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ABSTRACT Primary ciliary dyskinesia (PCD) is a rare genetic disease that affects the motility of cilia,
leading to impaired mucociliary clearance. It is estimated that the vast majority of patients with PCD have
not been diagnosed as such, providing a major obstacle to delivering appropriate care. Challenges in
diagnosing PCD include lack of disease-specific symptoms and absence of a single, “gold standard”,
diagnostic test. Management of patients is currently not based on high-level evidence because research
findings are mostly derived from small observational studies with limited follow-up period. In this review,
we provide a critical overview of the available literature on clinical care for PCD patients, including recent
advances. We identify barriers to PCD research and make suggestions for overcoming challenges.

Introduction
Primary ciliary dyskinesia (PCD) is a heterogeneous genetic disease characterised by abnormal ciliary
function. Impaired mucociliary clearance due to abnormal function of epithelial cilia in lungs, paranasal
sinuses and ears leads to recurrent and chronic infections of the upper and lower airways. Clinical
presentation of PCD is heterogeneous, and patients present different combinations of symptoms, some of
which vary over time [1, 2]. Moreover, the symptoms are nonspecific, contributing to the challenge for
general clinicians to identify patients to refer to specialist units for diagnostic testing. However, the pattern
and combination of symptoms can be strongly suggestive [3, 4].

Symptoms usually occur within the first few hours after birth, with over 70% of PCD patients suffering
from unexplained neonatal respiratory symptoms (NRS) [3, 5, 6]. Persistent wet cough is one of the most
frequently reported symptoms [1, 3]. Chronic suppurative pulmonary infections lead to irreversible lung
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damage, with bronchiectasis seen in both children and adults [1]. Recurrent otitis media is often present at
an early age [7] and can lead to significant hearing loss and speech impairment [8].

Approximately half of PCD patients have complete mirror image of major organs situs (situs inversus)
[9, 10]. This occurs due to disruption of embryonic nodal flow, which is responsible for determining
left–right symmetry [11]. Patients with heterotaxy (or situs ambiguous) often present with congenital heart
disease [12]. The sperm flagella and the fimbriae of fallopian tubes exhibit a similar structure to
respiratory cilia, with studies reporting fertility problems in men and women [1, 13, 14].

Prevalence is estimated to be around 1:10000, and higher in consanguineous populations [15, 16],
although true prevalence of the disease is unknown and many patients remain undiagnosed [17].

There are a number of recent reviews on the diagnosis and management of PCD [18–27]. This review
aims to provide a critical evaluation of the literature, identifying obstacles to patient care and suggesting
future directions for PCD research and clinical care.

Referral for testing
A major challenge is identifying patients to refer for diagnostic testing. PCD centres are highly specialised,
making geographical access a problem. Referral of appropriate patients for testing is therefore a crucial step
on the diagnostic pathway.

There is a lack of awareness of PCD by general practitioners and paediatricians. An international survey of
271 PCD patients reported 37% had over 40 visits to medical professionals due to PCD-related symptoms
before being referred for testing [28]. The most prevalent symptoms in PCD are not disease specific;
perhaps not surprisingly, patients with situs inversus, a rare condition in the general population [29], are
diagnosed at an earlier age [17].

The development of screening tests and predictive tools is paramount to improve accurate identification of
patients for diagnostic testing. The recently published European Respiratory Society (ERS) guidelines for
the diagnosis of PCD provide recommendations on patient referrals [30]. Simple and easy-to-use
predictive tools that provide disease probability scores, such as PICADAR (PrImary CiliARy DyskinesiA
Rule) [3], and expert-defined clinical symptoms scores [10] will probably improve referrals from secondary
care but require validation in different settings [26].

Despite the majority of patients presenting with NRS [5], studies have shown that neonates are rarely
diagnosed with PCD [2, 17], nor are they referred early for testing [28]. MULLOWNEY et al. [6]
demonstrated that the combination of lobar collapse, situs inversus and/or persistent oxygen therapy for
over 2 days in term newborns with respiratory distress can accurately predict PCD. The diagnosis should
also be considered in term neonates with normal situs.

