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KEY POINTS

� Patients with primary ciliary dyskinesia (PCD) referred for bronchiectasis frequently have clinical
problems from other organ systems and require multidisciplinary management.

� Diagnosis of PCD requires a combination of specialized diagnostic tests.

� A comprehensive evaluation of functional and structural information in combination with detailed
clinical history remains the cornerstone for accurate referral for PCD diagnosis and further
follow-up of PCD.
Video content accompanies this article at http://www.chestmed.theclinics.com.
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INTRODUCTION

Primary ciliary dyskinesia (PCD) is a rare multior-
gan disease caused by genetic mutations resulting
in defects in motile cilia. Because cilia are respon-
sible for clearing the secretions that accumulate in
the upper and lower airways, PCD is characterized
by impaired mucociliary clearance, which leads to
recurrent infections and progressive upper- and
lower-respiratory disease. Most patients with
PCD will develop bronchiectasis. The clinical
phenotype of PCD differs in many cases from the
typical patient with bronchiectasis by other
causes, and PCD frequently have clinical prob-
lems from several organ systems, requiring multi-
disciplinary management.

In this article, the authors describe the clinical
features of PCD and identify which patients should
be referred for diagnostic testing. They present an
overview of the diagnostic pathway for PCD and
discuss why an accurate diagnosis is important.
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CLINICAL FEATURES OF PRIMARY CILIARY
DYSKINESIA

PCD has an estimated prevalence of 1:10,000
people; however, its true prevalence remains un-
known.1 Many people only get a PCD diagnosis
late in adulthood or stay undiagnosed throughout
life. PCD is usually inherited as an autosomal
recessive condition, and in highly consanguineous
populations, a much higher prevalence has been
reported.2,3

Approximately 50 disease-causing genes have
been identified to date, and despite the large num-
ber, they only account for around 70% of PCD.4

This genetic heterogeneity leads to variability of
cilia morphology and function and therefore to sig-
nificant phenotypic variability in affected patients.
Ciliated epithelia line the upper and lower airways
as well as the Eustachian tubes, so respiratory
symptoms are common in patients with PCD. Cilia
can also be found lining the fallopian tubes in
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women and the efferent duct in men, whereas the
sperm flagella has a cilia-like structure.5–8 Conse-
quently, male and female infertility has been re-
ported in PCD.8 Nodal cilia are responsible for
organ left-right asymmetry, and their loss of func-
tion leads to situs abnormalities in more than half
of the patients.9 In rare cases, motile ependymal
or nonmotile cilia might also be affected leading
to accompanying conditions, such as hydroceph-
alus, retinitis pigmentosa, or polycystic renal
disease.
Evidence describing the prevalence of specific

clinical symptoms, their severity, and how they
evolve throughout life is sporadic and based
mostly on relatively small case studies and retro-
spective chart reviews.10 It is however known
that PCD may manifest differently according to
the patient’s age, which is particularly important
for identifying suspected patients to refer for
diagnosis.
In many patients, PCD presents within hours of

birth usually with unspecific symptoms, such as
rhinitis and wet cough that may easily go unno-
ticed. A large proportion of patients presents
with late-onset neonatal respiratory distress that
can develop days after birth and often requires ox-
ygen and admission to neonatal intensive care.11

Because of low awareness of PCD and its neonatal
manifestations, diagnosis is often missed unless
PCD neonates present with accompanying abnor-
malities,12 such as situs inversus (in approximately
50% of the patients) or other heterotaxic syn-
dromes (in an additional 10%).13,14 Around 5% of
PCD neonates are born with congenital heart dis-
ease, ranging from simpler to more severe defects,
which often require urgent intervention.10

Almost all patients develop chronic wet cough in
childhood and are prone to recurrent lower-
respiratory-tract infections. Lung function is
impaired early on, comparable to cystic fibrosis
(CF).15 In addition to the lower airways, the upper
airways and ears are usually affected. Most chil-
dren with PCD suffer from chronic rhinitis and
bilateral otitis media with effusion, which seems
to persist longer than in healthy children.16,17 In
some children, this may lead to hearing impair-
ment and possibly to delays in speech
development.18

Ear problems appear to improve with age, but
upper- and lower-respiratory disease persists
and usually gets more severe in adulthood.19

Most adult patients have rhinitis and develop
chronic sinusitis with major consequences to their
quality of life.19 Lung disease progresses too, and
almost all adults with PCD develop bronchiectasis.
In some patients, progressive lung damage might
lead to oxygen dependency and need for surgical
management; however, data on severe lung dis-
ease and how it affects life expectancy in PCD
are sparse.20–22 In addition to the increased
severity of respiratory symptoms, many male and
female young adults with PCD face fertility prob-
lems that require specialist counseling as they
reach reproductive age and start being concerned
with family planning.8

