
1Bruorton M, et al. BMJ Open 2024;14:e080034. doi:10.1136/bmjopen-2023-080034

Open access�

Pilot study of paediatric regional lung 
function assessment via X-ray 
velocimetry (XV) imaging in children 
with normal lungs and in children with 
cystic fibrosis

Matthew Bruorton  ‍ ‍ ,1,2 Martin Donnelley,1 Thomas Goddard,1,2 
Antonia O’Connor,3,4 David Parsons,1,2 Jessica Phillips,1,2 
Kristin Carson-Chahhoud,1,2 Andrew Tai1,2

To cite: Bruorton M, 
Donnelley M, Goddard T, et al.  
Pilot study of paediatric regional 
lung function assessment 
via X-ray velocimetry (XV) 
imaging in children with 
normal lungs and in children 
with cystic fibrosis. BMJ Open 
2024;14:e080034. doi:10.1136/
bmjopen-2023-080034

►► Prepublication history for 
this paper is available online. 
To view these files, please visit 
the journal online (https://doi.​
org/10.1136/bmjopen-2023-​
080034).

Received 19 September 2023
Accepted 07 January 2024

For numbered affiliations see 
end of article.

Correspondence to
Dr Matthew Bruorton;  
​matthew.​bruorton@​adelaide.​
edu.​au

Protocol

© Author(s) (or their 
employer(s)) 2024. Re-use 
permitted under CC BY-NC. No 
commercial re-use. See rights 
and permissions. Published by 
BMJ.

Abstract
Introduction  Cystic fibrosis (CF) is a life-limiting 
autosomal recessive genetic condition. It is caused by 
mutations in the gene that encodes for a chloride and 
bicarbonate conducting transmembrane channel. X-ray 
velocimetry (XV) is a novel form of X-ray imaging that 
can generate lung ventilation data through the breathing 
cycle. XV technology has been validated in multiple 
animal models, including the β-ENaC mouse model of CF 
lung disease. It has since been assessed in early-phase 
clinical trials in adult human subjects; however, there 
is a paucity of data in the paediatric cohort, including 
in CF. The aim of this pilot study was to investigate the 
feasibility of performing a single-centre cohort study in 
paediatric patients with CF and in those with normal lungs 
to demonstrate the appropriateness of proceeding with 
further studies of XV in these cohorts.
Methods and analysis  This is a cross-sectional, single-
centre, pilot study. It will recruit children aged 3–18 years 
to have XV lung imaging performed, as well as paired 
pulmonary function testing. The study will aim to recruit 20 
children without CF with normal lungs and 20 children with 
CF. The primary outcome will be the feasibility of recruiting 
children and performing XV testing. Secondary outcomes 
will include comparisons between XV and current 
assessments of pulmonary function and structure.
Ethics and dissemination  This project has ethical 
approval granted by The Women’s and Children’s Hospital 
Human Research Ethics Committee (HREC ID 2021/
HRE00396). Findings will be disseminated through peer-
reviewed publication and conferences.
Trial registration number  ACTRN12623000109606.

Introduction
Cystic fibrosis
Cystic fibrosis (CF) is a life-limiting autosomal 
recessive genetic condition, with an incidence 
of approximately 1 in 2500 in the Caucasian 
population.1 2 It is caused by mutations in the 
gene that encodes for the cystic fibrosis trans-
membrane conductance regulator (CFTR), 

affecting chloride as well as bicarbonate ion 
transmembrane channel activity.1 3 CF is a 
multisystem disorder, with CFTR dysfunction 
causing issues in the lung, pancreas, liver, 
bowel, sweat glands and vas deferens, among 
others.

There have been significant advances in 
the care of CF. With improved treatment of 
early complications and the use of pancreatic 
enzyme replacement, the primary morbidity 
and mortality is now related to pulmonary 
pathology, including bronchiectasis, small 
airway obstruction and progressive respira-
tory failure.1 4

Pulmonary exacerbations
Pulmonary pathology is predominantly 
driven by inflammation, caused by the 
inability to clear microorganisms. CFTR 
dysfunction causes impaired mucociliary 
clearance; however, multiple other factors 
also contribute, including mucus tethering 
and function, impaired innate immunity and 
increased intrinsic cellular inflammation.1 5–7

Those affected by CF have recurrent exacer-
bations of disease. Pulmonary exacerbations 

STRENGTHS AND LIMITATIONS OF THIS STUDY
⇒⇒ As a pilot study, the sample size is small, and the 
aim and design is well suited to the assessment of 
the feasibility of future X-ray velocimetry (XV) stud-
ies in paediatrics and cystic fibrosis.