A recently published meta-analysis highlighted variations on the reporting of clinical manifestations in
PCD in different studies [1]. Despite reports of over 70% PCD patients suffering from NRS, the review
found only 33% of the studies described NRS. It is unclear if these findings reflect limitations in data
collection by the authors, issues in recording and reporting these symptoms by clinicians, or a
combination of both. Symptoms described in the majority of studies lacked standardisation, limiting
comparisons between them.

A well-defined referral pathway is essential to guarantee patient access to diagnostic testing. A Europe-wide
survey found that differences in referral patterns have an impact upon disease prevalence [17]. For
example, the active search for potential PCD cases in Cyprus led to a higher than average disease
prevalence.

PCD centres can centralise the diagnosis and management of PCD patients, with the majority of patients
willing to travel longer distances to have access to specialised tests and care [28]. In rare disorders, it is
essential to have a high throughput of cases for appropriate training of healthcare professionals and
diagnostic scientists. Research in PCD has shown that centres managing over 20 patients are associated
with diagnosis at an earlier age [17]. It is anticipated that centralised care will provide access for patients
to expert centres using standardised protocols with quality assurance, such as the European Reference
Network ERN-LUNG (http://ern-lung.eu) [31] and the North American Genetic Disorders of Mucociliary
Clearance Consortium.

PCD diagnosis
In the absence of a “gold standard” test, diagnosis is reached through a combination of PCD-specific tests.
The recently published ERS guidelines provide evidence-based recommendations on PCD diagnosis and
offer an algorithm for diagnostic testing, which should be based on clinical symptoms, nasal nitric oxide
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(nNO) assessment, high-speed video microscopy analysis (HSVMA), transmission electron microscopy
(TEM) and genotyping [30]. Importantly, the guidelines provide a hierarchal classification to determine
diagnostic certainty based on tests performed and results (figure 1) [30]. Asserting the diagnostic certainty
is important to ensure correct enrolment of confirmed cases in prospective cohorts and randomised
clinical trials (RCTs).

The availability of diagnostic tests varies between countries [17], and it might not be feasible to reach a
definite diagnosis in centres with few resources due to financial limitations or lack of technical expertise
[32]. Over 20% of patients included in the PCD Registry and 10% of studies included in a recent
meta-analysis had diagnosis based on suggestive clinical history only, without diagnostic test confirmation
[1, 33].

Standardising reporting on diagnostic testing
Although advances have been made to standardise the diagnostic pathway [30], improvements are needed on
the conduct and reporting of results from diagnostic tests. Cut-off values vary considerably between centres,
as they depend on local expertise, equipment, techniques, and laboratory and sample conditions [34].

For example, nNO has been extensively investigated as a screening test, because levels are extremely low in
patients with PCD [35, 36]. A technically acceptable plateau of nNO levels is obtained using a stationary
chemiluminescense analyser, preferably during a velum closure manoeuvre. However, a recent
meta-analysis found high levels of heterogeneity between studies, reflecting differences in study design,
age, control group and breathing techniques [36].

Equally important is the selection of appropriate cut-off values that can be applied to different settings,
analysers and populations. LEIGH et al. [37] have shown that 77 nL·min−1 is a disease-specific
discriminatory cut-off value reproducible in multiple sites when using a standardised protocol. However,
there is still no consensus on appropriate thresholds, particularly for children <6 years of age. The ERS
guidelines argue that nNO should not be used in isolation or as a general screening test, as it would
perform poorly in populations with low prevalence of PCD (e.g. primary and secondary care settings) [36],
but instead should contribute to the final diagnostic decision [30].

