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ABSTRACT  Primary ciliary dyskinesia (PCD) in adults has not been well described. In this retrospective
observational study we aimed to characterise a large adult population and identify features associated with
disease progression.

We retrospectively analysed 151 adult patients at a single tertiary centre at baseline and longitudinally
for a median of 7 years.

We found significant variation in age at diagnosis (median 23.5 years; range <1-72 years). Older age at
diagnosis was associated with impaired baseline forced expiratory volume in 1 s (FEV1) (r=-0.30, p=0.01)
and increased Pseudomonas aeruginosa colonisation (difference in medians 17 years (95% CI 4.5-20 years);
p=0.002). Lung function decline was estimated at FEV1 decline of 0.49% predicted per year. Lung function
decline was associated with ciliary ultrastructure, with microtubular defect patients having the greatest
decline (p=0.04). High-resolution computed tomography (HRCT) scores of severity of bronchial wall
dilatation (p<0.001) and extent of bronchiectasis (p=0.03) additionally showed evidence of modifying FEV1
decline with age.

Our study reveals that a large proportion of adult PCD patients are diagnosed late, with impaired FEV1
and increased P. aeruginosa colonisation. Increased disease burden on HRCT and ciliary ultrastructure
may predict progressive lung function decline. This study characterises a large adult PCD population,
identifies features associated with disease progression and highlights the need for prospective trials to
determine whether early diagnosis of high-risk subgroups alongside optimal management can modify
disease progression.
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Introduction

Primary ciliary dyskinesia (PCD) is a genetically heterogeneous disorder resulting in dysfunctional ciliary
motility and structure. Clinical presentation is varied but characterised by neonatal respiratory distress and
chronic oto-sino-pulmonary disease due to impaired mucociliary transport. Male infertility due to sperm
flagella dysmotility is common and organ laterality occurs in ~50% patients [1]. Adults with PCD have
varied radiological severity of disease and lung function impairment [2, 3].

The progression of PCD in adults has not been well described. Previous studies have primarily focused on
paediatric populations, which may not reflect progression in adult life and, importantly, do not include the
significant proportion of patients with PCD that remain undiagnosed until adulthood [2, 4, 5].

In a cross-sectional analysis of a paediatric population it was recently suggested that ciliary ultrastructure
related to severity of disease, contradicting previous studies [4-6]. There are also conflicting data regarding
the utility and transverse correlation of lung function and high-resolution computed tomography (HRCT)
as measures of disease severity [2, 7, 8]. The data regarding longitudinal prognosis of PCD are limited,
with small studies demonstrating correlation between HRCT structural lung disease and subsequent
longitudinal lung function [2, 3].

In this retrospective observational study we aimed to describe and characterise a large adult PCD
population, and explore features associated with disease progression and poor prognosis using longitudinal
lung function. A better understanding of the pattern of disease progression and predictors of prognosis
within this patient population may facilitate future focused research and identify patient subgroups that
may benefit from intensive management to prevent lung function decline.

Materials and methods

All adult patients at a tertiary respiratory referral centre (Royal Brompton and Harefield NHS Foundation
Trust, London, UK) with a multidisciplinary consensus diagnosis of PCD, including historical patients,
were included in the study. Clinical history and nasal nitric oxide results were considered in conjunction
with light microscopy and transmission electron microscopy (TEM) findings. A diagnosis of PCD was
made when a compatible clinical history was accompanied by a recognised defect of ciliary beat and/or
ultrastructure as previously described [9]. A breakdown of the diagnostic criteria is available in the
supplementary material.

Clinical data were retrieved from medical records regarding age at diagnosis, sputum microbiology and
longitudinal lung function. Lung function at time of diagnosis or transition to adult care was used to
determine baseline. Smokers were those with >5-pack-year history. Chronic colonisation was defined as the
isolation of potentially pathogenic bacteria or fungi in the sputum on two or more occasions at least 3 months
apart in a 1-year period with >50% positive cultures during the year [10]. All patients had three or more
sputum cultures over the duration of follow-up. Nontuberculous mycobacteria (NTM) infection was defined
according to the American Thoracic Society guidelines and allergic bronchopulmonary aspergillosis (ABPA)
according to the British Thoracic Society guidelines [11, 12]. Sputum microbiology for patients is presented as
cumulative colonisation over the duration of the follow-up period. Longitudinal lung function data were
obtained from patients with at least two lung function records when clinically stable with a minimum of three
forced expiratory manoeuvres within the same lung function laboratory in the absence of bronchodilator.
Lung function decline was expressed as forced expiratory volume in 1s (FEV1) % predicted and mL-year™"
and estimated using Global Lung Function Initiative reference equations [13]. European Community for Steel
and Coal reference equations were used for measurement of transfer factor of the lung for carbon monoxide
(TLco) [14]. Follow-up ranged from 1 to 34 years (median 7 years), during the period 1980-2014.

