
ORIGINAL ARTICLE

Primary ciliary dyskinesia presentation in 60 children
according to ciliary ultrastructure

Christelle Vallet & Estelle Escudier &

Françoise Roudot-Thoraval & Sylvain Blanchon &

Brigitte Fauroux & Nicole Beydon & Michèle Boulé &

Anne Marie Vojtek & Serge Amselem & Annick Clément &
Aline Tamalet

Received: 18 December 2012 /Accepted: 20 March 2013 /Published online: 10 April 2013
# Springer-Verlag Berlin Heidelberg 2013

Abstract Primary ciliary dyskinesia (PCD) is an inherited
disease related to ciliary dysfunction, with heterogeneity in
clinical presentation and in ciliary ultrastructural defect. Our
study intended to determine if there are phenotypic differ-
ences in patients with PCD based on ciliary ultrastructural
abnormality. In this retrospective study carried out among
60 children with a definitive diagnosis of PCD, we analyzed
clinical, radiological, and functional features at diagnosis

and at last recorded visit, according to cilia defect (absence
of dynein arms: DAD group, n=36; abnormalities of the
central complex: CCA group, n=24). Onset of respiratory
symptoms occurred later in the CCA than in the DAD group
(9.5 versus 0.5 months, p=0.03). Situs inversus was only
observed in the DAD group, while respiratory disease in
siblings were more frequent in the CCA group (p=0.003).
At diagnosis, clinical presentation was more severe in the
CCA group: frequency of respiratory tract infections (p=
0.008), rhinosinusitis (p=0.02), otitis complications (p=
0.0001), bilateral bronchiectasis (p=0.04), and number of
hypoxemic patients (p=0.03). Pulmonary function remained
stable in both groups, but outcome was better in the CCA
than in the DAD group: less antibiotic therapy and hypox-
emic patients (p=0.004). In conclusion, our results
underlined the relationship between the severity of clinical
presentation and the ultrastructural ciliary defect.

Keywords Ciliary beat frequency . Dynein . Electron
microscopy .Kartagener syndrome . Pulmonary function test

Introduction

Primary ciliary dyskinesia (PCD) is an inherited respiratory
disease, related to defective ciliary structure and function [1].
Ciliary dysfunction is responsible for impaired mucociliary
transport leading to chronic respiratory tract infections usually
beginning in the first year of life. PCD is classically consid-
ered as a rare disease with reported prevalence of diagnosed
cases in 5–14-year-olds between 1/10,000 and 1/20,000 in
European countries [5, 23].

In children with recurrent respiratory infections, PCD is
naturally more common and might account for up to 5 % [9].
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In the presence of a suggestive clinical presentation, function-
al and structural analyses of respiratory cilia are therefore
justified and may confirm the diagnosis of PCD in case of
specific axonemal defects [2, 7, 29, 30].

The axoneme, core of the motile cilium, includes
nine peripheral microtubules with attached dynein arms
and radial spokes, around the central complex composed
of two single microtubules surrounded by the central
sheath [1, 4]. The earliest and commonest axonemal
defect in PCD patients concerns dynein arms essential
for ciliary motion. Less frequently, abnormalities of the
central complex, sometimes named central microtubular
agenesis [31], have been reported in PCD patients [3,
10, 17, 31–33]. In fact, these various axonemal defects
reflect the genetic heterogeneity of PCD [1] and may
explain at least in part differences in term of severity
observed between patients.

In the literature, the relationship between PCD presenta-
tion and specific ciliary defects has been rarely analyzed,
especially in large series exclusively composed of children
[11, 12, 22, 26, 33]. The present retrospective study has
been carried out among a large cohort of 60 children with a
definitive diagnosis of PCD, in whom we intended to deter-
mine if the clinical, radiological, and functional features of
the disease could differ according to the defect of their
respiratory cilia concerning either dynein arms or central
complex.