⇒⇒ The cohorts targeted for recruitment have under-
taken CT as part of their routine clinical care, limit-
ing the amount of radiation required to undergo XV 
imaging.

⇒⇒ The small study size means that secondary assess-
ments and comparisons of XV and lung function 
tests may be underpowered.
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are defined symptomatically by increased cough and 
sputum production and may be associated with respira-
tory distress, fatigue and reduced exercise tolerance.8 9 
Investigations including pulmonary function tests, chest 
imaging, sputum culture and blood inflammatory 
markers may assist with the clinical decision for treatment 
initiation and duration.1 4 8–10

Pulmonary assessment and monitoring
There are multiple methods available to assess pulmonary 
status in CF, including both functional and structural 
aspects. There are also developments being made in func-
tional lung imaging, with new imaging modalities able to 
give visual and quantitative assessments of regional lung 
ventilation.

Pulmonary function testing
The most commonly used pulmonary function test in CF 
is spirometry. Spirometry is a quick, non-invasive way to 
assess for airway obstruction or restriction. It requires 
significant respiratory effort and appropriate technique, 
meaning it is unsuitable for children less than 5–6 years 
of age. Reduced forced expiratory volume in 1 s (FEV1) 
is used as the main indicator of airway obstruction, indi-
cating disease progression or pulmonary exacerbation.11 12 
Body plethysmography can also be used to measure total 
lung capacity and residual volume, which can give an indi-
cation of gas trapping associated with airway obstruction. 
These assessments provide a global assessment of lung 
function. When there is ventilation inhomogeneity, they 
cannot identify whether there is potentially a compen-
sated abnormality present.13

Multiple breath washout is another method of assessing 
pulmonary function. It has the benefit of being able to 
be performed in a younger age group due to less depen-
dence on technique.14 The Lung Clearance Index (LCI) 
is the most commonly used outcome and reflects the 
global ventilation inhomogeneity. It has been shown to 
be associated with evidence of structural lung disease in 
patients with CF.15 However, while it is associated with 
structural disease, it is not able to identify the location of 
any abnormality.

Structural lung assessment
Structural assessment of the lungs in CF is generally 
performed through chest X-ray, CT or MRI.

Chest X-ray (CXR) is a quick and commonly used 
imaging technique. It can assess anatomical changes in 
the lungs and is generally recommended to be performed 
annually as part of routine CF care.12 However, it is limited 
by low resolution and is not sensitive enough to detect 
early structural lung changes associated with CF.

High resolution CT is the gold standard for identifying 
structural lung disease in CF.16 There have been several 
scoring systems developed for CF lung disease, aimed 
at identifying evidence of structural damage including 
bronchiectasis, mucus plugging, bronchial wall thick-
ening and atelectasis. The Perth-Rotterdam Annotated 

Grid Morphometric Analysis method (PRAGMA-CF) is a 
scoring system developed by Rosenow et al, which showed 
improved correlation between neutrophilic inflamma-
tion and CT scores compared with previous methods, as 
well as stronger relationships between structural changes 
and trapped air progression.16 It was also designed to 
provide reliable quantitative estimates of lung disease in 
young children, whereas previous methods were predom-
inantly focused on older children and adults. While CT is 
the gold standard, it is associated with a higher ionising 
radiation dose than CXR.

MRI of the lung has traditionally been limited, largely 
due to the technical difficulties produced by low proton 
density (required for MRI to acquire an appropriate 
resonance signal) and artefact created by respiratory 
and cardiac motion.17 There have been advances in MRI 
technology to improve lung image quality, with novel MR 
sequences able to depict some structural changes in CF. 
However, it is still limited by longer acquisition times and 
higher expense.