HRCT chest imaging suitable for scoring was assessed and scored by an independent chest radiologist
using a method previously described [15, 16]. Further details are provided in the supplementary material.

This study has been reviewed by the Royal Brompton Research Office and deemed not requiring of formal
ethics approval under the Governance Arrangements for Research Ethics Committees.

Statistical analysis

Clinical and demographic data were expressed as frequencies, proportions, mean+sp or median with range,
depending on the distribution. Continuous variables were compared between independent groups using
the Mann-Whitney and Kruskal-Wallis tests. Spearman’s rank correlation was used to assess for
correlation between continuous measures. p-values of <0.05 were considered statistically significant.

To model the effects of HRCT score, ciliary ultrastructure and ciliary beat frequency on lung function
decline, HRCT scores and ciliary ultrastructural defects were grouped into categories as described in the
supplementary material.
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Apart from an assessment of baseline lung function, all analyses of FEV1 were performed using
longitudinal measures. These were analysed using linear mixed models with random intercept allowing for
repeated observations within patients. Age at the time of the FEV1 measure was included as a linear term
and we fitted a random slope for this and used an unstructured covariance matrix. The other covariates
considered for inclusion in the model were time-independent variables with the exception of body mass
index (BMI) and Pseudomonas aeruginosa colonisation. We fitted separate models for each of the
following covariates to see if they were associated with FEV1 independently of age using the likelihood
ratio test: age at diagnosis, sex, P. aeruginosa colonisation, BMI, mean nitric oxide, ciliary beat frequency
and TEM subtypes. Factors significantly associated with FEV1 (p<0.05) were retained in a core model. We
then fitted models of FEV1 with each of the HRCT variables (in continuous form) as covariates
(separately) adjusting for age and any factors identified above. We separately tested for interaction between
HRCT factors and age, to assess whether the mean change in FEV1 with age was modified by HRCT
score. To facilitate the description of any effect modification, where there was evidence of interaction
(p<0.05 by likelihood ratio test comparing a model with and without the interaction term), models were
stratified on a categorised version of the HRCT variable (see supplementary table S1 for details).

Results from our models are presented as regression coefficients (with 95% CI), except for age, where we
presented the regression coefficient and used the between-individual slope variance to estimate the range
between which 95% of values would lie. Data were analysed using Graphpad (version 5.0; Graphpad
Software Inc., La Jolla, CA, USA) and Stata (version 13; StataCorp LP, College Station, TX, USA).

Results

Description of adult PCD population

There were 151 adults with a multidisciplinary diagnosis of PCD. A full diagnostic breakdown of the
patient population is presented in figure la. Patient demographics are shown in table 1.

The median age in the population was 35 years. Seven sibling pairs and one family with three siblings were
included in the population. During the follow-up period, the incidence of all-cause mortality was 4.6% (n=7)
with respiratory mortality of 3.3% (n=5). Non-respiratory death was due to metastatic carcinoma (n=2). The
median age of death was 65 years (range 31-75 years). No patients underwent lung transplantation.

HRCT was able to be scored in 93 patients, with some historic imaging unavailable. The timing of HRCT
was at diagnosis in 40% (n=37), at transition to adult care in 15% (n=14) and during the follow-up period
in 45% (n=42). The median age at HRCT was 33 years. Scoring revealed a wide range of extent of
bronchiectasis, bronchial wall dilatation and thickness (table 1). Four (4.3%) patients within the population
had no evidence of bronchiectasis on HRCT imaging. One patient had a pneumonectomy and three had
lobectomies. Figure 1b shows the lobar distribution of bronchiectasis within the population, with a high
prevalence of right middle lobe, lingular and basal bronchiectasis. There was no difference in lobar
distribution of bronchiectasis according to PCD TEM ciliary ultrastructure (data not shown).

