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Abstract
The past decade has seen signiﬁcant advances in understanding of the
pathogenesis and progression of lung disease in cystic ﬁbrosis (CF).
Pulmonary inﬂammation, infection, and structural lung damage
manifest very early in life and are prevalent among preschool children
and infants, often in the absence of symptoms or signs. Early
childhood represents a pivotal period amenable to intervention

Cystic ﬁbrosis (CF) is a life-limiting,
autosomal recessive disorder affecting
approximately 70,000 people worldwide and
30,000 in the United States (1, 2). The genetic
defect in CF leads to dysfunction in the
protein product, the cystic ﬁbrosis
transmembrane regulator (CFTR). Over the
past decade, a considerable body of research
has established that irreversible, progressive
lung disease develops very early in life in
CF as a consequence of this basic defect
and is likely the precursor of the severe
bronchiectasis in adulthood associated with
respiratory morbidity and early mortality.
Early life events are likely to determine the
progression, severity, and disease burden
later in life, alerting the clinician to intervene
early. Improved understanding of the early

strategies that could delay or prevent the onset of lung damage and
alter the longer-term clinical trajectory for individuals with CF. This
review summarizes what we have learned about early lung disease in
children with CF and discusses the implications for future clinical
practice and research.
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pathophysiology is also revealing a number
of potential therapeutic targets with growing
awareness that introducing new treatments
early in life will be important to enhance
outcomes in the future.
The exact mechanisms linking the basic
defect to organ damage, including irreversible
damage to the lungs, is unclear. Espoused
theories include volume depletion of the
airway surface liquid due to sodium (and
water) hyperabsorption and abnormalities in
salt homeostasis (2). The earliest postmortem
studies in human infants identiﬁed relatively
normal airways but abnormal mucus glands
(3, 4). Recent data obtained from animal
models, notably the CF pig model (reviewed
by Stoltz and colleagues [5]), have
highlighted a number of defects identiﬁable

at birth that may be relevant to human
infants with CF. These include congenital
airway abnormalities, increased acidity of
the airway surface liquid that results in
inhibition of the function of antimicrobial
peptides (6), and failure of mucus to detach
from submucosal gland ducts (5, 7). These
basic defects lead to the clinical consequences
of infection, inﬂammation, functional
abnormalities, and lung structural damage.
Understanding lung disease in early
life in terms of lung structure (8–10),
physiology (11–13), infection (8), and
inﬂammation (14, 15) informs potential
intervention strategies in routine clinical
practice. These in turn are dependent on
proactive pulmonary surveillance and an
ability to sensitively detect early lung
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disease. Data from intensive CF early
surveillance programs, such as those
developed by the Australian Respiratory
Early Surveillance Program for Cystic
Fibrosis (10, 16) and the London Cystic
Fibrosis Collaboration (17), have provided
signiﬁcant insights into the biological
mechanisms and natural history of lung
disease in early life (18, 19). Collectively,
these insights inform clinicians of the
importance of early childhood in the
establishment of future lung disease, the
role of early surveillance with sensitive
methods of disease detection, and clinical
and research directions. The aim of this
review is to summarize these ﬁndings in the
areas of lung inﬂammation and infection,
structure, and function in early life, and to
discuss implications for clinical practice
and research.

pathways (e.g., antimyeloperoxidase agents)
may boost antioxidant defense and
potentially slow the onset and progression
of lung disease in CF. An expanding body
of research is characterizing the impact of
CFTR dysfunction on numerous immune
pathways in the etiology of pulmonary
inﬂammation (reviewed in [28]) and
identifying potential therapeutic strategies
for reducing inﬂammation and infection,
including CFTR modulation. Clinical
translation of these novel research ﬁndings
into trials of tolerable antiinﬂammatory
agents that effectively modulate the
immune response has yet to materialize and
presents a unique challenge in young
children. However, modulation of
pulmonary inﬂammation is a desirable and
promising therapeutic avenue in the
prevention of future lung disease.

