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Summary

Although better insights into the natural course of cystic fibrosis (CF) have led to treatment
approaches that have improved pulmonary health and increased the life expectancy of individuals
with this disorder, lung disease remains the main cause of morbidity and mortality in patients with
CF. Evidence suggests that airway epithelial defects in ions-water transport lead to dehydrated
mucus, impaired mucus clearance, and mucus adhesion to airway surfaces. An increase in mucin
secretion is also suggested by the formation of endobronchial mucus plaques and plugs, which
become the main sites of air flow obstruction, infection, and inflammation conducing to early small
airways disease followed by the development of bronchiectasis. The lung involvement is usually
progressive with intermittent exacerbations. Aggressive management and advances in treatment
delay, but, do not prevent progression of lung disease. Respiratory failure ensues and is the major
cause of death. The lung parenchyma is virtually untouched for much of the course of the disease.
This review focuses on the lung involvement in cystic fibrosis and summarizes new developments on
the diagnostic approach of CF and pathogenesis of related lung disease. Current therapeutic mo-
dalities, novel therapies targeting the basic genetic defect, and lung transplantation are also re-
viewed. Key words: cystic fibrosis; cystic fibrosis transmembrane regulator; airway surface liquid;
mucociliary clearance; endobronchial infection and inflammation; Pseudomonas aeruginosa; bronchi-
ectasis. [Respir Care 2020;65(2):233–251. © 2020 Daedalus Enterprises]
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Introduction

Cystic fibrosis (CF), a single-gene disease with auto-
somal recessive inheritance, is caused by a mutation (chem-
ical change) in the CF gene aptly named the CFTR (cystic
fibrosis transmembrane conductance regulator) protein.1

The CFTR protein forms a chloride channel that is critical
to efficient mucus transport. Mutations in CFTR disrupt
chloride secretion, sodium reabsorption, and water trans-
port, leading to mucus hyperconcentration and decreased
mucociliary clearance.1 Dehydrated mucus secretions lead
to endobronchial infection with a narrow spectrum of dis-
tinctive bacteria and exaggerated inflammatory response,
which result in the development of severe bronchiectasis
rather than fibrosis and, eventually, respiratory failure.2

In 2016, the median predicted survival among individ-
uals born with CF was 47.7 y, compared to 41.2 y in
2015.3 More than half of patients with CF living in the
United States are adults.3 These improvements in survival
are due to early diagnosis, better understanding of the
natural course of this disease, and better treatments, which
include aggressive nutritional support, enhanced mucocili-
ary clearance and mucus drainage, prompt antimicrobial
and anti-inflammatory therapy, timely treatment of pulmo-
nary exacerbations, infection control measures in and out-
side CF centers, and rapid identification and treatment of
CF-related complications.4 Although touching on various
important CF lung disease-related topics, this overview
does not intend to be comprehensive; rather, it provides
suggested readings for those interested in keeping abreast
of new advances in particular areas.

Clinical Manifestations

The earliest manifestations of CF are gastrointestinal
and nutritional disorders. Approximately 15% of infants
with CF present with meconium ileus at birth.5 Destruc-
tion of acinar pancreatic tissue, pancreatic duct obstruc-
tion, and lack of enzymatic activity lead to malabsorption
of fats and proteins and failure to thrive.5,6 Other non-
pulmonary presenting clinical findings that suggest the
need for a sweat test are electrolyte imbalance, rectal pro-
lapse, diabetes mellitus, recurrent pancreatitis, and male
infertility (due to congenital bilateral absence of the vas
deferens).5 Additional manifestations include digital club-
bing, chronic sinusitis, and nasal polyps; biliary cirrhosis,

although extremely rare, may be an isolated presenting
feature of CF.5

The onset and progression of clinical manifestations of
lung disease in CF is highly variable.7 Respiratory mani-
festations are uncommon in the newborn period, but older
infants may present with persistent coughing, recurrent
wheezing, tachypnea, and frequent lung infections. In some
countries, where neonatal screening for CF is not avail-
able, these respiratory symptoms are often misdiagnosed
as asthma or “recurrent bronchitis,” and, as a result, ap-
propriate therapy is frequently delayed.7 As the lung dis-
ease progresses, the patient with CF may experience short-
ness of breath and exercise intolerance.7

Establishing the Diagnosis

Although CF is more prevalent among whites, the dis-
ease has been reported among all ethnicities and nation-
alities. Therefore, CF should not be excluded in a patient
with suggestive clinical findings solely because of that
patient’s ethnicity. The estimated prevalence rate in whites
is 1:2,500; in Hispanics 1:3,500; in African Americans
1:15,100; in Asians, native Hawaiians and Pacific Island-
ers 1:31,000 to 1:100,000.2

Consensus guidelines from the Cystic Fibrosis Founda-
tion review the diagnostic approach to CF.8 Figure 1 pro-
vides an algorithm to recommend a sweat test for individ-
uals suspected of having CF because of a positive newborn
screening result (defined as any result other than normal),
the appearance of signs or symptoms, or a family history
of CF.8 The most commonly performed newborn screen-
ing method involves measuring the levels of immunore-
active trypsinogen, a pancreatic enzyme precursor, in
blood spots, which has a high sensitivity but low specific-
ity and yields many false-positive results. If the immuno-
reactive trypsinogen level is high, some states repeat the
test. Most states perform both an immunoreactive trypsino-
gen test and a DNA analysis. It is important to note that
even this DNA testing is still only a “screening test” for
CF and all infants with a positive newborn screening need
to be referred for a diagnostic sweat test.8

A sweat chloride level of � 60 mmol/L confirms a
clinical diagnosis of CF. A sweat chloride level in the
normal range (� 29 mmol/L) indicates that CF is improb-
able; however, sweat chloride values in the normal range
have been reported in the presence of certain CFTR mu-
tations,9 thus genetic analysis may be indicated in some
clinical situations even if the sweat test is in the normal
range.10 For individuals with intermediate sweat chloride
level of 30–59 mmol/L, genetic analysis is required. Fur-
ther testing for CFTR function, such as nasal potential
difference, and intestinal current measurement may also be
indicated and performed in a specialized diagnostic CF
care center.
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Some infants with a positive newborn screening and sweat
chloride levels of 30–59 mmol/L (or even �29 mmol/L if
2 CF mutations are detected) are designated as having CFTR-
related metabolic syndrome; in Europe they are designated
CF screen-positive inconclusive diagnosis.8 These infants
should be referred to a CF center for follow up on the devel-
opment of clinical manifestations of CF and to repeat sweat
testing over several years to monitor for the potential of sweat
chloride levels rising into the abnormal range. Clinical follow
up is also recommended for subjects with sweat chloride
values in the range of 30–39 mmol/L without any signs or
symptoms of CF. Thus, genetic testing, which involves ad-
ditional costs and possibly inconclusive results, could be
avoided.11

Many individuals born in United States prior to 2010
have not been screened; however, the algorithm remains
applicable to these individuals.12 The diagnosis of CF in
the non-screened population may be difficult because of
the age of onset, possibility of partial or complete pancre-
atic sufficiency, and the absence of typical clinical features

(ie, pulmonary and gastrointestinal) as a result of variable
levels of CFTR dysfunction. Presenting manifestations may
include pancreatitis, respiratory symptoms, chronic sinus-
itis, and male infertility.12

Cystic Fibrosis Genotype/Phenotype

The functional consequences of the CFTR mutations
may be grouped into 6 classes that represent alterations of
normal protein production, trafficking, and function at the
epithelial cell membrane, or a combination of these ab-
normalities. These classes of mutations give rise to a range
of phenotypes extending from classic CF to single-organ
involvement.13 Class I mutations cause a total or partial
lack of production of a functional CFTR protein, most
commonly as a result of a premature termination codon.
Class II mutations lead to misfolding of the protein and
failure of trafficking to the cell surface. Class III are
mutations where the gating mechanism fails to open in
response to intracellular signals. The majority of patients