Functional lung imaging
Four dimensional CT
Four-dimensional (4D) CT has a diverse range of methods 
described in the literature. However, to calculate ventila-
tion metrics, they generally undergo three computational 
steps, including lung volume delineation, measurement 
of lung motion and algorithmic calculation of surrogate 
measures for regional ventilation.18 19 The most common 
algorithms are evaluation of lung volume changes using 
CT intensity or Hounsfield unit values and deformation 
vectors.18

Xenon CT
Xenon is an inert, noble gas. It has been used an inha-
lational contrast agent for functional lung imaging due 
to its X-ray absorption characteristics, being similar to 
iodine.18 20 Xenon CT involves a wash-in phase, where the 
subject inhales a xenon and oxygen mixture, followed 
by a period of washout, where they inhale a high oxygen 
concentration while the radioisotope is exhaled or 
absorbed. Images captured by CT are subsequently 
processed into three-dimensional (3D) distribution 
maps, where ventilation can be qualitatively and quanti-
tatively assessed.18 21

Hyperpolarised gas MRI
Hyperpolarised gas MRI allows an evaluation of both 
pulmonary anatomy and function, by the visualisation of 
dynamic ventilation over the course of a respiratory cycle. 
The use of noble gas contrast agents, such as helium-3 
or xenon-129, allows the circumvention of the tradi-
tional lack of proton signal in the lung and better image 
capture.17 18 22 Ventilation imaging can provide informa-
tion about defects (including calculation of the venti-
lation defect percentage (VDP) the percentage of lung 
with ventilation below 60% of the mean), and diffusion 
weighted imaging can be used to calculate the apparent 
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diffusion coefficient to differentiate between normal and 
enlarged airspaces.18 The primary limitations to uptake of 
hyperpolarised gas MRI is access to expensive hyperpolar-
ising equipment, in addition to an MRI machine and the 
technical expertise required for testing.

X-ray velocimetry
X-ray velocimetry (XV) is a novel form of X-ray imaging 
that was designed to collect lung ventilation data. The 
clinical implementation of this technique uses informa-
tion collected via X-ray fluoroscopy to track the motion 
of the distinctive speckle pattern that is created by over-
lapping alveoli within the lung. In the current clinically 
available assessments in adults, single breath cine-scans 
using existing fluoroscopic imaging equipment are 
captured at five different angles during tidal breathing. 
When combined with a thoracic CT, the scans are used to 
construct a 4D map (ie, the 3D volume changes, tracked 
over time) of regional lung tissue displacement during 
the breath.23 24 This enables creation of a visual map 
of regional ventilation, derived from the quantitative 
measures of airflow, and provides metrics such as mean 
specific ventilation, ventilation heterogeneity (VH) and 
VDP.23

XV technology has been validated in multiple animal 
models, including the β-ENaC mouse model of CF lung 
disease, in which XV was able to visualise the patchy lung 
disease and identify regions of reduced airflow.24–26 The 
technique has also shown a strong correlation with direct 
measurements using pneumotachography and pleth-
ysmography in a mouse model of bleomycin-induced 
pulmonary fibrosis27 and been used to map airflow during 
high-frequency ventilation.28 29 It has since been assessed 
in early-phase clinical trials in adult human subjects.30 
The first clinical validation was performed in a cohort 
of patients undergoing radiation therapy for various 
thoracic cancers, excluding lung cancer.31 Regional lung 
ventilation was quantified and compared with spirom-
etry and CT findings at baseline, 4 and 12 months after 
radiotherapy. Analysis showed correlation between XV 
ventilation data and both spirometry and CT. XV was also 
shown to be more sensitive in measuring alterations in 
regional lung function over time. Changes detected at 4 
months via XV were not reflected in spirometry metrics 
at that time point, but became evident at 12 months 
post-radiotherapy.31

While XV imaging uses X-rays, at the current stage of 
development it also requires a CT of the chest to provide 
a structural framework and boundaries for the software. 
The CT is not required for assessment of ventilation or 
parenchymal data. With further development, the tech-
nique is aimed to no longer require any CT input and 
acquire all relevant information from fluoroscopy only.