Pulmonary Inﬂammation

Infection

Lung disease in CF is characterized
by intense, neutrophil-dominated
inﬂammation identiﬁed within the ﬁrst few
weeks of life, even in asymptomatic, culturenegative infants (14, 15, 20, 21). The
presence of pulmonary inﬂammation in
infancy and the preschool years is
associated with worse nutritional status (22),
the presence of organisms cultured
from the lower respiratory airways (23),
bronchiectasis on chest computed
tomography (CT) imaging (8, 10, 24), and
lung function abnormalities (16, 25).
Although infection is a key contributor to
the inﬂammatory milieu (23), the increase
in pulmonary inﬂammation with age
during the preschool years appears to
be relatively independent of current
or past infection status detected by
bronchoalveolar lavage (BAL) (14). The
role of neutrophil-derived serine proteases
and reactive oxygen species in the evolution
of early lung disease is recognized (26). Free
neutrophil elastase activity is detectable in
BAL in up to 30% of infants and predicts
CT scan–diagnosed bronchiectasis by age
3 years (8, 27). Pulmonary infection in early
life is associated with increased oxidative
loss of glutathione and biomarkers of
oxidative stress (26). These studies suggest
the serine antiprotease host defense
mechanisms are overwhelmed in CF,
creating the potential for enzymatic
degradation of the lung structural integrity
(8, 20). Therapies targeting oxidative stress

Respiratory infections in CF are typically
believed to be caused by bacteria such as
Staphylococcus aureus, Haemophilus
inﬂuenzae, and Pseudomonas aeruginosa.
S. aureus is commonly cultured shortly after
diagnosis and in up to 30% of infants during
the ﬁrst 6 months of life (1, 8). When cultured
from the lower respiratory tract in infants
and young children, these organisms are
associated with pulmonary inﬂammation even
in the absence of clinical symptoms or signs.
The prevalence of infection increases
throughout the preschool years (1), with
S. aureus being the most common bacterium
identiﬁed by standard culture. Aspergillus
species and Streptococcus pneumoniae are also
associated with pulmonary inﬂammation in
young children with CF (23), but the role of
these organisms in the development and
progression of structural lung disease and lung
function decline in CF remains unknown.
P. aeruginosa is a signiﬁcant pathogen
in terms of clinical decline and increased
mortality (29), although the role of this
organism in establishing or exacerbating
early lung disease remains unclear. Initial
infection with P. aeruginosa occurs early in
life, with median age of ﬁrst detection at
around 2 years and as early as 3 months of
age (24, 30). Recent data suggest that the
environment, in addition to host and
bacterial factors, plays a part in acquiring
infection with this organism (31). Residence
in a regional versus a metropolitan area is a
signiﬁcant risk factor for the ﬁrst acquisition
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of P. aeruginosa (32). Temperature, rainfall,
dew point, latitude, longitude, and elevation
of residence have all been implicated in the
ﬁrst acquisition of P. aeruginosa, as has
exposure to particulate environmental
pollution (33, 34). Delaying the onset of ﬁrst
acquisition of infection with P. aeruginosa
by environmental manipulation is an
intervention that warrants further study.
Successful eradication of lower
respiratory P. aeruginosa infection
(detected in BAL ﬂuid) is achievable in the
majority of preschool children and infants
(30, 35) and is associated with reduced
prevalence of chronic P. aeruginosa
infection in later life (36). Detection of
P. aeruginosa in upper airway cultures is
a poor predictor of lower respiratory
infection, and P. aeruginosa serology
neither improves the ability to predict ﬁrst
acquisition (37) nor has signiﬁcant clinical
value as an independent noninvasive
marker of lower respiratory infection (38).
The site of culture of P. aeruginosa does not
seem to inﬂuence clinical outcomes (39),
and it appears appropriate to treat
P. aeruginosa when detected in upper
airway samples. The role of P. aeruginosa as
a causal factor in early lung disease or as a
driver of disease progression is uncertain.
Although detection and eradication of
P. aeruginosa during the preschool years
may prevent the morbidity and mortality
associated with chronic P. aeruginosa
infection, it does not appear sufﬁcient to
prevent the development of structural lung
disease (39) or lower lung function. High
rates of bronchiectasis were observed
despite eradication treatment in an
Australasian multicenter study (39). In
other cohorts of children diagnosed either
clinically or after newborn screening, prior
eradication of P. aeruginosa was associated
with ongoing increased pulmonary
inﬂammation after eradication (30) and
lower lung function measured by
spirometry through preschool and school
age, compared with those never infected
with this organism (40, 41). These data
suggest functional, structural, and
inﬂammatory changes occur despite
aggressive treatment and eradication of
P. aeruginosa and also before its detection
via airway cultures. It is therefore possible
that P. aeruginosa infection may occur in
those who already have worse lung disease
or disease susceptibility.
When cultured, the eradication of
S. aureus (methicillin-sensitive or -resistant

