pulmonary hypertension, low body mass index, poor exercise capability, frequent exacerbations, or comorbid cardiac disease.40



Oxygen Benefits During Exercise

A subgroup of patients with COPD experience oxygen desaturation only during exercise as a result of ventilation/perfusion mismatching, diffusion limitations, shunting, and reduced oxygen content of mixed venous blood.61 Only a few small studies suggest that arterial oxygen desaturation limited to exercise is associated with decreased survival.62–67 The National Emphysema Treatment Trial (NETT), however, showed, in a retrospective analysis of the study data, no differences in survival among subjects with exertional desaturation and resting normoxemia who were treated with or without oxygen in a nonrandomized manner.68 On the other hand, the NETT did report that exercise-related hypoxia was associated with a poor prognosis.68 Consequently, the rationale for ambulatory oxygen in patients with exercise-induced desaturation is not based on survival benefits but on the concept that desaturation may hinder exercise, promote deconditioning, and degrade quality of life.

Oxygen may improve endurance by several potential effects.69 An increased PaO2 directly inhibits carotid body stimulation,70 thereby decreasing breathing frequency, prolonging the expiratory phase, and relieving hyperinflation associated with exercise in COPD both during exertion71,72 and in the recovery phase of exercise.73 Increased arterial oxygen content improves muscle oxygenation, thereby decreasing lactic acid production and carotid body stimulation. And, finally, improved oxygenation can dilate pulmonary vasculature by relieving hypoxic vasoconstriction74 and improve cardiac output and delivery of oxygen to exercising muscles.75

Early studies in the 1970s with ambulatory supplemental oxygen suggested that patients using portable liquid oxygen systems, as compared with liquid air, were more comfortable during exercise and could walk longer distances.76–78 More recent studies in patients with exercise-induced desaturation report improved ventilatory function, breathlessness, and exercise endurance with the acute administration of oxygen.69,70,79–87 These studies, however, were short-term and applied oxygen as an acute intervention. No long-term follow-up studies exist. A recent systematic review found inconclusive results for benefit in exercise tolerance in COPD patients treated with oxygen.88

Only 6 small, randomized controlled trials have assessed the effects of supplemental oxygen on exercise training and performance for patients with or without exertional desaturation who were undergoing pulmonary rehabilitation.80,89–93 The results of these studies have been inconsistent, but no clear beneficial effect emerges.94 Moreover, we do not have data on the interaction between supplemental oxygen and other supportive adjuncts, such as noninvasive ventilation, on the physiological adaptations to exercise in this patient population,69 nor do we have knowledge of the effects of oxygen during exercise for patients with different COPD phenotypes.94 Moreover, a recent randomized controlled trial of oxygen provided for 12 weeks to 143 COPD patients during activities of daily living found no effect on functional status, health status, or dyspnea.95 No predictive factors, such as desaturation to less than 88% during exercise, predicted benefit for the subset of patients who did experience improved status.

Investigations in this field are limited by an absence of explicit definitions of exertion-related hypoxia and standardized exercise protocols to demonstrate its presence.41 It remains unclear whether continuous oxygen therapy improves survival in normoxic patients with exercise desaturation, and the impact of ambulatory oxygen on other parameters remains to be firmly established. Whether each patients need to be individually tested to establish symptomatic improvement from oxygen therapy during exercise remains undefined.85



Transient Hypercapnia

Some patients with COPD develop transient hypercapnia during exacerbations and after exercise testing but do not otherwise have indications for LTOT.96 After recovery, hypercapnia resolves and PaO2 remains above 60 mm Hg. Although guidelines do not recommend oxygen therapy in these patients, a rationale exists if supplemental oxygen could delay respiratory muscle fatigue, improve diaphragmatic work capacity, and prevent hypercapnia.97 The NOTT suggested that stable hypercapnic patients with COPD may benefit from LTOT, in that survival benefit was observed in patients with PaCO2 levels above but not below 43 mm Hg.24 At least one study demonstrates that LTOT stops the decline of endurance time and reduces exertional dyspnea after one year, compared to control normoxic patients with COPD and reversible hypercapnia.60



Health-Related Quality of Life

Most patients with COPD report that their disease limits what they can do,98 with resulting decreased quality of life.99 The benefits of LTOT on health-related quality of life (HRQOL) were not addressed in the MRC trial.25 The NOTT did assess HRQOL,24 but it used the Sickness Impact Profile, which is a general health rather than a respiratory specific measure. Nevertheless, the NOTT demonstrated HRQOL improvement after 6 months of treatment in both the continuous oxygen and nocturnal oxygen treatment arms. The investigators did not, however, stratify their analysis for the continuous oxygen group alone, and they did not have an untreated control group to assess the impact of oxygen therapy on HRQOL measures, as compared with no oxygen.34 In the absence of more extensive data, concern exists that LTOT may have potential negative effects on HRQOL, because of lack of mobility or because of perceived social stigma.

The ability to do randomized controlled trials on HRQOL effects of oxygen therapy is limited by ethical issues that prevent inclusion of a control placebo group. Okubadejo and colleagues, using a before-after design, reported no effects on HRQOL among patients with severe COPD who received oxygen therapy with a concentrator for 6 months.100 Andersson and colleagues found improved HRQOL in subjects treated with liquid oxygen systems, but decreased HRQOL in those treated with small portable oxygen cylinders.101 Another study using short-term ambulatory oxygen noted improved HRQOL in COPD patients who did not have chronic hypoxia but who did have exertional desaturation to ≤ 88%.102 Benefits, however, could not be predicted by baseline characteristics or acute response to oxygen administration. Moreover, a substantial number of patients declined LTOT, despite measured improvements in HRQOL.



Nocturnal Desaturation

Patients with COPD without obstructive sleep apnea can develop desaturation during sleep, even when oxygenation is normal while awake,103–107 which has been associated with increased mortality, as compared with patients who do not have nocturnal desaturation.108 Also, elevated mean pulmonary arterial pressures are noted in COPD patients with nocturnal oxygen desaturation.109 Administration of nocturnal oxygen for these patients can prevent desaturation during sleep.110

Benefits from achieving normoxemia during sleep, however, are poorly defined. Limited and contradictory data exist on improving sleep quality,104,111 hemodynamic effects, and mortality.35,36,108 Challenges to research in this field include no definition of the threshold and duration of nocturnal hypoxemia that defines isolated nocturnal desaturation. But, based on existing data, it is unknown whether nocturnal oxygen therapy improves survival or other clinically important end points in patients with COPD and isolated nocturnal oxygen desaturation.34,41



Oxygen Delivery

Major progress has occurred in the design of oxygen delivery devices, but additional advances are needed. Studies are required to develop smart systems that deliver oxygen at appropriate times and that consider the relationship between demand and supply in varying life circumstances.40 Application of accelerometers or arterial oxygen sensors presents promise. In broader terms, we are not certain that 24 hours a day is better than 18 hours, which is important because of challenges with patient adherence.24,35,112 Future research is needed to develop more tolerable oxygen delivery devices and to test their effectiveness in improving patient outcomes.