Clinical presentation of CF:
Positive NBS

Signs and/or symptoms
Family history

Sweat Chloride Testing

2 CF-causing
CFTR

mutations

No CFTR
mutations

CFTR Genetic Analysis

Testing unavailable,
equivocal

CFTR dysfunction
preserved

CFTR dysfunction

CF Diagnosis CF Unlikely

CFTR genotype undefined or unknown MVCC

CF Diagnosis Not Resolved

CFTR Physiologic Testing
NPD/ICM

≥ 60 mmol/L ≤ 29 mmol/L30-59 mmol/L

Fig. 1. Simplified algorithm for how consensus statements should be applied to individuals suspected of having cystic fibrosis. From
Reference 8, With permission. CF � cystic fibrosis; CFTR � cystic fibrosis transmembrane regulator; NBS � newborn screening; MVCC �
mutation of varying clinical consequence; NPD � nasal potential difference; ICM � intestinal current measurement.
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in the Cystic Fibrosis Foundation Patient Registry are in
the mutation class I–III grouping, and these mutations char-
acteristically have little or no CFTR function. Class IV
mutations demonstrate reduced ion conductance. Class V
are splicing mutations that result in reduced amounts of
CFTR protein. Class VI mutations possess a shortened
half-life.13 In relation to disease severity, higher sweat test
values are observed among individuals in classes I–III
than in classes IV–VI (Table 1).

Although the prevalence of CFTR mutations differs
among populations, the most common CFTR mutation is
the p.F508del; 85.8% of individuals in the 2017 Cystic
Fibrosis Foundation Patient Registry have at least one copy
of this mutation with a homozygous prevalence of 45.3%.
There are � 1,800 CFTR variants reported, although not
all cause disease. The CFTR2 database only includes in-
formation about 322 of the most common CFTR variants.
It is important to note that not all patients with the same
variants have the same outcome.

Classes IV–VI mutations retain some residual CFTR
function and are more likely to be associated with pancre-
atic-sufficient CF.10 Lung function has a less clear corre-
lation between genotype and phenotype, and even patients
of the same genotype will report highly different lung
function.14 Lung function variability and a lack of clear
genotype-phenotype correlation for lung disease means
that, for any given patient, there is no reliable way to
predict lung function over time.15 For more information on
CFTR mutation databases, visit www.genet.sickkids.on.ca/
cftr/ and https://www.cftr2.org.

Pathogenesis of CF Lung Disease

Efficient mucociliary clearance is essential for respira-
tory health.16 The mucociliary clearance apparatus con-
sists of 2 hydrogels: a mucus layer and a periciliary layer.17

Effective mucociliary transport is dependent on proper hy-
dration of the airway surface liquid. Mucociliary clearance

may be impaired by abnormalities of ciliary motion or by
changes in the composition of mucus that make it less re-
sponsive to ciliary propulsion.17 In healthy persons, airway
epithelia can secrete or absorb ions and water, preserving
normal airway surface hydration (Fig. 2).18 The higher os-
motic pressure of the periciliary layer in healthy persons en-
sures that it is well hydrated, providing appropriate lubrica-
tion for ciliary activity and transport of the overlying mucus
layer.17 A well-hydrated mucus layer is transported rapidly
from the distal airways toward the trachea.

The abnormal concentration of mucus in the lungs of pa-
tients with CF reflects a primary abnormality of airway epi-
thelial ion–water transport.19 In CF, the airway epithelium is
susceptible to fluid hyperabsorption because of a defect in the
secretion of chloride and bicarbonate anions mediated by the
CFTR and by an intact sodium-absorptive path. This abnor-
mal epithelial fluid absorption raises osmotic pressures in the
mucus layer that exceed those in the periciliary layer that
deplete the airway surface of fluid, leading to hyperconcen-
trated (dehydrated) mucus, impaired mucus transport, and
mucus adhesion to airway surfaces (Fig. 2).18

An increase in mucin (the principal component of air-
way mucus) secretion is suggested by the formation of
endobronchial mucus plaques and plugs,20 which become
the main sites of chronic airway infection, not airway ep-
ithelial cell surfaces.21 Air-flow obstruction and recurrent
bacterial infections are common features of CF lung dis-
ease. Endobronchial infection induces an excessive and
ineffective inflammatory response characterized by ele-
vated airway levels of neutrophil elastase that contribute to
excess mucus adhesiveness and cohesiveness (ie, sticky
and stringy).22 A chronic cycle of infection and inflamma-
tion is initiated, resulting in damage to the structural in-
tegrity of the airways and leading to the development of
bronchiectasis.22 These features are detected in nearly 30%
of children with CF as early as the age of 3 months and
progressing to nearly 60% at 3 y old (Fig. 3).23

Table 1. Mutation Classification

Disease Severity Class Mutation CFTR Examples Prevalence, %

Severe disease I Nonsense; frame-shift No functional CFTR G542X 12
II Missense; amino acid deletion CFTR trafficking defect, some CFTR F508del 87
III Missense Abnormal channel function, block in regulation G551D 5

Mild disease IV Missense Abnormal channel function, altered
conductance

R117H 5
D1152H

V Missense; splicing defect Reduced synthesis of CFTR 3849 � 10kbC3T 5
5T
A455E

VI Missense Decreased stability of CFTR 4326delTC Rare

In general, patients with class I, II, or III mutations exhibit severe disease symptoms. Patients with class IV, V, or VI mutations exhibit mild symptoms. Adapted with permission from ABcomm.
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Endobronchial Infections

Hyperconcentrated respiratory secretions lead to chronic
airway obstruction, colonization by bacteria, and acute and
chronic infection. Changes in the CF microbiome (ie, com-

plex and dynamic airway bacterial communities) affect the
progression of irreversible lung disease in these patients
despite their immune competence.24 During the early years
of life, a greater diversity of bacteria (eg. Staphylococcus
aureus, Haemophilus influenzae) are common. With pro-

Normal CFTR Channel Defective CFTR Channel
ENaC

Outside cell

Inside cell

Normal CFTR and ENaC activity
results in healthy airway

surface liquid layer and normal
mucociliary clearance

Failure of CFTR to transport choloride and
overactivity of ENaC sodium resorption

leads to dehydrated airway surface liquid
layer and difficulty in clearing mucus

Na+

Chloride ions

Fig. 2. In healthy people (left), a well-balanced epithelial sodium (Na�) absorption and secretion of chloride anions hydrates airway surfaces
and promotes efficient mucociliary transport. In the CF airway (right), the defective cystic fibrosis transmembrane regulator (CFTR) channel
and increased activity of the epithelial sodium channel (ENaC) lead to dehydrated mucus, failed mucus clearance, and mucus adhesion to
airway surfaces. The abnormal concentration of mucus in the lungs of patients with cystic fibrosis reflects a primary abnormality of airway
epithelial ion transport. Mucus hyperconcentration is a feature of cystic fibrosis. With permission from ABcomm.

CF-Related Lung Disease
Abnormal

CFTR
Reduced airway surface liquid

Inflammation
Obstruction

Structural damage

Bronchiectasis

Pulmonary insufficiency

Respiratory failure

Obstruction

Obstruction

Inflammation

Inflammation

Impaired mucociliary clearance

Infection

Infection

Infection

Fig. 3. Mucus hyperconcentration and impaired mucociliary clearance cause air-flow obstruction, infection, and inflammation, which lead
to a vicious cycle of intermittent exacerbations and pulmonary complications. Chronic infection and inflammation impair the airways’ natural
defense mechanisms. Eventually, this cycle damages the structural integrity of the airways. Respiratory failure is responsible for most
deaths related to cystic fibrosis (CF). With permission from ABcomm.
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gressive lung disease, typical CF pathogens (Pseudomonas
aeruginosa, Burkholderia cepacia, Achromobacter xy-
losoxidans) colonize the airway.25

The 2016 Cystic Fibrosis Foundation Patient Report reg-
istered the prevalence of major respiratory pathogens over
time (1990–2016) in patients with CF.3 The prevalence of
P. aeruginosa continues to decrease; however, the preva-
lence of multi-drug resistant P. aeruginosa has remained
constant. This may be in part due to the widespread im-
plementation of therapy to eradicate initial P. aeruginosa
infection (Fig. 4).

