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Abstract

Background: Primary ciliary dyskinesia (PCD) is a rare genetically induced disorder of cilia inducing mainly
respiratory diseases. Transmission electron microscopy (TEM) analysis of ciliary ultrastructure is classically used for
diagnosis. We report our experience of TEM investigations in a large series of patients.

Methods: TEM analysis performed of 742 biopsies from patients with suspected PCD was reviewed retrospectively.
Ultrastructural defects were analysized further in 125 cases with changes typical for PCD.

Results: In 18.1% of patients diagnosis of PCD was made because of morphological alterations, in 68.2% secondary
changes were seen. In 13.7% material was not feasible for analysis. Mostly defects of dynein arms were detected in
PCD (96.8%). In particular defects of the inner arms (51.2%) and combined dynein defects (37.6%) were found. Total
loss of dynein arms was dominant. Only in 3.2% deficiencies of central structures were found alone. Associated
situs inversus or dextracardia was reported clinically in 21.4%.

Conclusions: TEM analysis is possible in most patients and a useful tool for diagnosis of PCD. Functional and
genetic analysis should be done additionally. Registers should be installed to collect all available informations and
push further research.

Background
Cilia are ancient evolutionarily conserved organelles that
typically project from the apical surface of cells. Their
biological roles include whole-cell locomotion, move-
ment of fluid, chemo-, mechano- and photosensation
and sexual reproduction. Defects in cilia are associated
with a growing number and wide range of human dis-
eases, which in the whole are called ciliopathies [1].
Historically the disease has been described as immotile

cilia syndrome by BA Afzelius [2]. Primary ciliary dyski-
nesia (PCD) is a predominantly autosomal recessive
inherited disorder. Estimation of prevalence is difficult
and given between 1:10,000 to 40,000 live births [3,4].
Recurrent and chronic upper and lower respiratory tract
infections, and in 40-50% of cases, mirror-image organ
arrangement and other forms of heterotaxy are main
symptoms [4-6]. Symptoms vary according to the age in
which diagnosis is made. Diagnosis of PCD requires the
presence of the characteristic clinical phenotype and

either specific ultrastructural ciliary defects identified by
TEM or abnormal ciliary function [3-6]. In a few cases
only abnormal function is found aloneside with normal
ultrastructure, therefore analysis of ciliary function and
TEM are recommended. Guidelines and algorithms have
been developed to standardize diagnostic procedures
[4,7]. Diagnostic modalities will vary in different coun-
tries. A recent questionnaire survey of the European
Respiratory Society in Austria reported that TEM analy-
sis was done in 73% of all PCD patients [8].
The axoneme of motile cilia is composed of nine per-

ipheral doublet microtubules with attached outer and
inner dynein arms (ODA and IDA, respectively) and
radial spokes, surrounding a central complex (CC) with
two central microtubules and the central sheath (so
called 9 + 2 tubulus structure) [1]. Cilia consist of over
250 various proteins, making a broad spectrum of
defects possible. Genes involved in PCD have been char-
acterized, but not all cases can be described genetically
[4]. PCD seems to be linked with malfunctioning in ade-
nosine triphosphate metabolism [9,10]. In TEM analysis
different defects are seen in PCD, but only some larger
series describing these defects exist [11-18]. Sometimes
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only case reports are given [9,19]. Therefore we
reviewed our cases with ultrastructural diagnosis of PCD
retrospectively to compare the results with other studies.

Methods
All specimens sent to the Institutes of Pathology in
Bochum (2002-2006), Essen and Kiel (2006-2009) for
TEM analysis because of suspected PCD were analysed
retrospectively. Specimens were taken by paediatrics or
respiratory physicians and obtained from nasal or tra-
cheobronchial mucosa. Brushings or biopsies were
immersed in buffered 2.5% glutaraldehyde and processed
as usually [20]. Semithin sections were done for prior
selection of suitable blocks. Ultrathin sections were
examined at at least 60,000 fold magnification. In each
case at least 50 transverse ciliary sections of different
cells were investigated. Ciliary abnormalities in over 20%
of available axonema were required for diagnosis of pri-
mary defects. Ultrastructural defects of dynein arms
were divided in cases with total loss or rudimental
structure of IDA or ODA.

