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Congenital problems of mucociliary clearance: primary 
ciliary dyskinesia*

Summary
Mucociliary clearance is a primary defence mechanism of the airway that can be altered in congenital diseases such as primary 
ciliary dyskinesia and cystic fibrosis, as well as acquired conditions. This article focuses on primary ciliary dyskinesia and the diag-
nostic approach to it, which is still evolving.  
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Introduction
Mucociliary clearance (MCC) is a primary defence mechanism of 
the airway, whereby secreted mucus and the substances within 
it are cleared (1). It can be disturbed by infections, toxins and 
congenital disorders such as cystic fibrosis and primary ciliary 
dyskinesia (2).

Afzelius originally described ciliary ultrastructure in 1959 (3). He 
was the first to identify an ultrastructural abnormality in four 
men with ‘living but immotile’ sperm (4). ‘Immotile cilia syndrome’ 
was formally described in 1977, in male patients with chronic 
respiratory symptoms, infertility and absent dynein arms (5). As 
it has now been shown that cilia are not necessarily completely 
immotile, but may have abnormal motility, the name ‘primary 
ciliary dyskinesia’ (PCD) seems a better alternative (6). 
Afzelius also suggested that ciliary movement influences em-
bryonic visceral rotation, and that in the absence of functional 
cilia this rotation will occur by chance (4). Cilia are now known 
to be important in many organs during embryogenesis, and 
congenital ciliopathies may be associated with polycystic renal 
or hepatic disease, nephronophthisis, hydrocephalus and rare 

syndromes such as Bardet-Biedl, Alstrom’s and oro-facial-digital 
syndromes (7). Whilst motile cilia are a vital part of primary respi-
ratory defence systems, it is sensory cilia that appear important 
in the development of these other organ systems. 

Mucociliary clearance  
Respiratory epithelium consists of approximately 80% ciliated 
cells and 20% goblet cells (8). Airway surface fluid has two layers, 
an outer mucus ‘gel’ layer and an inner thin ‘sol’ layer (9). This 
classical model has been challenged with an alternative model 
of a tangled mucin layer extending to the epithelial surface 
(10). Mucus traps inhaled particles and pathogens and is then 
propelled by ciliary movement towards the gastrointestinal tract 
for elimination, the so-called ‘mucociliary escalator.’  The lower 
airways and nose can also clear mucus with a cough or a sneeze 
respectively, but the sinuses depend on mucociliary activity 
alone. 
Effective MCC requires the production of appropriate mucus and 
periciliary fluid as well as coordinated ciliary activity (11). Normal 
MCC has been reported as 4.5-7mm/minute in the nose and 10.7 
± 3.5mm/minute in the trachea and large lower airways (12,13).
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Congenital problems of MCC may affect any part of this me-
chanism. PCD is a heterogeneous inherited disorder of ciliary 
function. Genetic mutations can affect mucus production, as 
in cystic fibrosis (CF) (9). Acquired conditions such as chronic 
obstructive pulmonary disease may also reduce MCC, seemingly 
by depressing ciliary beat frequency, as can certain chemicals 
and toxins (14-16).

