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Message 

Upper and lower airway disease occurs interdependently for patients with PCD and needs assessed as 

a common entity with appropriate clinical and patient-reported measures and managed accordingly 

to improve clinical outcomes. 
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Abstract 

Introduction: Nearly all patients with primary ciliary dyskinesia (PCD) report ear-nose-throat (ENT) 

symptoms. However, scarce evidence exists about how ENT symptoms relate to pulmonary disease in 

PCD. We explored possible associations between upper and lower respiratory disease among patients 

with PCD in a multicentre study. 

Methods: We included patients from the ENT Prospective International Cohort (EPIC-PCD). We 

studied associations of several reported ENT symptoms and chronic rhinosinusitis (CRS)—defined 

using patient-reported information and examination findings—with reported sputum production and 

shortness of breath—using ordinal logistic regression. In a subgroup with available lung function 

results, we used linear regression to study associations of CRS and FEV1, accounting for relevant 

factors. 

Results: We included 457 patients [median age: 15; interquartile range (IQR) 10–24; 54% males]. 

Shortness of breath associated with reported nasal symptoms and ear pain of any frequency, often or 

daily hearing problems, headache when bending down [odds ratio (OR) 2.1; 95% confidence interval 

(CI) 1.29–3.54], and CRS (OR 2.3; 95% CI 1.57–3.38) regardless of polyp presence. Sputum production 

associated with daily reported nasal (OR 2.2; 95% CI 1.20–4.09) and hearing (OR 2.0; 95% CI 1.10–

3.64) problems and CRS (OR 2.1; 95% CI 1.48–3.07). We did not find any association between CRS and 

FEV1. 

Conclusion: Reported upper airway symptoms and signs of CRS associated with reported pulmonary 

symptoms; however, not with lung function. Our results emphasise assessing and managing upper 

and lower respiratory disease as a common, interdependent entity among patients with PCD. 

  



Introduction 

Nearly all patients with primary ciliary dyskinesia (PCD) report chronic nasal problems caused by poor 

mucociliary clearance, leading to mucus stagnation in upper and lower airways [1–3]. Clogged airways 

facilitate recurrent infections, chronic microbial colonisation, and airway inflammation, leading 

further to chronic rhinosinusitis (CRS) and bronchiectasis [4, 5]. In other respiratory diseases, such as 

asthma and cystic fibrosis (CF), evidence supports the theory of “the unified airway” [6, 7]. Published 

studies highlighted the association of CRS with chronic obstructive pulmonary disease (COPD) [8, 9]. 

However, for PCD upper and lower airway manifestations are often managed independently. A 

common approach is usually considered when treatments for pulmonary exacerbations fail and 

sinuses become considered possible reservoirs for pulmonary colonisation, chronic lung infections, 

and lung function deterioration [10]. 

 So far, only a few single-centre studies attempted connecting the dots between upper and 

lower airways in PCD [11–13]. A study in a small cohort in Denmark presented simultaneous infections 

of the sinuses and lower airways with the same pathogen among patients with PCD [10]. A French 

study assessed associations between ear-nose-throat (ENT) symptoms and lung function among adult 

patients with PCD and reported otitis media with effusion associated with airway obstruction [forced 

expiratory volume (FEV1) < 70%] [14]. Otherwise, scarce evidence exists about possible associations 

of sinonasal and otologic symptoms and signs of disease with pulmonary symptoms in PCD and 

whether patients with more upper airways symptoms also have more advanced lung disease. We 

aimed to assess what—if any—upper respiratory characteristics possibly associate with lung disease. 

Specifically, we studied associations 1) between patient-reported upper and lower respiratory 

symptoms; 2) between CRS—with or without nasal polyps—and reported lower respiratory 

symptoms; and 3) between CRS—with and without nasal polyps—and lung function. 

  



Methods 

Study design and population 

 We analysed cross-sectional data from our ENT prospective, international cohort of patients 

with PCD (EPIC-PCD)—the first PCD cohort focused on upper respiratory disease [15]. EPIC-PCD started 

recruiting patients with PCD in February 2020, following them during regular ENT visits at participating 

centres. We nested examinations in regular care and collected additional questionnaires. For this 

study, we included eligible patients with data entered in the EPIC-PCD database by May 15, 2023 from 

13 participating centres (Amsterdam, Ankara, Berlin, Bern, Cyprus, Istanbul, Leuven, Liège, Münster, 

Oslo, Paris, Southampton, Valencia) in 10 countries. We included participants of all ages with PCD with 

ENT examination and completed symptom questionnaire within a two week interval of the 

examination. 

 The EPIC-PCD study is hosted at the University of Bern (clinicaltrials.gov identifier: 

NCT04611516). We received ethical approval from each participating centre and ethics committee for 

human research in accordance with local legislation. We obtained informed consent or assent from 

either participants or parents or caregivers of participants 14 years or younger as previously described 

[3, 16]. Our reporting conforms with the Strengthening the Reporting of Observational studies in 

Epidemiology (STROBE) statement [17]. 

