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Diagnostic testing for primary ciliary dyskinesia (PCD) usually
includes transmission electron microscopy (TEM), nasal nitric
oxide, high-speed video microscopy, and genetics. Diagnostic
performance of each test should be assessed toward the
development of PCD diagnostic algorithms. We systemati-
cally reviewed the literature and quantified PCD prevalence
among referrals and TEM detection rate in confirmed PCD
patients. Major electronic databases were searched until
December 2015 using appropriate terms. Included studies
described cohorts of consecutive PCD referrals in which PCD
was confirmed by at least TEM and one additional test, in order
to compare the index test performance with other test(s).
Meta-analyses of pooled PCD prevalence and TEM detection
rate across studies were performed. PCD prevalence among
referrals was 32% (95% Cl: 25-39%, 12 = 92%). TEM detection
rate among PCD patients was 83% (95% Cl: 75-90%, 1> = 90%).
Exclusion of studies reporting isolated inner dynein arm defects
as PCD, reduced TEM detection rate and explained an impor-
tant fraction of observed heterogeneity (74%, 95% Cl: 66-83%,
I? = 66%). Approximately, one third of referrals, are diagnosed
with PCD. Among PCD patients, a significant percentage, at
least as high as 26%, is missed by TEM, a limitation that should
be accounted toward the development of an efficacious PCD
diagnostic algorithm.

Primary ciliary dyskinesia (PCD) is caused by dysfunc-
tional motile cilia and it is characterized by impaired
mucociliary clearance which predisposes patients to recurrent
respiratory infections. Patients usually suffer from lifelong rhi-
norrhea, chronic wet cough, progressive loss of lung function
and eventually develop structural damage of the airways, and
bronchiectasis (1). The main clinical manifestations that lead
to consideration of PCD diagnostic testing are situs abnor-
malities, a history of neonatal respiratory distress syndrome, a

family history of PCD, male infertility, and chronic productive
cough in the absence of more common causes of chronic lung
disease (2).

Confirmation of a positive PCD diagnosis remains challeng-
ing as no single diagnostic test has been shown to have 100%
sensitivity and specificity, thus a combination of diagnostic
tests is usually needed for a final decision (3). Specialized diag-
nostic testing is currently available only in few specialized cen-
ters and includes the measurement of nasal nitric oxide (nNO)
(4), assessment of ciliary motility (5), and ciliary ultrastructure
(6), while a few centers have also introduced genetic testing in
clinical practice (7). Overall, PCD diagnostic testing is expen-
sive and time consuming (8,9), which underlines the need to
estimate the prevalence of PCD among referrals. This estimate
is useful to know for cost-benefit analyses as higher prevalence
of PCD among referrals corresponds to a lower proportion of
non-PCD patients that are referred for PCD diagnostic testing
and lower economic burden for the healthcare system and/or
the patient family and vice versa. Furthermore, different centers
follow various diagnostic algorithms for PCD diagnosis (10),
indicating the need for the development of an evidence-based
diagnostic decision tree for PCD. Such an approach requires
the prior assessment of summary estimates of the diagnostic
performance of each individual diagnostic test. Application
of the Bayes Theorem on estimates of diagnostic performance
along with information about the prior probability of disease
(prevalence of PCD among referrals) will allow the calculation
of positive predictive values and negative predictive values for
different diagnostic tests and algorithms (11).

In the past, assessment of ciliary ultrastructure abnormali-
ties with transmission electron microscopy (TEM) was con-
sidered to be the “gold standard” for the diagnosis of PCD
(6). However, for several years now, guidelines highlight that
TEM cannot be considered as a gold-standard test (2) as a
substantial subset of PCD patients display normal axonemal
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ultrastructure and cannot be identified through TEM (12).
These patients usually carry biallelic mutations in the
DNAHII gene and their ciliary motility is characterized by
a flickering movement (13). Furthermore, another subset of
PCD patients may also remain unidentified by TEM, as spe-
cific ultrastructural defects such as nexin link defects, are not
be easily discernible by standard TEM (14). Several studies
reporting TEM findings in different cohorts of PCD patients
demonstrate wide variation in the percentage of PCD patients
missed by TEM ranging from below 10% (15,16) to over 30%
(17,18). Although some reviews and editorial papers reported
that this percentage is equal to approximately 30% (3,19), this
estimate is not based on a systematic review of the entire pub-
lished evidence.

