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Primary ciliary dyskinesia (P€D) is a rare and difficult-
to-diagnose disease with morbidity related to infections
of the upper and lower respiratory tract. The disease
15 caused by mutations in genes that are required for
proper ciliary function. The defect in ciliary funetion
results in reduced or absent mucociliary clearance,
thereby predisposing the affected individual to repeated
bacterial infections. Recent advances in the understand-
ing of the basic biology and function of the cilium have
led to the identification of some of the genes that are
mutated in cases of PCD. Further studies of this disease
will likely lead to earlier diagnosis, better treatment, and
improved outcomes.

Introduction

Primary ciliary dyskinesia (PCD) is a difficult-to-diagnose
disease that predisposes patients to chronic sinus and air-
way infections. Previously referred to by several different
names, including Kartagener’s syndrome [1] or immotile
cilia syndrome [2], the term PCD was instituted to include
all genetic disorders that cause defects in the respiratory
cilia and result in impaired mucociliary clearance [3]. By
this definition, Kartagener’s syndrome (the triad of situs
inversus totalis in addition to sinusitis and bronchiecta-
sis) and cases of truly immotile cilia (as opposed to those
that still show some motility) are recognized as subsets
of PCD. Recently, diseases that are caused by genetic
(that is, primary) defects in cilia that affect other organs
(referred to as ciliopathies [4]) have become the focus of
much research; these include polycystic kidney disease [5]
and Bardet-Biedl syndrome [6]. However, PCD currently
refers to patients whose major symptom is caused by the
lack of functional respiratory cilia, and these individuals
are the focus of this review.

Overview

PCD is defined as a rare disease, usually showing an
autosomal recessive pattern of inheritance, with an inci-
dence estimated at 1 in 12,000 to 20,000 [7,8]. Because
PCD is difficult to diagnose and is a multi-genetic dis-
ease that likely exists in mild variants, the true incidence
is unknown. As mentioned earlier, PCD is caused by a
genetic defect in the function of respiratory cilia. Each cil-
ium is composed of approximately 200 proteins [9] (Fig.
1), and a mutation in any one of them could conceivably
result in impaired ciliary function. Depending on the par-
ticular mutation, mucociliary clearance may be impaired
or absent. The lack of effective mucociliary clearance
increases the individual’s susceptibility to bacterial infec-
tion, particularly in the upper respiratory tract, including
the nasal cavity and sinus, the eustachian tube, and the
upper airways. The chronic cough that often accompa-
nies PCD is considered to be an effort to overcome the
lack of mucociliary clearance, and provides an alternative
mechanism for clearing the airways of potentially patho-
genic micro-organisms. As described later, the diagnosis
of PCD is difficult, and demonstration of a visible defect
in the axonemal structure by electron microscopy is con-
sidered definitive. Patients with clinical symptoms of PCD
and a clear defect in axonemal structure are identifiable;
however, many patients have symptoms that overlap with
other diseases, and the results from electron microscopy
are not always easily interpretable. The most commonly
reported abnormalities are the absence of the outer and/or
inner dynein arm structures, which provide the force for
ciliary beating (Fig. 1). However, it is possible that some
mutations do not result in a large structural abnormality
that is visible by electron microscopy, and it is not known
how many different causal mutations may exist.

An interesting, but as yet unexplained, feature of PCD
is that almost all patients tested have very low levels of
exhaled nasal nitric oxide (NO) [10,11ee,12]. Because this
has been observed in many patients, presumably with differ-
ent mutations, the mechanism responsible for the low NO
levels must depend on some aspect of proper ciliary funec-
tion and not on the specific protein mutated. The finding
of low levels of exhaled NO has been so consistent that it
has been proposed as a diagnostic tool. Further research is
clearly required to understand the basis of this observation.
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Figure 1. A schematic diagram illustrating some of the highly conserved structures that have been identified as being defective in the cilia of
PCD patients (fefd). Representative electron micrographs of cilia from patients with missing inner (center) or outer (right) dynein arms.