Oxygen for Chronic Lung Diseases Other Than COPD

Although almost the entirety of evidence for benefit from LTOT derives from studies of patients with COPD, this evidence has justified LTOT use for other chronic lung diseases associated with hypoxia. We do not know, however, if LTOT provides similar benefits to patients with conditions such as pulmonary fibrosis, kyphoscoliosis, or cystic fibrosis, which may have different mechanisms for hypoxia and dyspnea. Patients with interstitial lung disease, for instance, develop rapid and shallow breathing at low lung volumes during exercise, rather than at higher lung volumes with air trapping, as characterized by COPD.113 Studies have demonstrated improved endurance times with high flow oxygen for patients with a variety of interstitial lung diseases, but oxygen was administrated acutely and low flow oxygen was not assessed.114,115 One retrospective study reported improved exertional capabilities, oxygen saturations, and dyspnea scores among 52 patients with interstitial lung disease, but quality of life was not assessed.116 In contrast to COPD, impaired gas exchange and circulatory limits represent the major impediments during exercise in patients with interstitial lung disease, in contrast to abnormal ventilatory mechanics experience with COPD.117,118 LTOT may have different effects and different indications for use in these different pathophysiologic settings. Moreover, the effects of oxygen therapy on HRQOL measures in these conditions have been rarely investigated.119



LTOT and Comorbidities

COPD has increasingly been recognized as a multisystem condition with clinical expression beyond the lungs.120 Comorbidities affect prognosis and the clinical course of patients with COPD across all severity classes of the disease.121–124 These comorbidities, however, have not been considered in studies of LTOT. Because the mechanisms for hypoxemia in COPD complicated by congestive heart failure differ from those in patients with COPD alone,125 differing effects of oxygen therapy in these 2 settings may be inferred. Investigations are needed to assess the LTOT on all-cause mortality in patients with various constellations of comorbidities and COPD phenotypes.34 To do these studies, standardized methods for identifying and grading COPD comorbidities are needed yet do not exist today.




Summary

The history of oxygen from discovery to application in the care of patients with chronic lung disease represents a storied journey marked by contributions from many bold scientists, brazen practicing physicians, and pioneering clinical investigators. The fundamental importance of oxygen to life on this planet ensures its place in the care of patients with respiratory disorders. Existing survival data derive largely from the 1970s and 1980s, from a very select and limited number of study subjects who do not represent the heterogeneity of COPD phenotypes or the diversity of other chronic respiratory conditions for which oxygen is now used.34 Although the indications for LTOT have been refined by consensus conferences over the years,126,127 limitations on our understanding of the nature of oxygen benefits, how to measure those benefits, and more nuanced indications for its use in a variety of patient populations require even greater investigative efforts in the future.


Discussion


Pierson:*

I'll take the prerogative of the first response. As you were giving that splendid review, John, I couldn't help thinking about the technological developments that have occurred during the lifetime of these conferences, and how they have facilitated the clinical history and development of oxygen. The development that occurred to me most was pulse oximetry. The NOTT1 and MRC2 studies were based on arterial blood gas analysis, which was the gold standard for assessing oxygenation in COPD with respect to LTOT. In 1981, when John West went to Mount Everest,3,4 he lugged with him a bulky, heavy Hewlett-Packard ear oximeter, which was the available noninvasive assessment of oxygenation at that time. Within the next several years in the United States there was an explosion of pulse oximetry technology, and the devices became smaller, less expensive, and widely available. By the time the first Medicare LTOT guidelines were released in 1985, they included O2 saturation from pulse oximetry as an alternative to arterial PO2 from blood gas analysis.5 This was the only place in the world at that time where pulse oximetry was officially acknowledged for the clinical determination of hypoxemia in COPD, and it initiated a whole period of incredible technological development. We're going to hear presentations on new technology for home and ambulatory O2, for delivering high-flow nasal oxygen, and other advances, but it struck me how profound the impact of pulse oximetry has been on every aspect of oxygen: the topic of this conference.



Heffner:

I think that's a good observation that probably also relates to many of the studies that examined the impact of O2 therapy. For instance, the study by Levine and Petty6 of their original 6 patients treated with oxygen, first, they stabilized the patients, and after they had stabilized them, they later ended up excluding many from the study because they were no longer hypoxic. Which meant that we really had 2 sets of blood gases at 2 points in time—snapshots of these individuals rather than a continuous profile. Patient selection may have been different had we had continuous, or at least more frequent, measures of oxygenation, such as by oximetry. If such studies enrolled patients based on oximetry, different study populations may have resulted in different observations regarding continuous O2 therapy. Any other comments or thoughts?



Jeffrey Ward:

Just to finish on Dave's comments, it was interesting that the discovery and invention of pulse oximetry was serendipitous. In the early 1970s Takuo Aoyagi was experimenting with ear oximetry for cardiogreen dye densitometry, to measure cardiac output noninvasively. He developed a method to cancel pulsatile variations at infrared wavelengths (900 nm), where cardiogreen is transparent, from the 630 nm red signal. However, he noticed that the technique resulted in unsteady signals. The problem was oxygen desaturation. As saturation dropped, the infrared increased and red light decreased. Aoyagi's static turned out to be the signal that became of interest to all of us. In addition, from the corporate perspective, he didn't get much money out of the discovery, as his company, Nihon Kohden, neither developed a market for the their initial ear oximeter in Japan nor marketed it abroad.7 Thirdly, the evidence for pulse oximetry actually making a big difference in patient outcomes is pretty thin.8–10






Acknowledgments

This article is dedicated to Alvan Barach, Thomas Petty, Thomas Neff, Louise Nett, and the other pioneers who ensured the delivery of oxygen to respiratory patients in need.


Footnotes
	Correspondence: John E Heffner MD, Providence Portland Medical Center, 5050 NE Hoyt Street, Suite 540, Portland, OR 97213. E-mail: john_heffner{at}mac.com.
	Dr Heffner presented a version of this paper at the 50th Respiratory Care Journal Conference, “Oxygen,” held April 13–14, 2012, in San Francisco, California.

	The author has disclosed no conflicts of interest.

	↵* David J Pierson MD FAARC, Emeritus, Division of Pulmonary and Critical Care Medicine, Harborview Medical Center, University of Washington, Seattle, Washington.



	Copyright © 2013 by Daedalus Enterprises Inc.

References
	1.↵

	Emsley  J

. Oxygen: nature's building blocks: an A-Z guide to the elements. Oxford: Oxford University; 2001:297-304.



	2.↵

1911 Encyclopaedia Brittanica. Scheele, Karl Wilhelm. Wikipedia. http://en.wikisource.org/wiki/1911_Encyclopædia_Britannica/Scheele_Karl_Wilhelm. Accessed October 25, 2012.



	3.↵

	Trost  BM

. Videos: Carl Wilhelm Scheele. February 2011. http://wn.com/Carl_Wilhelm_Scheele. Accessed October 25, 2012.



	4.↵

	Hess  DR, 
	MacIntyre  NR, 
	Mishoe  SC, 
	Galvin  WF

	Ward  JJ

. History of the respiratory care profession. In: Hess  DR, 
MacIntyre  NR, 
Mishoe  SC, 
Galvin  WF, editors. Respiratory care: principles and practice, 2nd edition. Jones & Bartlett; 2011:1392-1400.