American Journal of Respiratory and Critical Care Medicine Volume 195 Number 12 | June 15 2017

CONCISE CLINICAL REVIEW
organisms) or H. inﬂuenzae is not usually
attempted, even though both are associated
with lung function decline (41). Whether
doing so is feasible or impacts on
subsequent lung function decline or
attenuates lung damage is worthy of further
study, but such attempts at eradication
need to be considered in the context of how
this might impact the lung microbiota.
Whether the load of an organism present
in the airways, as opposed to the presence of
the organism per se, is important in CF lung
disease is not known. The use of cultureindependent techniques for microbiological
analysis of airway specimens has to a certain
extent altered our understanding of infecting
and colonizing organisms in CF lung disease,
such that infection is now understood to be
polymicrobial, even though the microbiota
might be dominated by a single, or a few,
pathogens. Numerous studies, using both
extended microbiological culture and
molecular analysis techniques, have reported
the frequent presence of obligate and
facultative anaerobes in CF airway
specimens, and there are now cross-sectional
descriptions of the airway microbiota at
various stages of CF lung disease. What
remains to be elucidated, however, is the
evolution of the lower airway microbiota in
CF and its role in disease pathogenesis and
progression.
Published longitudinal studies of
infants and young children with CF have
so far mainly explored the upper airway
microbiota. Differences are apparent in the
nasopharyngeal microbiota of subjects with
CF and healthy control subjects from early
infancy, before exposure to antibiotics. Two
recent prospective cohort studies have
described an increased relative abundance of
Staphylococcus early in life (42, 43). In the
study by Prevaes and colleagues (2016) of
324 samples from 20 infants, S. aureus,
Streptococcus mitis, Corynebacterium
accolens, and bacilli were more abundant
than in samples from control subjects, and
antibiotic use was associated with decreased
total bacterial density and increased
colonization with gram-negative bacteria
(42). Mika and colleagues (2016) reported
that in 461 samples from 30 infants, the
relative abundance of Staphylococcae was
increased and the relative abundance of
Corynebacteriaceae and Pasteurellaceae was
reduced. Antibiotic treatment was associated
with a decrease in S. aureus and increase in
coagulase-negative Staphylococci (43), again
highlighting the potential for signiﬁcant
Concise Clinical Review

alterations in the microbiota associated with
treatment. The composition of very early
lower airway microbiota in infants with CF
and its development over time is currently
being explored (44). It is likely that treatment
of traditional CF pathogens, including
attempts at eradicating them in early life, will
have impact on the microbiota and its
constituency, and this needs to be considered
in any adoption of such strategies.

Structural Lung Disease
Structural damage to the lung is the
endpoint of the pathophysiological injury
incurred through infection and
inﬂammation, but due to difﬁculty in its
assessment in its early stages it has not
hitherto been the primary focus for
clinicians. Many studies now identify
infancy and the early preschool years as a
critical period when structural changes in
the CF lung begin (8, 9, 18, 45). Advances in
CT technology, the advent of low-dose
radiation acquisition protocols, and
improved algorithms for acquisition of
chest CT images have both reduced the
radiation risk to the young child and
markedly improved the sensitivity with
which lung disease can be detected (46).
Recent studies suggest that bronchiectasis,
deﬁned as a bronchus-to-arterial ratio of
greater than 1.0, is present in many
asymptomatic infants shortly after
diagnosis (8). Although these radiological
abnormalities are mild in comparison to
the end-stage lung ﬁndings that predict
survival in CF (47), the fact that they are
present, persist, and progress in association
with the presence of lower respiratory
infection and neutrophil-dominated
pulmonary inﬂammation (8, 10, 24)
indicates that these early changes are the
likely precursors of the bronchiectasis
identiﬁed routinely in adolescent and adult
patients with CF.
Bronchiectasis predates abnormalities
detectable using traditional methods of
disease detection, such as spirometry or
chest radiograph (8, 10, 24, 45). CT
scan–diagnosed bronchiectasis can be
detected in up to 30 to 40% of children with
CF aged between 3 and 4 years old (10, 24,
48) and in up to 80% of children by the age
of 5 years (39, 49, 50). Bronchiectasis persists
from one scan to the next within a 12-month
period in three-fourths of individuals and
increases in extent in 60% (24).

