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COPD can lead to abnormalities in oxygenation as well as ventilation. Thanks to pioneering work by
Dr Thomas Petty, supplemental oxygen therapy has been shown to improve morbidity and mortality
for individuals with COPD and severe daytime hypoxemia. However, efforts to augment ventilation
have been less uniformly successful. Recent studies employing a so-called high-intensity noninvasive
ventilation strategy, which used high inspiratory pressures and backup breathing frequency to reduce
arterial carbon dioxide levels, have shown improved quality of life and reduced mortality. Thus,
efforts are underway to better identify and treat patients with COPD who might benefit from nonin-
vasive ventilation, though many practical questions remain. Key words: COPD; noninvasive ventila-
tion, hypercapnia, high-intensity, obstructive sleep apnea; overlap syndrome. [Respir Care 2021;66
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Introduction

COPD is a major cause of morbidity and mortality in the
United States and around the world." Although COPD is rec-
ognized to have substantial systemic effects as well, respira-
tory damage and symptoms predominate. The disease is
often preventable, if due to cigarette smoking, but in many
parts of the world the cause is more often the burning of bio-
mass for fuel.> Many pharmacotherapies exist to improve
symptoms, yet few interventions clearly improve survival.

Dr Thomas Petty has been called “the most important phy-
sician in the history of respiratory medicine” in part because
of his work demonstrating the benefit of supplemental oxy-
gen for individuals with COPD and severe hypoxemia.’ His
other major contribution was the description of ARDS in
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1967, and his work showing that PEEP could be used to
improve P,o, for individuals with ARDS.* Technological
advances at the time made low-flow supplemental oxygen
systems portable and feasible for patients. In 1967, Petty and
Finigan published their case series of 20 patients with severe
hypoxemia who were administered supplemental oxygen.’
Notable at the time, the authors focused both on physiological
outcomes such as P,o, and hematocrit (as many patients had
polycythemia from chronic hypoxemia), as well as several
patient-centric outcomes such as the number of hospitaliza-
tions and ability to work.

Over time, and with colleagues from around the world,
including David Flenley, a respirologist in Edinburgh,
Scotland, the groundwork was laid for 2 ground-breaking and
complementary studies: the Nocturnal Oxygen Treatment
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Trial (NOTT) and the Medical Research Council (MRC)
study.® Petty led the NOTT study, which was published in
1980 and conclusively demonstrated the benefit of continu-
ous versus nocturnal-only supplemental oxygen in patients
with severe daytime hypoxemia.

Does Too Much Oxygen Cause Hypercapnia?

One of the major concerns about the use of supplemental
oxygen was the possibility of an increase in P,co,. Even in
the initial 1967 case series, Petty argued that CO, retention
was rare and unlikely to occur with patients who were using
low-flow oxygen without exacerbation and who were ini-
tially carefully monitored. This topic was a theme throughout
Petty’s life, and in one of his last scientific publications he
argued against treating high P,co, in the absence of other
symptoms.’ It is worth reviewing the mechanisms by which
supplemental oxygen can induce hypercapnia and recogniz-
ing that changes which have occurred over the last few deca-
des may predispose to more oxygen-induced hypercapnia
today.'® These changes include increased prevalence of obe-
sity and obstructive sleep apnea (OSA), the ability to provide
higher amounts of oxygen, and finally the increased use of
opioids and other drugs that may blunt the normal physiolog-
ical response to changes in Pyco, .

Sleep and Breathing
Normal Changes in Respiration That Occur During Sleep

The respiratory system functions to provide adequate ox-
ygen delivery and to excrete CO, and can do so under an in-
credible range of conditions, from sea level to high altitude,
from rest to peak exertion. However, under nearly all condi-
tions the major drive to breathe and the determinant of ven-
tilation is the level of CO, and the resultant pH of the blood
and cerebral spinal fluid. The system operates as a negative
feedback loop with increases in P,co, and drops in pH lead-
ing to increases in ventilation and vice versa.

Dr Owens is affiliated with the Division of Pulmonary, Critical Care and
Sleep Medicine, University of California San Diego, La Jolla, California.

