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Abstract

Primary ciliary dyskinesia (PCD), also known as congenital Kartagener’s syndrome, is a multifactorial
pleiotropic disorder that commonly affects patients throughout their life, from fetal development to death. It
owes its clinical presentation to the number of genetic defects that lead to abnormally functioning or
nonfunctional cilia throughout the body. In particular, it affects the respiratory system and the nasopharyngeal
ducts significantly. Much like Cystic Fibrosis (CF), which presents with the buildup of mucus and the
presence of unwanted bacterial biofilms, impaired cilia in PCD patients often leads to life-long respiratory
distress, bronchiectasis, and persistent respiratory infections. At birth, PCD patients can also present with situs
abnormalities, as the cilia during critical developmental stages concerning left-right partitioning fail to move
fluid containing developmental signaling compounds leading to misplaced primordial structures. The genetics
and the etiology of this disease are not yet fully understood and are actively being studied, but the most
common phenotypes are defects to the ciliary outer arm, inner arm, and micro-tubular arrangements.
Furthermore, due to the complex, multifaceted nature of this disease and its symptoms, management of PCD
is complex and likely involves a combination of both pharmaceutical and non-pharmaceutical approaches.
This review highlights the pathogenesis and pathophysiology of PCD and the appropriate diagnostic methods
and management of PCD as a means of providing clinically useful information as the study of this disease
rapidly advances.

Introduction

PCD is a genetically heterogeneous autosomal recessive disorder involving multiple body systems with an
estimated prevalence of 1 in 16,000-30,000 (Shapiro et al. 2014). The genetic mutations result in the
production of cilia with a spectrum of functionality ranging from impaired mobility to complete non-
functionality. This results in failure of mucociliary clearance, primarily affecting airway structures. Patients
commonly present with neonatal respiratory distress, continuing to persistent wet cough, recurrent upper and
lower respiratory infections, perennial rhinosinusitis, otitis media, bronchiectasis, and infertility (Leigh et al.
2009). Cilia play a pivotal role in organogenesis laterality, and consequently, PCD cases often present with
situs anomalies. Situs inversus totalis, a congenital disorder where visceral organs’ positions are mirrored
from their original position in the body cavity and the most common congenital anomaly, is seen in
approximately 50% of cases. Less common but relevant phenotypes of PCD are situs ambiguous and
congenital heart defects (CHD). The latter can occur in conjunction with situs abnormalities and this is
defined as heterotaxy (Shapiro et al. 2014).

PCD is found to be multifactorial and caused by mutations of different genes simultaneously (Horani et al.
2016). The mutant genes usually associated with PCD are responsible for the correct structuring, functioning,
and assembly of ciliary complexes. An example of this would be the DNAIL gene, a member of the dynein
intermediate chain family, which contributes to the ultrastructure of the outer dynein arm (Guichard et al.
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2001). Further studies have shown that a mutation in DNAIL linked ciliary dysfunction to situs inversus
(Guichard et al. 2001). Other PCD associated genes include DNHADS, a gene contributing to the outer dynein
arm structure and the ciliary power stoke, along with DNAAF2, DNAI2, HEATR2, CCDC103, LRRCS, etc.
Mutations in these genes are thought to be responsible for the clinical symptoms of PCD, which can range
widely and appear shortly after birth in neonates (Horani et al. 2016). With adulthood, these symptoms slowly
evolve, becoming more chronic and severe, revealing new clinical manifestations with time. The most
prevalent manifestation of PCD is recurrent upper and lower respiratory tract infections and respiratory
distress in infants (Knowles et al. 2013). Upon reaching school-age, children present with a chronic wet
cough, and the development of bronchiectasis becomes more likely. Patients of all ages describe a yearlong
nasal congestion and often present with persistent episodes of pneumonia throughout their lifetime (Mirra,
Werner, and Santamaria 2017). In adulthood, infertility is very common amongst PCD patients due to the lack
of sufficient motility of spermatozoa in affected males and disrupted movement of the ovum through the
uterine tube in affected females, often leading to ectopic pregnancies (Knowles et al. 2013).