	5.↵

	Leigh  JM

. The evolution of oxygen therapy apparatus. Anaesthesia 1974;29(4):462-485.
OpenUrlPubMed


	6.↵

	Shultz  SM, 
	Hartmann  PM

. George E Holtzapple (1862-1946) and oxygen therapy for lobar pneumonia: the first reported case (1887) and a review of the contemporary literature to 1899. J Med Biogr 2005;13(4):201-206.
OpenUrlAbstract/FREE Full Text


	7.↵

	Cattell  JM

	Barcroft  JR

. Supply of oxygen to the tissues. In: Cattell  JM, editor. The scientific monthly, volume 11. New York: The Science Press; 1920:440-445.



	8.↵

	Hill  L

. A simple oxygen bed tent and its use in a case of edema and chronic ulcer of the lung. J Physiol 1921;55:20-21.
OpenUrl


	9.↵

	Casaburi  R, 
	Petty  TL

. Principles and practice of pulmonary rehabilitation. Philadelphia: Saunders; 1993.



	10.↵

	Barach  AL

. The therapeutic use of oxygen. JAMA 1922;79:693-699.
OpenUrlCrossRef


	11.↵

	Barach  AL, 
	Eckman  M

. The effects of inhalation of helium mixed with oxygen on the mechanics of respiration. J Clin Invest 1936;15(1):47-61.
OpenUrlCrossRefPubMed


	12.↵

	Barach  AL, 
	Bickerman  HA, 
	Beck  G

. Advances in the treatment of non-tuberculous pulmonary disease. Bull N Y Acad Med 1952;28(6):353-384.
OpenUrlPubMed


	13.↵

	Barach  AL

. Ambulatory oxygen therapy: oxygen inhalation at home and out-of-doors. Dis Chest 1959;35(3):229-241.
OpenUrlPubMed


	14.↵

	Cotes  JE, 
	Gilson  JC

. Effect of oxygen on exercise ability in chronic respiratory insufficiency; use of portable apparatus. Lancet 1956;270:872-876.
OpenUrlPubMed


	15.↵

	Pierce  AK, 
	Paez  PN, 
	Miller  WF

. Exercise training with the aid of a portable oxygen supply in patients with emphysema. Am Rev Respir Dis 1965;91:653-659.
OpenUrlPubMed


	16.↵

	Renzetti  ADJ, 
	McClement  JH, 
	Litt  BD

. The Veterans Administration cooperative study of pulmonary function. 3. Mortality in relation to respiratory function in chronic obstructive pulmonary disease Am J Med 1966;41(1):115-129.
OpenUrlCrossRefPubMed


	17.↵

	Levine  BE, 
	Bigelow  DB, 
	Hamstra  RD, 
	Beckwitt  HJ, 
	Mitchell  RS, 
	Nett  LM, 
	et al

. The role of long-term continuous oxygen administration in patients with chronic airway obstruction with hypoxemia. Ann Intern Med 1967;66(4):639-650.
OpenUrlCrossRefPubMed


	18.↵

	Abraham  AS, 
	Cole  RB, 
	Bishop  JM

. Reversal of pulmonary hypertension by prolonged oxygen administration to patients with chronic bronchitis. Circ Res 1968;23(1):147-157.
OpenUrlAbstract/FREE Full Text


	19.↵

	Petty  TL, 
	Finigan  MM

. Clinical evaluation of prolonged ambulatory oxygen therapy in chronic airway obstruction. Am J Med 1968;45(2):242-252.
OpenUrlCrossRefPubMed


	20.↵

	Petty  TL, 
	Burtis  BB, 
	Bigelow  DB

. Oxygen, an important pharmacologic agent. Rocky Mt Med J 1967;64(2):66-71.
OpenUrlPubMed


	21.↵

	Neff  TA, 
	Petty  TL

. Long-term continuous oxygen therapy in chronic airway obstruction. Mortality in relationship to cor pulmonale, hypoxia, and hypercapnia. Ann Intern Med 1970;72(5):621-626.
OpenUrl


	22.↵

	Stark  RD, 
	Finnegan  P, 
	Bishop  JM

. Daily requirement of oxygen to reverse pulmonary hypertension in patients with chronic bronchitis. BMJ 1972;3(5829):724-728.
OpenUrlAbstract/FREE Full Text


	23.↵

	Pierce  AK, 
	Saltzman  HA

. Conference on the scientific basis of respiratory therapy. Am Rev Respir Dis 1974;110(6 Pt 2):1-3.
OpenUrlPubMed


	24.↵

Continuous or nocturnal oxygen therapy in hypoxemic chronic obstructive lung disease: a clinical trial. Nocturnal Oxygen Therapy Trial Group. Ann Intern Med 1980;93(3):391-398.
OpenUrl


	25.↵

Long term domiciliary oxygen therapy in chronic hypoxic cor pulmonale complicating chronic bronchitis and emphysema. Report of the Medical Research Council Working Party. Lancet 1981;1(8222):681-686.
OpenUrlCrossRefPubMed


	26.↵

	Petty  TL

. Home oxygen therapy. Mayo Clin Proc 1987;62(9):841-847.
OpenUrlPubMed


	27.↵

	Rees  PJ, 
	Dudley  F

. Oxygen therapy in chronic lung disease. BMJ 1998;317(7162):871-874.
OpenUrlFREE Full Text


	28.↵

	Górecka  D, 
	Sliwiński  P, 
	Zieliński  J

. Adherence to entry criteria and one year experience of long-term oxygen therapy in Poland. Eur Respir J 1992;5(7):848-852.
OpenUrlAbstract/FREE Full Text


	29.↵

	Ström  K

. Survival of patients with chronic obstructive pulmonary disease receiving long-term domiciliary oxygen therapy. Am Rev Respir Dis 1993;147(3):585-591.
OpenUrlCrossRefPubMed


	30.

	Dallari  R, 
	Barozzi  G, 
	Pinelli  G, 
	Merighi  V, 
	Grandi  P, 
	Manzotti  M, 
	Tartoni  PL

. Predictors of survival in subjects with chronic obstructive pulmonary disease treated with long-term oxygen therapy. Respiration 1994;61(1):8-13.
OpenUrlPubMed


	31.

	Dubois  P, 
	Jamart  J, 
	Machiels  J, 
	Smeets  F, 
	Lulling  J

. Prognosis of severely hypoxemic patients receiving long-term oxygen therapy. Chest 1994;105(2):469-474.
OpenUrlCrossRefPubMed


	32.

	Aida  A, 
	Miyamoto  K, 
	Nishimura  M, 
	Aiba  M, 
	Kira  S, 
	Kawakami  Y

. Prognostic value of hypercapnia in patients with chronic respiratory failure during long-term oxygen therapy. Am J Respir Crit Care Med 1998;158(1):188-193.
OpenUrlCrossRefPubMed


	33.↵

	Zieliński  J, 
	Tobiasz  M, 
	Hawrylkiewicz  I, 
	Sliwiński  P, 
	Palasiewicz  G

. Effects of long-term oxygen therapy on pulmonary hemodynamics in COPD patients: a 6-year prospective study. Chest 1998;113(1):65-70.
OpenUrlCrossRefPubMed


	34.↵

	Corrado  A, 
	Renda  T, 
	Bertini  S

. Long-term oxygen therapy in COPD: evidences and open questions of current indications. Monaldi Arch Chest Dis 2010;73(1):34-43.
OpenUrlPubMed


	35.↵

	Górecka  D, 
	Gorzelak  K, 
	Sliwiński  P, 
	Tobiasz  M, 
	Zieliński  J

. Effect of long-term oxygen therapy on survival in patients with chronic obstructive pulmonary disease with moderate hypoxaemia. Thorax 1997;52(8):674-679.
OpenUrlAbstract