Dr Owens presented a version of this paper as the 8th Thomas L Petty
Memorial Lecture at AARC Congress 2020 LIVE!, held virtually, on
November 20, 2020.

Dr Owens has disclosed relationships with the NIH and Nitto Denko
Asia. The University of California San Diego Health Sleep Center was
established with a donation from ResMed.

Correspondence: Robert L Owens MD, Division of Pulmonary, Critical
Care and Sleep Medicine, University of California San Diego, 9300
Campus Point Dr, MC 7381, La Jolla, CA 92037. E-mail:
rowens@health.ucsd.edu.

DOI: 10.4187/respcare.09052

RESPIRATORY CARE @ JULY 2021 VoL 66 No 7

While awake, the linear relationship between ventilation
and P,co, usually maintains P,co, at 40 mm Hg. However,
during sleep (and with measurable changes during the differ-
ent sleep stages), the slope of this relationship is decreased,
ultimately leading to a slightly higher P,co, of about
45 mm Hg and a reduction in minute ventilation of ~ 15%
during rapid eye movement (REM) sleep.'' The drop in mi-
nute ventilation is due to a drop in tidal volume with the
breathing frequency being about the same or even slightly
increased above quiet breathing while awake.'? Other changes
that occur during sleep include the loss of muscle tone, partic-
ularly during REM sleep when only the activity of the dia-
phragm is preserved. The drop in muscle tone leads to a more
collapsible upper airway, important for OSA.

Sleep and COPD

That the normal changes in sleep might serve as a stress
test for individuals with COPD has been recognized for deca-
des. McNicholas and Fitzgerald made the observation that
individuals with hypercapnic respiratory failure were more
likely to die at night compared to those with stroke or nonpul-
monary malignancies, whose deaths were more evenly distrib-
uted."”® A variety of studies have shown objectively measured
worse sleep compared to controls.'* Even in the modern era,
most patients with COPD have sleep complaints.” More
recently, sleep symptoms have been shown to discriminate
between those at high risk for exacerbation of COPD.'®

Until recently, however, the most recognized sign of
sleep and COPD has been nocturnal oxygen desaturation.
For the reasons listed above, oxygen saturation falls slightly
during the night, even in those without pulmonary disease.
In those with COPD, who may rely on accessory muscle
use for ventilation, the drop in both ventilation and oxygen-
ation can be more profound (Fig. 1)."® Even individuals
with a relatively normal daytime oxygen saturation (ie, 90—
95%) may have substantial nocturnal desaturation epi-
sodes.'”?' Additionally, many patients with COPD may
live on the steep part of the oxygen desaturation curve,
where changes in P,o, lead to changes in S;0,.

The wide availability of pulse oximetry has focused
attention on oxygen desaturation. Unfortunately, changes in
Paco, are often neglected (and much less studied) because
of the difficulty in obtaining an arterial measurement or the
cost of noninvasive measurements such as transcutaneous
CO,. Although not well studied, it is hypothesized that
chronic hypercapnia begins with nocturnal increases in
CO, that are not fully cleared during the day.

The Overlap Syndrome: COPD and OSA
OSA is characterized by repetitive collapse of the upper air-

way during sleep, resulting in intermittent hypoxemia and
arousals from sleep. It results in neurocognitive (eg, daytime
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Fig. 1. Example of nocturnal oxygen desaturation. The top graph shows the electroencephalogram (EEG) sleep stages with rapid-eye move-
ment sleep (REM) in bold. The lower graph shows transcutaneous oxygen measurements during sleep in a subject with COPD. Hypoxemia
worsens during sleep, most substantially during REM sleep. From Reference 17, with permission.
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Fig. 2. Kaplan-Meier survival curves for outcomes among subjects
with COPD, overlap subjects on CPAP, and overlap subjects without
CPAP. CPAP treatment was not randomly assigned, which is a source
of potential bias, although markers of disease severity were similar,
on average, in the treated and untreated groups. Overlap = COPD
and obstructive sleep apnea. From Reference 29, with permission.

tiredness, motor vehicle accidents) and cardiovascular (eg,
hypertension, myocardial infarction, strokes) consequences. It
is a common disease, thought to occur in 1 of 5 middle-aged
men, and in 1 of 10 middle-aged women.** Relevant for this
discussion, OSA is so prevalent that there are likely many
patients with COPD who also have OSA. David Flenley
coined the term “overlap syndrome” to refer to those “‘blue
bloaters” with COPD who also had OSA."” He believed that
such patients had a distinct clinical course compared to those
without OSA.