Not only does PCD manifest differently
throughout life but also it is characterized by
important clinical phenotypic variability, because
of its significant genetic heterogeneity. In recent
years, the discussion about the existence of
distinct PCD clinical phenotypes and their associ-
ation to genotypes has been brought into the spot-
light, as it may play a major role in diagnosis and
management of patients. So far, several studies
have assessed possible associations of PCD dis-
ease severity and prognosis with genotype or the
corresponding ultrastructural diagnostic pheno-
type.23–25 These phenotype-genotype correlations
become more important in informing personalized
clinical care decisions and early prevention mea-
sures and highlight the importance of accurate
diagnosis and genotyping of PCD whenever
possible.
WHY SHOULD WE THINK ABOUT PRIMARY
CILIARY DYSKINESIA?

As most PCD symptoms are quite nonspecific,
many patients, particularly those without laterality
defects, remain undiagnosed until adulthood
when they are referred to a pulmonology clinic
for management after they have developed
bronchiectasis.
In an international survey capturing the perspec-

tive of patients with PCD on diagnosis, 34% of the
respondents reported that they visited their doctor
on more than 40 occasions for PCD-related symp-
toms before PCD was considered a possible diag-
nosis.26 Particularly, adult participants thought
that their current state of health might have been
better had they been diagnosed earlier.26 Investi-
gating the cause of bronchiectasis and diagnosing
PCD is important not only to satisfy the wish of the
patients to resolve their “inconclusive” diagnostic
status but also because PCD patients require a
disease-specific comprehensive multidisciplinary
management approach (Table 1).
Management of lung disease focuses on delay-

ing disease progression and improving patients’
quality of life. Unfortunately, there is no strong ev-
idence to support most management approaches,
and recommendations are usually based on expert
experience and extrapolation from other respira-
tory diseases, such as CF or other causes of



Table 1
Multidisciplinary management and follow-up of patients diagnosed with primary ciliary dyskinesia

Organ System/Area of Care Clinical Issues Actions to Consider

Lower airways � Recurrent infections/pulmo-
nary exacerbations

� Colonization with
pathogens

� Impaired lung function
� Bronchiectasis

� Regular follow-up by a
pulmonologist with
expertise in PCD every 3–
6 mo

� Regular monitoring of lung
function (spirometry, other
modalities if available)

� Regular monitoring of chest
imaging (HRCT, MRI)

� Regular microbiology cul-
tures and sensitivity test

� Antimicrobial treatment of
infections, Pseudomonas
eradication

� Consider antibiotic
prophylaxis

� Individualized airway clear-
ance regimen (reviewed
regularly by a respiratory
physiotherapist with exper-
tise in PCD)

� Consider inhaled treat-
ments, for example, hyper-
tonic saline

� Oxygen supplementation if
indicated

� Lung surgery (lobectomy,
transplantation) if indicated

Upper airways and ears � Chronic rhinosinusitis
� Colonization with
pathogens

� Recurrent episodes of otitis/
chronic otitis

� Hearing impairment
� Delays/issues with speech

� Regular follow-up by an ENT
specialist with expertise in
PCD minimum annually,
more frequently if indicated
by symptoms

� Regular monitoring with
endoscopy/audiometry/tym-
panometry and further tests
if indicated

� Sinus CT (at baseline and
upon indication)

� Regular microbiology cul-
ture and sensitivity test

� Antimicrobial treatment of
infections

� Upper-airway clearance
regimen/nasal irrigation
with saline

� Consider nasal steroids
(particularly if combined
with allergy or in case of
polyps)

� Hearing aids/speech therapy
if indicated

� Consider endoscopic sinus
surgery if indicated

(continued on next page)
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Table 1
(continued )

Organ System/Area of Care Clinical Issues Actions to Consider

Heart � Congenital heart disease
(serious types usually
discovered at young age,
mild issues might remain
undiagnosed)

� Echocardiogram/assessment
of cardiac involvement

� Referral to cardiologist if a
defect is discovered and
treatment or follow-up as
indicated

Fertility � Infertility/subfertility � Referral to a fertility
specialist

� Assessment of fertility
� Indicated approaches, for
example, IVF

Abdomen/kidneys � Situs abnormalities (asple-
nia, polysplenia)