Patients and methods

Patients

In the pediatric respiratory department of Trousseau
Hospital (Paris), ciliary investigations are part of the
diagnostic procedures in children with recurrent respira-
tory tract infections (i.e., occurring more than once a
month for at least six consecutive months), since 1985
[9, 17, 33]. Our study population consisted of 60 chil-
dren with a definitive diagnosis of PCD made by the
association of suggestive clinical symptoms (i.e., recur-
rent upper and lower respiratory tract infections), typical
axonemal defects concerning either the dynein arms or
the central complex associated, and dyskinetic and/or
immotile cilia. All known pathologic conditions, such
as cystic fibrosis or immunodeficiency, were excluded
in these children. The patients and/or their parents were
informed of the exact nature and the goal of the in-
vestigations and gave their written informed consent.
All evaluation and investigations were performed when
patients have been free of symptomatic airway tract
infection or respiratory exacerbation (i.e., increase in
or new onset of more than one pulmonary symptom,

such as cough, sputum volume and/or purulence, dys-
pnea, requiring treatment with antibiotic) for at least
6 weeks.

First evaluation at diagnosis

Family history of PCD in siblings and familial consanguin-
ity were recorded at the first visit. Patient history was
reviewed for unexplained neonatal respiratory distress, age
of onset of respiratory symptoms, and frequency of airway
infections since birth. Sinus symptoms (mucopurulent
rhinosinusitis, nasal polyposis) and chronic otitis media
(requiring ventilation tubes, complicated otitis) were
recorded.

Chest X-ray and computerized tomography (CT) scan
were performed at diagnosis in all cases. Situs inversus
was noted on chest radiograph. The presence of bron-
chiectasis was assessed on CT scan, and its topography
was classified as unilateral or bilateral.

In children older than 5 years of age, spirometry was
performed according to the ATS/ERS recommendations
[25], using a Masterscreen (Jaeger Ltd, Hoechberg, Germa-
ny) by fully trained pediatric respiratory technicians. At
least three curves reproducible for forced vital capacity
and forced expiratory volume in 1 s (FEV1) were recorded,
and the best curve was retained for analysis. Functional
residual capacity (FRC) was measured using the helium
dilution technique (Spirometer 5500, Exp’Air software,
Medisoft Ltd, Sorinnes, Belgium). Results were expressed
as a percentage of the predicted value for height and age.
Volumes and flows were considered as normal when >80 %
of the expected value [36].

Similarly to the management of cystic fibrosis patients,
arterialized capillary blood gases were regularly determined
in all patients to look for hypoxemia, using a non-invasive
method used since long in our laboratory. Arterialized cap-
illary blood gases were measured using an ABL800 Flex
Radiometer (Copenhagen Ltd, Denmark). Hypoxemia was
defined as a value of PaO2 below the lower limit of normal-
ity defined as 2 standard deviations below predicted mea-
sured in age-matched healthy children [19] .

Evaluation at last recorded visit

Patients were reviewed by pediatric respiratory specialists at
least every 6 months in our institution. During the study
period, children were prescribed standard aggressive treat-
ment, including airway clearance with physiotherapy, oral or
rarely intravenous antibiotic therapy, depending on the na-
ture and frequency of bacterial isolates. In the absence of
any validated protocols, the decision of prophylactic antibi-
otic therapy was based on a clinical assessment of the
severity, frequency, and duration of exacerbations.
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Each year, the frequency of airway infections was eval-
uated as well as the antibiotic need (no need for antibiotic
therapy, intermittent or continuous antibiotic therapy). Con-
tinuous antibiotic therapy could be stopped in the absence of
exacerbation for more than 6 months. The presence of
bronchiectasis was evaluated by CT scan every 3 to 5 years,
depending on the severity of the symptoms and/or the de-
cline of respiratory function. Bronchiectasis was classified
as stable or progressive (i.e., increasing diameter and/or
extension to a new segment). Radiological deterioration
was defined as the extension of bronchiectasis. Each year,
upper respiratory tract symptoms were assessed by the oc-
currence of rhinosinusitis and otitis (absent, controlled, or
not by antibiotherapy). Otitis complications were defined as
the need for ventilation tubes during more than 1.5 year, and
sinus complications were defined as the persistence of
mucopurulent nasal discharge despite continuous antibiotic
therapy or the need of sinus surgery.

A high frequency of respiratory tract infections, otitis and
rhinosinusitis complications, bilateral or progressive bron-
chiectasis, presence of hypoxemia, or the need for continu-
ous antibiotherapy were all considered as criteria of severity.
We compared the clinical, radiological, and functional pa-
rameters collected during the last recorded visit to those of
the first evaluation at diagnosis.

