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Abstract

Rationale: Primary ciliary dyskinesia (PCD) is characterized by
impaired mucociliary clearance, recurrent respiratory infections,
progressive airway damage, and obstructive lung disease.
Although the association of ciliary ultrastructure defect/genotype
with the severity of airflow obstruction has been well
characterized, their association with airway abnormalities

on chest computed tomography (CT) has been minimally
evaluated.

Objectives: We sought to delineate the association of
ciliary defect class/genotype with chest CT scores in children
with PCD.

Methods: Cross-sectional analysis of children with PCD (N =146)
enrolled in a prospective multicenter observational study, stratified
by defect type: outer dynein arm (ODA), ODA/inner dynein arm
(IDA), IDA/microtubular disorganization (MTD), and normal/near
normal ultrastructure with associated genotypes. CT's were scored
using the MERAGMA-PCD (Melbourne-Rotterdam Annotated Grid
Morphometric Analysis for PCD), evaluating airway abnormalities
in a hierarchical order: atelectasis, bronchiectasis, bronchial wall
thickening, and mucus plugging/tree-in-bud opacities. The volume

fraction of each component was expressed as the percentage of total
lung volume. The percentage of disease was computed as the sum of
all components. Regression analyses were used to describe the
association between clinical predictors and CT scores.

Results: Acceptable chest CTs were obtained in 141 children
(71 male): 57 ODA, 20 ODA/IDA, 40 IDA/MTD, and 24
normal/near normal. The mean (standard deviation) age was
8.5 (4.6) years, forced expiratory volume in 1 second (FEV;)
percent predicted was 82.4 (19.5), and %Disease was 4.6 (3.5).
Children with IDA/MTD defects had a higher %Disease
compared with children with ODA defects (2.71% higher

[95% confidence interval (CI), 1.37-4.06; P < 0.001]), driven by
higher %Mucus plugging (2.35% higher [1.43-3.26; P < 0.001]).
Increasing age, lower body mass index, and lower FEV; were
associated with a higher %Disease (0.23%; 95% CI, 0.11-0.35;

P <0.001 and 0.03%; 95% CI, 0.01-0.04; P=0.008 and 0.05%;
95% CI, 0.01-0.08; P=0.011, respectively).

Conclusions: Children with IDA/MTD defects had significantly
greater airway disease on CT, primarily mucus plugging,
compared with children with ODA defects.
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Primary ciliary dyskinesia (PCD) is a
heterogeneous rare genetic disorder
characterized by abnormal ciliary
ultrastructure and/or function, leading to
impaired mucociliary clearance, recurrent
oto-sinopulmonary infections, progressive
obstructive airflow limitation, and airway
damage (1). The spectrum of airway disease
seen on chest computed tomography (CT)
among patients with PCD includes
atelectasis, bronchiectasis, bronchial wall
thickening, and mucus plugging (2).

Pathogenic variants in PCD-related
genes cause specific ciliary ultrastructure
defects, and genotype-phenotype
associations are emerging. In cross-sectional
(3, 4) and longitudinal (5) studies, children
and young adults with ciliary defects
characterized by absent inner dynein
arms/microtubular disorganization (IDA/
MTD) (75% with biallelic pathogenic variants
in CCDC39/CCDC40) have consistently
demonstrated lower growth parameters and
spirometric indices than those with other
ultrastructural defects. However, the
association of ciliary ultrastructure
defect/genotype and airway disease on chest
CT has been minimally evaluated. Although
several groups have assessed the association
of lung function parameters (spirometry and
lung clearance index) with airway disease
identified on chest CT in children with PCD
(6-9), these analyses did not stratify by ciliary
ultrastructure defect or genotype.
Furthermore, these studies were
retrospective, and chest CTs were obtained
for clinical indications without a standardized
procedure.

Our group investigated the association of
ciliary ultrastructure defect/genotype and
airway disease in children with PCD in a
multicenter, prospective observational study
including standardized research CTs. Our
first report was before the development of

an appropriate PCD-specific CT scoring
system (3). We described the number of lobes
of bronchiectasis and found that in children
with PCD between the ages of 5 and 11 years,
those with IDA/MTD defects had more lobes
with bronchiectasis and alveolar
consolidation than those in the combined
outer dynein arm (ODA) and ODA/IDA
defect groups (3). The primary objective

of this current study was to evaluate the
association of baseline airway abnormalities
on CT with ciliary defect and other clinical
characteristics in the same pediatric PCD
cohort (3), using the MERAGMA-PCD
(Melbourne-Rotterdam Annotated Grid
Morphometric Analysis for PCD) hierarchical
CT scoring system (10, 11). We hypothesized
that the severity of airway abnormalities
would be greatest in those individuals with
IDA/MTD ciliary ultrastructure defects and
corresponding genotypes.