By deﬁnition, bronchiectasis is
irreversible, and there is no evidence that
this is not the case in early CF. Therefore,
failure to prevent its development through
current interventions might indicate a
fundamental failure of treatment. Currently,
there is no evidence that early identiﬁcation
of bronchiectasis will change or improve
outcomes or whether prevention through
treating upstream targets, such as infection
or inﬂammation, is possible. Air trapping,
deﬁned as hyperlucent areas on expiratory
chest CT scan, and bronchial wall
thickening are seen more commonly than
bronchiectasis. Although interobserver
agreement when reporting bronchial wall
thickening is poor (10), air trapping is
more reliably identiﬁed, with excellent
interobserver agreement (10, 24). The
pathogenesis of early air trapping is
unclear, although it may represent the
earliest airway changes in CF, as suggested
by the signiﬁcant associations between air
trapping and functional abnormalities
reported in some of the earliest
physiological studies done in infants
with CF (51–53). More recent studies
demonstrating poor correlation between
end-expiratory volumes and gas trapping
on CT scan (54) suggest other potential
etiologies, including regional hypoperfusion
(55). Air trapping may result from airway
developmental abnormalities (56), severe
bronchial wall thickening, or mucus
impaction leading to airway closure. Some
of these etiologies for air trapping, for
example congenital tracheomalacia, might
not be amenable to CF therapies, whereas
others, such as inﬂammation and abnormal
mucus, might be amenable. Air trapping on
CT scan in infancy is a risk factor for
bronchiectasis at 3 years of age (8, 27), and
further study of the temporal relationship
and associations between air trapping and
irreversible, progressive bronchiectasis is
indicated. New quantitative scoring systems
designed for use in early mild lung disease
in CF will signiﬁcantly enhance the study
of the pathogenesis of lung structural
abnormalities and interventions designed to
prevent them (57).

Lung Function
Lung function is diminished shortly after
diagnosis of CF in infants after newborn
screening as a group (13, 17) and is
characterized by reduced forced expiratory
1569
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ﬂows and volumes and elevated functional
residual capacity and lung clearance index
(LCI), suggesting airway obstruction, air
trapping, and ventilation inhomogeneity,
respectively (13, 17, 53, 58). However, the
majority of these infants have lung function
within the normal range (17). Longitudinal
surveillance suggests that lung function,
including infant spirometry and multiplebreath washout, worsens with the presence
of pulmonary inﬂammation and infection
(16, 41, 59) but that those infants who
remain free of pulmonary infections during
infancy experience lung growth similar to
that of healthy infants (41).
In older children with CF, the multiplebreath washout technique has been
advocated as a potential surrogate for
chest CT imaging for the detection of
bronchiectasis (27, 46). Indeed, few schoolage children with CF who had bronchiectasis
had a normal LCI (49, 50). The negative and
positive predictive values for the LCI were
excellent in these children when using
bronchiectasis identiﬁed on chest CT scan
as the gold standard. In infants, LCI was
associated with lower respiratory infection
with P. aeruginosa and pulmonary
inﬂammation (58) but not with early
bronchiectasis (53), although indices of
ventilation inhomogeneity were associated
with the presence of air trapping on chest
CT scan. More recently, we have reported
the relationships between LCI and chest CT
scan scored using the Perth-Rotterdam
Annotated Grid Morphometric Analysis
for CF (PRAGMA) algorithms in infants,
children, and adolescents (60). In preschool

