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REVIEW/PERSPECTIVE

Primary Ciliary Dyskinesia in Children:
A Review for Pediatricians, Allergists,
and Pediatric Pulmonologists

Paul C. Stillwell, M.D., Eric P. Wartchow, B.Sc., and Scott D. Sagel, M.D., Ph.D.

Primary ciliary dyskinesia (PCD) is a rare genetic condition that causes impaired mucociliary clearance due to
poorly functioning cilia. PCD is one disease manifestation of the many recently recognized associations with
ciliary malfunction, referred to as “ciliopathies.” Manifestations of PCD commonly begin in the neonatal period
with cough, pneumonia, and chronic ear infections or effusions. Approximately half of the affected individuals
have situs inversus totalis. The diagnosis is often made in later childhood or early adulthood, because symptoms
mimic more common childhood illnesses and because the definitive diagnosis of PCD can be challenging.
Treatment recommendations are largely based on therapies used for other conditions with impaired mucociliary
clearance in the absence of evidence-based research specific for PCD. Early recognition and initiation of both
otolaryngologic and pulmonary management might reduce potential long-term morbidities. The purpose of this
article is to update primary care providers, allergists, and pediatric pulmonologists on recent advances in this

interesting condition.

Introduction

ALTHOUGH THE ASSOCIATION OF bronchiectasis, sinusitis,
and dextrocardia with situs inversus had been recog-
nized for over a century, that constellation of findings has
been referred to as Kartagener’s syndrome since Professor
Kartagener’s English language publication in 1962." During
the evaluation of spermatozoa from infertile men by electron
microscopy, Afzelius identified ultrastuctural abnormalities
in the cilia, thereby accounting for poor motility; some of
these men also had chronic bronchitis and bronchiectasis.”
Many of these men had similar ultrastructural abnormalities
in their respiratory cilia.> They coined the term “immotile
cilia syndrome.”® This provided the unifying concept that
ciliary ultrastructural defects lead to dysfunctional or poorly
motile cilia, which, in turn, result in abnormal mucociliary
clearance, chronic sinopulmonary disease, and male infer-
tility. They postulated that normal ciliary function is re-
quired to determine the laterality of the heart and abdominal
contents during fetal development; in the absence of ciliary
motility, the laterality occurs randomly. Poor function of the
nodal cilia during embryonic development explains why
dextrocardia and situs inversus occur in approximately half
of the patients in whom primary ciliary dyskinesia (PCD) is
identified.> Subsequent evaluations documented that the
cilia in these patients may not be immotile, but rather have
both a reduced ciliary beat frequency and an abnormal wave

form causing impaired mucociliary clearance.* Therefore, a
more encompassing label is PCD.* PCD is estimated to occur
in about 1 in every 20-60,000 individuals in the United
States, although this may be an underestimate in the general
population.”

Physiology and Cell Biology of Cilia

Flagella and cilia are present in a variety of species from
simple single-cell organisms, such as Chlamydomonas, to
very complex sensory organs, such as the retina and cochlea.®
The clinical manifestations of PCD can be understood with a
basic knowledge of the normal distribution and function of
cilia in humans. Ciliary ultrastructure is remarkably consis-
tent throughout nature with the characteristic “9+2"” micro-
tubule pattern demonstrating 9 microtubular doublets in a
ring surrounding 2 central microtubules” (Fig. 1). The 9+2
microtubular architecture in healthy cilia is maintained by
intertubular connections and accessory proteins. Nexin links
connect the outer microtubular doubles, and radial spokes
connect the outer doublets to the central microtubular pair.
Dyneins are motor protein complexes that are attached to
outer microtubules as distinct inner and outer dynein arms.
The central pair extends from the basal body at the cell surface
to just proximal to the tip of the cilium. Primary cilia, found in
sensory organs, are usually nonmotile and lack the central
pair and dynein arms.”
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FIG. 1.

Cilia ultrastructure observed by transmission elec-
tron microscopy. (A) Normal cilium cross-section demon-
strating the presence of all axonemal components including
9+2 microtubular arrangement, inner and outer dynein
arms, and radial spokes. (B) abnormal cilium architecture
with missing outer dynein arms (magnification 80,000 x ).

