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Abstract

Background In primary ciliary dyskinesia (PCD), impaired mucociliary clearance leads to respiratory
infections. Whilst forced expiratory volume in 1s (FEV;) is commonly used to evaluate lung function in
PCD its sensitivity to detect abnormalities in mild disease is limited. This study explores the utility of
129X e ventilation and 'H anatomical magnetic resonance imaging (MRI) to assess lung health in children
with PCD.

Methods This prospective cohort study assessed clinically stable children with PCD (aged 5-18 years)
using '**Xe MRI, '"H MRI and spirometry during one session. Ventilation defect percentage (VDP) was
the primary metric calculated from '**Xe MRI.

Results 35 children were assessed (meantsp age 12.3+3.3 years, FEV; z-score —1.5+1.7). Most children
had visible ventilation abnormalities and 82.8% had an abnormal '*?Xe VDP (median (interquartile range)
129%e VDP 6.3% (1.3-16.1%)). 16 participants had a normal FEV; (z-score > —1.6); however, 12 of these
individuals had abnormal '**Xe VDP. 'H MRI found 55.9% participants had a region of collapse, 61.3%
had bronchiectasis and 50.0% had evidence of air trapping.

Conclusions '*Xe MRI can identify early lung function abnormalities in children with PCD and
demonstrates that the extent of ventilation distribution abnormalities in PCD varies between individuals. "H
MRI provides complementary diagnostic information on structural abnormalities.

Introduction

Primary ciliary dyskinesia (PCD) is an inherited condition in which structural and/or functional cilial
abnormalities impair mucociliary clearance. People with PCD experience chronic infections with
exacerbations of the upper and lower respiratory tract, fuelling inflammation and the development of
bronchiectasis [1]. Whilst forced expiratory volume in 1 s (FEV) from spirometry is the most widely used
clinical outcome measure in PCD, large variability in FEV is seen during periods of disease stability [2].
Additionally, FEV; can be insensitive to detect abnormalities; 73% of people with PCD with structural
lung abnormalities on computed tomography (CT) scan have FEV; within the normal range [3]. Whilst
lung clearance index (LCI) from multiple-breath washout is more sensitive to detect lung abnormalities
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than FEV, [4], the correlation of LCI with other outcomes remains unclear [5]. As such, more sensitive
outcome measures are needed to accurately assess lung abnormalities in PCD.

Hyperpolarised gas ventilation magnetic resonance imaging (MRI) using helium-3 (*He) or xenon-129
(**°Xe) [6] permits the visualisation and quantitative assessment of the distribution of ventilation within
the lung in three dimensions. '*?Xe, which is more readily available than >He, is now commonly used in
hyperpolarised gas MRI research [6] and offers potential clinical application [7]. Ventilation abnormalities,
visible as areas without gas signal, are known as ventilation defects. Ventilation defect percentage (VDP),
the proportion of the thoracic cavity with no gas signal, is the most commonly used metric. Hyperpolarised
gas ventilation MRI has shown promise in evaluating lung ventilation defects in other chronic suppurative
lung diseases (CSLDs) [8], but its application in PCD to date has been limited. VDP is a sensitive marker
of lung health in cystic fibrosis (CF) [8-10] and other obstructive lung diseases [6]. In a small study of
children with PCD, >He VDP was found to be more sensitive to detect abnormalities than LCI and FEV,
[11]; however, there are no published data using **Xe MRI to assess people with PCD. Recognising that
it is a safe, ionising radiation-free and well-tolerated technique [6], children with PCD and parent
representatives were supportive of research to explore the utility of **Xe MRI.

'H MRI of the lungs can identify structural abnormalities without ionising radiation and does not require
access to hyperpolarised gas technology. Findings from 'H ultrashort echo time (UTE) MRI sequences are
increasingly comparable with CT imaging findings and offer longitudinal assessment capability in CSLDs
[12]. In some centres 'H MRI is used for routine clinical assessment of people with CF [13]. In PCD, H
MRI can identify collapse, consolidation, mucus plugging and bronchiectasis [14], and agreement has been
seen between abnormalities identified on "H MRI and high-resolution CT (HRCT) [15]. Functional
abnormalities have been identified in people with PCD previously using the matrix pencil 'H MRI
(MP-MRI) method, but this had lower spatial resolution and was less sensitive than UTE structural MRI to
detect abnormalities [3].

This study aimed to assess lung physiology and structure in children and young people with PCD using
129X e ventilation and 'H anatomical MRI. This work is part of a larger study (ASPECT-PCD [16]) which
assessed lung health with '*Xe MRI on the same day before and after airway clearance; this article
summarises the cross-sectional data from the study population.

