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Abstract

Sleep-disordered breathing is an underrecognized comorbidity in the cystic fibrosis (CF) population across the lifespan. Noctur-
nal hypoxia, obstructive sleep apnea (OSA), and nocturnal hypoventilation are respiratory abnormalities that occur commonly
during sleep, and have deleterious consequences to quality of life in people with CF. Effective screening for these abnormalities
is needed to allow for the timely initiation of treatment. Lack of treatment leads to worse pulmonary, cardiovascular, and
metabolic outcomes in patients. In this review, we give an overview of sleep-disordered breathing for the CF clinician, including
definitions, treatment, and suggestions for future research. We strongly encourage the CF community to incorporate evalua-
tion for sleep-disordered breathing, so that outcomes for the subset of the patients with coexisting sleep-disordered breathing

improve.

Introduction

Given the well-recognized coexistence of sleep-disordered breathing and obstructive lung diseases such as
COPD and asthma , it is not surprising that sleep-disordered breathing also coexists with cystic fibrosis
(CF)."* Sleep architecture, the cyclical pattern of sleep between different sleep stages, is similar in CF
patients compared to normal controls; however, CF patients have impaired subjective sleep quality.® Poor
sleep quality can be due to upper airway disease such as sinus disease, structural lung disease, chronic cough,
use of medications including opioids, and the prevalence of sleep-disordered breathing.® Sleep-disordered
breathing encompasses a broad spectrum of respiratory abnormalities during sleep, ranging from primary
snoring, respiratory event related arousals (RERAs), nocturnal hypoxia, obstructive sleep apnea (OSA),
and hypoventilation. Primary snoring does not have physiological consequences; however, other respiratory
abnormalities during sleep, especially OSA, can have significant deleterious effects.

Untreated sleep-disordered breathing can adversely affect outcomes in patients with chronic lung disease”,

and therefore it is essential that CF clinicians expeditiously screen, diagnose, and treat sleep-disordered
breathing in the CF population. In this review, we focus on three clinically relevant categories of sleep-
disordered breathing: nocturnal hypoxemia, obstructive sleep apnea, and nocturnal hypoventilation.® We
will also discuss proposed areas for future research, and suggest key practical take home points for the non-
sleep trained CF clinician.

We acknowledge that other sleep disorders such as insomnia, periodic leg movements and circadian rhythm
disturbances are prevalent in individuals with CF, but these are outside the scope of this review. In addition,
we will not be covering respiratory related arousals and central sleep apnea, as little is known about these
conditions as it specifically applies to the CF population®.

Significance of Sleep-disordered breathing in the CF population



Insufficient sleep, which can be a consequence of sleep-disordered breathing, has been recognized as a risk
factor for mortality in young adults and is of high concern'®. Sleep complaints occur in 40% of children
with CF, with 70% reporting daytime sleepiness''. It is important to note that neither malnutrition nor
respiratory muscle weakness are necessary to develop hypoxemia or hypercapnia during sleep, putting a
larger portion of the CF population at risk for sleep-disordered breathing than was originally believed 2.
Obstructive sleep apnea in particular is noted to have a high prevalence in CF children, and OSA can lead to
deteriorating school performance, failure to thrive, and worsening lung function'®. Besides, sleep-disordered
breathing in children with chronic pulmonary diseases including CF can lead to neurocognitive effects that
hamper development s'4. Therefore, it is important that CF pediatric providers are aware of the impact of
sleep-disordered breathing in their patients.

As the CF population overall has improved longevity, medical conditions that are associated with sleep-
disordered breathing such as obesity, diabetes, and cardiovascular diseases are emerging.'®18 It is

important to acknowledge that the adult population with CF has exceeded the pediatric population since
2015, and increased age is known to be a major risk factors for the development of sleep-disordered
breathing.'®20 Improvement in genetic diagnosis of CF has also led to milder phenotypes of CF being
recognized in later life ,2! when patients are at risk for other age related comorbidities. Also, as this popu-
lation gains weight, the risk for OSA in particular is increased. A study by Peppard et al. has shown that a
10% increase in weight increases the risk of OSA 6-fold.?° Cardiovascular complications

such as hypertension, coronary artery disease, and stroke have been described in adults with OSA?22, 23 24,
Autonomic dysfunction in OSA is associated with impaired glucose tolerance?®, and the implications

of the development of diabetes is well known to CF clinicians. In addition, fragmented sleep caused by sleep-
disordered breathing is known to cause fatigue, which is highly prevalent in CF and negatively associated
with wellbeing and emotional health 26. The fragmented sleep that leads to fatigue is a result of frequent
nocturnal awakenings. It has been shown that forced expiratory volume in 1 second (FEV;) inversely
correlates with the number of nocturnal awakenings, which means there is more fragmented sleep as lung
function declines.?”