� Renal cysts

� Abdominal imaging at least
once in life

� Referral to gastroenterolo-
gist if a congenital defect is
discovered

� Referral to nephrologist for
renal assessment if indicated

Eyes � Retinitis pigmentosa � Referral to ophthalmologist
if indicated by symptoms or
genotype

Nutrition � Possible poor nutrition
(usually in younger patients
but it might persist)

� Possible vitamin D
deficiency

� Somatometric assessment at
regular intervals

� Referral to a nutritionist/
encourage healthy diet

Quality of life
Mental health

� Reduced quality of life
� Affected psychological well-
being

� Regular monitoring using
QOL-PCD

� Assessment by a psycholo-
gist and if indicated follow-
up

General � Recommend regular
exercise

� Provide or guide patient to
educational material about
PCD

� Encourage contacting PCD
support group

� Encourage genetic testing/
refer to further diagnostic
testing if new or improved
techniques are available

� Genetic counseling
� Immunizations
� Avoidance of known risk
factors that may further
impair health/increase mor-
tality, for example, smoking,
frequent exposure to air
pollutants

Abbreviations: CT, computed tomography; ENT, ear, nose, throat; IVF, in vitro fertilization; QOL-PCD, quality-of-life in-
strument for patients with PCD.
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bronchiectasis. However, pathophysiology of lung
disease in PCD differs importantly and often re-
quires different monitoring and management ap-
proaches. Although patients with PCD are often
included in bronchiectasis clinical trials as a sub-
sample of the study population, the numbers are
usually too small to reach useful conclusions,
and there are very few PCD-specific interventional
trials to date. Monitoring focuses on prevention
and treatment of infections with regular sputum
cultures and targeted treatment of new isolated
pathogens. The first multicenter randomized clin-
ical trial in patients with PCD showed that prophy-
lactic use of azithromycin resulted in reduction of
exacerbations.27 An extremely important part of
the management of PCD is airway clearance in or-
der to remove the mucus and minimize lung
impairment. There are no studies supporting 1
technique over the others, and current best prac-
tice recommends individualized clearance regi-
mens reviewed regularly by professional
physiotherapists and extensive education of pa-
tients. A combination of clearance techniques
with exercise is recommended particularly, as pa-
tients with PCD have poor aerobic fitness.28 Lung
transplantation might be indicated in the most
advanced cases and could be complicated by
accompanying laterality defects.

Lung disease progression is traditionally moni-
tored with lung function measured via spirometry;
however, spirometric indices, such as FEV1
(forced expiratory volume in 1 second), show great
heterogeneity in patients with PCD and might not
be the best and most sensitive indicators of dis-
ease severity.29 Washout measurements might
be more suitable to identify early lung damage,
but unfortunately, the equipment is not widely
available.30,31 Evaluation of structural lung dam-
age is important and does not always correlate
with functional damage in PCD.32 High-resolution
computed tomography (HRCT) is however used
sparingly for follow-up to avoid unnecessary radi-
ation and is reserved for occasions when there are
specific clinical concerns. Despite the importance
of following structural changes, there is no PCD-
specific score evaluating HRCT images.33

Morphologic and functional MRI has been studied
as an alternative with promising results in research
but is not widely used in clinical practice. It is
important to stress that monitoring of disease pro-
gression in PCD requires the use of multiple
modalities.32

In addition to lung management, when a PCD
diagnosis is reached, it is important to proceed
to a series of additional investigations to clarify
the possibility of accompanying complications
and comorbidities from other organ systems.
Chronic rhinosinusitis is common among adult pa-
tients, who tend to underreport these symptoms,
considering them their lifelong normal.19 Simulta-
neous management of upper and lower airways
is important, and upper-airway clearance with sa-
line irrigation is well tolerated and seems to help
symptom control despite the lack of PCD-
specific studies.34 In more severe cases, surgical
management might be required, for example,
endoscopic sinus surgery.35 Although ear infec-
tions are less common in adults, conductive hear-
ing loss might be present, and hearing should be
monitored.36

Because PCD is a hereditary condition, genetic
counseling and in many cases fertility counseling
are important, as well as educational resources
not only for the patients but also for family mem-
bers. Because of the need for a specialized multi-
disciplinary approach and the low awareness of
PCD among physicians, diagnosed patients
should be referred to specialized PCD centers for
follow-up and management to receive optimal
care, and if needed, further diagnostic investiga-
tions. Diagnosis and good characterization of
these patients will help to include them in future
PCD-specific clinical trials, to increase the evi-
dence for management of the disease. Most
importantly, as small-molecule and gene therapy
becomes a more plausible scenario for some dis-
eases, the understanding of genetics and patho-
physiology of PCD improves, and the number of
genotyped patients increases, studies evaluating
molecular treatments are on the horizon. A first trial
of this type, the CLEAN-PCD trial, aimed to eval-
uate the safety and efficacy of the VX-371 com-
pound, an inhaled epithelial sodium channel
inhibitor in patients with PCD. The study has
been completed, and results are awaited
(NCT02871778).
WHEN SHOULD WE THINK ABOUT PRIMARY
CILIARY DYSKINESIA

