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Background: This document presents the American Thoracic

Society clinical practice guidelines for the diagnosis of primary ciliary
dyskinesia (PCD).
Target Audience: Clinicians investigating adult and pediatric

patients for possible PCD.
Methods: Systematic reviews and, when appropriate, meta-analyses

were conducted to summarize all available evidence pertinent to our
clinical questions. Evidence was assessed using the GRADE (Grading of
Recommendations, Assessment, Development and Evaluation)
approach for diagnosis and discussed by a multidisciplinary panel with
expertise in PCD. Predetermined conﬂict-of-interest management
strategies were applied, and recommendations were formulated,
written, and graded exclusively by the nonconﬂicted panelists. Three
conﬂicted individuals were also prohibited from writing, editing, or
providing feedback on the relevant sections of the manuscript.
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Results: After considering diagnostic test accuracy, conﬁdence in
the estimates for each diagnostic test, relative importance of test
results studied, desirable and undesirable direct consequences of
each diagnostic test, downstream consequences of each diagnostic
test result, patient values and preferences, costs, feasibility,
acceptability, and implications for health equity, the panel made
recommendations for or against the use of speciﬁc diagnostic
tests as compared with using the current reference standard
(transmission electron microscopy and/or genetic testing) for the
diagnosis of PCD.
Conclusions: The panel formulated and provided a rationale for the
direction as well as for the strength of each recommendation to
establish the diagnosis of PCD.
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Question 1: Should an Extended
Genetic Panel (Testing >12
Genes) Be Used as a
Diagnostic Test in Adult and
Pediatric Patients with a High
Probability (At Least Two of
Four Key Clinical Features) of

Having PCD (as Replacement
of Reference Standards of
Classic TEM Structural Ciliary
Defect and/or Standard
Genetic Panel Testing for
Mutations in <12 Genes
Associated with PCD)?
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Question 2: Should a Low nNO
Level (Using
Chemiluminescence
Technology), after Excluding
CF, Be Used as a Diagnostic
Test for PCD in Adult and
Pediatric Patients 5 Years of
Age or Older with a High
Probability (At Least Two of
Four Key Clinical Features) of
Having PCD (as a Replacement
for Reference Standards of
Classic TEM Structural Ciliary
Defect and/or Biallelic

Overview
The purpose of this guideline is to
analyze evidence and present diagnostic
recommendations for primary ciliary
dyskinesia (PCD). The guideline should
empower clinicians to interpret these
recommendations in the context of the
individual patient and make appropriate
clinical decisions about diagnostic tests.
For each recommendation, it is important
to consider the summary of evidence
reviewed and discussed by members
of the committee, especially patient
values and preferences, before
applying these recommendations
to speciﬁc clinical situations or
policies.
Clinicians, patients, and other
stakeholders should not view these
recommendations as dictates. No guideline
can account for all clinical circumstances.

Causative Mutations in PCD
Genes)?
Question 3: Should HSVM Alone
Be Used as a PCD Diagnostic
Test in Adult and Pediatric
Patients with a High Probability
(At Least Two of Four Key
Clinical Features) of Having
PCD (as a Replacement for
Reference Standards of
Classic TEM Structural Ciliary
Defect and/or Biallelic
Causative Mutations in PCD
Genes)?

The implications of the strength of
recommendations are described in Table 1.
This guideline applied the same
reference standard for all clinical questions,
but it does not necessarily provide
recommendations for one diagnostic test
over another or advocate for or against
combinations or sequential tests. However,
a suggested diagnostic algorithm for PCD
is provided as part of this document.
Strong or conditional ratings for each
recommendation must be weighed
individually (i.e., two recommendations
with the same strong or conditional rating
should not, by default, be considered
equivalent recommendations), factoring in
all components used to determine the grade
of recommendation, including conﬁdence
in accuracy estimates of each diagnostic
test; the relative importance of test
results studied; desirable and undesirable
consequences of each diagnostic test; and

Question 4: Should CBF or Ciliary
Waveform Analysis Using Light
Microscopy without HighSpeed Recording Be Used as a
PCD Diagnostic Test in Adult
and Pediatric Patients with a
High Probability (At Least Two
of Four Key Clinical Features) of
Having PCD (as Replacement of
Reference Standards of Classic
TEM Structural Ciliary Defect
and/or Biallelic Causative
Mutations in PCD Genes)?
Conclusions: Proposed Diagnostic
Algorithm

the cost, feasibility, acceptability, and
implications of each diagnostic test. The
methods used by guideline panels to
appraise evidence are different from those
employed during regulatory agency reviews
of applications seeking market approval.

Introduction
PCD, a genetically heterogeneous,
mainly autosomal recessive disorder, is
characterized by motile cilia dysfunction.
Clinical manifestations of PCD include
chronic upper and lower airway disease,
left–right laterality defects, and infertility
(1–4). The diagnosis is often delayed, even
in children with classic clinical features,
in part related to limitations of available
diagnostic tests. For over four decades,
the diagnosis of PCD has been based on the
presence of ultrastructural defects in the

Table 1. Interpretation of Strong and Conditional Recommendations for Stakeholders (Patients, Clinicians, and Healthcare Policy
Makers)
Implications for

Strong Recommendation

Conditional Recommendation

Patients

Most individuals in this situation would want the
recommended course of action and only a small
proportion would not.

The majority of individuals in this situation would want the
suggested course of action, but many would not.

Clinicians

Most individuals should receive the intervention.
Adherence to this recommendation according to
the guideline could be used as a quality criterion
or performance indicator. Formal decision aids
are not likely to be needed to help individuals
make decisions consistent with their values and
preferences.

Recognize that different choices will be appropriate for
individual patients and that you must help each patient
arrive at a management decision consistent with his or her
values and preferences. Decision aids may be useful in
helping individuals to make decisions consistent with their
values and preferences.

Policy makers

The recommendation can be adopted as policy in
most situations.