Methods

Study Design and Study Participants
As previously reported, the GDMCC
(Genetic Disorders of Mucociliary Clearance
Consortium) multicenter, prospective,
observational study enrolled participants
under 19 years of age with confirmed,
probable, or possible PCD at seven research
sites between 2006 and 2011 (5). Study
subjects were recruited through PCD clinics
at the participating sites; referral to these
clinics occurred through primary care
physicians, pediatric pulmonologists, or
self-referral (3). The cohort for this
cross-sectional analysis was limited to
participants with rigorously confirmed PCD,
defined as abnormal ciliary ultrastructure by
transmission electron microscopy and/or
identification of two pathogenic variants in
a PCD-associated gene together with

compatible clinical features (12). Clinical and
CT data from the first study visit at which a
research-quality CT was obtained were used.

Study Procedures

Study procedures have been described
previously (3). Briefly, standardized
procedures were used for diagnostic testing
(evaluation of ciliary ultrastructure and genetic
testing for PCD-causing pathogenic variants)
(13). Initial study visits included a physical
exam, spirometry, respiratory culture (deep
oropharyngeal swab or expectorated sputum)
and medical history, and chest CT scans
according to a standard operating procedure
(supplement 1 in the data supplement).
Spirometry was performed according to
American Thoracic Society guidelines (14).
Nasal nitric oxide measurements were
performed as previously published (15, 16).
Assessments were conducted when
participants were at stable baseline and free
from acute illness for at least 4 weeks.

CT Scoring

Airway disease was quantified by scoring
inspiratory CT scans obtained near total lung
capacity with the MERAGMA-PCD scoring
system by the Erasmus Medical Center
LungAnalysis Core Laboratory. All CT data
were deidentified and securely transferred

to the LungAnalysis Core Laboratory.

The MERAGMA-PCD CT scoring system is
a grid-based system adapted from the
PRAGMA-CF (Perth-Rotterdam Annotated
Grid Morphometric Analysis for Cystic
Fibrosis) system (10, 11) developed for
quantifying early and advanced cystic fibrosis
(CF) lung disease. Scoring was performed
using an in-house developed software
program (Saldsegvol). A grid was placed on a
stratified random selection of 10 axial equally
spaced CT slices of inspiratory scans, and the
lung tissue in each grid box was annotated
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for abnormalities in the following
hierarchical order: atelectasis (with or
without included bronchiectasis),
bronchiectasis (outer edge bronchus artery W

137 Individuals with Definite PCD
included in Davis et al.”

cross-sectional area ratio greater than one),
bronchial wall thickening (airway walls
thicker and/or have increased signal intensity
relative to normal airways, assessed
subjectively), and mucus plugging (including
tree-in-bud densities). The volume fraction
of each scored component was expressed

as a percentage of total lung volume. The
composite score %Disease was computed as
the sum of %Atelectasis, %Bronchiectasis,
%Airway wall thickening, and %Mucus
plugging. Primary outcome measures were
%Disease and %Bronchiectasis; other
component scores were examined as
secondary endpoints. Expiratory scans were
only obtained in 43% (number of expiratory
scans = 60) of participants, so trapped air
(which is assessed on expiratory scans) was
not evaluated. Image quality was assessed,
and CT's were considered invalid and
excluded from analyses if the scan contained
less than 10 slices, presented incidental
findings and acute conditions relevant for
the participants, presented big slice intervals
between slices, or were not properly
uploaded to the annotation software. All CT
scans were annotated by one blinded
observer (F.M.) trained and certified in both
PRAGMA-CF and MERAGMA-PCD
scoring. Intraobserver consistency (ICC)

6 participants excluded from
original study”
with interval genetics
confirming PCD J

143 Individuals with Definite PCD

Excluded:

Invalid CT Scan: 2

A

141 Individuals with Definite PCD
and acceptable CT

Figure 1. Flow chart outlining the enrolled participants. *Definite primary ciliary dyskinesia
(PCD) is defined as abnormal ciliary ultrastructure by transmission electron microscopy and/or
identification of two pathogenic variants in a PCD-associated gene together with compatible
clinical features (Davis and colleagues [5]). CT = computed tomography.

