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Abstract

Background: Primary ciliary dyskinesia can result from a number of different ciliary defects that adversely affect
ciliary function resulting markedly reduced or absent mucociliary clearance. Improvement in diagnostic testing is an
area of current research. During diagnostic evaluation of PCD we observed ciliated conical protrusions from part of
the apical surface of ciliated cells in those diagnosed with PCD. The aim of this study was to investigate if this
abnormality was specific to PCD.

Methods: Epithelial edges from 67 consecutively diagnosed PCD patients, 67 patients consecutively referred for
PCD diagnostic testing in whom PCD was excluded, 22 with asthma and 18 with Cystic Fibrosis (CF) were studied
retrospectively in a blinded manner using light microscopy.

Results: Forty six out of 67 patients with PCD had ciliated conical epithelial protrusions, whereas none were seen in
patients where PCD was excluded, or in patients with asthma or CF. The sensitivity, specificity, positive predictive
value and negative predictive value for the presence of the ciliated conical protrusions to predict a diagnosis of
PCD were 76.5, 100, 100 and 77% respectively.

Conclusions: Characteristic ciliated conical protrusions from ciliated epithelial cells maybe a useful pointer to the
diagnosis of PCD. However, their absence does not exclude the diagnosis of PCD.
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Background
Primary Ciliary Dyskinesia (PCD) is a rare autosomal re-
cessive disease affecting motile cilia throughout the
body. The prevalence has been reported at 1 in 2200 in
a highly consanguineous British Asian population [1]
with estimates in Europe ranging from 1 in 10,000 to 1
in 40,000 [2, 3]. Over 35 genes have been discovered that
cause PCD [4] accounting for up to 65% of PCD patients
[5]. PCD has a profound effect on mucociliary transport
with those affected suffering from a daily wet sounding
cough and nasal symptoms from the newborn period.
Significant numbers develop glue ear with associated

hearing problems and approximately 45% have situs inver-
sus. Bronchiectasis may develop in early childhood and
severe lung disease is not uncommon in older patients [4].
Many patients with PCD remain undiagnosed or are diag-
nosed late after years of chronic respiratory symptoms.
There is no gold standard diagnostic test for PCD [5].

Diagnostic testing of those with a suggestive clinical his-
tory may include nasal nitric oxide (nNO) measurement
[5], high-speed video microscopy to assess ciliary beat pat-
tern and measure ciliary beat frequency [6] and electron
microscopy [5]. Diagnostic testing can be difficult due to
secondary ciliary dyskinesia although this problem may be
markedly reduced by testing at least 4 weeks after a viral
upper respiratory tract infection [7, 8]. Culture of nasal
epithelial samples to an air-fluid interface can be helpful
in some cases as it significantly reduces secondary ciliary
dyskinesia seen in the original sample but maintains, and
in many cases exaggerates, the abnormal beat pattern seen
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in original samples [9, 10]. The place of other tests includ-
ing gene testing and immunofluorescence [11–13] are be-
ing evaluated to determine if they can help improve
diagnostic certainty.
During diagnostic evaluation of patients suspected of

PCD, we observed ciliated conical protrusions from the
surface of ciliated epithelial cells in nasal epithelial sam-
ples from many patients diagnosed with PCD by light and
electron microscopy. We therefore formally studied the
presence of ciliated conical protrusions from the epithe-
lium of patients with PCD to test the hypothesis that their
presence was predictive of the diagnosis. To determine if
the ciliated conical protrusions were specific to PCD
patients we also studied respiratory epithelial samples
from patients referred for diagnostic testing for PCD
where the diagnosis was excluded, patients with mild,
moderate and severe asthma and patients with cystic
fibrosis.

Methods
Subjects
Nasal brush biopsies from the following groups were retro-
spectively analysed: 67 consecutively diagnosed patients with
PCD over a 2 year period by the National PCD Diagnostic
Clinic, Leicester, UK: 67 consecutive patients referred for
diagnostic testing for PCD where PCD was excluded; 22
patients with well-characterised asthma (11 severe, 6 moder-
ate, 5 mild) and 18 patients with cystic fibrosis (CF).

Nasal brush biopsies
Ciliated epithelium was obtained by a single gentle
brushing of the inside of the nose as previously de-
scribed [14]. Brushings were only performed if patients
declared themselves free from an upper respiratory tract
infection for at least 1 month. Cells obtained were sus-
pended in 2 ml of HEPES (20 mM) buffered medium
199 containing penicillin (50 μg/ml), streptomycin
(50 μg/ml) and Fungizone (1 μg/ml). For each patient,
the sample was divided in to three to allow, initial ciliary
functional analysis, fixation for transmission electron mi-
croscopy (TEM) and cell culture.