Patient-reported symptoms 

 We collected patient-reported symptoms using the disease-specific FOLLOW-PCD 

questionnaire (version 1.0), which is part of the standardised PCD-specific form FOLLOW-PCD 

developed for collecting clinical information for research and clinical follow-up [18]. The FOLLOW-PCD 

questionnaire was designed with three versions for three age groups: adults, adolescents 14–17 years, 

and parents or caregivers of children with PCD younger than 14 years. It is available in the local 

languages of all participating centres. Symptom-related questions asked about frequency and 

characteristics of symptoms during the previous three months. For the upper respiratory symptoms, 



we focused on chronic nasal symptoms, headache when bending down as proxy for sinusitis, ear pain, 

and hearing problems. For lower respiratory symptoms we focused on shortness of breath and sputum 

production, which included any reported cough with expectorated or swallowed secretions. Symptom 

frequency options included daily, often, sometimes, rarely, and never (five-point Likert scale). The 

questionnaire also included questions about health-related behaviours, such as smoking exposure and 

living conditions, during the past 12 months. Depending on available response categories, we recoded 

missing answers as “unknown,” “no,” or “never.” 

Clinical examinations 

 ENT specialists performed routine examinations—sinonasal examinations by nasal endoscopy 

or anterior rhinoscopy if tolerated by participants, otoscopy, tympanometry, and audiometry among 

others—at planned consultations, according to local protocols. Examination findings were recorded 

in a standardised way using the ENT examination module of the FOLLOW-PCD form [18]. If spirometry 

was performed before or after 1 month from ENT consultation, we also recorded FEV 1 (Forced 

Expiratory Volume in 1 Second) values. Participating centres performed spirometry according to 

American Thoracic Society/European Respiratory Society (ERS) guidelines [19] during routine planned 

visits and not at exacerbation or during respiratory tract infection. We calculated FEV1 z-scores based 

on the Global Lung Initiative 2021 reference values [20]. We calculated body mass index (BMI) using 

height and weight reported at ENT or spirometry visit date. For adults, we classified BMI as 

underweight (<18.5 kg/m2), normal (≥18.5 to <25), pre-obesity (≥25 to <30), obesity class I (≥30 to 

<35), obesity class II (≥35 to <40), or obesity class III (≥40) by World Health Organization (WHO) 

standards [21]. For children and adolescents younger than 18 years, we calculated sex and age-specific 

BMI z-scores and categorised by thinness (<-2 z-scores), normal (-2 to 1 z-scores), overweight (1 to 2 

z-scores), and obesity (>2 z-scores) based on 2007 WHO references [22]. 

Definition of CRS 



We created a composite exposure variable CRS to study CRS associations—with and without 

polyps—with reported lower respiratory symptoms and lung function. The dichotomous composite 

variable included 1) daily or often reported nasal symptoms and 2) examination findings of nasal 

discharge (sero-mucous, muco-purulent, or mixed with blood) or nasal oedema at examination. 

Diagnosis and other clinical information from charts 

 Participants were diagnosed at participating centres following ERS guidelines [23] as described 

in previous publications [3, 16]. Ultrastructural defects were categorised based on the international 

consensus guideline for reporting transmission electron microscopy (TEM) results, which defined class 

1 (hallmark, name outer dynein arm defects, outer and inner dynein arm defects, and microtubular 

disorganisation with inner dynein arm defects) and class 2 defects, such as central complex defects 

[24]. Further data collected included information on laterality defects and prescribed medication for 

upper and lower airways. We entered all collected data in the Research Electronic Data Capture study 

database based on the FOLLOW-PCD modules [18]. 

Statistical analysis 

 We described population characteristics and patient or parent-reported symptoms for the 

total population and separately among age groups 0–6, 7–14, 15–30, 31–50, and older than 50 years. 

For continuous variables, we used median and interquartile range (IQR) . For categorical variables, we 

used numbers and proportions, and we compared differences between age groups using Pearson's 

Chi square and Kruskal-Wallis rank test. For aims 1 and 2, outcomes of interest were reported lower 

respiratory symptoms, namely frequency of shortness of breath and sputum production. We studied 

possible associations of reported frequency of nasal symptoms, ear pain, hearing problems, and of 

reported headache when bending down with reported frequency of shortness of breath and sputum 

production using multivariable ordinal logistic regression, adjusting for age and sex. In separate 

multivariable ordinal logistic regression models, we assessed association of CRS (as defined above) 

with frequency of shortness of breath and sputum production, adjusting for factors possibly 



associated with respiratory disease such as age, sex, age at diagnosis, nasal polyp status, and smoking 

status as either active, passive or no tobacco smoke exposure. 

For a subgroup of patients with available FEV1, we assessed the association of CRS with FEV1 z-

score as outcome, using linear regression and adjusting for age, sex, nasal polyps, smoking status, and 

prescribed nasal corticosteroids, prophylactic antibiotics, nasal rinsing, and inhaled corticosteroids. 

For all models, we chose factors based on data availability and clinical importance to the study team. 

We noted a collinearity of age and age at diagnosis, so it was not possible to include both in our main 

model. Since separate models showed similar results, we only included age. Among a subgroup of 

participants with available TEM results, we repeated our regression models, including age and 

category of ciliary ultrastructural defect to study whether ciliary ultrastructural defect was a risk factor 

for a possible association between CRS and lower airway symptoms or FEV 1. We performed all 

analyses with Stata version 15 (StataCorp LLC, Texas, USA). 