In humans, cilia can be motile or immotile depending on
their location and intended function.®” Motile cilia and
ciliated epithelia are found in the upper respiratory tract
(middle ear mucosa, nasal passages, paranasal sinuses, Eu-
stachian tubes, and nasopharynx), the lower respiratory tract
(trachea, bronchi down to the respiratory bronchioles), the
ependymal lining of the brain, and reproductive tract of both
men (ductules emanating from the testis and epididymus)
and women (Fallopian tubes, endometrial lining of the cer-
vix).” Cilia in the respiratory tract are a key component of
effective mucociliary clearance. Each respiratory epithelial
cell has approximately 200 cilia projecting from its surface.
The cilia of a particular cell and the cilia from adjacent cells
beat in a coordinated fashion to propel mucus toward the
oropharynx. The normal beat frequency is 10-12 beats per
second. The wave form is similar to the arm stroke of a
swimmer doing the crawl stroke; during the effective phase,
the cilia are fully extended, and during the recovery phase,
they are bent and closer to the cell surface. Having an ade-
quate number of cilia, the correct beat frequency, appropriate
wave form, and intercellular coordination are all necessary
for effective mucociliary clearance.®

More than 200 proteins make up the ciliary ultrastructure.
The outer and inner dynein arms are composed of ATPase
and provide the energy for motility. The inner doublets, radial
spokes, and nexin arms are made of tubulin and provide the
structural stability for motility in a specified direction.”
Similar to other chronic respiratory diseases where several
different mutations lead to abnormal proteins producing a
similar, but variable, phenotype (eg, cystic fibrosis, alpha-1-
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antitrypsin deficiency), mutations in several ciliary proteins
have been associated with the clinical features of PCD. Dynein
arm deficiency is the most commonly identified abnormality
and the defect associated with the most severely disrupted
motility, often being completely immotile” (Table 1). The de-
tails of specific protein deficiencies are provided below.

Clinical Manifestations of PCD

The symptoms of PCD emanate in organs where ciliary
motility is an important component of normal function. The
respiratory tract, where cilia are present from the middle ear
to the conducting bronchioles, is universally affected. Upper
and lower respiratory tract manifestations are cardinal fea-
tures of PCD and often present shortly after birth.>? Many
patients present in the neonatal period with respiratory
distress characterized by chest congestion, coughing,
tachypnea, and hypoxia; infrequently respiratory failure oc-
curs that is generally attributed to “wet lungs,” neonatal
pneumonia, or transient tachypnea of the newborn.”' This
suggests that cilia play a critical role in clearing fetal lung
fluid after birth. If a chest radiograph obtained in the new-
born period reveals dextrocardia and/or situs inversus, then
PCD should be considered as an explanation of these ab-
normalities.

Upper respiratory tract problems include chronic year-
around nasal drainage that may begin in the first weeks of
life, chronic sinusitis, and chronic serous otitis media. If
myringotomy tubes are placed, then chronic otorrhea often
ensues. These children commonly have associated conduc-
tive hearing loss with chronic middle ear effusion and re-
current otitis media.'! Chronic and recurrent sinusitis is a
common feature in older children and adults."’ Lower re-
spiratory tract features include chronic productive cough,
chronic and recurrent bronchitis, and recurrent pneumonia.
They are at a risk to develop bronchiectasis. Situs inversus
totalis, a unique feature in Kartagener’s triad, occurs in ap-
proximately 50% of patients with PCD, but not all patients
with dextrocardia and situs inversus will have ciliary dys-
kinesia. A recent study reported that thoracic and abdominal
heterotaxy (situs ambiguous) associated with complex con-
genital heart disease occurs in about 5% of cases with PCD."?
Unlike cystic fibrosis (CF), steatorrhea and growth failure are
not characteristics of PCD.