Policy making will require substantial debate and
involvement of various stakeholders.
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ciliary axoneme using transmission electron
microscopy (TEM) analysis, which can
have serious drawbacks. Nonspeciﬁc ciliary
changes, which can be induced by exposure
to environmental pollutants or infection,
may appear similar on TEM to ﬁndings
seen in PCD. Also, the absence of axonemal
defects does not exclude PCD, because 30%
of affected individuals have normal ciliary
ultrastructure (5). Other diagnostic tests
have emerged, including nasal nitric oxide
(nNO) measurement, genetic testing, digital
high-speed videomicroscopy with ciliary
beat pattern analysis (HSVM), and
immunoﬂuorescence imaging for speciﬁc
axonemal proteins. However, there is no
universally agreed-on “gold standard” for
diagnosis, and no single modality has
sufﬁcient diagnostic sensitivity and speciﬁcity
when applied to the general population (1, 6).
Some clinical features of PCD
overlap with other conditions, such as
cystic ﬁbrosis (CF), immunodeﬁciency,
chronic pulmonary aspiration, asthma,
and recurrent respiratory viral infections.
However, PCD is not a diagnosis of exclusion.
Recently, investigators identiﬁed four key
clinical features characteristic of PCD (7).
1) Year-round, daily, productive (wet)
cough and 2) year-round, daily, nonseasonal
rhinosinusitis begin in early childhood,
often immediately after birth, and are
almost universally present by 6 months of
age. These respiratory symptoms may vary
but never fully resolve, even after systemic
antibiotic therapy (6). Approximately
80% of children with PCD have a history
of 3) neonatal respiratory distress
syndrome as term newborns, deﬁned as the
need for supplemental oxygen or positive
pressure ventilation support for more than
24 hours without clear explanation (6–9).
Roughly 40–55% of patients with PCD
have 4) laterality defects (e.g., situs inversus
totalis), whereas other situs anomalies
(e.g., situs ambiguus), with or without
congenital heart defects, are found in
roughly 12% of affected individuals (4, 10).
If all four key clinical features are present,
the sensitivity and speciﬁcity are 21% and
99%, respectively (7). Chronic otitis media
with effusion is also common in children
with PCD (8), but this feature does not
distinguish children with PCD from those
who do not have PCD. If two of these
distinguishing features are present, the
sensitivity and speciﬁcity for PCD are 80%
and 72%, respectively. In term newborns, the
combination of situs inversus totalis and
1526

unexplained neonatal respiratory distress
is highly suggestive of PCD, even in infants
who have not yet developed chronic
respiratory symptoms. Without at least two of
these key features, patients are unlikely to
have PCD, and further testing is usually
unwarranted. Clinicians should consider
diagnostic testing for PCD only in those
patients who truly ﬁt the clinical phenotype.

Methods
From the outset of guideline development,
the workgroup made certain assumptions.
First, because PCD is a heterogeneous
disease, no reference diagnostic standard
is universally accepted. Thus, the workgroup
proposed the combination of classic
TEM ultrastructural ciliary defect and/or
genetic panel testing for mutations in
known PCD genes as the most accurate
“reference standard” to diagnose PCD.
Second, per the GRADE (Grading
of Recommendations, Assessment,
Development and Evaluation) approach,
the effects of diagnostic test results on
patient-important clinical outcomes must
be assessed to develop recommendations.
With PCD being a rare disease, frequently
misdiagnosed in past cohorts, and managed
with a wide range of unproven therapies,
the workgroup considered that long-term
effects of appropriate/inappropriate
diagnostic decisions would make modeling
of diagnostic results imprecise. Thus,
the workgroup decided to rank the
importance of the test results, patientimportant outcomes, and overall certainty
in the evidence of effect of the test separately
from the certainty in diagnostic test accuracy.
The guideline development panel
consisted of 2 cochairs (A.J.S. and V.L.), 2
co–vice-chairs (S. D. Davis and M.M.), and
26 panelists. The committee worked with a
health research methodologist (V.L.) who
has expertise in evidence synthesis and
guideline development. After a systematic
review of the literature, selection of relevant
studies, data extraction and pooling
(when appropriate), and assessment of the
certainty of the evidence, results were
presented at three face-to-face meetings
and during several teleconferences. After
discussing the evidence-to-decision tables,
recommendations were developed and
graded using the GRADE approach for
diagnosis (11). The committee encountered
challenges in adopting strengths of

recommendation, notably for the PICO
questions (i.e., patient, problem, or
population; intervention; comparison,
control, or comparator; outcome) on nNO
and extended genetic panel testing as
replacements of the reference standard. The
analysis for these tests provided moderate
certainty of evidence in diagnostic test
accuracy, and over 70% of committee
members initially voted for “strong”
recommendations in this diagnostic
guideline. However, long-term, patientimportant outcome data are lacking in
PCD, and there is major uncertainty
regarding the impact of PCD diagnosis on
long-term patient health (i.e., very low
certainty in the overall evidence). This led
to the ﬁnal strengths of recommendation
for nNO and extended genetic panel testing
being downgraded to “conditional”
recommendations, despite the committee
(including all PCD stakeholders) opinion
that diagnostic test accuracy should be of
primary importance in the decision-making
process of a diagnostic guideline.
All participants disclosed conﬂicts of
interest during panel composition,
throughout the process, and until
completion of the guideline. Twelve
members (A.J.S., S. D. Davis, S. D. Dell,
M.R., T.W.F., D.P., M.J., M.R.K., C.M.,
S.D.S., M.W.L., and L.M.) reported ties to
industry-sponsored research as investigators
in PCD therapeutic trials and were allowed
to participate without restrictions. Three
members (M.L., S. D. Davis, and T.W.F.)
reported involvement in a clinical trial
with a nitric oxide measurement device.
These members participated in the
discussion of the evidence with the
committee but were recused from
discussions concerning evidence-to-decision
framework and from formulating, writing,
grading, and voting on recommendations
regarding nNO measurements. The
American Thoracic Society provided
ﬁnancial and logistical support for meetings
and conference calls. The views and interests
of the American Thoracic Society had no
inﬂuence on the topics discussed or the
recommendations.