	36.↵

	Chaouat  A, 
	Weitzenblum  E, 
	Kessler  R, 
	Charpentier  C, 
	Enrhart  M, 
	Schott  R, 
	et al

. A randomized trial of nocturnal oxygen therapy in chronic obstructive pulmonary disease patients. Eur Respir J 1999;14(5):1002-1008.
OpenUrlAbstract


	37.↵

	Cooper  CB, 
	Waterhouse  J, 
	Howard  P

. Twelve year clinical study of patients with hypoxic cor pulmonale given long term domiciliary oxygen therapy. Thorax 1987;42(2):105-110.
OpenUrlAbstract/FREE Full Text


	38.↵

	Carrera  M, 
	Sauleda  J, 
	Bauza  F

. [The results of the operation of a monitoring unit for home oxygen therapy.] Arch Bronconeumol 1999;35(1):33-38. Article in Spanish.
OpenUrlPubMed


	39.↵

	Rennard  S, 
	Carrera  M, 
	Agustí  AG

. Management of chronic obstructive pulmonary disease: are we going anywhere? Eur Respir J 2000;16(6):1035-1036.
OpenUrlCrossRefPubMed


	40.↵

	Croxton  TL, 
	Bailey  WC

. Long-term oxygen treatment in chronic obstructive pulmonary disease: recommendations for future research: an NHLBI workshop report. Am J Respir Crit Care Med 2006;174(4):373-378.
OpenUrlCrossRefPubMed


	41.↵

	Stoller  JK, 
	Panos  RJ, 
	Krachman  S, 
	Doherty  DE, 
	Make  B

. Oxygen therapy for patients with COPD: current evidence and the Long-Term Oxygen Treatment Trial. Chest 2010;138(1):179-187.
OpenUrlCrossRefPubMed


	42.↵

	Make  B, 
	Krachman  S, 
	Panos  RJ, 
	Doherty  DE, 
	Stoller  JK

. Oxygen therapy in advanced COPD: in whom does it work? Semin Respir Crit Care Med 2010;31(3):334-342.
OpenUrlCrossRefPubMed


	43.↵

National Heart, Lung and Blood Institute. Effectiveness of long-term oxygen therapy in treating people with chronic obstructive pulmonary disease (the long-term oxygen treatment trial). http://clinicaltrials.gov/ct2/show/NCT00692198. Accessed October 25, 2012.



	44.↵

	Krop  HD, 
	Block  AJ, 
	Cohen  E, 
	Croucher  R, 
	Shuster  J

. Neuropsychologic effects of continuous oxygen therapy in the aged. Chest 1977;72(6):737-743.
OpenUrlCrossRefPubMed


	45.↵

	Petty  TL, 
	Neff  TA, 
	Creagh  CE, 
	Sutton  FD, 
	Nett  LM, 
	Bailey  D, 
	Fernandez  E

. Outpatient oxygen therapy in chronic obstructive pulmonary disease. A review of 13 years' experience and an evaluation of modes of therapy Arch Intern Med 1979;139(1):28-32.
OpenUrlCrossRefPubMed


	46.↵

	Grant  I, 
	Heaton  RK, 
	McSweeny  AJ, 
	Adams  KM, 
	Timms  RM

. Neuropsychologic findings in hypoxemic chronic obstructive pulmonary disease. Arch Intern Med 1982;142(8):1470-1476.
OpenUrlCrossRefPubMed


	47.↵

	Heaton  RK, 
	Grant  I, 
	McSweeny  AJ, 
	Adams  KM, 
	Petty  TL

. Psychologic effects of continuous and nocturnal oxygen therapy in hypoxemic chronic obstructive pulmonary disease. Arch Intern Med 1983;143(10):1941-1947.
OpenUrlCrossRefPubMed


	48.↵

	Hjalmarsen  A, 
	Waterloo  K, 
	Dahl  A, 
	Jorde  R, 
	Viitanen  M

. Effect of long-term oxygen therapy on cognitive and neurological dysfunction in chronic obstructive pulmonary disease. Eur Neurol 1999;42(1):27-35.
OpenUrlCrossRefPubMed


	49.↵

	Kim  V, 
	Benditt  JO, 
	Wise  RA, 
	Sharafkhaneh  A

. Oxygen therapy in chronic obstructive pulmonary disease. Proc Am Thorac Soc 2008;5(4):513-518.
OpenUrlCrossRefPubMed


	50.↵

	Prigatano  GP, 
	Parsons  O, 
	Wright  E, 
	Levin  DC, 
	Hawryluk  G

. Neuropsychological test performance in mildly hypoxemic patients with chronic obstructive pulmonary disease. J Consult Clin Psychol 1983;51(1):108-116.
OpenUrlCrossRefPubMed


	51.↵

	Jensen  G, 
	Nielsen  HB, 
	Ide  K, 
	Madsen  PL, 
	Svendsen  LB, 
	et al

. Cerebral oxygenation during exercise in patients with terminal lung disease. Chest 2002;122(2):445-450.
OpenUrlCrossRefPubMed


	52.↵

	Borak  J, 
	Sliwiński  P, 
	Tobiasz  M, 
	Górecka  D, 
	Zieliński  J

. Psychological status of COPD patients before and after one year of long-term oxygen therapy. Monaldi Arch Chest Dis 1996;51(1):7-11.
OpenUrlPubMed


	53.↵

	Kessler  R, 
	Faller  M, 
	Fourgaut  G, 
	Mennecier  B, 
	Weitzenblum  E

. Predictive factors of hospitalization for acute exacerbation in a series of 64 patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 1999;159(1):158-164.
OpenUrlCrossRefPubMed


	54.↵

	Oswald-Mammosser  M, 
	Weitzenblum  E, 
	Quoix  E, 
	Moser  G, 
	Chaeouat  A, 
	Charpentier  C, 
	et al

. Prognostic factors in COPD patients receiving long-term oxygen therapy. Importance of pulmonary artery pressure. Chest 1995;107(5):1193-1198.
OpenUrlCrossRefPubMed


	55.↵

	Weitzenblum  E, 
	Sautegeau  A, 
	Ehrhart  M, 
	Mammosser  M, 
	Pelletier  A

. Long-term oxygen therapy can reverse the progression of pulmonary hypertension in patients with chronic obstructive pulmonary disease. Am Rev Respir Dis 1985;131(4):493-498.
OpenUrlPubMed


	56.↵

	Sliwiński  P, 
	Hawrylkiewicz  I, 
	Górecka  D, 
	Zieliński  J

. Acute effect of oxygen on pulmonary arterial pressure does not predict survival on long-term oxygen therapy in patients with chronic obstructive pulmonary disease. Am Rev Respir Dis 1992;146(3):665-669.
OpenUrlPubMed


	57.↵

	Celli  BR, 
	Cote  CG, 
	Marin  JM, 
	Casanova  C, 
	Montes de Oca  M, 
	Mendez  RA, 
	et al

. The body-mass index, airflow obstruction, dyspnea, and exercise capacity index in chronic obstructive pulmonary disease. N Engl J Med 2004;350(10):1005-1012.
OpenUrlCrossRefPubMed


	58.↵

	Chambellan  A, 
	Chailleux  E, 
	Similowski  T

. Prognostic value of the hematocrit in patients with severe COPD receiving long-term oxygen therapy. Chest 2005;128(3):1201-1208.
OpenUrlCrossRefPubMed


	59.↵

	Cranston  JM, 
	Crockett  AJ, 
	Moss  JR, 
	Alpers  JH

. Domiciliary oxygen for chronic obstructive pulmonary disease. Cochrane Database Syst Rev 2005;(4):CD001744.