Though there is no internationally agreed-upon standard by which we diagnose PCD, there exist a number of
tests that can be performed to confirm a diagnosis. The gold standard for diagnosis of PCD is transmission
electron microscopy (TEM) (Shoemark et al. 2020). With TEM or other forms of high-magnification video
microscopy, the goal is to identify ultrastructural defects in the cilia; however, due to the difficulty in
obtaining adequate samples of cilia and the technical skill required in operating electron microscopes and
evaluating images of the ultrastructure of cilia, TEM, though rigorous, is not a feasible diagnostic tool in
underserved areas or for the growing number of patients who present with normal ciliary EM images
(Knowles et al. 2013). Novel screening methods for PCD include the nNO test which measures nasal nitric
oxide (NO) and patients with PCD have been reported to have nNO levels 10-20% of normal values (Knowles
et al. 2013). nNO tests are usually performed in conjunction with sweat chloride tests and comprehensive
genetic testing to diagnose differentially between defects in the CFTR gene for CF differentially and PCD
(Knowles et al. 2013; Leigh, Zariwala, and Knowles 2009). Though computed tomography (CT) imaging is
rarely done for children, CT and magnetic resonance imaging (MRI) can also be used to confirm diagnosis of
situs inversus as well as other lung abnormalities seen in PCD (Kennedy, Omran, et al. 2007).

Though there is no cure for PCD in general, the onset of bronchiectasis can be delayed with antibiotic therapy,
and management of the disease usually follows the same treatment of lung disease as seen in CF. The
mainstay of treatment for PCD is regulation of the recurrent respiratory infections via bronchodilators,
physiotherapy, and antibiotics [11]. Mucolytic agents and expectorants are also advised. With regards to situs
inversus and dextrocardia, most situs abnormalities are asymptomatic and surgery is avoided. Surgery can be
employed for resection of the lung and for lung transplantation, but is usually only considered at late-stage
bronchiectasis and lung disease (Meeks and Bush, n.d.).

There exists a wealth of information surrounding PCD, but physicians still may struggle with managing this
disease and its different presentations among various age groups. The following review highlights the
diagnostic criteria of PCD and the congenital abnormalities it may bring, its pathophysiology over different
stages in life, methods of diagnosis of PCD, and the various methods of management that have developed in
the past years.

Pathogenesis

In humans, cilia are cylindrical projections from the apical surface of epithelial cells. They are found on a
variety of surfaces of the body as well as in early embryonic development. Based on functionality, cilia fall
into 3 categories primary, motile, and nodal. The defects seen in PCD are limited to the motile and nodal cilia,
which is the etiology of the disease’s symptoms (Bhatt and Hogg 2020). The motile cilia are found in the
conduction zone of the airway, sinuses, middle ear, brain ependyma, fallopian tubes, and spermatozoa. The
active movement of the 9 + 2 orientation of microtubules in relation to each other produces a half cone
trajectory. As the many cilia beat in this fashion, a metachronal rhythm and unidirectional fluid flow are
created, allowing for movement in the desired direction.

In contrast, during gastrulation, nodal cilia are present on the bilaminar disc’s ventral surface adjacent to the
primitive node. The 9 + 0 orientation of the microtubules creates a rotational movement in a clockwise
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direction. These transient cells result in the leftward flow of fluid over the primitive node and determine the
left-right laterality of organs (Poprzeczko et al. 2019).

Airway Pathologies

In the respiratory tract, a protective layer of mucus lines the conducting airways and sinuses at the air-
epithelium interface that functions as a physiological barrier to aerosolized particles, bacteria, and viruses. The
epithelium’s motile cilia propel the mucus against gravity and expel the mucus, along with trapped
particulates, through the oral orifices; this is known as mucociliary clearance (MCC) (Kaushik et al. 2021).
Any impairment of this system increases the chances of acquiring respiratory infections or chronic respiratory
diseases. The importance of this system is evident in PCD, challenging patients often from birth. Between 70-
80% of PCD neonates display a transient period of respiratory distress, possibly from the inadequate clearance
of amniotic fluid from the lungs (Noone et al. 2004). The failure to adequately remove the mucus develops
into a chronic wet cough in infancy, as the body attempts to work against gravity and persists throughout life.
A complex bacterial community cultivates within the airways resulting in recurrent infections in the
bronchioles, sinuses (rhinosinusitis), and middle ear (otitis media), which are principal features reported in
virtually all PCD patients (Noone et al. 2004). The chronically episodic bronchitis results in another principal
manifestation of PCD, bronchiectasis. The severity of bronchiectasis seems correlated with age, which is
substantiated by the repeated damage to the epithelium over time (Leigh et al. 2009).

