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Abstract

Background: Primary ciliary dyskinesia (PCD) is a rare genetic disease arising from motile
ciliary dysfunction and associated with recurrent and chronic upper and lower respiratory tract
infections. Pediatric otolaryngologists may see these patients prior to the development of lung
disease. Features of PCD may overlap with other suppurative respiratory diseases, creating
diagnostic challenges. A simple screening tool would be beneficial to identify potential patients
who have chronic upper respiratory tract disease requiring further specialist evaluation.

Objective: To test a simple screening tool consisting of four questions to detect PCD in children
with chronic otitis media and chronic rhinosinusitis seen in a tertiary otolaryngology clinic.

Methods: A prospective, single site, observational study in a tertiary care pediatric
otolaryngology clinic. Children aged 3 to 17 years diagnosed with chronic otitis media or
rhinosinusitis with onset at less than 2 years of age were recruited. All study subjects had at least
one of four key clinical features for PCD as determined by answers to screening questions, while
control subjects had none. All participants completed a medical history questionnaire and nasal
nitric oxide measurements. Those with reduced nasal nitric oxide levels were referred to our PCD
center for further evaluation.

Results: A total of 153 patients were screened and 62 subjects were enrolled. Of those, 35 were
enrolled as study subjects and 27 as matched controls. Study subjects had mean age of 7.5 years
(3.2-16.5) with pre-screening diagnosis of chronic otitis media (n=29) or chronic rhinosinusitis
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(n=6). Control subjects (n=27) had mean age 7.2 years (3.0-16.3) with pre-screening diagnosis of
chronic otitis media (n=25), and chronic rhinosinusitis (n=2). There were no differences in subject
demographics or mean nasal nitric oxide values between the two groups (179.8 vs 210.8 nl/min).
Ten individuals had low nasal nitric oxide values, 7 of which were normal on repeat testing. Three
subjects failed to return for follow up evaluations. Four referrals were made for further evaluation
on the basis of clinical symptoms and nasal nitric oxide results. While no new cases of PCD were
detected, a subject and his sibling with recurrent sinopulmonary infections were referred for
immunologic evaluation.

Conclusion: The use of standardized screening questions can be used in an otolaryngology
clinic to identify patients who require further evaluation for PCD or primary immunodeficiency.

Keywords

children; early diagnosis; primary ciliary dyskinesia; primary immunodeficiency; nasal nitric
oxide

1. INTRODUCTION

With an estimated of 1:10,000 to 1:20,000 live births [1], primary ciliary dyskinesia (PCD)
is a rare genetic disease caused by defective motile cilia function. The upper respiratory tract
is often involved in PCD, characterized by chronic rhinosinusitis and chronic otitis media
[2], and thus initial referrals are usually directed to otolaryngologists. Symptoms associated
with PCD are not unique to the disease, and can overlap with other suppurative respiratory
diseases, such as cystic fibrosis (CF) and primary immunodeficiencies (PID). Failure to
identify these diseases can have serious consequences. Early identification and initiation of
therapy for PCD is important to avoid long term sequelae such as hearing loss, reduced
olfaction, bronchiectasis, and ultimately chronic respiratory failure.

Determining which cases of persistent middle ear or paranasal sinus disease warrant
additional testing for PCD is challenging, as recurrent otitis media and rhinosinusitis are
among the most common illnesses of childhood [3,4]. The peak prevalence of otitis media
occurs at 12 months of age, but only about a quarter of patients experience at least 3
episodes [5]. Some of these children may have PCD, which first manifests as middle ear or
sinus disease [2], while others may have CF or PID. Some individuals may have severe and
recurrent middle ear and sinus involvement for unknown reasons [6-8].