Ciliary ultrastructure and beat frequency

Biopsies were obtained from either the inferior turbinate or
the bronchi and processed for ciliary investigations as de-
scribed previously [33, 34]. Airway biopsies were immersed
in glutaraldehyde and processed as usual for ultrastructural
analysis as previously described [17, 33]. A cutoff value of
>15 % of abnormal cilia was considered to be abnormal.
Axonemal abnormalities were expressed as a percentage of
each ultrastructural defect among the total number of abnor-
mal cilia. Dynein arms were considered to be absent from
sections when the structure was missing from at least six of
the nine peripheral doublets. For questionable inner dynein
arms in micrographs obtained by transmission electron mi-
croscopy, computerized analysis of cilia was systematically
performed to improve inner dynein arm visualization, as
previously reported [18]. In cases of abnormalities of the
central complex (absence of central pair without axonemal
disorganization, i.e., central microtubular agenesis [31]), the
axonemal defect was confirmed by repeated ciliary biopsy
performed at least 6 months later, during a stable period, and
when possible at an another airway level (i.e., nasal versus
bronchial sampling), in order to exclude a transient acquired
ciliary defect.

For ciliary beat frequency (CBF) evaluation, the respira-
tory cells obtained by brushing were suspended in Menezo’s
B2 medium, and the sample was examined as previously

described [11, 33]. When only immotile cilia were observed,
CBF was considered to be 0 Hz.

Statistical analysis

Results were expressed as medians and interquartile range
(IQR) or percentages when appropriate. Comparisons be-
tween groups used Mann–Whitney non-parametric test for
quantitative data and chi-square test or Fisher’s exact test
where appropriate for categorical data. All tests were two-
tailed and p values of less than 0.05 were considered signif-
icant. All analyses were performed using SPSS V.12.

Results

Patient characteristics

The 60 patients (29 boys, 31 girls, aged 0–15 years) of the
study population belonged to 53 unrelated families, includ-
ing 14 consanguineous families. This population was divid-
ed into two groups according to the ciliary ultrastructural
results.

The group of patients with dynein arm defects (DAD
group) consisted of 36 patients from 33 families (15 boys,
21 girls, age 0–15 years). In this group, all cilia were
abnormal with the defect in outer dynein arms alone (n=
15) (Fig. 1b), of inner dynein arms with axonemal disorga-
nization (n=10) (Fig. 1c), or of both dynein arms (n=11)
(Fig. 1d). In all cases of absence of inner dynein arms, the
ultrastructural defect was confirmed by a repeated ciliary
biopsy as recommended [28]. CBF, measured in 35 of 36
patients, showed totally immotile cilia in all but two patients
of whom one had an absence in both dynein arms and very
slow CBF and the other had an absence of inner dynein arms
with normal CBF but with a stiff flickering beat pattern
(Fig. 2).

The group of patients with abnormalities of the central
complex (CCA group) included 24 patients from 20 families
(14 boys, 10 girls, aged 1–12 years). Twelve patients of the
CCA group had previously been reported in a study evalu-
ating the outcome of patients with partial ciliary defects
[33]. In all cases, the abnormalities of the central complex
were confirmed by repeated ciliary biopsy. In this group, the
dynein arms were present and the ciliary defect never
concerned all the cilia, as already reported [11, 29, 33].
For six patients, the movement of some cilia appeared
abnormal, but the CBF was within normal range. The CBF
was reduced in seven patients, and 11 patients showed
immotile cilia (Fig. 2).

Clinical, radiological, and functional parameters collect-
ed at diagnosis and at the most recent visit were compared
between the two groups (Tables 1 and 2). Sex ratio
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(male/female) was not different between the two groups (0.7
and 1.4 for the DAD and the CCA group, respectively, p=
0.21).

Evaluation at diagnosis (Table 1)

For the population as a whole, median age at diagnosis was 6
(3–11)years and was similar in the two groups. The incidence
of neonatal respiratory distress was lower in the CCA group
than in the DAD group (six of 24 and 18 of 36, respectively),
but the difference was not significant. Themedian age of onset
of respiratory symptoms was significantly higher in the CCA
group than in the DAD group (9.5 versus 0.5 months, p=
0.03). Situs inversus was only observed in the DAD group
while respiratory disease in siblings was more common in the
CCA group than in the DAD group (11 of 20 versus five of 33
families, p=0.003). For five and two families from the CCA

and DAD groups, respectively, the respiratory disease in sib-
lings corresponded to PCD confirmed by TEM.