Table 1. A comparison of clinical features and diagnostic tests in primary ciliary dyskinesia and chronic

rhinitis and rhinosinusitis

Clinical feature/diagnostic test

Neonatal respiratory distress Yes
Abnormalities of thoracoabdominal Yes
asymmetry (Fig. 2)
Chronic nasal discharge Yes
Chronic productive cough Yes
Wheeze Variable
Recurrent otitis media Yes
Infertility Yes
Bronchiectasis Yes

Nasal nitric oxide

Ciliary ultrastructure via electron microscopy . Abnormal
Immunoglobulin E Normal
Allergic skin testing Negative

Genetic screening approaches to identify mutations in
PCD have been hampered by both the limited numbers of
patients and the heterogeneous nature of the disease. How-
ever, investigators using a candidate gene approach have
successfully identified mutations in two genes, DNAII
[13-15] and DNAHS [16,17], which together may account
for 38% of the cases examined so far [18]. Both of these
proteins are components of the outer dynein arm, and the
successful identification of these genes represents a signifi-
cant step forward in the understanding and diagnosis of
this disease. In the future, it can be envisioned that other
genes responsible for difficult-to-diagnose cases of PCD
will be identified, and reliable genetic testing will become
more widely available for patients suspected of PCD.

Clinical Manifestations

Currently, the diagnosis of PCD is based on the presence
of a compatible clinical phenotype in association with a
confirmatory laboratory test [11ee,19,20,21e022], A

Primary ciliary dyskinesia

Extremely low

Chronic rhinitis and rhinosinusitis
No
No

Variable

Variable

Vatiable [49]

No

No

No

Normal/reduced [42 43]

Normal or nonspecific secondary defects
Normal/elevated

Variable

comparison of diagnostic features in PCD and chronic
rhinitis and rhinosinusitis is highlighted in Table 1.

Two distinguishing early features of PCD are neonatal
respiratory distress in term neonates and abnormalities of
thoracoabdominal asymmetry. Neonatal respiratory dis-
tress has been identified in more than 70% of patients and
is probably secondary to the involvement of airway cilia
in transforming the human lung from a fluid-filled to an
air-filled organ [20,23]. Approximately 50% of those with
PCD have normal positioning of their thoracoabdominal
organs (situs solitus) [11ee,24.25]. Most of the remain-
ing PCD patients have their organs completely reversed
(situs inversus totalis), which is part of the “triad” that
Kartagener first described in 1933 (Fig. 2) [1]. Severity of
sinopulmonary disease appears to be independent of situs
defect [11ee], Situs inversus is not genetically predetermined
in patients with PCD, but occurs as a random phenomenon,
reflecting nodal ciliary dysfunction during embryogenesis
[26-28]. Heterotaxic anomalies (situs ambiguous, organ
laterality defects other than situs inversus totalis), includ-
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ing complex congenital heart disease and polysplenia, have
also been associated with PCD, occurring in up to 6% of
patients in a recent large series (Fig. 2) [25,29-32].

A number of published case series have identified
that chronic airway infection (100%), chronic rhinitis
or chronic rhinosinusitis (100%), and otitis media (95%)
account for the morbidity and mortality associated with
PCD [11ee,19]. Symptoms start at an early age [11ee,19].
Patients may present first to an otolaryngologist because
of ear infection and “glue ear,” which recurs throughout
childhood but appears to improve in adulthood in the
majority of patients [1199,19,21e022] Patients invariably
report chronic nasal discharge, mucostasis, and recurrent
sinusitis, which continue throughout adulthood. Nasal
symptoms are usually perennial [11ee, 19].