Methods

This prospective study recruited children (aged 5-18 years) with PCD from four centres in the North of
England between April 2022 and August 2023. For inclusion, participants needed to: have a confirmed
PCD diagnosis according to European Respiratory Society guidelines [17], be clinically stable at the time
of assessment (not on treatment antibiotics for a chest exacerbation), have resting oxygen saturation >90%
on air and not have any contraindications to MRI scanning. All eligible participants, or their parents/
guardians if <16 years old, were approached to take part by members of their direct clinical care team and
provided written informed consent. The study was approved by the Oxford B Research Ethics Committee
(21/5C/0197).

Lung imaging

Hyperpolarised ?*Xe MRI scanning was performed at a single site (University of Sheffield, Sheffield,
UK) on either a 1.5-T GE HDxt or 1.5-T GE Artist MRI scanner (GE, Milwaukee, WI, USA) using a
129%e transmit—receive vest coil (Clinical MR Solutions, Brookfield, WI, USA). 129%e MR images were
acquired using a three-dimensional (3D) steady-state free precession (SSFP) sequence [18]. The '*Xe gas
was polarised using an in-house polariser under regulatory licence (MS-18739) [19]. Images were acquired
during breath-hold at end-inspiratory tidal volume (EITV), following inhalation of a titrated mixture of
129%e and medical-grade nitrogen, administered via a Tedlar plastic bag from residual volume. Total
volume of inhaled gas was calculated based on participant’s height and ranged between 0.4 and 1.0 L [20].
To estimate the thoracic cavity for image analysis, "H 3D spoiled gradient echo (SPGR) MR images were
acquired pre and post the ?*Xe images during separate matched breath-holds at EITV. '*°Xe images were
segmented using a semi-automated method to calculate '?*Xe VDP [21], and the ventilation heterogeneity
index (VHI) was also assessed [22].

'H imaging sequences included: 3D SPGR acquired at two lung inflation levels (functional residual
capacity plus inhaled bag volume (i.e. EITV) and residual volume), radial 3D UTE during free breathing
[23], 2D SSFP at expiratory breath-hold and 2D T2-weighted half-Fourier acquisition single-shot turbo
spin echo (HASTE) imaging at expiratory breath-hold.
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These were performed using an 8-channel or 16+-channel anterior array plus a spine ‘H array (HDxt and
Artist MRI scanner, respectively) to provide high-resolution anatomical images. A consultant paediatric
radiologist reviewed all images to assess for typical PCD features, including bronchiectasis, collapse,
consolidation and air trapping. Participants were imaged at three times on the same day (see the
supplementary material for study schedule). Baseline 'H imaging was primarily used to assess for
abnormalities; however, where baseline images were not readable, "H MR images from later time-points
were used.

Further details on sequence details, image acquisition, processing and calculation of *°Xe MRI metrics are
provided in the supplementary material.

Acquisition of non-imaging data

Clinical and diagnostic information were obtained prior to the study visit from medical notes and the
clinical team. Spirometry was performed immediately prior to the first MRI scan with a MasterScreen PFT
Pro (Vyaire, Basingstoke, UK) in accordance with technical standards [24]. All spirometry metrics were
assessed using a z-score, with —1.64 used as the lower limit of normal [25]. Quality of life was assessed
on the same day using the age-appropriate version of the paediatric health-related quality of life instrument
for PCD (QOL-PCD) online questionnaire: adolescent version for those aged 13-17 years and child and
parent-proxy versions for those aged <13 years [26].

Statistical analysis

Statistical analysis was performed using Prism version 9.5.1 (GraphPad, Boston, MA, USA). Normal
distribution was assessed using the Shapiro—Wilk test. Data are presented as mean with standard deviation
if they are normally distributed or median with interquartile range (IQR) otherwise. Group comparisons
were completed using the unpaired t-test, Mann—Whitney U-test (not normal distribution), parametric
ANOVA test or Kruskal-Wallis ANOVA test, depending on data distribution and number of groups.
Correlation was assessed using Spearman’s rank-based correlation. Statistical significance was defined as
p<0.05. '**Xe VDP of 1.2% and VHI of 9.5% were used as the upper limits of normal from a population
of children without history of lung disease [27].