	60.↵

	Haidl  P, 
	Clement  C, 
	Wiese  C, 
	Dellweg  D, 
	Kohler  D

. Long-term oxygen therapy stops the natural decline of endurance in COPD patients with reversible hypercapnia. Respiration 2004;71(4):342-347.
OpenUrlCrossRefPubMed


	61.↵

	Panos  RJ, 
	Eschenbacher  W

. Exertional desaturation in patients with chronic obstructive pulmonary disease. COPD 2009;6(6):478-487.
OpenUrl


	62.↵

	Kawakami  Y, 
	Terai  T, 
	Yamamoto  H, 
	Murao  M

. Exercise and oxygen inhalation in relation to prognosis of chronic obstructive pulmonary disease. Chest 1982;81(2):182-188.
OpenUrlCrossRefPubMed


	63.

	Tojo  N, 
	Ichioka  M, 
	Chida  M, 
	Miyazato  I, 
	Yoshizawa  Y, 
	Miyasaka  N

. Pulmonary exercise testing predicts prognosis in patients with chronic obstructive pulmonary disease. Intern Med 2005;44(1):20-25.
OpenUrlCrossRefPubMed


	64.

	Takigawa  N, 
	Tada  A, 
	Soda  R, 
	Date  H, 
	Yamashita  M, 
	Endo  S, 
	et al

. Distance and oxygen desaturation in 6-min walk test predict prognosis in COPD patients. Respir Med 2007;101(3):561-567.
OpenUrlCrossRefPubMed


	65.

	Fujii  T, 
	Kurihara  N, 
	Otsuka  T, 
	Tanaka  S, 
	Kanazawa  H, 
	Kudoh  S, 
	et al

. [Relationship between exercise-induced hypoxemia and long-term survival in patients with chronic obstructive pulmonary disease]. Nihon Kyobu Shikkan Gakkai Zasshi 1997;35(9):934-941. Article in Japanese.
OpenUrlPubMed


	66.

	Hiraga  T, 
	Maekura  R, 
	Okuda  Y, 
	Okamoto  T, 
	Hirotani  A, 
	Kitada  S, 
	et al

. Prognostic predictors for survival in patients with COPD using cardiopulmonary exercise testing. Clin Physiol Funct Imaging 2003;23(6):324-331.
OpenUrlCrossRefPubMed


	67.↵

	Vandenbergh  E, 
	Clement  J, 
	Van de Woestijne  KP

. Course and prognosis of patients with advanced chronic obstructive pulmonary disease. Evaluation by means of functional indices. Am J Med 1973;55(6):736-746.
OpenUrlCrossRefPubMed


	68.↵

	Drummond  MB, 
	Blackford  AL, 
	Benditt  JO, 
	Make  BJ, 
	Sciruba  FC, 
	McCormack  MC, 
	et al

. Continuous oxygen use in nonhypoxemic emphysema patients identifies a high-risk subset of patients: retrospective analysis of the National Emphysema Treatment Trial. Chest 2008;134(3):497-506.
OpenUrlCrossRefPubMed


	69.↵

	Borghi-Silva  A, 
	Mendes  RG, 
	Toledo  AC, 
	Malosa Sampaio  LM, 
	da Silva  TP, 
	Kunikushita  LN, 
	et al

. Adjuncts to physical training of patients with severe COPD: oxygen or noninvasive ventilation? Respir Care 2010;55(7):885-894.
OpenUrlAbstract/FREE Full Text


	70.↵

	Somfay  A, 
	Pórszász  J, 
	Lee  SM, 
	Casaburi  R

. Effect of hyperoxia on gas exchange and lactate kinetics following exercise onset in nonhypoxemic COPD patients. Chest 2002;121(2):393-400.
OpenUrlCrossRefPubMed


	71.↵

	O'Donnell  DE, 
	D'Arsigny  C, 
	Webb  KA

. Effects of hyperoxia on ventilatory limitation during exercise in advanced chronic obstructive pulmonary disease. Am J Respir Crit Care Med 2001;163(4):892-898.
OpenUrlCrossRefPubMed


	72.↵

	Somfay  A, 
	Porszasz  J, 
	Lee  SM, 
	Casaburi  R

. Dose-response effect of oxygen on hyperinflation and exercise endurance in nonhypoxaemic COPD patients. Eur Respir J 2001;18(1):77-84.
OpenUrlAbstract/FREE Full Text


	73.↵

	Stevenson  NJ, 
	Calverley  PM

. Effect of oxygen on recovery from maximal exercise in patients with chronic obstructive pulmonary disease. Thorax 2004;59(8):668-672.
OpenUrlAbstract/FREE Full Text


	74.↵

	Burger  CD

. Pulmonary hypertension in COPD: a review and consideration of the role of arterial vasodilators. COPD 2009;6(2):137-144.
OpenUrl


	75.↵

	Fujimoto  K, 
	Matsuzawa  Y, 
	Yamaguchi  S, 
	Koizumi  T, 
	Kubo  K

. Benefits of oxygen on exercise performance and pulmonary hemodynamics in patients with COPD with mild hypoxemia. Chest 2002;122(2):457-463.
OpenUrlCrossRefPubMed


	76.↵

	Leggett  RJ, 
	Flenley  DC

. Portable oxygen and exercise tolerance in patients with chronic hypoxic cor pulmonale. BMJ 1977;2(6079):84-86.
OpenUrlAbstract/FREE Full Text


	77.

	Bradley  BL, 
	Garner  AE, 
	Billiu  D, 
	Mestas  JM, 
	Forman  J

. Oxygen-assisted exercise in chronic obstructive lung disease. The effect on exercise capacity and arterial blood gas tensions. Am Rev Respir Dis 1978;118(2):239-243.
OpenUrlPubMed


	78.↵

	Liker  ES, 
	Karnick  A, 
	Lerner  L

. Portable oxygen in chronic obstructive lung disease with hypoxemia and cor pulmonale. A controlled double-blind crossover study. Chest 1975;68(2):236-241.
OpenUrlCrossRefPubMed


	79.↵

	McDonald  CF, 
	Blyth  CM, 
	Lazarus  MD, 
	Marschner  I, 
	Barter  CE

. Exertional oxygen of limited benefit in patients with chronic obstructive pulmonary disease and mild hypoxemia. Am J Respir Crit Care Med 1995;152(5 Pt 1):1616-1619.
OpenUrlCrossRefPubMed


	80.↵

	Emtner  M, 
	Porszasz  J, 
	Burns  M, 
	Somfay  A, 
	Casaburi  R

. Benefits of supplemental oxygen in exercise training in nonhypoxemic chronic obstructive pulmonary disease patients. Am J Respir Crit Care Med 2003;168(9):1034-1042.
OpenUrlCrossRefPubMed


	81.

	Garrod  R, 
	Paul  EA, 
	Wedzicha  JA

. Supplemental oxygen during pulmonary rehabilitation in patients with COPD with exercise hypoxaemia. Thorax 2000;55(7):539-543.
OpenUrlAbstract/FREE Full Text


	82.