FIGURE 1 a) Diagnostic breakdown of our cohort. b) Lobar distribution of bronchiectasis seen in adult primary ciliary dyskinesia. c] Cumulative
respiratory microbial colonisation in our cohort. H. influenzae: Haemophilus influenzae; S. pneumoniae: Streptococcus pneumoniae; S. aureus:
Staphylococcus aureus; MRSA: methicillin-resistant S. aureus; P. aeruginosa: Pseudomonas aeruginosa; M. catarrhalis: Moraxella catarrhalis;
A. fumigatus: Aspergillus fumigatus; NTM: nontuberculous mycobacteria.
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TABLE 1 General characteristics of adult primary ciliary dyskinesia patients

Total patients
Age in 2014 years
Male n (%)
Age at diagnosis years
Smokers n (%)
Length of follow-up years
All-cause mortality n (%)
Respiratory cause mortality n (%)
Nasal nitric oxide
Patients analysed
ppb
nL-min~
Ciliary beat frequency
Patients analysed
Hz
<8Hz %
>8 Hz %
Ciliary TEM ultrastructure n (%)
Patients analysed
Inner and outer dynein arm defect
Outer dynein arm defect
Inner dynein arm defect
Inner dynein arm defect with microtubular disorganisation
Central pair and transposition defect
Normal ciliary ultrastructure
Inconclusive
Ciliary TEM ultrastructure groups n (%)
Patients analysed
Outer arm+inner arm defect
Microtubular defects
Normal/inconclusive
Situs inversus n (%)
Patients analysed
With situs inversus
Inner and outer dynein arm defect
Outer dynein arm defect
Inner dynein arm defect
Inner dynein arm defect with microtubular disorganisation
Central pair and transposition defect
Normal ciliary ultrastructure
Unavailable
HRCT scoring
Patients analysed
Extent of bronchiectasis %
Severity of bronchial wall dilatation %
Bronchial wall thickness %
Small airway mucus plugging %
Large airway mucus plugging %
Mosaicism %

1

151
35 (19-75; 26-47)
58 (38.4)
23.5 (<1-72; 10-36)
12 (8.0)
7 (1-34; 3-13)
7 (4.6)
5(3.3)

97
42.0 (5.0-229.0; 23.0-70.0)
10.5 (1.3-57.3; 5.8-17.5)

144
0 (0-16.85)"
80.7
19.3

141
36 (25.5)
56 (39.7)
3(2.1)
14 (9.9)
13 (9.2)
16 (11.3)
3(2.1)

138
92 (66.7)
27 (19.6)
19 (13.8)

144
55 (38.2)
16 (29.1)
27 (49.1)
1(1.8)
4(7.3)
0 (0)
3 (5.5)
4(7.3)

93
44.4 (0-100.0; 33.3-63.9)
50.0 (0.0-83.3; 33.3-66.7)
33.3 (5.6-83.3; 22.2-44.4)
58.3 (0.0-100.0; 41.7-75.0)
0.0 (0.0-58.3; 0.0-0.0)
61.2 (0.0-85.0; 47.5-71.7)

Emphysema % 0.0 (0.0-0.0)*
Pulmonary function at baseline
Patients analysed 118
FEV1 % pred 71.5+21.5
FEV1/FVC % 69.7+14.7
TLC % pred 104.6£16.8
RV/TLC % 140.1£33.2
Tico % pred 82.7£18.6
Kco % pred 96.8+14.1
Cumulative sputum microbiology during follow-up period n (%)
Pseudomonas aeruginosa colonisation 68 (44.4)
NTM infection 5(3.3)
Allergic bronchopulmonary aspergillosis 4 (2.6)
Continued

4b4
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Lung function change with age

Patients analysed

Estimated change in FEV1 % pred per year

Estimated change after adjusting for age and sex mL-year™

82
—0.49 (=1.68-0.70)"
—27.34 (—65.13-10.44)1

Data are presented as median (range; interquartile range) or meantsp, unless otherwise stated. TEM:
transmission electron microscopy; HRCT: high-resolution computed tomography; FEV1: forced expiratory
volume in 1's; FVC: forced vital capacity; TLC: total lung capacity; RV: residual volume; TLco: transfer factor
of the lung for carbon monoxide; Kco: transfer coefficient of the lung for carbon monoxide, i.e. gas transfer

ability per unit volume of lung; NTM: nontuberculous mycobacteria.