Recommendations for
Speciﬁc Diagnostic
Questions
Please refer to the full-length online
document and supplemental materials,
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which include supporting evidence proﬁles
for recommendations.
Question 1: Should an Extended
Genetic Panel (Testing >12 Genes) Be
Used as a Diagnostic Test in Adult
and Pediatric Patients with a High
Probability (At Least Two of Four Key
Clinical Features) of Having PCD (as
Replacement of Reference Standards
of Classic TEM Structural Ciliary
Defect and/or Standard Genetic Panel
Testing for Mutations in <12 Genes
Associated with PCD)?
Background. PCD is a genetically
heterogeneous, inherited disease caused by
biallelic pathogenic mutations in one of
many identiﬁed causative genes. To date,
39 genes are linked to PCD. The limitations
of TEM have made molecular genetic
testing an attractive alternative, because
more than 50% of patients with PCD possess
two pathogenic mutations in a known
disease-causing gene (12). Because
comprehensive genetic testing for PCD is
increasingly available in Clinical Laboratory
Improvement Amendment–certiﬁed
laboratories and costs have fallen, the
impetus to consider molecular genetic
testing as a ﬁrst-line diagnostic test for
PCD has increased.
Summary of evidence. Five articles were
included in the meta-analysis, but only one
cohort-type study could be fully analyzed for
diagnostic accuracy. The other four caseseries studies included only patients with
PCD. In the cohort-type study, 534 pediatric
subjects referred to a North American
multicenter consortium were prospectively
evaluated for high clinical suspicion of
PCD (7). Subjects invariably had chronic
otosinopulmonary disease symptoms, with
CF already ruled out in most cases. All
subjects underwent TEM and nextgeneration sequencing genetic testing for 26
known PCD-causing genes. Two hundred
ﬁve participants were diagnosed as “deﬁnite
PCD,” of whom 164 subjects carried two
pathogenic variants in a PCD gene (138
detected with the standard genetic panel, 26
additional subjects with PCD detected with
extended genetic panel testing), whereas
41 patients showed classic TEM defects with
negative extended genetic panel test results.
One hundred eighty-seven participants
were categorized as “other diagnosis or
undeﬁned” on the basis of normal TEM
and negative 26-gene panel analysis results.
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The remaining 142 participants with a
compatible PCD clinical phenotype and low
nNO measurements, but without TEM
defects or disease-associated gene
anomalies, were labeled as
“probable/possible PCD.”
The sensitivity for PCD diagnosis by
an extended genetic panel (.12 genes) in
this study was 80%, indicating that 20% of
patients were diagnosed by TEM alone
without biallelic, pathogenic variants in
known PCD genes. Although the 142
patients with “possible/probable PCD”
could have been considered to have
true-negative results per our reference
standard, the panel members believed that
these patients probably had PCD and
thus had potential false-negative results.
However, without a clear reference
standard diagnosis, these patients were
excluded from analysis, and the risk of
bias was increased. In a worst-case
scenario, if all of these patients were
included as having false-negative results,
the sensitivity of the extended genetic
panel would decrease to 47%. The
speciﬁcity for PCD diagnosis was 99.5%
in the analyzed study, indicating that
0.5% of patients were identiﬁed by the
extended panel but not detected by
TEM or a standard panel of less than
or equal to 12 genes. Nearly all cases
of PCD detected with the extended
gene panel, but missed with the
standard panel, had ultrastructural
defects (Section E1 in the online
supplement).
In the four case-series studies, we
calculated sensitivities of each extended
genetic panel compared with our
reference standard. In general, sensitivity
improved with the increasing number of
PCD genes tested. Sensitivities were 71.9%
when testing 12 genes (13), 73.3% when
testing 19 genes (14), 54.8% when
testing 24 genes (15), 80% when testing 26
genes (7), and 93.9% when testing 32 genes
with deletion/duplication analysis (16).
The lower sensitivity of 54.8% with the
24-gene panel (15) may be related to
differences in population stratiﬁcation,
because PCD genes included in this
panel were similar to those in other
studies. Two studies conducted genetic
testing in the same patient population
(n = 45 families) and directly
demonstrated increasing sensitivity as
the number of analyzed genes increased
(13, 16).

Recommendation. In patients
presenting with a strong clinical phenotype
for PCD, we suggest using an extended
genetic panel as a diagnostic test over TEM
analysis and/or standard (<12 genes)
genetic panel testing (conditional
recommendation, moderate certainty of
evidence in test accuracy, but very low
certainty in the overall evidence). A
majority of committee members initially
endorsed a strong recommendation for
extended genetic panel testing, based on
its diagnostic accuracy, the beneﬁt of
genetic family planning, and the
potential to identify more rapid
pulmonary function decline and poorer
clinical outcomes in certain genotypes (8).
However, without robust, long-term,
patient-important outcome data, the
committee felt compelled to limit this
recommendation to a conditional
recommendation to adhere to the
GRADE approach.
Justiﬁcation and implementation
considerations. With this recommendation,

it is noteworthy that TEM analyses in the
cohort-type study were processed by one
expert technician and reviewed by
blinded investigators at a specialized PCD
research center, where TEM specimens
were suitable for interpretation in 88% of
cases (17). Another academic care
center reported only 63% feasibility in
clinical TEM cases (18), which is
congruent with reports from international
PCD centers of excellence (5, 19–21).
Even experienced centers require repeat
biopsies for interpretable TEM in
11–22% of patients (19, 20, 22). Thus, the
potential for broad variability in the
preparation and interpretation of TEM
specimens raises concerns that many of
the patients with PCD diagnosed by TEM
defects alone in the cohort-type study
would be missed at other clinical centers.
Thus, the actual sensitivity of extended
panel genetic testing is likely higher at
clinical centers.
Exome sequencing of PCD populations
has revealed many PCD-causing genes
(CCNO, MCIDAS, DNAH11, CCDC65,
CCDC164, GAS8, HYDIN, RPGR, and
RSPH1) that are associated with normal or
nondiagnostic TEM (23–30). However,
the 26-gene panel used in the cohort-type
study did not include many of these
newly discovered PCD-associated genes,
nor did it include deletion/duplication
analysis of PCD genes tested. Evidence
1527
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indicates that an additional 8% of
cases could be diagnosed by reﬂex
deletion/duplication analysis on a 32-gene
panel (16). Thus, the sensitivity of the
extended panel used in this study would
be considerably higher with inclusion
of newly discovered PCD genes and
deletion/duplication analysis.
Extended genetic panel testing does
have clinical limitations. Negative
extended-panel results do not exclude
PCD, because some additional PCD genes
are likely yet to be discovered. Only
biallelic mutations in the same PCD gene
are disease causing, and parental gene
carrier testing may be required to verify
that mutations arise in trans. Variants of
unknown signiﬁcance can provide
nondiagnostic results, and incorrect
interpretation of genetic test results may
result in false-positive or false-negative
diagnoses. Consultation with geneticists
and genetic counselors may be required
with extended genetic panel testing. Last,
North American, European, and
international health plans will need to
adopt payment policies for PCD genetic
testing on their populations.
Question 2: Should a Low nNO Level
(Using Chemiluminescence
Technology), after Excluding CF, Be
Used as a Diagnostic Test for PCD in
Adult and Pediatric Patients 5 Years
of Age or Older with a High Probability
(At Least Two of Four Key Clinical
Features) of Having PCD (as a
Replacement for Reference
Standards of Classic TEM Structural
Ciliary Defect and/or Biallelic
Causative Mutations in PCD Genes)?
Background. nNO levels are reproducibly
reduced (,77 nl/min) in PCD (31), and
these measurements have been used as a
screening tool before proceeding to
conﬁrmatory diagnostic testing, such as
TEM and genetic testing, which can be
costly and may yield nondiagnostic
results (12, 18, 32).
Summary of evidence. In 12 study
populations (1,432 patients comprising 524
PCD, 908 non-PCD), using a reference
standard of TEM with or without
genetic testing, summary sensitivity of
nNO in affected individuals aged 5 years
and older was 97.5% (95% conﬁdence
interval [CI], 92.8–99.2%), and speciﬁcity
was 96.4% (95% CI, 88.6–98.9%).
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Excluding studies that applied TEM
alone as the reference standard, nNO
measurements had sensitivity of 96.4%
(95% CI, 89.4–98.8%) and speciﬁcity of
96.2% (95% CI, 84.2–99.2%). Successful
nNO measurements were obtained in
more than 90% of subjects in this
meta-analysis, making this test highly
feasible. However, diagnostic accuracy of
nNO in children under 5 years of age
has not been established. Also, some
patients with CF have reduced nNO and
must be excluded from consideration
as part of the diagnostic evaluation
for PCD (Section E2 in the online
supplement).
Recommendation. In cooperative
patients 5 years of age or older, with a
clinical phenotype consistent with PCD, and
with CF excluded, we suggest using nNO
testing for the diagnosis of PCD over TEM
and/or genetic testing (conditional
recommendation, moderate certainty in
test accuracy, but very low certainty in the
overall evidence). A majority of committee
members initially endorsed a strong
recommendation for nNO testing, based on
its excellent diagnostic accuracy. However,
without long-term, patient-important
outcome data, the committee revised this
recommendation to a conditional
recommendation.
Comment. Because nNO values
may be transiently decreased with acute
viral respiratory infections or sinusitis,
establishing a low nNO on two separate
occasions is indicated. In patients with a
compatible clinical phenotype and low
nNO on two occasions, a presumptive
diagnosis of PCD may be established;
TEM and/or genetic testing are indicated
for clinical prognosis and to enhance
understanding of PCD.
Justiﬁcation and implementation
considerations. A recently published meta-