Laterality defects

The failure or impairment of nodal cilia during early development alters the left-right laterality of internal
organs. The random arrangements of organs are a common feature of PCD, with approximately 60% in
pediatric and 50% in adult cases. Additional laterality defects have been reported in PCD as heterotaxy in
approximately 6% of patients (Kennedy and Plant 2014). The heterotaxy anomalies found in PCD are
abdominal situs inversus, life-sided polysplenia, and asplenia. An important consideration of PCD patients
presenting with heterotaxy is the increased incidence of cardiac and vascular disarrangements, which are
correlated with increased morbidity. These laterality defects are rarely isolated to a single organ and often
occur in combination with each other and on a spectrum of severity (Kennedy, Omran, et al. 2007).

Reproductive issues

Among PCD patients, infertility is a typical phenotype occurring in over half of cases. The incidence among
males is higher (75%), which is expected due to the heavy reliance on motile cilia to propel spermatozoa to
the ovum. In contrast, female infertility is more complex and less understood. Reduced reliance on motile cilia
to move the ovum into the correct location for fertilization may contribute to the complexity of female
infertility. Female infertility occurs in roughly 60% of cases, but these patients have reported the use of
benchtop fertilization technology to successfully conceive and result in healthy births (Vanaken et al. 2017).
In females, the risk for ectopic pregnancies is higher, but the mechanism behind this correlation is not well-
studied. One possible explanation for this finding is that the impaired cilia along the lining of the uterine tubes
fail to move the egg along its path to the endometrial cavity leading to early fertilization and implantation in
the ampulla (Blyth and Wellesley 2008).

Other pathologies

Ciliary defects can also present issue in other parts of the body. For example, the build up of mucus in the ear
and the impaired motility of cilia in the pharyngotympanic of the middle ear can lead to conductive hearing
loss due to acute otitis media. Ontologically, studies have also shown that PCD can lead to otorrhea, tympanic
perforation, and complete hearing loss (Pruliére-Escabasse et al. 2010). However, longitudinal studies show
that hearing loss is resolved over time and, by adolescence, most otological issues can be resolved with
regular antibiotic therapy (Majithia et al. 2005). Cilia can also be found in the ventricles of the brain, lining
the ependymal cells that move cilia from the choroid plexus and the ventricles to the sinuses of the brain.
Though the direct link between neonatal hydrocephalus and PCD is unknown, there have been clinical reports
indicating an associated risk between the two; one possible explanation for the connection is that the immotile
ependymal cilia cause stagnation of the cerebrospinal fluid and ventricular dilatation (Greenstone et al. 1984).
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Moderate to severe headaches have also been suggested as possible symptoms of impeded fluid in the sinuses
of the head and face (McManus et al. 2003).

Diagnostic Methods

Although there exists no definitive standard for diagnosis of PCD, efforts have been made by organizations
interested in the study and cure of this disease, such as the European Respiratory Society (ERS) or the Better
Experimental Screening and Treatment for Primary Ciliary Dyskinesia (BESTCILIA), to outline diagnostic
methods and clinical algorithms when approaching PCD patients (Kuehni and Lucas 2017; Werner,
Onnebrink, and Omran 2015; Kobbernagel et al. 2020). A discussion of these methods follows.