At diagnosis, the clinical presentation was more severe in
the CCA group than in the DAD group, regarding frequency
of lower respiratory tract infections (p=0.008), of
rhinosinusitis (p=0.02), and of otitis media complications (p
=0.0001). The incidence of bronchiectasis was frequent and
similar in the two groups, but bronchiectasis were more fre-
quently bilateral in the CC group (p=0.04).

For the population as a whole, the first pulmonary func-
tion test was performed at a median age of 6 (3–11)years,
and values were similar in the two groups (Table 2). The
median arterialized capillary partial pressure of oxygen was
in the normal range in the two groups; however, more
patients were hypoxemic in the CCA group compared to
the DAD group (ten of 24 and six of 36 of patients, respec-
tively, p=0.03) but not severe enough for requiring supple-
mental oxygen. Mean FRC was within the normal range in
the two groups; however, 14 patients had pulmonary hyper-
inflation with no difference between the two groups. Median
FEV1 was within the normal range in the two groups;
however, 24 patients had FEV1<80 % of the predicted
values, with no difference between the two groups.

Evaluation at last recorded visit

For the population as a whole, the median duration of follow-
up was 5 (3–8)years (range from 1 to 17 years) and was
similar in the two groups (Table 1). During the study period,
all patients of the DAD group required antibiotic therapy (with
continuous treatment in 28 of 36 of the cases) while antibiotic
therapy could be stopped in six of 24 of the patients of the
CCA group (p=0.003). The incidence and severity of ear–
nasal–throat symptoms, and radiological deterioration (pa-
tients with extension of bronchiectasis) were similar between
the two groups.

The most recent pulmonary function tests were
performed at similar mean age in the two groups (Table 2).
For the population as a whole, the pulmonary function
remained within the normal ranges. At last recorded visit,
the ten hypoxemic patients all belonged to the DAD group

Fig. 1 Ultrastructural defects of respiratory cilia (bars=0.1 mm). a
Cross section of cilia showing the “9+2” microtubule doublet config-
uration with presence of dynein arms. b Absence of outer dynein arms

alone. c Absence of inner dynein arms with axonemal disorganization.
d Absence of both dynein arms. e Absence of central complex
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Fig. 2 Results of ciliary beat frequency (CBF) according to the per-
centage of abnormal cilia and to the type of ciliary defects. The dotted
line indicates the limit of normal CBF (>8 Hz). Circles indicate
patients belonging to the CCA group. Squares indicate the two patients
belonging to the DAD group: with reduced CBF for the patient with
absence of both dynein arms; normal CBF for the patient with absence
of inner dynein arms. The 33 patients of the DAD group with immotile
cilia are not represented on this figure. Gray symbols indicate the
children with neonatal respiratory distress, and hatched symbols indi-
cate patients requiring continuous antibiotic therapy
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(p=0.004). Moreover, in the DAD group, the number of
patients with bronchial obstruction increased (from 15 to 20)
and was higher than that of the CCA group. Interestingly,

we noted that all the patients with bronchial obstruction at
first evaluation still had abnormal FEV1 at the last recorded
visit (eight of eight in the DAD group and four of four in the

Table 1 Clinical and radiological characteristics of patients

DAD group 36 patients 33 families CCA group 24 patients 20 families p

First evaluation at diagnosis

Age at diagnosisa (range) 6 (2–12)years 6 (4–8)years ns

Neonatal respiratory distressb 18 6 ns

Median age of onseta (IQR) 0.5 (0–12)months 9.5 (0–24)months 0.03

Situs inversus 10 0 0.004

Respiratory disease in siblings [PCD]c 5 [2] 11 [5] 0.003 [ns]

Consanguinityc 10 4 ns

Respiratory infections (>3/year) 27 24 0.008

Mucopurulent rhinosinusitis 19 22 ns

Presence of rhinosinusitis 25 24 0.02

Nasal polyposis 6 2 ns

Otitis media [complicationsd] 32 [1] 22 [14] ns [0.0001]

Bronchiectasis [bilateral] 23 [7] 17 [11] ns [0.04]

Evaluation at last recorded visit

Follow-up durationa (range) 5 (3–8)years 3.5 (2–7)years ns

Total arrest of antibiotic therapy 0.0 6 0.003

Rhinosinusitis [complicationse] 29 [17] 22 [10] ns [ns]