analysis showed excellent diagnostic
accuracy for nNO as a PCD diagnostic test,
in comparison with an extended reference
standard of TEM and/or genetic testing (33).
Both TEM and genetic analysis are
imperfect reference standard PCD tests,
with currently estimated sensitivities at 70%
(5, 12, 34), and each of these tests can
identify PCD that may be missed by the
other. Thus, these reference standard tests
can sometimes lead to nondiagnostic
results (15, 18–20). Conversely, nNO
measurement is a highly feasible test in
cooperative patients 5 years of age or

older. A recent multicenter cohort study
of PCD diagnostic referrals further
suggests that nNO testing is possibly
more accurate than both TEM and/or
genetic testing when using established,
standardized protocols for NO
measurement, because nearly 25% of the
referred population had compatible PCD
phenotypes and reduced nNO levels
(after excluding CF) but negative
extended genetic panel test results and
nondiagnostic TEM (7).
Although nNO testing has been largely
considered a PCD screening test, these
analyses show that nNO has diagnostic
accuracy similar to and possibly better than
the accepted conﬁrmatory PCD tests of
TEM and/or genetic analysis when used in a
population with a high probability of having
PCD (at least two key clinical PCD features)
(see Table E2.4 [evidence-to-decision table]
in the online supplement). The use of nNO
as a PCD screening test in general
populations, without key clinical PCD
features, will result in reduced positive
predictive value and is strongly
discouraged. The direct desirable
consequences of using nNO testing
instead of TEM and/or genetic testing
outweighs the undesirable consequences,
and the overall impact of avoiding direct
costs and complications justiﬁes using nNO
testing as a replacement for the reference
standards. The overall rates of falsenegative results (which were considered
critical) and false-positive results were
small, provided that measurements were
made using established, standardized
protocols with chemiluminescence devices.
Therefore, in individuals 5 years of age
or older, with an appropriate clinical
phenotype for PCD (at least two of four
key clinical features), and in whom CF
is excluded, the diagnostic accuracy of
nNO measurement (performed with
chemiluminescence devices using
standardized protocols) is comparable to
that of TEM and/or genetic testing. Because
nNO values may be decreased with acute
viral respiratory infection or sinusitis,
veriﬁcation of low nNO values on at least
two separate occasions seems prudent
when using this as a PCD diagnostic test. In
cases of strongly suspected PCD with
normal electron microscopic studies and
negative genetic test results, repeatedly low
nNO values may be the only positive
PCD diagnostic test result and should be
veriﬁed on at least two separate occasions.
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nNO testing is noninvasive, relatively
inexpensive to patients (after institutions
purchase costly analyzers), and provides
immediate results. However, there are
limitations, including the need to travel
to specialized centers that perform the
testing, training of device operators, lack
of U.S. Food and Drug Administration
approval for devices in the United States,
and the lack of test standards for children
under 5 years old.
Even with low nNO measures, patients
should progress to further corroborative
PCD diagnostic studies, including genetic
and/or TEM testing, which may provide
long-term prognostic information (8, 30);
improve understanding of PCD; and
account for other respiratory tract
illnesses, including acute sinusitis or viral
infection, that may lead to reduced nNO
values (35–37). Patients with biallelic
disease-causing mutations in some genes
(e.g., RSPH1) can have nondiagnostic
nNO results. Genetic testing may also
permit family planning. Finally, deﬁning
the PCD genotype may allow for future
mutation-speciﬁc therapies, as occurred
in CF (38).
Question 3: Should HSVM Alone Be
Used as a PCD Diagnostic Test in
Adult and Pediatric Patients with a
High Probability (At Least Two of Four
Key Clinical Features) of Having PCD
(as a Replacement for Reference
Standards of Classic TEM Structural
Ciliary Defect and/or Biallelic
Causative Mutations in PCD Genes)?
Background. HSVM is used in specialized
laboratories to diagnose PCD (39–42). With
this technique, beating ciliated edges of
airway epithelia are recorded at frame rates
between 120 and 500 frames per second
and replayed at slower rates to assess ciliary
beat frequency (CBF) and ciliary beat
patterns (CBPs).
Summary of evidence. We analyzed
four cross-sectional cohort-type studies that
consecutively recruited participants and
evaluated HSVM as a diagnostic tool for
PCD (39–42). These studies reported data
for two qualitative parameters of CBP
analysis by describing the percentage of
dyskinetic beating cilia (41, 42) or a ciliary
dyskinesia “score” (39, 40). None of the
studies used genetic testing as a reference
standard. Overall, the pooled sensitivity and
speciﬁcity for all four studies were 97.3%
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(95% CI, 59.8–99.9%) and 96.5% (95%
CI, 63.7–99.8%), respectively. However, the
95% CI of diagnostic accuracy results was
large, signifying great variation in the
certainty of results (Section E3 in the
online supplement).
Authors of one report (39) evaluated
CBPs from nasal biopsies of 371
participants, using TEM as the reference
standard for PCD diagnosis; 70 were
diagnosed with PCD. A ciliary dyskinesia
score greater than 2 was the most accurate
HSVM measure, resulting in sensitivity of
92.5%, speciﬁcity of 97.6%, positive
predictive value of 91.2%, and negative
predictive value of 98%. A second study
(40) compared various qualitative and
quantitative HSVM assays in subjects
with suspected PCD, using reference
diagnostic standards of nNO measurement
and TEM. Of the 34 participants, 15 were
deemed non-PCD, 10 were diagnosed
with deﬁnite PCD by the reference
standard, and 9 had an inconclusive
diagnosis. Quantitative CBP analyses
diagnosed 9 of the 10 subjects with
conﬁrmed PCD, whereas qualitative
measures identiﬁed only 7 patients with
PCD. In the inconclusive TEM group,
quantitative and qualitative ciliary
analyses determined that six additional
subjects had PCD on the basis of low
nNO levels.
Using a retrospective cohort of 231
patients referred for PCD, authors of a
third article (42) reported on HSVM
improving PCD diagnosis after collected
epithelial cells were grown in primary
culture at an air–liquid interface. Using
TEM as the diagnostic reference standard,
qualitative HSVM was performed on both
fresh cells and after cellular regrowth to
allow for assessment of any ciliary
functional gain after culture. Twenty-eight
participants had deﬁnite PCD with
characteristic TEM defects, and all of the
fresh specimens had dyskinetic cilia.
However, only 43% of the isolated
epithelial cells successfully regrew in
culture; postculture HSVM and TEM
studies were consistent with the
preculture results. In a separate study
(41), investigators retrospectively analyzed
HSVM after culture regrowth in 158
participants referred for PCD diagnosis,
using a reference diagnostic standard of
clinical history, TEM, or abnormal
ciliary function. However, 73 participants
from one site were excluded from our