used to assess the association between CT
score and ultrastructure ciliary defect
adjusted for age and sex and illustrated by
forest plots. ODA was chosen as the reference
group because it was the largest defect group.
The association of CT score with clinical
predictors at the time of scan (spirometry,
growth parameters, and respiratory culture

expressed as percent predicted on the basis
of the Global Lung Initiative reference
equations (18). Continuous variables

were assessed for normality using
quantile-quantile plots and histograms and
summarized using means and standard
deviations or medians and interquartile
ranges, as appropriate. Linear regression was

Table 1. Ultrastructural and genetic findings

PCD-causing Gene ODA ODA/IDA IDA/MTD Normal/Near Normal Total

scores and interrater reliability were
calculated by having 25 CT scans (roughly

None identified — 1 1 — 2
10% of the cohort) scored for a second time DNAH5 40 — — — 40
after a 1-month time interval by the same DNAI1 9 — — — 9
observer in a blinded fashion, as well as DNAI2 5 — — — 5
scored by a second observer. ICC and ,E\;,g/\%gzm ? _ _ _ ?
interrater reliability for MERAGMA-PCD LRRC6 _ 3 _ _ 3
scores were assessed by a two-way mixed DNAAF4 (DYX1C1) — 3 — — 3
effects model. An ICC higher than 0.8 was CCDC103 — 2 — — 2
rated as excellent; between 0.6 and 0.8 was ggf\\é"; 4 (HEATR2) _ g _ _ g
rated as good; between 0.4 and 0.6 was rated DNAAF1(LRRC50) _ 5 _ _ 5
as moderate; and lower than 0.4 was DNAAF2 (KTU) — 1 — — 1
considered poor. DNAAF3 — 2 — — 2

PIH1D3 (X-linked) — 1 — — 1
Statistical Analysis 8ggg§g _ _ ?:3 _ ?g
Ciliary ultrastructure defects were classified DNAH11 _ _ _ 11 11
as 1) IDA/MTD; 2) ODA/IDA; 3) ODA; and RPGR (X-linked) — — — 1 1
4) normal or near normal ciliary structure CCNO — — — 4 4
(5). Demographic and clinical characteristics gggz;m _ _ _ :13 :13
at the time of the CT scan were summarized RSPH9 _ _ _ 1 1
descriptively by defect group. Growth HYDIN — — — 3 3
parameters (height, weight, and body mass PIK3CD — 1 — 0 1
index [BMI]) were derived from the Centers ~ 10tal 57 20 40 24 141
for Disease Control and Prevention Definition of abbreviations: IDA =inner dynein arm; MTD = microtubular disorganization;
reference data (17). Spirometry values were ODA = outer dynein arm; PCD = primary ciliary dyskinesia.
Kinghorn, Rosenfeld, Sullivan et al.: Airway Lung Disease in Children with PCD 541
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positive for Pseudomonas aeruginosa) was
assessed with linear regression adjusting for
ultrastructure defect group, sex, and age. All
estimates are presented with 95% confidence
intervals (CIs). Two-sided P values less than
0.05 were considered statistically significant.
We did not correct for multiple comparisons.
Analyses were performed using SAS

version 9.4.

Ethics Approval
Institutional review board approval was
obtained at each site. Informed consent

was obtained from parents/guardians and
assent from participants as appropriate.
An observational safety monitoring board
reviewed and approved all protocols.

Results

Participant Characteristics

The cohort included the original

137 participants described by Davis and
colleagues (5), as well as six participants with
interval genetic testing confirming the

diagnosis of PCD. Of the 143 participants
with a definite diagnosis of PCD, 141 had an
acceptable baseline (n = 130) or second-visit
CT scan (if no chest CT was performed at the
baseline visit, # = 11) and comprised the
analytic cohort (Figure 1). ICC scores were
excellent for %Atelectasis (0.87), %Mucus
plugging (0.99), and %Disease (0.96),
moderate for %Bronchiectasis (0.58), and
poor for %Airway wall thickening (0.05),
which was likely because of the small
amount of %Airway wall thickening. The
ciliary ultrastructural defects and associated