In recent years, several groups have developed clinical screening tools to aid in the diagnosis
of PCD [9,10], and a retrospective, multicenter study of clinical features of children who
were evaluated at eight North American centers was incorporated into the American
Thoracic Society diagnostic guidelines for PCD [11]. These guidelines were developed in a
specialty pulmonary clinic and include four key clinical features (Table 1). Guidelines were
established in conjunction with nasal nitric oxide testing, transmission electron microscopy
analysis of cilia, high speed video microscopy, and genetic testing as a means to diagnose
PCD [10,11]. Measurement of nasal nitric oxide has emerged as a simple and sensitive test,
but remains under investigation. Most patients with PCD have values <77 nL/min however,
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values below this cutoff have also been seen in individuals with CF, a disease that needs to
be excluded prior to testing for PCD. [12,13].

Notably, diagnostic criteria for PCD were previously developed by retrospectively analysis
of patient populations referred to PCD centers, but these criteria have not been prospectively
studied. Our goal was to determine the utility of a simple screening tool that could be
incorporated into an otolaryngology practice. We proposed that a set of four basic clinical
questions could be added to the evaluation of children with chronic otitis media or chronic
rhinosinusitis in a pediatric otolaryngology clinic to identify those who require further
evaluation for PCD. We also explored whether the addition of nasal nitric oxide
measurement would improve the identification of affected patients.

2. METHODS
2.1 Subjects

The study was approved by the Institutional Review Board of Washington University and the
guardians of all subjects provided consent. Assent was obtained in children of appropriate
age. Children between the ages 3 and 17 years presenting with chronic otitis or sinusitis to
the pediatric otolaryngology clinic at St. Louis Children’s Hospital between November 2018
and February 2020 were eligible. The subjects were evaluated by the treating
otolaryngologist for the following study inclusion criteria: diagnosis of chronic or recurrent
otitis media with placement of tympanostomy tubes, or diagnosis of chronic rhinosinusitis as
confirmed by the treating physician. Patients were excluded if they had a previous diagnosis
of PCD, CF, PID, were treated with immunosuppressive medications, had craniofacial
abnormality associated with increased risk of developing sinusitis or otitis media, or were
actively using combustible or electronic cigarettes.

2.2 Screening algorithm

Screening questions were derived from the clinical features for PCD in the ATS guideline
[9] (Table 1). To qualify as a study subject, an individual must fulfill at least one clinical
feature (Table 1), which contrasts from guideline criteria that recommended at least two
clinical features to be considered for further evaluation. This approach was used to increase
identification of individuals with PCD who may have milder disease. If an individual was
born at less than 37 weeks estimated gestational age, the second question (unexplained
respiratory distress at birth?) was excluded from the screening tool. Age and sex matched
controls were selected from the group of patients with diagnoses of chronic oitis media or
chronic rhinosinusitis who did not answer “yes” to any of the screening questions. To
identify additional patient characteristics independent of the screening questions, control and
study subjects were administered a more comprehensive questionnaire, modified from
Amirav et al. [14] (Appendix A). Both screening and comprehensive questionnaires were
administered by one of the study investigators (SKB).

2.3 PCD prevalence in otolaryngology clinic

To estimate the number of patients diagnosed with PCD through referral from the
otolaryngology clinic, patient data from the previous ten years was analyzed. The number of
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children seen in the otolaryngology clinic who met study inclusion criteria was determined
from the electronic medical record system. The number of patients diagnosed with PCD who
were first assessed in otolaryngology clinic and then referred to the Washington University
PCD and Rare Airways Disease Center was obtained from pulmonary clinic records. The
ratio of these two numbers was taken as indicative of the disease prevalence in the
otolaryngology clinic.

2.4 Nasal nitric oxide measurement

Nasal nitric oxide measurement was conducted in accordance to published ATS operational
guidelines [15] and performed by a single trained investigator (SKB). This test is not yet
approved by the FDA for the diagnosis of PCD. As such, the test was performed at no
charge under the research protocol. All measurements were conducted using an Eco Physics
CLD 88 SP chemiluminescence nitric oxide gas analyzer and Spiroware (3.0) data
acquisition software (Eco Medics, Duerenten, Switzerland). Before each test, the sampling
flow rate and ambient air nitric oxide measurements were recorded. The flow rate was
constant at 0.32 L/min for every test performed. If able, children were asked to clear their
nose to remove any obstructive mucus prior to testing. For those children who were
minimally cooperative with the procedure, only one measurement per nare was used rather
than two measurements per nares as in the more cooperative subjects. For younger children
who could not perform the test by blowing against the resistor, the tidal breathing method
was used. Total testing time per subject was 3 to 5 minutes, regardless of age. The final
value was calculated using the validated Genetic Disorders of Mucociliary Clearance
Consortium calculation sheet (Appendix B). Those patients who had an initial nNO value
<77 nL/min were asked to return in 4-6 weeks’ time to repeat the test to confirm that the
value was persistently reduced.