Chronic cough and recurrent airway infections are
consistently present, with persistent sputum production
associated with bronchiectasis occurring in adulthood
[11%e,19,21e0.22]. Airway hyperreactivity with wheeze may
mimic asthma symptoms [11¢e,19]. Digital clubbing may
also be identified. Clinical and radiographic evidence of
bronchiectasis develops as the disease progresses. A recent
study of high resolution CT (HRCT) imaging confirmed
previous radiographic studies, identifying that bronchiectasis
predominates in middle and lower lobes in more than 50%
of pediatric and all adult patients [24,33,34]. Airway calcifi-
cation has recently been identified as a novel finding in older
PCD patients [35]. Pulmonary function tests usually show
progressive obstructive or mixed obstructive and restric-
tive disease [11*2,19]. With the progression of lung disease,
microbiologic flora include a transition from Haemophilus
influenza and Staphylococcus aureus to smooth and mucoid
Pseudomonas aeruginosa and other gram-negative organ-
isms [11#e]. Non-tuberculous mycobacteria have also been
identified in PCD patients [11ee]. Studies suggest that dis-
ease severity is less than that of cystic fibrosis (CF), with the
majority of patients having normal lifespan. This difference
is believed to be due to the maintenance of effective cough
clearance in PCD. However, a significant percentage of PCD
patients (25%) may develop respiratory failure, and a small
proportion require lung transplantation [11ee].

Male infertility is usually present, resulting from sperm
immotility, although reports differ regarding the actual inci-
dence [11%2,36]. Female subfertility appears to be related to
abnormal ciliary function in the fallopian tube [11ee].

Hydrocephalus has been rarely associated with PCD,
and it is unclear whether the few cases reported provide
a clear link with the lack of functional ependymal cilia.
However, in murine models of PCD, hydrocephalus is a
more universal feature [37,38]. A recent report suggests
that the lack of functional ependymal cilia results in clo-
sure of the aqueduct and hydrocephalus in the post-natal
period [38]. Unfortunately, the early development of hydro-
cephalus makes these murine models unsuitable for studies
of the development and treatment of the upper respiratory
diseases that are the major cause of human morbidity.

Diagnosis

Tests of ciliary function, such as the saccharin test and
ciliary beat analysis via routine microscopy, have been
used as screening tests; however, they are not standardized
and are currently not thought to be useful to distinguish
primary ciliary defects from secondary defects (eg, viral
infection). As stated earlier, the current gold standard
diagnostic test is ciliary ultrastructural analysis via elec-
tron microscopy [1109,19,21e¢.22]. Ciliated cells can be
sampled via nasal brushing, biopsy using a curette, or
forceps biopsy of nasal or bronchial mucosa. Prepara-
tion and assessment of samples should be performed by
an experienced pathologist. Up to 90% of patients have
defects in outer and inner dynein arms (Fig. 1); other dis-
ease-causing abnormalities have been identified, including
abnormalities of the central apparatus, transposition of
outer microtubule doublets, and ciliary aplasia [11ee,22].
However, patients with classic phenotype and normal
ultrastructural analysis have also been identified [11ee].
Other causes of chronic rhinosinusitis may cause nonspe-
cific “secondary” defects and secondary ciliary dyskinesia
(Table 1). If nonspecific defects are identified, the test
should be repeated after therapeutic intervention, such as
antibiotics. Examination of dynein arm structure using
immunofluorescent antibody labeling is also being devel-
oped as a research tool and diagnostic test [39,40].

As discussed, nasal NO concentration is dramatically
reduced in PCD patients, and its potential use as a screening
test is being investigated [10,112#,41]. It is currently unclear
why NO is low in PCD; however, some authors predict that
it may be related to the influence of ciliary function on NO
synthase activation [10]. However, low nasal NO levels
have also been identified in sinusitis [42,43].

As noted earlier, disease-causing mutations in two dynein
genes (DNAHS and DNAIT) have been identified [13-17].
Several different mutations have been identified in these
genes, which are mutated in only a subset of PCD patients.
Currently, testing is based in specialized research centers;
however, diagnostic gene panels are being developed.