P. aeruginosa is the most common bacterial pathogen
and it is isolated in 55% of adult patients.26 The initial
P. aeruginosa clinical isolates resemble those found in the
natural environment in that they are nonmucoid, sus-
ceptible to most antibiotics, and present at low density.
Conversion to a mucoid phenotype results in the for-
mation of a self-protective extracellular matrix of gly-
coproteins (ie, biofilm), which increases its resistance
to the host’s immunity and antibiotics. This phenotype
is associated with a more rapid and progressive decline
in lung function, worsening quality of life, increased
risk of hospitalization, and reduced survival.27-29 In-
haled antibiotics directed toward eradicating P. aerugi-
nosa are generally successful in � 80% of subjects
across multiple clinical trials.30,31 Early P. aeruginosa
eradication therapy is recognized as contributing to bet-
ter patient outcomes and reduced treatment costs.31-33

However, failed eradication of P. aeruginosa with unique
phenotypes has been reported.34 A recent study indi-
cates that early eradication may not be sufficient to
eliminate the consequences of P. aeruginosa acquisi-
tion.35

Treatment of chronic mucoid P. aeruginosa infections
in patients with CF rarely eradicate the organism from the
airways.36 Inhaled tobramycin treatment every other month
has become a standard of care for patients chronically
infected with P. aeruginosa.33 There is concern, however,
that bacterial resistance to tobramycin increases with pro-
longed administration and tobramycin’s positive effects on
lung function may wane over time.36 During the evolution
of CF airway infections, S. aureus frequently precedes
P. aeruginosa. S. aureus is one of the most prevalent
respiratory pathogens isolated in the lungs of children and
young adolescents with CF.37 A period of co-infection
with these 2 species is common in these patients.38 Oral
anaerobic bacteria are frequently detected in CF, and they
may contribute to the hypoxic mucus environment in CF
airways and promote colonization with P. aeruginosa.39

Emerging Bacterial Infections

The prevalence of methicillin-resistant S. aureus (MRSA) has
increased in recent years up to 25%.40 The source of MRSA
infection is better recognized than other emerging agents
because it is a pathogen of the general population and
transmission information is understandable. As a Gram-
positive organism, MRSA is more resistant to desiccation
and may persist on inanimate objects and fomites, making
patient transmission possible.

P. aeruginosa and MRSA are associated with shortened
survival,41 increased rate of decline in FEV1, and failure to
recover baseline lung function after a pulmonary exacer-
bation.42 Community-acquired MRSA may be spread
among asymptomatic household members and a patient
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Fig. 4. Proportion of individuals in various age groups who cultured positive for the bacterial species indicated during 2016. MRSA �
methicillin-resistant S. aureus, MDR-PA � multidrug resistant pseudamona aeruginosa. With permission from the Cystic Fibrosis Foundation.
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with CF, as well as among patients with CF. Given the
transmission possibilities, infection prevention and control
strategies are important, and avoidance of exposure to
MRSA is the first line of defense in these patients. Due to
its detrimental impact on morbidity and mortality in pa-
tients with CF, MRSA demands close surveillance and
aggressive management to prevent the establishment of
chronic respiratory infection.43 Multi-modality efforts to
eradicate MRSA have not been shown to have a sustained
effect, and this remains an active area of research.43 Intra-
venous vancomycin and oral linezolid are the first line of
therapy for MRSA infections in patients with CF. Al-
though the experience with ceftaroline is limited, it may
provide an alternative to treat MRSA infection in patients
with CF.

Stenotrophomonas species are Gram-negative, obligate
aerobic organisms found in aquatic environmental res-
ervoirs. S. maltophilia is a human pathogen and is one
of the more common multi-drug resistant pathogens in
patients with CF, with a reported prevalence rate up to
30%.44 It is still unclear, however, whether chronic
S. maltophilia infection is simply a marker of the se-
verity of the disease or whether it is causally related to
disease progression.45 S. maltophilia is resistant to �-lac-
tam drugs and to aminoglycosides. Its empiric treatment
includes trimethoprim/sulfamethoxazole in addition to
one of the following: piperacillin/tazobactam, levofloxa-
cin, doxycycline, or tygecycline.

Achromobacter species are aerobic, Gram-negative ba-
cilli widely distributed in nature, but rare opportunistic
pathogens. There are several ‘new’ species, but A. xy-
losoxidans is the one most commonly recovered from pa-
tients with CF. The rate of endobronchial colonization and
infection with this bacteria has increased, but its clinical
importance is still debated.46 Chronic infection with A. xy-
losoxidans is associated with pulmonary exacerbations and
increased need for intravenous antibiotics, which may in-
clude meropenem or imipenem in addition to one of the
following: trimethoprim/sulfamethoxazole, ciprofloxacin,
or minocycline. Isolates are commonly resistant to amino-
glycosides, but they are susceptible to high doses of neb-
ulized colistin.

Burkholderia cepacia complex prevalence in patients
with CF is � 2–3%, with a greater percentage of adults
affected.3 B. gladioli, although not part of the B. cepacia
complex, is more common than B. cenocepacia, B. multi-
vorans, and B. vietnamiensis. Transmission between pa-
tients with CF has been associated with serious illness and
death.47 Two features of these organisms of particular con-
cern in CF are the potential high level of transmissibility
and multi-drug resistance.48 Pulmonary infection with B. ce-
pacia complex may have variable clinical outcomes, from
a chronic asymptomatic infection to a rapid respiratory
decline (cepacia syndrome) from systemic invasion, caus-

ing endotoxic shock, multi-organ failure, and death.48 Em-
piric antibiotic therapy for pulmonary infections due to
B. cepacia complex includes meropenem in addition to a
combination of ceftazidime, chloramphenicol, trim-
ethoprim/sulfamethoxazole, or aztreonam.

Nontuberculous mycobacteria are a complex group of
environmental pathogens that cause challenging infectious
complications in patients with CF.49,50 The Cystic Fibrosis
Foundation Patient Registry reported that 12.6% of pa-
tients who were cultured in 2016 had one or more nontu-
berculous mycobacteria species.3 Several risk factors have
been identified: allergic bronchopulmonary aspergillosis,
malnutrition, diabetes mellitus, and older age, often with
residual function mutations and milder CF. Annual cul-
tures for nontuberculous mycobacteria are recommended.51

The slow-growing Mycobacterium avium complex and the
rapid-growing Mycobacterium abscessus are the most com-
mon nontuberculous mycobacteria in CF cases.51

The clinical and microbiologic diagnostic criteria for
nontuberculous mycobacteria pulmonary disease are the
same for patients with and without CF.52 In general, non-
tuberculous mycobacteria pulmonary disease should be sus-
pected in a patient with CF with positive nontuberculous
mycobacteria cultures and increased respiratory or consti-
tutional symptoms, unexpected deterioration in lung func-
tion, or progressive radiographic infiltrates that do not
respond to intensive airway clearance therapy and antibi-
otic treatment of typical CF pathogens.53 Isolation of non-
tuberculous mycobacteria from sputum on 3 occasions or
the detection of a positive smear is suggestive of nontu-
berculous mycobacteria disease. Current treatment recom-
mendations are to achieve 12 consecutive months of neg-
ative cultures.51,54 To date, there have been no randomized
controlled trials of nontuberculous mycobacteria treatment
in the CF population.55