Results 

Study population 

 By mid-May 2023, 504 (85%) of 596 invited patients enrolled into the EPIC-PCD study (Figure 

1). Of them, 457 had data entered in the database and fulfilled eligibility criteria. We included 286 

(63%) children and 171 (37%) adults; 54% male (table 1); median age 15 (interquartile range: IQR 10–

24); 162 (35%) with situs inversus totalis; and 36 (8%) cardiovascular malformation—five with severe 

malformation, such as transposition of the great arteries. Height and weight were available for about 

80% of the study population, half with normal BMI (table 1). Obesity class III was more prevalent 

among adults 31 years and above. We did not find any differences by sex for any of these 

characteristics. We present a summary of the test results supporting PCD diagnosis among all 

participants and a breakdown of the genetic mutations reported in participants with identified biallelic 

pathogenic variants or compound heterozygosity (229; 50%) in Tables S1 and S2 respectively.  



Association of reported upper and lower respiratory symptoms 

 Reported upper and lower respiratory symptoms were common for all age groups, especially 

nasal symptoms and sputum production (Table S3). We found reported frequency of shortness of 

breath increased with any reported frequency of nasal symptoms [odds ratio (OR): 4.2; 95% 

confidence interval (CI): 2.18–8.16 for daily nasal symptoms compared with no nasal symptoms] and 

with reported headache when bending down (OR: 2.1; 95% CI 1.29–3.54) (Figure 2). For frequency of 

sputum production, we only found evidence of association with daily nasal symptoms (OR: 2.1; 95% 

CI 1.20–4.09). Regarding reported ear symptoms, any frequency of ear pain (OR: 3.7; 95% CI 1.62–8.44 

for daily ear pain compared with no ear pain) and daily (OR: 2.0; 95% CI 1.13–3.71) or often (OR: 1.9, 

95% CI 1.10–3.46) reported hearing problems compared with no hearing problems associated with 

frequency of shortness of breath (Figure 3). Reported daily hearing problems also associated with 

higher frequency of sputum production (OR: 2.0; 95% CI 1.10–3.64). Male sex was less likely associated 

with shortness of breath (Figures 2–3; OR for male sex in all models: 0.7; 95% CI ranged from 0.50–

0.97 to 0.52–1.07). We found no differences by age. 

Association of CRS with lower respiratory symptoms 

 We found evidence of association between CRS and reported frequency of shortness of breath 

(OR 2.3; 95% CI 1.53–3.32) and sputum production (OR 2.1; 95% CI 1.48–3.06) (Figure 4). We did not 

find any differences related to the presence or absence of nasal polyps accompanying CRS, tobacco 

smoke exposure, or by age or sex for both lower respiratory symptoms. Sinonasal examination findings 

used to define CRS and prescribed treatments are presented in Table S4. Among 232 participants with 

available TEM results (Table S5), we found no difference in reported shortness of breath and sputum 

production by ciliary ultrastructural defect class (Table S6). 

Association of CRS with lung function 



 Within one month of ENT visit, 322 participants had available spirometry with a median FEV1 

z-score of -1.90 (IQR -2.9 to -0.6) (Table 1). We found no association between CRS, independently of 

polyps and FEV1 z-score, adjusting for possible confounders (Table 2). Participants prescribed nasal 

corticosteroids showed higher FEV1 z-scores (OR 2.26; 95% CI 0.44–4.07). We also found higher FEV1 

z-score among participants not prescribed inhaled corticosteroids (OR 5.54; 95% CI 2.73–8.34). In a 

subgroup of 152 participants with available TEM results and spirometry, we found no evidence of 

association of CRS with FEV1 z-score and no differences by defect (Table S7). 

Discussion 

 Our results showed an association between upper respiratory disease and reported lower 

respiratory symptoms. Particularly, shortness of breath associated with reported nasal symptoms and 

ear pain of any frequency; often or daily hearing problems; headache when bending down and with 

CRS—defined using patient-reported information and examination findings—regardless of polyp 

presence. Sputum production associated with daily reported nasal symptoms and hearing problems, 

as well as CRS again regardless of polyp presence. Contrary to symptom findings, we did not find any 

association between CRS and reduced lung function measured by spirometry. 

Strengths and limitations 

 EPIC-PCD is the first prospective, international ENT cohort for PCD and—to our knowledge— 

the first study combining patient-reported symptoms and findings from clinical examinations of upper 

and lower airways and studying possible association between upper and lower respiratory disease. 

The cohort includes large numbers of paediatric and adult patients from several different countries. 

We followed participants during regular visits using FOLLOW-PCD modules, which makes collecting 

standardised data possible for all participating centres. Since invited patients were interested and it 

required little effort on their part, most agreed to participate in the study. Not all participants met 

inclusion criteria (ENT examination and completed questionnaire). We believe exclusion was at 

random and mostly based on personnel resources or organisational issues at participating centres. 



However, it is possible participants with fewer symptoms were less likely to complete questionnaires 

and fulfil inclusion criteria, introducing selection bias. Lung function measurements were unavailable 

for some participants within one month of study visit, yet entirely dependent on participating 

centres—several countries organise pulmonary and ENT visits separately. Since questions about 

symptoms involved the previous three months, we expect minimal risk of recall bias. EPIC-PCD started 

recruitment during the SARS-CoV-2 pandemic and patients with confirmed SARS-CoV-2 infection in 

their history were not excluded; however, infection incidence was low among people with PCD [25]. 