Without question, the above concerns highlight that CF clinicians need to be looking for and treating
sleep-disordered breathing in these patients.

Sleep-disordered breathing: Screening tools and definition of key terms

Presently, there are no screening guidelines for sleep-disordered breathing in pediatric or adult CF patients.
Screening questionnaires and tools exist for obstructive sleep apnea (OSA) in the non-CF population, but
there are no tools for screening for the rest of the spectrum of sleep-disordered breathing. Objective tests
exist to diagnose nocturnal hypoxia , apneas, and nocturnal hypoventilation.

Nocturnal hypoxemia is defined as oxygen saturation [?]90% in children and [?]88% in adults for >5 minutes.
As per the AASM definition, hypoventilation during sleep in children is defined as arterial PCOs (or surro-
gate) being greater than 50 mm Hg for more than 25% of total sleep time. For adults, sleep hypoventilation
is scored when the arterial PCOs (or surrogate) is > 55 mm Hg for [?] 10 minutes or there is an increase
in the arterial PCO2 (or surrogate) [?] 10 mm Hg (in comparison to an awake supine value) to a value
exceeding 50 mm Hg for [?] 10 minutes.®

Of all the sleep disordered breathing disorders, OSA has the most abundant tools and screening question-
naires, both for pediatric and adult populations. In the pediatric population, modified questionnaires and/or
the presence of snoring are used for further evaluation of OSA.2® It has been recommended by the American
Academy of Pediatrics that enquiring about snoring at each clinical visit may be a sensitive screening mea-
sure for OSA that is quick and easy to perform.?® In adults, multiple different tools are available for OSA
screening, such as STOP-BANG, Berlin Criteria, and the Epworth Sleepiness Scale (ESS).

In the pediatric population, obstructive apnea has been defined as a decrease in nasal pressure or oronasal



thermal airflow [?] 90% of pre-event baseline for [?] 2 breaths with presence of respiratory effort.3® Hypopneas
in the pediatric population are identified by a decrease in nasal pressure or oronasal thermal airflow [?] 30% of
pre-event baseline for [?] 2 breaths with [?] 3% oxygen desaturation from pre-event baseline or an associated
arousal. The diagnostic criteria for OSA in children is the presence of [?] 1 obstructive apnea or hypopnea
per hour of sleep (apnea-hypopnea index (AHI) [?] 1 per hour).®

In adults, obstructive apnea has been defined as a decrease in nasal pressure or oronasal thermal airflow
[?] 90% of pre-event baseline for [?] 10 seconds with continued or increased inspiratory effort.3® Hypopneas
are defined as decrease in nasal pressure or oronasal thermal airflow [?] 30% of pre-event baseline for [?]
10 seconds with [?] 3% oxygen desaturation from pre-event baseline.3’ The diagnostic criteria for OSA in
adults is the presence of [?] 5 obstructive apneas or hypopneas per hour of sleep or per hour of monitoring
(AHI [?] 5 per hour).8

Hypoventilation in sleep, defined by a decrease in minute ventilation, is normal in healthy controls and
is more pronounced in those with lung disease. In rapid eye movement (REM) sleep, respiratory muscle
function is reduced, during which diaphragm contraction is preserved, and minute ventilation can decrease
more than 15% in this phase of sleep in normal individuals®!. This decrease of respiratory muscle function
in patients with lung disease is more pronounced” , and furthermore, patients with hyperinflation have
decreased diaphragm contraction®32. A decrease in minute ventilation while asleep can lead to hypercapnia.

Diagnosis of Sleep-disordered Breathing

The American Academy of Sleep Medicine (AASM) strongly recommends using objective testing to diagnose
the entire spectrum sleep-disordered breathing and not relying solely on screening questionnaires, tools and
prediction algorithms.?"

Using oximetry alone is not valid for diagnosing sleep-disordered breathing as it will not diagnose hypercap-
nia and can underestimate the severity of sleep-disordered breathing.3® Actigraphy, which measures sleep
parameters and the average motor activity over a period of days to weeks using a noninvasive accelerometer,
shows evidence of poor and fragmented sleep in CF but does not allow for the diagnosis of nocturnal hypoxia,
OSA, or nocturnal hypoventilation®*. Home sleep apnea tests are not recommended in the CF population
because they are limited to assessing the sleep-wake pattern but do not reveal other sleep disturbances.