Nocardia species are Gram-positive, intracellular bac-
teria of low virulence that most frequently cause opportu-
nistic lung infection in immunocompromised hosts. No-
cardia species in CF may represent colonization or active
infection, which can be difficult to differentiate given the
underlying pulmonary involvement, so its clinical rele-
vance remains unclear.56,57 For patients with CF with re-
ported Nocardia species infections, treatment with trim-
ethoprim/sulfamethoxazole alone or in combination with
other agents is recommended.58

Fungal Infections

Molds, filamentous fungi, and yeasts are commonly pres-
ent in the respiratory tract of patients with CF. Aspergillus
fumigatus is the most commonly detected filamentous fun-
gus in CF, representing well over 90% of all cultured
Aspergillus isolates. A. fumigatus is present in the envi-
ronment, and spores regularly enter the airways with in-
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haled air. A. fumigatus may be aerosolized by coughing.
This suggests that patient-to-patient transmission is possi-
ble, as is the case for other fungi.59

Inhaled spores are trapped in the mucous membrane of
the upper and lower airways, due to either the thick mucus
in the airways providing a source of nutrients supporting
growth of the fungus or the failure of mucociliary clear-
ance. As the trapped spores germinate, the cells may se-
crete proteolytic enzymes, which inhibit their phagocyto-
sis and further facilitate adhesion and colonization within
the airways. Another predisposing factor may be the use of
broad-spectrum antimicrobials in the management of pa-
tients with CF.60,61

The prevalence of A. fumigatus is reported to be around
15%.61 There is a significant increase in A. fumigatus de-
tection rates when polymerase-chain-reaction tests and
DNA sequencing are used to the range of 70–100%.62,63 A
new classification of the pulmonary involvement in CF
due to A. fumigatus has been proposed based on the com-
bination of 2 new markers (ie, galactomannan and real-
time polymerase chain reaction) to standard serological
and culture-based tests: i) non-diseased group, ii) serologic
allergic bronchopulmonary aspergillosis, iii) Aspergillus-
sensitized, and iv) Aspergillus bronchitis.64,65

The diagnosis of allergic bronchopulmonary aspergillo-
sis (ABPA) in CF is difficult and may often be delayed
because many of the diagnostic criteria overlap with com-
mon manifestations of CF.66 Diagnostic criteria suggestive
of allergic bronchopulmonary aspergillosis in CF include
clinical deterioration that does not respond to antibiotic
therapy, elevated total serum immunoglobulin E (IgE)
(� 500 IU/L), immediate cutaneous reactivity to A. fumiga-
tus, elevated in vitro IgE A. fumigatus, and serum IgG to
A. fumigatus or precipitating antibodies to A. fumigatus by
an in vitro test. Additional findings suggestive of allergic
bronchopulmonary aspergillosis include pulmonary infil-
trates, central bronchiectasis, and peripheral blood eosin-
ophilia.66

Patients with ABPA are usually treated with prolonged
courses of oral corticosteroids. Although not routinely used
for CF-associated allergic bronchopulmonary aspergillo-
sis, monthly intravenous methylprednisolone may reduce
potential side effects.67 The addition of closely monitored
antifungal therapy has been used by some centers in an
attempt to reduce the antigen burden in the airways.68

Omalizumab, a humanized anti-IgE monoclonal antibody,
may be a potentially useful steroid-sparing agent; how-
ever, a recent Cochrane review concluded that omalizumab
cannot be definitively recommended in CF patients with
allergic bronchopulmonary aspergillosis given the absence
of supporting data from randomized controlled trials.69

Clinical studies suggest that chronic endobronchial co-
colonization with P. aeruginosa and A. fumigatus is com-
mon and is associated with worsened status and prognosis,

but it remains unclear whether this relationship contributes
to progression of lung disease or is only a marker.70

Other less commonly cultured fungi reported in CF in-
clude Scedosporium species, A. terreus, Exophiala derma-
titidis, Rasamsonia species, and Trichosporom mycotox-
inivorans.71 Yeasts also commonly colonize in patients
with CF; the Cystic Fibrosis Foundation Patient Registry
2016 reported a prevalence of 17% for the Candida spe-
cies.61

A better understanding of the complex CF airway mi-
crobiome has underscored the limitations of culture-de-
pendent methods.39 Newer molecular technologies may be
of potential benefit for the detection and identification of
bacteria, viruses, fungi, and other organisms present in low
quantity that are difficult to recover in culture from CF
specimens and could help define the best treatment regi-
mens to target pathogens without affecting other organ-
isms.72

Pulmonary Exacerbations

Although there is no consensus on the definition of a
pulmonary exacerbation, providers and patients with CF
recognize exacerbations not only by the acute worsening
of signs and symptoms, but also by their impact on the
progression of CF lung disease and associated increased
mortality,73,74 short-term decline in FEV1,75 reduced qual-
ity of life,76 and increased health care use.77

A significant percentage of the loss of lung function in
patients with CF is probably influenced by pulmonary ex-
acerbations that mark the progression of disease severity.78

The decline in lung function may not be fully reversible.79

An estimated 25% of patients who experience a pulmo-
nary exacerbation do not recover to their baseline lung
function at 3 months, and 15% of patients do not recover
to baseline lung function at one year after treatment.79

Non-responders to intravenous therapy were reported to
more likely be female; chronically infected with MRSA,
P. aeruginosa, or multi-drug resistant P. aeruginosa; to
have a baseline FEV1 � 40% of predicted; and a low body
mass index.78 Previous exacerbations are strongly associ-
ated with time to subsequent exacerbations, and shorter
courses of intravenous antibiotic treatment for pulmonary
exacerbations may increase the risk of treatment failure or
retreatment within 30 d.80

Other factors of incomplete lung function recovery in-
clude the etiology of the exacerbation (ie, viral infections)81

and patient factors such as the underlying severity of their
disease or other comorbidities, such as CF-related diabe-
tes.82

Treatment of pulmonary exacerbations usually involves
antibiotics and increased airway clearance and caloric in-
take.83 If the exacerbation is caught early and is deemed
mild, a common practice is to treat with oral antibiotics.84
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If the exacerbation is moderate to severe, then typically
intravenous antibiotics are used. Aminoglycosides may
cause nephrotoxicity as well as cochlear and vestibular
toxicity.85 These toxicities are present in all aminoglyco-
sides, but gentamicin has been shown to greatly increase
the risk of acute kidney injury in CF, so gentamicin is
rarely used to treat lung infections in patients with CF.86

Once-daily dosing of tobramycin is known to result in less
nephrotoxicity than a 3-times daily regimen.87 Practical
guidelines for once-daily dosing of aminoglycosides in
adult and pediatric patients with CF are available.88 Em-
piric antibiotics for the treatment of P. aeruginosa-asso-
ciated pulmonary exacerbations include tobramycin or ami-
kacin in addition to �-lactam (eg, ceftazidime, cefepime,
piperacillin/tazobactam, imipenem, meropenem, or aztreo-
nam).

There is limited evidence as to whether there is a dif-
ference between the efficacy of treatment in the hospital
versus treatment in the home.89 Current practice within the
CF Foundation care center network indicates a median
treatment duration of about 2 weeks, with adults more
likely to complete some of their treatment at home.3 In
cases of serious infections, the duration of intravenous
antibiotics may be extended using ceftazidime or mero-
penem.

