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More accessible functional lung imaging: @
non-contrast CT-ventilation demonstrates

strong association and agreement with PET-
ventilation
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Abstract

Background Computed Tomography (CT) ventilation imaging (CTVI) is an emerging ventilation imaging technique.
CTVIimplementations have been widely validated against alternative ventilation imaging techniques but have been
limited to clinical research only. The first CTVI commercial product, CT LVAS (4DMedical, Melbourne, Australia), was
recently released enabling its use in clinical practice. This study quantitatively compares ventilation images from CT
LVAS and previously validated research CTVI algorithms to Galligas PET ventilation.

Methods 16 patients with Galligas PET and paired inhale/exhale breath-hold CT images were taken from a publicly
available dataset on The Cancer Imaging Archive. Ventilation images were produced using CT LVAS and two
previously published algorithms: (1) utilising the Hounsfield Unit difference (CTVI_HU); and (2) utilising the Jacobian
determinant (CTVI_Jac). CTVIimages were compared to the reference standard Galligas PET using Bland-Altman
analysis of lobar ventilation, voxel-wise Spearman correlation, and Dice similarity coefficient (DSC) of regions of
interest representing the top 85% and 15% of ventilation function.

Results Bland-Altman analysis showed overall bias of <0.01% for all CTVI methods (95% confidence interval: +7.4%
for CT LVAS, +9.1% for CTVI_HU, +7.9% for CTVI_Jac). The mean Spearman correlation between CTVI and Galligas
PET was 0.61+0.14 (p<0.01) for CT LVAS, 0.68+0.10 (p<0.01) for CTVI_HU, and 0.57+0.15 (p<0.01) for CTVI_Jac. The
mean DSC for the top 85% was 0.91 +0.03 for CT LVAS, 0.92 +0.02 for CTVI_HU, and 0.91+0.03 for CTVI_Jac, with the
DSC for CTVI_HU significantly higher than the other two CTVI methods. The DSC for the top 15% was 0.47+0.17 for
CT LVAS, 0.53+0.16 for CTVI_HU, and 0.47 +0.18 for CTVI_Jac.

Conclusions Ina comparison to Galligas PET ventilation imaging, CT LVAS performs similarly to previous CTVI
methods. Bland-Altman analysis for quantification of lobar ventilation demonstrates negligible bias. Mean voxel-
wise Spearman correlations are moderate to good. DSC of functionally thresholded lung regions are similar for all
CTVI methods. These results warrant further investigation of CT LVAS as a readily available ventilation imaging tool in
disease characterisation, lung health assessment, and surgical and targeted treatment planning.
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Background

Functional assessment in pulmonary chest imaging was
developed to surpass simple structural or density-based
evaluations [1]. Computational image processing meth-
ods have been developed that allow a small region of lung
to be tracked across static images at known respiratory
levels. X-ray velocimetry uses cross-correlation to track
lung movement through a series of images taken across
the breathing cycle quantifying lung expansion and has
been proposed as a quantitative tool to assist or extend
current lung disease diagnosis and management [2, 3].
The use of computed tomography (CT) rather than pla-
nar x-ray, allows investigation of the respiratory phase-
induced change in air/tissue ratio in a small region of
lung through a change in Hounsfield Unit (HU) for that
region. Galban et al. used deformably registered exhale
and inhale CT images with different thresholds on each
to classify lung regions affected by functional small air-
way disease or emphysema [4]. CT ventilation imag-
ing (CTVI) is an emerging technology for generating
3-dimensional maps of regional lung function related to
ventilation.

CTVI was first proposed as a concept by Simon [4, 5].
CT images from distinct phases of the breathing cycle,
typically peak inhale and peak exhale at normal tidal
volume, are deformably registered and the motion from
inhale to exhale analysed to extract the local change
in air volume. Development of the technique has been
largely carried out with application to sparing healthy
lung during radiation therapy cancer treatment where
4D CT imaging is routine standard of care [6]. However,
the potential for high resolution imaging of function and
the widespread availability of CT provides for the appli-
cation of this technique to broader diagnostic imaging.
CTVI imaging markers have been shown to be predictive
of disease progression in idiopathic pulmonary fibrosis
[7] and interstitial lung disease [8] and may provide an
alternative to nuclear medicine techniques for imaging
ventilation.