2.5 Clinical Evaluation

Patients whose screening results, questionnaire answers, and nasal nitric oxide results were
suggestive of a diagnosis of PCD were referred to the Washington University PCD and Rare
Airways Disease Center. Patients then underwent clinically indicated testing including
laboratory screening for immunodeficiencies, cystic fibrosis, and genetic testing for primary
ciliary dyskinesia via 36-gene targeted panel (Invitae Corp., San Francisco, CA).

2.6 Statistical analysis

All statistical analysis was conducted using SPSS Statistics for Windows, version 25.0
(SPSS Inc., Chicago, USA). For descriptive analysis, central tendency and dispersion values
were calculated. For univariate analysis chi square test, Mann-Whitney, and Kruskal Wallis
tests were used as appropriate.

3. RESULTS

3.1 Estimate of PCD prevalence in tertiary otolaryngology clinic

A 10-year review of patient referral data from our otolaryngology clinic identified 4,451
patients who met study inclusion criteria. Analysis of PCD center data over the same period
identified 3 patients referred from the otolaryngology clinic and subsequently diagnosed
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with PCD. Thus, disease prevalence in our center was calculated as 1:1484, or
approximately 7-fold higher than the estimated lower bound of the population prevalence of
1:10,000 [1].

3.2 Screening and enrollment

We screened 153 patients, and enrolled 35 study subjects and 27 control subjects (Table 1,
Figure 1). One patient declined to enroll after screening positive and another did not return
to complete the nNO testing and questionnaire after consent was obtained. Of 35 study
subjects, 6 answered yes to two of four questions screening questions.. No subjects enrolled
had situs inversus or laterality defects, however the patient who declined to enroll was screen
positive for a laterality defect.

3.3 Nasal nitric oxide testing

Nasal nitric oxide results were obtained for 60 of 62 individuals (Figure 2A). Two study
subjects, both 3 years old, were non-cooperative with testing procedures and could not
produce reliable results. A total of ten results (7 study subjects, 3 control subjects) fell below
the previously determined cutoff of 77 nL/min, a level found to be consistent with PCD in
subjects 5 years and older [13]. Seven children (6 study subjects, 1 control subject)
underwent repeat testing, while three (1 study subject, 2 control subjects) did not return for
follow up evaluations (Figure 2B). All repeated measurements were above 77 nL/min. Of
those who had repeated measurements, values increased to the non-diagnostic range after
three weeks of antibiotic treatment in two subjects, multiple weeks of nasal irrigation and
nasal steroid treatment in two subjects, and no treatment in three subjects.

Mean nasal nitric oxide values did not differ significantly between study and control groups.
No statistically significant correlation between nasal nitric oxide values and increasing age
was observed (Table 2, Figure 2A). Univariate analysis revealed no statistically significant
correlations between the rate of otitis media, sinusitis, hearing loss, speech delay, or
tympanostomy tube placement in comparison between study and control groups.
Correlations were not observed between these factors or levels of measured nasal nitric
oxide.