analysis because the index test of HSVM
was also incorporated into the reference
diagnostic standard. The investigators
reported that the beat pattern analyses
postculture conﬁrmed the ciliary
phenotype in 100% of PCD cases, and
in some cases, it was better at identifying
abnormal CBP than in freshly isolated
cells. It is important to note that the
same investigators, who are highly
skilled in epithelial cell culture techniques
and HSVM, conducted three of the
reviewed studies. The single study
outside this group had fewer subjects
and lower diagnostic accuracy. Because
genetic testing was not performed in
any of the studies, it is possible that
reported accuracy is overestimated.
Recommendation. We suggest not
using CBP analysis by HSVM as a
replacement diagnostic test in patients with
a high probability of having PCD
(conditional recommendation, low
certainty in the diagnostic accuracy of the
test, and very low certainty in the overall
evidence).
Justiﬁcation and implementation
considerations. Ciliary functional

assessment by HSVM is used as a solitary
PCD diagnostic tool in some countries.
HSVM requires substantial experience
and is best performed in centers that
specialize in PCD. However, this
approach can have limitations. Slow or
abnormal beating, as occurs after airway
injury or infection, can be an acquired
defect and may lead to a false-positive
conclusion. Ciliary beat also may be
affected by manipulation of fresh tissue
samples and can lead to a different
functional phenotype after the retrieved
airway cells are allowed to recover in
culture (43–45). Experts now recommend
HSVM after cellular regrowth, but
isolated cells often fail to regrow, even at
expert centers. Signiﬁcant technical
expertise and equipment are required to
successfully conduct ciliated epithelial
cultures (42). Consequently, only a few
international centers have the requisite
expertise to conduct ciliary functional
analysis using HSVM.
Interpretation of HSVM has not been
standardized, with some centers using
different quantitative functional CBP
analysis based on qualitative assessments,
such as immotility index, percentage of
dyskinetic edges, and distance of ciliary tip
traveled. Other sites apply qualitative CBP
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descriptions, including “stiffness” and
“failure of bending” of cilia. With this
lack of standardization in both sample
preparation and interpretation, the
HSVM technique itself is not easily
transferred to other centers, and its
applicability across centers remains
problematic. Interrater agreement of
HSVM beat pattern analysis is quite
poor, even in samples from healthy
control subjects (46). Despite this, CBP
analysis may still have a role in the
assessment of patients with PCD, because
currently there is no “gold standard”
PCD test, and both TEM and genetic
testing have signiﬁcant diagnostic
limitations. However, given the overall
limitations of HSVM and the potential
for false-positive and false-negative
results with HSVM, we cannot recommend
using HSVM as the sole diagnostic tool
for PCD. Currently, HSVM is more
appropriate for PCD diagnosis in
expert research settings until investigators
offer signiﬁcant clinical advancements
in HSVM feasibility and test
standardization.
Question 4: Should CBF or Ciliary
Waveform Analysis Using Light
Microscopy without High-Speed
Recording Be Used as a PCD
Diagnostic Test in Adult and Pediatric
Patients with a High Probability (At
Least Two of Four Key Clinical
Features) of Having PCD (as
Replacement of Reference Standards
of Classic TEM Structural Ciliary
Defect and/or Biallelic Causative
Mutations in PCD Genes)?
Background. CBF and waveform analysis
without high-speed recording have been
used as a PCD diagnostic method that can
be employed with inexpensive light
microscopy and straightforward recording
technology (47–51). Some investigators
even suggest these tests as ﬁrst-line
screening, and if results are normal,
further diagnostic testing may not be
necessary (52, 53).
Summary of evidence. Three crosssectional studies address this question.
Each uses TEM defects as the reference
standard, and none include PCD diagnosed
by genetics. The only prospective cohort
study was a single-center analysis that
examined the diagnostic testing accuracy of
CBF in 371 consecutively referred patients
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with symptoms of PCD (39). Using CBF
alone, with a prespeciﬁed cutoff of 11 Hz,
13% of PCD cases conﬁrmed by TEM
studies were missed, with sensitivity and
speciﬁcity of 87% and 77%, respectively.
Other waveform analysis techniques
using HSVM were superior to CBF
measurement alone; however, they were
considered not relevant to answering this
speciﬁc question that focuses only on
standard-speed video recording. The
other cohort study was a retrospective
multicenter analysis of 73 patients referred
for suspicion of PCD (41). Only subjects
recruited from one site (Leicester, UK)
were included in our data analysis,
because the other recruiting center
incorporated the index test (CBF and
ciliary motility assessment) within the
reference standard and possibly did not
perform TEM if ciliary motility was
normal. Analysis of these patients
showed that CBF values, at a prespeciﬁed
cutoff of 10 Hz, provided 68% and 78%
sensitivity and speciﬁcity, respectively,
compared with TEM studies. The third
article described a smaller population
that was evaluated retrospectively (54),
showing a low speciﬁcity of CBF
compared with TEM as a PCD diagnostic
test. Because genetic testing was not
performed in any of these studies, it is
possible (if not likely) that the reported
accuracy of CBF was overestimated.
Unfortunately, there were no eligible
studies on ciliary waveform analysis
using standard-speed light
microscopy (Section E4 in the online
supplement).
Recommendation. We suggest not
using CBF measurement as a diagnostic test
in patients with a high probability of having
PCD (conditional recommendation, low
certainty in the diagnostic accuracy of the
test, and very low certainty in the overall
evidence). No recommendation could
be made regarding the use of ciliary
waveform analysis without HSVM as a
diagnostic test for PCD, because no
studies using recognized reference
standards were identiﬁed through our
systematic review.
Justiﬁcation and implementation
considerations. This analysis shows that the