This study systematically reviewed the published evidence
aiming to quantify the prevalence of PCD diagnosis in cohorts
of suspect cases referred for PCD diagnostic testing and to esti-
mate the diagnostic detection rate of TEM in PCD patients in
whom diagnosis was confirmed with a combination of tests.

METHODS

Search Strategy and Selection Criteria

The electronic databases PubMed, SCOPUS and Google Scholar
were searched from inception until December 2015 using combina-
tions of the keywords “Electron Microscopy” and “Ciliary Motility
Disorders” as Medical Subject Headings (MeSH) or individual terms
and “Primary Ciliary Dyskinesia” OR “PCD” and combinations either
in the title or in the abstract. The reference lists of the retrieved stud-
ies and reviews were further searched for additional reports. The
included studies were identified after two reviewers (PK., S.LP.) inde-
pendently screened the title and abstract of the obtained electronic
search results and final selection was based on full text evaluation.
A third researcher (P.K.Y.) resolved any discrepancies. The guidelines
of the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) were followed (20).

For the prevalence of PCD among referrals estimate, studies were
selected according to the following inclusion criteria: Cohorts of con-
secutive referrals for PCD testing and, in addition to TEM, at least
one more test such as high-speed video microscopy (HSVM), nNO,
or genetic testing for confirmation of PCD diagnosis.

For the detection rate of TEM among confirmed PCD patients
estimate, studies were selected according to the following criteria:
Cohorts of consecutive PCD patients, reporting of TEM findings and
confirmation of PCD diagnosis with at least one more test such as
HSVM, nNO, or genetic testing.

Confirmation of PCD diagnosis was set to rely on TEM and at least
one additional test, thus potentiating the comparison of the index
test against other diagnostic test(s). Studies that confirmed PCD with
TEM only were excluded. Studies with overlapping patient popula-
tions were cross-checked and only the study with the largest and most
recent population was selected.

Data Extraction

The year of publication, name of author, study design, country of ori-
gin, study population, number of patients referred for PCD testing,
number of patients confirmed as PCD, and number of patients with
a reported ultrastructural defect identified by TEM were recorded.
The distribution of ultrastructural defects among the TEM-positive
patients and the age range of participating patients were recorded
additionally where available. The data were extracted independently
by two reviewers (PK., S.I.P.) and consensus was reached for all data.
Reporting of the included studies underwent quality assessment
based on the Meta-analysis Of Observational Studies in Epidemiology
(MOOSE) criteria (21). Not all of the MOOSE criteria were exam-
ined, as the assessment of reporting quality involved only the spe-
cific criteria that were relevant to the purposes of this study. Quality
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characteristics were assessed descriptively in order to detect any low
quality evidence that could influence the results.

Analysis

In order to combine the data on PCD prevalence among patients
referred for PCD diagnostic testing, we performed a meta-analysis of
proportions using a random effects model. Meta-analysis of propor-
tions allows the calculation of the pooled prevalence of PCD across
studies containing binomial data with the numerator defined as the
number of PCD patients identified by a combination of diagnostic
tests (TEM and nNO or HSVM or genetic testing) and the denomina-
tor as the total number of consecutive referrals for PCD testing (22).
The random effects allow for each study to be assigned a weight which
includes the within study variance and the between studies variance
(23). Furthermore, when only limited numbers of studies were avail-
able, and heterogeneity was I* > 0%, we applied the Hartung, Knapp,
Sidik, and Jonkman (HKSJ) approach which uses a Student T distri-
bution, instead of a Normal distribution for the effects” estimates. This
method applies an ad-hoc correction and yields more conservative
results (24).

The same method was used for the estimation of the pooled per-
centage of patients that are identified by TEM with the numerator
defined as the number of PCD patients identified by abnormal TEM
and the denominator defined as the number of PCD patients identi-
fied by a combination of diagnostic tests (TEM and nNO or HSVM
or genetic testing). Lastly, the fraction of PCD patients with different
ultrastructural defects (isolated ODA, combined ODA+IDA, MTD)
was calculated.