PCD should not be considered only a pediatric dis-
ease. Although awareness has increased among
adult specialists, an accurate diagnosis is still
challenging, particularly for patients who were
not diagnosed in childhood. The reported preva-
lence of PCD in adults with bronchiectasis varies
between 1% and 13% in described cohorts; how-
ever, most studies had not followed a comprehen-
sive diagnostic approach, and it is likely that PCD
was underreported.37–39 It is easier to identify pa-
tients with strong clinical suspicion, but as PCD
is characterized by phenotypic variation, many pa-
tients might be missed and never referred for PCD
testing. Predictive clinical scores are valuable to
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identify patients likely to have PCD.40 Unfortu-
nately, access to medical information from the
neonatal period is important for available scores
so they might be less useful for many adult pa-
tients, particularly without laterality defects.
Adapted scores might improve screening in this
population.41 Detailed clinical history is important,
focusing not only on respiratory symptoms but
also on symptoms from other organ systems that
patients might tend to underreport or consider
less relevant.42 Because PCD is a lifelong condi-
tion starting at birth, young patients with bronchi-
ectasis who have had CF excluded should be
referred for diagnostic testing. They usually have
moderate lung function impairment and distinct
structural features by HRCT. Upper lobes are usu-
ally spared, and the damage is found mainly in the
lower and middle lobes, characterized by mucus
plugging, peribronchial thickening, and “tree-in-
bud” phenomenon.33,43 A comprehensive evalua-
tion of functional and structural information in
combination with detailed clinical history remains
the cornerstone for accurate referral for PCD
diagnosis.
ROLE OF NASAL NITRIC OXIDE IN DIAGNOSIS

The first test to consider in an adult with suspected
PCD is nasal nitric oxide (NO). When the test is
performed according to guidelines with a chemilu-
minescence analyzer and velum closure, the ma-
neuver has been shown to have a sensitivity of
97.5% and specificity of 96.4% for the condition.44

There are 2 evidence-based PCD diagnostic
guidelines, and both advocate the use of nasal
NO as a test for PCD diagnosis with a cutoff of
77 nL/min recommended to distinguish between
PCD and non-PCD.44,45 Recently, the combination
of nasal NO >77 nL/min with a modified PICADAR
score greater than 2 has been described as a good
screening strategy for adults with PCD.41

Importantly, there are an increasing number of
patients with PCD and normal nasal NO levels
(>77 nL/mi) described. Normal NO is often associ-
ated with specific genes (RSPH1, DNAH9, FOXJ1)
or variants (p.His154Pro variant in CCDC103).46–49

Individuals with normal NO are more likely to have
atypical symptoms and normal or equivocal re-
sults in other diagnostic tests too.46,48 This makes
it more likely that individuals with normal NO will
present in adult bronchiectasis clinics with a diag-
nosis of PCD that has been missed in childhood,
similarly to CF with rare CFTR genotypes who
have borderline sweat test results.
Conversely, low nasal NO does not always indi-

cate PCD, and there are several conditions in
which it can be reduced, for example, in smokers,
some individuals with CF, recent viral infection, or
because of nasal obstruction from polyps.50

The utility of nasal NO for PCD diagnosis differs
according to age. It can be a useful test in adults
and older children. However, in babies and
younger children, the discriminatory value be-
comes much less useful.51 This is thought to be
due to the lack of formation of the paranasal si-
nuses, the main source of nasal NO, until older
age. In younger children or those unable to comply
with the velum closure protocol requirements for
nasal NOmeasurement (eg, owing to considerable
shortness of breath or developmental delay), an
alternative tidal breathing technique can be used.
Sensitivity and specificity are further reduced us-
ing this method.52

There are portable nasal NO analyzers that use
electrochemical sensors, and laser-based tech-
nology rather than chemiluminescence. These
may be available in respiratory clinics for
measuring fractional exhaled NO in asthma, and
many can be adapted for nasal NO measure-
ments. This increases availability and accessibility
of the NO test; however, the sensitivity and spec-
ificity for a diagnosis are reduced further with this
equipment. It is common for referrals to diagnostic
centers be made on the basis of locally performed
low NO measured by these analyzers to normalize
on repeat testing with a chemiluminescence
analyzer.53