Aim
The aim of this study was to investigate the feasibility of 
performing XV in paediatric patients with CF and in those 

with normal lungs. Before a statistically powered cohort 
study is undertaken to establish both a normative refer-
ence range and a CF diagnostic reference range, a pilot 
study was deemed necessary to determine if a properly 
powered study was possible, and to outline the optimal 
design features.

Methods and analysis
Study design overview
This is a cross-sectional, single-centre, pilot study. It will 
recruit children aged 3–18 years (inclusive) to have XV 
lung imaging performed. The study will recruit chil-
dren without CF with healthy/normal lungs and chil-
dren with CF. Patients in both cohorts will be required 
to have had a CT scan within the last 6 months (or as 
per clinical judgement) or scheduled to have had a 
CT scan in an upcoming appointment as part of their 
normal clinical care.

Patients will be recruited at the Women’s and Chil-
dren’s Hospital, North Adelaide, Australia. They will 
undergo a clinical assessment with history and physical 
examination, undertake an XV scan and perform at 
least one of spirometry, plethysmography and diffusing 
capacity, or multiple breath washout. Those with CF will 
also complete the CFQ-R Cystic Fibrosis questionnaire. 
The CFQ-R will be applied regularly in a follow-up 
longitudinal study. Investigators will not be blinded to 
cohort allocation.

Patient and public involvement
Patients and the public were not involved in the design of 
this study. Separate to this study, a qualitative assessment 
of XV will be undertaken and results used to guide future, 
larger studies.

Ethics and dissemination
Ethical approval has been granted by The Women’s and 
Children’s Hospital Human Research Ethics Committee. 
(HREC ID 2021/HRE00396).

All participants will provide written consent, either 
individually or by legal guardian if 16 or older, or by their 
legal guardian if younger than 16.

Findings from this study will be disseminated through 
peer-reviewed publication and conferences.

Study registration
The study has retrospective registration with the Austra-
lian New Zealand Clinical Trial Registry (ANZCTR: 
1262000109606) and the Universal Trial Number (UTN: 
U1111-1287-9096).

Sample selection
Twenty patients will be recruited to both the healthy lung 
(control) and CF cohorts. A sample size of n=20 is within 
the range recommended for pilot studies to be able to 
detect adequate effect sizes as would be seen in compar-
ative studies.32 33
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For each study arm, potential participants will be iden-
tified from medical record reports identifying young 
people aged 3–18 years who may meet our inclusion 
criteria. Reports of children who have had a CT scan of 
their chest within the past 3 months will be compiled by 
hospital administrators or data custodians of individual 
departments records for assessment by the study team for 
potential inclusion in the study.

Arm 1
Arm 1 will include those children with normal lungs. 
Given children will be required to have a chest CT, 
specific patient groups have been targeted. These 
include new-diagnosis oncology patients prior to treat-
ment, physical trauma patients without evidence of lung 
injury and rheumatology patients without evidence of 
pulmonary disease. Other patients identified as poten-
tially suitable will be considered on a case-by-case basis.

Arm 2
Arm 2 will include those patients with CF.

Inclusion criteria
►► Aged 3–18 years inclusive at time of consent.
►► CT scan performed within the last 6 months (or as per 

clinical judgement), or scheduled to have a CT in an 
upcoming appointment.

Exclusion criteria
►► Pre-existing lung disease in Arm 1, including asthma, 

interstitial lung disease, etc.
►► In Arm 2, a current or recent (within the past 4–6 

weeks) pulmonary exacerbation as diagnosed by CF 
physician.

►► Currently receiving mechanical ventilation, intensive 
or critical care.

►► Contraindication to ionising radiation.
►► Urgent clinical treatment precluding the addition of 

XV imaging.
►► Inability to comply and remain still for period of XV 

image acquisition.
►► Inability to perform at least one of the pulmonary 

function tests listed previously.

Intervention
Clinical assessment
Patients will undergo a clinical history and physical exam-
ination. The clinical history will include past medical 
history, current medications and current symptomatology. 
Physical examination will measure clinical observations 
and include examination of the cardiac, respiratory and 
gastrointestinal systems.