Heterogeneity was assessed with the I* which describes the pro-
portion of total variation in the effect estimate that results from
the between-studies heterogeneity and ranges from 0 to 100% (25).
Subgroup analysis was planned a priori based on factors that (i)
could affect referral or diagnostic patterns, (ii) could lead to a differ-
ent cohort of referrals, or (iii) could detect a different spectrum of the
examined disease. Such factors were the region specific referral pat-
terns (in series of tests results from a specific country were excluded
one at a time), the number of tests used to confirm PCD (exclusion of
studies that performed only two tests), the sample size (exclusion of
studies with number of referrals below the median number of referrals
of all included studies) and whether an isolated Inner Dynein Arm
(IDA) defect was considered diagnostic for PCD (exclusion of studies
that reported isolated IDA defects as diagnostic). Isolated IDA defects
as a diagnostic feature for PCD remains to date controversial because
IDA are usually characterized by low contrast (6,26). In addition, none
of the reported 32 genes, which harbor pathogenic mutations for PCD,
have been found to affect only IDA (27). All calculations were per-
formed using STATA (Version 12, StataCorp, College Station, TX)
with the command metaprop for binomial data (22).

RESULTS

Eligible Studies

A total of 2,253 studies were retrieved through online search
and 6 additional studies were identified through references’
screening. Among the retrieved studies, 2,097 were excluded
based on title or abstract. Of the 161 studies that were assessed
in full detail, 12 were review studies, 3 were guidelines or edi-
torials, 56 were case—control or case-series studies, 33 did not
include data on TEM results and 5 did not include data on
PCD patients. A total of 36 studies were included in the quali-
tative synthesis. Of these, 25 studies were excluded at the last
step and 11 were eventually included in the quantitative syn-
thesis (Figure 1). The 25 studies that were excluded at the last
step prior to quantitative synthesis, as well as the main reason
for their exclusion, are presented separately in Supplementary
Table S1 online. The majority of the studies (1 = 19) presented
in Supplementary Table S1 online, were excluded from
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Figure 1. PRISMA diagram. PRISMA diagram for the search strategy and selected studies.

further analysis because PCD diagnosis was established only
based on the TEM results, although in some of these studies
(n = 8), additional tests were partly also performed.

Study Characteristics

Included studies and their descriptive characteristics are pre-
sented in Table 1. All the studies confirmed PCD diagnosis with
at least one more test in addition to TEM. The vast majority of
studies used HSVM as an additional test with the exception
of Leigh et al. which used genetic testing (16). Furthermore,
approximately 36% of the studies also included nNO in the
diagnostic work-up. Three studies were performed in the
United Kingdom (15,28,29) and three studies were performed
in the United States of America (16,30,31) while the remaining
were performed in other European countries. The majority of
the studies provided information about the number of consecu-
tive referrals that underwent PCD diagnostic testing and were
included in the meta-analysis regarding PCD prevalence among
cohorts of respiratory referrals (n = 2,475) (15,18,28-32). The
study by Stannard et al. although focused on PCD patients
with a positive TEM diagnosis, it also performed HSVM and
reported patients diagnosed with abnormal beating and normal
ultrastructure and as a result, it was also included in the PCD
prevalence meta-analysis (15). All the included studies, with the
exception of Shappiro et al. (30) provided data on ultrastructural
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assessment for all the PCD diagnosed patients and were also
included in the meta-analysis of the TEM detection rate (n =728)
(4,15,16,18,28,29). The most common ultrastructural findings
in the assessed studies were isolated Outer Dynein Arm (ODA)
defects and combined ODA and IDA (ODA+IDA) defects as
well as tubular defects and normal ultrastructure (NU). A subset
of studies also reported isolated IDA defects (15,28,33). Lastly,
two of the included studies also reported a phenotype with lack
of multiple cilia (acilia) in some patients (15,17).

Assessment of Reporting Quality

Quality assessment results for the included studies are pre-
sented in Figure 2. Overall, the analyzed studies were char-
acterized by good methodology and all of them appropriately
described the diagnostic tests performed. On the other hand,
there were some studies that did not report the recruitment
period or did not describe in detail the patients’ characteristics.
Only a few of the studies discussed potential study limitations
although this was expected, as most of them were of a descrip-
tive nature. Finally, a small number of studies (16,28,29,31,32)
reported some efforts to reduce bias during the evaluation of
diagnostic tests such as blinded assessment or assessment by
more than one evaluator. The results of reporting quality assess-
ments for each study are presented in detail in Supplementary
Table S2 online.

Copyright © 2017 International Pediatric Research Foundation, Inc.
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DO, disorientation; HSVM, high-speed video microscopy; NU, normal ultrastructure; PCD, primary ciliary dyskinesia; TEM, transmission electron microscopy.