Direct methods of imaging the 3-dimensional distribu-
tion of ventilation in the lung involve imaging an inhaled
gas. Single positron emission CT (SPECT) ventilation
imaging is achieved through inhalation of nebulised car-
bon nanoparticles labelled with a gamma-ray emitter
such as technetium-99 m [9, 10]. Challenges in SPECT
ventilation imaging include clumping of the radiotracer,
limited spatial resolution and difficulties obtaining fully
quantitative imaging [11]. The inhalation of xenon gas
can be used to extract a 3D image of ventilation on a dual

energy CT system [12], but availability of dual energy CT
systems is again limited. Positron emission tomography
(PET) can also be used for ventilation imaging utilising
a similar nebulised particle system radiolabelled with
positron emitter gallium-68 (Galligas). PET ventilation
imaging offers higher spatial resolution than SPECT and
some potential improvement in clumping [13] but faces
challenges of a higher capital cost and so more limited
availability [14]. Magnetic resonance imaging (MRI)
ventilation imaging has been demonstrated through the
inhalation of a hyperpolarised gas. Despite advantages
such as direct imaging of gas exchange through diffu-
sion of the gas through the blood-gas barrier, hyperpo-
larised gas MRI requires specialised equipment and has
extremely limited availability. The production of ventila-
tion maps from free-breathing proton MRI [15, 16] has
been investigated with promising results in several dis-
ease types, overcoming the availability and complexity
challenges of hyperpolarised-gas MRI [17, 18]; however,
adoption into clinical practice remains low. The logisti-
cal complexity of CT imaging without contrast is very
low compared to SPECT and PET nuclear medicine scin-
tigraphy methods and CT is more widely available than
MR, therefore CTVI holds considerable clinical value.
CTVI has been compared against these alternative
methods of determining the regional distribution of
ventilation. Hegi-Johnson et al. carried out a systematic
review of CTVI validation against other imaging meth-
ods, concluding moderate to strong correlation at the
lobar and whole-lung level [19]. An international grand
challenge run through the American Association of Phys-
icists in Medicine validated CTVI produced by entrants
against three different matched imaging modalities:
SPECT, Galligas PET and Xenon-CT [20]. Entries were
judged using voxel-wise Spearman correlations between
the CTVI and three reference standard modalities, and
Dice Similarity Coefficients (DSCs) for thresholded func-
tional segmentation of the lung. The authors concluded
that further validation work and identification of a ‘gold
standard’ imaging modality was needed, echoing the con-
clusions of a systematic review of functional lung imag-
ing for radiation therapy in 2016 [21]. The development
of CTVI for identifying healthy, functional lung for spar-
ing during radiotherapy has progressed with only moder-
ate voxel-wise correlations between modalities, but with
emerging indications of utility. Application of CTVI in
Phase II prospective human clinical trials of healthy lung
sparing has shown positive results [22, 23], advancing the
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technique toward clinical uptake in the context of radia-
tion therapy.

Previously published CTVI techniques fall broadly
into two categories, Jacobian-based methods that associ-
ate ventilation with expansion of the lung derived from
a deformation vector field, and Hounsfield unit-based
methods which quantify the air-tissue fraction change
between deformably registered image pairs, as described
in Kipritidis et al. [24]. An implementation of these two
methods has been previously published in compari-
son to Galligas PET as a reference standard. Eslick et al.
(2016) [25] compared lobar ventilation from the Houn-
sfield unit method only to Galligas PET and identified
strong correlations in quantifying lobar function. Eslick
et al. (2018) [26] used voxel-wise Spearman correlation to
show that CTVI derived from breath hold CT gave better
correspondence to Galligas PET ventilation than CTVI
derived from 4DCT, likely due to motion artifacts affect-
ing deformable registration accuracy.

A commercially available CT ventilation technology CT
Lung Ventilation Analysis Software [CT LVAS] (4DMedi-
cal Ltd, Melbourne) has recently been released approved
by the regulators in Australia and the USA, making CTVI
available for clinical use. To support clinical translation of
the new technology, this study assesses CT LVAS against
a Galligas PET reference standard and previously vali-
dated research CTVI algorithms. For transparency and
to facilitate future comparison a publicly available data-
set is used. Some measures for comparing CTVI meth-
ods with Galligas PET previously published in Eslick et al.
2016 and 2018 [25, 26] have been repeated in this study
to ensure results are comparable with the earlier publica-
tion as the image processing workflow differs slightly.