Results

93 individuals were assessed for eligibility; 16 did not meet inclusion criteria and 77 were approached. 36
individuals consented to participate, of which 35 young people were assessed with ***Xe and *H MRI and
one individual withdrew due to intolerance of the scanner sounds. 35 participants were assessed with
QOL-PCD in total: adolescent version (n=16), both child and parent-proxy versions (n=14), child version
(n=3) and parent-proxy version (n=2). Full details of screening and recruitment are provided in figure 1.
Baseline clinical demographics are provided in table 1 and QOL-PCD data are provided in the
supplementary material.

Spirometry

34 individuals performed technically acceptable spirometry [28] (table 2); one dataset was not technically
acceptable and was excluded. 55.8% (n=19) had no evidence of airway obstruction (FEV/forced vital
capacity (FVC) z-score > —1.64). No correlation was seen between FEV; and age, age at diagnosis,
number of antibiotic courses or lower respiratory symptoms/physical functioning QOL-PCD domains. No
significant differences in FEV; were seen between ultrastructural defect groups or in those who had/had
not recently grown Pseudomonas aeruginosa.

2%Xe MRI

A summary of '**Xe-derived metrics is provided in table 2 and an image from each of the participants is
provided in figure 2. Most children had visible ventilation abnormalities and 82.8% (n=29) had an
abnormal VDP. Six children had very minimal ventilation abnormalities and were comparable to healthy
children.

No difference in *Xe VDP was seen according to sex or situs abnormalities. No correlation was seen
between '**Xe VDP and age or age at diagnosis. **Xe VDP was highest in the inner dynein arm (IDA)
defect or microtubular disorganisation (MTD) group, with a median (IQR) of 12.8% (1.5-19.3%). The
median (IQR) values for the other groups were outer dynein arm defect (ODA), 5.8% (1.8-7.1%);
combined ODA and IDA defects, 9.2% (5.0-19.6%); and normal ultrastructure with a genetic diagnosis of
PCD, 0.4% (0.3-2.5%). There was no statistically significant difference in '*Xe VDP between the groups.
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Assessed for eligibility
(n=93) Excluded (n=16):

Failed to meet diagnostic criteria (n=>5)
Clinicians felt unable to lie still (n=5)
Learning disability impacting ability to provide
» informed consent (n=1)
Resting S0, <90% (n=2)
Contraindications to MRI (n=1)
Personal circumstances at time of study (n=1)
Eligible, approached Left service prior to approach (n=1)

(n=77)

Declined (n=41):
No reason (n=23)
MRI procedure (n=4)
» Time to attend (n=3)
Personal circumstances (n=4)
Unable to contact (n=3)
Cancelled appointment and not rebooked (n=3)

y

Consented
(n=36)

Withdrew (n=1):
Intolerance of MRI (n=1)

y

Data included
(n=35)

FIGURE 1 Flow diagram summarising the number of potential participants who were screened and their
reasons for exclusion or declining the procedure. S,o,: peripheral oxygen saturation; MRI: magnetic resonance
imaging.

129Xe VDP correlated moderately with FEV, (r=—0.54, p=0.001), FVC (r=—0.42, p=0.01) and FEV,/
FVC (r=-0.57, p<0.001) (figure 3a—c). The number of individuals with abnormal ventilation was greater
as assessed by ?Xe VDP when compared to FEV; 16 participants had FEV; within the normal range
(z-score > —1.64), yet 12 of these individuals (75%) had raised VDP when compared to healthy children
(***Xe VDP >1.2%). Two children had normal VDP (<2.0%) with abnormal spirometry: one with an
obstructive pattern (FEV/FVC z-score < —1.64 and FEV; < —1.64) and one with a mixed pattern (FEV/
FVC z-score <—1.64 and FVC <-1.64). Three children had no evidence of obstruction (FEV{/FVC
z-score > —1.64) but had a restrictive pattern on spirometry (FEV; and FVC z-score < —1.64). All of these
children had abnormal VDP (11.0%, 11.3% and 27.7%).

TABLE 1 Participant demographics, including ultrastructural defects (n=35)

Male 19 (54)
Age (years) 12.3+3.3
Age at diagnosis (years) 3 (0-6)
Ultrastructural defect
IDA or MTD only 9 (25.7)
ODA only 8 (22.9)
IDA and ODA 12 (34.3)
No defect” 6 (17.1)
Situs inversus 14 (40.0)
Antibiotic courses in last 12 months” (n) 2.5 (1-4)
Pseudomonas aeruginosa (cultured in last 12 months) 5(14.3)

Data are presented as n (%), meantsp or median (interquartile range). IDA: inner dynein arm; MTD:
microtubular disarrangement; ODA: outer dynein arm. *: primary ciliary dyskinesia diagnosis confirmed by
genetics; *: oral or intravenous, planned or unplanned.
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TABLE 2 Spirometry and **’Xe magnetic resonance imaging (MRI) metrics