Data Synthesis

The pooled prevalence of newly diagnosed PCD patients in
cohorts of consecutive referrals of suspect cases was 32% (95%
CI: 25-39%, I* = 92%) (Figure 3). The ad-hoc correction using
HKSJ resulted in the same pooled prevalence estimate but
wider confidence intervals (32%, 95% CI: 20-44%, I* = 92%) A
series of subgroup analyses were performed by excluding each
time studies from each individual country, studies that per-
formed only two tests for PCD confirmation, and studies with
low sample size. Overall, subgroup analyses did not yield sig-
nificant differences from the original analysis (Supplementary
Figures S1 and S2 online) but the heterogeneity in the effect
estimate was explained by the exclusion of UK studies (prev-
alence: 41%, 95% CL: 37-45%, I* = 0%) (Supplementary
Figure S3 online).

The detection rate of TEM in PCD diagnosed patients was
83% (95% CI: 75-90%, I* = 90%) (Figure 4). The detection
rate of TEM in PCD after the ad-hoc HKS]J correction was also
83% (95% CI: 74-92%, I* = 90%). Subgroup analyses were also
performed for this estimate by excluding each time, studies
that performed only two tests for PCD confirmation, studies
with low sample size and studies which reported isolated IDA
defects. The subgroup analyses, with the exception of one, did
not demonstrate significant differences compared to the origi-
nal analysis (Supplementary Figures S4 and S5 online). The
subgroup analysis that included studies that did not report iso-
lated IDA defects resulted in a marked reduction in the detec-
tion rate of TEM and explained an important fraction of the
observed heterogeneity (detection rate: 74%, 95% CI: 66-83%,
I? = 66%) (Figure 5). Similarly as before, the HKSJ ad-hoc cor-
rection resulted in wider confidence intervals (detection rate:
74%, 95% CI: 61-87%, I* = 66%).

Among PCD patients, an isolated ODA defect was identi-
fied in 28% (95% CL: 19-36%, I* = 80%) (Supplementary
Figure S6 online) while a combined ODA+IDA defect was
identified in 26% (95% CI: 14-39%, I* = 95%) (Supplementary
Figure S7 online). HKSJ ad-hoc correction resulted in an esti-
mate of 28% (95% CI: 18-38%) for the fraction of patients
with isolated ODA and in an estimate of 26% (95% CI: 9-43%)
for the patients with a combined ODA+IDA defect. The frac-
tion of patients identified with a tubular defect was 10% (95%
CI: 3-18%, 1> = 93%, HKSJ ad-hoc correction: 10%, 95% CI:
0-25%) (Supplementary Figure S8 online).

DISCUSSION

In this systematic review and meta-analysis, we found the
pooled prevalence of PCD diagnosis in cohorts of consecutive
referrals of suspect cases for PCD diagnostic testing to be 32%.
This finding suggests that one third of the patients suspected
for PCD, are indeed affected by the disease. The high heteroge-
neity observed in the estimate can be at least partly explained
by the inhomogeneity in diagnostic protocols and referral
patterns between the different studies. Some studies used dif-
ferent number or combination of diagnostic tests for eliciting
PCD diagnosis. The study by Shappiro et al. used TEM along
with genetics and nNO for confirmation of PCD diagnosis (30)
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while other studies used TEM and HSVM (15,17,31,33,34) or
TEM, HSVM, and nNO (18,28,29,32). Different referral pat-
terns between the included studies may have also influenced
the heterogeneity in the final estimate. Although the refer-
ral of patients for PCD diagnostic testing should be based on
combinations of classical PCD features (3), to date, the deci-
sion to refer patients does not result from a suspect manifesta-
tions scoring system but rather from the clinicians’ awareness
of PCD and personal experience with the disease. The lack of
such a scoring system is reflected in differences in the refer-
ral patterns across different countries or different centers
(18,35,36). The recent publication by Leigh et al. regarding the
association of specific clinical features with the likelihood of
PCD (37) and the development of PICADAR clinical scoring
tool (38) constitute the first steps toward the introduction of
a universal clinical scoring system and referral algorithm for
PCD in the primary care clinical setting. The performance of
future referral algorithms can be compared with the current
estimate of the prevalence of PCD among referrals reported

Study design

Setting and recruitement period
Description of recruitment criteria
Diagnostic tests description
Efforts to adress bias

Statistical methods description
Participant characteristics
Summary of key findings

Study Limitations

Interprentation of results

Funding source

0 2 4 6 8 10

Included studies (n)

Figure 2. Quality assessment results. Reporting quality assessment results
for the included studies.