Implications for Clinical
Practice: A New Treatment
Paradigm for CF
Epidemiological data demonstrate
improving survival rates in CF, and FEV1
remains within normal ranges during
childhood often until late adolescence;
however, as shown in Figure 1, the slope of
the decline in lung function through later
childhood is unchanged.
Despite FEV1 in the normal range,
almost 80% of children with CF have
evidence of bronchiectasis by the time they
reach school age (39, 50). These data indicate
that although we have been successful in
achieving better lung function in modern
cohorts of children with CF, largely through
improved standard CF care, we have failed to
prevent irreversible structural lung disease.
The roots of structural lung disease in CF lie
in early childhood and the developing lung.
Therefore, the new treatment paradigm must

Median FEV1 Percent Predicted versus Age by Birth Cohort

100
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and school-age children, the LCI had a good
positive predictive value (83–86%) but a
poor negative predictive value (50–55%)
to detect the presence of bronchiectasis. It
is likely then that LCI may be a useful
surveillance tool to monitor structural lung
disease in preschool and school-age children
with CF. In infancy, LCI reﬂected air
trapping better than it did CT-determined
bronchiectasis (60). Clearly, more
longitudinal studies from diagnosis are
required, as interpretation of cross-sectional
studies of lung function is limited.
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Figure 1. Median FEV1 has improved over the past two decades in those with cystic fibrosis (CF) by
greater than 10% in 2009 (upper curve) compared with 1989 (lower curve). When first measured in
school-age children with CF, median FEV1 is usually within the normal range (.80% predicted),
where it remains throughout childhood (1). This indicates that factors such as treatment during the
preschool years must have also improved. Despite this generational improvement in lung function, a
large majority of children have underlying bronchiectasis, indicative of irreversible airway damage
occurring irrespective of relatively preserved FEV1.
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be to attempt to prevent the onset and/or
delay the progression of bronchiectasis,
inﬂammation, and lung function decline
(using more sensitive pulmonary function
tests than spirometry) during the preschool
years. If we are to see future improvements
in longevity and quality of life, we should
aim for both normal lung structure and
function by the time children reach
adolescence and early adulthood.
Current management of CF lung disease
in most centers after diagnosis is weighted
toward tertiary and quaternary prevention
strategies (Table 1). The advent of newborn
screening for CF, together with knowledge of
the early onset and prevalence of lung
disease, provides us with opportunities to
develop secondary prevention strategies
(Table 1). The next target for treatment
arising from newborn screening is to
develop genuine primary prevention
strategies for structural lung disease,
inﬂammation, and lung function in CF.

Clinical Care and Future
Strategies
An important question is, how should we
respond to these data obtained mainly from
observational studies? In addition to
considering future therapeutic research
strategies (61), are there any changes to
current clinical practice that we can make
immediately? Although we advocate for
appropriately designed studies for all
interventions in CF (62), it will not be
possible to await the result of all those
intervention studies, even if feasible, before
striving to improve outcomes further for
those with CF. On the basis of logic and
experience, certain initiatives can be
introduced to improve clinical care of
infants and young children with CF, even if
direct evidence of beneﬁt is unavailable yet
in this age group.
Knowledge that lung disease develops
during the ﬁrst few years of life obliges an
improved and responsive process of CF
education and support for parents and
families after diagnosis. Early onset of lung
disease, often in the absence of signs and
symptoms, and the importance of
surveillance and regular multidisciplinary
CF care in the early years, should be central
tenets of information for parents (63).
Parents faced with potentially intensive
surveillance and treatment in their
“healthy-looking” child may beneﬁt from
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Table 1. Strategies Associated with Screening Programs
Screening Level

Deﬁnition

Primary prevention

Primary prevention strategies intend to avoid the
development of disease.

Secondary prevention

Secondary prevention strategies attempt to
diagnose and treat an existing disease in its early
stages before it results in signiﬁcant morbidity.

Tertiary prevention

Treatments aim to reduce the negative impact of
established disease by restoring function and
reducing disease-related complications.