Spirometry (n=34)

FEV,
z-score —1.5+1.7
% pred 81.3+20.6
FvC
z-score —0.7£1.5
% pred 90.1+21.6
FEV,/FVC
z-score —1.54#1.3
% pred 87.2+11.7
12%%e MRI (n=35)
VDP (%) 6.3 (1.3-16.1)
VHI (%) 11.3%3.2

Data are presented as meantsp or median (interquartile range). FEV;: forced expiratory volume in 1s; FVC:
forced vital capacity; VDP: ventilation defect percentage; VHI: ventilation heterogeneity index.

Examples of cases in which only one of the two lung health measures were abnormal (either FEV; or
129%e VDP) are shown in figure 4.

There was no correlation between '*?Xe VDP and the number of antibiotics administered in the last
12 months. Whilst ***Xe VDP was higher in individuals who had cultured P. aeruginosa in the previous
12 months (11.0%) than those who had not (5.4%), this was not statistically significant (p=0.15). Across
the three versions of the QOL-PCD, only the social function domain (adolescent version) showed a
moderate correlation with '**Xe VDP (1= —0.57, p=0.02).

25 participants (71.4%) had abnormally high '*Xe VHI. '*Xe VHI correlated moderately with
spirometry: FEV; z-score (r=-0.52, p=0.002), FVC z-score (r=—0.38, p=0.03) and FEV/FVC z-score
(r=—0.58, p<0.001) (figure 3d—f). No correlation was seen between '*?Xe VHI and age, age at diagnosis,
number of antibiotic courses and lower respiratory/physical functioning QOL-PCD domains. No significant
differences in '*Xe VHI were seen between ultrastructural defect groups or those who had/had not
recently grown P. aeruginosa.

*H MRI assessment of lung structure

Baseline UTE scans were deemed readable for 24 out of 34 (70.1%) participants; a further five participants
(14.7%) had unreadable baseline UTE images, but scans from later time-points within the day were
readable. In the remaining five cases image acquisition issues permitted assessment for collapse but not
bronchiectasis (n=3). Of those with readable images: 19 out of 31 (61.3%) had bronchiectasis, 19 out of
34 (55.9%) had a region of collapse and 17 out of 34 (50.0%) had evidence of air trapping. All 19 with
collapse identified had a region of collapse in their middle lobe (right middle lobe in situs solitus and left
middle lobe in situs inversus). '**Xe imaging was more sensitive to detect abnormalities than 'H MRI;
four out of six (66.7%) of those with no structural abnormalities had both abnormal VDP and VHI (figure 5).
Figure 6 provides an example visual comparison of abnormalities identified on 'H and '*Xe MRI.

Discussion

This cross-sectional study found that "*’Xe MRI detects ventilation abnormalities in most children with
PCD. 82.8% of the study population had abnormal ventilation assessed by '**Xe VDP; 75% of individuals
with no evidence of obstructive airways disease using spirometry had abnormal ventilation (VDP >1.2%).
Whilst ventilation abnormalities were common, a small number of individuals with PCD did not have
ventilation abnormalities. "H MRI also identified structural abnormalities: 55.9% of children with PCD had
areas of collapse and 61.3% had bronchiectasis.

Our findings are consistent with the previous small study by Swmrth et al. [11] which found VDP (using
3He MRI) to be abnormal in children with PCD who had normal FEV;. With the finding that '**Xe VDP
is often abnormal in individuals with normal FEV, our results align with previous hyperpolarised gas
MRI literature in CSLDs [9, 11, 20, 29-32]. For the first time, this study found a small number of children
with PCD with abnormal FEV;, including one without restrictive lung disease but normal ventilation on
129X e MRI [27]. Whilst this study found a moderate correlation of '*Xe VDP with FEV; in children with
PCD, other studies have reported no corelation between 129%e VDP and FEV; [29], and a stronger
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129e ventilation magnetic resonance images for all participants in the study (n=35). Each image
depicts a different participant, showing a central slice.

correlation between *He VDP and FEV{/FVC [11]. In paediatric CF, the relationship between 129%e VDP
and FEV, is also variable [30, 33, 34]. This variability in correlation between VDP and FEV; may arise
from the differing study populations or image acquisition methods. These findings illustrate that reliance
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FEVy, FVC and FEV;/FVC lower limit of normal (LLN; —1.64); horizontal dashed lines indicate VDP and VHI upper limit of normal (ULN; 1.2% and
9.5%, respectively).