Saccharine test

Historically, the saccharine test was utilized to assess for PCD in neonates, children, and adolescents. The test
involves placing a small Imm micropellet of saccharine, a water-soluble artificial sweetener, into the inferior
turbinate alongside the nasal cavities (Olm, Caldini, and Mauad 2015). The time between the placement of the
saccharine and the eventual sensation of taste experienced by the patient as the saccharine particles encounter
the pharynx is measured. It must be noted that the patient’s ability to taste saccharine at all must be tested
prior to the test; during the test, the patient must maintain the position of his head bent forward and refrain
from eating, drinking, sneezing, coughing, and speaking. In some variations of the test, the patient is asked to
swallow every 3 minutes after the saccharine is placed, and a time of 6 to 10 minutes until the taste of
saccharin is detected is considered normal (Slavin et al. 2005). A time of 30 minutes or greater taken to taste
the saccharine indicates abnormalities with mucociliary transport and can lead to a possible diagnosis of PCD
(Bush et al. 1998). Some studies have shown different sensitivities for this test, and the maximum clinical
threshold for saccharine tasting time indicating ciliary dysfunction has been 60 minutes (Olm, Caldini, and
Mauad 2015). Due to the loss of functionality of the cilia. those with PCD are expected to take longer to taste
the saccharine; however, increased saccharine tasting time can also be due to acute respiratory viral or
bacterial infection, congenital malformations within the nose and pharynx such as septal deviation, or the
presence of granulomas in the nasopharynx, as seen in rhinoscleroma. Due to the difficulty of administering
this test, especially in children under the age of 12, the saccharine test is suggested to be used primarily as a
screening test. Furthermore, due to the unreliability of the test with high false positives when patients present
with respiratory infection (which is a recurring issue with diagnostic respiratory tests for PCD) and with false
negatives, as an abnormal saccharine taste testing time does not always capture ciliary defects such as
dyskinetic ciliary beating, the saccharine test cannot be recommended as a diagnostic test in clinical settings
where more powerful methods are easily available (Barbato et al. 2009).

Nasal and fractional exhaled nitric oxide, and sweat chloride tests

The ERS included the nasal and fractional nitric oxide tests in their guidelines for diagnosis for PCD in 2009
and since then it has become the primary method for screening for PCD (Barbato et al. 2009). It involves the
analysis of nitric oxide (NO) levels either in the upper respiratory tracts nasally or in the lower respiratory
tracts at the levels of the bronchi and alveoli (Walker et al. 2012). Measurements of nNO involve the use of a
chemiluminescence analyser which collects air from an aspirating tube inside the nostrils of a patient as their
breath is held; in the case of alveolar and bronchial NO measurements, exhaled air is measured and
mathematical models estimate the levels of production of NO from the conducting and alveolar respiratory
compartments (Wodehouse et al. 2003; Walker et al. 2012). Variations of this test involve humming,
conventional tidal breathing, or very rapid tidal breathing (VRTB) during aspiration and collection to increase
sinus ventilation and facilitate the procedure for neonatal or uncomfortable patients (Weitzberg and Lundberg
2002; Holgersen, Marthin, and Nielsen 2019). It must be noted that changes to the method of collection can
warp nNO levels across patient age groups and no current standard or preferred method is suggested. This
tidal breathing method works better in young patients who are resistant to the the velum closure maneuver
used normally in nNO tests; in general, however, measuring NNO in young patients and neonates can lead to
skewed results as the necessary developmental stages required for NO production may not have been yet
completed (Lucas and Walker 2018). Unlike with CF, where neonatal genetic screening and sweat chloride
tests can indicate the disease at or near birth, low nNO at birth cannot be conclusive, and tests must be
continually administered if PCD is suspected. The nNO test is based on the finding that 95% patients who
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present with PCD have nNO levels of about 20.0 ml/min which is 10 to 20% lower than levels in unaffected
patients (Leigh et al. 2013). Walker et al. provide some hypotheses for explaining why NO levels are low in
PCD patients (which are also low in patients with respiratory infections and CF) and suggest that in such
diseases, the biosynthesis of NO is decreased in the respiratory epithelium, or that the buildup of mucus and
lack of functional cilia traps NO in the respiratory sinuses and tracts (namely the paranasal sinuses), but more
research needs to be completed to explain this phenomena (Walker et al. 2012). It is known, however, that
during respiratory infection, nNO is elevated due to its antiviral effects and its role as a signalling molecule
and is often elevated in those affected by asthma and COPD (Kharitonov, Yates, and Barnes 1995). As such,
the nNO test is a useful test in ruling out these diseases but not effective in ruling out CF. To rule out CF, a
guantitative pilocarpine iontophoresis sweat test or a sweat chloride test along with testing for defects in the
CFTR receptor and the corresponding gene must be performed in conjunction with nNO tests (Leigh et al.
2013).