Questions remain about the true epidemiology of overlap
syndrome and whether there is any shared pathophysiology.
Prevalence rates in the literature of overlap syndrome are
heavily influenced by the population studied, whether a com-
munity sample or a referral population. For example, the
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Sleep Heart Health Study, which utilized a community-based
sample, reported that there was only a 0.5% prevalence of
overlap syndrome, with generally only mild obstructive lung
disease.? In a Veterans Administration population, however,
which was older and included more subjects who had previ-
ously smoked, the prevalence was 39%.>* Finally, Soler and
colleagues performed polysomnography in subjects with
COPD enrolled in a pulmonary rehab program. In this cohort
who had moderate to severe OSA, the prevalence of co-
existing COPD was 65%.%

One factor in assessing OSA burden in patients with
COPD is that the definition of hypopnea depends on oxy-
gen desaturation. Thus, patients with COPD may have a
greater tendency to desaturate (and meet criteria for a diag-
nosis of OSA) then those with a similar tendency for upper
airway collapse without lung disease.*® Alternatively, there
may be mechanisms by which one disease predisposes to
the other. For example, it may be that smoking (or inhaled
steroid use for patients with COPD) blunts the reflexes of
the upper airway, predisposing to collapse and OSA
(reviewed by Owens and colleagues®’*®).

Whatever the true prevalence and pathophysiology, data
suggest that patients with overlap syndrome have worse out-
comes compared to those with COPD alone. Marin et al®
reported that, over 12 y, individuals with overlap syndrome
had considerably greater mortality compared to those with
COPD alone (Fig. 2). Although the data are observational
and therefore subject to a number of biases, subjects who
used CPAP had similar mortality compared to those with
COPD alone, and this observation has been made in other
cohorts.***! Data also suggest that diagnosis and treatment of
OSA in patients with COPD can reduce hospitalizations.*?
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Fig. 3. Summary of ventilatory settings in many of the studies examining the use of noninvasive ventilation in stable COPD. IPAP = inspiratory
positive airway pressure, EPAP = expiratory positive airway pressure. From Reference 39, with permission.

Conversely, treatment of overlap syndrome with supplemen-
tal oxygen alone, at least in a one-night study, resulted in
higher P,co, and lower pH values at the end of respiratory
events.” Clinically, the rise in nocturnal rise in P,co, in indi-
viduals with COPD given supplemental oxygen may lead to
morning headaches, a sign to consider OSA/overlap as a rele-
vant diagnosis.*

Taken together, the above data suggest that clinicians
who care for patients with COPD should screen their
patients for OSA. Unfortunately, it is unclear how well tra-
ditional risk factors for OSA predict overlap syndrome in
those with COPD.* Another clue to undiagnosed OSA is
the development of hypercapnia or pulmonary hypertension
despite relatively preserved spirometry.?*’

COPD and Noninvasive Ventilation

The benefits of noninvasive ventilation (NIV) for those
with an exacerbation of COPD are well established. The
focus of this review is the value of NIV for individuals with
stable chronic hypercapnic COPD. Although not formally
defined, “‘stable” and “‘chronic” suggest otherwise optimal
treatment of COPD, far removed from exacerbation.
Different interventional studies have used different levels of
Paco, to define hypercapnia.