Methods

Ethical approval

This study utilized data from a clinical trial regis-
tered with the Australian New Zealand Clinical Tri-
als Registry (ANZCTR) under the registration number
ACTRN12612000775819, with a registration date of
23/07/2012. The clinical trial received approval from the
local health district ethics committee (HREC/12/169)
according to the ethical principles outlined in the Decla-
ration of Helsinki.

Data was collected between 2013 and 2015 resulting
in a publicly available dataset, ‘CT-vs-PET-Ventilation-
Imaging’ [27] from The Cancer Imaging Archive [28].
The dataset consists of 20 matched sets of Ga-68 Gal-
ligas PET ventilation images and inhale/exhale breath-
hold CT pairs obtained in the same imaging session. The
ethics application status for the trial was approved, with
the initial submission made on 04/07/2012 and the lat-
est update occurring on 03/02/2022. Additionally, a data
sharing statement and the trial results were provided on

Page 3 of 11

03/02/2022, supporting transparency and accessibility
of the trial data. The trial was prospectively registered,
aligning with the standards for clinical research conduct.

Study participants

Participant characteristics and image acquisition are
described in [25, 26]. In brief, lung cancer patients, 50%
male, with an age range 54—73 years were imaged on a
Siemens Biograph mCT.S/64 PET/CT scanner (Siemens,
Knoxville USA). Galligas PET images were obtained
under free-breathing conditions after inhalation of 20
MBq of 68-Ga-labelled carbon nanoparticles. Breath-
hold CT (120 kV 120 mAs) were obtained with partici-
pants instructed to hold their breath at approximately
80% of maximum inhalation or exhalation. Following the
results of Eslick et al. 2018 [26] showing breath hold CT
gives better correlation to PET than 4DCT we have not
generated CTVI from the 4DCT available in the dataset.

CT ventilation imaging and processing

CT LVAS outputs regional ventilation data derived
from local measurements of lung tissue motion using
three-dimensional Particle Image Velocimetry (PIV), an
established image processing technique for measuring
displacement vector fields with high spatial resolution
(Fig. 1). As with the CTVI techniques, CT LVAS requires
two thoracic CT images as inputs. These can be acquired
on a standard CT instrument, without the need for con-
trast, and by utilizing a typical clinical paired inspiratory-
expiratory CT protocol.

CTVI were also computed using two previously pub-
lished algorithms: the Hounsfield Unit method (CTVI_
HU) and the Jacobian method (CTVI_Jac). In both
methods CT images from two breathing phases, for
example inhale and exhale breath-hold CTs or two phases
of a 4D-CT, are deformably registered (Fig. 1). To gener-
ate CTVI_HU, the difference in Hounsfield Unit value
between each voxel of the exhale image and the deformed
inhale image is calculated as described in Guerrero et
al. [29] multiplied by a tissue density scaling correction
accounting for the likelihood of alveolar gas exchange as
described in Kipritidis et al. [30].

_ HUco(2)=HU}, (z4v)
CTVI_HU = HU (340)+1000 (1)

HU ex(z)+1000

X 1000

Where HU.,, () is the exhale CT image, HU}, (x + v)
is the inhale CT image deformed by the vector field v
and * represents a density correction applied to account
for total change of mass in the lung between exhale and
inhale.

To generate CTVI_Jac, following Reinhardt et al. [31]
the Jacobian determinant of the deformation vector field
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Fig. 1 Image processing steps: CT LVAS, CTVI_HU and CTVI_Jac are generated from an inhale/exhale breath-hold CT pair. CTVI_HU and CTVI_Jac are
resampled to the voxel size and image dimensions of the PET image, masked to match the CT LVAS image, and a median filter of radius 3.5 voxels (7 mm)
applied. The Galligas PET image is masked to match the CT LVAS image and smoothed

is computed representing the local volume expansion at
each voxel. Values greater than 1 represent expansion,
values from 0 to 1 represent contraction and values less
than zero indicate unphysical folding. For the final ven-
tilation metric, the Jacobian determinant is then decre-
mented by one so that values greater than O represent
expansion, values less than 0 represent contraction.

CTVI Jac = Jac(z,v) —1 (2)

Where Jac(x, v) represents the Jacobian determinant
of the deformation vector field v acting on the image x.

Previous publications have assessed lobar ventilation
correlation in this dataset [25] and the voxel-wise Spear-
man correlation between ventilation imaging derived
from the breath-hold CT and the Galligas PET images
[26]. To allow direct comparison to these earlier pub-
lications the same selection of patient data was used
here— patient IDs 1 to 18, with patients 2 and 3 excluded
from analysis due to a lack of motion between inhale
and exhale breath-hold CTs. Patients 19 and 20 were
excluded from previous analysis as their data had not
been collected by the time of publication of the earlier
results. Of the included patient data, three patients had
undergone previous surgery, with patient ID 5 missing
the right upper lobe and patients ID 10 and ID 11 missing
both right middle and right lower lobes.