3.4 Pulmonary evaluations

Four subjects were referred to the PCD center for further evaluation (Figure 1) based on
clinical criteria and an initial low nasal nitric oxide results. No patients were found to be
homozygous for mutations in PCD-associated genes. Two patients (#107 and #140) who had
low initial nasal nitric oxide values (43.8 nL/min and 10.3 nL/min) that rose above the
diagnostic cut-off upon repeat testing (173.2 nL/min and 122.3 nl/min, respectively) were
subsequently found to have reduced specific 1gG antibodies to Streptococcus pneumoniae
and Hemophilus influenzae B. These patients were re-vaccinated and showed appropriate
responses to vaccines on serologic retesting. The sibling of patient #140 was found to have
similar symptoms and also tested negative for PCD and primary immunodeficiency. She too
showed initially decreased specific IgG antibodies which responded appropriately to
revaccination. Patient #140 and his sister continued to report recurrent sinus and pulmonary
infections, despite demonstrating normal vaccine titers.
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4. DISCUSSION

Using criteria modified from diagnostic guidelines, we prospectively evaluated children
referred to a tertiary otolaryngology clinic where PCD would be expected to be more
prevalent than in the general population. Although we did not identify new cases of PCD
using this screening approach, implementation led to further evaluation of four subjects for
possible PCD or immunodeficiency. One subject and his sibling continue to have recurrent
infections, which remain undiagnosed at this time.

Chronic upper respiratory infections commonly seen in a pediatric ENT clinics are often
early features of PCD. The majority (83%) of patients enrolled in our study had ear disease
as their primary complaint, while none had both ear and sinus complaints, perhaps due to
our stringent diagnostic criteria for chronic sinus disease. Prior studies of ENT
complications of PCD have noted significant morbidity from sinonasal disease in adults as
symptoms of otitis media decrease with age [16]. However, in the pediatric population the
morbidity is often a result of otitis media, which may require intervention to prevent
permanent hearing damage [17]. Although patients with PCD frequently present with
serious and recurrent otitis media, this was not found to be a sensitive characteristic for
disease diagnosis in the North American study and thus was not included in the ATS criteria
[11]. In contrast, a large study of children with PCD in Europe concluded that otitis media
was a sensitive factor in disease diagnosis [10]. Reasons for the difference may be due to
lower use of tympanostomy tube insertion in Europe compared to the United States [18].

Although definitive diagnosis is the end goal of our screening tool, there remains a high
degree of merit in the identification of patients who require further testing for an underlying
genetic disease. PCD has a spectrum of presenting features, including symptoms restricted
to the upper airway [2]. Recent genetic studies indicated that prototypical aspects of PCD
may not be present in all patients. For example, individuals with homozygous recessive
mutations of DNAHY, CCDC103, TTC1Z2, RSPH1, GASS, STK36, CFAP221, or NEK10
genes have presented with recurrent respiratory tract infections but normal nNO values [2,
19-25]. Therefore, family history, medical history and nasal nitric oxide measurement in
addition to comprehensive evaluation of suspected cases in specialized pulmonary centers is
helpful. The symptom overlap between PCD, PID, and cystic fibrosis makes identification of
patients with risk factors for any of these diseases crucial as they all have different natural
histories and treatment approaches.

A limitation of our study is the small number of patients we were able to recruit. PCD is a
rare disease, and only through large scale, multicenter, and prolonged screening would our
proposed study design identify new cases. Small sample size also limited our ability to
adequately evaluate the detailed medical history questionnaire data (Supplement 2) allowing
only univariate analysis rather than an ability to construct a multivariate model. In addition,
three patients were lost to follow up who did not provide repeated nNO results after testing
<77 nL/min. Nonetheless, we were able to initiate a simple screening system for assessment
of a subpopulation of patients hypothesized to be at increased risk for PCD.
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Another limitation is related to our definition of diseases used for enroliment. By setting the
evaluation of patients with one rather than two affirmative responses to our set of questions,
we potentially captured some patients who had less severe disease and perhaps created a
more heterogenous group than desired. Finally, the key clinical features derived by the
American Thoracic Society guidelines focused on identifying patients who had “classic”
forms of PCD, and not on those with atypical disease. As a result, we may have missed
identifying children with motile cilia defects but milder clinical manifestations. It is possible
that the chronic otitis media and rhinitis of children evaluated in otolaryngology clinics are
due to a yet undefined genetic basis, affecting cilia function or not.