Transmission electron microscopy and high-speed video microscopy

Transmission electron microscopy (TEM), unlike the other clinical diagnostic methods discussed, is different
in that it can directly measure the level of ciliary impairment and offers the highest power in the diagnosis of
PCD. Defects in the genes that code for the ultrastructure of the cilia can be observed phenotypically after
taking a brush biopsy, bronchial biopsy, or a turbinate biopsy and observed in multi-plane cross-sections
under a TEM (Roomans et al. 2006). Another advantage that TEM provides is its ability to distinguish
between PCD and Secondary Ciliary Dyskinesia, which describes the presence of irregularly functioning cilia
as due to respiratory infections or secondary causes. In particular, TEM can distinguish between specific
ciliary defects such as outer arm defects, inner arm defects, micro-tubular arrangements, and non-specific
defects such as disorientation and disorganization of the cilia (Pizzi et al. 2003). Though TEM is the closest
diagnostic method to being a gold-standard, some patients can still present without immediate ciliary
structural defects, which is where analysis of the movement of cilia is sometimes advantageous (Shoemark et
al. 2012). Ciliary beat frequency and ciliary beat patterns are directly related to ciliary function, and analysis
of the frequency and beat pattern of cilia via high-speed-microscopy along with TEM is often recommended
as a primary diagnostic tool for PCD (Raidt et al. 2014). Through rigorous analysis of high-speed video
microscopy (HVM) is often done by a trained practitioner, computational tools exist that can automate the
analysis and detection of irregular or PCD-like patterns (Parrilla et al. 2012). HVM usually follows brush
biopsy of the nasal epithelium and real-time recording of cilia with a camera with 120 fps or greater. It must
be noted, however, that HVM protocol amongst different PCD centers differ, especially in terms of
instruments used, magnification and resolution of camera used, mean thresholds of normal and abnormal
ciliary beat frequency, and even techniques for brush biopsy. Raidt et al., in an effort to standardize the HVM
procedure for PCD, provide a repository of high-speed videos of ciliary beats and different frequencies of cilia
from both patients with normal cilia and patients with genetic defects of various kinds, affecting different
parts of the cilia organelle (Raidt et al. 2014). As PCD often arises from a multitude of genetic defects, both
TEM and HVM are performed in conjunction with genetic tests to confirm the specific combination of
genotypic defects that may have led to the phenotypic defects seen in microscopy and on video. Due to its
efficacy, however, HVM can be performed on the same day as the clinical visit in conjunction with nNO tests,
prior to TEM and genetic testing, and this combination is recommended as the primary line of testing (Rubbo
et al. 2019). Nevertheless, one issue associated with TEM and HVM are that the required tools and technical
skills needed to carry out the procedures are not always available in under-served areas.

Clinical imaging

PCD is unique in that it is a disease that is often under-diagnosed or mis-diagnosed for patients from birth up
to adulthood because of the similarity of its clinical presentation to diseases like CF, bronchiectasis, or regular
and expected respiratory infections. Though heterotaxy and situs abnormalities can easily detected by physical
examination, CT and MRI imaging can undoubtedly confirm such congenital disabilities. However, clinical
imaging excels in identifying a possible PCD diagnosis to those who have non-CF bronchiectasis and were
possibly left undiagnosed with PCD as children. CT imaging of affected adults usually show atelectasis, situs
inversus, and severe mucal buildup in the middle and lower lobes (Kennedy, Noone, et al. 2007; Dettmer et al.
2018). Although CT imaging cannot immediately diagnose someone with PCD, imaging to determine the
degree and variance of bronchiectasis is helpful in identifying possible genetic screens and tests.
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Developing diagnostic methods

As PCD continues to be explored clinically, emerging methods for diagnosis are rapidly being developed. One
developing front of research in prenatal diagnosis. Wessels et al. describe two families with newborns affected
by PCD along with fetal cerebral ventriculomegaly and post-natal respiratory distress. They postulate that the
ventricular dilation might be a consequence of the dyskinetic beating of the cilia lining the ventricular
ependyma of the brain and spinal cord leading to hydrocephalus and ventriculomegaly (Wessels, Hollander,
and Willems 2003). It is possible that this dilation can be detected prior to birth via imaging studies such as
CT or sonography and be used as a possible early marker for PCD (Roomans et al. 2006). One underutilized
diagnostic tool that has recently been gaining traction in PCD workup and clinical algorithms is pulmonary
radio-aerosol mucociliary clearance (MCC). MCC is a test that involves the uptake of a radioactive aerosol,
such as one containing Technetium-99, and imaging the lung using a gamma camera. The percentage of the
radioaerosol cleared over time is measured and low clearance implies the possibility of PCD. This test is also
useful in that it is more feasible to administer in young children and, like the nNO test, does not rely on the
analysis of the ultrastructure of the cilia (Walker et al. 2014). However, as with any gamma-based imaging
modality, this test requires the use of a cyclotron and is not feasible in resource-poor areas and exposes
patients to ionizing radiation. Other avenues of research involve the automation of the interpretation of the
results from the above presented diagnostic methods or algorithms for quick identification of PCD. One such
binary questionnaire, PICADOR (PrImary CiliARy DyskinesiA Rule), shows good accuracy and validity for
making diagnostic decisions based solely on the presenting symptoms of the patient, such as whether or not
they present with a wet cough, situs inversus, hearing loss symptoms, and other common PCD presenting
symptoms (Behan et al. 2016).