Diagnosis of PCD is frequently delayed, because the pre-
senting symptoms (rhinitis, otitis media, cough, and recurrent
bronchitis) are common in otherwise healthy children without
underlying medical problems. The distinguishing symptoms
and clinical features of PCD by age groups, listed in Table 2,

ELECTRON Microscoric FINDINGS IN PRIMARY CILIARY DYSKINESIA VERSUS ACQUIRED CILIA ABNORMALITY

Acquired defects

TaBLE 1.
PCD
EM ultrastructure Dynein arm deficiency
Outer arms
Inner arms
Both

Translocation of central tubules

Aplasia (generalized)
Slow or absent
Abnormal

Beat Frequency
Wave form

Compound cilia

Added peripheral tubules
Deleted peripheral tubules
Added central pairs
Translocation of central tubules
Aplasia (patchy)

May be normal or reduced
May be normal or abnormal

EM, electron microscopy; PCD, primary ciliary dyskinesia.
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TABLE 2. DISTINGUISHING SYMPTOMS AND FEATURES
OF PRIMARY CILIARY DYSKINESIA BY AGE GROUP

Neonates and infants
Neonatal respiratory distress, especially in term infants,
with no obvious cause (tachypnea, “wet lung,” atelectasis)
Rhinitis-neonatal onset, persistent (“born with a cold”)
Situs inversus totalis
Heterotaxy syndromes including congenital heart disease

Infants and older children
Chronic wet cough, usually with sputum production
Middle lobe atelectasis and bronchiectasis
Chronic secretory otitis media
Persistent otorrhea after tympanostomy tube insertion
Conductive hearing loss
Chronic pansinusitis
Nasal polyposis

Older children and adults
Non-CF or “idiopathic” bronchiectasis
Chronic mucopurulent sputum production
Presence of lower airway Pseudomonas aeruginosa or

nontuberculous mycobacteria

Male infertility due to spermatozoa immotility
Ectopic pregnancy and decreased fertility in females
Chronic pansinusitis

CF, cystic fibrosis.

should prompt the clinician to suspect PCD and consider
further investigation.

Abnormal physical examination findings frequently en-
countered in the ears include middle ear fluid, otorrhea, and
tympanic membrane scarring or perforation. Abnormalities
in the nasal passages include mucosal congestion, edema,
mucoid or mucopurulent drainage, and occasionally polyps.
Abnormal chest auscultation findings can be variable and
may not be present early in life. Some children will have
intermittent wheezing, coarse rhonchi, and/or crackles. For
those with situs inversus, the heart tones will be heard
loudest over the right hemithorax, and the liver edge may be
palpable on the left side instead of the right. Digital clubbing
may be apparent in older individuals with bronchiectasis,
but this occurs less frequently than in patients with CF.

Lung function tests may be normal during early childhood,
but many children will have varying degrees of airflow ob-
struction later in life."®'*'* Limited longitudinal data in PCD
reveals that lung function remains relatively stable in a sig-
nificant percentage of individuals but can certainly decline
over time, 3716 although at a slower rate than it occurs with
CE." Radiographic abnormalities of PCD include peribron-
chial thickening, atelectasis, and airtrapping that may even-
tually lead to bronchiectasis.'*'” These findings typically
occur in the middle and lower lobes, which can be a distin-
guishing feature from CF, where abnormalities tend to be
more evident in the upper lobes. Densely opacified segmental
or lobar atelectasis with associated bronchiectasis in the
middle lobe seems to be a common occurrence in childhood. '’

Chronic airway infection begins in early childhood and is
believed to be a leading cause of morbidity and mortality in
PCD. The most common bacteria isolated in respiratory cul-
tures from children and adolescents with PCD are oropharyn-
geal flora, nontypeable Haemophilus influenza, Staphylococcus
aureus, and Streptococcus pneumoniae. Older patients with more
advanced lung disease have a higher incidence of infection with
Pseudomonas aeruginosa and nontuberculous mycobacteria."
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Diagnosing PCD

The diagnosis of PCD is based on the presence of a typical
clinical phenotype combined with identification of ciliary
dysmotility and / or specific ciliary ultrastructural defects.'®"
Since the specialized techniques and expertise required to
make the diagnosis are neither standardized nor readily
available, it has been suggested that patients suspected of
having PCD be referred to tertiary diagnostic centers."