A Historical Review of the Evidence

Like the use of oxygen, there is a long history for the use
of NIV, even negative-pressure ventilation (eg, an iron
lung) in patients with COPD.*® However, the data have
been more mixed compared to oxygen for a variety of rea-
sons. First, as mentioned previously, the assessment of
Paco, or its surrogates is less facile than measurement of
P,o, or its surrogate. Second, and related, the target for
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improving P,o, or S0, is more clear than that for Pyco,.
Third, devices to improve ventilation and hence P,co, are
less comfortable than oxygen. Fourth, optimum settings for
such devices are still unknown. The result of these difficul-
ties is that there have been a variety of (usually small) stud-
ies with different interventions and variable results (Fig.
3).* The study by McEvoy et al*® in 2009 (not included in
Fig. 3) is one of the larger ones, in which 144 subjects with
stable hypercapnia (defined as P,co, > 46 mm Hg) were
randomized to usual care versus NIV. Here ventilation was
provided in a spontaneous mode, with inspiratory pressures
of ~ 13 cm H,O. Although adherence was good, there was
no difference in mortality in the unadjusted analysis, and
quality of life was worse.

High-Intensity NIV

Since the 2000s, some groups have advocated for the use
of so-called high-intensity NIV, which refers to the use of
high inspiratory pressures and a backup rate to drive down
P.co,.*"** In the reported studies, the typical inspiratory
pressures were > 25 cm H,0, and the backup breathing
rate was > 20 breaths/min. Randomized data were lacking,
however, until the publication of the landmark study by
Kohnlein et al*® in 2014. In this study, subjects with GOLD
stage IV COPD with P,co, > 51 mm Hg and no recent
exacerbation were randomized to NIV with a high-intensity
strategy. The 195 subjects had mean age of ~ 63 y, body
mass index ~ 25 kg/m?, FEV, 27% of predicted, and base-
line Pyco, of ~ 58 mm Hg. Most were on long-term oxygen
therapy. On NIV, the mean inspiratory pressure was
21.6 cm H,O and the mean backup rate was 16 breaths/
min. Adherence was quite good, with a mean use of 5.9 h/
d, and ultimately P,co, dropped to 49 mm Hg over 1 y of
use (compared to a decrease to 56 mm Hg in the control
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Fig. 4. Kaplan-Meier estimate of cumulative all-cause mortality dur-
ing the first year after randomization. Results are from the study by
Kéhnlein et al,*® a randomized controlled trial of high-intensity non-
invasive ventilation for stable hypercapnic COPD. P value is based
on log-rank test of between-group difference. From Reference 43,
with permission.

group). Mortality was strikingly improved, with 12% of
subjects in the NIV group dying within 1 y compared to
33% in the control group, emphasizing the severity of ill-
ness in these subjects (Fig. 4). Importantly, quality of life
was improved in the intervention group.

Another important recent study was the HOT-HMV
study published in 2017.* Similar to the work by Kohnlein
et al,* the subjects included in this study were quite ill:
potential subjects had had a recent exacerbation of COPD,
yet Paco, remained > 53 mm Hg, and they required long-
term oxygen therapy. Again, a high-intensity strategy
resulted in a statistically and clinically important reduction
in the combined end point of admission-free survival.

There are several important caveats for these studies.
First, subjects were enrolled at least 2 weeks after any
recent exacerbation. That is, they were not sent home from
the hospital with NIV following an exacerbation. Second,
both studies excluded patients with known OSA or those
with a body mass index > 35 kg/m* Third, initiation of
NIV often took place in hospital.

Struik and colleagues*® examined the possibility of ini-
tiation of NIV at the time of exacerbation of COPD with
hypercapnia. Patients with COPD are at risk for readmis-
sion, and each COPD exacerbation contributes to worse
outcomes.***® Thus, the so-called Rescue Trial enrolled
201 subjects during hospital admission and randomized
them to high-intensity NIV versus usual care. Perhaps sur-
prisingly, there was no difference in mortality at 1 y. One
interpretation of these results is that many of the subjects in
the Rescue Trial would not have had persistent hypercap-
nia. Indeed, in the HOT-HMYV trial, about 20% of potential
enrollees no longer met criteria for hypercapnia when they
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were re-evaluated 24 weeks after discharge from their
recent exacerbation. These findings have practical implica-
tions about the timing and location of delivery of NIV
therapy.