Ear symptoms [complicationse] 26 [20] 20 [15] ns [ns]

Progressive bronchiectasis 16 9 ns

When not specified, results are expressed in number of patients.

ns no significant statistical difference between the two groups (p>0.05)
a All quantitative data are expressed as median with interquartile range
b One missing data in each group
c Results of respiratory diseases in siblings are expressed in number of families
d At first evaluation at diagnosis, otitis complications corresponded to persistent media otitis despite ventilation tubes
e During the study period, otitis complications corresponded to the necessity of ventilation tubes during at least 1.5 years, and sinus complications
corresponded to the persistence of mucopurulent nasal discharge with continuous antibiotic therapy or necessity of sinus surgery

Table 2 Results of pulmonary function tests

First evaluation at diagnosis Evaluation at last recorded visit

DAD CCA p DAD CCA p

Age at evaluation (years) 6 (2–12) 6 (4–8) ns 16 (7–17) 11 (7–15) ns

PaO2 (mmHg) 86 (81–94) 78 (74–90) ns 86 (78–95) 90 (87–96) ns

Hypoxemic patients (number of patients) 6 10 0.03 10 0 0.004

FRC-He (% of predicted value) 95 (85–106) 90 (81–103) ns 104 (89–107) 102 (86–112) ns

Abnormal FRC-He (number of patients) 9 5 ns 8 5 ns

FVC (% of predicted value) 84 (77–90) 92 (76–107) ns 81 (72–95) 83 (61–97) ns

FEV1 (% of predicted value) 80 (73–91) 87 (70–104) ns 74 (65–94) 89 (72–96) ns

Abnormal FEV1 (number of patients) 15 10 ns 20 9 ns

Results are expressed in percentages of predicted values, as median with interquartile range. FRC and FEV1 were considered as abnormal when
>120 and <80 % of predicted value, respectively

PaO2 arterialized capillary partial pressure of oxygen, FRC he functional residual capacity measured by the helium dilution technique, FVC forced
vital capacity, FEV1 forced expiratory volume in one second, ns no significant statistical difference between the two groups (p>0.05)
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CCA group). No relationship was observed within the DAD
group between the type of dynein arm defects (i.e., involv-
ing outer, inner or both dynein arms) and the PCD presen-
tation (data not shown).

Discussion

This study is the first to show a relationship between the
ciliary ultrastructural defect and the PCD phenotype. Even
though the clinical presentation at diagnosis was more severe
in patients with abnormalities of the central complex, children
with absence of dynein arms experienced a more severe upper
and lower airway course of disease.

The ultrastructural defects underlying PCD have been
mostly described in mixed populations of adults and chil-
dren [7, 27, 29]. In this large pediatric series, the most
frequent ultrastructural defect concerns dynein arms, mainly
the outer one (43.3 % in our study; 60 to 75 % in other
series), whereas the absence of the inner dynein arms alone
is less frequent (16.7 % in our study; 13 to 53 % in other
series) [3, 11, 22, 27]. As reported in the literature and in the
present study, only the absence of dynein arms was associ-
ated with immotile cilia except in two patients [11, 14, 22,
27]. It must be noted that in the DAD group, different
subclasses of dynein deficiencies caused by mutations in
different genes are lumped, perhaps leading to differences in
the phenotypic expression.

Besides the classical absence of dynein arms, we found
numerous defects of the central complex. Absence of the
central complex without axonemal disorganization has al-
ready been reported in patients with PCD, but is not associated
with situs inversus [11, 14, 29, 31, 33]. In the CCA group, the
high incidence of affected siblings with PCD diagnosis con-
firmed by TEM supports the constitutional nature of this
defect, as suggested by similar abnormalities of the central
microtubules descr ibed in human spermatozoa,
Chlamydomonas, and mice mutants [15, 21]. Finally, as
RSPH4A and RSPH9 mutations have been reported in some
families with a PCD phenotype characterized by abnormali-
ties of the central pair [8, 37], we analyzed this gene in seven
unrelated families (11 patients) of the CCA group for which
DNA samples were available; the identification of RSPH4A
and RSPH9mutations (in three and one families, respectively)
clearly demonstrated the inherited origin of this ultrastructural
defect (unpublished data). In the CCA group, cilia were motile
in about half of the children, resulting in a difficult assert
diagnosis. Using high-speed videomicroscopy, abnormalities
of the central complex have been shown to result in an
abnormal circular movement of the cilium as opposed to the
typical forward and backward motion [11, 30, 31]. Unfortu-
nately, at the time of the study, this technology as well as nasal
nitric oxide measurement that have been found to allow

distinguish between PCD and non-PCD patients or healthy
subjects [2, 6, 35] were not available in our laboratory.