Results
TEM feasibility
Totally 742 specimens were analysed. 102 (13.7%) of
these were not suitable for further investigations. In
95.1% no cilia were found at all (in 11.8% metaplasia, in
5.9% no material), and in 4.9% only a few cells with cilia
were seen, In 506 (68%) cases only secondary changes
due to respiratory infections were detected. Secondary
changes were seen in a variable extend and consisted of
plebs, numerical aberrations of microtubuli in some
cilia, and compound cilia. But in 16 (3.2%) of these
cases situs inversus, Kartagener Syndrome or dextrocar-
dia was reported clinically. In 11.1% of the specimens a
repeated investigation was recommended because only a
relatively small number of cilia were seen. In 134 (18%)
cases primary changes were found, ultrastructural
defects were documented in detail in 125 patients.
Mostly nasal brushings were presented (64%).

Geographics
Brushings or specimens were recruited from patients
who were visiting paediatrics or respiratory physicians
in different states in Germany. Most cases of PCD (n =
125) were diagnosed in Northrhine-Westphalia (60.8%).
Others were found in Schleswig-Holstein (11.2%), Lower
Saxony (8.8%), Hesse (8.8%), Berlin (4.8%), Baden-Würt-
temberg (2.4%), Bremen (1.6%), Hamburg (0.8%), and
Rhineland-Palatinate (0.8%).

Clinical features in PCD
Median of age in PCD was 7.7 (range: 0.1 - 50) years.
59.2% of patients were male, 40.8% female. According to

clinical informations given together with the specimens
in 103 (82.4%) cases chronic infections (upper and lower
respiratory tract or otitis) were dominant (85.4%). In 22
(21.4%) patients situs inversus or dextrocardia was
reported. Results of ciliary motility analysis were com-
municated in 34 (27.2%) cases, abnormal findings were
dominant (85.3%). Additional surgical interventions
were done in three patients (two middle lobe resections
because of destroyed lobe, one double lung transplanta-
tion because of bronchiectasis).

Ultrastructural defects in PCD
In 96.8% defects of dynein arms (DA) were seen (Table
1). Defects of the inner dynein arms (IDA) were domi-
nant (92%). Isolated defects of the IDA were found in
51.2% [Figure 1, 2]. Combined IDA and outer dynein
arm (ODA) defects were detected in 37.8% [Figure 3].
Isolated defects of the ODA were only seen in 6 cases
(4.8%) [Figure 4]. Total loss of the DA was dominant,
rudimentary structures were detected less frequently
(Table 2). Complete missing was found in 75.2% (IDA)
vs. 66.6% (ODA).
Only in 4 cases (3.2%) deficiencies of central struc-

tures were found alone [Figure 5, 6A]. In all of these the
central tubulus pair was missing, in one case addition-
ally radial spokes were not seen. A combination of DA
and central defects was seen in 4 cases, in 2 cases three
different defects were combined [Figure 6B].
In ten cases (8%) diagnosis of probable PCD was

made, because of the limited number of cilia detectable
in ultrathin sections. Secondary changes were often seen
additionally [Figure 2]. Mostly plebs, loss of one outer
membrane, compound cilia and microtubular defects
were found.

Discussion
PCD is a rare genetic disease, therefore only some stu-
dies with a larger number of patients exist. In our study

Table 1 Ultrastructural defects in PCD

Ultrastructural defect(s) numbers (n =
125)

percentage

Inner dynein arms 64 51.2

Outer and inner dynein arms 47 37.8

Outer dynein arms 6 4.8

Central tubuli 2 1.6

Outer and inner dynein arms and radial
spokes

2 1.6

Central double tubuli 1 0.8

Outer and inner dynein arms and
central tubuli

1 0.8

Central tubuli and radial spokes 1 0.8

Inner dynein arms and tubuli 1 0.8

Mainly defects of inner and outer dynein arms are seen.
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material was not feasible for analysis in 13.7%. Papon
et al. [18] report a much more higher rate of 28.6%.
Feasibility can be improved by using fluorescence
bronchoscopy, but in pediatrics mostly unaimed brush-
ings are taken. Some studies with a smaller number of
cases (≤ 25) show difficulties to find ultrastructural
defects (no dynein arm defects in 42.9%) in PCD [21] or
a high percentage (41.2%) of only possible PCD cases

[22]. In the largest study (n = 245 PCD cases) the rate
of questionable defects was only 3.3% [18]. Ten cases
(8%) in our study were classified as probable PCD
because of the limited number of detectable cilia. Our
results on TEM diagnosis of PCD base on own ultra-
structural investigations and clinical informations given
with the specimens. Review of clinical records was not
possible, this may explain the mismatches with the

Figure 1 Defect of inner dynein arms. Loss of inner dynein arms is the ultrastuctural alteration mostly seen (original magnification × 85,000).