The gold standard diagnostic test for sleep-disordered breathing in the CF population is an overnight,
attended, in-laboratory polysomnography (PSG).?* A PSG is a noninvasive diagnostic test that monitors
EEG to determine sleep staging, oronasal airflow and abdominal/chest wall movement to determine the
presence of sleep disordered breathing, end-tidal or transcutaneous carbon dioxide (COs) monitoring to
determine the presence of hypoventilation, in addition to several limb leads to evaluate for periodic limb
movements (PLMs).3? In addition, there is video monitoring to evaluate for sleep movement disorders.3°

The AASM recommends that PSG be used in patients with underlying cardiopulmonary disease, respiratory
muscle weakness, hypoventilation, and/or chronic opioid use to diagnose sleep-disordered breathing.?? PSG
will allow for the diagnosis of nocturnal hypoxia, obstructive sleep apnea, and nocturnal hypoventilation.
Therefore, CF patients will benefit the most from PSG when sleep-disordered breathing is suspected.

Nocturnal Hypoxia: Physiological Consequences in CF

Nocturnal desaturation is common in CF, can be harmful, and often exists independently of obstructive sleep
apnea.?® One proposed mechanism for hypoxemia is atelectasis of the distal airways leading to a ventilation-
perfusion (V-Q) mismatch.?In addition, sleep hypoxemia and hypercapnia correlate with the degree of
nocturnal ventilatory deficits seen with more severe lung disease in CF.37 Repeated episodes of hypoxia
can lead to deleterious effects on the right heart and development of pulmonary hypertension.?® Also, it is
important to note that the cystic fibrosis transmembrane conductance regulatory protein (CFTR) has been
examined as a functional contributor to hypoxia induced pulmonary hypertension.?? Nocturnal desaturation
in COPD patients has been shown to increase C-reactive protein, which can increase cardiovascular disease,
but similar effects have not been demonstrated in the CF population.*°



Isaiah et al found that the percent predicted FEV; was the best predictor of sleep hypoxemia in children
with CF referred for PSG.#! A threshold of FEV1 < 64% was seen to have good sensitivity and specificity
to predict nocturnal hypoxemia by de Castro-Silva et al.?6 Resting awake SpOs, when low, can be predictive
of nocturnal oxygenation but studies have been unable to find a threshold that reliably excludes those that
will not desaturate.?®Fauroux et al have found some correlation of nocturnal hypoxemia with daytime blood
gases, reporting that daytime partial arterial oxygen pressure correlated with mean and minimal nocturnal
Sp0,.37 Six minute walk test desaturation is not predictive of nocturnal desaturation.*? The current daytime
predictors of nocturnal hypoxemia continue to be variable in their reliability, and many continue to follow the
recommendation of Frangolias and colleagues to consider nocturnal pulse oximetry in patients with moderate
to severe CF lung disease.?®

It has been suggested that the first clinical action after diagnosing nocturnal hypoxemia is to optimize treat-
ment of lung function.*! Treatment of pulmonary exacerbations in cystic fibrosis results in improvement of
nocturnal hypoxemia, but awake saturation did not immediately return to normal.*3Salvatore and colleagues
have demonstrated that nocturnal use of inhaled salmeterol in albuterol responsive CF patients can reduce
nocturnal hypoxemia.** In addition, it is important to note that nocturnal oxygen therapy used in isolation
may increase CO, and could have a negative impact.*®

A Cochrane review evaluating short term oxygen use in advanced CF lung disease concluded that oxygen
therapy during sleep and exercise improves oxygenation, but is associated with a modest hypercapniaS.

Obstructive Sleep Apnea (OSA)

In the spectrum ranging from snoring to respiratory event related arousals (RERAs) to OSA, OSA is the
most pathologic. In a study with 63 children and adolescents with CF between the ages of 2 and 14 years, the
prevalence of polysomnogram-identified OSA has been reported to be 55.6%.%7 Similarly, a study by Spicuzza
et al. demonstrated that 70% of the 40 children between the age of 6 months and 11 years with stable CF
had OSA.'3 Of note, in children without underlying lung disease, the prevalence of OSA has been reported
to be 1% to 4%.8 Although both groups of children with OSA share common factors such as adenotonsillar
hypertrophy, craniofacial abnormalities such as micrognathia or midfacial hypoplasia, the children with CF
have increased chronic rhinosinusitis (CRS).%47 Increased respiratory resistance and hypoventilation related
to acute and chronic inflammation has been cited as a potential mechanism for upper airway obstruction.*8