CaseA
FEV; z-score 1.2
129Xe VDP (%) 7.3 I Defect (VOP)
129Xe VHI (%) 10.8

[ Low ventilation (LVP)

} Normal ventilation
Case B a7 o
High ventilation

FEV, z-score -2.3
129Xe VDP (%) 0.4
129%e VHI (%) 8.7

2% imaging data from example cases with discordant spirometry and *’Xe ventilation defect
percentage (VDP) findings. Case A: normal forced expiratory volume in 1s (FEV;) but both abnormal VDP and
ventilation heterogeneity index (VHI). Case B: abnormal FEV; (moderate obstruction) but normal VDP and VHI.

LVP: low ventilation percentage.
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No abnormality
6.5%
(n=2)

FIGURE 5 Venn diagram illustrating the frequencies of abnormal '*°Xe ventilation defect percentage (VDP),
bronchiectasis, collapse and air trapping in the study cohort. Diagram only includes participants with readable
ultrashort echo time images (n=31).

on spirometry alone for the clinical assessment of lung health in CSLDs may lead to instances of false
assurance of normal lung heath. These studies show the importance of using a range of tools to assess
different components of lung function in CSLDs.

The clinical picture in PCD is complex; neither spirometry nor *°Xe metrics (VDP and VHI) correlated
with age, age at diagnosis or number of antibiotic courses in the last 12 months, and limited correlation
was seen with quality of life assessed by the QOL-PCD. VDP was higher and FEV; was lower in those
with IDA and ODA defects than those with normal cilial ultrastructure. Previous research reported that
individuals with IDA and MTD cilial defects have the highest CT scan disease scores [35], and this study
provides further evidence that cilial ultrastructural defects may influence disease severity.

Bronchiectasis, bronchial wall thickening, mucus plugging and atelectasis are common CT findings in
people with PCD [36, 37]. The frequency of abnormalities identified in children with PCD using 'H MRI
in this study is lower than previously reported: 100% structural abnormalities, 97% and 94%
bronchiectasis or wall thickening [3, 14]. It is unclear if the lower frequency seen may arise from
differences in diagnostic inclusion criteria, image acquisition or a true variance. Finding the anatomical
middle lobe, whether located on the left or right side of the body, to be a common area of collapse in
PCD, this study adds further evidence to the CT scan findings of middle lobe collapse reported by Jamn
et al. [38] and highlights the importance of monitoring this area in children with PCD. These data also
highlight the potential of 'H MRI to reduce the number of CT scans of the lungs and provide a viable
longitudinal lung imaging assessment method.

This is the largest cohort of children with PCD assessed by *?Xe MRI to date, employing a prospective
study design with standardised imaging and spirometry methods, an age-appropriate, validated QOL-PCD
instrument and clinical data. This study used '**Xe ventilation MRI, a highly sensitive technique, to
provide quantitative and qualitative information on the range of functional abnormalities seen in PCD, and
'H anatomical MRI to detect structural abnormalities. Although two children struggled with the MRI
scanner noise, one of whom withdrew from the study, the scans were well tolerated by the vast majority of
individuals, including those as young as 6 years old. As MRI is ionising radiation-free, it is well placed for
assessing children and young people, especially longitudinally. The cross-sectional design precluded
assessment of longitudinal changes or inferring causality. Future long-term follow-up studies to determine
whether baseline **Xe VDP predicts key clinical outcomes including exacerbation frequency and lung
function decline are needed. Further evaluation of healthy children with *Xe MRI will provide more
robust paediatric reference values, enabling multicentre research and clinical implementation of the findings.
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1H HASTE 129Xe ventilation Ventilation binning map

Case C: example to illustrate comparison of *H anatomical magnetic resonance imaging (MRI) (ultrashort echo time (UTE) and
half-Fourier acquisition single-shot turbo spin echo (HASTE) images) and *°Xe MRI (ventilation image and binning map) findings. Arrows indicate
areas where collapse corresponds to *?°Xe ventilation defect (yellow) and areas of *°Xe defect with no evidence of abnormality on *H (red). Solid
arrows indicate where comparison has been made on the slice depicted, the dashed arrow indicates where comparison was made with a more
anterior ventilation image slice and the dotted arrow indicates where comparison was made with a more inferior UTE slice. Ventilation binning
maps shows areas of ventilation defect (red), low ventilation (red/orange), normal ventilation (dark green/light green) and high ventilation
(turquoise/blue).