Kouis et al.

here, which is essentially compromised by the variability in the
referral patterns of the different centers.

Furthermore, among consecutive diagnosed PCD patients
that underwent ultrastructural assessment, we calculated the
detection rate of TEM to be 83%. In all the included stud-
ies, positive PCD diagnosis was based on a combination of at
least two or three diagnostic tests and ciliary ultrastructural
assessment using TEM was part of the diagnostic work-up.
The estimated detection rate means that approximately 17%
of PCD patients do not exhibit ciliary abnormalities on TEM
analysis. This analysis also displayed significant heterogeneity
across studies. In subgroup analysis, after exclusion of stud-
ies which reported isolated IDA defects as an abnormal diag-
nostic TEM finding, we found the detection rate estimate to
be 74% and the heterogeneity to be markedly reduced. The
resulting pooled estimate suggests that 26% of PCD patients
do not exhibit abnormal ultrastructure and this estimate is
much closer to the empirically quoted estimate of 30% (19).
Among the confirmed PCD patients, 28% were character-
ized by an isolated ODA defect, 26% were characterized by
a combined ODA+IDA defect and 10% by tubular defects.
However, among the remaining two categories of ultrastruc-
tural defects reported in the individual studies, Central Pair
(CP) and Radial Spoke (RS) defects, it is possible that some of
the patients also have microtubular disorganization (MTD) as
some genetic mutations result in both or either CP and MTD
defects through the disruption of radial spokes (39,40). As a
result, the estimated 10% fraction for tubular defects could be
an underestimation, probably affected by the underlying cat-
egorization of certain TEM defects such as CP, RS, and MTD
within the included studies.

The results of this analysis suggest that PCD diagnosis
cannot rely only on TEM examination. As a test of charac-
terization of morphologic features, TEM holds substantial
subjectivity and may be influenced by the overall quality of
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Figure 3. Forest plot of the prevalence of primary ciliary dyskinesia (PCD) among cohorts of suspect patients. Forest plot of the proportion of referred

patients for PCD testing that have eventually PCD confirmed.
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Figure 4. Forest plot of the detection rate of transmission electron microscopy (TEM) across all studies. Forest plot of the detection rate of TEM in cohorts
of patients that have primary ciliary dyskinesia confirmed with a combination of diagnostic tests (all included studies).

%
Study ES (95% CI) Weight
v
Boon M 2014 — 0.67 (0.60, 0.73)  27.71
1
Jackson CL 2016 —— 0.79(0.68, 0.87)  23.70
H
Olm MA 2011 ————— 0.92 (0.65,0.99) 15.95
Pifferi M 2011 —— 0.73 (0.58,0.84)  18.26
H
Yiallouros PK 2015 _— 0.63(0.46,0.78)  14.37
Overall (2= 65.61%, P = 0.02) @ 0.74 (0.66,0.83)  100.00
H
H
| | | | |
0 0.25 0.5 0.75 1

Figure 5. Forest plot of the detection rate of transmission electron microscopy (TEM) across studies excluding IDA. Forest Plot of the detection rate of

TEM across the included studies that did not report an isolated IDA defect.

the obtained sample (41). The other routinely used PCD diag-
nostic tests, the measurement of nNO and HSVM, have both
been reported to perform better than TEM. More specifically,
a recent meta-analysis of nNO measurements in PCD patients
has demonstrated a pooled sensitivity of 93 to 95% depending
on vellum closure status during testing (42) while a number of
studies have reported high sensitivity values for HSVM rang-
ing from 89 (43) to 100% (29). Although our findings suggest
that PCD diagnosis should not rely only on TEM, perfor-
mance of this test may still be beneficial since determination
of an ultrastructural defect or confirmation of its absence
may guide genetic testing wherever this is available. This is
particularly important for centers that lack access to whole-
exome or whole-genome sequencing and rely on genotyping

Copyright © 2017 International Pediatric Research Foundation, Inc.

of specific PCD genes. In this setting, prior identification of
ultrastructural defects allows prioritization of which genes to
be sequenced based on known genotype-TEM findings cor-
relations (44). In addition, recent studies have suggested asso-
ciations between the ultrastructural phenotype and severity
of clinical features and disease progression (17,45), thus high-
lighting the potential of TEM analysis to facilitate the identi-
fication of clinically significant phenotypic subgroups among
PCD patients. Furthermore, a recent study by Knowles et al.
has highlighted the milder clinical phenotype in PCD individ-
uals with bi-allelic mutations in RSPHI and mainly CP defects
in a small subset of cross-sections (46).