X-ray velocimetry scan
An XV scan will be performed in The Women’s and 
Children’s Hospital Radiology Department. The XV 
scan involves fluoroscopic imaging of tidal breathing 
from five different angles (AP, ±36°, ±60°). The images 
will be sent to 4DMedical, Melbourne, and a report 

generated via their X-ray Velocimetry Lung Ventilation 
Analysis Software (XV LVAS) platform. Tissue expan-
sion is calculated to assess ventilation at a regional 
level within the lung. Ventilation is determined by 
measuring the change in volume of a specific lung 
region during inhalation and dividing it by the volume 
of that same region at the end of exhalation. This 
calculation generates a unit called specific ventilation 
(SV), which quantifies volume changes in mm³ for 
each individual lung region. Regions that inflate more 
have higher SV. The SV measurements are presented 
as a coloured contour image map of the lungs illus-
trating the spectrum of ventilation measurements 
during breathing.

XV LVAS report metrics include the following:
►► Tidal volume (TV)—the volume of air inhaled from 

start of inspiration to peak inspiration.
►► Mean specific ventilation (MSV)—the mean of 

specific ventilation across all regions of the lung.
►► Ventilation defect percentage (VDP)—measures the 

percentage of lung volume that is below 60% of the 
mean specific ventilation.

►► Ventilation heterogeneity (VH)—measures the overall 
variability of ventilation across the lung.

Pulmonary function testing
Pulmonary function testing will be performed in the 
Women’s and Children’s Hospital Lung Laboratory, 
a nationally accredited pulmonary function testing 
centre, under the auspices of the Thoracic Society of 
Australia and New Zealand.

Multiple breath washout
Eco Medics Exhalyser D equipment will be used to 
perform nitrogen multiple breath washout testing to 
generate the LCI.

Spirometry and body plethysmography
Spirometry and DLCO tests will be performed on a 
Medisoft Spiro Air, as per ERS/ATS standards.34 35 
Plethysmography testing will be performed using Medi-
soft bodybox, also as per ERS/ATS standard.36

Outcome measures
Primary
The primary outcome measure from this study is to 
investigate the feasibility of recruiting 20 children 
without CF and 20 children with CF from our centre to 
complete an XV scan and the other assessments listed 
above.

These data will determine if a larger, statistically 
powered study can be undertaken at this site to evaluate 
the diagnostic capabilities of XV imaging, which may 
be able to better measure lung health compared with 
existing methods.
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Secondary
Appropriateness of XV LVAS technology as a clinical assessment 
for lung function, compared with standard and specialised 
pulmonary lung function techniques
This will be measured by comparisons of XV-LVAS report 
metrics to report metrics of existing pulmonary function 
testing, including spirometry, plethysmography and diffu-
sion capacity, and LCI.

Appropriateness of XV LVAS technology as a clinical assessment 
for structural lung disease, compared with CT imaging
XV LVAS report metrics will be compared with CT chest 
evidence of structural lung disease, assessed via PRAG-
MA-CF scoring.

Identify which participant characteristics should be considered 
to clinically evaluate lobar ventilation distribution, ventilation 
heterogeneity and expiratory time constant
This will be determined through visual inspection of char-
acteristic data and identification of potential factors that 
may influence report metrics. Factors will be considered 
where correlation trends are observed in continuous and 
dichotomous variables.

Identify if ongoing assessment of ventilation distribution, 
ventilation heterogeneity and expiratory time constant is safe and 
clinically appropriate
This will be determined through a retrospective evalua-
tion of CT scan frequency among the young people with 
CF, identification of any adverse events during and imme-
diately following XV imaging and preliminary appropri-
ateness of XV LVAS testing.

Data analysis
The XV, lung function and CT outcome data obtained 
from this study will be described by group, using 
descriptive statistics. Continuous variables will be 
described using mean and SD, or median and IQR if 
the distribution is asymmetric. Categorical variables 
will be presented as numbers and percentages. Demo-
graphic variables age, sex, height and weight will also 
be described by group. Statistical association between 
outcome measures will be assessed graphically and 
described using correlation coefficients.

Data storage
All data for an individual participant will be collected by 
the principal investigator or their delegated nominees 
and recorded in the patient record. Participant identi-
fication will be through their unique participant study 
number. All clinical data will be stored as per SA Health 
data storage guidelines.