Table 2. Baseline demographics and clinical characteristics of 141 children with primary ciliary dyskinesia, stratified by ciliary

ultrastructural defect group

Demographics
Male, n (%)
Age (yr) at diagnosis, mean (SD), range

Age (yr) at CT scan, mean (SD), range

Race/ethnicity, n (%)
Hispanic
American Indian/Alaska Native
Asian
Black
White
Identified as >1
Growth parameters, mean (SD)*
Weight percentile
Height percentile
BMI percentile
Spirometry®
FVC, % predicted (SD)
FEV4, % predicted (SD)
FEV4/FVC (SD)
FEF2s5_75, % predicted (SD)
Diagnostics’
Nasal nitric oxide, nl/min mean (IQR)
Clinical features, n (%)
Neonatal respiratory distress
Laterality defect
Chronic year-round wet cough
Chronic year-round nasal congestion
Chronic otitis media
Microbiology, n (%)*
No growth
Pseudomonas aeruginosa
Haemophilus influenzae
Staphylococcus aureus
Streptococcus pneumoniae
Moraxella catarrhalis
Non-tuberculous mycobacteria

All ODA ODA/IDA IDA/MTD Normal/Near
(n=141) (n=57) (n=20) (n=40) Normal (n=24)
71 (50.4) 29 (50.9) 12 (60.0) 21 (52.5) 9 (37.5)
3.9 (3.8) 4.8 (4.4) 3.2 (3.4) 2.5 (2.9) 5.2 (2.9)

(0.1-14.0) (0.1-14.0) (0.1-10.0) (0.1-13.0) (1.5-10.0)

8.5 (4.6) 9.5 (4.2) 8.0 (5.6) 6.9 (4.4) 9.1 (4.6)
(0.4-18.5) (0.4-18.2) (0.7-17.3) (0.5-16.5) (1.5-18.5)

14 (9.9) 3 (5.3) 1 (5.0) 5 (12.5) 5 (20.8)
1(0.7) 1(1.8) 0 (0.0) 0 (0.0) 0 (0.0)

13 (9.2) 4 (7.0) 5 (25.0) 3(7.5) 1 (4.2)

4 (2.8) 1(1.8) 1 (5.0) 2 (5.0) 0 (0.0)
105 (74.5) 46 (80.7) 13 (65.0) 29 (72.5) 17 (70.8)

4 (2.8) 2 (3.5) 0 (0.0) 1 (2.5) 1(4.2)
49.5 (31.8) 59.0 (32.9) 48.0 (34.7) 37.0 (24.0) 48.9 (32.2)
445 (29.4 50.1 (30.6) 46.3 (30.1) 38.5 (24.8) 39.8 (32.3)
54.2 (30.8) 61.3 (29.8) 49.3 (35.1) 45.1 (26.0) 54.6 (34.4)
94.0 (18.1) 99.3 (17.3) 85.2 (20.8) 84.6 (18.7) 96.5 (10.9)
82.4 (19.5) 87.9 (17.8) 81.0 (22.7) 68.9 (18.9) 84.8 (15.3)
87.1 (11.0) 87.9 (9.0) 94.3 (10.0) 80.7 (10.6) 87.6 (13.9)
63.7 (27.5) 67.9 (24.2) 71.8 (28.6) 451 (21.7) 69.5 (34.2)
14.3 (10.1-18.9) 13.7 (6.8-17.1) 12.8 (10.6-22.1) 14.0 (8.5-25.0) 17.7 (12.0-27.5)
117 (83.0) 45 (78.9) 18 (90.0) 36 (90.0) 18 (75.0)

69 (52.3) 32 (58.2) 10 (50.0) 20 (51.3) 7 (38.9)
140 (99.3) 57 (100.0) 20 (100.0) 39 (97.5) 24 (100.0)
138 (97.9) 56 (98.2) 19 (95.0) 40 (100.0) 23 (95.8)
132 (93.6) 54 (94.7) 18 (90.0) 37 (92.5) 23 (95.8)

11 (7.8) 2 (3.5) 1 (5.0) 3 (7.5) 5 (20.8)

10 (7.1) 3 (5.3) 0 (0.0) 4 (10.0) 3 (12.5)

65 (46.1) 25 (43.9) 8 (40.0) 22 (55.0) 10 (41.7)

45 (31.9) 19 (33.3) 7 (35.0) 13 (32.5) 6 (25.0)

32 (22.7) 17 (29.8) 6 (30.0) 6 (15.0) 3 (12.5)

20 (14.2) 11 (19.3) 3 (15.0) 3(7.5) 3(12.5)

6 (4.3) 2 (3.5) 1 (5.0) 2 (5.0) 1 (4.2)

Definition of abbreviations: BMI =body mass index; CT =computed tomography; FEF.s_75 =forced midexpiratory flow; FEV, =forced expiratory
volume in 1 second; FVC =forced vital capacity; IDA =inner dynein arm; IQR = interquartile range; MTD = microtubular disorganization;

ODA = outer dynein arm; SD = standard deviation.
*Weight, height, and BMI were derived from the Centers for Disease Control and Prevention reference data (17).