Screening Tests
Nasal nitric oxide measurements

Several studies have shown that nasal nitric oxide (nNO)
levels are extremely low in PCD,'"'®!? although not in all
patients.”® There is little overlap between nNO in patients
with PCD and other lung diseases, thus suggesting that nNO
measurement may be a useful screening test for PCD in
children older than 5 years of age.”’ A normal or high nNO
value can help exclude PCD, especially in patients whose
history is not strongly suggestive. However, low nNO is not
diagnostic of PCD, as low levels have been reported in other
conditions with overlapping clinical features, including CF.10
As discussed in an editorial, the explanation for the low nNO
in PCD is not yet clear, but it may be due, in part, to reduced
nitric oxide synthase.”! Further, what role a low nNO may
play in the pathobiology or infectious risk in PCD is specu-
lative.?! Therefore, confirmation of the diagnosis of PCD
by ciliary ultrastructure analysis and/or genetic mutation
analysis is still required. Ongoing efforts are being made to
standardize nNO measurements and define its utility in
children less than 5 years of age. NNO measurements are
currently being performed by using research quality proce-
dures in specialty diagnostic and research centers."

Other screening tests

Saccharin testing as a measurement of mucociliary clear-
ance has been advocated as a diagnostic tool.” This test can
be difficult to perform and may be unreliable in younger
children. It is no longer being performed at most PCD spe-
cialty diagnostic centers. Research is ongoing in to the utility
of radioaerosol mucociliary clearance studies, which may
eventually prove to be an adjunctive diagnostic test for
PCD.'

Definitive Diagnostic Tests

Assessing the ultrastructure and function of ciliated epi-
thelium has been the primary means to diagnose PCD. Ci-
liated epithelial cells can be obtained either from the nose or
trachea, either by brushings or mucosal biopsies. A few
studies have examined the diagnostic yields and success
rates of different sampling techniques.”>** Experience plays
an important role in the success rates, as sites performing the
highest volume of biopsies have the highest proportion of
interpretable specimens and may reach a success rate as high
as 88%.%

Ciliary ultrastructure

Examination of ciliary ultrastructure by electron micros-
copy remains the traditionally accepted diagnostic test for
PCD. The most common ultrastructural defect is absent or
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shortened outer dynein arms. Other identified abnormalities
include absent or shortened inner dynein arms, combined
defects of both the outer and inner dynein arms, central
apparatus abnormalities including loss of radial spokes or
transpositions, and combined defects of the inner dynein
arms and central apparatus.”'*** Ciliary aplasia, or complete
absence of cilia, has also been described.”

It can be challenging to obtain an adequate biopsy spec-
imen with a sufficient number of cilia that are technically
satisfactory for accurate interpretation. Significant expertise
is required to produce high-quality transmission electron
micrographs, which are adequate to distinguish between
primary (“genetic”) and secondary (“nonspecific”) defects in
ciliary ultrastructure®® (Table 1). Inner dynein arms, in par-
ticular, are difficult to visualize, as they are less electron
dense and occur less frequently along the ciliary axoneme.
Further, dynein arm composition varies along the ciliary
length, such that ultrastructural defects can be missed, de-
pending on the site of the ciliary cross-section. Therefore, a
precise diagnosis can be mistaken or uncertain. If the diag-
nosis remains in doubt, then repeat biopsies should be per-
formed at another time after treatment of infection and
inflammation.

Normal ultrastructure, in the absence of abnormal ciliary
function studies, does not exclude PCD as a diagnostic
consideration. Disease-causing mutations in the DNAH11
gene have been identified in individuals with a compatible
clinical phenotype who have normal ultrastructure, but ab-
normal ciliary function.”” Therefore, it is possible that indi-
viduals with normal ciliary ultrastructure, who have a classic
clinical phenotype and low nNO levels, may, in fact, have
disease causing mutations in DNAH11 or in genes yet to be
determined.'®"

Ciliary motility

Visualization of ciliary beat frequency by simple light
microscopy has been used as a screening test for PCD. Al-
though this approach may identify markedly diminished or
absent beat frequency, ciliary beating may appear normal in
some cases of PCD.'®%” Therefore, the use of conventional
light microscopic assessment of ciliary motility should be
discouraged as a screening technique. With recent advances
in high-speed phase-contrast video imaging, analysis of cil-
iary wave motion and beat frequency by digital high-speed
videomicroscopy is now being used as part of routine di-
agnostic testing at some European centers.'”*® Abnormalities
in ciliary wave form have been related to specific ultra-
structural defects.* However, due to lack of standardization
in measurements, potentially subjective interpretation, the
need for specialized equipment, and the need for living ep-
ithelial cells, this specialized technique is not yet being rou-
tinely used at PCD diagnostic centers in the United States.