We expect possible lower reporting of symptoms, especially in the beginning of the study likely from 

shielding behaviour [26]. We could not study possible associations between upper airway 

exacerbations and lung exacerbations, as this information was not collected consistently and using 

standardised definitions. Despite this being the largest study of its kind, we still lack statistical power 

to consider several other possible factors possibly influencing associations between upper and lower 

airways disease, including comorbidities, such as asthma and information about management. Due to 

the cross-sectional nature of the analysed information, we could not study whether seasonal changes 

affected these associations between upper and lower respiratory disease.  

Comparison with other studies 

 Few studies assessed associations between upper and lower respiratory disease in PCD and 

none used standardised information on symptoms to assess possible associations.  A French study 

evaluating sinonasal disease among 64 adults with PCD found otitis media with effusion associated 

with FEV1 <70% [14]. We tested for possible association of CRS with FEV1 and found no evidence of 

association. However, we found patient-reported ear pain and hearing problems associated with 

lower respiratory symptoms, specifically shortness of breath and sputum production. A smaller single-

centre study showed simultaneous infections with the same pathogens in sinuses and lungs of patients 

in Denmark who underwent sinus surgery [10]. The concept of “the unified airway” in PCD was further 

supported by another Danish study showing the same Pseudomonas aeruginosa clone in sinuses and 



lungs [27]. Unfortunately, our observational study rarely included simultaneous upper and lower 

airway cultures since they are only routinely collected at few participating centres, so we could not 

use microbiology information to support our findings further.  

 Studies on other chronic lung diseases showed similar associations between upper and lower 

respiratory disease [28, 29]. A large population-based study among adults in southern Sweden found 

nasal symptoms frequently coexisted with both self-reported diagnoses of asthma and chronic 

bronchitis/emphysema—only 33% of the total population reported nasal symptoms compared with 

40% among participants with self-reported COPD—suggesting pan-airway engagement as common 

for both diseases [30]. A Canadian study with 121 participants diagnosed with CF compared FEV1 (% 

predicted value) between individuals with and without CRS and found no difference (mean difference, 

2.0%; 95% CI, -8.1% to 13.0%), which is similar to our study [31]. 

Interpretation of findings 

Our findings support the concept of “the unified airway” in PCD, particularly the association 

between nasal symptoms and CRS and lower respiratory symptoms—a finding possibly explained by 

increased mucus production or decreased mucosal clearance along “the unified airway.” Since ciliary 

function is affected in upper and lower airways, we expect patients with PCD to report symptoms from 

both and account for any differences based on disease severity. Interactions with allergic rhinitis might 

be possible; however, lack of detailed data on most participants precluded examining such a 

hypothesis. We believe the interactions as small since we previously found no associations between 

sinonasal disease and any particular season, especially not pollination seasons [3]. For some patients, 

coexisting posterior nasal drip explained the association of daily nasal symptoms with sputum 

production. Recently, heterogeneity of clinical phenotypes in PCD stimulated much discussion [32–

34]. Any evidence of association we found between ear symptoms and shortness of breath could also 

be explained by possible underlying CRS in these patients. Ear pain and hearing problems might be 

symptoms of Eustachian tube dysfunction, which is prevalent among patients with CRS [35, 36]. Our 



study suggests upper and lower respiratory symptoms occur dependently for most patients with PCD. 

Therefore, it is probable differences in upper and lower airway disease between PCD clinical 

phenotypes mainly relate to disease severity and less to prevalence of specific respiratory symptoms. 

 We found associations of CRS with lower respiratory symptoms yet not with FEV1 measured 

by spirometry. Although spirometry is the most commonly used method for pulmonary assessment 

for PCD [37], it appears not sensitive enough for patients with PCD, particularly children [38]. It is 

prone to large intra-individual variability, which complicates assessing possible associations. Lung 

disease in PCD is complex and cannot be assessed only with spirometry as there is often discordance 

between lung function and impairment shown on imaging modalities [39]. Other tests such as multiple 

breath washout appear more sensitive than spirometry for detecting pulmonary disease [40–42]; we 

recommend studying associations using these measurements.  



Conclusion 

 Our study shows reported upper airway symptoms and examination findings of CRS associated 

with reported lower respiratory symptoms; however, not with airway obstruction assessed by lung 

function. Upper and lower airway disease occurs interdependently; to improve clinical outcomes for 

patients with PCD, it needs assessing and managing as a common entity with appropriate clinical and 

patient-reported measures. 
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Table 1: Characteristics of EPIC-PCD participants, overall and by age group (N=457) 

 Total  
N (%) 

Age 0–6 y 
 N (%) 

Age 7–14 y  
N (%) 

Age 15–30 y  
N (%) 

Age 31–50 y 
N (%) 

Age >50 y 
N (%) 

p-valuea 

Number of 
participants 

457 (100) 47 (100) 149 (100) 173 (100) 54 (100) 34 (100)  

Age 

median (IQR) 

15 (10–24) 2 (4–5) 10 (8–12) 18 (16–22) 38 (34–42) 57 (55–63)  

        
Male sex 246 (54) 26 (55) 82 (55) 90 (52) 30 (56) 18 (53) 0.980 

        
Age of PCD 
diagnosis  
median (IQR) 

9 (4–18) 0 (0–2) 6 (1–8) 13 (9–17) 34 (29–37) 51 (44–56)  

        
Consanguinity       <0.001 
Yes 124 (27) 7 (15) 46 (31) 56 (32) 11 (20) 4 (12)  
No 167 (37) 15 (32) 50 (33) 67 (39) 27 (50) 8 (23)  