Figure 2 Defect of inner dynein arms and secondary changes. Secondary changes with compound cilia (left and right) and plebs are often
found in variable extends (original magnification × 85,000).
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literature concerning the percentage of cases with situs
inversus, which was relatively low [see Additional file 1].
Gender differences do not seem to exist, although a
small male predominance was seen in our study. Studies
of PCD are all covering a geographical region or

country, which may also reflect a special genetic back-
ground with different results [see Additional file 1]. In
studies with only a smaller number of cases dynein
defects were not differentiated [13,16]. Main differences
compared with other studies are found in the

Figure 3 Defect of outer and inner dynein arms. Combined defects of outer and inner dynein arms is the lesion on the second place
(original magnification × 85,000).

Figure 4 Defect of outer dynein arms. Isolated defect of outer dynein arms is only detected in some cases (original magnification × 85,000).
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percentage of cases with defects of ODA and non-DA
defects, which were relatively low in our study.

Disorientation of cilia can be found in PCD and was
initially supposed to be a form of defect able to induce
PCD [23]. Further studies support that these are second-
ary changes only [24].
Studies on ciliogenesis in cell culture are practised by

Jorissen et al. [25], but do not seem to be a widely prac-
tised procedure. According to our experience computer-
assisted analysis is not necessary [26].

Table 2 Defects of dynein arms

Defect(s) of dynein arms totally missing rudimentary

Inner dynein arms 48 (75.2%) 16 (24.8%)

Outer dynein arms 4 (66.6%) 2 (33.3%)

Defects vary from total loss to rudimentary structure.

Figure 5 Defect of radial spokes. This defect causes irregular orientation of the outer double tubuli because of missing fixation (original
magnification × 85,000).

Figure 6 Single cilia view. In one case central tubuli were not found, dynein arms can not be evaluated in this picture (A, original
magnification × 140,000). Combined defect with missing dynein arms and loss of outer double tubuli is seen (B, original magnification ×
140,000).
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Secondary changes of cilia are known in PCD, as a
results of repeated infections and inflammation and
sometimes also in healthy subjects [11]. Defects
belonging to this category are plebs, loss of one outer
membrane, compound cilia and numerical microtubu-
lar defects. In cases of severe secondary changes and
infections repeated biopsies in an infect-free interval
should be requested. In 16 (3.2%) cases with only sec-
ondary changes in TEM analysis situs inversus, Karta-
gener Syndrome or dextrocardia were reported
clinically. This is in accordance to other studies. Papon
et al. [18] found 28 (5.2%) patients with situs inversus
in a group with normal ciliary ultrastrucure (total =
533). In these cases we generally recommended analy-
sis of ciliary beating frequency and pattern as well as
repeated TEM investigation. Functional analysis should
be done generally to detect cases with normal ultra-
structure and to correlate results of both investigations
[27]. Recently O’Callaghan et al. have demonstrated,
that in cases with IDA defects in TEM analysis sponta-
neous restitution can occur. Therefore repeated testing
is required [28]. Genetic analysis should be done, but
does not cover all possible defects today [4]. Therefore
PCD registers with all available information should be
installed to push further knowledge. Quality control
should be practised concerning functional and ultra-
structural investigations.

Conclusions
Complete clinical information concerning history and
results of functional analysis should be given to the
pathologist. Brushings or biopsies not adequate for diag-
nostics should be repeated.
Functional and genetic analysis should be done as well

to gather all available information.
PCD registers with all clinical, functional and patholo-

gical findings and biobanks should be installed to push
further research.

Additional material

Additional file 1: Clinical and ultrastructural data of other larger
studies. Explanations: S. inv./dex. = Situs inversus/dextrocardia,
*combined defects, **with ultrastructural defects, ***according to clinical
information. table.
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