Whilst HRCT scans were not included to ensure an ionising radiation-free protocol, studies permitting
direct comparison of HRCT and 'H MRI in children with CSLDs are warranted. As LCI is widely
available, inclusion of LCI in the study protocol would have provided a valuable comparison of '*°Xe
MRI with LCI. Future work from the ASPECT-PCD study [16] will evaluate the effects of airway
clearance techniques using ***Xe MRI.

129X e ventilation MRI can detect ventilation abnormalities in children with PCD; we also demonstrate that
the extent of ventilation distribution abnormalities in PCD varies between individuals. Ventilation
abnormalities are identifiable using '?Xe ventilation MRI in children with PCD who have normal FEV;.
'H MRI provides complementary diagnostic information on structural abnormalities. **Xe ventilation MRI
offers a sensitive, safe and well-tolerated imaging technique that is well placed for future longitudinal
studies in children with PCD.

Provenance: Submitted article, peer reviewed.

Ethics statement: All eligible participants, or their parents/guardians if <16 years old, were approached to take part
by members of their direct clinical care team and provided written informed consent. The study was approved by
the Oxford B Research Ethics Committee (21/SC/0197).

Conflict of interest: L. Schofield reports support for the present study from the National Institute for Health and
Care Research (NIHR), Leeds Hospitals Charity and Child Health Outcome Research at Leeds (CHORAL);
consultancy fees from Aparito; payment or honoraria for lectures, presentations, manuscript writing or educational
events from the Association of Chartered Physiotherapists in Cystic Fibrosis; and a leadership role with the PCD
Registry. L.J. Smith reports grants from the Cystic Fibrosis Trust, Vertex Pharmaceuticals and Sheffield Children’s
Hospital Charity; payment or honoraria for lectures, presentations, manuscript writing or educational events from
the Association of Chartered Physiotherapists in Cystic Fibrosis; and support for attending meetings from
AstraZeneca. H. Marshall reports grants from GSK and EPSRC, and support for attending meetings from the ERS
and ERS/ESPR. D. Hughes, A. Biancadi, J. Bray, D. Capener, G. Collier, S. Fazal, E. Moya, R. Munro, G. Norquay,
E. Robson, O. Rodgers, A. Shawcross, S.J. Singh, N. West and A. Zalewska report no disclosures. S. Shanks reports
support for the present study from the ASPECT-PCD study/NIHR. N. Stewart reports grants from UKRI Future
Leaders Fellowship, EPSRC Prosperity Partnership, Rosetrees Trust Seedcorn and AMS Springboard. D. Hind
reports grants from the NIHR, participation on a data safety monitoring board or advisory board with
Implementing Mobile Mental health Recording Strategy for Europe (IMMERSE project), and is the Trial Steering
Committee Chair for the DOORSTEP and PANDA-S trials. J.M. Wild reports grants from the MRC, payment or
honoraria for lectures, presentations, manuscript writing or educational events from Vertex, and a UK patent
issued for a xenon polarisation system.

Downloaded from https://publications.ersnet.org on July 27, 2026 by guest. Please see licensing information on first page for reuse rights.



ERJ OPEN RESEARCH

ORIGINAL RESEARCH ARTICLE | L. SCHOFIELD ET AL.

Support statement: This study was funded by the National Institute of Health and Care Research (NIHR301558)
and the Medical Research Council (MR/M008894/1). This research was supported by Child Health Outcomes
Research at Leeds (CHORAL) (www.choralresearch.org.uk). CHORAL is funded by Leeds Hospitals Charity, the
University of Leeds and Leeds Teaching Hospitals NHS Trust. Funding information for this article has been
deposited with the Open Funder Registry.

References

1

Flume PA, Chalmers JD, Olivier KN. Advances in bronchiectasis: endotyping, genetics, microbiome, and
disease heterogeneity. Lancet 2018; 392: 880-890.

2 Rubbo B, Zhang K, Kant A, et al. Variability of lung function in patients with primary ciliary dyskinesia (PCD):
longitudinal analysis from the PROVALF-PCD cohort, a BEAT-PCD Collaboration. Eur Respir J 2023; 62: Suppl.
67, PA2760.

3 Nyilas S, Bauman G, Pusterla O, et al. Structural and functional lung impairment in primary ciliary dyskinesia.
Assessment with magnetic resonance imaging and multiple breath washout in comparison to spirometry.
Ann Am Thorac Soc 2018; 15: 1434-1442.

4 Kinghorn B, McNamara S, Genatossio A, et al. Comparison of multiple breath washout and spirometry in
children with primary ciliary dyskinesia and cystic fibrosis and healthy controls. Ann Am Thorac Soc 2020; 17:
1085-1093.