Not reported 166 (36) 25 (53) 53 (36) 50 (29) 16 (30) 22 (65)  
        
Situs       0.001 

Situs inversus 
totalis 

162 (35) 26 (55) 56 (37) 64 (37) 9 (17) 7 (21)  

Situs 
ambiguous 

5 (1) 0 (0) 2 (1) 3 (2) 0 (0) 0 (0)  

Situs solitus 278 (61) 20 (43) 88 (60) 105 (60) 40 (74) 25 (73)  
Not reported 12 (3) 1 (2) 3 (2) 1 (1) 5 (9) 2 (6)  
        
Cardiovascular malformation      0.003 

Yes 36 (8) 7 (15) 13 (9) 14 (8) 2 (4) 0 (0)  
No 328 (72) 31 (66) 116 (78) 125 (72) 37 (68) 19 (56)  
Not reported 93 (20) 9 (19) 20 (13) 34 (20) 15 (28) 15 (44)  

        
Active smoking     <0.001 
Yes, daily 4 (1) NA NA 3 (2) 0 (0) 1 (3)  
Yes, rarely 6 (1) NA NA 3 (2) 2 (4) 1 (3)  

Ex-smoker 17 (4) NA NA 2 (1) 10 (18) 5 (15)  
Never smoker 222 (49) NA NA 156 (90) 40 (74) 26 (76)  
Not reported 208 (45) NA NA 9 (5) 2 (4) 1 (3)  

        
Smoking in household      <0.001 
Yes 83 (18) 7 (15) 29 (20) 38 (22) 5 (9) 4 (12)  
No 298 (65) 36 (77) 109 (73) 98 (56) 36 (67) 19 (56)  

Not reported 76 (17) 4 (8) 11 (7) 37 (21) 13 (24) 11 (32)  

 EPIC-PCD: Ear-nose throat prospective international cohort of patients with primary ciliary dyskinesia. y: years. 
 Characteristics are presented as N and column %, age as median and IQR: interquartile range. NA: not applicable; age -
 specific questionnaire version does not include question on active smoking in this age category. aChi-square test of 
 independence. 

 
 
 

 
 
 
 

 
 



Table 1 (continued): Characteristics of EPIC-PCD participants, overall and by age group (N=457) 

 Total  
N (%) 

Age 0–6 y 
 N (%) 

Age 7–14 y  
N (%) 

Age 15–30 y  
N (%) 

Age 31–50 y  
N (%) 

Age >50 y  
N (%) 

p-valuea 

Number of 
participants 

457 (100) 47 (100) 149 (100) 173 (100) 54 (100) 34 (100)  

BMI [kg/m2] 

mean (IQR)b 

   21.1 

(19.7–24.1) 

23.2 

(20.8–27.4) 

28.1 

(21.6–35.3) 

<0.001d 

        
BMI z-score 

median (IQR)c 

 -0.5 

(-1.3–0.4) 

-0.06 

(-0.9–1.2) 

0.1  

(-0.9–1.0) 

  0.402d 

        
BMI categories      <0.001 
Thinness/ 

underweight  

26 (6) 1 (2) 7 (4) 12 (7) 5 (9) 1 (3)  

Normal 
weight  

225 (49) 6 (13) 83 (56) 107 (62) 23 (43) 6 (17)  

Pre-obesity/ 

overweight  

66 (14) 1 (2) 22 (15) 25 (14) 13 (24) 5 (15)  

Obese/obesity 
class I  

24 (5) 0 (0) 9 (6) 8 (5) 3 (6) 4 (12)  

Obesity  
class II 

7 (2) 0 (0) 0 (0) 3 (2) 0 (0) 4 (12)  

Obesity  
class III 

31 (7) 0 (0) 0 (0) 7 (4) 10 (18) 14 (41)  

Missing 78 (17) 39 (83) 28 (19) 11 (6) 0 (0) 0 (0)  
        
FEV1 z-score 
median (IQR) 

-1.9  
(-2.9 to -0.6)  

-0.7  
(-2.0 to -0.3) 

-1.6  
(-2.5 to 0.4) 

-2.1  
(-3.0 to 0.8) 

-2.3  
(-3.3 to -0.8) 

-1.7  
(-3.6 to -0.6) 

0.008d 

 EPIC-PCD: Ear-nose throat prospective international cohort of patients with primary ciliary dyskinesia. y: years. 
 Characteristics are presented as N and column %. aChi-square test of independence. bBMI (Body mass index) of 145 

 adults (≥18 years) based on World Health Organization (WHO) standards. cBMI z-score from 208 children (<18 years) 
 based on WHO standards. FEV1 z-score available from 322 participants. dKruskal–Wallis test. 
 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2: Association of chronic rhinosinusitis (CRS) with FEV1 z-score 

among EPIC-PCD participants (N=322) 
 

 Coefficient 95% confidence interval p-value 

CRS 0.80 -0.83 – 2.24 0.367 

    
Age -0.02 -0.09–0.04 0.470 
Male sex 0.01 -1.37–1.39 0.988 
    

Nasal polyps    
Yes 0.58 -1.43–2.60 0.568 
Not assessed -1.13 -3.80–1.55 0.408 

    
Smoking    
Ex/current smoker 7.44 3.27–11.62 0.001 
Passive smoking 0.08 -1.70–1.85 0.933 