Severe immediate and delayed IgE-mediated hypersen-
sitivity reactions to intravenous antibiotics are more com-
mon in patients with CF than in the general population.90

The risk appears to be highest with �-lactam antibiotics,
particularly piperacillin, with the development of a drug-
induced fever after the first week of treatment.90 Delayed
reactions account for � 50% of hypersensitivity reactions
in CF, and so they may occur during intravenous antibiotic
therapy in the home.91

Airway Clearance and Maintenance Medications

The development of bronchiectasis (ie, the irreversible
abnormal dilatation of affected segmental and subsegmen-
tal bronchi) has been reported to be associated with per-
sistent endobronchial infection (especially with P. aerugi-
nosa), inflammation, and meconium ileus presentation.23

Bronchiectasis first develops in the upper lobes and then
progresses to involve the entire lung.92

Airway clearance techniques should be available to all
patients with CF not only to treat bronchiectasis, but also
to prevent the progression of the CF lung disease.93 The
objective of airway clearance is to remove airway secre-
tions and reduce the infectious burden and other irritants.93

Airway clearance techniques in individuals with CF should
be directed at assisting the body’s natural mucociliary clear-
ance system to transport secretions proximally up the air-
ways using a number of methods to increase expiratory air
flow and promote the interaction between mucus and

air.93,94 Airway clearance techniques include modified pos-
tural drainage with percussion, active cycle of breathing
techniques, and autogenic drainage.93

Several oral and chest wall oscillatory devices have been
developed. Intrathoracic oscillations are generated orally.
Exhalation through these devices generates both oscilla-
tions of positive pressure in the airways and repeated ac-
celerations of expiratory air flow that result in improved
sputum clearance. The Flutter, the Acapella, the Aerobika,
and the intermittent percussive ventilator are among these
devices.

Extrathoracic oscillations are generated by forces exter-
nal to the respiratory system. These oscillations are ap-
plied using an inflatable vest attached to a machine, which
vibrates at variable frequencies and intensities as set by the
operator (eg, high-frequency chest wall oscillation). The
Monarch uses oscillating discs, which provide targeted
kinetic energy to the lungs to generate air flow and mo-
bilize mucus from the airways; the Vibralung Acoustic
Percussor transfers acoustic energy-generated vibrations
to the airways during inspiration and expiration to mobi-
lize secretions.

Exercise can be used as a supplement to other forms of
airway clearance techniques. Increased flow is expected to
generate more interaction between mucus and air, but ex-
ercise is different from airway clearance techniques in its
goals, its impact on overall well-being, and its prognostic
factor on survival. As with other CF therapies, airway
clearance should be individualized. Airway clearance ther-
apies should be performed daily as maintenance treatment,
with increased frequency during pulmonary exacerba-
tions.95 No single airway clearance modality has been
shown to be better than another.96,97 There are no evi-
dence-based data to clearly demonstrate that the order of
therapy for aerosol medications and chest physical therapy
makes a clinical difference.

Rehydrating therapy is performed by inhalation of os-
motically active aerosols (eg, 7% hypertonic saline solu-
tion or mannitol).98 Clinical studies of 7% hypertonic sa-
line in CF have reported sustained increases in mucociliary
clearance, improved FEV1, and reduced frequency of ex-
acerbations.99 Mannitol is a nonabsorbable sugar alcohol,
which provides an osmotic gradient on the airway surface
leading to rehydration.100 Both agents are irritants and are
best considered as expectorants,102 which require pretreat-
ment with a bronchodilator. Dornase alfa, an inhaled mu-
colytic, depolymerizes the neutrophil-derived DNA and
filamentous actin (F-actin) of purulent CF sputum.101 Dor-
nase alfa should not be mixed with 7% hypertonic saline
solution. Although many different medications have been
used in patients with CF, including ambroxal, carbocys-
teine, and guaifenesin, none of these are proven to be
beneficial. Inhaled N-acetylcysteine has not shown mucin-
reducing activity, probably because mucin in the CF air-
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way is largely degraded by bacterial and endogenous pro-
teases.103

Inhaled antibiotic therapy is part of standard of care
and should be administered as chronic suppressive ther-
apy with either single-agent therapy or alternating ther-
apy with different antibiotics.104 Inhaled tobramycin,
aztreonam, and colistin are recommended only for pa-
tients with P. aeruginosa. Azithromycin, a macrolide
antibiotic recommended for chronic suppressive therapy
in patients with CF who screen positive for P. aerugi-
nosa.104 The beneficial effects are likely due to their
anti-inflammatory activities.104 Inhaled corticosteroids
are highly effective against eosinophil inflammation,
but they have little effect on neutrophils, which are the
predominant cell in the CF airway.

Atelectasis

Patients with CF are known to produce abundant puru-
lent sputum consisting mainly of DNA and cellular debris.
A radiologically apparent volume loss in a segment or a
lobe of a lung, or sometimes the entire lung, caused by the
accumulation of purulent secretions and airway obstruc-
tion often coexists with bronchiectasis.105 Early in the dis-
ease, atelectasis most frequently involves the upper lobes,
creating negative intra-pleural pressure, applying traction
to already weakened bronchial walls, and dilating the as-
sociated bronchus. Atelectasis is treated with airway clear-
ance therapy, bronchodilators, dornase alfa, hydrators (ex-
pectorants), and antibiotics.

Airway Hyper-Reactivity

Bronchodilators are used extensively among individuals
with CF. The vast majority of those prescribed �2 agonists
are on short-acting formulations.3 Bronchodilators remain
the most commonly used medications in patients with CF
despite the lack of solid data to support their routine use.106

Establishing the diagnosis of asthma in CF is challenging
given the inconsistency of hyper-responsiveness and bron-
chial provocation testing in these patients. Further, symp-
toms of asthma may be absent or difficult to separate from
the CF lung disease itself.106 Some patients with CF and a
family history of asthma may exhibit recurrent acute epi-
sodes of shortness of breath that respond to an inhaled �2

agonist or systemic corticosteroids.107 In this setting, in-
haled corticosteroids may be reasonable.107 It has been
suggested that subjective improvement in symptoms or
improved sputum production when a bronchodilator is ad-
ministered before airway clearance therapy may also merit
its use in individual patients.107

Pulmonary Emergencies in Cystic Fibrosis

Hemoptysis

As with other common complications, hemoptysis (ie,
coughing up blood from the lungs) is usually associated
with older patients and more severe disease.108 The amount
of blood ranges from blood-streaked sputum (scant) to a
large amount (massive). Massive hemoptysis has been de-
fined as � 240 mL in 24 h.108 Approximately 5% of all
patients with CF will suffer massive hemoptysis during
their lifetime.108 Hemoptysis has been reported as a po-
tential adverse event in clinical trials.109

The pathogenesis of hemoptysis in CF is incompletely
understood. It has been attributed to chronic inflammation
and infection with erosion into capillary or arterial walls,
such that the pressure within the blood vessel may cause
an upsurge of blood into the airways.108 Mild hemoptysis
may be due to injury of small vessels such as capillaries or
even arterioles. Because of the large pressure gradient from
the systemic bronchial artery circulation to the pulmonary
circulation, bleeding from the larger and more numerous
bronchial arteries can often be massive.

Increasing age, severe impairment of lung function, and
P. aeruginosa infection have been identified as the most
significant risk factors for the development of massive
hemoptysis.108 However, nearly 25% of massive hemop-
tysis events occur in patients � 18 y old, and 10% of
episodes occur in patients with normal lung function.108

Other risk factors include the presence of endobronchial
infection with S. aureus108 and CF-related conditions such
as vitamin K deficiency with associated clotting disorder,
liver cirrhosis with complicating hypersplenism, and dia-
betes.