HSVMA is the only diagnostic test in common use to directly assess ciliary function. Ciliary beat
frequency and pattern are analysed by experts using video images recorded by a camera attached to a
microscope. Researchers have questioned the validity of HSVMA as ciliary beat pattern analysis is observer
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FIGURE 1 Primary ciliary dyskinesia (PCD) classification according to the European Respiratory Society
guidelines for the diagnosis of PCD [30]. ODA: outer dynein arm; IDA: inner dynein arm; MTD: microtubular
disarrangement; nNO: nasal nitric oxide; CBP: ciliary beat pattern; HSVMA: high-speed video microscopy
analysis.
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dependent [38], but recent studies have shown associations between specific changes in ciliary beat
pattern, hallmark ultrastructural defects and genotype [39, 40]. For example, immotile cilia are seen in
patients with combined absence of outer dynein arms (ODA) and inner dynein arms (IDA) (e.g.
ZMYND10), while isolated ODA absence (e.g. DNAH5) is associated with residual movement and vast
areas of static cilia [39, 40]. Circular beating from a top view is present in those with transposition defects
[40]. While “typical” cases (e.g. immotile or circular cilia) are relatively easy to detect, subtle changes are
difficult to differentiate from secondary defects by HSVMA and are only likely to be picked up by
specialised scientists in high-throughput centres and even then risk being missed. There are significant
challenges in standardising HSVMA testing and in using appropriate terminology for different beat
patterns [41], so it is important to address these in order to generate comparable data.

TEM is used to visualise respiratory cilia ultrastructure in transverse sections of chemically fixed
epithelium. TEM was once the “gold standard” for PCD diagnosis. However, it is now known that 15–20%
of PCD cases have disease-causative mutations but normal ultrastructure by TEM [30, 39, 41–43]. A
quantitative approach to cilia evaluation is recommended, but there is no agreement on the minimal
number of cilia scored or on the terminology used for ultrastructural defects.

Pathogenic bi-allelic mutations in over 30 genes have been published to date [30]. These are estimated to
be responsible for 60–70% of PCD cases [25, 38, 44] and, as new genes are discovered, this is likely to
increase. Candidate gene analysis is still the main tool for gene identification, but next-generation
sequencing technologies might offer a greater insight once technical challenges are overcome [16]. Yet, the
role of genetic testing in the diagnostic pathway is still unclear. Most studies to date have focused on
discovering novel genes and therefore were conducted in small cohorts with PCD already confirmed by
TEM. Genetic testing can undoubtedly provide a diagnosis in cases where HSVMA and TEM are normal
or subtly abnormal, e.g. DNAH11 and CCDC103 [42, 45]. It is imperative that future studies are designed
to assess the use of genetic screening as a diagnostic tool.

Immunofluorescence is based on the visualisation of fluorescence-labelled antibodies specific for cilia
proteins in epithelial cells. Antibodies targeting ODA, IDA, radial spoke head and dynein regulatory
complex proteins are available but do not cover all known ultrastructural defects. SHOEMARK et al. [46]
recently published the first diagnostic study assessing immunofluorescence accuracy, which showed that
immunofluorescence correctly identified 22 out of 25 PCD patients and all negative controls. These
findings strongly suggest that immunofluorescence can play an important role in the diagnostic pathway
but there is need for a wider range and better quality of antibodies, and standardisation of
immunofluorescence conduct and reporting.

Electron microscopy tomography is a computer-assisted TEM technique that allows for the generation of
three-dimensional images, providing high-resolution projections of cilia ultrastructure. There have been no
diagnostic studies to date, but SHOEMARK and HOGG [43] have shown that patients with mutations in
HYDIN or DNAH11, which are difficult to diagnose using standard TEM [42, 47], can be identified using
electron microscopy tomography.

PCD management
Similar to other rare diseases, the evidence base for treating patients with PCD is poor. Therefore, the
choice of management strategy is based on expert consensus and the clinician’s personal experience [48].