#. median (range);

1. based on

regression coefficient (estimated range where 95% of values would lie); see main text for details.

Cumulative sputum microbiological analysis revealed that 87% of patients were colonised at any point over the
follow-up period. A median (interquartile range) of 12 (6-22) cultures per patient, or 2.2 (1.1-3.0) cultures per
year, were collected over the follow-up period. Haemophilus influenzae (42%) and P. aeruginosa (44%) were
the most commonly isolated organisms (figure 1c). Five (3.3%) patients were colonised with NTM and only
four (2.6%) patients had ABPA.

There was variation in the age at diagnosis, with a median of 23.5 years (range <1-72 years). Baseline FEV1
% pred correlated with age at diagnosis, with a lower FEV1 % pred the older the patients were diagnosed
(r=-0.30, p=0.01) (figure 2a). Median age at diagnosis for patients colonised with P. aeruginosa was
significantly higher than for those not colonised with P. aeruginosa (difference in medians 17 years (95%
CI 4.5-20 years); p=0.002) (figure 2b). In addition, colonisation with P. aeruginosa was significantly
associated with decreased baseline FEV1 % pred (difference in medians —8.5% pred (95% CI —17-—1%
pred); p=0.02) (figure 2c) and increased HRCT extent of bronchiectasis (difference in medians —5.56%
(95% CI —16.7-0.0%); p=0.04). There was no significant difference in age of diagnosis in patients with situs
inversus compared with normal situs (difference in medians —11.0 years (95% CI —21.39-—0.61 years);
p=0.27) and no significant association between categories of ciliary ultrastructure and age at diagnosis,
baseline FEV1 % pred, FEV1/forced vital capacity (FVC) ratio or HRCT scoring (supplementary table S2).

Progression
Longitudinal, formal laboratory FEV1 measures (excluding clinical spirometry for consistency) were
analysed to determine disease progression. There were 603 FEV1 measures on 118 patients. Of these 118
patients, 82 patients had at least two (median 5 (interquartile range 3.0-10.25)) available FEV1 measures

1

year apart.

Lung function decline (FEV1 decline per year) in the population over the follow-up period was —0.49%
pred (95% of patients’ changes in FEV1 ranged between —1.68% and 0.70% pred) (table 1 and figure 3a).
Mixed model regression analysis revealed no significant association between longitudinal FEV1 measures
and sex, BMI, ciliary beat frequency, age at diagnosis or P. aeruginosa colonisation (table 2). However, the
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FIGURE 2 a) Correlation between age at diagnosis and baseline forced expiratory volume in 1s (FEV1) (r=—0.30, p=0.01) in our adult primary
ciliary dyskinesia cohort. b) Increased age at diagnosis was seen for those with Pseudomonas aeruginosa colonisation compared with those
without (difference in medians 17 years (95% Cl 4.5-20 years); p=0.002). c] Significantly impaired FEV1 at baseline was also seen in those with
P. aeruginosa colonisation (difference in medians —8.5% pred (95% Cl —17--1.0% pred); p=0.02). Horizontal lines and whiskers represent the

mean and sem, respectively.
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FIGURE 3 Predicted longitudinal forced expiratory volume in 1's (FEV1) for individual patients estimated from mixed models. Models allowed for a
random effect on age. a) Mixed model of the cohort adjusted for ciliary ultrastructure and age. b] Mixed model adjusting for ciliary ultrastructure
and stratified by high-resolution computed tomography (HRCT) score of severity of bronchial wall dilatation. c) Mixed model adjusting for ciliary
ultrastructure and stratified by HRCT score of extent of bronchiectasis. d] Mixed model stratified by ciliary ultrastructure. a-d) Predicted
longitudinal FEV1 values are shown, rather than observed FEV1 values; therefore, the points follow a strict linear trend. e Estimated projected
decline calculated from mixed models within the three categories of HRCT severity of bronchial wall dilatation (using an 18-year-old with 100%
predicted FEV1 as a starting point).
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TABLE 2 Analysis of association between covariates and repeated measurements of forced expiratory volume in 1s