Epithelial assessment
All samples were studied using the PCD diagnostic cen-
ter’s protocol. Ciliated epithelial edges were observed
using a × 100 oil immersion lens and recorded using a
high-speed video camera allowing ciliary beat pattern and
beat frequency to be determined, as previously described
[15]. Images from videos were studied to determine the
presence or absence of ciliated conical protrusions. If a
high degree of secondary damage was seen the samples
were cultured to an air fluid interface to allow reassess-
ment of ciliary function after differentiation.

To be classified as a ciliated conical protrusion the fol-
lowing criteria were met: a) protrusions were conical in
shape and ciliated, b) they project from part of the apical
surface of a ciliated cell, c) the cell that has a conical
protrusion is in normal alignment with adjacent cells
with no evidence of disruption of tight junctions be-
tween adjacent cells on electron microscopy. They were
differentiated from minor and major cell protrusions
where the apical surface of the entire cell was seen to
protrude from adjacent cells indicating disruption of
intra cellular junctions. Where possible 7–10 ciliated
epithelial edges of approximately 100 μm in length were
studied for each patient. The appearances of ciliated
conical protrusions can be seen on light microscopy in
Fig. 1 and on electron microscopy in Fig. 2.

Transmission electron microscopy (TEM)
The epithelium from fresh brush biopsies and cultured cells
were fixed in glutaraldehyde (4%) and processed for TEM
analysis as previously described [16].

Ciliated cell culture
Re-growth of ciliated epithelium at an air-fluid interface
from the initial brush biopsy was performed in 38 patients
with PCD, in 11 of the patients referred for diagnostic
testing for PCD in whom the diagnosis was excluded, in
10 patients with asthma and in 6 patients with cystic
fibrosis. After 4 to 6 weeks the cultures were brushed to
provide ciliated epithelial edges that were evaluated using
the methods described to assess the initial brush biopsy.
The method used for air liquid interface cultures has pre-
viously been described [10].

Diagnostic testing for PCD
The diagnosis of PCD was based on a characteristic clin-
ical picture of a life long ‘wet sounding’ cough and nasal
symptoms with supportive diagnostic tests. PCD patients
in this study were diagnosed on the minimum criteria of
a) a characteristic clinical history, b) a beat pattern abnor-
mality characteristic of PCD observed, using high speed
video microscopy, and c) an ultrastructural defect consist-
ent with PCD on transmission electron microscopy [6, 17,
18]. The diagnostic phenotypes are listed in Table 1.

Statistics
Sensitivity, specificity, positive predictive values (PPV)
and negative predictive values (NPP) were calculated for
the presence of ciliated conical protrusions from epithe-
lial cells for initial brush biopsies and after ciliated cell
culture.

Results and discusssion
Results are shown in detail in Table 1. The mean and
standard deviation of the width and height of the ciliated
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conical protrusions were 3.4 ± 0.51 μm (max 4.3; min 2.1)
and 3.9 ± 0.52 μm (max 5.1; min 2.8) respectively. A high
speed video recording of the ciliated conical protrusions
are shown in Additional file 1.
Ciliated conical protrusions were observed in the cili-

ated epithelium in 73% of patients diagnosed with PCD
on the initial brush biopsy samples. Examination of the
ciliated epithelium from these patients, after regrowth at
an air liquid interface, showed a marked reduction in
ciliated conical protrusions (73 to 15%).
No ciliated conical protrusions were seen in the 67

patients referred for diagnostic testing for PCD where
the diagnosis was excluded, or in patients with CF or
mild, moderate or severe asthma in the initial samples
or following culture of ciliated epithelium at an air liquid
interface.
The sensitivity, specificity, PPV and NPV for the pres-

ence of ciliated conical protrusions to predict a diagnosis
of PCD were 76.5, 100, 100, and 77% respectively (for
calculation see Additional file 2).
Typical images of the ciliary conical like protrusions

on light microscopy are shown in Fig. 1 and on electron
microscopy are shown in Fig. 2.