2020 Guidelines for NIV in Stable Hypercapnic COPD

As a result of the research discussed here, both the
European Respiratory Society (ERS) and the American
Thoracic Society (ATS) produced updated clinical practice
guidelines in 2020 for NIV in individuals with COPD.*-°
These separate efforts both used the GRADE methodology,
and both addressed similar questions (with some other
questions unique to each group).”’ In the GRADE context,
a strong recommendation suggests that most patients should
receive the intervention, and that adherence to this recom-
mendation could be used as a quality criterion. Weak or
conditional recommendations suggest that most patients
and providers should consider the intervention, but imple-
mentation may be motivated by individual concerns.

First, both societies recommended the use of NIV for indi-
viduals with stable hypercapnic COPD, although the recom-
mendations were both considered weak rather than strong.
The recommendation was weak in that the data are not con-
clusive, although the data suggest trends toward reduced mor-
tality, hospitalization, and improved quality of life. Certainly,
real-world considerations about implementation such as ad-
herence and cost are important areas for further research.

Second, both societies recommended the use of a high-
intensity, P,co,-targeted approach. Even considering only
studies using a high-intensity approach, the aggregated data
do not clearly show benefit in terms of mortality and other
outcomes for those with COPD. In addition, there are no
studies directly comparing a low-intensity approach versus
a high-intensity approach. However, the additional resour-
ces needed to implement this strategy are relatively limited.

Third, both societies addressed timing for initiation of
NIV for hypercapnic COPD. Consistent with the studies
presented here, the ATS guideline®® recommended against
initiation of NIV immediately following an exacerbation,
instead favoring reassessment for hypercapnia 24 weeks
after resolution, unless patients are persistently hypercapnic
and cannot be weaned from NIV while in the hospital. The
ERS guideline® suggests that such a reassessment could be
considered but was not necessary (ie, NIV treatment could
begin or extend after an exacerbation). As reflected in these
slightly different recommendations, there are no studies
examining which hospitalized patients will have resolution
of hypercapnia versus those who will not; further, the
improvement in P,co, after COPD exacerbation has not
been examined rigorously. Thus, the 2—4 week reassessment
of the need for NIV reflects a single well-done study, but this
may not be the optimal time frame.
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Practical Questions for Initiation of NIV

While there is broad agreement based on the current litera-
ture that NIV should be provided, major questions remain.

How Well Is High-Intensity NIV Tolerated? Most clini-
cians in the United States have little experience with such
high inspiratory pressures or backup rates. Most studies of
high-intensity NIV are based in Europe and rely on in-hos-
pital acclimatization and titration, which might not be pos-
sible in the United States. However, there are several
studies to suggest that high-intensity NIV is better tolerated
then low-intensity NIV.>? Dreher and colleagues™ used
both high-intensity and low-intensity NIV, in random order,
for 6 weeks. Interestingly, subjects who started on high-in-
tensity settings had better adherence (as hours/night) com-
pared to those who started on low-intensity settings, and
then when transitioned from high to low settings usage
dropped. Conversely, hours of use per night increased
when going from low to high settings. Thus, while adher-
ence is important, the high-intensity pressure settings them-
selves might not be expected to reduce adherence. Of note,
the high-intensity strategy is associated with reduced respi-
ratory muscle activity (measured with electromyogram),
suggesting more offloading of intrinsic work, although the
mechanism by which lower P,co, might lead to improved
outcomes is not known.>