Quaternary prevention

This term describes the set of health activities that
mitigate or avoid the consequences of
unnecessary or excessive interventions.

psychosocial support to mitigate
therapeutic ambivalence (64) and barriers
to adherence that jeopardize early CF care.
Attitudinal change within CF clinics is
important with increased attention to the
importance of the early years in the
establishment of lung disease. Accordingly,
development of policies and guidelines that
lead to a more uniﬁed proactive approach to
care in asymptomatic and apparently
healthy young children, rather than
acceptance of a casual or reactive approach,
are advocated. Measures including multiplebreath washout tests, CT imaging of the
chest, and upper and lower airway
microbiological sampling are available in the
clinical sphere. The choice and timing of
measures will be dependent on local
expertise and acceptance of the challenges
and limitations inherent to each modality.
Detection of lung abnormalities in early
life makes a persuasive argument for
intervention, even if evidence for speciﬁc
treatments is scarce. A multidisciplinary review
of the child’s progress and management, access
to CF care, modiﬁable psychosocial risk
factors, home treatment, and adherence may
be undertaken. Therapeutic options may
include antibiotics for CF pathogens detected
in both symptomatic and asymptomatic
individuals. Eradication of P. aeruginosa
detected in respiratory cultures is considered
standard clinical practice. The mucolytic and
antiinﬂammatory actions of macrolides (65)
and antibiotics targeting eradication of
S. aureus and H. inﬂuenzae, even in the
absence of current symptoms, may be
considerations in the clinical discussion and
response if such interventions are tolerated
and can be shown to diminish inﬂammation
Concise Clinical Review

without negatively impacting the lung
microbiota (23). As upper airway cultures
correlate poorly with those obtained from the
lower airway (66), and in the context of
organisms that are routinely cultured from
the upper airways even in health (67),
bronchoscopy and BAL are indicated when
response to empirical treatment is suboptimal.
There is rationale and support for introducing
mucolytic agents to aid mucociliary clearance
(68), with a small number of studies suggesting
a reduction in pulmonary inﬂammation (69),
exacerbations (70), lung function (71, 72),
and CT abnormalities (73), although the
increased burden and risks associated with
administration of these treatments and
maintaining equipment hygiene, and the
potential risks associated with poor cleaning
procedures, should be considered. Nutritional
strategies aiming for rapid regain of birth
weight percentiles (74) and normalizing levels
of fat-soluble vitamins, especially vitamin D
(75), are important. Increased frequency of
clinical review and lower threshold for
admissions for intensive multidisciplinary
therapy are rational responses (68).
Potential future strategies include moving
routine treatments into the preschool era and
assessing their efﬁcacy in this speciﬁc context,
continuing to study CFTR modulators in
preschool children and their role when
introduced as soon as possible after diagnosis,
and further developing international networks
to conduct such studies. Large observational
and therapeutic trials are being conducted
worldwide, but with the availability of novel
therapies that may change the course of this
illness, the international CF community needs
to work together to continue to develop the
optimal outcome measures to reduce sample

size requirements, to prioritize the most
important studies to conduct in this ﬁnite
population, and to carefully consider
postapproval (phase 4) studies to look at longterm safety and efﬁcacy of new therapies.

Predictors of Disease
Severity and Targeted
Treatment
The increase in survival in CF (76) has come at
the cost of an increase in treatment burden
through intensive use of antibiotics and
physical and nutritional therapies. Although
using therapies earlier and more intensively
seems an appropriate response to current
evidence, there are other potentially deleterious
consequences, such as treatment-related side
effects (77) and escalating health costs (78).
Currently, treatments are recommended for
the majority of patients, as our ability to predict
an individual’s risk of progression is poor due
to the weak genotype–phenotype correlations
in CF, lack of disease predictors, and limited
number of prospective longitudinal studies. As
new, potentially disease-modifying treatments
are likely to be extremely expensive and may
have as-yet-unknown rare or long-term side
effects, there is a desire to target those who
have the most to gain to improve cost
effectiveness and risk–beneﬁt proﬁles, a
strategy that should, ideally, apply to
all therapies. Therefore, biological and
psychosocial/nongenetic predictors of disease
severity and progression are required urgently
to inform clinical screening algorithms that
aim to identify high-risk individuals from
diagnosis. If we are to direct treatment to the
very young, noninvasive biomarkers are
required in infancy that predict the onset,
severity, and progression of infection,
inﬂammation, or bronchiectasis so that
treatment can be tailored toward those with the
greatest need (61). Longitudinal studies are
beginning to identify the interplay between
infection, inﬂammation, and bronchiectasis
(27), but identifying better predictors should
remain a crucial aspect of future research.