This study reports a novel observation that character-
istic ciliated conical protrusions from the surface of cili-
ated cells are commonly seen in nasal epithelial samples
from patients with PCD and are seen across different
PCD phenotypes both on light and transmission electron
microscopy. They were seen in both very healthy well
ciliated strips of epithelium from patients with PCD and
in areas where secondary epithelial damage was present.
The number seen in patient samples was not associated
with increasing patient age. We found the presence of
ciliated conical protrusions had a specificity for PCD of
100%. Sensitivity however, was lower at 76.5%. Although
fewer ciliate conical protrusions were seen following cili-
ated cell culture, their presence in cultures suggests they
are not due to solely to underlying infection or external
inflammatory stimuli. As ciliated cells lining the respira-
tory epithelium survive for many months, and ciliated
cell cultures were studied after just 4 weeks in culture it
is possible that the number of protrusions in cell cul-
tures may have increased over time. It is also possible
that respiratory infection or inflammation in the respira-
tory tract of PCD patients may have contributed to
increased numbers of ciliated conical projections seen in

a

b

c

Fig. 1 Single frame capture from a high-speed video showing ciliated epithelial edges observed using a 100× oil immersion lens. a Healthy control
showing an intact ciliated epithelium. b and c Ciliated epithelium from a PCD sample showing characteristic conical ciliated projection (arrow)
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epithelial samples taken directly from patients. In con-
trast to protrusion of cells from the epithelial surface (7),
that is commonly seen in the presence of secondary epi-
thelial damage [8], conical ciliated protrusions involve
only a proportion of the surface of a ciliated cell and did
not appear to be associated with breakdown of intracel-
lular junctions.
The absence of ciliated conical protrusions from cili-

ated cells in patients with mild, moderate and severe
asthma and CF, as well as in the epithelium of patients
with chronic respiratory symptoms in whom the diagno-
sis of PCD was ruled out suggests that this feature may
be specific to PCD.
The ciliated conical protrusions were seen in all pheno-

types of PCD studied and were not directly related to the
presence of static cilia as in some of the PCD phenotypes
studied cilia beat frequency was within the normal range.
We could find only one study on cell membranes in
patients with PCD, by Kantar and colleagues [19]. This
showed increased membrane fluidity in neutrophils from

patients with PCD. The authors speculated that alterations
in the cytoskeleton may be responsible, however, it was not
possible to perform similar measurements in ciliated cells
and the mechanism responsible for the ciliated conical pro-
trusions and increased membrane fluidity in neutrophils re-
mains unclear. We believe that a combination of increased
membrane fluidity in PCD epithelial cells coupled with dis-
ruption in the cellular dynein cytoskeleton may cause the
features that we see, however this remains to be proven.
The results of this study will not change our diagnostic

approach that includes measurement of nasal nitric oxide
in those old enough who have patent nasal passages,
assessment of ciliary beat pattern and beat frequency by
high speed video microscopy and electron microscopy,
supplemented by immunofluorescence testing, ciliated cell
culture and genetic testing as required. However, as mul-
tiple epithelial edges are observed during our initial rou-
tine diagnostic assessment the presence of ciliated conical
protrusions from can be recorded and may help to in-
crease confidence in diagnosis.

Fig. 2 Transmission electron microscopy cross sections of ciliated respiratory epithelium showing; a Healthy well ciliated epithelium from a healthy control
(bar = 8 μm). No protrusions were seen in the TEM images obtained from CF and Asthma patients. b Ciliated respiratory epithelium from a patient with
bronchiectasis who had the diagnosis of PCD excluded. Ciliated cells are seen to project from the epithelium. Note the projection involves the whole
surface of the cell and does not have a conical shape (bar = 6 μm). c Ciliated epithelium from a patient with PCD showing a characteristic ciliated conical
protrusion (arrow) (bar = 4 μm). d High power of a ciliated conical protrusion (bar = 800 nm)
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Conclusion
In summary, our data shows that ciliated conical protru-
sions from ciliated cells in the respiratory epithelium are
common in PCD. Their absence in asthma and CF, as
well as in the epithelium of patients with chronic re-
spiratory symptoms in whom the diagnosis of PCD was
excluded suggests that they point towards the diagnosis
of PCD.

Additional files

Additional file 1: Video S1. The first epithelial edge in the video is
taken from a patient with PCD due to absent inner dynein arms and
disorganised microtubules (Radial spoke defect). The video is in real time
and shows all of the cilia are dyskinetic. The arrows point towards two
conical ciliated epithelial projections. The second video is included to
show a close up of a ciliated conical epithelial projection on the left side
and to contrast with it shows a cell protruding from the epithelium on
the right side. (MP4 61,535 kb)

Additional file 2: Sensitivity calculation. (DOCX 147 kb)
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