In this study, three CT ventilation images (CTVI) were
generated for each patient from the breath-hold CT pairs
using CT LVAS (4DMedical, Melbourne), the Hounsfield

Unit method (CTVI_HU) and the Jacobian method
(CTVIL Jac). CTVI_HU and CTVI_Jac were generated
with the previously described Matlab toolkit, VESPIR
[24]. Al CTVI are produced in the exhale CT geometry.

CTVI_HU and CTVI_JAC were produced unmasked
with voxel dimensions matching the breath-hold CT
(0.96x0.96x1.8 mm?® and were then downsampled
to match the lower resolution of the PET images
(2.0x2.0x2.2 mm?®) using freeware image manipula-
tion tool Plastimatch with nearest neighbour interpola-
tion. CT LVAS was produced for this study matching the
dimensions and resolution of the PET image with lung
masks applied and no further processing was carried out.
The PET, CTVI_HU and CTVI_Jac were masked using
the CT LVAS mask so the same voxels are identified as
lung in all image modalities. Following the process in
Eslick et al. [26], to reduce image noise the PET, CTVI_
HU and CTVI_Jac images were smoothed using a median
filter of radius 3.5 voxels, corresponding to 7 mm.

The HU method calculates a per-voxel difference in
HU between the exhale and warped inhale. Taking the
difference in this way can amplify CT imaging noise
and smoothing is required to denoise the image. How-
ever, we note that overly smoothing the ventilation map
may erode small details and potentially true ventilation
signals. The 7 mm median filter was chosen to strike a
balance between denoising and obscuring detail in the
ventilation map. In contrast, the CTVI_Jac ventilation is
drawn from the Jacobian of the deformation vector field
itself which is constrained via a regularisation coefficient
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to enforce smoothness of the deformations. This results
in a much smoother ventilation map and further smooth-
ing with a 7 mm median filter has a minimal effect. Simi-
larly, the CT LVAS method is derived from an estimation
of the deformation of tissue in the lung and is inherently
constrained to smoothness.

Delineation of the lobes within the CT LVAS mask was
carried out by experts within 4DMedical as a research
service not currently available commercially. Initial lobar
contours were automatically generated on the exhale
breath-hold CT and then manually corrected without ref-
erence to the 4D-CT or PET images. These lobar masks
were then resampled to the PET resolution for applica-
tion to the final PET and CT VI images.

The lobar ventilation was calculated from the CTVI
by taking the sum of the ventilation values in each voxel
within the lobe divided by the sum of the ventilation val-
ues from all voxels within the lung mask, expressed as a
percentage. The lobar ventilation was calculated on the
PET in an analogous way by summing the activity count
in each voxel within the lobe divided by the sum of the
whole lung. The same lobar masks, derived from the
exhale CT and resampled to the PET resolution, were
used for assessment of both CTVI and PET.

The lobar ventilation for all lobes across the patient
cohort was compared to Galligas PET and between the
CTVI methods using a Bland-Altman analysis [32].

Correlations in the regional pattern of ventilation
between CTVI and Galligas PET were assessed with
methods that consider that these different modalities
may measure somewhat different physiological quantities
and so have a non-linear relationship. Voxel-wise Spear-
man correlation was used to quantify monotonicity in the
ventilation information at a voxel level. Functional and
high functioning lung were defined in a patient-relative
fashion following the recent phase 2 clinical trial by Vino-
gradskiy et al. [22]. Functional lung was defined as all
lung voxels excluding those voxels with a ventilation or
PET activity count below the 15th percentile i.e. the top
85% of ventilation for that patient, while high functioning
lung was defined as the top 15%. The Dice similarity coef-
ficient (DSC) was used to assess overlap of the functional
and high-functioning regions thus defined. Paired t-tests
were used to test for significant differences in the DSC.