At diagnosis, children of both groups had respiratory
symptoms developed early in life with a high incidence of
neonatal respiratory distress. The current study supports the
hypothesis [3, 12, 13, 22] that neonatal respiratory distress is
related to cilia immobility in the CCA group (Fig. 2), which
suggests the important role of cilia not only for mucus
transport but also for clearing alveolar liquid fluid during
the first hours of life.

Despite the presence of respiratory symptoms during the
first year of life, the diagnosis of PCD is often delayed,
especially in the absence of situs inversus. In our series, a
situs inversus was only present in about one third of patients
from the DAD group and, as expected, was never observed in
the CCA group [6, 11, 22, 27]. In the absence of situs inversus,
the diagnosis of PCD might be suspected in more symptom-
atic patients. As the age of diagnosis did not depend on ciliary
defect, we presume that the severity of the respiratory symp-
toms probably leads to the diagnosis of PCD in the patients of
the CCA group. Bronchiectasis was present at diagnosis in
most of the children and bilateral in almost half of the children
of the CCA group. In the literature, the frequency of bronchi-
ectasis varies from 20 to 100 % of the cases [3, 12, 22, 27]
according to the age of the patients [22, 27] or the radiology.

In contrast with the high frequency of lower airway in-
fections, pulmonary function remained stable in most of the
patients of the two groups, as observed in adults [3, 13, 16,
20]. However, about half of the children showed amild airway
obstruction at first evaluation and persistent at last recorded
visit in the two groups. Our results confirm the early alteration
in lung function in PCD [24]. We observed no relationship
between the severity of airway obstruction and the underlying
ultrastructural defect, the incidence of respiratory infections,
or the extension of bronchiectasis (data not shown). Whatever
the group, it would be interesting to determine if children with
persistent obstruction will have a more severe disease in
adulthood, defined as a FEV1 below 40 % as found in 25 %
of adults with PCD [27].

At diagnosis, most of the hypoxemic patients belonged to
the CCA group. During the follow-up, all the children of the
DAD group required antibiotic therapy, and hypoxemia was
present only in children belonging to the DAD group. It is
therefore tempting to speculate that hypoxemic children
from the DAD group (ten of 36) may evolve toward a more
severe adult phenotype (concerning about 25 % of the
patients) [27] justifying therefore an aggressive therapeutic
management.

Most importantly, we observed a relationship between the
severity of the clinical presentation and the ciliary ultrastruc-
tural defect. Initially, the clinical presentation of the patients
with abnormalities of the central complex was more severe in
term of high frequency of respiratory tract infections, otitis
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and rhinosinusitis complications, bilateral bronchiectasis,
hypoxemia, and continuous antibiotic therapy. In contrast,
during the study period, patients of the CCA group greatly
improved (including four of six patients with identified muta-
tions) while a significant proportion of patients with absence
of dynein arms experiments a more severe clinical course. The
difference in PCD presentation may be explained by a differ-
ent mechanism of airway damage. In cases of absence of
dynein arms, as the cilia are immotile, the absence of
mucociliary clearance leads to mucus stagnation with prolif-
eration of bacteria and airway infection, which translates into
pulmonary tissue destruction. In cases of abnormalities of the
central complex, tissue damages occur rapidly, as judged on
the early onset of bilateral bronchiectasis, whereas ciliary
motility may be preserved in those patients. This suggests that
the molecular defect responsible for the abnormality of the
central complex could affect lung maturation and/or airway
defenses through other mechanisms than the sole ciliary beat-
ing dysfunction.

Conclusion

The present study provides information that could help to
orientate the diagnosis and prognosis of PCD. The relation-
ship between the severity of the clinical presentation and the
ultrastructural ciliary defect showed in our study may be of a
significant importance in diagnosis, management, and future
clinical studies. However, the variability of severity observed
in PCD might be also due to differences in treatment compli-
ance, environmental factors, and/or modifier genes
expression.
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