There are two expert consensus statements on PCD management: the 2009 ERS Task Force Consensus in
Children [48] and the 2016 North American PCD Foundation Consensus [12], neither of which are
evidence based. Both recommend regular follow-up visits at least every 6 months, conducted in specialist
centres with multidisciplinary teams experienced in managing chronic suppurative lung disease.

Lower airway management
Respiratory management is largely extrapolated from cystic fibrosis (CF) and non-CF bronchiectasis,
despite differences of PCD pathophysiology, prognosis and response to treatment [49, 50]. The
cornerstones of lower airway management are regular monitoring of lung function, pulmonary
physiotherapy coupled with exercise, and active treatment of infections with antibiotics.

Pulmonary monitoring usually combines lung function tests, sputum microbiology cultures and chest
imaging. Spirometry-derived forced expiratory volume in 1 s (FEV1) is used to monitor disease
progression in most respiratory diseases, with chest radiography reserved for acute episodes or occasional
monitoring.

Studies have questioned the sensitivity of FEV1 to monitor disease progression and to detect early lung
damage. MARTHIN et al. [51] found a high degree of variation in FEV1 decline, unrelated to age at
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diagnosis or baseline FEV1. A recent study on adults with PCD found a steeper annual decline of FEV1 in
women and in patients chronically infected with Pseudomonas aeruginosa [52]. The combination of
physiotherapy and treatment of pulmonary exacerbations with antibiotics might lead to recovery of
baseline FEV1 and prevent progression of lung damage, but the results are contradictory [53–55]. These
findings suggest that pulmonary function decline is heterogeneous and might be associated with different
genetic mutations, gene modifiers or environmental influences. However, conclusions are based on small
studies with different designs, populations, outcome measures, diagnostic methods and definitions of
pulmonary exacerbation. It is therefore imperative to apply standardised definitions where available (e.g.
diagnosis based on ERS guidelines) and develop clear definitions where necessary (e.g. pulmonary
exacerbation in PCD patients).

High-resolution computed tomography (HRCT) can detect a variety of abnormalities in PCD patients
early in life. Radiation risk restricts the use of HRCT for regular monitoring of PCD where patients may
have normal life expectancy; however, HRCT can detect bronchiectasis at an early age before changes in
lung function or chest radiography occur. Radiation risks need to be balanced against the benefits of
identifying early airway changes, but the data on which to base the assessments are limited. Correlations
between bronchiectasis severity scores derived from HRCT and FEV1 have produced conflicting results
[56–58]. Future studies must avoid selection bias, as patients who have routine imaging tests tend to have
more severe disease. For example, KENNEDY et al. [56] found that all adults and over half of children had
bronchiectasis, and 27% had undergone lobectomy. Lung clearance index (LCI) derived from multiple
breath washout is a radiation-free candidate for disease monitoring and seems to be particularly sensitive
for detecting early lung disease compared to FEV1 [59]. However, correlations between LCI and HRCT
have also shown opposing results, and longitudinal data are lacking [58, 60].

There is no consensus on a definition for pulmonary exacerbation in PCD. Most experts recommend
prescribing oral antibiotics if there is worsening of respiratory symptoms or deterioration of lung function
[44]. Both European and North American consensus statements recommend the following at every patient
visit: 1) collection of sputum culture or oropharyngeal cough swabs for infection surveillance and 2)
evaluation of lung function to monitor disease progression [12, 48]. Choice of antibiotic should be
directed by culture results, when available. A recent study found age-dependent changes in bacterial
pathogens in the lower respiratory tract, with Haemophilus influenzae and Moraxella catarrhalis being
more frequent in children and P. aeruginosa in teenagers and adults [61]. Antibiotic prophylaxis should be
considered if repeated courses of antibiotics are required [12, 48], but prospective studies on the use of
prophylaxis [62] and on different prophylaxis regimes are needed.