Monitoring Disease
Progression and Effects of
Therapy
For early intervention to succeed, tools are
required to monitor disease progression and
the effect of treatments, alongside the
development of therapeutic interventions
1571
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through clinical trials. Sensitive, reproducible
outcome measures that can quantify and track
early lung abnormalities in infants and young
children are required. Signiﬁcant advances in
the last 10 years have led to the development
of a range of techniques available to assess lung
structure, inﬂammation, infection, and
function in early life, and some of these have
been used in clinical trials of interventions to
prevent lung disease (79–81).
The advantages and limitations of
techniques used in early intervention
studies, which may have clinical potential
in very young children, have been
summarized (82). Chest CT scan and the
multiple-breath washout were considered
the best understood modalities at the time
of the review, and since then both have been
chosen as endpoints in investigator- and
industry-sponsored clinical trials (79–81).
The main advantages of CT are availability,
access, and a well-validated, sensitive
scoring technique (57). The main
disadvantages are the need for anesthesia
in very young children and radiation
exposure. The risk of performing chest CT
imaging requires consideration, as radiation
doses should always be as low as reasonably
achievable. Cumulative radiation doses
provide risk akin to a single larger exposure
to radiation. Despite this, it is estimated
that current low-dose protocols are
associated only with a very small, if not
negligible, cancer risk (83). The estimated
risk may be minimal in the context of a

clinical trial with limited numbers of
measurements (84). LCI is relatively simple,
noninvasive, and accessible, although the
relationship between changes in LCI and
infection, inﬂammation, and progressive
structural damage is unclear.
In addition, other potential tools are
showing promise. These include magnetic
resonance imaging, metabolomic biomarkers
of inﬂammation (85), and oxidative stress
(that can be measured in BAL, exhaled
breath condensate, blood, and urine).
Improved algorithms and sequences
have enhanced resolution of structural details
using magnetic resonance imaging (86);
however, these outcomes still need to
be validated against chest CT imaging in
young children (87). Magnetic resonance
imaging might also offer additional
insights, including measures of ventilation,
inﬂammation, and perfusion (88). Clinical
hurdles include the lack of standardized
platforms for image acquisition and
analysis and the relatively unpleasant
environment of most scanners for very
young children, such that sedation or
anesthesia is still required.
The biggest challenge facing the clinical
monitoring of young children with CF is how
to detect progressive lung disease when
symptoms are infrequent or the result of
intercurrent viral infections that might not
inﬂuence disease progression. In this context,
current imaging modalities are unlikely to
provide an answer in most situations: CT is
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not an appropriate tool for frequent
assessments, and magnetic resonance
imaging is expensive and there are likely to be
access issues in most centers. The LCI and
noninvasive markers of inﬂammation hold
promise, but the relationships of these
markers to underlying pathobiology during
an exacerbation are not yet fully understood
and need to be studied further.