diagnostic accuracy of CBF is poor
compared with the reference standard of
TEM testing. The majority of studies and
recommendations supporting ciliary motion
analysis using CBF or bright-ﬁeld

microscopy were published over 15 years
ago (47–50, 55), and since then, no
prospective validation studies have
proven this technique as diagnostic of PCD.
Although not meeting inclusion criteria
for this analysis, another study using
genetic testing as the diagnostic reference
standard revealed overlapping CBF
values between patients with PCD,
healthy control subjects, and disease control
subjects (56). Furthermore, there are no
signiﬁcant differences in direct or
indirect beneﬁts when using CBF as a
diagnostic test (because CBF is often
calculated with detailed functional
analysis using HSVM).
PCD stakeholders expressed strong
agreement with this recommendation.
The committee realized that light
microscopy with CBF measurement is a
feasible and inexpensive test often used in
centers lacking experience in PCD. The
committee also recognized that advising
against this testing will likely require
referral of patients with potential PCD to
more specialized PCD centers for deﬁnitive
diagnosis using more specialized and
expensive investigations such as TEM and
genetic testing. However, with the high
rate of false-negative results of CBF
measurements using only bright-ﬁeld
microscopy without HSVM, the potential
for misdiagnosis is great, should these
practices continue.

Conclusions: Proposed
Diagnostic Algorithm
On the basis of our evidence review, we
propose a diagnostic algorithm for
patients who have a clinical phenotype
consistent with PCD (Figure 1). The
committee was unable to strongly
recommend a single PCD diagnostic test
and recommends that a panel of
diagnostic tests be applied to diagnose
PCD, which may require referral to a
PCD specialty center to provide
comprehensive evaluation and testing. In
addition, although nNO measurements
(when measured correctly) may have
diagnostic accuracy equivalent to TEM
and genetic testing, it should not
completely replace these tests in all cases.
Rather, clinicians should appreciate the
added diagnostic value of multiple
positive PCD tests, speciﬁcally nNO
measurement with genetics or TEM.
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At least 2 of the 4 key clinical features for PCD:
Unexplained neonatal respiratory distress in term infant
Year-round daily cough beginning before 6 months of age
Year-round daily nasal congestion beginning before 6 months of age
Organ laterality defect

No

PCD Unlikely

Yes

Access to nNO testing (with chemiluminescence device and standardized protocol) at specialty center
AND Cooperative patient 5 years old, capable of performing nNO testing maneuver

Yes to both
(preferred pathway)

No to either

Nasal nitric oxide measurement*

Extended genetic testing panel†

Low nNO level

Normal nNO level
Biallellic pathogenic
variants in PCDassociated gene

Diagnosis of PCD,
if CF is excluded.
- Advise repeat nNO to
verify low value‡

No pathogenic
variants in PCDassociated genes#

Single pathogenic
variant in PCD#
associated gene

Unlikely PCD diagnosis
Pursue genetic testing
§
if strong clinical features
Diagnosis of PCD
Electron microscopy of ciliary ultrastructure

Pursue additional corroborative
¶
PCD testing:
- Extended genetic panel testing
(first line)
-TEM of ciliary ultrastructure
Recognized ciliary
ultrastructural
||
defect

Normal ciliary
ultrastructure

Diagnosis of PCD

PCD Still Possible

Inadequate sample or
indeterminate
analysis

Unknown
Consider repeat TEM
or referral to PCD
specialty center

Figure 1. Suggested diagnostic algorithm for evaluating the patient with suspected primary ciliary dyskinesia. *Cystic fibrosis should be ruled out before
performing nNO measurement, as roughly one-third of CF patients can have nNO values below PCD diagnostic cutoffs. nNO measurements should only
be performed with chemiluminescence analyzers using standardized protocols at centers with specific expertise in nNO measurements. Some nNO
analyzers have not received approval from federal agencies worldwide (U.S. Food and Drug Administration and Health Canada have not approved all
chemiluminescence devices for clinical use), which may have implications for clinical implementation. †Genetic panels testing for mutations in more than
12 disease-associated PCD genes, including deletion/duplication analysis. ‡As nNO levels can be significantly decreased by viral respiratory tract
infections, a repeat nNO measurement, at least 2 weeks after the initial low value (expert opinion), is recommended to ensure that the initial low value is not
secondary to a viral process. A normal nNO value upon repeat testing suggests that the patient does not have PCD, as nNO values remain consistently
low in PCD. xMost forms of PCD resulting in normal nNO levels have normal or nondiagnostic electron microscopy studies. Thus, genetic testing is
recommended in these cases. #Or presence of variants of unknown significance. For the purposes of this algorithm, “likely pathogenic” variants and
“pathogenic” variants are grouped together as pathogenic. ¶Additional corroborative testing may provide information on clinical prognosis, further
understanding of the disease, and suggest potential future therapeutic considerations. jjKnown disease-associated TEM ultrastructural defects include
outer dynein arm defects, outer dynein arm plus inner dynein arm (IDA) defects, IDA defects with microtubular disorganization, and absent central pair,
identified using established criteria (1, 6, 13). Of note, the presence of IDA defects alone is rarely diagnostic for PCD. DUp to 30% of PCD cases can have
normal ciliary ultrastructure of electron microscopy (EM). Consider referral to PCD specialty center if there is a strong clinical phenotype but all EM and
genetic testing are negative. CF = cystic fibrosis; nNO = nasal nitric oxide; PCD = primary ciliary dyskinesia; TEM = transmission electron microscopy.
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The proposed algorithm represents
an idealized setting where all diagnostic tests
are accessible to a provider. The authors

recognize, however, that there may be
international differences, and providers
must consider diagnostic options based on

availability. Obviously, the algorithm will
need to be modiﬁed with emergence of
newer tests. n

This official clinical practice guideline was prepared by an ad hoc primary ciliary dyskinesia subcommittee of the ATS Assembly on
Pediatrics.

Members of the subcommittee are as
follows:

ADAM J. SHAPIRO, M.D. (Co-Chair)
VALERY LAVERGNE, M.D. (Co-Chair,
Methodologist)
STEPHANIE D. DAVIS, M.D. (Co–Vice Chair)
MICHELE MANION (Co–Vice Chair)
BILLY ANTON
MARK A. CHILVERS, M.D.
MATTHEW L. COOPER, M.D.
SAM J. DANIEL, M.D.
M. LEIGH ANNE DANIELS, M.D.
SHARON D. DELL, M.D.
TORI EASTVOLD
LYNN EHRNE
THOMAS W. FERKOL, M.D.
ELENA GUADAGNO, M.L.I.S.
IBRAHIM A. JANAHI, M.D.
MARCUS HERBERT JONES, M.D.
MAUREEN JOSEPHSON, M.D.
MICHAEL R. KNOWLES, M.D.
MARGARET W. LEIGH, M.D.
CARLOS MILLA, M.D.
LUCY MORGAN, M.D.
LAWRENCE M. NOGEE, M.D.
KENNETH N. OLIVIER, M.D.
JESSICA E. PITTMAN, M.D.