% predicted, from multilevel models

Covariate B coefficient p-value p-value from likelihood ratio Patients included in analysis*
(95% c1)# test for interaction with age”

Sex 4.02 (-4.02-12.05) 0.33 108
BMI 0.31 (-0.17-0.79) 0.21 108
Age at diagnosis 0.001 (-0.35-0.35) 1.00 59
Nasal nitric oxide 0.10 (-0.01-0.22) 0.09 68
Ciliary beat frequency 6.47 (-15.76-2.82) 0.17 101
Pseudomonas aeruginosa —0.37 (-2.37-1.63) 0.72 107
Ciliary ultrastructure by TEM 0.038 0.04 97

Normal or inconclusive 0.00

Outerzinner arm defect 3.90 (-7.01-14.80)

Microtubular defects 10.29 (-23.59-3.01)
Extent of bronchiectasis —0.18 (=0.41-0.05)f 0.122 0.03 68
Severity of bronchial wall dilatation —0.17 (-0.36-0.02)f 0.08 0.01" 68
Bronchial wall thickness —0.29 (-0.56--0.01) 0.045 0.06" 68
Small airway plugging (continuous) —0.29 (—0.46-—-0.13)f <0.001 0.196* 68
Large airway plugging -0.63 (-1.08--0.17)f 0.007 0.19* 68
Mosaicism —0.26 (=0.46-—-0.07) 0.008 0.16" 68

BMI: body mass index; TEM: transmission electron microscopy. #: B coefficients are to be interpreted as the change in forced expiratory
volume in 1s (FEV1) for each unit change of the covariate after adjusting for age at which the measurement was made; T: tests for interaction

with age assess whether these covariates affect how FEV1 changes as patients get older;

+

: patients included in each of these regression

analyses had non-missing data for FEV1, age at the time the FEV1 measure was taken, the covariate under study, and ciliary ultrastructure
where this was adjusted for; 8. the p-value for this covariate relates to the covariate as a whole rather than one level or another; f. after
additionally adjusting for ciliary ultrastructure.

association was significant for ciliary ultrastructure (p=0.03), including when adjusted for age (p=0.04)
(table 2). Our models were therefore stratified by categories of ciliary ultrastructure to present the
estimated mean effect of age on FEV1 (table 3). We observed that patients with microtubular defects had
the greatest annual FEV1 decline (—0.75% pred (95% of changes ranged between —2.08% and 0.58% pred))
compared with patients with outer or combined outer and inner arm defects (—0.51% pred (95%
range —1.41-0.39% pred)) and patients with normal or inconclusive TEM (—0.13% pred (95% range

—1.53-1.28% pred)) (figure 3d and table 3).

TABLE 3 Mean change in forced expiratory volume in 1 s (FEV1) % predicted per year in different patient subgroups, estimated

from multilevel models

Patient subgroups

Mean change in
FEV1 % pred per year

Range for 95% of patients’
changes in FEV1 % pred

Patients in model*

Ciliary ultrastructure by TEMT

Microtubular defects -0.75

Outerzinner arm defect —0.51

Normal or inconclusive -0.13
Extent of bronchiectasis®

<Lb% —-0.08

>44% and <55% —0.65

>55% -0.59
Severity of bronchial wall dilatation®

<33% 0.16

>33% and <67% -0.57

>67% -0.89

—2.08-0.58
-1.41-0.39
—1.53-1.28

—-0.92-0.75
—-1.52-0.22
—2.13-0.95

—0.20-0.53
-1.31-0.17
—2.74-0.95

18
b4
15

20
25
23

12
42
14

TEM: transmission electron microscopy. #: models were run for different patient subgroups depending on their ciliary ultrastructure, extent of
bronchiectasis and severity of bronchial wall dilatation; as well as this, patients were required to have non-missing data for FEV1, age at the
time the FEV1 measure was taken and any other variables in the model. T: model stratified by ciliary ultrastructure by TEM categories.
*: models stratified by high-resolution computed tomography categories where there was evidence of interaction with age (p<0.05); all adjusted