    
Nasal corticosteroids    
Yes 2.26 0.44–4.07 0.015 
Not described -1.85 -5.00–1.31 0.250 

    
Nasal rinsing    
Yes -1.50 -3.15–0.16 0.077 

Not described -1.92 -4.26–0.42 0.107 
    
Inhaled corticosteroids    
Yes -0.34 -1.93–1.26 0.667 

Not described 5.54 2.73–8.34 <0.001 
    
Prophylactic antibiotic    
Yes -0.60 -2.24–1.04 0.473 

Not described -2.93 -5.34 – -0.53 0.017 

Results of linear regression model.   
EPIC‐PCD: Ear‐nose throat prospective international cohort of patients with primary ciliary  
dyskinesia. CRS – chronic rhinosinusitis composite exposure variable consisting of daily or often  

reported nasal symptoms and examination findings of nasal discharge (sero‐mucous,  
muco‐purulent, or mixed with blood) or nasal oedema.  

  



Figure legends 

Figure 1: Flowchart of people who participated in EPIC-PCD 
 
Figure 2: Association of patient-/parent-reported nasal symptoms or headache when bending down 
with shortness of breath and sputum production among EPIC-PCD participants (N=457). 
 
Figure 3: Association of patient-/parent-reported ear pain and hearing problems with shortness of 
breath and sputum production among EPIC-PCD participants (N=457). 
 
Figure 4: Association of chronic rhinosinusitis (CRS) with patient-/parent-reported shortness of 
breath and sputum production among EPIC-PCD participants (N=457). 
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Supplementary data “Association between upper and lower respiratory disease in primary ciliary dyskinesia”  
 

Table S1: Test results supporting PCD diagnosis among EPIC-PCD participants (N=457)  
Diagnostic tests indicative of PCD  N (%) 

PCD positive  

Bi-allelic pathogenic mutation or hallmark TEM defecta 307 

PCD highly likely  
Low nNOc and HSVA findings consistent with PCD  47 
Low nNOc, HSVA findings consistent with PCD and non-hallmark TEM defectb 6 
Low nNOc, HSVA findings consistent with PCD and single allele pathogenic mutation(s)  3 

Low nNOc, HSVA and IF findings consistent with PCD, and single allele pathogenic mutation(s)  2 
Low nNOc, HSVA and IF findings consistent with PCD 2 

 

PCD probable  
HSVA findings consistent with PCD and single allele pathogenic mutation(s)  7 

HSVA and IF findings consistent with PCD, and single allele pathogenic mutation(s)  1 
HSVA findings consistent with PCD and non-hallmark TEM defectb 2 
HSVA and IF findings consistent with PCD 1 

Low nNOc, single allele pathogenic mutation(s) and non-hallmark TEM defect 1 
Low nNOc and single allele pathogenic mutation(s) 6 
Low nNOc and non-hallmark TEM defectb 5 
Low nNOc and IF findings consistent with PCD 3 

Non-hallmark TEM defectb and single allele pathogenic mutation(s) 3 
HSVA findings consistent with PCD 25 
Low nNOc 8 
IF findings consistent with PCD 4 

Non-hallmark TEM defectb 1 
Single allele pathogenic mutation(s) 21 

 

Clinical diagnosis (results pending) 2 
EPIC-PCD: Ear-nose throat prospective international cohort of patients with primary ciliary dyskinesia,  

TEM: transmission electron microscopy. ODA: outer dynein arm. IDA: inner dynein arm. nNO: nasal nitric oxide.  
HSVA: high-speed video microscopy analysis. IF: immunofluorescence 
Results presented as N and column %. Diagnostic categories “PCD positive” and “PCD highly likely” according to  

ERS guidelines for diagnosis of PCD (Lucas et al) 
aHallmark TEM defects: ODA, ODA and IDA, microtubular disorganisation and IDA defects (based on BEAT-PCD  
TEM criteria by Shoemark et al). 
bNon-hallmark TEM defects included class 2 defects such as central complex defects 
cLow nNO according to accepted thresholds such as 77nL/min for tidal breathing  
 
 

 
 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 



Table S2: Genetic mutations reported in EPIC-PCD participants with biallelic pathogenic variants or 

compound heterozygosity (N=229) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

EPIC-PCD: Ear-nose throat prospective international cohort of patients with primary ciliary dyskinesia. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Genetic mutation N 

DNAH5 40 

DNAH11 27 
CCDC40 25 
HYDIN 14  
CCDC39 13 

DNAI1 11 
RSPH4A 9 
CCNO 8 

RSPH9 8 
DNAAF1 7 
CCDC114 6 
DNAH9 6 

RSPH3 5 
DNAI2 5 
DNAAF11 4 

CFAP300 5 
TTC25 3 
ZMYND10 3 
ARMC4 3 

DCR2 2 
DNAAF2 1 
CCDC103 1 
DRC1 1 

DNAH1 1 
DNAAF3 1 
DNAAF5 1 

CCDC151 (ODAD3) 1 
DCLRE1C 1 
SPEF2 1 
SPAG1 1 

FOXJ1 1 
Specific mutation not reported by centre 14 



Table S3: Respiratory symptoms of past 3 months reported by EPIC-PCD participants, overall and by age group (N=457) 
 

 Total  

N (%) 