Results

Figure 2 shows the reference standard Galligas PET, CT
LVAS, CTVI_HU and CTVI_Jac images for patient 12,
selected as representative of the cohort through hav-
ing a Spearman correlation to PET closest to the mean
across all CTVI methods (Spearman correlation of 0.66
for CT LVAS, 0.64 for CTVI_HU, and 0.61 for CTVI_
Jac). Qualitatively, a region of low function can be seen
in the left lung in the Galligas PET image and all three
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CTVI images. Images have been normalised to the mean
ventilation value or activity count within the lung mask.
Normalised ventilation values greater than 3 have been
assigned a value of 3, affecting less than 0.01% of voxels in
CTVI_HU and CT LVAS images and no voxels in CTVI_
Jac or PET images.

Visually, differences in the texture of the ventilation
map can be noted between the CTVI_HU map and those
based on the magnitude of tissue expansion. The HU
method calculates a per-voxel difference in HU between
the exhale and warped inhale, resulting in ventilation
values that can differ significantly voxel to voxel. Meth-
ods based on the magnitude of expansion determined
from deformation are usually regularised to enforce
smoothness of the deformations. This results in a much
smoother ventilation map on a spatial scale dependent on
the regularisation.

Figure 3 shows the Bland-Altman plots comparing
measurement of the lobar ventilation by the three CTVI
methods to Galligas PET. Bland-Altman analysis showed
an overall bias of <0.01% for all three methods. The 95%
confidence interval was from -7.4 to 7.4% for CTVI
LVAS, from -9.1 to 9.1% for CTVI_HU and from -7.9 to
7.9% for CTVI_Jac.

Figure 4 (A) shows the average ventilation across all
patients in each lobe for each CTVI method. Also shown
is the percentage volume occupied by each lobe. Figure 4
(B) plots the lobar ventilation from CTVI or percentage
volume of each lobe for each patient against the reference
standard from Galligas PET. It can be seen that for all the
CTVI methods, the values lie closer to the line of equality
than the lobar volume.

Figure 5 (A) shows the voxel-wise Spearman corre-
lation comparing CT ventilation methods to the ref-
erence standard Galligas PET for each patient in the
dataset. Most correlations can be defined as moderate to
good (0.5-0.75) with six very good (>0.75) correlations,
CTVI _Jac showing correlations between 0.25 and 0.5 for
patients 16 and 17 and little relationship (Spearman cor-
relation < 0.25) between either CT LVAS or CTVI_Jac and
PET for patient 13. Figure 5 (B) displays the mean voxel-
wise Spearman correlations across all patients. Between
CT LVAS and Galligas PET the mean Spearman cor-
relation was found to be 0.61+0.14 (range [0.17-0.80];
p<0.01). The Spearman correlation was 0.68 £ 0.10 (range
[0.48-0.87]; p<0.01) between CTVI_HU and Galligas
PET and 0.57 +£0.15 (range [0.18-0.77]; p<0.01) between
CTVI_Jac and Galligas PET.

The correlation between the CT ventilation meth-
ods was 0.65+0.12 (range [0.31-0.81]; p<0.01) between
CT LVAS and CTVI_HU, 0.73+0.07 (range [0.60-
0.83]; p<0.01) between CT LVAS and CTVI_Jac, and
0.68+0.12 (range [0.35—0.82]; p<0.01) between CTVI_
HU and CTVI_Jac.
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CTVI_HU

CTVI Jac

Fig. 2 Ventilation images for patient 12, chosen as representative of the mean Spearman correlation between the CTVI modalities and Galligas PET.
Images are normalised to the median ventilation value within the lung mask. Regions of visibly lower activity on the PET image with corresponding low
functioning regions on the CTVI are marked with white arrows. Some areas visibly appear to be mismatched - indicative areas of low ventilation on CTVI

that do not appear on other modalities have been indicated with red arrows

Functional lung regions were segmented by threshold
to represent functional lung (the top 85%of lung func-
tion) and high functioning lung (the top 15% of lung
function). The mean DSCs for functional and high func-
tioning lung between the CTVI and Galligas PET, and
between different CT VI modalities, are shown in Table 1.

A repeated measures ANOVA with Tukey’s multiple
comparisons test (GraphPad Prism v10.2.1) was used to
test for significant differences in the DSCs in Table 1. It is

of interest to ask if one of the three CTVI methods shows
a higher Dice score to PET than the other CTVI meth-
ods. The CTVI_HU to PET DSC is significantly higher
than CT LVAS to PET (p<0.05) and CTVI_Jac to PET
(p<0.005) for high functioning lung but there are no sig-
nificant differences for low functioning lung indicating
similar performance relative to the reference standard
for all three methods in identifying ventilation defects
in this small cohort of lung cancer patients. Statistical
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significance for the functional lung region has not been
assessed as the magnitude of difference between the
mean DSCs is very small.