TSpirometry data were available in 83/87 participants ages 6 years and older, nasal nitric oxide concentrations were available in 101/105
participants ages 5 years and older, and data on laterality defect were available in 132/141 participants. BMI is calculated for children ages

2 years and older (n=127).

*Sputum culture obtained at the initial study visit was obtained via throat swab (55) or expectorate sputum sample (86).
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genotypes (two pathogenic or likely
pathogenic variants in a known PCD-
associated gene; or, for X-linked cases,

one pathogenic variant in the X
chromosome gene in males) are shown in
Table 1. The normal/near normal cohort
included children with normal ciliary
ultrastructure on electron microscopy (EM)
(DNAH]11 and RPGR), as well as children
with subtle ciliary defects on EM, including
central apparatus and radial spoke defects
(RSPH4A, RSPHI, RSPHY, and HYDIN),
and children with absent or reduced cilia
(CCNO) (Table 1). Baseline characteristics

categorized by ciliary ultrastructure defect
are shown in Table 2. The mean (standard
deviation [SD]) age of the cohort was

8.5 (4.6) years. The 40 participants with
IDA/MTD ciliary ultrastructure defects
were, on average, younger with lower
growth parameters and spirometric
parameters compared with participants
with other defects. As expected,

about half of the participants had a
laterality defect. Isolation of P. aeruginosa
from respiratory cultures was rare at the
baseline/second visit, occurring in 7% of
the cohort.

A) All Children Enrolled

201

Spectrum of Airway Abnormalities
Airway disease severity varied widely, as
illustrated in the stacked bar plots of
CT scores (Figure 2). CT scores
stratified by the ciliary ultrastructure
defect group are shown in Table 3.
Mean (SD, range) %Disease for the
cohort was 4.6% (3.5, 0.2-19.6), with
%Atelectasis and %Bronchiectasis
being the primary contributors (1.6%
[1.8, 1-15.2] and 1.5% [0.9, 0-4.1],
respectively). Children with IDA/MTD
ciliary ultrastructure defects had the
highest mean (SD, range) %Disease at

CT
B Atelectasis
B Bronchial Wall Thickening
B Bronchiectasis

Mucus Plugging

15

10

Baseline CT Score % Disease

1 8

B) Children with PCD and IDA/MTD Ciliary Ultrastructural Defects

Score %

0

15 22 29 36 43 50 57 64 ™M

Individual CT Scans

20

Score %
=]

0

78 85 92 99 106 113 120 127 134 141

C) Children with PCD and all Other Ciliary Ultrastructural Defects

Figure 2. Spectrum of disease scores in 141 children with primary ciliary dyskinesia (PCD) using the (A) Melbourne-Rotterdam annotated grid
morphometric analysis (MERAGMA)-PCD CT scoring system and (B) stratified by ciliary ultrastructural defect inner dynein arm/microtubular
disorganization (IDA/MTD) versus (C) other. Stacked bar plots showing the wide spectrum of disease scores found by the MERAGMA-PCD
scoring system. Participants are sorted on the basis of the total score percentage. %Disease for each patient is subdivided by the subscores
%Bronchiectasis, %Mucus plugging, %Airway wall thickening, and %Atelectasis. (A) All children enrolled. (B) Children with PCD and IDA/MTD
ciliary ultrastructural defects. (C) Children with PCD and all other ciliary ultrastructural defects. CT = computed tomography.
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Table 3. Baseline computed tomography scores in 141 children with primary ciliary dyskinesia, stratified by ciliary ultrastructural
defect group