Ciliary structure and function
Cilia are complex structures found on most eukaryotic cells. The 
lungs have 0.5m2 of ciliated epithelium, containing 3 x 1012 cilia; 
ciliated epithelium is also found in the nasal cavity and para-
nasal sinuses, Eustachian tubes and middle ear clefts, pharynx, 
trachea, Fallopian tubes and cervix, ductuli efferentes and the 
ependymal lining of the brain (9). 
Each ciliated epithelial cell carries approximately 200 cilia, each 
5-7 µm in length. Axonemes form the core of cilia, and are com-
posed of microtubules in specific arrangements by which cilia 
are classified. In motile cilia and spermatozoa tails, this is a ‘9+2’ 
arrangement: a ring of 9 outer microtubule pairs (‘doublets’) 
with a central pair of single microtubules (17). The outer doublets 
are held to each other by nexin links, while radial spokes con-
nect the central pair to each outer doublet (Figure 1). Immotile 
“primary” cilia have a ‘9+0’ arrangement i.e. they lack a central 
pair (18). Embryonic nodal cilia, involved in left-right asymmetry, 
are also of this type.
The outer doublets carry inner and outer dynein arms (10). Outer 
dynein arms (ODA) are multisubunit ATPase complexes that 
generate the energy required for ciliary movement (17). The inner 
dynein arms (IDA) influence beat pattern (19). Each cilium has a 
forward effective stroke followed by a backward recovery stroke 
(19-21). The central microtubule pair divides the axoneme into 
two halves; one side is active during the effective stroke and 
the other side during the recovery stroke (2). Ciliary movement 
is coordinated by metachronal waves so that each ciliary beat is 
coupled to the adjacent cilium (22). The direction of the effective 
stroke is determined by the orientation of the ciliary axoneme 
(11).

Primary ciliary dyskinesia
PCD is a rare genetic disorder, usually inherited in an autosomal 
recessive fashion. However, there are reported cases of autoso-
mal dominant and x-linked inheritance (23-25). It is a genetically 
heterogeneous ciliopathy characterized by abnormal structure 
and/or function of ‘9+2’ motile cilia and sperm flagella. Various 
ultrastructural defects have been described, and in some the ge-
netic mutations have also been identified. Some patients have 
normal ciliary ultrastructure but abnormal random orientation 
or dyskinetic movement (26).
The incidence has been quoted variably from 1:7.000 to 1:60.000 
but is generally estimated now as approximately 1:15.000, 
higher in certain genetically isolated populations (17,18,27). This 
is likely to be an underestimate due to difficulties in diagnosis 
(7,18,28,29).
The clinical features are less heterogeneous than the genetic 
mutations. It may be apparent from birth, with unexplained 
neonatal respiratory distress seen in over 70% (30). Chronic 
respiratory infections are characteristic, with rhinitis, sinusitis 
and eventual bronchiectasis in nearly all patients. PCD should 
be considered in any ‘atypical’ asthma that does not respond to 
standard treatment (27). Chronic rhinorrhoea is difficult to distin-
guish from common childhood upper respiratory infections, but 
any child with nasal polyps should be assessed for cystic fibrosis 
and then for PCD. There may be a persistent cough as patients 
attempt to clear secretions by a cilia-independent mechanism. 
Recurrent otitis media occurs in 95% of children, with chronic 
middle ear effusions causing hearing loss in a significant num-
ber (29). Both men and women are subfertile rather than infertile. 
In men this is due to abnormalities of sperm motility (although 
50% have normal fertility), while in women the Fallopian tube 
cilia are dysfunctional; this can lead to a higher incidence of 
ectopic pregnancy as well as difficulty conceiving (31).
Defective function of embryonic nodal cilia leads to apparent 
randomisation of left-right axis development, with situs inversus 
found in almost 50% of PCD patients (31). PCD with situs inversus 
is classically known as Kartagener’s syndrome, although Siewert 
first described the association in 1904 (32,33). Some patients have 
situs ambiguous or heterotaxy, where organs are in mirrored 

Screening Test Normal range

Saccharin test 10 - 20 mins; abnormal if > 60 mins (17,42,43)

99mTechnetium-colloid scintigraphy 4 - 11mm/min; abnormal if < 3 mm/min (22,45)

 Expired nasal NO > 500ppb; consider PCD if < 250ppb and high clini-
cal suspicion; PCD highly likely if < 100ppb (50,51)