IDA imaging with TEM is more difficult compared to ODA
due to the low contrast of IDA coupled with the frequent
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presence of nonspecific biological or technical artifacts (6,26).
Furthermore, as ODA and IDA are multiprotein complexes of
different axonemal dynein polypeptides which include heavy,
intermediate, and light chain polypeptides, the composition
and variability of which, may affect the visualization of these
structures under TEM. In more detail, it has been shown that
IDA composition is more diverse compared to ODA (47) as
well as that the periodicity of IDA is higher compared to the
periodicity of ODA along the axoneme (48). As a result spe-
cific tools have been proposed in order to allow for the clearer
visualization of IDA (and ODA) in electron micrographs such
as averaged TEM pictures (49) and Markham rotation (50)
although none has received widespread application. Overall,
the presence of an isolated IDA defect in PCD remains con-
troversial as, up to now, none of the reported 32 genes which
harbor pathogenic mutations for PCD, has been found to
affect only IDA (27). Several genes affect both ODA and IDA
(27), while CCDC39 and CCDC40, which have been recently
shown to cause loss of IDA, cause as well disruption of the
axonemal organization (51) and more severe disease (45). As
aresult, the analysis which excluded studies reporting isolated
IDA defects provides a more reliable estimate of the TEM
detection rate.

This is to our knowledge, the first study that summarizes the
evidence from cohorts of consecutive referrals and informs
about the prevalence of PCD among these cohorts and the
detection rate of TEM among these patients. This meta-
analysis benefited from including data from a large number
of suspect cases referrals and PCD cases from many centers.
However, as most of the included studies were retrospective,
the possibility of selection or misclassification bias cannot be
ruled out. Furthermore, it is acknowledged that, although the
number of studies reporting TEM findings in PCD patients is
quite extensive, the studies that were finally included in this
meta-analysis are only eleven. However, the goal of this sys-
tematic review was to estimate the detection rate of TEM in
PCD confirmed cases, thus the included studies should have
had both criteria, consecutive referrals and the PCD diagnosis
confirmed by a combination of diagnostic tests and not only
by TEM. This design may have led to a smaller number of
included studies but it enabled the calculation of a more reli-
able estimate for the detection rate of TEM in PCD. In 8 of the
10 included cohorts, it was clearly stated that all PCD patients
were diagnosed by at least one more diagnostic test in addi-
tion to TEM. In the remainder two cohorts (Leigh et al. (16)
and Shoemark et al. (28)), a fraction of their patients were not
diagnosed by another diagnostic test (in addition to TEM).
This represents a limitation of the analysis probably leading
to a slight overestimation of the diagnostic performance of
TEM. The TEM detection rate in the sensitivity analysis which
excluded cohorts reporting isolated IDA defects as a diagnos-
tic finding is not affected, as these two studies (16,28) were not
included in the analysis.

In this analysis, for the vast majority of PCD patients who had
normal ultrastructure and were missed by TEM, the genetic
defect is not specified. This represents an important limiting
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factor as we do not know if all the responsible genetic defects
known to date to cause PCD and normal cilia structure were
represented in this subgroup. In a recent review of different
PCD populations, the frequency of genetic defects, which are
known to cause PCD but not detectable ultrastructure changes
by TEM, was found to be approximately 30% (52). This per-
centage is slightly higher but close to the 26% reported here.
Additional studies in large cohorts of PCD patients, report-
ing diagnostic tests results and responsible genetic defects are
needed to inform about the precise diagnostic accuracy of
TEM.

In summary, among cohorts of consecutive referrals of sus-
pect cases for PCD testing, approximately one third are even-
tually confirmed as PCD patients. Among PCD cases that
underwent TEM studies, a significant percentage, at least as
high as 26%, were not identified by TEM. This limitation of
TEM should be taken into account during the development of
a universal and efficacious diagnostic algorithm for PCD.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at
http://www.nature.com/pr
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