FURTHER DIAGNOSTIC TESTING FOR
PRIMARY CILIARY DYSKINESIA

The American Thoracic Society and European
Respiratory Society (ERS) Guidelines recommend
that a diagnosis of PCD be confirmed by the pres-
ence of a recognized electron microscopy defect
or pathogenic mutations in a known PCD
gene.44,45 Subtle differences exist between the 2
diagnostic guidelines concerning priority and us-
age of tests, and these are reviewed elsewhere.54

Both guidelines agree that used in isolation ultra-
structural analysis or genotyping can only identify
w70% of people known to have PCD, making it
difficult to exclude the condition. Therefore, a mul-
titest pathway is recommended. The investiga-
tions involved in the multitest pathway are
described in the following section with the key
concepts and advantages and disadvantages of
each investigation. An overview of this pathway
is shown in Table 2.

Genotyping

There are 50 genes in which pathogenic mutations
are known to cause PCD and its associated motile
ciliopathies.4 Inheritance is usually autosomal



Table 2
Diagnostic algorithm for primary ciliary dyskinesia

Pretesting clinical history Children
� Neonatal respiratory distress
� Situs anomalies or congen-

ital cardiac defects
� Lifelong chronic persistent

rhinitis
� Chronic middle ear disease

with or without hearing loss
� Sibling or family member

with bronchiectasis or PCD
� Hydrocephalus and other

features of primary
ciliopathies

Adults
� Childhood onset of upper-

and lower-respiratory-tract
symptoms

� Situs anomalies or congen-
ital cardiac defects

� Sibling or family member
with bronchiectasis or PCD

� Male or female infertility
with productive cough

� Young patients with severe
bronchiectasis predomi-
nantly in the middle and
lower lobes

� Hydrocephalus and other
features of primary
ciliopathies

Nasal nitric oxide
This test is unreliable in
children <4 y

� Performed with a chemiluminescent analyzer and velum closure
maneuver

� Consistently <77 nL/min suggest further PCD investigations
� Consistently >77 nL/min when combined with a low clinical sus-

picion and/or normal HSVM: PCD highly unlikely

High speed video microscopy
(HSVM)

� Consistently normal results combined with nasal NO >77 nL/min
and/or a low clinical suspicion make a diagnosis of PCD highly
unlikely

� Abnormal HSVM proceed with further PCD investigations
� Because of strong genotype diagnostic phenotype correlations

(shown in Table 2), abnormal pattern can help to confirm PCD in
patients with class 2 TEM defects or inconclusive genetic results

Immunofluorescence (IF) � Absence of key proteins from the cilia (eg, DNAH5, GAS8) can:
� Verify class 2 TEM defects or inconclusive genetic results
� Can suggest a likely diagnosis if TEM is not available

Transmission electron
microscopy (TEM)

� Performed according to international consensus guideline77

� Class 1 defects confirm PCD
� Class 2 defect suggests PCD: consistent results in other tests are

required to confirm the diagnosis
Normal results don’t exclude a diagnosis

Genotyping � Performed according to American College of Medical Genetics
and Genomics [Richards et al]:

� Biallelic pathogenic mutation in a known PCD gene confirm PCD
� Biallelic likely pathogenic or variant of uncertain significance in a

known PCD gene suggests a diagnosis; consistent results in other
tests are required to confirm

Normal results do not exclude a diagnosis

Additional advanced testing
modalities

Electron tomography, radiolabeled mucociliary clearance
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recessive, but there are some examples of
x-linked and dominant inheritance.4,49,55 These
genes can be categorized into 5 broad functional
categories (Table 3).

Despite the large number of PCD genes
described, the 4 most common (DNAH5,
DNAH11, CCDC39 and CCDC40) account for
greater than 50% of the genetically solved cases
in Europe and North America.4 Thousands of
disease-causing mutations have been described
in these 4 genes. Careful interpretation of genetic
results by a person with disease knowledge and
further testing with functional tests are often
required, especially where variants of uncertain
significance are identified. In particular, interpreta-
tion in variants in HYDIN should be made with
caution because of the presence of a pseudogene
HYDIN2 with homology in its sequence.

Clinical genotyping is often achieved with use of
a gene panel containing the known PCD genes.