for ciliary ultrastructure by TEM.
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The association of HRCT characteristics with longitudinal lung function (in a model adjusting for age and
ciliary ultrastructure) was analysed in 68 patients. Although severity of bronchial wall dilatation and extent
of bronchiectasis were not initially associated with FEV1, they were significant when tested for interaction
with age (p<0.01 and p=0.03, respectively) (table 2). Our models were therefore stratified by categories of
HRCT features to present the estimated mean effect of age on FEV1. Annual change in FEV1 was 0.16%
pred (95% of changes ranged —0.20-0.53% pred) for <33% bronchial wall dilatation severity, —0.57% pred
(—1.31-0.17% pred) for >33% and <67%, and —0.89% pred (—2.74-0.95% pred) for >67% dilatation
severity. Annual change in FEV1 was —0.08% pred (—0.92-0.75% pred) for <44% extent of bronchiectasis,
—0.65% pred (—1.52-0.22% pred) for >44% and <55%, and —0.59% pred (—2.13-0.95% pred) for >55%
extent of bronchiectasis (figure 3b, c and e, and table 3). However, the sample size was not sufficiently
large to model HRCT severity score and ciliary ultrastructure subgroups independently, hence the lack of
statistical significance in the slopes presented in figure 3 and table 3.

To ensure associations seen were not related to time bias, we performed a sensitivity analysis to assess the
interaction between age and HRCT severity criteria only using FEV1 measures taken at or following the date
of HRCT. Similar interaction with age was seen for severity of bronchial wall dilatation (p=0.04) within a
multivariate model also adjusting for ciliary ultrastructure. We additionally explored whether HRCT scores of
extent of bronchiectasis and severity of bronchial wall dilatation (both as categorical variables) modified the
effect of age on other lung function parameters (see supplementary material). We observed evidence of
interaction between age and severity of bronchial wall dilatation on FVC (p=0.049) and on Trco (p=0.001)
and interaction between extent of bronchiectasis and age on total lung capacity (p=0.01) and TLco (p=0.002).

Discussion

In this retrospective observational study we have comprehensively characterised a large adult PCD
population, associated late diagnosis with decreased FEV1 and increased P. aeruginosa colonisation, and
identified ciliary ultrastructure and HRCT severity scores as features associated with disease progression.
These findings require confirmation in prospective, systematic epidemiological studies.

In our population, we have highlighted the significant proportion of PCD patients remaining undiagnosed
until adulthood despite a condition where symptoms are invariably present since early childhood [17].
There was a moderate negative correlation between age at diagnosis and FEV1 at baseline, alongside
increased P. aeruginosa colonisation. This correlation has additionally recently been shown in preliminary
data from an international multicentre PCD registry [18]. Age at diagnosis did not, however, correlate with
longitudinal FEV1 measurements. This is in marked contrast to cystic fibrosis (CF), where late diagnosis is
usually associated with a milder phenotype and different genetic aetiology [19]. Given the retrospective
nature of this study, however, the overall impact of delayed PCD diagnosis is at present unclear and
further prospective studies are required to investigate whether “optimal” management at an early stage
could have an impact on subsequent disease progression.

To date, the published literature regarding outcome and longitudinal lung function in adult and paediatric
PCD is conflicting, with studies showing stability in lung function over time, wide variability or steady
deterioration [2, 3, 20]. In our population, overall mortality was 4.6%, which reduced to 3.3% when
considering respiratory-only causes of death. Prospective studies in CF with a similarly aged population have
demonstrated a death or lung transplant percentage of 11% [21, 22]. Larger age-matched multicentre studies
are, however, required to effectively compare cohorts. Lung function decline within our population was
variable but overall relatively favourable at —0.49% pred FEV1 per year, compared with CF and non-CF
bronchiectasis where decline has been shown to be —5.60% and —2.35% pred per year, respectively [23, 24].