5 Gahleitner F, Thompson J, Jackson CL, et al. Lower airway clinical outcome measures for use in primary
ciliary dyskinesia research: a scoping review. ERJ Open Res 2021; 7: 00320-2021.

6 Stewart NJ, Smith LJ, Chan H-F, et al. Lung MRI with hyperpolarised gases: current & future clinical
perspectives. Br J Radiol 2022; 95: 20210207.

7 Ng KL, Grist J, Gleeson F, et al. Clinical applications of hyperpolarised xenon-129 MRI. EMJ 2024; 9: 48-61.

8 Mallallah F, Packham A, Lee E, et al. Is hyperpolarised gas magnetic resonance imaging a valid and reliable
tool to detect lung health in cystic fibrosis patients? A cosmin systematic review. J Cyst Fibros 2021; 20:
906-919.

9 Marshall H, Horsley A, Taylor CJ, et al. Detection of early subclinical lung disease in children with cystic
fibrosis by lung ventilation imaging with hyperpolarised gas MRI. Thorax 2017; 72: 760-762.

10 Smith L, Marshall H, Aldag I, et al. Longitudinal assessment of children with mild cystic fibrosis using
hyperpolarized gas lung magnetic resonance imaging and lung clearance index. Am J Respir Crit Care Med
2018; 197: 397-400.

11 Smith LJ, West N, Hughes D, et al. Imaging lung function abnormalities in primary ciliary dyskinesia using
hyperpolarized gas ventilation MRI. Ann Am Thorac Soc 2018; 15: 1487-1490.

12 Geiger J, Zeimpekis KG, Jung A, et al. Clinical application of ultrashort echo-time MRI for lung pathologies in
children. Clin Radiol 2021; 76: 708.e9-708.e17.

13 Hatabu H, Ohno Y, Gefter WB, et al. Expanding applications of pulmonary MRI in the clinical evaluation of
lung disorders: Fleischner Society position paper. Radiology 2020; 297: 286-301.

14 Wucherpfennig L, Wuennemann F, Eichinger M, et al. Magnetic resonance imaging of pulmonary and
paranasal sinus abnormalities in children with primary ciliary dyskinesia compared to children with cystic
fibrosis. Ann Am Thorac Soc 2024; 21: 438-448.

15 Montella S, Santamaria F, Salvatore M, et al. Lung disease assessment in primary ciliary dyskinesia: a
comparison between chest high-field magnetic resonance imaging and high-resolution computed
tomography findings. Ital J Pediatr 2009; 35: 24.

16 Schofield L, Hind D, Singh SJ, et al Study protocol: ASPECT-PCD. 2021. https:/figshare.com/s/
c585dc4ac09edbfffrdf?file=32605832 Date last accessed: 14 February 2026.

17 Lucas JS, Barbato A, Collins SA, et al. European Respiratory Society guidelines for the diagnosis of primary
ciliary dyskinesia. Eur Respir J 2017; 49: 1601090.

18  Stewart NJ, Norquay G, Griffiths PD, et al. Feasibility of human lung ventilation imaging using highly
polarized naturally abundant xenon and optimized three-dimensional steady-state free precession. Magn
Reson Med 2015; 74: 346-352.

19 Norquay G, Collier GJ, Rao M, et al. **Xe-Rb spin-exchange optical pumping with high photon efficiency.
Phys Rev Lett 2018; 121: 153201.

20 Smith LJ, Horsley A, Bray J, et al. The assessment of short- and long-term changes in lung function in cystic
fibrosis using *?°Xe MRI. Eur Respir J 2020; 56: 2000441.

21 Collier G, Acunzo L, Smith L, et al. Linear binning maps for image analysis of pulmonary ventilation with
hyperpolarized gas MRI: transferability and clinical applications. 2018. https://archive.ismrm.org/2018/4482.
html Date last accessed: 14 February 2026.

22 Hughes PJC, Smith L, Chan HF, et al. Assessment of the influence of lung inflation state on the quantitative
parameters derived from hyperpolarized gas lung ventilation MRI in healthy volunteers. J Appl Physiol 2019;
126: 183-192.

https://doi.org/10.1183/23120541.00984-2025 10

Downloaded from https://publications.ersnet.org on July 27, 2026 by guest. Please see licensing information on first page for reuse rights.


https://www.choralresearch.org.uk
https://www.crossref.org/services/funder-registry/
https://figshare.com/s/c585dc4ac09edbfff7df?file=32605832
https://figshare.com/s/c585dc4ac09edbfff7df?file=32605832
https://figshare.com/s/c585dc4ac09edbfff7df?file=32605832
https://archive.ismrm.org/2018/4482.html
https://archive.ismrm.org/2018/4482.html
https://archive.ismrm.org/2018/4482.html

ERJ OPEN RESEARCH

ORIGINAL RESEARCH ARTICLE | L. SCHOFIELD ET AL.