Table 3
Primary ciliary dyskinesia genes and association with diagnostic phenotype

Gene Diagnostic Test Results

Genes coding for structural proteins in the outer dynein arm

DNAH5, DNAI1, DNAI2, DNAL1, NME8, CCDC114,
ARMC4, CCDC151, TTC25

DNAH11

DNAH9a

TEM: Class 1 outer dynein arm defect
HSVM: Mostly static
IF: Absent or misallocated DNAH5
TEM: Normal
HSVM: Reduced amplitude and hyperfrequent
IF: Absent DNAH11
TEM: Partial outer dynein arm defect
HSVM: Subtle beat pattern defect
IF: DNAH9 absent

Dynein assembly proteins

DNAAF1 (LRRC50), DNAAF2 (KTU), DNAAF3
(C19ORF51), DNAAF4 (DYX1C1), DNAAF5
(HEATR2), LRRC6, ZMYND10, SPAG1, CFAP298
(C21ORF59), DNAAF6 (PIH1D3), CFAP300
(C11ORF70)

TEM: Outer and inner dynein arm defect
HSVM: Immotile
IF: Absent DNAH5 and DNALI1

Radial spoke and central complex components

RSPH9, RSPH4A, RSPH1

HYDIN, SPEF2
RSPH3, DNAJB13, STK221, CFAP221

TEM: Class 2 central complex defect
HSVM: Rotational
IF: Absent RSPH9
IF: -Absent SPEF2
Other diagnostic tests poorly described or
normal

Molecular ruler and dynein regulatory genes

CCDC39, CCDC40

CCDC65 (DRC2), DRC1 (CCDC164), GAS8 (DRC4)

TEM: Class 1 microtubular disorganization and
inner dynein arm defect

HSVM: Reduced bending
IF: Absent GAS8 and DNALI1
TEM: Class 1 microtubular disorganization
HSVM: Subtle defect with pause in beat
IF: Absent GAS8

Proteins required for ciliogenesis

CCNO, MCIDAS, FOXJ1,a NEK10a TEM: Class 2 reduction of multiple motile cilia
and mislocalization of basal bodies

HSVM & IF: Reduction of multiple motile cilia

Primary ciliopathy associated

OFD1, RPGR, NHPH Other diagnostic tests poorly described or
normal

Other function

CCDC103,a GAS2L2, TTC12 Other diagnostic tests poorly described or
normal

a Cases with normal nasal nitric oxide have been identified.
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Because of the continuation of gene discovery,
these panels must be updated regularly, and
many commercial panels do not contain the full
gene set. Alternative options are whole-exome or
whole-genome sequencing. This gives the option
to return to the sequencing data in light of new
gene discovery and search for mutations in new
genes in unsolved cases.
Transmission Electron Microscopy

PCD was first described by Afzelius in 1975 by us-
ing transmission electron microscopy (TEM) to
visualize defects in ciliary ultrastructure. TEM
was the gold standard of diagnosis for many years,
and it remains the only way to confirm w30%
cases. In the early 1980s, it began to emerge
that some individuals with clinical PCD symptoms
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had normal ultrastructure when visualized by
TEM.56 This was confirmed by identification of
the gene DNAH11, which is associated with
normal ultrastructure. DNAH11 is an outer dynein
arm heavy chain responsible for driving motility.
Mutations in DNAH11 are the second most com-
mon cause of PCD in Europe and North America.
Subsequently, normal or subtle changes in ultra-
structure have been associated with several other
PCD genes.48,57,58 Research innovations based on
3-dimensional visualization of ciliary structure by
electron tomography, artificial intelligence, and
bioinformatics to average micrographs together
can improve the sensitivity of TEM to these subtle
defects.59,60 The normal ultrastructure as visual-
ized by TEM is shown in Fig. 1.

Recently, an international agreement on termi-
nology, adequacy of a diagnostic sample, and a
minimum data set to include in a TEM report
has been reached.61 Class 1 defects are diag-
nostic of PCD and include outer dynein arm de-
fects, outer and inner dynein arm defects, and
microtubular disorganization with inner dynein
arm defects (see Fig. 1). There are additional de-
fects, described as class 2 defects, which can
indicate a diagnosis of PCD if seen in association
with other diagnostic tests, for example, a corre-
sponding high-speed video microscopy (HSVM)
pattern, absence of protein by immunofluores-
cence, or a mutation in a PCD gene. These class
2 changes include central complex defects;
absence of outer, or inner and outer dynein
arms in 25% to 50% of cross-sections; mislocal-
ization of basal bodies with few or no cilia; micro-
tubular disorganization with inner dynein arms
present. At least 50 axonemes should be
inspected in transverse section from many
different cells, and more are often required to
identify class 2 defects with accuracy.61 The clas-
sifications of defect and strict criteria for analysis
aim to reduce complications caused by the pres-
ence of secondary ciliary dyskinesia. Secondary
ultrastructural defects can overlap with the class
2 diagnostic defects and include compound cilia,
loss of central complex, and tubular disorganiza-
tion. These defects are usually a result of bacterial
or viral infection, acute or chronic inflammatory
processes, although defects can also be second-
ary to poor fixation or dehydration technique
when processing the sample for TEM. The use
of cell culture techniques to grow samples in a
sterile environment reduces the presence of sec-
ondary defects. If these tools are not available,
then repeat sampling from a second site or at a
different time can help to tease out the primary
versus secondary nature of the ultrastructural
changes seen.
High-Speed Video Microscopy