Patients with more than scant hemoptysis should be
admitted to the hospital and treated with antibiotics even if
there are no other manifestations of a pulmonary exacer-
bation.112 Nonsteroidal anti-inflammatory drugs should be
withheld, but other regular treatments, including nebulized
therapies, airway clearance, and noninvasive ventilation,
should be continued.112

Massive hemoptysis is a life-threatening medical emer-
gency because patients are at risk of death from asphyxi-
ation and hypovolemia, and all patients with massive he-
moptysis should be admitted to the hospital.110,111 Airway
protection, volume resuscitation, and supplemental oxy-
gen must be implemented before definitive therapy may be
given.110,111 Because massive hemoptysis is frequently as-
sociated with S. aureus infection, patients should be started
with antibiotics against S. aureus, and airway clearance
techniques should be stopped for patients due to the risk of
impeding clot formation.111,112 Nonsteroidal anti-inflam-
matory drugs, inhaled bronchodilators, and hypertonic sa-
line should be withheld. Pulmonary bleeding may be wors-
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ened by coagulopathy secondary to low vitamin K or
underlying CF-related liver disease. Most patients will do
well with treatment, and bleeding will generally resolve
without complications. However, there is a greater mor-
bidity and mortality in patients with CF who experience
massive hemoptysis.111,112

For patients with life-threatening bleeding or persistent
bleeding despite other therapies, selective bronchial artery
embolization is recommended. Overall, bronchial artery
embolization is successful in terminating bleeding. How-
ever, hemoptysis may recur and repeat embolization may
be necessary.110-112 Although rare, spinal artery emboliza-
tion is a potential complication.110-112 Surgery (most com-
monly lobectomy) is recommended as the last therapeutic
resort in patients with CF with ongoing bleeding despite
bronchial artery embolization.111,112 Lung transplantation
should also be considered for patients with recurrent mas-
sive hemoptysis who are at risk of death during these
episodes.

Pneumothorax

Approximately 3–4% of individuals with CF will ex-
perience a pneumothorax during their lifetime.111,112 This
complication occurs more commonly in patients with ad-
vanced disease and it presents with chest pain and short-
ness of breath. There are some anatomical and functional
risk factors. Cysts, blebs (1–2 cm in diameter), and bullae
(� 2 cm in diameter) are all identified in the lungs of CF
patients.113 These areas are susceptible to distention as a
result of air trapping secondary to small airway obstruc-
tion and high residual volumes.113 Other risk factors in-
clude severe air-flow obstruction and allergic bronchopul-
monary aspergillosis.

A chest radiograph is often sufficient to establish the
diagnosis of pneumothorax; however, diagnosing pneumo-
thorax may be difficult in certain patients with advanced
CF lung disease. Pleural adhesions are common among
such patients, and, thus, any associated lung collapse is
frequently non-uniform. Therefore, the use of a computed
tomography (CT) chest scan is justified to aid in the eval-
uation and management of these patients.113

The treatment of pneumothorax depends on its size and
patient’s clinical stability. A patient with a small pneumo-
thorax who is otherwise clinically stable may be closely
observed in the out-patient setting. Factors to be consid-
ered when determining whether to hospitalize include the
reliability of the patient and the family, and the ease of
access to health care if the pneumothorax worsens. A pa-
tient with a large pneumothorax should always be treated
with a chest tube.113 Additional measures to reduce the
risk of deterioration include appropriate analgesia, ade-
quate hydration, intravenous antibiotics, airway clearance,

inhalation therapies, and early mobilization under the su-
pervision of respiratory therapists.113

The risk of pneumothorax recurrence in patients with
CF is high (estimated 50–90%), and it is likely to remain
high for a period of 12 months after resolution.113 Pub-
lished guidelines do not recommend pleurodesis for the
first occurrence of a pneumothorax, regardless of whether
it is large or small.111,112 However, patients with recurrent
large pneumothorax should undergo pleurodesis to prevent
recurrence and its associated morbidity (eg, pain, dyspnea).
Pleurodesis may also be considered for those patients with
persistent air leak (ie, continuous bubbling through the
chest tube with or without re-expansion of the collapsed
lung at 48 h). The preferred method is surgical pleurodesis
via video-assisted thoracoscopy or through a limited or
full thoracotomy.111,112 Pleurodesis is no longer an abso-
lute contraindication for lung transplantation.

Respiratory Failure

The natural course of CF lung disease is a progressive
decline in lung function, leading to impaired gas exchange
and increased work of breathing, progressing to an inabil-
ity to maintain normal arterial oxygenation, and eventually
resulting in respiratory failure.114 Patients with CF often
have sleep-related issues due to their decreasing baseline
arterial oxygen saturation proportionate with the severity
of the lung disease.115 During the REM sleep stage, when
the minute ventilation is lowest and lung volumes are re-
duced, nocturnal hypoxemia occurs; this is found mostly
in patients with advanced lung disease, but it may also be
seen in patients with milder disease. Hypoxemia is not
usually associated with arousal from sleep and thus may
be unrecognized.115 As the lung disease progresses, hy-
percapnia eventually develops. Patients with hypercapnic
respiratory failure benefit from noninvasive ventilation,
which may be delivered nasally or through a face mask or
mouthpiece. It may be applied continuously or with dif-
ferent inspiratory and expiratory pressures (bi-level posi-
tive airway pressure). Noninvasive ventilation is now con-
sidered a bridge for patients awaiting lung transplantation,
and it may improve quality of life by reducing dyspnea
and chest pain.114,116

Chronic alveolar hypoxia, progressive destruction of pul-
monary vascular structure, and persistent increase in car-
diac output may result in pulmonary hypertension and cor
pulmonale.116 Pulmonary hypertension correlates with the
degree of hypoxemia.113 Pulmonary hypertension is com-
mon in individuals with advanced CF-related lung disease.
The goal of therapy for early pulmonary hypertension in
CF is to correct hypoxemia and lower the elevated pul-
monary artery pressures. Supplemental oxygen and inten-
sive treatment of the pulmonary disease may help achieve
this goal.116 Diuretics may be indicated in patients with
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right-sided heart failure. Phosphodiestearase-5 inhibitors
like sildenafil may be useful in some patients.116 If the
patient has been evaluated for lung transplantation, there
have been favorable experiences with transplantation for
patients on assisted ventilation.117

Diagnostic Imaging

Progressive lung disease is the life-limiting factor in CF.
Capturing the severity of CF lung disease and monitoring
it over time are important in guiding clinical care and in
measuring outcomes in clinical trials. Imaging offers in-
formation on the regional distribution of CF lung disease,
so longitudinal imaging is recommended for disease track-
ing in clinical practice. Chest radiography, CT, and mag-
netic resonance imaging (MRI) are now available as com-
mon imaging techniques.118,119

Chest radiography has been regularly used in CF clinics
and often on a yearly basis. Although chest radiographs
may have some value in monitoring patients longitudi-
nally, their sensitivity on an individual basis is limited
because early disease abnormalities such as air trapping
and early bronchiectasis are not well captured with con-
ventional radiography.119 A posterior-anterior and a lateral
view are recommended in adolescents and adults. In young
children, the lateral view does not reveal relevant addi-
tional information and may be omitted.120

CT defines early abnormalities and progression of struc-
tural changes in the absence of declining FEV1. It provides
the highest morphological detail.121 Non-contrast-enhanced
multi-detector CT data can be post-processed with special
software for a detailed measurement of airway dimensions
and bronchiectasis, which can potentially allow a more
precise scoring of disease severity. However, although the
radiation dose has been reduced and limited slice sampling
has been suggested to restrict radiation exposure,121 it is
still controversial to include routine CT imaging in clinical
care of patients with CF, which is typically a young pop-
ulation with high sensitivity to ionizing radiation and life-
time dosage accumulation. Moreover, for young children
unable to cooperate, CT scanning may require sedation.

MRI is an option as a radiation-free diagnostic modal-
ity. Although MRI usually provides poor visualization of
the lung, there are now multiple MRI-based imaging tech-
niques to assess the lung both structurally and function-
ally.122 The spatial resolution of structural MRI has greatly
improved, and the introduction of ultrashort echo time
sequences has further enhanced image quality.123 MRI may
detect early CF lung disease leading to both structural and
functional abnormalities. Structural MRI may not be as
effective as CT in outlining bronchiectasis, at least in its
early stages. However, mucus plugging is adequately cap-
tured on MRI. Functional MRI, such as ventilation MRI
using tracer gases, can be combined with structural MRI

and has a potential advantage over pulmonary function
tests because it can better define regional abnormalities,
which are characteristic of early CF lung disease.