	Woodcock  AA, 
	Gross  ER, 
	Geddes  DM

. Oxygen relieves breathlessness in “pink puffers”. Lancet 1981;1(8226):907-909.
OpenUrlPubMed


	83.

	Dean  NC, 
	Brown  JK, 
	Himelman  RB, 
	Doherty  JJ, 
	Gold  WM, 
	Stulbarg  MS

. Oxygen may improve dyspnea and endurance in patients with chronic obstructive pulmonary disease and only mild hypoxemia. Am Rev Respir Dis 1992;146(4):941-945.
OpenUrlPubMed


	84.

	Stein  DA, 
	Bradley  BL, 
	Miller  WC

. Mechanisms of oxygen effects on exercise in patients with chronic obstructive pulmonary disease. Chest 1982;81(1):6-10.
OpenUrlCrossRefPubMed


	85.↵

	Jolly  EC, 
	Di Boscio  V, 
	Aguirre  L, 
	Luna  CM, 
	Berensztein  S, 
	Gene  RJ

. Effects of supplemental oxygen during activity in patients with advanced COPD without severe resting hypoxemia. Chest 2001;120(2):437-443.
OpenUrlCrossRefPubMed


	86.

	Helgerud  J, 
	Bjørgen  S, 
	Karlsen  T, 
	Husby  VS, 
	Steinshamn  S, 
	Richardson  RS, 
	Hoff  J

. Hyperoxic interval training in chronic obstructive pulmonary disease patients with oxygen desaturation at peak exercise. Scand J Med Sci Sports 2010;20(1):e170-e176.
OpenUrlPubMed


	87.↵

	O'Donnell  DE, 
	Bain  DJ, 
	Webb  KA

. Factors contributing to relief of exertional breathlessness during hyperoxia in chronic airflow limitation. Am J Respir Crit Care Med 1997;155(2):530-535.
OpenUrlCrossRefPubMed


	88.↵

	Nonoyama  ML, 
	Brooks  D, 
	Lacasse  Y, 
	Guyatt  GH, 
	Goldstein  RS

. Oxygen therapy during exercise training in chronic obstructive pulmonary disease. Cochrane Database Syst Rev 2007;(2):CD005372.



	89.↵

	Rooyackers  JM, 
	Dekhuijzen  PN, 
	Van Herwaarden  CL, 
	Folgering  HT

. Training with supplemental oxygen in patients with COPD and hypoxaemia at peak exercise. Eur Respir J 1997;10(6):1278-1284.
OpenUrlAbstract/FREE Full Text


	90.

	Garrod  R, 
	Mikelsons  C, 
	Paul  EA, 
	Wedzicha  JA

. Randomized controlled trial of domiciliary noninvasive positive pressure ventilation and physical training in severe chronic obstructive pulmonary disease. Am J Respir Crit Care Med 2000;162(4 Pt 1):1335-1341.
OpenUrlCrossRefPubMed


	91.

	Wadell  K, 
	Henriksson-Larsen  K, 
	Lundgren  R

. Physical training with and without oxygen in patients with chronic obstructive pulmonary disease and exercise-induced hypoxaemia. J Rehabil Med 2001;33(5):200-205.
OpenUrlCrossRefPubMed


	92.

	Fichter  J, 
	Fleckenstein  J, 
	Stahl  C, 
	Sybrecht  GW

. [Effect of oxygen (FIO2: 0.35) on the aerobic capacity in patients with COPD]. Pneumologie 1999;53(3):121-126. Article in German.
OpenUrlPubMed


	93.↵

	Scorsone  D, 
	Bartolini  S, 
	Saporiti  R, 
	Braido  F, 
	Baroffio  M, 
	Pellegrino  R, 
	et al

. Does a low-density gas mixture or oxygen supplementation improve exercise training in COPD? Chest 2010;138(5):1133-1139.
OpenUrlCrossRefPubMed


	94.↵

	Wijkstra  PJ, 
	Wempe  JB

. New tools in pulmonary rehabilitation. Eur Respir J 2011;38(6):1468-1474.
OpenUrlAbstract/FREE Full Text


	95.↵

	Moore  RP, 
	Berlowitz  DJ, 
	Denehy  L, 
	Pretto  JJ, 
	Brazzale  DJ, 
	Sharpe  K, 
	et al

. A randomised trial of domiciliary, ambulatory oxygen in patients with COPD and dyspnoea but without resting hypoxaemia. Thorax 2011;66(1):32-37.
OpenUrlAbstract/FREE Full Text


	96.↵

	McNally  E, 
	Fitzpatrick  M, 
	Bourke  S, 
	Costello  R, 
	McNicholas  WT

. Reversible hypercapnia in acute exacerbations of chronic obstructive pulmonary disease (COPD). Eur Respir J 1993;6(9):1353-1356.
OpenUrlAbstract/FREE Full Text


	97.↵

	Tarpy  SP, 
	Celli  BR

. Long-term oxygen therapy. N Engl J Med 1995;333(11):710-714.
OpenUrlCrossRefPubMed


	98.↵

American Association for Respiratory Care. Confronting COPD in America: executive summary. Irving, TX: AARC; November 2000. http://aarc.org/resources/confronting_copd/exesum.pdf. Accessed October 25, 2012.



	99.↵

	Belfer  MH, 
	Reardon  JZ

. Improving exercise tolerance and quality of life in patients with chronic obstructive pulmonary disease. J Am Osteopath Assoc 2009;109(5):268-278, quiz 280-281.
OpenUrlPubMed


	100.↵

	Okubadejo  AA, 
	Jones  PW, 
	Wedzicha  JA

. Quality of life in patients with chronic obstructive pulmonary disease and severe hypoxaemia. Thorax 1996;51(1):44-47.
OpenUrlAbstract/FREE Full Text


	101.↵

	Andersson  A, 
	Ström  K, 
	Brodin  H, 
	Alton  M, 
	Boman  G, 
	Jakobsson  P, 
	et al

. Domiciliary liquid oxygen versus concentrator treatment in chronic hypoxaemia: a cost-utility analysis. Eur Respir J 1998;12(6):1284-1289.
OpenUrlAbstract


	102.↵

	Eaton  T, 
	Garrett  JE, 
	Young  P, 
	Fergusson  W, 
	Kolbe  J, 
	Rudkin  S, 
	Whyte  K

. Ambulatory oxygen improves quality of life of COPD patients: a randomised controlled study. Eur Respir J 2002;20(2):306-312.
OpenUrlAbstract/FREE Full Text


	103.↵

	Cormick  W, 
	Olson  LG, 
	Hensley  MJ, 
	Saunders  NA

. Nocturnal hypoxaemia and quality of sleep in patients with chronic obstructive lung disease. Thorax 1986;41(11):846-854.
OpenUrlAbstract/FREE Full Text


	104.↵

	Fleetham  J, 
	West  P, 
	Mezon  B, 
	Conway  W, 
	Roth  T, 
	Kryger  M

. Sleep, arousals, and oxygen desaturation in chronic obstructive pulmonary disease. The effect of oxygen therapy. Am Rev Respir Dis 1982;126(3):429-433.
OpenUrlPubMed


	105.