Treatment

At this point, little is known about specific treatments for
PCD. No intervention has been identified to correct cili-
ary function. The development of international advocacy
groups (http://www.pcdfoundation.org/, http://www.
pcdsupport.org.uk/) have increased media and public
awareness of the disorder. The recently formed Genetic
Diseases of Mucociliary Clearance Consortium (http://
rarediseasesnetwork.epi.usf.edu/gdmec/about/index.htm)
will provide a framework in the United States for longitu-
dinal studies and clinical trials.

Management of pulmonary disease in PCD has in part
been extrapolated from other chronic airway diseases,
including CF. Standard treatment includes regular clinical
review, microbiologic analysis and pulmonary function
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Figure 2. A, Posterior-anterior chest radiograph of a 13-year-old female with primary ciliary dyskinesia (PCD) demonstrates situs solitus.
Right middle and left lower lobe bronchiectasis is noted. Ciliary ultrastructural analysis using electron microscopy revealed missing inner
dynein arms (Fig. 1, middle panel). B, Posterior-anterior chest radiograph of a 31-year-old male with PCD demonstrates situs inversus totalis.
Anatomical right middle lobe volume loss is noted. Ciliary ultrastructural analysis using electron microscopy revealed absent outer and inner
dynein arms. C, Posterior-anterior radiograph of a 30-year-old female with PCD demonstrates abdominal situs inversus. Left lower lobe
bronchiectasis is noted. Ciliary ultrastructural analysis using electron microscopy revealed absent outer dynein arm, and genetic analysis
identified one mutation in DNAH5 (Fig. 1, right panel). H—heart; L—liver; S—stomach.

testing, aggressive airway clearance techniques including
exercise, physiotherapy, and oscillatory vest, and early
treatment of infection [44]. Chronic anti-inflammatory
therapy, including inhaled corticosteroids and chronic
suppressive antibiotic therapy, is also used without ran-
domized trials. Expert opinion suggests that cough
suppressants should not be used [21e,44]|. The role of
recombinant DNase is unclear, and at least one study
suggests it may have an adverse effect in non-CF bronchi-
ectasis [45]. A sustained clinical benefit from L-arginine
use has not been identified [46].

The management of chronic otitis media includes anti-
biotic therapy and surgery, but there is some controversy
about the proper role of surgery. Specifically, there are con-
cerns about the use of tympanostomy with ventilation tube
placement because of complications (chronic otorrhea and
persistent membrane perforation and hearing loss) and the
natural history of improvement of this complication over
time [47,48]. However, some advocate the use of tympa-
nostomy with ventilation-tube placement and hearing aids
for children with conductive hearing impairment [21ee],

The management of morbidity related to sinusitis in PCD
is difficult, and symptoms are usually lifelong. Topical cor-
ticosteroids, saline nasal douches, and systemic antibiotics
are invariably used. Endoscopic surgery and nasal polypec-
tomy are performed with variable relief of symptoms, and
long-term benefits have not been established [21ee,44].

Conclusions

In summary, PCD is a rare disease that causes lifelong
morbidity related to recurrent otosinopulmonary infec-
tion. The identification of mutations that impair ciliary
function and lead to an increased incidence of respira-
tory disease demonstrates the importance of mucociliary

clearance to pulmonary health. A number of features dis-
tinguish PCD from other causes of chronic rhinosinusitis,
including abnormalities of thoracoabdominal asymmetry,
recurrent otitis media, bronchiectasis, and subfertility. If
these features are identified, diagnostic tests should be
considered to establish the diagnosis of PCD. Although
the pathogenesis of PCD seems straightforward, diag-
nosis remains a significant challenge. Further studies to
identify additional causative mutations and to understand
the mechanism and the consequences of the low levels
of exhaled nasal NO are clearly warranted. In addition,
these studies will provide insights into other diseases in
which mucociliary clearance is impaired, including CF
and chronic obstructive pulmonary disease.
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