Table 1. Common screening tests for PCD: tertiary referral for further investigation is advised if abnormal.
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positions or even duplicated; this is often associated with con-
genital heart defects (34).
The presentation of PCD is usually in mid-childhood and is often 
non-specific. Diagnosis is therefore frequently delayed, with 
resultant progression of respiratory disease. The European Res-
piratory Society’s Task Force on PCD found that the median age 
at diagnosis was 5.3 years; this was lower in patients with situs 
inversus (3.5 years) compared to those without (5.8 years) (35). 
Early diagnosis improves prognosis with stabilisation of lung 
function and subsequent reduction in longterm morbidity (36). 
Any child with situs inversus should be investigated, as 25% will 
have PCD (37). Similarly any child with PCD should have a cardio-
logical evaluation, for they are more likely to have congenital 
heart disease (6%) (34). Other situs anomalies and any congenital 
heart defect should also prompt investigation for PCD (38).
The genetics of ciliopathies are complex because of the multiple 
proteins involved in axonemal structure (20). Eight PCD genes 
have been identified to date: DNAI1, DNAH5, DNAH11, DNAI2, 
TXNDC3, KTU, RSPH9 and RSPH4A (7,20). DNAH5 is thought to ac-
count for approximately 28% of PCD cases, with DNAI1 causing 
a further 2-10% (39,40). The other genes have only been found in 
isolated or rare cases, so the genetic basis is unknown in over 
60% of PCD cases (7). Several other loci have also been identified, 
including the retinitis pigmentosa gene and orofacial-digital 
type 1 syndrome gene, both found on the X chromosome (18,25,31). 

As more PCD families are studied it is likely that other genes will 
be identified and potentially added to a screening panel (38). 

Diagnosis
First, more common conditions such as cystic fibrosis and con-
genital immune deficiencies should be excluded. Next, specific 
tests of ciliary structure and function should be performed; 
many of these are difficult, expensive and time-consuming, and 
should ideally be performed only in tertiary referral centres. The 
establishment of three such centres in the UK has significantly 
increased the percentage of positive diagnoses obtained, from 
10% to 15% (27). Screening tests are often used to determine 
which patients should be referred for more complex investigati-
ons (Table 1). 

Screening tests
Assessment of mucociliary clearance
The saccharin test is an easy and cheap but now somewhat 
outdated test of nasal MCC. A 5mg saccharin tablet is placed on 
the inferior turbinate, 1 cm from the mucocutaneous junction 
(41). The time taken for the subject to report a sweet taste is re-
corded. An alternative is to use a dye and record the time taken 
to visualise the dye at the back of the pharynx (42). Normal values 
are 10 - 20 minutes, and the test is abnormal if the time taken is 
more than 60 minutes (17,42,43). It is difficult to perform reliably in 

Figure 1. a) Schematic cross-section of a normal cilium: nine microtubule 

doublets (MD) are connected to two central microtubules (CT) by radial 

spokes (RS). Each doublet is connected to the next by a nexin link (N). 

Outer (OA) and inner (IA) dynein arms project from each doublet. b) 

Transmission electron micrograph of normal ciliary cross-section (mag-

nification: x33.000) c) Transmission electron micrograph of cross-section 

of cilium with absent inner dynein arms, in a patient with PCD (magnifi-

cation: x33000)

Reprinted from Paediatric Respiratory Review, 1(1), Chilvers MA and O’Callaghan C, Local muco-