	Koo  KW, 
	Sax  DS, 
	Snider  GL

. Arterial blood gases and pH during sleep in chronic obstructive pulmonary disease. Am J Med 1975;58(5):663-670.
OpenUrlCrossRefPubMed


	106.

	Krachman  SL, 
	Chatila  W, 
	Martin  UJ, 
	Nugent  T, 
	Crocetti  J, 
	Gaughan  J, 
	Criner  GH

; National Emphysema Treatment Trial (NETT) Research Group. Effects of lung volume reduction surgery on sleep quality and nocturnal gas exchange in patients with severe emphysema. Chest 2005;128(5):3221-3228.
OpenUrlCrossRefPubMed


	107.↵

	Wynne  JW, 
	Block  AJ, 
	Hemenway  J, 
	Hunt  LA, 
	Flick  MR

. Disordered breathing and oxygen desaturation during sleep in patients with chronic obstructive lung disease (COLD). Am J Med 1979;66(4):573-579.
OpenUrlCrossRefPubMed


	108.↵

	Fletcher  EC, 
	Donner  CF, 
	Midgren  B, 
	Zielinski  J, 
	Levi-Valensi  P, 
	Braghiroli  A, 
	et al

. Survival in COPD patients with a daytime PaO2 greater than 60 mm Hg with and without nocturnal oxyhemoglobin desaturation. Chest 1992;101(3):649-655.
OpenUrlCrossRefPubMed


	109.↵

	Levi-Valensi  P, 
	Weitzenblum  E, 
	Rida  Z, 
	Aubry  P, 
	Braghiroli  A, 
	Donner  C, 
	et al

. Sleep-related oxygen desaturation and daytime pulmonary haemodynamics in COPD patients. Eur Respir J 1992;5(3):301-307. Erratum in: Eur Respir J 1992;5(5):645.
OpenUrlAbstract/FREE Full Text


	110.↵

	Fletcher  EC, 
	Levin  DC

. Cardiopulmonary hemodynamics during sleep in subjects with chronic obstructive pulmonary disease. The effect of short- and long-term oxygen. Chest 1984;85(1):6-14.
OpenUrlCrossRefPubMed


	111.↵

	Calverley  PM, 
	Brezinova  V, 
	Douglas  NJ, 
	Catterall  JR, 
	Flenley  DC

. The effect of oxygenation on sleep quality in chronic bronchitis and emphysema. Am Rev Respir Dis 1982;126(2):206-210.
OpenUrlPubMed


	112.↵

	Neri  M, 
	Melani  AS, 
	Miorelli  AM, 
	Zanchetta  D, 
	Bertocco  E, 
	Cinti  C, 
	et al

; Educational Study Group of the Italian Association of Hospital Pulmonologists (AIPO). Long-term oxygen therapy in chronic respiratory failure: the Multicenter Italian Study on Oxygen Therapy Adherence (MISOTA). Respir Med 2006;100(5):795-806.
OpenUrlCrossRefPubMed


	113.↵

	Holland  AE

. Exercise limitation in interstitial lung disease - mechanisms, significance and therapeutic options. Chron Respir Dis 2010;7(2):101-111.
OpenUrlAbstract/FREE Full Text


	114.↵

	Bye  PT, 
	Anderson  SD, 
	Woolcock  AJ, 
	Young  IH, 
	Alison  JA

. Bicycle endurance performance of patients with interstitial lung disease breathing air and oxygen. Am Rev Respir Dis 1982;126(6):1005-1012.
OpenUrlPubMed


	115.↵

	Harris-Eze  AO, 
	Sridhar  G, 
	Clemens  RE, 
	Gallagher  CG, 
	Marciniuk  DD

. Oxygen improves maximal exercise performance in interstitial lung disease. Am J Respir Crit Care Med 1994;150(6 Pt 1):1616-1622.
OpenUrlCrossRefPubMed


	116.↵

	Visca  D, 
	Montgomery  A, 
	de Lauretis  A, 
	Sestini  P, 
	Soteriou  H, 
	Maher  TM, 
	et al

. Ambulatory oxygen in interstitial lung disease [letter]. Eur Respir J 2011;38(4):987-990.
OpenUrlFREE Full Text


	117.↵

	Marciniuk  DD, 
	Watts  RE, 
	Gallagher  CG

. Dead space loading and exercise limitation in patients with interstitial lung disease. Chest 1994;105(1):183-189.
OpenUrlCrossRefPubMed


	118.↵

	Hansen  JE, 
	Wasserman  K

. Pathophysiology of activity limitation in patients with interstitial lung disease. Chest 1996;109(6):1566-1576.
OpenUrlCrossRefPubMed


	119.↵

	Crockett  AJ, 
	Cranston  JM, 
	Antic  N

. Domiciliary oxygen for interstitial lung disease. Cochrane Database Syst Rev 2001;(3):CD002883.



	120.↵

	Agusti  AG, 
	Noguera  A, 
	Sauleda  J, 
	Sala  E, 
	Pons  J, 
	Busquets  X

. Systemic effects of chronic obstructive pulmonary disease. Eur Respir J 2003;21(2):347-360.
OpenUrlAbstract/FREE Full Text


	121.↵

	Sin  DD, 
	Anthonisen  NR, 
	Soriano  JB, 
	Agusti  AG

. Mortality in COPD: role of comorbidities. Eur Respir J 2006;28(6):1245-1257.
OpenUrlAbstract/FREE Full Text


	122.

	Holguin  F, 
	Folch  E, 
	Redd  SC, 
	Mannino  DM

. Comorbidity and mortality in COPD-related hospitalizations in the United States, 1979 to 2001. Chest 2005;128(4):2005-2011.
OpenUrlCrossRefPubMed


	123.

	Mannino  DM, 
	Thorn  D, 
	Swensen  A, 
	Holguin  F

. Prevalence and outcomes of diabetes, hypertension and cardiovascular disease in COPD. Eur Respir J 2008;32(4):962-969.
OpenUrlAbstract/FREE Full Text


	124.↵

	Marti  S, 
	Munoz  X, 
	Rios  J, 
	Morell  F, 
	Ferrer  J

. Body weight and comorbidity predict mortality in COPD patients treated with oxygen therapy. Eur Respir J 2006;27(4):689-696.
OpenUrlAbstract/FREE Full Text


	125.↵

	Rodriguez-Roisin  R, 
	Roca  J

. Mechanisms of hypoxemia. Intensive Care Med 2005;31(8):1017-1019.
OpenUrlPubMed


	126.↵

	Petty  TL, 
	Casaburi  R

. Recommendations of the Fifth Oxygen Consensus Conference. Writing and Organizing Committees. Respir Care 2000;45(8):957-961.
OpenUrlPubMed


	127.↵

	Petty  TL, 
	O'Donohue  WJ  Jr.