DEEPIKA POLINENI, M.D.
MARGARET ROSENFELD, M.D.
SCOTT D. SAGEL, M.D.
STEPHANIE M. WARE, M.D., PH.D.
OZGE YILMAZ, M.D.
MAIMOONA A. ZARIWALA, PH.D.

Author Disclosures: A.J.S. served as site
principal investigator for a Parion/Vertex clinical
trial for VX-371: Clearing Lungs with ENaC
Inhibition in Primary Ciliary Dyskinesia (CLEANPCD), registration number NCT02871778. S. D.
Davis served as a consultant for Eli Lilly and
Vertex; received research support from
Circassia (formerly Aerocrine), Parion/Vertex,
and the Cystic Fibrosis Foundation; served as a
speaker for ABcomm Inc. and Parion/Vertex;
received support from an educational grant from
Gilead; and served on an advisory committee for
Parion/Vertex. S. D. Dell served as site principal
investigator for a Parion/Vertex clinical trial for
VX-371 (see above); served on an advisory
committee and as a consultant for Vertex; and
served as a consultant for Novartis. T.W.F.
served as site principal investigator for a
Parion/Vertex clinical trial for VX-371 (see
above); served as site principal investigator for a
device trial for Circassia (formerly Aerocrine);
holds five United States and international

References
1. Knowles MR, Zariwala M, Leigh M. Primary ciliary dyskinesia. Clin Chest
Med 2016;37:449–461.
2. Bush A, Chodhari R, Collins N, Copeland F, Hall P, Harcourt J, et al. Primary
ciliary dyskinesia: current state of the art. Arch Dis Child 2007;92:1136–1140.
3. Zariwala MA, Knowles MR, Omran H. Genetic defects in ciliary structure
and function. Annu Rev Physiol 2007;69:423–450.
4. Noone PG, Leigh MW, Sannuti A, Minnix SL, Carson JL, Hazucha M,
et al. Primary ciliary dyskinesia: diagnostic and phenotypic features.
Am J Respir Crit Care Med 2004;169:459–467.
5. Kouis P, Yiallouros PK, Middleton N, Evans JS, Kyriacou K,
Papatheodorou SI. Prevalence of primary ciliary dyskinesia in
consecutive referrals of suspect cases and the transmission electron
microscopy detection rate: a systematic review and meta-analysis.
Pediatr Res 2017;81:398–405.
6. Shapiro AJ, Zariwala MA, Ferkol T, Davis SD, Sagel SD, Dell SD, et al.;
Genetic Disorders of Mucociliary Clearance Consortium. Diagnosis,
monitoring, and treatment of primary ciliary dyskinesia: PCD
Foundation consensus recommendations based on state of the art
review. Pediatr Pulmonol 2016;51:115–132.
7. Leigh MW, Ferkol TW, Davis SD, Lee HS, Rosenfeld M, Dell SD, et al.
Clinical features and associated likelihood of primary ciliary dyskinesia
in children and adolescents. Ann Am Thorac Soc 2016;13:1305–1313.

1532

patents; and received research support from the
Children’s Discovery Institute and the Cystic
Fibrosis Foundation. M.R.K. served on an
advisory committee for Corus Pharma and
Proteostasis Therapeutics; and served as a
consultant for Gilead and Vertex. M.W.L.
served as site principal investigator for the
Parion/Vertex clinical trial for VX-371 (see
above); served as site principal investigator for a
device trial for Circassia (formerly Aerocrine);
and served on an advisory committee for Vertex.
C.M. served as a consultant for AbbVie, Gilead,
Proteostasis, and Vertex; served as a site
principal investigator for a Proteostasis clinical
trial for PTI-428 (an investigational oral treatment
for cystic fibrosis); and served as site principal
investigator for a Parion/Vertex clinical trial for
VX-371 (see above). L.M.N. received royalties
from UpToDate for coauthoring a chapter on
genetic surfactant dysfunction disorders. K.N.O.
received research support from Insmed and
Matinas BioPharma; and served as a speaker
for Bayer HealthCare. D.P. served as consultant
for Vertex. S.D.S. received research support
from the Cystic Fibrosis Foundation. O.Y.
received travel support for conferences from Abdi
Ibrahim, Allergopharma–Merck Turkey, Bilim, and
GlaxoSmithKline. M.A.Z. served as a consultant
for a Parion/Vertex clinical trial for VX-371 (see
above). V.L., M.M., B.A., M.A.C., M.L.C., S.J.D.,
M.L.A.D., T.E., L.E., E.G., I.A.J., M.H.J., M.J.,
L.M., J.E.P., M.R., and S.M.W. reported no
relationships with relevant commercial interests.

8. Davis SD, Ferkol TW, Rosenfeld M, Lee HS, Dell SD, Sagel SD, et al.
Clinical features of childhood primary ciliary dyskinesia by genotype
and ultrastructural phenotype. Am J Respir Crit Care Med 2015;191:
316–324.
9. Mullowney T, Manson D, Kim R, Stephens D, Shah V, Dell S. Primary
ciliary dyskinesia and neonatal respiratory distress. Pediatrics 2014;
134:1160–1166.
10. Shapiro AJ, Davis SD, Ferkol T, Dell SD, Rosenfeld M, Olivier KN, et al.;
Genetic Disorders of Mucociliary Clearance Consortium. Laterality
defects other than situs inversus totalis in primary ciliary dyskinesia:
insights into situs ambiguus and heterotaxy. Chest 2014;146:
1176–1186.
11. Brozek JL, Akl EA, Jaeschke R, Lang DM, Bossuyt P, Glasziou P, et al.;
GRADE Working Group. Grading quality of evidence and strength of
recommendations in clinical practice guidelines: Part 2 of 3. The GRADE
approach to grading quality of evidence about diagnostic tests and
strategies. Allergy 2009;64:1109–1116.
12. Zariwala MA, Knowles MR, Leigh MW. Primary ciliary dyskinesia. In:
Adam MP, Ardinger HH, Pagon RA, Wallace SE, Bean LJH, Stephens K,
et al. GeneReviews. Seattle, WA: University of Washington, Seattle;
2007 Jan 24 [updated 2015 Sep 3].
13. Kim RH, Hall DA, Cutz E, Knowles MR, Nelligan KA, Nykamp K,
et al. The role of molecular genetic analysis in the diagnosis
of primary ciliary dyskinesia. Ann Am Thorac Soc 2014;11:
351–359.