Age 0–6 y 

 N (%) 

Age 7–14 y  

N (%) 

Age 15–30 y  

N (%) 

Age 31–50 y  

N (%) 

Age >50 y 

N (%) 

p-valuea 

Number of participants 457 (100) 47 (100) 149 (100) 173 (100) 54 (100) 34 (100)  
Nasal symptoms        0.103 
Daily/often 242 (53) 23 (49) 77 (52) 82 (47) 36 (67) 24 (71)  

Sometimes/rarely 165 (36) 16 (34) 55 (37) 70 (41) 15 (28) 9 (26)  
Never 50 (11) 8 (17) 17 (11) 21 (12) 3 (5) 1 (3)  
        
Headache while  

bending down 

50 (11) 1 (2) 8 (5) 29 (17) 7 (13) 5 (15) 0.014 

        
Ear pain       <0.001 
Daily/often 64 (14) 2 (4) 13 (9) 28 (16) 10 (19) 11 (32)  

Sometimes/rarely 180 (39) 15 (32) 57 (38) 63 (37) 31 (57) 14 (41)  
Never 213 (47) 30 (64) 79 (53) 82 (47) 13 (24) 9 (26)  
        

Hearing problems       <0.001 
Daily/often 98 (22) 7 (15) 25 (17) 25 (15) 19 (35) 22 (65)  
Sometimes/rarely 124 (27) 7 (15) 45 (30) 47 (27) 18 (33) 7 (20)  
Never 235 (51) 33 (70) 79 (53) 101 (58) 17 (32) 5 (15)  

        
Shortness of breath       <0.001 
Daily/often 73 (16) 1 (2) 7 (5) 21 (12) 27 (50) 17 (50)  
Sometimes/rarely 206 (45) 17 (36) 64 (43) 90 (52) 20 (37) 15 (44)  

Never/unknown 178 (39) 29 (62) 78 (52) 62 (36) 7 (13) 2 (6)  
        
Sputum production       0.043 

Daily/often 253 (55) 18 (38) 78 (53) 104 (60) 27 (50) 26 (76)  
Sometimes/rarely 137 (30) 16 (34) 51 (34) 46 (27) 18 (33) 6 (18)  
Only during 
physiotherapy 

28 (6) 5 (11) 11 (7) 10 (6) 2 (4) 0 (0)  

Never/unknown 39 (9) 8 (17) 9 (6) 13 (7) 7 (13) 2 (6)  

 
EPIC-PCD: Ear-nose throat prospective international cohort of patients with primary ciliary dyskinesia. y: years. Symptoms are 
presented as N and column. aChi-square test of independence. 
 

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S4: Sinonasal examination findings and prescribed treatments of EPIC-PCD participants, overall and by age 

group (N=457) 

 
EPIC-PCD: Ear-nose throat prospective international cohort of patients with primary ciliary dyskinesia. y: years. 

Characteristics are presented as N and column %, age as median and IQR: interquartile range. aChi-square test of 
independence. bOf 345 participants with nasal discharge found at examination. 
 

 
 
 
 
 
 
 

 Total  
N (%) 

Age 0–6 y 
 N (%) 

Age 7–14 y  
N (%) 

Age 15–30 y  
N (%) 

Age 31–50 y 
N (%) 

Age >50 y 
N (%) 

p-valuea 

Number of 
participants 

457 (100) 47 (100) 149 (100) 173 (100) 54 (100) 34 (100)  

Nasal oedema       0.025 
Yes 129 (28) 7 (15) 40 (27) 50 (29) 17 (32) 15 (44)  
No 226 (50) 22 (47) 76 (51) 93 (54) 25 (46) 10 (29)  

Not assessed 102 (22) 18 (38) 33 (22) 30 (17) 12 (22) 9 (27)  
        
Nasal polyps       <0.001 
Yes 66 (14) 2 (4) 12 (8) 26 (15) 17 (31) 9 (26)  

No 338 (74) 30 (64) 111 (75) 136 (79) 36 (67) 25 (74)  
Not assessed 53 (12) 15 (32) 26 (17) 11 (6) 1 (2) 0 (0)  
        

Nasal discharge      0.586 
Yes 345 (76) 32 (68) 113 (76) 127 (73) 44 (81) 29 (85)  
No 98 (21) 12 (26) 31 (21) 42 (24) 9 (17) 4 (12)  
Not assessed 14 (3) 3 (6) 5 (3) 4 (2) 1 (2) 1 (3)  

        
Type of nasal dischargeb      0.889 
Serous 111 (32) 13 (41) 40 (35) 37 (29) 11 (25) 10 (35)  
Sero-mucous 147 (43) 12 (38) 47 (42) 54 (43) 22 (50) 12 (41)  

Muco-purulent 73 (21) 6 (19) 21 (19) 31 (24) 9 (20) 6 (21)  
Mixed with 
blood 

4 (1) 1 (3) 1 (1) 1 (1) 0 (0) 1 (3)  

Not described 10 (3) 0 (0) 4 (3) 4 (3) 2 (5) 0 (0)  
        
Nasal corticosteroids      <0.001 
Yes 101 (22) 3 (6) 21 (14) 41 (24) 24 (44) 12 (35)  

No 286 (63) 34 (72) 110 (74) 112 (65) 20 (12) 10 (30)  
Not described 70 (15) 10 (21) 18 (12) 20 (12) 10 (19) 12 (35)  
        