23 Johnson KM, Fain SB, Schiebler ML, et al. Optimized 3D ultrashort echo time pulmonary MRI. Magn Reson
Med 2013; 70: 1241-1250.

24 Miller MR, Hankinson J, Brusasco V, et al. Standardisation of spirometry. Eur Respir J 2005; 26: 319-338.

25 Quanjer PH, Stanojevic S, Cole TJ, et al. Multi-ethnic reference values for spirometry for the 3-95-yr age
range: the global lung function 2012 equations. Eur Respir J 2012; 40: 1324-1343.

26 Behan L, Leigh MW, Dell SD, et al. Validation of pediatric health-related quality of life instruments for primary
ciliary dyskinesia (QOL-PCD). Pediatr Pulmonol 2019; 54: 2011-2020.

27  Chan H-F, Smith LJ, Biancardi AM, et al. Image phenotyping of preterm-born children using hyperpolarized
29%e lung magnetic resonance imaging and multiple-breath washout. Am J Respir Crit Care Med 2023; 207:
89-100.

28  Graham BL, Steenbruggen I, Miller MR, et al. Standardization of spirometry 2019 update. An Official American
Thoracic Society and European Respiratory Society Technical Statement. Am J Respir Crit Care Med 2019; 200:
e70-e88.

29  Wee W, Zanette B, Munidasa S, et al. Multisite hyperpolarized **°Xe MRI study of pediatric primary ciliary
dyskinesia. Eur Respir J 2023; 62: Suppl. 67, PA3995.

30 Willmering MM, Roach DJ, Kramer EL, et al. Sensitive structural and functional measurements and 1-year
pulmonary outcomes in pediatric cystic fibrosis. J Cyst Fibros 2021; 20: 533-539.

31 Thomen RP, Walkup LL, Roach DJ, et al. Hyperpolarized ***Xe for investigation of mild cystic fibrosis lung
disease in pediatric patients. J Cyst Fibros 2017; 16: 275-282.

32 de Lange EE, Altes TA, Patrie JT, et al. Evaluation of asthma with hyperpolarized helium-3 MRI: correlation
with clinical severity and spirometry. Chest 2006; 130: 1055-1062.

33 Kanhere N, Couch MJ, Kowalik K, et al. Correlation of lung clearance index with hyperpolarized '*Xe
magnetic resonance imaging in pediatric subjects with cystic fibrosis. Am J Respir Crit Care Med 2017; 196:
1073-1075.

34 Couch MJ, Munidasa S, Rayment JH, et al. Comparison of functional free-breathing pulmonary *H and
hyperpolarized *Xe magnetic resonance imaging in pediatric cystic fibrosis. Acad Radiol 2021; 28:
€209-e218.

35 Kinghorn B, Rosenfeld M, Sullivan E, et al. Airway disease in children with primary ciliary dyskinesia: impact
of ciliary ultrastructure defect and genotype. Ann Am Thorac Soc 2023; 20: 539-547.

36 Magnin ML, Cros P, Beydon N, et al. Longitudinal lung function and structural changes in children with
primary ciliary dyskinesia. Pediatr Pulmonol 2012; 47: 816-825.

37 Tadd K, Morgan L, Rosenow T, et al. CF derived scoring systems do not fully describe the range of structural
changes seen on CT scans in PCD. Pediatr Pulmonol 2019; 54: 471-477.

38 Jain K, Padley S, Goldstraw E, et al. Primary ciliary dyskinesia in the paediatric population: range and
severity of radiological findings in a cohort of patients receiving tertiary care. Clin Radiol 2007; 62: 986-993.

https://doi.org/10.1183/23120541.00984-2025 11

Downloaded from https://publications.ersnet.org on July 27, 2026 by guest. Please see licensing information on first page for reuse rights.



	Structure and function imaging in primary ciliary dyskinesia: cross-sectional study with 129Xe ventilation/1H anatomical magnetic resonance imaging
	Abstract
	Introduction
	Methods
	Lung imaging
	Acquisition of non-imaging data
	Statistical analysis

	Results
	Spirometry
	129Xe MRI
	1H MRI assessment of lung structure

	Discussion
	Conclusions

	References