. Further recommendations for prescribing, reimbursement, technology development, and research in long-term oxygen therapy. Summary of the Fourth Oxygen Consensus Conference, Washington, D.C., October 15-16, 1993. Am J Respir Crit Care Med 1994;150(3):875-877.
OpenUrlPubMed




	1.↵

Nocturnal Oxygen Therapy Trial Group. Continuous or nocturnal oxygen therapy in hypoxemic chronic obstructive lung disease: a clinical trial. Ann Intern Med 1980;93(3):391-398.
OpenUrl


	2.↵

Report of the Medical Research Council Working Party. Long-term domiciliary oxygen therapy in chronic hypoxic cor pulmonale complicating chronic bronchitis and emphysema. Lancet 1981;1(8222):681-686.
OpenUrlCrossRefPubMed


	3.↵

	Sarnquist  FH

. Physicians on Mount Everest. A clinical account of the 1981 American medical research expedition to Everest. West J Med 1983;139(4):480-485.
OpenUrlPubMed


	4.↵

	West  JB

. American medical research expedition to Everest. High Alt Med Biol 2010;11(2):103-110.
OpenUrlCrossRefPubMed


	5.↵

Department of Health and Human Services Health Care Financing Administration. Medicare program: coverage of oxygen for use in a patient's home. Federal Register 1985;50(13):742-753.
OpenUrl


	6.↵

	Levine  BE, 
	Bigelow  DB, 
	Hamstra  RD, 
	Beckwitt  HJ, 
	Mitchell  RS, 
	Nett  LM, 
	et al

. The role of long-term continuous oxygen administration in patients with chronic airway obstruction with hypoxemia. Ann Intern Med 1967;66(4):639-650.
OpenUrlCrossRefPubMed


	7.↵

	Severinghaus  JW, 
	Honda  Y

. History of blood gas analysis. VII. Pulse oximetry. J Clin Monit 1987;3(2):135-138.
OpenUrlCrossRefPubMed


	8.↵

	Pedersen  T, 
	Dyrlund Pedersen  B, 
	Møller  AM

. Pulse oximetry for perioperative monitoring. Cochrane Database Syst Rev 2003;(3):CD002013. Update in: Cochrane Database Syst Rev 2009;(4):CD002013.



	9.

	East  CE, 
	Chan  FY, 
	Colditz  PB

. Fetal pulse oximetry for fetal assessment in labour. Cochrane Database Syst Rev 2004;(4):CD004075. Update in: Cochrane Database Syst Rev 2007;(2):CD004075.



	10.↵

	Ochroch  EA, 
	Russell  MW, 
	Hanson  WC  3rd., 
	Devine  GA, 
	Cucchiara  AJ, 
	Weiner  MG, 
	Schwartz  SJ

. The impact of continuous pulse oximetry monitoring on ICU admissions from a postsurgical care floor. Anesth Analg 2006;102(3):868-875.
OpenUrlPubMed







  


  
  



  





  


  
  



  
      
  
  
     PreviousNext 
  


  
  



  
      
  
  
     Back to top  


  
  



			

		

		
		
			
			  
  
        In this issue

    
  
  
    
  
    
  
      
  
  
    
    
      [image: Respiratory Care: 58 (1)]

  
  
      
      
          Respiratory Care      
      
        	Vol. 58, Issue 1 1 Jan 2013 


      
      
        		Table of Contents
	Table of Contents (PDF)
	Cover (PDF)
	Index by author

	Monthly Podcasts




      




  


  
  



  



  


  
  



  
         

    
  
  
    
  


  
  



  
      
  
  
    
	  
  
		
          
            
  
      
  
  
     Print  


  
  


  
      
  
  
     Download PDF  


  
  


  
      
  
  
     Article Alerts

  
    
  
      
  
  
    
  User Name *
 



  Password *
 


Sign In to Email Alerts with your Email Address

  Email *
 








  


  
  



  





  


  
  


  
      
  
  
     Email Article

  
    
  
      
  
  
    
 Thank you for your interest in spreading the word on American Association for Respiratory Care.
NOTE: We only request your email address so that the person you are recommending the page to knows that you wanted them to see it, and that it is not junk mail. We do not capture any email address.




  Your Email *
 



  Your Name *
 



  Send To *
 

Enter multiple addresses on separate lines or separate them with commas.




  You are going to email the following 
 The Story of Oxygen



  Message Subject 
 (Your Name) has sent you a message from American Association for Respiratory Care



  Message Body 
 (Your Name) thought you would like to see the American Association for Respiratory Care web site.



  Your Personal Message 
 








CAPTCHAThis question is for testing whether or not you are a human visitor and to prevent automated spam submissions.










  


  
  



  





  


  
  


  
      
  
  
     Citation Tools

  
    
  
      
  
  
      
  
      
  
  
  
  
      The Story of Oxygen
  
    	John E Heffner

  
    	Respiratory Care Jan 2013, 58 (1) 18-31; DOI: 10.4187/respcare.01831 

  
  
  



  

  
  	      Citation Manager Formats

        
      	BibTeX
	Bookends
	EasyBib
	EndNote (tagged)
	EndNote 8 (xml)
	Medlars
	Mendeley
	Papers
	RefWorks Tagged
	Ref Manager
	RIS
	Zotero

    

  



  


  
  



  





  


  
  


  
        

    
  
  
    
  


  
  



          

        

        
        
          
            
  
      
  
  
     Share  


  
  


  
      
  
  
    
  
    
  
      
  
  
    
  
  
  
  
      The Story of Oxygen
  
    	John E Heffner

  
    	Respiratory Care Jan 2013, 58 (1) 18-31; DOI: 10.4187/respcare.01831 

  
  
  



  


  
  



  
      
  
  
    
  
    Share This Article:
  
  
    
  
  
    Copy
  


  


  
  



  
      
  
  
    [image: del.icio.us logo] [image: Digg logo] [image: Reddit logo] [image: Twitter logo] [image: CiteULike logo] [image: Facebook logo] [image: Google logo] [image: Mendeley logo]
  


  
  



  



  


  
  


  
      
  
  
    	Tweet Widget
	Facebook Like
	Google Plus One



  


  
  



          

        

	
 	
	
	


  


  
  



  
        Jump to section

    
  
  
    	Article	Abstract
	Introduction
	Discovery
	Application of Oxygen in Medicine
	Early Scientific Evidence of Oxygen Benefits in Chronic Lung Disease
	Multicenter Trials of Long-Term Oxygen Therapy
	Limitations of Knowledge
	Summary
	Discussion
	Acknowledgments
	Footnotes
	References



	Figures & Data
	Info & Metrics
	References
	 PDF



  


  
  



  
      
  
  
    
  
     Related Articles


 Cited By...





  



  


  
  



  
        Keywords

    
  
  
    	oxygen
	ambulatory oxygen
	COPD


  


  
  



  
      
  
  
    
  
    
  
      
  
  
    

  


  
  



  
      
  
  
    
  


  
  



  



  


  
  



			

		

	
	
 	
	
	


    

  


      


  

    
  
      
    
  
    
  
    
  
                
    
      
  
    
  
        Info For

    
  
  
    	Subscribers
	Institutions
	Advertisers

  


  
  



  

  
    
  
        About Us

    
  
  
    	About the Journal
	Editorial Board

  


  
  



  

  
    
  
        AARC

    
  
  
    	Membership
	AARC Congress
	Clinical Practice Guidelines

  


  
  



  

  
    
  
        More

    
  
  
    	Contact Us
	RSS

  


  
  



  


    

  


  


  

  
  
    
  
    
  
                
    
      
  
    
  
      
  
  
    [image: American Association for Respiratory Care]  


  
  



  
      
  
  
    
  
      
  
    Print ISSN: 0020-1324        Online ISSN: 1943-3654


© Daedalus Enterprises, Inc.

  




  


  
  



  
      
  
  
    [image: Powered by HighWire]  


  
  



  



    

  


  


  

  
    
  
      











  