American Journal of Respiratory and Critical Care Medicine Volume 197 Number 12 | June 15 2018

AMERICAN THORACIC SOCIETY DOCUMENTS
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et al. An effective combination of Sanger and next generation
sequencing in diagnostics of primary ciliary dyskinesia. Pediatr
Pulmonol 2016;51:498–509.
15. Boaretto F, Snijders D, Salvoro C, Spalletta A, Mostacciuolo ML,
Collura M, et al. Diagnosis of primary ciliary dyskinesia by a targeted
next-generation sequencing panel: molecular and clinical ﬁndings in
Italian patients. J Mol Diagn 2016;18:912–922.
16. Marshall CR, Scherer SW, Zariwala MA, Lau L, Paton TA, Stockley T,
et al.; FORGE Canada Consortium. Whole-exome sequencing and
targeted copy number analysis in primary ciliary dyskinesia. G3
(Bethesda) 2015;5:1775–1781.
17. Olin JT, Burns K, Carson JL, Metjian H, Atkinson JJ, Davis SD, et al.;
Genetic Disorders of Mucociliary Clearance Consortium. Diagnostic
yield of nasal scrape biopsies in primary ciliary dyskinesia: a
multicenter experience. Pediatr Pulmonol 2011;46:483–488.
18. Simoneau T, Zandieh SO, Rao DR, Vo P, Palm KE, McCown M, et al.
Impact of cilia ultrastructural examination on the diagnosis of primary
ciliary dyskinesia. Pediatr Dev Pathol 2013;16:321–326.
19. Shoemark A, Dixon M, Corrin B, Dewar A. Twenty-year review of
quantitative transmission electron microscopy for the diagnosis of
primary ciliary dyskinesia. J Clin Pathol 2012;65:267–271.
20. Papon JF, Coste A, Roudot-Thoraval F, Boucherat M, Roger G, Tamalet
A, et al. A 20-year experience of electron microscopy in the diagnosis
of primary ciliary dyskinesia. Eur Respir J 2010;35:1057–1063.
21. Mierau GW, Agostini R, Beals TF, Carlén B, Dardick I, Henderson DW,
et al. The role of electron microscopy in evaluating ciliary dysfunction:
report of a workshop. Ultrastruct Pathol 1992;16:245–254.
22. Theegarten D, Ebsen M. Ultrastructural pathology of primary ciliary
dyskinesia: report about 125 cases in Germany. Diagn Pathol 2011;6:115.
23. Wallmeier J, Al-Mutairi DA, Chen CT, Loges NT, Pennekamp P,
Menchen T, et al. Mutations in CCNO result in congenital mucociliary
clearance disorder with reduced generation of multiple motile cilia.
Nat Genet 2014;46:646–651.
24. Boon M, Wallmeier J, Ma L, Loges NT, Jaspers M, Olbrich H, et al.
MCIDAS mutations result in a mucociliary clearance disorder with
reduced generation of multiple motile cilia. Nat Commun 2014;5:4418.
25. Austin-Tse C, Halbritter J, Zariwala MA, Gilberti RM, Gee HY, Hellman N,
et al. Zebraﬁsh ciliopathy screen plus human mutational analysis
identiﬁes C21orf59 and CCDC65 defects as causing primary ciliary
dyskinesia. Am J Hum Genet 2013;93:672–686.
26. Wirschell M, Olbrich H, Werner C, Tritschler D, Bower R, Sale WS, et al.
The nexin-dynein regulatory complex subunit DRC1 is essential for
motile cilia function in algae and humans. Nat Genet 2013;45:262–268.
27. Olbrich H, Cremers C, Loges NT, Werner C, Nielsen KG, Marthin JK,
et al. Loss-of-function GAS8 mutations cause primary ciliary
dyskinesia and disrupt the nexin-dynein regulatory complex. Am J
Hum Genet 2015;97:546–554.
28. Olbrich H, Schmidts M, Werner C, Onoufriadis A, Loges NT, Raidt J,
et al.; UK10K Consortium. Recessive HYDIN mutations cause
primary ciliary dyskinesia without randomization of left-right body
asymmetry. Am J Hum Genet 2012;91:672–684.
29. Moore A, Escudier E, Roger G, Tamalet A, Pelosse B, Marlin S, et al. RPGR is
mutated in patients with a complex X linked phenotype combining primary
ciliary dyskinesia and retinitis pigmentosa. J Med Genet 2006;43:326–333.
30. Knowles MR, Ostrowski LE, Leigh MW, Sears PR, Davis SD, Wolf WE, et al.
Mutations in RSPH1 cause primary ciliary dyskinesia with a unique clinical
and ciliary phenotype. Am J Respir Crit Care Med 2014;189:707–717.
31. Leigh MW, Hazucha MJ, Chawla KK, Baker BR, Shapiro AJ, Brown DE,
et al. Standardizing nasal nitric oxide measurement as a test for
primary ciliary dyskinesia. Ann Am Thorac Soc 2013;10:574–581.
32. O’Callaghan C, Rutman A, Williams GM, Hirst RA. Inner dynein arm
defects causing primary ciliary dyskinesia: repeat testing required.
Eur Respir J 2011;38:603–607.
33. Shapiro AJ, Josephson M, Rosenfeld M, Yilmaz O, Davis SD, Polineni D,
et al. Accuracy of nasal nitric oxide measurement as a diagnostic test
for primary ciliary dyskinesia: a systematic review and meta-analysis.
Ann Am Thorac Soc 2017;14:1184–1196.
34. Knowles MR, Daniels LA, Davis SD, Zariwala MA, Leigh MW. Primary ciliary
dyskinesia: recent advances in diagnostics, genetics, and characterization
of clinical disease. Am J Respir Crit Care Med 2013;188:913–922.

American Thoracic Society Documents

35. Arnal JF, Flores P, Rami J, Murris-Espin M, Bremont F, Pasto I Aguilla M,
et al. Nasal nitric oxide concentration in paranasal sinus inﬂammatory
diseases. Eur Respir J 1999;13:307–312.
36. Nakano H, Ide H, Imada M, Osanai S, Takahashi T, Kikuchi K, et al.
Reduced nasal nitric oxide in diffuse panbronchiolitis. Am J Respir
Crit Care Med 2000;162:2218–2220.
37. Autio TJ, Koskenkorva T, Leino TK, Koivunen P, Alho OP. Longitudinal
analysis of inﬂammatory biomarkers during acute rhinosinusitis.
Laryngoscope 2017;127:E55–E61.
38. Ramsey BW, Davies J, McElvaney NG, Tullis E, Bell SC, Dřevı́nek P,
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