5. CONCLUSION

We show of the feasibility of physicians in an academic ENT clinic to screen children using
four questions adapted from American Thoracic Society guidelines for diagnosis of PCD
[11]. Clinical features of PCD can overlap with PID or cystic fibrosis so referral of children
with persistent upper respiratory tract disease may require specialized testing for these
diseases. We found that reduced nasal nitric oxide values as a sole diagnostic test for PCD
was not specific for the disease in the absence of any of the positive key clincal features for
PCD, and strongly advise against use of the test in such a manner. Thus, asking four specific
questions about features of upper airway disease could be useful in otolaryngology clinics to
identify individuals who require more targeted evaluation and treatment.
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Appendix A: Study Questionnaire

Modified from Amirav |, Roduta Roberts M, Mussaffi H et al. (2016) Collecting clinical data in

primary cifiary dyskinesia- challenges and opportunities

A. Demographic details

1. Patient's code:

2. Date of filling the questionnaire:
Mame:

Birth date:

Gender
. Ethnicity
. Initial (Presumpti

@S e

Date of this (these) diag

B. Family history
1. How many siblings

Are there any other family members with the same disease

Is there any family member with a laterality defect
Are there family members with the following
i

2
3. Ifyes, how many
4.
-

. chronic wet cough
ii. chronic sinusitis
i, fertility disorders
v, recurrent OM
v, neonatal pneamonia
vi. unknown
vii. chronic rhinitis
viii, bronchiectasis
X, mo symptoms
6. Are the parents consanguineous
7. Ifyes, marked the relation:
i. 1st cousins
ii. 2nd cousins
iii. Other
v. The patient is adopted

C. Medical history

Y N UK

YN UK

=
z

UK

1. Bom at term? Y N UK
2. Ifnot, in which week {Gestational Age)
3. Respiratory distress shortly after birth (15t days) Y N UK
4. Neonatal pneumonia/atelectasis (during 15t month) Y N UK
5. Any Situs inversus Y N UK
If yes, continue 1o next question (otherwise, go to Q8)
6. Situs ambiguous or Dextrocardia Y N UK
7. Total situs inversus Y N UK
8. Recurrent otitis Y N UK
If yes, continue to next question (otherwise, go to Q13)
9. Purulent recurrent (=10 in 1st 2 y of life) Otitis Media Y N UK
10. Tube insertion Y N UK
11. Specialist confirmed persistent hearing impai Y N UK
If yes, continue to next question (otherwise, go to Q13)
12. Hearing loss is: neuronal UK
13. Chronic Sinusitis Y N UK
14, Sinus surgery Y N UK
15, Chronic rhinitis/ nasal congestion since =6 months age Y N UK
If yes, continue to next question (otherwise go to Q18)
16. Seasonal Y N UK
17. Known/ evidenced allergy Y N UK
18, Chronic persistent cough Y N UK
If yes, continue to next question (otherwise go to Q21)
19, Seasonal Y N UK
20. Wet/Productive Y N UK
21. Recurrent wheezing Y N UK
22. Recurrent pneumonia or bronchitis: Y N UK
23, Lobectomy Y N UK
24, Congenital heart disease Y N UK
25, If yes, describe:
26. Developmental delay Y N UK
27. Headache from unknown reason Y N UK
28. Hydrocephalus Y N UK
29. Polyeystic kidney disease Y N UK
30. Vision disorder Y N UK
31, If yes, deseribe:
32. Fertility disorder Y N UK
33. If yes, describe:
34 Other genetic discase Y N UK

35, If yes, describe:

Comments for this section:
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D. Physical examination & Tests