All ODA ODA/IDA IDA/MTD Normal/Near
(N=141) (n=57) (n=20) (n=40) Normal (n=24)
Atelectasis (%), mean (SD), range 1.6 (1.8) 1.4 (1.3) 1.7 (1.7) 1.6 (1.4) 1.7 (3.1)
1-15.2 0-5.6 0-6.6 0-15.2 0-15.2
Bronchiectasis (%), mean (SD), range 1.5 (0.9) 1.6 (0.9) 1.7 (0.8) 1.6 (0.8) 1.2 (1.0)
0-4.1 0.2-4.1 0.4-2.9 0.2-3.6 0-3.5
Bronchial wall thickening (%), mean (SD), range 0.4 (0.2) 0.4 (0.2) 0.5 (0.2) 0.3 (0.2) 0.3 (0.2)
0-1.0 0-0.8 0.2-1.0 0.1-0.7 0-0.8
Mucus plugging (%), mean (SD), range 1.2 (2.4) 0.5 (1.1) 0.9 (2.1) 2.3 (3.7) 1.1 (1.6)
0-14.0 0-6.2 0-8.4 0-14 0-4.6
Disease (%)*, mean (SD), range 4.6 (3.5) 3.8 (2.4) 4.7 (2.9) 5.9 (4.3) 4.3 (4.1)
0.2-19.6 0.6-12.7 0.9-12.1 0.8-18.3 0.2-19.6

Definition of abbreviations: IDA =inner dynein arm; MTD = microtubular disorganization; ODA = outer dynein arm; SD = standard deviation.
*Disease (%) is the sum of atelectasis (%), bronchiectasis (%), airway wall thickening (%), and mucus plugging (%).

5.9% (4.3, 0.8-18.3), with %Mucus
plugging identified as the greatest
component at 2.3% (3.7, 0-14).

Association of Clinical Characteristics
with Airway Disease
Increasing age was associated with a higher
mean %Disease of 0.23% per year of age
(95% ClI, 0.11-0.35; P < 0.001), higher
%Bronchiectasis (per year age) of 0.08%
(95% CI, 0.05-0.11; P < 0.001), and higher
%Mucous plugging (per year of age) of
0.18% (95% CI, 0.09-0.26; P < 0.001)
(Table 4), after adjusting for defect group
and sex. Sex was not associated with any of
the CT outcome measures.

Lower body mass index percentile was

after adjustment for age and sex (2.71%
higher; 95% CI, 1.37-4.06; P <<0.001)
(Figure 3). This difference was
predominantly driven by higher mean
%Mucus plugging (2.35% higher; 95% CI,
1.43-3.26; P < 0.001). There were no
differences in %Disease or subscores
between children with ODA and either
ODA/IDA or normal/near normal
ultrastructure (Figure 3).

Association of Ciliary Ultrastructure
Defect with Airway Disease

In linear regression models, children

with IDA/MTD defects had significantly
higher mean %Disease compared with
children with ODA defects (reference group)

Baseline CT Score by Ciliary Ultrastructure Defect”

associated with higher mean %Disease

CT Score US Defect Estimate (35%Cl)  (0.03% increase, 95% CI, 0.01-0.04;
% Atslectasis IDA/MTD —e—i 0.13 (-0.61, 0.88) P T) 0.008) and % Atelectasis (0.01% increase;
ODA/IDA —e— 0.26 (-0.65, 1.18) ?5 % CI, 0.002-0.02; P=0.017) (Table 4),
Other/Normal —e—i 0.16 (-0.70, 1.01) 1ndepe1;dent Ic_)If thf1 effe(cit of -d;fed groupl,
% Bronchial Wall Thickening IDAIMTD I 0.03(:0.12,005) 255 2nesex gL :"lf;goft e
OEAE R 5 0.10 (-0.01, 0.20) components. A history of neonatal
OtherNomal " -0.07 (-0.17, 0.03) respiratory distress was not associated with
% Bronchiectasis IDA/MTD a gl 0.27 (-0.05, 0.59) any of the CT scoring components.
ODA/IDA e 0.28 (-0.12, 0.68) Lower forced expiratory volume in
Other/Normal e -0.30 (-0.67, 0.07) 1 second (FEV,) percent predicted was
% Mucus Plugging IDA/MTD —e—i 2.35 (1.43, 3.26) associated with higher mean %Disease
ODAJIDA ——e— 0.70 (-0.43, 1.83) (0.05% higher; 95% CI, 0.01-0.08; P=0.011),
Other/Normal -—e— 0.66 (-0.40, 1.72) % Atelectasis (0.02% higher; 95% CI,
% Disease IDA/MTD F——e—— 2.71(1.37, 4.06) 0.0-0.04; P=0.004), and %Mucus plugging
ODAJ/IDA e 1.34 (-0.32, 3.00) (0.03% higher; 95% CI, 0.001-0.006;
Other/Normal F——o— 0.45 (-1.10, 2.00) P=0.046) (Table 4). Lower forced vital
i . capacity (FVC) percent predicted was
0 2

associated with higher mean %Disease

(0.07% higher; 95% CI, 0.03-0.10;