Experts recommend airway clearance through physiotherapy and exercise, but there is no evidence or
consensus on the most effective physiotherapy technique, with practice varying between centres [48].
Routine use of inhaled β-agonists is not recommended in PCD, as there is no evidence to suggest benefits
[63]. Dornase alfa promotes clearance of secretions by reducing mucus viscosity in the airways in CF
management [64]. However, mucus fluidity is usually conserved in PCD and there is only low-level
evidence for its use, derived solely from case studies with short follow-up [65]. Equally, there is no
evidence for the use of hypertonic saline in PCD. A recently published double-blind crossover RCT did
not show any clinically significant difference in quality of life (QoL) between patients on 7% hypertonic
saline and isotonic saline [66]. However, it was underpowered, the primary outcome was not disease
specific, and the control group received nasal rinsing with saline, which might have some therapeutic
benefit in PCD [67].

Upper airway management
Literature on the management of hearing loss and chronic rhinosinusitis in PCD is scarce. Outcome
measures are rarely defined and mostly derived from a limited number of old retrospective studies with
few patients [8, 68–70].

Management of otitis media aims to improve hearing levels and delays to language and academic
development. Current options include antibiotic therapy, hearing aids and myringotomy with or without
insertion of ventilation tubes (VTs), with the main debate revolving around the latter [8]. The European
consensus guidelines advised against VT use in children, based on low-level evidence derived from small
studies reporting offensive otorrhoea after surgery [8, 48]. The recent North American consensus
guidelines, conversely, highlighted the poor evidence available on VT insertion and did not advocate
against their use in PCD. Instead, they recommend counselling on the likelihood of repeated VT insertions
after initial placement and post-operative otorrhoea [12].

Two recent retrospective studies assessed hearing outcomes in children with PCD. WOLTER et al. [71]
reported that hearing levels were maintained in a third of those treated conservatively (i.e. antibiotics or
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hearing aids) and were restored in 80% of those in whom VTs were inserted, with the groups achieving
similar hearing thresholds. However, a direct comparison between management strategies was not possible
as patients with worse baseline hearing thresholds systematically received surgical intervention.
PRULIÈRE-ESCABASSE et al. [72] observed a decrease in acute otitis media and an increase in chronic otitis
media with age. Persistent otitis media with effusion was prevalent (over 80%) throughout all age groups.
VTs were inserted in half of the children, of which a further half required repeated replacements
afterwards. Conductive deafness, defined as mean air conduction threshold ⩾25 dB, decreased with age but
was still considerably high (46%) for those aged 12–17 years.

There is no clear consensus on the best treatment option for chronic rhinosinusitis in PCD [12, 48]. Sinus
irrigation is a safe, cheap and normally well tolerated treatment option, but studies are needed to assess its
effectiveness in PCD. Similar to CF, the sinuses might act as a bacterial reservoir in PCD [73] and
therefore bacterial eradication through endoscopic sinus surgery might prove beneficial. ALANIN et al. [74]
reported a significant improvement in health-related QoL SNOT-22 score after endoscopic sinus surgery
and adjuvant treatment (i.e. saline nasal rinsing, topical steroids and 2 weeks of antibiotic treatment).

Cardiac management
Patients with heterotaxy experience increased post-operative mortality [75] and risk for respiratory
complications [76], associated with ciliary dysfunction in 42% of cases [77]. The inference is that at least
some of these patients had undiagnosed PCD, suggesting that they might benefit from routine pre-surgical
screening for PCD and intense peri-surgical respiratory management [77].

Studies have used different definitions and classification systems for heterotaxy [12, 78–83], despite
standardisation efforts [84]. While some authors group situs inversus and situs ambiguous under the
umbrella of heterotaxy [82], others believe it should be restricted to situs ambiguous only [2, 81, 83, 84].
Using the latter definition, KENNEDY et al. [83] reported that over 6% of PCD patients presented with
heterotaxy. This is believed to be an underestimation, as abdominal imaging and echocardiograms are not
carried out routinely in PCD patients.