Management

Due to the lack of sufficient scientific research and the rare nature of the disease, no standardized management
plan for PCD has been designed yet. Most of the existing clinical management methods utilized by physicians
rely on recent PCD targeted studies as well as extrapolated research from sister disorders such as CF.
Regardless of the apparent differences in pathophysiology of these two disorders, the similarity of certain
manifestations such as poor airway mucus clearance and recurrent lung infections can be managed similarly.
Devising an efficient treatment plan for patients afflicted by this disease first involves acknowledging the
broad scope of its effect on patients. Because it is unlikely that a singular drug or a surgical method will be
developed within the foreseeable future that can eliminate all of the clinical symptoms of PCD, managing it
will involve the orchestration of multiple approaches, each treating the individual aspects of its presentation.
Due to the multifaceted nature of the disease, diagnosing and treating a patient with PCD will require the input
and collaboration of a multitude of differently specialized physicians including otolaryngologists,
cardiologists, pulmonologists and radiologists. As listed before, PCD can be associated with many different
symptoms including: upper and lower tract respiratory infections, pneumonia, later onset bronchiectasis, otitis
media, infertility, airway mucus obstruction, nasal congestion, low energy levels, less tolerance for high
intensity activities, and commonly situs invertus with dextrocardia. Furthermore, the earlier PCD is diagnosed,
the better the chances are of managing the patient’s symptoms and preventing many occurrences of infections
and permanent damage.

Pharmacological
Antibiotics

Along with airway clearance techniques, antibiotic therapy is usually advised for patients diagnosed with
recurrent lung infections and bronchiectasis. Macrolides prescribed in the long term have been linked to a
substantial decrease in the frequency of bronchiectasis exacerbations. Amongst macrolides, azithromycin has
proven the most effective as compared to erythromycin and roxithromycin in improving quality of life and
lung function (Li et al. 2018). Later studies also fortified these finding when patients were prescribed
azithromycin for a 6 month duration. By the end of the study, results revealed a considerable 50% drop in
exacerbations reported (Kobbernagel et al. 2020). However, the long term effects of administering macrolides
needs to be studied more extensively due to the high probability of emerging bacterial drug resistance and
azithromycin’s side-effects such as diarrhea (Kobbernagel et al. 2020; Hnin et al. 2015).
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Vitamin D supplement

A pioneer study recently correlated hypovitaminosis D with patients diagnosed with PCD. Almost 72% of the
22 patients in the study revealed Vitamin D insufficiency along with a reported lower quality of life. It is still
unclear what the exact relationship between the two is; however, it is highly advised to monitor the patient’s
Vitamin D levels and incorporate supplementation of it into their management plan (Mirra et al. 2015).

Non-pharmacological
High-frequency chest-wall oscillation vest therapy

For the management of bronchiectasis, high-frequency chest wall oscillation vest therapy (HFCWO) is
showing very promising outcomes in relation to airway clearance. After being placed on HFCWO therapy for
a year, patients reported being much more capable of clearing their own airway pathways and noted a general
improvement in respiratory health. There was also a significant drop in the number of hospitalizations before
and after one year of therapy. A much lower use of oral antibiotics for breathing problems were also noted as
soon as one month after starting the therapy. In addition to that, there was an average of 4% increase in both
FEV1 and FVC measurements at the end of the one year study. All in all, HFCWO as an airway clearance
technique has proven to yield very encouraging results in a relatively short period of time, ultimately leading
to a better quality of life (Barto et al. 2020).