Genetic testing

Genetic testing of PCD is quite challenging due to the
extensive genetic heterogeneity, the large number of possi-
ble causative genes involved, and the large size of known
disease-causing genes.'® There are now 8 genes known to be
associated with PCD? (Table 3). Mutations in 2 dynein genes,
DNAI1 and DNAHS, which encode for outer dynein arm
proteins, account for approximately 30%-35% of confirmed
PCD diagnoses.” Mutation analysis of these 2 genes forms
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TABLE 3. RECOGNIZED GENE ABNORMALITIES ASSOCIATED
WITH PRIMARY CILIARY DYSKINESIA

Gene identified Chromosome  EM findings — Phenotypes
DNAH5 5 ODA PCD +/-¢8I
DNAI1 9 ODA PCD +/-SI
DNAH11 7 normal PCD +/-SI
TNXDC3 7 ODA KS

DNAI2 17 ODA PCD +/-SI
KTU (C140rf104) 14 ODA+IDA PCD +/-SI
RSPH4A 6 CP PCD

RSPH9 6 CP PCD

Modified from Barbato et al.'’

DNAHS, dynein, axonemal, heavy chain 5; DNAII, dynein,
axonemal, intermediate chain 1, DNAH11, dynein, axonemal, heavy
chain 11; TNXDC3, thioredoxin domain containing 3; DNAI2,
dynein, axonemal, intermediate chain 2; KTU, chromosome 14 open
reading frame 104; RSPH4A, radial spoke head 4 homologue A;
RSPHY, radial spoke head 9 homologue; ODA, outer dynein arms;
IDA, inner dynein arms; CP, central pair; SI, situs inversus; KS,
Kartagener’s syndrome.

the basis of molecular genetic testing that is now commer-
cially available.® As previously mentioned, mutations in
DNAH11 have been identified in patients presumed to be
having PCD with no obvious ciliary ultrastructural abnor-
rnality.26 An international effort is underway to identify and
define the genes and disease-causing mutations involved in
the majority of patients with PCD. Currently, DNA testing
may be helpful in establishing the diagnosis, but does not
replace the need for confirmatory electron microscopic
evaluation.

Treatment for PCD

At present, no specific therapies are available to correct
the ciliary dysfunction in PCD at the cellular level. Re-
commendations for treatment are largely extrapolated from
CF and other suppurative lung diseases in the absence of
evidence-based studies. Respiratory management includes
routine pulmonary monitoring (lung function testing, respi-
ratory cultures, and chest imaging), regular airway clear-
ance by combinations of physiotherapy and exercise, and
aggressive treatment of upper and lower airways infec-
tions."”

Mucus clearance techniques are widely prescribed in
patients with PCD with no evidence as to the efficacy of any
particular modality. Recommendations for a specific patient
should be individualized. Since cough may be an effective
clearance mechanism, patients with PCD should be encour-
aged to actively cough. Exercise should be encouraged to
mobilize mucus secretions that can be cleared by coughing.
In a small study, exercise increased peak expiratory flow
acutely, whereas bronchodilators did not.?’ Tt is unknown
whether mucus modifying aerosols such as recombinant
human rhDNase, hypertonic saline, or mannitol are effective
in PCD. Anecdotally, some patients in a small and uncon-
trolled study showed an improvement in respiratory symp-
toms with inhalation of rhDNase.'” Although aerosolized
short-acting beta agonists may increase ciliary beat fre-
quency in normal cilia in vitro, it is unclear whether they
have the same effect on abnormal cilia. In one study, regular
bronchodilator use was neither effective nor detrimental in
terms of pulmonary function.*
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With onset of worsening respiratory symptoms (increased
cough and sputum production) or decline in lung function
tests, antibiotics should be prescribed, preferably on the basis
of respiratory culture results. Younger children with PCD
will often receive frequent courses of antibiotics for recurrent
and chronic otitis media and sinusitis. Although prophylactic
oral antibiotics are not standard treatment in PCD, they can
be considered if repeated courses of antibiotics are required.
If P. aeruginosa is identified in respiratory cultures, then most
PCD clinicians would prescribe an eradication regimen, akin
to that recommended in patients with CF. As for chronic
infection with this organism, inhaled anti-Pseudomonal an-
tibiotics may be considered, despite lack of proved efficacy."