Fertility
Prevalence of infertility and subfertility in PCD is still unknown. A systematic review suggested that 58%
of women and 100% of men were infertile, but the included studies were highly heterogeneous [1]. MUNRO

et al. [85] reported azoospermia and oligospermia in a small sample size, with normal motility seen in
only one patient. RAIDT et al. [86] demonstrated that the motor protein composition of fallopian tube cilia
is similar to that of respiratory cilia.

Management strategies
A European survey reported wide variations between management strategies for PCD, highlighting
differences between countries and within European regions [87]. The number of patients treated per centre
was the most important predictor of choice of management strategy. Centres with more PCD patients
favoured well-established treatments such as airway clearance, while smaller centres were more likely to
prescribe inhaled corticosteroids, a therapy that is not routinely recommended in PCD [48].

Centralised delivery of care has improved patient outcomes in CF, including mitigating the severity of
pulmonary disease [88], and a similar strategy has been adopted for PCD in many countries. In the UK,
for example, four PCD management services have been commissioned since 2013 [89]. Expert
multidisciplinary reference centres working together through international networks are starting to
optimise diagnostic and clinical management [31]. The optimal number of centres per country is not
known, but estimates suggest that, in a region of 10 million people, there should be 10–12 new PCD cases
every year [26].

Outcome measures
There is a lack of validated outcome measures for PCD. Health-related QoL, measured through the
age-specific questionnaire QOL-PCD, is the only validated PCD-specific outcome so far [90–92]. The US
Food and Drug Administration and the European Medicines Agency promote the use of patient-reported
outcome measures such as QOL-PCD in clinical trials, assessing the impact of the disease on the patient’s
daily symptoms and functioning [93–95].

Furthermore, definitions of important outcomes can vary considerably, hampering comparisons [34].
Pulmonary exacerbation, for example, has been defined in one study as any change in respiratory status
that requires intravenous antibiotic treatment [53], and in another as the need for systemic antibiotics
and/or a decline of FEV1 % predicted of ⩾10% [62]. Treatment efficacy and prognosis are largely derived
from a handful of small longitudinal studies [53], while most observational studies use a cross-sectional
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design. The first adequately powered RCT in PCD is investigating the efficacy and safety of azithromycin
prophylaxis, and the results should be available soon [62]. A phase 2 study is evaluating the safety and
efficacy of a sodium channel inhibitor, VX-371, in subjects with PCD (ClinicalTrials.gov identifier
NCT02871778).

The paucity of research studies for PCD reflects some of the challenges in undertaking good-quality
clinical research in rare diseases. There is, by definition, a small number of patients suffering from the
disease, and they are spread over a large geographical area. This is particularly concerning for RCTs, as
conditions in different centres vary considerably [96]. Additionally, there is a lack of investment in the
development of novel disease-specific therapies due to a reduced “potential market”, as the drug
development process requires large initial investments.

Potential future therapies
In CF, early results from studies investigating the use of small-molecule compounds that target the
underlying defect have been encouraging [97–99]. However, RCTs in gene therapy for CF have so far
failed to demonstrate clinical effectiveness [100]. Artificially engineered nucleases for DNA editing and
antisense oligonucleotides for RNA editing might offer a better option for future therapy, but studies are at
the pre-clinical stage.

The discovery and development of therapies that can potentially rectify the basic disease defect or the
resulting defective proteins in CF might serve as a model for other genetic disorders. However, the
challenge is considerably higher in PCD, as it is caused by mutations in more than 30 genes, many still
unidentified, and it is genetically more heterogeneous than CF.