ciliary defence mechanisms, p29, Copyright (2000), with permission from Elsevier.
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young children who tend to sniff, giving a false negative result, 
and is therefore not helpful in early diagnosis. False positives 
are also common, and there is great inter- and intra-individual 
variability, but it may still be used as a screening test (7).
Scintigraphy is performed with a droplet of 99mtechnetium-
colloid particles placed on the inferior turbinate. Radioactive 
movement is recorded with a gamma camera for 10 minutes 
(44). Normal values are reported as 4 - 11mm/minute with less 
than 3mm/minute considered abnormal (22,45). It does not require 
patient cooperation and is not affected by coughing, crying, 
sniffing or sneezing (44). It has been shown to be 100% sensitive 
but with low specificity (55%) and can be used as a reliable 
screening test, even in infants (44,45).
An experimental method being used to assess MCC in mice 
involves placement of rhodamine dye a fixed distance ‘upstream’ 
of a microdialysis probe (46). Regular samples are obtained 
through the probe and fluorometric analysis is performed; MCC 
can then be calculated.
Measurement of tracheobronchial MCC via pulmonary radio-
aerosol MCC (PRMC) is a potential test (47). Nebulized 99mtech-
netium-albumin colloid is inhaled and lung radioactivity is 
measured. PMRC is calculated using whole-lung retention after 
1 hour and 2 hours and comparing to the expected rates. It has 
a high specificity and is useful in excluding the diagnosis in dif-
ficult cases. However, the possibility of false positives with other 
pulmonary conditions remains. Cooperation is required and so it 
is unsuitable for children under 5 years. 
MCC may also be studied in vitro. Adding 1 µm diameter fluo-
rescence beads to the apical surfaces of human airway epithelial 
air-liquid interface cultures allows direct visualisation with video 
epifluorescence or scanning confocal microscopy (48). Velocity 
and coordination of movement can be assessed. 

Expired nasal nitric oxide measurement
Nitric oxide is synthesized in sinus epithelium by nitric oxide 
synthetase. Patients with PCD have very low expired nasal nitric 
oxide (nNO), although the reason for this remains unclear (49,50). 
This is very useful as a screening test; if nNO is within the normal 
range (greater than 250ppb) it excludes PCD with 97% certainty 
and has a 98% sensitivity (50,51). Low levels do not confirm the 
diagnosis, as they are also seen in other congenital abnor-
malities of MCC as well as acquired conditions (7). Air is ideally 
sampled during a breath-hold to avoid dilution from the lower 
airways, and this is difficult in children below six years of age (44). 
However, alternative methods of sampling have been studied 
(52). Expired nNO can be recorded during normal tidal breathing, 
when high levels would exclude PCD, but there is a lack of nor-
mal data for infants and children. Mean nNO in children under 
1 year is significantly lower than in older cooperative subjects, 
presumably due to their undeveloped sinuses. Expired nNO may 
be used as a screening test even in young children but repeated 

measurements may be required (53). 

Ciliary ultrastructural evaluation
The current gold standard for diagnosis of PCD is ciliary ultra-
structural evaluation using nasal brushings under transmission 
electron microscopy (TEM) (42,54). However, up to 25% of PCD 
patients have normal ciliary ultrastructure so TEM is not infallible 
(27,54). Combining ultrastructural evaluation with ciliary func-
tion assessment improves the accuracy of diagnosis but there 
remains a 10 - 25% misdiagnosis rate.
Various ultrastructural abnormalities have been reported in 
PCD: 24 - 43% have isolated ODA defects; 7 - 45% have defects 
of both inner and outer dynein arms; 11 - 30% have IDA defects 
only; 7% have radial spoke abnormalities; 14% have a transpo-
sition defect affecting the central pair; and 3-6% have complete 
ciliary aplasia (18,19,42,49).
Immunofluorescent staining using antibodies to specific pro-
teins enables dynein arm defects to be identified (55). This newer 
test is relatively quick and inexpensive and may be of particular 
help in cases where the ultrastructural abnormality is difficult to 
detect with TEM (7,27,56). Secondary ciliary abnormalities do not af-
fect the result. As antibodies become available for other proteins 
this may become more useful.