To our knowledge, there are no studies specifically examining the relationship between CF related CRS and
OSA, however the literature surrounding non-CF CRS and OSA can be extrapolated to CF related CRS. CRS
has been shown to be strongly associated with poor subjective sleep quality and unequivocally associated
with OSA.49-51With respect to the latter, Jiang et al found that up to 64.7% of adult patients with CRS
had comorbid OSA on polysomnography (PSG).*° In contrast, Alt et al identified OSA in only 15% of adult
patients with CRS.?° Mahdavinia et al. examined how CRS affects polysomnography findings in patients
with comorbid OSA. They compared patients with both CRS and OSA to patients with OSA and without
CRS, and found that the AHI (Apnea-Hypopnea Index )between the two groups was similar suggesting that
CRS may not significantly impact AHI.®? The effect of CRS, if any, on OSA has been theorized to be related
to increased nasal airway resistance and sequelae of chronic inflammation.?® It has also been posited that
chronic post-nasal drainage associated with sino-nasal inflammation can induce inflammatory, obstructive
changes in the upper airway including the soft palate and uvula.®?

OSA is not known to be as common in adults as in the pediatric population with CF. In a cross-sectional
study with 51 stable CF adults (mean age 25.1 years), only two CF patients (3.9%) met the standard criteria
for OSA.®> One major study in a non-CF population has reported prevalence rates in men and women as
high as 24% and 9% respectively.® Studies with adult CF patients have been limited due to the sample size,
lack of diversity, lack of an older age group which potentially underestimates the prevalence.?

Nocturnal Hypoventilation

Hypoventilation occurs when alveolar ventilation does not result in sufficient oxygen uptake or carbon diox-



ide output. Occasional nocturnal hypoxemia occurs in normal subjects without significant physiological
consequences, however, in patients with CF, normally occurring variations in gas exchange during sleep can
be consequential with underlying advanced lung disease. Several mechanisms have been identified that may
lead to hypoventilation in CF patients. Patients with CF have an increased incidence of kyphosis, which
results in decreased compliance or elasticity of the chest wall®*. In addition, CF patients are often malnour-
ished and have hyperinflation. =~ Though both malnutrition and hyperinflation should lead to respiratory
muscle weakness in patients with moderate to severe lung disease, the findings are not substantiated'2. In a
study of 64 adults with mild to moderate lung disease , FEV1 65+19%, when compared to normal controls,
these subjects had normal respiratory muscle strength as measured by PI/PE max®®. CF patients may also
be at increased risk of hypoventilation due to opioid use that are often prescribed for pain control in ad-
vanced CF lung disease®®. Finally, increased risk of sleep disordered breathing may also lead to nocturnal
hypoventilation. In normal healthy individuals, during sleep there is an increase in upper airway obstruction
and decrease in the central drive to breathe. In individuals with CF, although V-Q mismatch may lead to
nocturnal hypoxemia, the major contributor to gas exchange abnormalities results from hypoventilation®”
. These findings were more pronounced during REM sleep, which is also associated with reduced minute
ventilation mainly due to a decrease in tidal volume'!3!.

Treatment

The common mainstays of management for sleep-disordered breathing include oxygen therapy and noninva-
sive ventilation (NIV) such as continuous positive airway pressure (CPAP), bilevel positive airway pressure
(BiPAP) or more advanced therapy. Oxygen therapy alone, however, should be looked at with caution in
our patient population as it may worsen hypoventilation®”. In children, therapeutic options include surgical
options such adentonsillectomy as first line treatment for OSA. Additional options for OSA in adults include
oral devices, glossopharyngeal nerve stimulation, myofunctional therapy and positional devices?®6°. Phar-
macologic therapies for OSA, such as montelukast and nasal steroids have shown mixed results in pediatric
and adult populations, with some benefit to montelukast being seen in children but not adults®!:62.