TABLE 1 Summary of current knowledge, recent advances and remaining barriers in primary ciliary dyskinesia (PCD), with
suggestions for future research and implementation of findings

Current knowledge Recent advances Barriers Possible action points

Access to service Numerous visits to medical
professionals before

appropriate referral [28]

Development of screening
through clinical predictive

tools [3, 10];
ERS guidelines with clear
patient referral criteria [30]

Clinical predictive tools
developed in specialist

setting;
adoption of referral
criteria by GPs and

general paediatricians

Validation of screening
tools in appropriate

settings;
dissemination to

nonspecialists through
support groups,

conferences and media

Early diagnosis Majority of PCD patients
present with unexplained

NRD syndrome

Studies investigating
combination of neonatal

symptoms to predict PCD [6]

Limited literature on
neonatal symptoms in

PCD

Increase involvement of
neonatologists in

collaborative PCD studies

Clinical manifestations Limited knowledge on
prevalence of symptoms

Meta-analysis reporting
prevalence of clinical
manifestations [1]

Lack of standardised
definitions for
symptoms;

lack of reporting of
symptoms

Develop definition of PCD
symptoms;

improve reporting of
symptoms in future

studies

Diagnostic testing Recommendations on
diagnostic testing

Classification system
derived from the ERS

guidelines on diagnostic
testing for PCD [30]

Lack of standardisation
on test reporting;

no diagnostic studies on
genotyping

Develop protocols for
diagnostic test reporting;
clarify role of genetics, IF
and EMT on diagnostic

pathway

PCD management Mainly extrapolated from CF
and non-CF bronchiectasis

[12, 48]

Limited number of
prospective cohorts [34, 54,
55, 74] and RCTs [62, 63, 66]

Lack of standardised
and validated outcome

measures;
no definition for

commonly used terms

Develop clear definition of
terms and outcome

measures

Future therapies New advancements in CF on
molecular and gene therapy

[97, 100]

Approval of two new
therapies targeting the
underlying defect in CF

[98, 99]

Complexity of PCD
genetics

Improve gene
identification;

genotype–phenotype
correlations

ERS: European Respiratory Society; GP: general practitioner; NRD: neonatal respiratory distress; IF: immunofluorescence; EMT: electron
microscopy tomography; CF: cystic fibrosis; RCTs: randomised controlled trials.
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Pushing the pipeline for new therapies requires a coordinated approach from scientists, clinicians and
industry. BEAT-PCD (Better Experimental Approaches to Treat Primary Ciliary Dyskinesia) (www.
beatpcd.org) is an example of an international network including experts from diverse clinical specialties
(e.g. paediatric and adult pulmonology, ear, nose and throat, and physiotherapy) and multidisciplinary
scientists (e.g. genetics, imaging, cell biology, microbiology, and bioinformatics), working with industrial
partners. BEAT-PCD is supported by the European Union Framework Programme Horizon 2020 (COST
Action BM1407), with the aim of identifying gaps in knowledge and then facilitating PCD-related research
to identify mechanisms, study disease patterns and progression, define outcome measures, improve clinical
management and identify high-priority therapies [101]. In the USA, the PCD Foundation (www.
pcdfoundation.org) is promoting the advance of PCD through annual conferences, community education,
patient advocacy and research funding.

A summary of current knowledge, recent advances and remaining barriers in PCD, with suggestions for
future research and implementation of findings, is shown in table 1.

Conclusion
Significant advances have been made in PCD diagnosis in the last decade, culminating with the
publication of the first evidence-based diagnostic guidelines. In PCD management, however, there is still
no evidence for the different strategies currently employed. The shortage of validated standardised
outcome measures hampers comparisons between studies, limiting conclusions based on the currently
limited literature available.

Future PCD studies in diagnosis and, particularly, management will benefit immensely from collaborative
partnerships between specialised multidisciplinary healthcare professionals from different countries. The
Europe-led BEAT-PCD and the North American Genetic Disorders of Mucociliary Clearance Consortium
provide the ideal platform to enable collaborative international studies, allowing for pooling of PCD
populations and the generation of shareable and meaningful results. It is therefore imperative that PCD
experts, facilitated by these networks, develop consensus definitions for commonly used terms in PCD and
validate outcomes for large prospective longitudinal studies and RCTs.
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