Ciliary function assessment
Ciliary beat frequency (CBF) is the basic functional ciliary pa-
rameter that, with ciliary beat pattern (CBP), can be measured 
in vivo, ex vivo or in culture. Basal CBF is variably reported as 
8-20Hz (2,20,57).
Previously, the best method available for analysis of CBF and 
CBP was high-speed cinematography. Advances in digital high 
speed video (DHSV) recording now allow up to 400 frames per 
second to be captured and analysed using special software.  
DHSV provides frame-by-frame views in three planes that allow 
CBP to be evaluated, although this technique is very time-con-
suming and there may be operator bias as only certain regions 
of beating cilia are selected for analysis (21). Whole-field analysis 
of CBF avoids potential operator bias as there is no need to 
select certain fields for analysis, instead using software to assess 
the entire field at once (58). This method is also much quicker 
than standard DHSV analysis, with no difference seen in CBF 
when the two techniques are compared (59).
Up to 25% of cases have dysfunctional cilia with apparently 
normal ultrastructure on TEM (42). Some may have an abnorma-
lity in ciliary orientation so that the CBP is uncoordinated (27,60). 
Different ultrastructural defects have been shown to produce 
predictable abnormal beat patterns (19). Most cilia are virtually 
immotile in outer or combined inner/outer dynein arm defects. 
In inner arm defects there is an abnormal CBP with reduced 
amplitude. Central pair abnormalities cause a circular ciliary 
movement (61).
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CBF and CBP are ideally measured using living cells immediately 
after removal from the nose (45,52). If there has been a recent res-
piratory infection, secondary ciliary abnormalities may confuse 
the results and the tests may need repeating after a few weeks 
(7,27,42). If assessment proves very difficult then in vitro ciliogenesis 
may be required. Jorissen et al. developed a sequential mono-
layer suspension culture technique that enables ciliogenesis (62). 
This restores epithelial cells to their original ciliated phenotype, 
removing secondary defects; ultrastructure, CBF and CBP can 
then be reliably assessed (63). It is 100% sensitive and specific, 
but culture is difficult to establish and therefore limited to a few 
centres worldwide (7,27). It requires nasal biopsy, as brushings do 
not provide enough material, and takes six weeks, but it is a very 
accurate diagnostic test for PCD (54). 

Genetic testing
It is currently possible to test for the two most common muta-
tions identified, DNAH5 and DNAI1, which account for 30-38% 
of all PCD cases (20). Because of the heterogeneity of PCD, this 
is really only useful in those with a known relative with PCD, 
either for diagnosis or carrier testing. The tests are currently only 
available in Freiburg, Germany and Chapel Hill, USA.

Management
Multidisciplinary care is essential for patients with PCD, with 
respiratory physicians and otolaryngologists involved, as well as 
physiotherapists.
Respiratory function is optimized with clearance of secretions 
using physiotherapy, postural drainage and exercise. Cough 
suppressants should be avoided (57). Infective exacerbations 
should receive prompt antibiotic treatment, and prophylaxis 
with macrolides may be beneficial in established bronchiectasis.  
Non-invasive ventilation appears to improve quality of life and 
prolong survival, and successful lung transplantation has been 

reported (64). Routine pneumococcal vaccination and annual 
influenza vaccinations are advised (7).
‘Masterly clinical inactivity’ produces the best clinical outco-
mes as far as upper respiratory tract symptoms are concerned 
(7). Ventilation tubes should be avoided because of the almost 
inevitable persistent otorrhoea that follows. Hearing loss due to 
glue ear should instead be treated with hearing aids wherever 
possible, and tends to improve with age. Sinus surgery should 
be reserved for highly selected cases, including those with ag-
gressive polyps; these are less common than in CF patients. Ag-
gressive medical therapy, mainly in the form of saline douching, 
should be used to clear secretions from the nose and sinuses.
Patients should be aware that they may be subfertile rather than 
infertile, and contraception should still be used. If conception is 
difficult, then fertility services should be available.
Genetic counseling should be offered to all PCD patients and 
their families. 

Conclusion
PCD should be considered in patients with chronic intractable 
sinopulmonary symptoms, after excluding more common 
causes such as CF, immune deficiencies and Wegener’s vascu-
litis. Patients with suspected PCD, or who have failed simple 
screening tests (Table 1), should be referred to a tertiary centre 
for evaluation and specialist diagnostic testing as appropriate. 
Management is currently symptomatic, and aims to prevent or 
delay the onset of bronchiectasis, but perhaps one day pharma-
cogene therapy may allow us to correct the ciliary dysfunction 
and restore mucociliary clearance.
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