1. Weight (kg) Height (cm) Date measured:
2. Crepitations or wheezing Y N
3. Clubbing Y N
4. Ear/Nose pathology Y N
5. If yes, describe:
6. 8 ion (on room air)
7. CXR done Y N UK
8. Date of the last CXR
9. Bronchiectasis on CXR Y N UK
10. Other finding:
11. Chest CT done i 4 N UK
12. Date of the last chest CT test
13, Bronchiectasis on CT Y N UK
14. Other finding on CT
15. Sinuses CT Y N UK
16. Abnormalities identified Y N UK
17, Sperm test Y N NIA
If yes, continue to next question (otherwise go to Q19)
18. Movement
i. Normal Abmormal No movement Other
19. Abdominal US or CT Y N UK
20, If yes, mark one of the following (otherwise go to Q25)
i. Normal
il. Abdominal situs inversus
il Central liver
iv. Asplenia
v. Polysplenia
vi. Polycystic kidney
21, Lungs function test done Y N UK
22, Date of the last test:
23. FVC (%)
24. FEV1 (%)
25, FVC/FEV1 (%)
26. Sputum culture in last year Y N UK
27. If yes —culture result:
28, Immunoglobuling normal  abnormal UK
29. Other relevant tests (eg, skin tests? Ear cultures? Bronchoscopy?)
Appendix B:: Nasal Nitric Oxide Measurement
Participant 1D:
NO Analyzer: CLD88sp Last Calibration Date:_
Date:_ Operator:_ _(Initials)
Method Used:

o Resistor (greater than 3 second plateau)

o Party Favor (greater than 3 second plateau)

o Tidal Breathing with mouth open (mean of 5 highest peak values)
o Other (specify)

For the method used obtain two measurements per nostril and record

Sampling Flow Rate ___ L/min (must fall in range of 0.1-1.0)
Measurement:
(1) Right Nostril NO ppb Left Nostril NO ppb
(2) Right Nostril NO ppb Left Nostril NO ppb
Calculate the mean values __ppb ppb

Convert ppb to nl/min using the following formula:
NO production[nl/ min]=NO [ppb] x flow rate[L/min].

Calculate and report Values for:

- Mean Right Nostril NO nl/min
- Mean Left Nostril NO nl/min
- Mean of Right and Left Nostril NO nl/min

(Mote: values for right and left should be within 10% of each other)

Ambient NO Value:
Initial Repeat
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Highlights:

A clinical screening tool can be used in an ENT clinic to identify children requiring
further evaluation for primary ciliary dyskinesia or immunodeficiency.
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Patient screening and enrollment diagram. The number of subjects meeting each criterion is

indicated.
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Figure 2: Nasal nitric oxide levels of subjects.
A: Scatterplot of nasal nitric oxide values versus patient age. The upper limit measure of 77

nL/min used for further evaluation of PCD is denoted by the dashed line. Low initial levels
are not shown if retested. B: Repeat testing of low nNO tests (less than 77 nL/min)). Initial
and repeated nasal nitric oxide (nNO) levels according to patient study number and
corresponding age. Initial and repeat tests for each patient are joined by a line with the
arrowhead indicating the repeat test result. Points with no adjoining arrow indicate patients
who did not return for follow-up testing.
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Table 1:

Screening questions for primary ciliary dyskinesia used in this study [9].

Clinical screening questions

A W N

Child born at least 37 weeks’ gestation with unexplained respiratory distress at birth?
Daily wet coughing beginning <6 months of age?
Daily nasal congestion beginning <6 months of age?

Presence of organ laterality defect?
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Patient enrollment characteristics.

Table 2:

Characteristics Control Group n (%) Study Group n (%) pvalue
Sex 042
Male 14 (52) 22 (61)
Female 13 (48) 13 (39)
Total 27 (100) 35 (100)
Ethnicity 042
Caucasian 22 (81) 28 (81)
African American 5(19) 7(19)
Age (yrs)
Mean 7.2 7.5 0.61
SD 3.9 3.6
Range 3.0-16.3 3.2-16.5
Pre-Screen Diagnosis 0.53
Otitis Media 25 (93) 29 (83)
Rhinosinusitis 2(7) 6 (17)
Number of positive responses to screening questions
1 0 29 (90)
2 0 6 (10)
3 0 0
4 0 0
nNO values (nL/min)
Mean 210.8 178.3 022
Std dev 96.9 82.3
Range 50.1-501.1 13.2-413.8
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