Standard clinical lung function data will be collected 
and stored securely as per WCH guidelines. Each partic-
ipant’s lung function data will be identified by hospital 
unique record number (URN) initially, then deidentified 

using a numerical code before being sent to statisticians 
for analysis.

Pre-existing radiological data (ie, CT chest) will 
continue to be stored as per routine clinical data in the 
WCH Radiology Department, using secure WCH server 
and SA Health computers.

Deidentified XV LVAS data will be stored in the WCH 
Respiratory and Sleep Department using the WCH 
SA Health Network server. Data will be stored for a 
minimum of 30 years, according to WCH data-retention 
requirements.

At the conclusion of the study, all hard copy case 
report forms, signed consent forms and trial data will be 
archived according to the Respiratory Clinical Trial Unit’s 
Archiving SOP at Iron Mountain.

Adverse events and analysis
Lung function testing entails standard procedures that are 
well established. The testing staff are trained and experi-
enced in recognising and dealing with potential risks, as a 
normal part of routine testing. Some procedures require 
special breathing efforts. Known risks are as follows:

►► Dizziness.
►► Feeling short of breath.
►► Coughing.
►► Asthma attack precipitated by deep inhalation.
XV imaging protocol involves exposure to ionising 

radiation. The radiation dose in the research portion 
of the study is low, estimated to between 0.52 and 0.83 
mSv, equivalent to between 2 and 5 standard CXRs. A 
detailed analysis of the expected radiation exposure has 
been undertaken by the assessors in the South Australian 
Medical Imaging Department prior to study commence-
ment. As per the Australian Radiation Protection and 
Nuclear Safety Agency (ARPANSA) Code of Practice 
for the Exposure of Humans to Ionising Radiation for 
Research Purposes, the radiation exposure is classified 
as category IIa or ‘very-low risk’.37 The radiation dose 
administered during XV imaging will be monitored 
and recorded. Exposure settings of the XV scans will be 
adjusted to administer the lowest practicable dose while 
still achieving technically useable results.

Sponsorship
This study is supported by 4DMedical, who will provide 
the XV LVAS reports for patients undergoing XV imaging. 
4DMedical have no input into study design, outcome 
analyses or study conclusions.

Challenges in study design
To allow for appropriate XV LVAS mapping and report, 
a chest CT is currently required to provide the anatom-
ical framework. Given the radiation dose required for 
CT of the chest region, it is not ethically appropriate 
to perform a chest CT in children, in addition to that 
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required for routine clinical care. This is particularly 
the case in those with healthy lungs where a chest CT 
assessment is not clinically indicated. This limits the 
eligible normal lung patient cohort considerably, given 
the relative clinical reluctance to perform CT in chil-
dren compared with adults. Some potential cohorts of 
eligible patients, for example, oncology patients, have 
routine CT. They also, however, frequently receive agents 
with known pulmonary side effects. A further limitation 
is that it will be common to be unable to perform the 
additional XV imaging and pulmonary function tests on 
a child in the emotionally difficult period between an 
oncological diagnosis with routine screening CT and 
subsequent rapid initiation of treatment.

Pulmonary function testing is dependent on compli-
ance and technique. Children less than 5–6 years of 
age will be unable to undergo spirometry and pleth-
ysmography. In the cohort 5 years and over there can 
still be technique issues affecting accurate results. This 
may affect the ability to compare XV imaging with stan-
dard lung function metrics in some younger children, 
however this will not affect the primary study outcome 
of feasibility.

Future trial considerations
A feasibility study design is necessary to determine if 
it is possible to recruit and test children without CF 
with healthy lungs as well as those with CF to partic-
ipate in an XV imaging study. This is an important 
first step towards establishing a statistically powered 
cohort study. Such a study would evaluate XV LVAS 
outcomes in children with normal lung function and 
anatomy that can be used to provide normal refer-
ence range data sets against which putative disease 
states can be examined.

Since XV is a new lung function imaging technology, 
studies to establish a reference range are a prerequisite 
before clinical adoption of the technique for diagnosis 
and monitoring of children with lung pathology.
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