Hyperpolarized helium-3 and xenon-129 are inhaled con-
trast agents for MRI to image ventilation and gas ex-
change.124 MRI with hyperpolarized gas does not involve
ionizing radiation. When a patient inhales a hyperpolar-
ized gas, well ventilated areas of the lung appear bright on
MRI, whereas areas of the lung that are poorly ventilated
appear dark on MRI.124 Patient with CF and normal spi-
rometry have been found to have ventilation defects on
hyperpolarized MRI.125 The high cost of the procedure and
the need for sedation or anesthesia for young children has
been an area of concern.

Pulmonary Function Testing

Pulmonary function tests are routinely performed in the
clinical management of patients with CF, and they are
being increasingly applied in infants and preschool chil-
dren. They are useful to determine the severity of lung
disease, to gauge response to therapy, and to monitor dis-
ease progression.

Spirometry is the most commonly performed pulmo-
nary function test in the clinical setting. A systematic re-
view reported that P. aeruginosa infection and pancreatic
insufficiency were most commonly associated with lower
baseline and more rapid declines in percent of predicted
FEV1.126 A reduced FVC in spirometry cannot differenti-
ate the loss of lung volume due to restrictive lung disease
versus the reduction in FVC that occurs secondary to air-
way obstruction; thus measurement of static lung volume
is required. Plethysmographic lung volumes, which are the
accepted standard for identifying restrictive lung disease,
are frequently included in the annual evaluation of CF
patients, although children � 6 y old may be unable to
perform satisfactory maneuvers against the closed shutter.
Under these circumstances, use of gas dilution or washout
techniques to measure functional residual capacity may be
considered, although this may underestimate the extent of
air trapping.

Spirometry is useful for determining the severity of CF
lung disease, tracking its progression, and guiding treat-
ment, but “normal” spirometry results do not necessarily
mean normal lung function. Multiple breath washout test-
ing has emerged as a promising measure of early obstruc-
tive disease in patients with CF.127 Multiple breath wash-
out measures ventilation inhomogeneity of the lung via
diffusion of an inert gas, such as nitrogen (N2) or sulfur
hexafluoride (SF6), during tidal breathing; this test does
not require forced expiratory maneuvers.127

As a diffusion measure, multiple breath washout is pri-
marily influenced by the small peripheral airways (bron-
chioles), where early obstructive disease characteristically
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occurs, whereas flows and volumes measured with spi-
rometry are driven primarily by airway resistance, the ma-
jority of which occurs in larger airways (ie, FEV1 likely
reflects disease in larger airways).127 The lung clearance
index, which is a pulmonary function measurement that is
becoming increasingly used in patients with CF, has been
shown to be more sensitive than FEV1 for identifying lung
disease in children with CF123 and more sensitive than
chest CT in detecting early CF lung disease.128 The lung
clearance index holds great promise as a sensitive measure
of early lung disease in CF and is being used as an out-
come measure in clinical trials.

Infection Control

P. aeruginosa, Burkholderia species, A. xylosoxidans,
and MRSA are the organisms most commonly transmitted
in patients with CF. The primary routes of pathogen trans-
mission include direct contact (person to person), indirect
contact with infectious secretions via a contaminated ob-
ject, and infectious droplets containing pathogens travel-
ing 3–6 feet from an infected person to a susceptible per-
son by way of a cough, sneeze, or respiratory procedure.129

It is presumed that all patients with CF have contagious
pathogens in their respiratory tract secretions. Accordingly,
patients and their families should be educated regarding
infection prevention and control strategies on a regular
basis. The most important measures to prevent the spread
of infection are handwashing, the use of masks in health
care facilities, and avoidance of in-person socialization.129

For example, at indoor events, only one person with CF
may be present; at outdoor events, patients with CF are
required to maintain a distance of at least 6 feet from one
another.129

The handling and care of the nebulizers and airway clear-
ance devices are extremely important.130 Recommendations
for nebulizer care include cleaning, disinfecting, rinsing, and
air-drying all parts of the device between uses.131 Cold dis-
infection may be achieved by using 70% isopropyl alcohol or
3% hydrogen peroxide; heated disinfection includes boiling
water and microwave or dishwasher use.131 Acetic acid (vin-
egar) is not effective against S. aureus, so it should not be
used as a disinfectant.131 After cold disinfection, equipment
should be rinsed with sterile water because tap water or dis-
tilled water may harbor pathogenic organisms. For more in-
formation, the reader is referred to a recent publication on
infection prevention and control guidelines for the growing
number of respiratory devices.132

Lung Transplantation

Lung transplantation for CF has evolved over the last de-
cades, leading to improved outcomes, and transplantation will
remain an important treatment option for advanced-stage dis-

ease.133 Despite comorbidities, including infections with
multi-drug resistant organisms, diabetes, and gastrointestinal
complications, patients with CF benefit from lung transplan-
tation in terms of survival.134 Nonetheless, many individuals
with CF die from respiratory failure without referral for lung
transplantation.135 The number of lung transplants for adults
with CF has increased, from a few in the late 1980s to � 250
in 2016.3 Post-transplant survival is highly variable, ranging
from a few days or weeks to � 20 years. The International
Society for Heart and Lung Transplantation reports that the
median survival from lung transplantation for patients with
CF is 9.5 y.134

Identifying individuals most likely to benefit from lung
transplantation is a challenge and donor lungs remain a
limited resource. Another challenge is the optimal tim-
ing of referral for lung transplantation evaluation. Short-
term survival for pretransplant patients is variable and
unpredictable. Survival after predicted FEV1 � 30% dur-
ing periods of clinical stability has been reported to be
6.6 y.135 A retrospective review of CF Foundation Patient
Registry data of individuals with a stable FEV1 � 30% (ie,
a key criterion for transplant referral)136 revealed that al-
most 35% were not referred despite having severe lung
impairment. These data highlight improvements in sur-
vival with advanced disease and challenges with predict-
ing survival versus referring a patient for transplant.

Lung transplantation referral should be initiated for in-
dividuals with advanced but not end-stage lung disease.
One important objective is to improve education and de-
cision-making around transplant candidacy to ensure that
vital opportunities are not missed due to misinformation
and non-referral.137 The Cystic Fibrosis Foundation re-
cently published Cystic Fibrosis Lung Transplant Referral
Consensus Guidelines.138 While many individuals who
meet these Guidelines’ criteria for referral will not need to
be put on the waiting list, it is important to note that
referral does not necessarily lead to a full evaluation or
listing, but instead gives individuals with CF, their fami-
lies, and the CF care team access to the transplant-specific
expertise of lung transplantation centers.

For individuals with CF � 18 y old, the Cystic Fibrosis
Foundation recommends lung transplant referral no later
than when:

• FEV1 � 50% predicted and rapidly declining (� 20%
relative decline in FEV1 within 12 months) OR

• FEV1 � 40% predicted with markers of shortened sur-
vival OR

• FEV1 � 30% predicted.

For individuals with CF � 18 y old, the Cystic Fibrosis
Foundation recommends lung transplant referral no later
than when:
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• FEV1 � 50% predicted and rapidly declining (� 20%
relative decline in FEV1 within 12 months) OR

• FEV1 � 50% predicted with markers of shortened sur-
vival OR

• FEV1 � 40% predicted.

For individuals with CF and FEV1 � 40% predicted, the
Cystic Fibrosis Foundation recommends an annual 6-min
walk test, assessment of need for supplemental oxygen,
and venous blood gas to screen for markers of severe disease
that may warrant transplant referral. For individuals with CF
who are � 18 y old with FEV1 � 40% predicted, a baseline
echocardiogram is recommended to screen for pulmonary
hypertension.