Conclusions
Lung disease starts early in CF. As current
approaches fail to prevent the majority of
children with CF having established
bronchiectasis by 5 years of age, a shift
of focus is required to try to prevent this
early disease progression, with future
studies designed to modify the early
disease trajectory targeting pulmonary
inﬂammation, minimizing lung function
decline, modifying the infectious
environment, and aiming to prevent lung
damage before it becomes irreversible.
Maximizing the beneﬁts and opportunities
provided by newborn screening programs
through earlier introduction and
implementation of new CF treatment
paradigms is important if we are to improve
longevity and quality of life for the next
generation of people with CF. n
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55. Wielpütz MO, Puderbach M, Kopp-Schneider A, Stahl M, Fritzsching
E, Sommerburg O, Ley S, Sumkauskaite M, Biederer J, Kauczor
HU, et al. Magnetic resonance imaging detects changes in
structure and perfusion, and response to therapy in early cystic
ﬁbrosis lung disease. Am J Respir Crit Care Med 2014;189:
956–965.
56. Adam RJ, Michalski AS, Bauer C, Abou Alaiwa MH, Gross TJ, Awadalla MS,
Bouzek DC, Gansemer ND, Taft PJ, Hoegger MJ, et al. Air trapping
and airﬂow obstruction in newborn cystic ﬁbrosis piglets. Am J
Respir Crit Care Med 2013;188:1434–1441.
57. Rosenow T, Oudraad MC, Murray CP, Turkovic L, Kuo W, de
Bruijne M, Ranganathan SC, Tiddens HA, Stick SM; Australian
Respiratory Early Surveillance Team for Cystic Fibrosis
(AREST CF). PRAGMA-CF: a quantitative structural lung
disease computed tomography outcome in young children with
cystic ﬁbrosis. Am J Respir Crit Care Med 2015;191:
1158–1165.
58. Belessis Y, Dixon B, Hawkins G, Pereira J, Peat J, MacDonald R, Field P,
Numa A, Morton J, Lui K, et al. Early cystic ﬁbrosis lung disease
detected by bronchoalveolar lavage and lung clearance index. Am J
Respir Crit Care Med 2012;185:862–873.
59. Simpson SJ, Ranganathan S, Park J, Turkovic L, Robins-Browne RM,
Skoric B, Ramsey KA, Rosenow T, Banton GL, Berry L, et al.;
AREST CF. Progressive ventilation inhomogeneity in infants with
cystic ﬁbrosis after pulmonary infection. Eur Respir J 2015;46:
1680–1690.
60. Ramsey KA, Rosenow T, Turkovic L, Skoric B, Banton G, Adams AM,
Simpson SJ, Murray C, Ranganathan SC, Stick SM, et al.; AREST CF.
Lung clearance index and structural lung disease on computed
tomography in early cystic ﬁbrosis. Am J Respir Crit Care Med 2016;
193:60–67.
61. Pittman JE, Cutting G, Davis SD, Ferkol T, Boucher R. Cystic ﬁbrosis:
NHLBI Workshop on the Primary Prevention of Chronic Lung
Diseases. Ann Am Thorac Soc 2014;11:S161–S168.
62. Stick SM, Sly PD. Exciting new clinical trials in cystic ﬁbrosis: infants
need not apply. Am J Respir Crit Care Med 2011;183:1577–1578.
63. Jessup M, Douglas T, Priddis L, Branch-Smith C, Shields L, Arest
CF; AREST-CF. Parental experience of information and
education processes following diagnosis of their infant with
cystic ﬁbrosis via newborn screening. J Pediatr Nurs 2016;31:
e233–e241.
64. Branch-Smith C, Pooley J, Shields L, Stick S, Douglas T; ARESTCF.
What do parents experience and how do they cope with the ARESTCF early surveillance program for infants and children with cystic
ﬁbrosis? J Cyst Fibros 2013;12:S3.
65. Saiman L, Anstead M, Mayer-Hamblett N, Lands LC, Kloster M, HocevarTrnka J, Goss CH, Rose LM, Burns JL, Marshall BC, et al.; AZ0004
Azithromycin Study Group. Effect of azithromycin on pulmonary function
in patients with cystic ﬁbrosis uninfected with Pseudomonas aeruginosa:
a randomized controlled trial. JAMA 2010;303:1707–1715.
66. Rosenfeld M, Emerson J, Accurso F, Armstrong D, Castile R,
Grimwood K, Hiatt P, McCoy K, McNamara S, Ramsey B, et al.
Diagnostic accuracy of oropharyngeal cultures in infants and
young children with cystic ﬁbrosis. Pediatr Pulmonol 1999;28:
321–328.

1574

67. Rosenfeld M, Bernardo-Ocampo C, Emerson J, Genatossio A, Burns J,
Gibson R. Prevalence of cystic ﬁbrosis pathogens in the oropharynx
of healthy children and implications for cystic ﬁbrosis care. J Cyst
Fibros 2012;11:456–457.
68. Padman R, McColley SA, Miller DP, Konstan MW, Morgan WJ,
Schechter MS, Ren CL, Wagener JS; Investigators and
Coordinators of the Epidemiologic Study of Cystic Fibrosis. Infant
care patterns at epidemiologic study of cystic ﬁbrosis sites that
achieve superior childhood lung function. Pediatrics 2007;119:
e531–e537.
69. Paul K, Rietschel E, Ballmann M, Griese M, Worlitzsch D, Shute J,
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