There are no clear guidelines or recent literature available for treatment of isolated nocturnal hypoxemia.
Although there are studies evaluating use of oxygen therapy based on daytime hypoxemia, studies treating
based on nocturnal hypoxemia are sparse.®>Multiple older studies exist recommending caution with using
oxygen therapy alone at night for treatment due to worsening hypercarbia.*>46 In a 12-month randomized
prospective trial, Milross et al. studied the long term effects of NIV, with or without oxygen and low
flow oxygen on event free survival in adults with CF already diagnosed with nocturnal hypoxemia by a
PSG.?" Events were defined as development of hypoventilation, lung transplantation, or death.’” They also
followed for outcomes such as hospitalization, lung function, and health-related quality of life.>” Their aim
was to determine if adults with CF and nocturnal desaturations were less likely to develop hypercapnia on
low flow oxygen or non-invasive ventilation.?” They concluded that NIV with or without oxygen increased
event free survival compared to treatment with oxygen alone.?” This emphasizes that CF providers need to
use caution if prescribing oxygen therapy alone.

Noninvasive positive pressure ventilation is not completely new to the cystic fibrosis population, and has
been successfully already been incorporated in the care plan for certain patients. In stable CF patients
with awake hypercapnia, a six week trial of nocturnal noninvasive ventilation showed improved nocturnal
hypoventilation and peak exercise capacity without improving lung function or awake hypercapnia®®. No-
ninvasive ventilation has also been evaluated in cystic fibrosis patients as an adjunct to airway clearance
techniques,®°:% particularly in patients having trouble expectorating sputum.®® The rationale is that in pa-
tients with severe lung disease, airway clearance therapy results in energy expenditure and use of noninvasive
ventilation could allow for decreased work of breathing and fatigue.5” In addition, noninvasive ventilation is
used pre- lung transplant, and has been shown to slow the decline in lung function in this patient subset®®.
It stands to reason that patients prescribed noninvasive ventilation for sleep-disordered breathing may also
have additional benefits such as improved airway clearance, increased peak exercise capacity, and a slower
decline in lung function; however, dedicated studies looking at these outcomes are necessary.



Future Directions

The sleep community is aware of the long-term consequences of untreated sleep-disordered breathing. Alt-
hough few articles specifically look at untreated sleep apnea in the CF population, it is reasonable to extra-
polate that the CF population is at risk for these consequences as well. Gastroesophageal reflux is associated
with sleep-disordered breathing®, and this has well known effects on failure to thrive in the pediatric CF
population. Cardiovascular complications such as hypertension, coronary artery disease, and stroke have
been described in adults?? 2324, Sleep-disordered breathing in other chronic lung disease patients has been
associated with the development of sequelae such as pulmonary hypertension, hyperlipidemia, insulin re-
sistance, increased susceptibility to certain infections, and increased inflammatory markers.%?-7®> Autonomic
dysfunction in sleep apnea is associated with impaired glucose tolerance?®, and the implications of the deve-
lopment of diabetes is well known to the CF provider community. All of these sequelae are known to affect
the quality of life in CF patients’®.

More research in CF specific sleep-disordered breathing is necessary to understand the natural course of sleep
across the lifespan. This information could assist the CF community to develop best practices in screening,
diagnosis, and treatment for sleep disordered breathing. The timing in disease course and lifespan to best
implement screening tools for sleep is unknown. The impact of modulator therapy is expected to be beneficial
for pulmonary outcomes, which should reduce rates of sleep-disordered breathing. However, modulators may
also increase rates of obesity, and then paradoxically increase rates of sleep-disordered breathing. The long
term sequelae of undiagnosed and therefore untreated sleep-disordered breathing may not be available to
us at this time, but studies looking at the impact of improved screening and effective treatment evaluating
outcome measures such as quality of life, improved lung function, CF exacerbations and hospitalizations,
and development of chronic medical conditions would be highly informative in guiding management of these
patients. Large studies such as this will inform future CF care, potentially leading to screening guidelines
for sleep-disordered breathing.

Conclusion

We have described the significant impact of sleep-disordered breathing in the CF population. Underdiagnosis
of sleep-disordered breathing leads to undertreatment, which adversely effects multiple outcomes in this
patient population. More studies are needed to understand the best screening modalities and treatment
options for CF patients. It is essential that our community closely look at this comorbidity, and build up our
comfort in screening for and treating this condition. As we await future research, we can make the following
recommendations with reasonable confidence:

(1) Pediatric CF clinicians should ask about snoring during routine visits.

(2) Existing screening questionnaires do not accurately guage sleep-disordered breathing in the CF popu-
lation. (3) When evaluating for sleep-disordered breathing in the CF population, an in-lab PSG should be
obtained rather than an HSAT. (4) CF clinicians should be cautious when prescribing oxygen alone for noc-
turnal hypoxia. (5) CF clinicians should be comfortable prescribing noninvasive ventilation for CF patients
with sleep-disordered breathing.
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