The Cystic Fibrosis Foundation recommends lung trans-
plant referral, regardless of FEV1, when there are markers
of shortened survival, including:

• 6-min walk distance � 400 m OR

• Hypoxemia (SpO2
� 88% or PaO2

� 55 mm Hg at rest or
with exertion at sea level) OR

• Hypercarbia (PaCO2
� 50 mm Hg, confirmed with arte-

rial blood gas) OR

• Pulmonary hypertension (systolic pressure � 50 mm Hg
on echocardiogram or evidence of right ventricular dys-
function in the absence of a tricuspid regurgitant jet).

The Cystic Fibrosis Foundation recommends lung trans-
plant referral for adults with CF with a body mass in-
dex � 18 kg/m2 and FEV1 � 40% predicted while con-
currently working to improve nutritional status. The Cystic
Fibrosis Foundation further recommends referral for indi-
viduals with CF with:

• FEV1 � 40% predicted and � 2 exacerbations per year
requiring intravenous antibiotics or 1 exacerbation re-
quiring positive-pressure ventilation regardless of FEV1.

• FEV1 � 40% predicted and massive hemoptysis
(� 240 mL) requiring ICU admission or bronchial artery
embolization.

• FEV1 � 40% predicted and pneumothorax.

• Short stature (height � 162 cm), even when other thresh-
olds have not been met.

• For females with CF, especially those who are younger,
even when other thresholds have not been met.

The Cystic Fibrosis Foundation recommends consulta-
tion with local and geographically distant lung transplant
centers for individuals with microorganisms that may pose
a risk for lung transplantation (eg, B. cepacia complex,
nontuberculous Mycobacterium, certain molds such as Sce-
dosporium). Patients with CF should consult at least 2 trans-

plant centers, one of which should have experience ad-
dressing the individual’s potential contraindications to
transplantation, before determining that an individual is
not a transplant candidate.138

New Treatment Strategies

As discussed above, CF is caused by gene mutations
that result in an abnormal CFTR protein on the apical
surface of epithelial cells. CFTR modulators are a novel
class of drugs that directly target the abnormal CFTR pro-
tein molecular defect. These modulators include potentia-
tors that result in improved activity of the channel, cor-
rectors that help the protein traffic to the cell surface
properly, and read-through agents that target the ribosome
or other aspects of the translational machinery to restore
full-length CFTR by suppression of premature termination
codons, thereby reestablishing CFTR activity.

Clinical benefits of potentiators such as ivacaftor have
been reported in patients with the p.G551Ddel mutation,
which has an incidence of 4–5% in the United States but
higher incidence in the United Kingdom and Ireland (ie,
the “Celtic” mutation); the p.G551Ddel mutation is termed
a gating mutation because it impairs the regulated opening
(ie, reduced channel-open probability) of the ion channel
that is formed by the CFTR protein. Ivacaftor may also
benefit other closely related gating mutations. Ivacaftor
treatment has been described to improve pulmonary func-
tion and patient-reported respiratory symptoms, promote
weight gain, and correct the sweat chloride defect.139 Pa-
tients who receive ivacaftor still require other symptom-
based treatments to control the disease, however, includ-
ing pancreatic-enzyme replacement, inhaled hydrators and
mucolytic agents, and antibiotic therapies. Ivacaftor has
been approved for the treatment of children with CF as
young as 6 months of age who have at least one mutation
in the CFTR gene.

However, the main therapeutic target has been the p.F508
del – the most common mutation. In this mutation, not
only does the CFTR protein fold incorrectly and have im-
paired trafficking to the epithelial surface, but the CFTR
channel is open for a shorter time. Ivacaftor may improve
the open-channel probability of this protein. Lumacaftor, a
CFTR corrector, improves the processing and trafficking
of the mutant CFTR and prolongs its residence at the cell
surface, but it has no effect on channel opening. Studies of
the effect of this combination in patients with CF homozy-
gous for the p.F508del mutation reported relatively modest
improvements in lung function, nutrition, and pulmonary
exacerbations.140 The combination of ivacaftor and lu-
macaftor was approved by the FDA for CF patients � 2 y
old and homozygous for the p.F508del mutation.

The combination of tezacaftor (a corrector) and iva-
caftor (a potentiator) in patients with CF homozygous for
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the p.F508del mutation141 and for patients with CF
heterozygous for the p.F508del mutation and a second
residual-function mutation underwent clinical testing.142

This combination (Symdeko) improved lung function
(FEV1) in patients with CF who have the most common
genotype, an effect similar to that of combined lumacaftor-
ivacaftor, but with an improved side effect and drug-to-
drug interaction profile. The combination also improved
lung function in patients with a p.F508del mutation and a
residual-function mutation to a degree similar to that of
ivacaftor alone.

These trials indicated that although CFTR modulator
therapies had measurable beneficial effects on some as-
pects of the disease, there was still an unmet need for truly
effective new therapies to be developed for all individuals
with CF who have the most common CFTR mutation.143

Thus, a triple drug therapy was developed for patients
who fail to respond or respond poorly to the above already
approved CF therapies. The recently published results from
two Phase 3 clinical trials144,145 document impressive im-
provements in FEV1, a strong predictor of clinical status
in cystic fibrosis, patient-reported respiratory symptoms,
and sweat chloride concentration, a marker of CFTR ac-
tivity from elexacaftor plus tezacaffor plus ivacaftor
(Trikafta) in patients 12 years of age or older with cystic
fibrosis and at least one copy of the p.F508del mutation.
No worrisome safety signals were reported. Given the re-
cent approval of this drug by the FDA, these findings
imply that it may soon be possible to offer safe and effec-
tive molecularly targeted therapies to 90% of persons with
cystic fibrosis.146

Summary

Although significant advances have prolonged the av-
erage life expectancy for patients with CF, and more than
half of the CF patient population is now in the adult age
range, there remains no cure for this disease. Lung disease
progression will still lead to respiratory failure in the ma-
jority of these patients. Early referral of patients with ad-
vanced disease for lung transplantation is important for
their education and the modification of risk factors asso-
ciated with worse outcomes.

A better understanding of the link between a lack of
CFTR function and CF lung involvement has transformed
the treatment for people with CF. The last decade has
witnessed a new era in the development of drugs focused
on the basic defect in the disease. The research field re-
mains very active, offering hope that further novel thera-
pies, with perhaps greater potential, will become available
in the near future. However, regardless of what health care
providers do and what therapeutic advances occur, subop-
timal adherence to CF therapies will negatively affect the
clinical and economic burden of this disease. Higher treat-

ment adherence is a major determinant to reduce disease
burden and improve patient outcomes. The ongoing rela-
tionships between patients with CF, their families, clinical
research teams, national and international organizations,
and the pharmaceutical industry will continue to make
progress in further advancing therapies for people with
this disease. In resource-poor countries, costs of medica-
tions fall heavily upon the family and therefore, cost and
affordability are major hurdles. The cost of some medi-
cines must come down: medicines can only improve the
quality and quantity of life if they are affordable for those
who need them.
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et al. A CFTR potentiator in patients with cystic fibrosis and the
G551D mutation. N Engl J Med 2011;365(18):1663-1672.

140. Wainwright CE, Elborn JS, Ramsey BW, Marigowda G, Huang X,
Cipolli M, et al. Lumacaftor-Ivacaftor in Patients with Cystic Fi-
brosis Homozygous for Phe508- del CFTR. N Engl J Med 2015;
373(3):220-31.

141. Taylor-Cousar JL, Munck A, McKone EF, van der Ent CK, Moeller
A, Simard C, et al. Tezacaftor–ivacaftor in patients with cystic
fibrosis homozygous for Phe508del. N Engl J Med 2017;377(21):
2013-2023.

142. Rowe SM, Daines C, Ringshausen FC, Kerem E, Wilson J, Tullis E,
et al. Tezacaftor–ivacaftor in residual-function heterozygotes with cys-
tic fibrosis. N Engl J Med 2017;377(21):2024-2035.

143. Grasemann H. CFTR modulator therapy for cystic fibrosis. N Engl
J Med 2017;377:2085-2088.
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