Where, When, and How Should Therapy Be Initiated?
Most studies of NIV have initiated and titrated therapy
while in hospital. Another alternative might be to have
patients undergo titration in the sleep laboratory, where
they could be introduced to equipment by a registered poly-
somnographic technologist (RPSGT) or CPAP technician.
However, it is important to consider that the goal of P,co,
reduction is best accomplished over days to weeks, not in a
single night, which might cause harm.>* An alternative
approach then would be to start NIV in the home and adjust
settings over time, which is feasible with modern machines
that have wireless capability for adjustment as well as
advanced monitoring capabilities. Duiverman and col-
leagues™ recently demonstrated the noninferiority (and
lower cost) of this approach compared to hospital initiation
of therapy. Of note, in this study the mean time in hospital
for acclimatization was 7 d. The ATS guideline®® suggests
against in-laboratory initiation of NIV for similar reasons.
There are a number of ventilation modes that could be
used for individuals with COPD and hypoventilation. In
particular, volume-assured pressure support (VAPS) modes
could be used to automatically titrate inspiratory pressure
and then backup breathing frequency to achieve a specified
minute ventilation.”® While theoretically attractive, few
data exist regarding the long-term use of these modes in
patients with hypercapnic COPD, and nearly all of the prior
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research has been performed with fixed pressure modes.
Thus, the ERS guideline recommends the use of fixed pres-
sure settings.

A related issue, at least in the United States, is how a clini-
cian is able to order devices that provide a backup rate.
Currently, Medicare guidelines (often followed by other
payers) allow for provision of bi-level positive airway pres-
sure without a backup breathing frequency after a variety
of criteria are met. Specifically, daytime hypercapnia
(Paco,> 52 mm Hg) must be documented with arterial blood
gas analysis; there must be at least 5 min of oxygen desatura-
tion = 88% despite supplemental oxygen therapy; and OSA
and CPAP treatment must be considered (sleep study not
required). Only after initial therapy with this basic device
and again with a variety of diagnostic procedures can a de-
vice with a backup rate be ordered. Perhaps in part because
of these requirements, it may be easier to prescribe and
receive a home mechanical ventilator than a less costly bi-
level device with a backup rate.”””® The current guidelines
for NIV provision in those with COPD are from 1998, and
an update incorporating new science and technology is
clearly required.

Consideration of OSA. As mentioned above, overlap syn-
drome is a common disorder, yet most of the studies of
NIV in subjects with COPD above excluded those with
OSA or those at risk of OSA from obesity. There may be
advantage to correctly diagnosing OSA in a patient with
COPD and hypercapnia before the start of NIV. OSA may
contribute to obesity hypoventilation as another cause for
elevated P,co,.”” The diagnosis of obesity hypoventilation
is often delayed, and misdiagnosis, especially with obstruc-
tive lung disease, is common.®® Additionally, patients with
COPD and OSA might be treated effectively with CPAP,
similar to some patients with obesity hypoventilation who do
not require NIV.®' There is also the theoretical concern that
NIV may be less effective if the expiratory positive airway
pressure is set too low to keep the upper airway open. For
these reasons, the ATS guideline®® recommends screening
for OSA before initiation of NIV but does not recommend
consideration of OSA before initiation of NIV and does not
require polysomnography at all, which might delay care.

Unanswered Questions and Summary

There are many questions and areas for research in this
arena. Identifying the patients most likely to benefit from
NIV is a priority. Other than invasive arterial blood gas
measurements, are proxy measures such as transcutaneous
estimates adequate? Will nocturnal changes in P,co, be
more useful than daytime values in determining those likely
to benefit from nocturnal NIV? Although patient selection
is likely very important for improved outcomes with NIV,
difficulty in obtaining arterial blood gas measurements in
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the out-patient setting might mean that many patients with
COPD are not recognized as appropriate candidates.
Whether the drop in P,co, is the cause of improved out-
comes, a marker for sufficient ventilation, or unrelated to
the improved outcomes observed is also unclear. The opti-
mal modes and settings for NIV are also unknown. Finally,
many of the seminal studies discussed above provided addi-
tional support for patients in addition to NIV; these addi-
tional resources are likely unavailable in the United States
when starting on NIV.

Despite these questions, the use of NIV is on substan-
tially firmer footing than any time in the last 40 years.
There are few interventions for patients with COPD shown
to improve both quality of life and mortality. Dr Petty rec-
ommended that we not treat an elevated P,co, of 70 mm
Hg in the absence of other symptoms. However, the data
presented here suggest that it is increasingly clear that we
can and should do so to improve patient-centric outcomes.
Many barriers remain to implement current practice guide-
lines, and advocacy efforts from patients and their physi-
cians are needed.
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