Further lung protective strategies include avoidance of ac-
tive and passive tobacco smoke exposure and other environ-
mental pollutants, and minimization of exposure to respiratory
pathogens. Patients with PCD should receive all appropriate
childhood immunizations as well as the pneumococcal poly-
saccharide vaccine and annual influenza vaccinations.

Ear, nose, and throat management is particularly chal-
lenging, especially in younger children.!! Despite the recur-
rent and chronic middle ear effusions, myringotomy tube
insertion has been discouraged by some European centers
because of persistent otorrhea after tube insertion,'® although
surgical intervention may benefit hearing.!' Routine nasal
saline irrigations are generally recommended to those with
chronic nasal congestion and recurrent sinusitis. Prolonged
antibiotic treatment is frequently required for those with
chronic sinusitis. The role of topical nasal steroids and anti-
histamines in PCD remains unclear.

Outcomes

The onset of lung disease in PCD occurs early in child-
hood, though the progression and severity of lung disease
varies considerably among individuals with the condition.
For the majority of individuals with PCD, the rate of lung
function decline appears slower than in CF, especially with
intensive therapy.'>'® Although some individuals die pre-
maturely from respiratory failure as a result of PCD, many
can live a near normal life span. Careful and comprehensive
management of otolaryngologic and respiratory problems
are recommended to minimize chronic organ damage and
subsequent bronchiectasis.

Resources

A national consortium, the “Genetic Disorders of Muco-
ciliary Clearance Consortium,” a member of the Rare Disease
Clinical Research Network (http://rarediseasesnetwork.
epi.usf.edu/gdmcc/index.htm), has been established to im-
prove diagnosis and treatment of children with suspected or
confirmed PCD. This consortium is comprised of 7 clinical
research sites at the University of North Carolina at Chapel
Hill, National Institute of Allergy and Infectious Diseases,
The Children’s Hospital and University of Colorado Denver
School of Medicine, Washington University in St. Louis,
Stanford University, University of Washington in Seattle,
and University of Toronto (Hospital for Sick Children). Ad-
ditionally, a PCD Foundation has been formed by the mother
of a patient with PCD in an effort to raise awareness and to
readily disperse information to patients and their families
about PCD (www.pcdfoundation.org).
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Conclusions

PCD is an uncommon genetic disease that often presents
in the newborn period. Chronic otitis media and profuse
rhinorrhea are nearly universal problems, particularly in
early childhood. Chronic productive cough is also a domi-
nant complaint. PCD is responsible for a considerable pro-
portion of non-CF bronchiectasis in children. An estimated
50% of affected individuals have dextrocardia and situs in-
versus totalis (Kartagener’s syndrome). The diagnosis can be
challenging and until recently has depended on documen-
tation of abnormal ciliary ultrastucture by electron micros-
copy. nNO measurement appears to be a useful screening
test, particularly in children older than 5 years of age. Our
knowledge about PCD disease-causing genetic mutations is
still emerging, and genetic testing is an active area of in-
vestigation. Treatment of PCD is mainly extrapolated from
CF and other suppurative lung diseases. The Genetic Dis-
eases of Mucociliary Clearance Consortium is actively
working to improve our diagnostic approach to those sus-
pected of having PCD, studying the natural history of PCD-
related lung disease, and initiating clinical trials to study
treatment strategies in patients with PCD.
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