Dental management

A recent study, first of its kind, on a small group of patients with ciliopathic anomalies such as PCD, revealed
abnormalities in teeth development due to the dysfunctional primary cilia. Even though this study was done on
a small scale, it advises the placement of PCD diagnosed patients on preventative and dental healthcare
measurements with routine observation as soon as possible to minimize abnormalities (Pawlaczyk-Kamienska
et al. 2020).

Exercise

About a third of patients with PCD have shown decreased aerobic fitness in a study assessing physical
capacity by measuring peak oxygen uptake (VO2peak ) of children and young adults. This naturally leads to a
more sedentary lifestyle and the inability to partake in rigorous physical activities. It is recommended that
patients incorporate regular exercise into their daily lives to build stronger endurance and better assist with
airway clearance whilst also avoiding lifestyle-derived diseases (Madsen et al. 2013).

Surgical
Endoscopic sinus surgery

In a study regarding chronic rhinosinusitis (CRS) in patients diagnosed with PCD, endoscopic sinus surgery
(ESS) with adjuvant therapy generated promising results. The adjuvant therapy included two weeks of
administering systemic antibiotics targeting the bacteria found in the patient’s sinus swabs along with saline
nasal irrigation twice a day and a three month application of topical nasal steroids. After 12 months, the
therapy led to an alleviation in their symptoms, a delay in chronic infections due to Pseudomonas aeruginosa,
and an overall improved lung function (Alanin et al. 2017).

Middle ear ventilation tubing

Another major manifestation of PCD, as mentioned before is Otitis media with effusion that appears in almost
all PCD patients starting from early age and persisting throughout adulthood. Surgical treatment involving the
insertion of middle ear ventilation tubes (VTs) proved successful in PCD diagnosed children with mild to
moderate hearing loss. Hearing abilities returned to normal in 80% of cases with newly inserted VTs. It is
important to note that a high percentage of post-operative otorrhea episodes were reported in the children’s
group; however, most were easily managed with therapy with no major complications (Wolter et al. 2012).

Lung resection
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One of the more controversial approaches to the management of PCD with severe localized bronchiectasis and
infections is lung resection of the affected part. However, a recent study identified and compared the lung
function and characteristics of lobectomised versus non-lobectomised patients using the international PCD
cohort made up of almost 3000 patients. After studying different parameters such as FVC and FEV1, it was
concluded that lobectomy showed no significant improvement of lung function. On the contrary, patients that
underwent the surgery revealed a lower FVC as compared to the control group of non-lobectomised patients,
and consequently a speedier decline in lung function. Lobectomised patients were also much more likely to
come in after the surgery for bronchiectasis and lung infections. Due to the lack of information and awareness,
most of these surgeries were conducted on patients before the diagnosis of PCD. This was probably done in
hopes of alleviating respiratory issues, such as is sometimes done with bronchiectasis and cystic fibrosis
patients. If the lung resection might have shown positive outcomes for cystic fibrosis patients, it has only led
to adverse effects and a worsening of PCD patient’s lung conditions. In all cases, a lung resection needs to be
carefully thought out and the risks compared to its unguaranteed and rare benefits should be weighed out,
particularly in PCD patients (Kouis et al. 2019).

Conclusion

PCD is an actively studied, genetically complex disease, which presents with a common array of symptoms.
Recent research into the biology and structure of motile cilia provides a window into the underlying
mechanisms involved in manifesting symptoms and why the respiratory tract and sinuses are particularly
affected. Further genetic analysis of patients has identified multiple genes involved in producing pathological
cilia allowing for the preliminary categorization of mutations and related symptoms. To date, there is no
standardized protocol for the diagnosis of PCD; currently, diagnosis involves a combination of careful clinical
history, clinical imaging, and lab testing. However, there is a somewhat coordinated global effort to develop a
combination of tests that attempts to increase the accessibility and accuracy of early diagnosis. The
management of the disease is in similar territory as diagnosis; there is no standardized protocol. Management
varies with the severity of the disease but generally consists of two general approaches: allopathic and
conservative. The allopathic component of management focuses on controlling the infectious and
inflammatory aspects of the disease. Simultaneously, the conservative component focuses on managing the
symptoms associated with mucus removal, including body manipulation physiotherapy or percussive
techniques. The complexity of this disease is slowly unravelling as research progresses. Research is moving
towards more affordable and accurate diagnostic techniques, leading to more focused individualized treatment
and better patient outcomes.
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