HSVM is a modality by which the pattern and
effectiveness of cilia beating can be visualized.
The cilia of the airways beat at about 10 to 20 Hz
at 37�C in an effective forward stroke followed by
a recovery stroke.62 The speed and pattern of
the beating as well as clearance of overlying
mucus and cellular debris can be visualized
ex vivo by light microscopy (Videos 1 and 2). Video
images from the microscope recorded at high
speed can be played back in slow motion to
analyze the ciliary waveform. Relationships be-
tween genotype, ultrastructural phenotype, and
cilia beat pattern have been identified by HSVM,
for example, cilia from patients with absence of
dynein arms owing to defects in dynein assembly
genes (eg, DNAAF1-6) are mostly immotile,
whereas those with central complex defects at
TEM owing to mutations in genes which code for
radial spoke head proteins (RSPH4a, RSPH9,
RSPH1) can be seen to rotate.63–65 HSVM requires
specialist equipment and expertise in interpreta-
tion. This is partly due to difficulty in differentiating
between ciliary dyskinesia, which is secondary to
bacterial infection or epithelial inflammation
compared with primary defects. There is currently
no standardization or reporting guidelines for the
technique, but within centers with extensive
expertise, it has been shown to have excellent
sensitivity and specificity in the identification of
PCD.66

HSVM results can be affected if a current or
recent upper-respiratory-tract infection has
occurred. There can be an absence or reduction
in the number of cilia on the respiratory epithelium
for analysis. Cilia that are present can appear
dyskinetic. To help avoid this situation, it is recom-
mended not to sample the epithelium for diag-
nostic testing within 4 to 6 weeks of an upper-
respiratory-tract infection. As with TEM, HSVM
sensitivity can be improved further with the use
of primary cell culture techniques to differentiate
airway epithelium in a sterile environment before
reassessment. Primary PCD defects remain
following culture, whereas defects that were sec-
ondary to infection or inflammation normalize
allowing the diagnosis to be excluded. In the
absence of cell culture facilities, a repeat of the
original sample can be made.

Immunofluorescence

This technique uses antibodies against key ciliary
proteins, which can be fluorescently labeled and
visualized by microscopy (see Fig. 1). At the time
of publication of the ERS diagnostic guidelines,
there was no evidence for use of this test, but in



Fig. 1. (A) Normal ciliary ultrastructure including 9 1 2 microtubules (green), outer dynein arms (red), inner
dynein arms (blue), and radial spokes (purple). Specific defects in this structure are diagnostic of PCD and include
class 1 defects. (B) Outer dynein arm defect. (C) Inner and outer dynein arm defect. (D) Microtubular disorgani-
zation and inner dynein arm defect. Further class 2 defects are diagnostic when confirmed with other diagnostic
tests. (E) Central complex defect. (open arrows) Absence of the central pair of microtubules. (closed arrows) Trans-
location of an outer doublet into the center. Some normal cross-sections are also seen. (F) Immunofluorescence
testing. Alpha-acetylated tubulin antibody (green) indicates the presence and location of the cilia. GAS8, a
dynein regulatory component, is present in the top row (healthy control) and is absent from the cilia in the bot-
tom row (patient with PCD owing to a CCDC39 defect).
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the last few years some studies testing a panel of
antibodies for diagnostic sensitivity have been re-
ported.67–69 Results are encouraging, showing
similar sensitivity and specificity to TEM. Turn-
around times and cost of investigation are
improved compared with TEM mainly because of
a reduced requirement for specialist equipment
and expertise in interpretation. These factors
make immunofluorescence an attractive option
for centers with limited resources. Antibodies to
most of the PCD affected structures in the cilium
are available and have been tested. Some patients
with PCD have normal antibody results,70 and
standardization of the test is required. Improve-
ments in technology, such as increased availability
of superresolution microscopy, may allow the
identification of some of these more subtle
defects.71
IMPROVING PRIMARY CILIARY DYSKINESIA
DIAGNOSIS: PRIORITIES FOR RESEARCH