P < 0.001), primarily driven by an increase
in %Atelectasis (0.03% higher; 95% CI,
0.01-0.04; P < 0.001). Higher FEV,/FVC
and forced midexpiratory flow were
associated with increased %Bronchiectasis
(0.03% higher; 95% CI, 0.010-0.046;

Difference from ODA

Figure 3. Forest plots demonstrating the association between airway abnormalities on the
basis of Melbourne-Rotterdam annotated grid morphometric analysis for primary ciliary
dyskinesia (PCD) CT scores and ciliary ultrastructural defect* in 141 children with PCD. *Ciliary
ultrastructural defect reference group ODA. Adjusted for age and sex. Cl = confidence interval,
CT =computed tomography; IDA =inner dynein arm; MTD = microtubular disorganization;

ODA = outer dynein arm; US = ultrastructure.
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P=0.002 and 0.009% higher; 95% CI,
0.001-0.016; P =0.021, respectively), yet
were not associated with other CT score
components. We did not find any
relationship between the isolation of

P. aeruginosa from respiratory culture and
%Disease or other CT components, but, as
stated above, only 7% of participants had
positive cultures at the baseline/second visit
(Table 4).

Discussion

In this North American cohort of children
and young adults with confirmed PCD,
IDA/MTD defects (associated with
pathogenic variants in CCDC39 and
CCDC40) were associated with more severe
airway disease than ODA defects, driven by
greater mucus plugging. We also found that
increased age and lower spirometric indices
(FEV, and FVC) were associated with
greater airway disease. In a prior longitudinal
evaluation of the current cohort, FEV;
declined significantly with age, with children
with IDA/MTD defects having the greatest
rate of decline (5). Taken together, these
studies suggest that both lung function

and airway disease are progressive in PCD
and more severe in those with IDA/MTD
defects.

Our observation of greater mucus
plugging associated with IDA/MTD defects is
novel and could shed light on the underlying
mechanism of airway disease in PCD,
particularly in those with IDA/MTD defects.
Cilia on respiratory epithelial cells are involved
in a mechanosensory feedback mechanism in
which sensing of increased mucus load leads
to the release of adenosine triphosphate (ATP)
with a corresponding increase in airway
surface liquid and enhanced mucociliary
clearance (19, 20). CCDC39 and CCDC40
function as ciliary rulers directing the spacing
and arrangement of the IDA and radial spokes
and are integral components of the
nexin-dynein regulatory complex (21-23).
Severe disruption in cilia structure, as seen
with IDA/MTD defects, could lead to a loss of
the feedback mechanism and lead to mucus
layer collapse on the cilia with associated
increased mucus plugging.

The contribution of mucus plugging to
other airway diseases, including asthma
(24, 25) and chronic obstructive pulmonary
disease (24), is receiving growing
recognition. In the Severe Asthma Research
Program cohort, mucus plugs on CT were
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common and associated with lower FEV;
and ventilation defects (25, 26). In
longitudinal analyses of that cohort, change
in mucus plug score negatively correlated
with changes in FEV and positively
correlated with CT air trapping (27).
Preliminary evidence suggests that mucus
plugging in asthma may be mediated
through pathologically relevant changes in
MUC5AC and MUCSB in the airway
mucus gel (28). The role of mucus plugging
in PCD airway disease deserves further
investigation.

Several prior studies have described
airway disease in PCD and evaluated its
association with lung function (3, 6-9, 29).
Our study adds to this knowledge base by
evaluating the association of ciliary
ultrastructure/genotype with airway disease
severity and using the MERAGMA-PCD
scoring system, allowing assessment of the
contribution of bronchiectasis, mucus
plugging, atelectasis, and bronchial wall
thickening to the overall extent of disease.
We found that lower spirometric indices
(FEV; and FVC) were associated with
greater airway disease on chest CT (adjusting
for ciliary ultrastructure defect group and
age), with lower FEV associated with both
increased atelectasis and mucus plugging,
and lower FVC associated with increased
atelectasis. We included only CT's obtained
during stable respiratory baseline (at least
4 weeks after respiratory illness), so these
results suggest that consideration should be
given to imaging to evaluate for clinically
silent atelectasis in patients with reduced
FEV, or FVC not associated with acute
respiratory illnesses. Surprisingly, we found
that higher FEV,/FVC and (to a lesser
extent) forced midexpiratory flow percent
predicted values were associated with higher
%Bronchiectasis. The reason for this
observed association is unclear as it lacks
biological plausibility and would be unlikely
to be replicated in another cohort.