Nasal rinsing       <0.001 
Yes 221 (48) 12 (25) 76 (51) 89 (51) 30 (56) 14 (41)  
No 134 (29) 21 (45) 52 (35) 48 (28) 7 (13) 6 (18)  
Not described 102 (22) 14 (30) 21 (14) 36 (21) 17 (31) 14 (41)  

        
Inhaled corticosteroids      <0.001 
Yes 153 (34) 8 (17) 50 (34) 66 (38) 19 (35) 10 (29)  
No 193 (42) 16 (34) 60 (40) 82 (47) 24 (44) 11 (32)  

Not described 111 (24) 23 (49) 39 (26) 25 (14) 11 (20) 13 (38)  
        
Prophylactic antibiotic      <0.001 

Yes 141 (31) 4 (9) 42 (28) 49 (28) 28 (52) 18 (53)  
No 214 (47) 24 (51) 67 (45) 100 (58) 14 (26) 9 (26)  
Not described 102 (22) 19 (40) 40 (27) 24 (14) 12 (22) 7 (21)  



Table S5: Results of transmission electron microscopy (TEM) of EPIC-PCD participants, overall and 
by age group (N=232)  
 

 Total N 
(%) 

Children <18 y N (%) Adults ≥18 y N (%) 

Number of participants    
Hallmark defectsa    

ODA and IDA-defect 70 (30) 50 (35) 20 (22) 
ODA-defect 38 (16) 21 (15) 17 (19) 
Microtubular disorganisation and IDA defect 35 (15) 21 (15) 14 (16) 
    

Non-hallmark defectsb    
Central complex defect 20 (9) 4 (3) 16 (18) 
Other 26 (11) 17 (12) 9 (10) 
    

Normal ultrastructure 43 (18) 29 (20) 14 (16) 

 
EPIC-PCD: Ear-nose throat prospective international cohort of patients with primary ciliary dyskinesia. y: 
years. Results presented as N and column %. ODA: outer dynein arm. IDA: inner dynein arm defect. aHallmark 

TEM defects: ODA, ODA and IDA, microtubular disorganisation and IDA defects (based on BEAT-PCD TEM 
criteria by Shoemark et al). bNon-hallmark TEM defects included class 2 defects such as central complex  
defects. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S6: Association of shortness of breath and sputum production with chronic rhinosinusitis (CRS) 
in EPIC-PCD participants with available transmission electron microscopy (TEM) results (N=232) 
 

 Odds ratio 95% confidence interval p-value 

Shortness of breath 

CRS 2.49 1.46 – 4.24 0.001 
    
TEM    
ODA & IDA defect Reference  

ODA defect 1.76 0.82–3.67 0.133 
Microtubular disorganisation and IDA defect 1.15 0.56–2.37 0.696 
Non-hallmark defects 1.31 0.67–2.57 0.424 

Normal ultrastructure 0.81 0.41–1.61 0.553 
    

Sputum production 
CRS 1.75 1.05–2.92 0.033 
    

TEM    
ODA & IDA defect Reference  
ODA defect 1.62 0.78–3.37 0.198 
Microtubular disorganisation and IDA defect 0.90 0.44–1.84 0.765 

Normal ultrastructure 1.50 0.75–2.98 0.250 
Non-hallmark defects 1.08 0.56–2.09 0.815 

 
EPIC-PCD: Ear-nose throat prospective international cohort of patients with primary ciliary dyskinesia. CRS – 
chronic rhinosinusitis composite exposure variable consisting of 1) daily or often reported nasal symptoms and 

2) examination findings of nasal discharge (sero-mucous, muco-purulent, or mixed with blood) or nasal 
oedema. ODA: outer dynein arm. IDA: inner dynein arm defect. Hallmark TEM defects: ODA, ODA and IDA, 
microtubular disorganization and IDA defects (based on BEAT-PCD TEM criteria by Shoemark et al). Normal 

ultrastructure referred to any non-pathologic TEM result. Non-hallmark TEM defects included class 2 defects 
such as central complex defects.  



Table S7: Association of chronic rhinosinusitis with FEV1  z-score among EPIC-PCD with available lung 
function and transmission electron microscopy (TEM) results (N=152) 
 

 Coefficient 95% confidence interval p-value 

CRS 0.18 -1.36–1.71 0.820 

Age 0.04 -0.01–0.10 0.102 
    
TEM    
ODA & IDA defect Reference  

ODA defect 1.38 -0.73–3.48 0.198 
Microtubular disorganisation & IDA defect -1.10 -3.21–1.01 0.304 
Normal ultrastructure 1.07 -0.97–0.44 0.301 

Non-hallmark defects -1.30 -3.24–0.63 0.185 
 

EPIC-PCD: Ear-nose throat prospective international cohort of patients with primary ciliary dyskinesia. CRS – 
chronic rhinosinusitis composite exposure variable consisting of daily or often reported nasal symptoms and 
examination findings of nasal discharge (sero-mucous, muco-purulent, or mixed with blood) or nasal oedema. 

ODA: outer dynein arm. IDA: inner dynein arm defect. Hallmark TEM defects: ODA, ODA and IDA, microtubular  
disorganisation and IDA defects (based on BEAT-PCD TEM criteria by Shoemark et al). Non-hallmark TEM 
defects included class 2 defects, such as central complex defects. 