Previous research collaborations led to important
accomplishments in diagnosis and care of patients
with PCD.1,27,45,72–74 Current and future clinical
and research initiatives aim to improve further
PCD diagnosis. A clinical research collaboration
(CRC) supported by the ERS (BEAT-PCD;
https://beat-pcd.squarespace.com/) aims to
advance clinical and translational research in
PCD through building on the foundations set by
the previous collaborative initiatives and in close
collaboration with the ERN-LUNG PCD core
(ERN-LUNG; http://ern-lung.eu) and the EMBARC
ERS CRC on bronchiectasis (https://www.
bronchiectasis.eu/).75,76

One important priority is to revisit and update
the existing diagnostic algorithms, taking into ac-
count newer diagnostic evidence aiming to
develop new common international diagnostic
guidelines for PCD. Standardization of diagnostic
test reporting contributes to improved diagnosis;
therefore, there is a need to standardize diagnostic
results in tests such as HSVM and immunofluores-
cence, where this is not yet done. An ongoing ERS
Task Force aims to develop a technical standard
on nasal NO measurement for the diagnosis of
PCD. A main aim of BEAT-PCD is to establish an
online open database (CiliaVar) registering PCD
gene mutations and specific combinations of var-
iants. As clinical genetic testing is increasingly
used for PCD, by improving access to PCD variant

https://beat-pcd.squarespace.com/
http://ern-lung.eu/
https://www.bronchiectasis.eu/
https://www.bronchiectasis.eu/


with one or 2 tests. Information on genotype
and diagnostic phenotype might provide
important information for management deci-
sions, as they are often correlated with clin-
ical severity and disease prognosis.

� Primary ciliary dyskinesia is highly heteroge-
neous, and there might be discordance be-
tween lung function and imaging outcomes,
so a combination of several modalities is rec-
ommended for monitoring of disease
progression.

� Despite the lack of clinical trials, an individu-
alized upper- and lower-airway clearance
regimen, regularly reviewed by physiothera-
pists with expertise in primary ciliary dyski-
nesia, is one of the cornerstones of primary
ciliary dyskinesia management.

� Because of the onset of most symptoms in
early childhood, patients with primary ciliary
dyskinesia might underreport their symptoms
and the disease severity, considering them
normal. A detailed clinical history at every
follow-up visit, using standardized assessment
tools, such as the disease-specific FOLLOW-
PCD questionnaire, might contribute to a
more reliable clinical assessment.

� Prophylactic use of azithromycin has been
shown to reduce pulmonary exacerbations
in patients with primary ciliary dyskinesia.
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information, CiliaVar will contribute to improving
PCD diagnosis.76

Another area of great importance is to identify
key characteristics and clinical outcomes for pa-
tients with PCD. Existing test modalities and out-
comes used for other respiratory diseases do not
appear to be as relevant to assess damage
caused by PCD and follow its progression. Not
only does this hinder the effective management
of patients with PCD but also does not allow the
identification of relevant features to distinguish pa-
tients who possibly have PCD. PCD-specific clin-
ical scores and identifiable characteristics would
help to differentiate PCD from other causes of
bronchiectasis in order to refer these patients for
further diagnostic testing.

SUMMARY

Diagnosis of PCD depends on a combination of
clinical features and a series of diagnostic tests,
many of which require expertise and expensive
equipment. Despite these difficulties, clinicians
caring for patients with bronchiectasis should put
effort in identifying patients with suggestive clinical
features using the tools available to them and refer
them to specialist diagnostic and management
centers because these patients require a multidis-
ciplinary management approach.

CLINICS CARE POINTS
� Successful management of patients with pri-
mary ciliary dyskinesia requires a multidisci-
plinary approach with a specialized health
care team that will include pulmonologists,
ENT specialists, physiotherapists, and specialist
nurses. Upon indication or at least for baseline
control, the following specialists might also
need to be involved in primary ciliary dyski-
nesia care: cardiologists, fertility specialists, ge-
neticists, nutritionists, psychologists, and in
rarer occasions, nephrologists, gastroenterolo-
gists, and ophthalmologists.

� Subtle laterality defects, even ones accompa-
nied with mild types of congenital heart dis-
ease, might go unnoticed for several years.
Therefore, at diagnosis, all patients with pri-
mary ciliary dyskinesia should undergo imag-
ing to clarify their presence, as these might
complicate management particularly in case
a surgical intervention is needed.

� An extensive diagnostic evaluation, including
genetic analysis, is recommended for all pa-
tients diagnosed with primary ciliary dyski-
nesia even if the diagnosis is established
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