We used the novel MERAGMA-PCD
CT scoring system to characterize airway
disease. Prior studies have extrapolated CT
scoring systems developed for CF to PCD,
including the modified Brody score (9, 30),
the Bhalla scoring system (7, 31), and the CF
CT score (32). These studies assumed that the
underlying pathophysiology of CF and PCD
are similar. In fact, individuals with PCD are
more likely to have mucus plugging, lobar
atelectasis, air trapping, and tree-in-bud
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densities than those with CF (2). The
MERAGMA-PCD CT scoring system,
though adapted from a CF scoring
system (10, 11), was specifically developed on
the basis of CT scans from patients with PCD
to account for atelectasis with or without
bronchiectasis and for tree-in-bud densities.
To understand the differences in
%Disease between the ciliary ultrastructure
groups from a clinical perspective, it is
important to acknowledge that airways only
occupy 0.10-0.25% of total lung volume in
children aged 6-16 years with normal chest
CTs (data not shown). Because the
PRAGMA and MERAGMA scoring systems
only evaluate airway disease, %Disease values
are anticipated to be very small, even in
individuals with more advanced disease. To
illustrate this, we randomly selected CT's
from children with mild, moderate, and
severe disease. The number of diseased
airways in the child with mild disease
(%Disease, 1.2%) was 39 (23%) of 170 visible
airways, compared with the child with
moderate disease (%Disease, 3.6%) with 107
(40%) diseased airways of 268 visible airways.
The child with severe disease (%Disease,
8.7%) had 578 (82%) diseased airways out of
708 visible airways. Data on the longitudinal
progression of CT scores in PCD are lacking.
However, in CF cohorts, the mean annual
progression of %Disease using PRAGMA-
CF CT scores has ranged from 0.5% per year
to 1.23% per year, depending on the age of
the cohort (33). In the Saline Hypertonic in
Preschoolers (SHIP)-CT study, (34)
randomized controlled trial of inhaled
hypertonic saline in preschool children with
CF, the estimated treatment effect on
%Disease was 0.67%. In the current cohort,
children with IDA/MTD defects had an
estimated 2.1% higher mean %Disease
compared with children with ODA defects,
representing a substantial difference in the
severity of airway disease. When adjusting
for ciliary ultrastructure defect, we found that
a 10% decline in FEV | was associated with a
0.48% increase in %Disease.

Limitations

Our study has several limitations. This study’s
cross-sectional design precludes us from
addressing the longitudinal progression of
airway disease. Our classification of the PCD
population on the basis of the ciliary
ultrastructural defect and associated
pathogenic variants is likely an oversimplified

approach. Molecular phenotyping might
better encompass the complex interplay
between ciliary assembly and clinical
phenotype in PCD, but no such phenotyping
framework exists currently. The MERAGMA-
PCD scoring system is hierarchical,
prohibiting the assessment of all CT score
components in a given region of the lung, and
may underestimate the extent of airway
disease. We were unable to score air trapping,
as there were too few expiratory scans that
met the acceptability criteria. We lacked
sufficiently detailed data on treatments to
evaluate the association of treatments with CT
scores. There are potential confounders not
captured in our data, such as social
determinants of health (race/ethnicity,
socioeconomic status, and access to care).
Lastly, the relatively small size of each defect
group limited our power to detect certain
differences between groups in CT score
components. To better understand the
progression of lung disease and its association
with ciliary ultrastructure defect, we plan to
use this same PCD cohort to evaluate disease
progression over a 10-year period.

Conclusions

Our study reinforces the progressive nature
of PCD lung disease and the more severe
phenotype associated with IDA/MTD
ultrastructure defects (pathogenic variants
in CCDC39 and CCDC40). These children
and young adults have a significantly
greater extent of airway abnormalities,
specifically greater mucus plugging, raising
concerns related to mucus layer—ciliary
interactions essential for hydrating the
periciliary layer and allowing for effective
mucociliary clearance. Identification of
high-risk children is essential for early
intervention opportunities; therapeutic
development aimed at these proposed
mechanisms could improve outcomes in
PCD. B
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