During this observational study we were able to analyse a number of variables to identify features
associated with disease progression in adult PCD. The respiratory microbiota has long been thought to
affect disease progression in a number of conditions, and isolation of P. aeruginosa has been associated
with increased severity of disease and mortality in non-CF bronchiectasis and CF [22, 24-26]. Within
PCD, as confirmed in our population, P. aeruginosa colonisation has been shown to be associated with
impaired, obstructive lung function [5, 27]. The prevalence of P. aeruginosa colonisation was high (44%)
compared with an older adult non-CF bronchiectasis cohort (22%) at the Royal Brompton and Harefield
NHS Foundation Trust, despite standardised disease management [25]. However, although P. aeruginosa
colonisation significantly correlated with age and impaired FEV1 at diagnosis, along with radiological
extent of bronchiectasis, there was no evidence of an association with longitudinal FEV1. This suggests
that P. aeruginosa colonisation may be more a marker of disease severity in adult PCD rather than of
progression; however, randomised controlled eradication trials are required for substantiation [28].

The role of ciliary ultrastructure in PCD disease progression is controversial [5]. In our population, ciliary
ultrastructure profiling revealed a predominance of outer dynein arm defects, as has previously been
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shown [4, 5]. When comparing normal ciliary ultrastructure and dynein arm defects to patients with
microtubular defects, we saw that ciliary ultrastructure modified the change in FEV1 with age, with
patients with microtubular defects having a greater decline (figure 3). This is in keeping with a recent
multicentre paediatric cohort where patients in this group had a more severe phenotype [6]. Given the
small numbers of patients within our population, however, the result should be interpreted with caution
and further large multicentre cohort studies are required for confirmation. Nevertheless, the replication of
findings is intriguing and further genotyping alongside ciliary and molecular phenotyping of these patients
may hopefully provide further insight into the pathogenesis of different PCD subgroups.

HRCT extent of disease has been shown to be useful for predicting prognosis in a range of respiratory
conditions, including non-CF bronchiectasis [29]. We explored whether HRCT severity scores would be
associated with disease progression in adult PCD. Within mixed models adjusting for ciliary ultrastructure
and age, examining the association between HRCT severity criteria and FEV1 and TLCO, statistically
significant interaction with age was seen with extent of bronchiectasis and severity of bronchial wall
dilatation in our PCD population. This is similar to a recent small paediatric cohort study where HRCT
score was found to correlate with FEV1 decline [2]. Mucus plugging, bronchial wall thickening and
mosaicism were all associated with FEV1 measures but did not modify the effect of age. This is
understandable with deterioration only appearing to occur once irreversible lung parenchymal changes are
present on HRCT imaging. This suggests that HRCT could be used in adult PCD to identify patients at risk
of disease progression for intensive management. Consequently, it is then intriguing to speculate whether
aggressive management of early HRCT changes could modify subsequent disease progression.

Given the retrospective nature of this study, there are unsurprisingly significant limitations, with
incomplete data, unavailable data on patient compliance and inconsistent follow-up, which could lead to
risk of bias. As these data are from a tertiary referral centre, some patients may have had tests performed
locally for which the results were unavailable. A further variable limitation is the use of lung function
parameters alone as a marker of disease progression, as it has been suggested that HRCT imaging may be
more sensitive at detecting early disease progression in CF [8, 30, 31]. Further data on quality of life and
respiratory failure would provide a practical indication of the disease impact and burden in adult PCD.
Due to the lack of a diagnostic gold standard in PCD, genotyping of our cohort, although not clinically
available in the UK, would additionally strengthen the study. We also note that, while we did observe
interaction between measures of HRCT and ciliary ultrastructure with age in the main model, the sample
size was not sufficiently large to model these independently. This work was hypothesis generating and
associations should be confirmed in prospective studies designed for this purpose.

Nevertheless, this population represents the largest adult PCD population characterised to date and highlights
important associations and correlations requiring confirmation in larger multicentre prospective cohort
studies. At present, management of adult PCD is inferred from studies in CF and non-CF bronchiectasis and,
importantly, this study characterises adult PCD as a distinct disease process that requires further research and
prospective therapeutic trials to identify disease-modifying treatments. We show in adult PCD that late
diagnosis is associated with impairment of FEV1 at the time of diagnosis and with P. aeruginosa colonisation
but not with longitudinal decline in lung function. We further identify ciliary ultrastructure and HRCT
severity scores of extent of bronchiectasis and severity of bronchial wall dilatation as potential determinates of
disease progression. This study raises further questions of the role of microtubular defects in the pathogenesis
of PCD and whether identification of high-risk subgroups alongside optimal management within adult PCD
following early diagnosis can achieve subsequent lung function stability.
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