Discussion

This study compared the lobar and 3-dimensional dis-
tribution of ventilation produced by CT LVAS to a PET
Galligas ventilation reference standard and previously
published CTVI algorithms. The results of the current
study indicate the CT LVAS performs comparably to pre-
viously published CT ventilation algorithms, with mod-
erate to good correlation between the CTVI and Galligas
PET lung ventilation imaging at a lobar level and mod-
erate correlation in a voxel-wise comparison. The Bland-
Altman analysis indicates agreement in predicting lobar
percentage ventilation between CT LVAS and Galligas
PET within around 5% ventilation. Agreement between
the ventilation methods is better than the agreement
between lobar percentage volume and Galligas PET indi-
cating that lung function is not evenly distributed across
the lung parenchyma.

Figure 2 indicates that broad patterns of ventila-
tion defect may be visible in all the ventilation methods
explored here while also highlighting there can still be
discrepancies between methods. We note that in meth-
ods using deformable image registration the accuracy
of the ventilation measure will be directly related to the
quality of the registration. The supplementary informa-
tion gives more examples of ventilation imaging from all
modalities for both high and low Spearman correlations
including cases 13 and 16 where there is discrepancy
between the CTVI methods. Without clinical informa-
tion provided with the dataset no conclusions can be
drawn as to which method is in fact more accurate. The
clinical utility of spatial ventilation mapping and the sig-
nificance of these differences between methods will likely
need to be determined on a disease-specific or clinical
application basis.

The analysis here differs from that in Eslick et al
(2018) [26] in adding CTVI_Jac to the lobar analysis and

in the use of the CT LVAS lung mask rather than one
generated by the VESPIR Matlab toolkit used in that
publication. Therefore, Spearman correlations were re-
calculated to allow comparison between the CTVI meth-
ods. The voxel-wise Spearman correlation found here for
CTVI_HU (0.68 range [0.48-0.87]) and CTVI_Jac (0.57
range [0.18-0.77]) are similar to those found by Eslick
et al.: 0.67 (range: 0.52—0.87) and 0.57 (range: 0.18-0.77)
respectively indicating the change in analysis has only a
small impact.

Perfect correlations between CTVI and Galligas PET
should not be expected as there are several sources of
potential discrepancy. The two methods use different
surrogate physical processes to estimate ventilation. Gal-
ligas PET uses the inhalation of particles which adhere
to airway surfaces and can be affected by turbulent or
disrupted airflows, airway surface characteristics and
clumping behaviour. CTVI on the other hand measures
tissue expansion or air/tissue ratio change as surrogates
of ventilation. In addition, the Galligas PET is a time-
average of ventilation with the patient breathing freely to
tidal volume while the CT images, although captured at
the same imaging session, are from separate breath hold
manoeuvres without spirometric confirmation of lung
expansion state.

It is known that differences in patient inhalation depth
lead to differences in patterns of ventilation and reduced
ventilation heterogeneity [33-37] as do differences in
patient setup between prone and supine positioning
[38]. The inhalation instruction given to patients for this
dataset (80% of maximum inhale) as detailed in Eslick
et al. 2018 [26] is non-standard. However it is not clear
what the optimal inspiratory volume would be for CTVI.
Larger volumes may give less noise in a surrogate venti-
lation signal dependent on expansion or air-tissue ratio
change, but may not be representative of the clinically
important ventilation. CTVI may also vary with chosen
scan parameters. No study has yet systematically inves-
tigated the effect of different CT scan parameters on the
ventilation map produced.



Byrne et al. Respiratory Research (2025) 26:163 Page 8 of 11

A)
. R W PET
.% 30 B CT LVAS
2825 B CTVI_HU
w S—
> 220 B CTVI Jac
(5]
y —§ 15 M Lobar volume
& 5 10
o
Q
v il
o RUL RML RLL LUL LLL
Lobe
B)
g £ e RUL
c 5
o = = RML
® =
% 5 4 RLL
> F + LUL
2 3
§ g O LLL
2 e
> -
G 0 E 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
PET lobar ventilation (%) PET lobar ventilation (%)
70 — 70
F 3
- 60 o 60
5 5
£ 50 3 50
€ 40 40
g &
- 30 c 30
3 3
S 20 s 204
(&) Q Al
-'gl 10 - s 10
pa— Q2
E 0 S o
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
PET lobar ventilation (%) PET lobar ventilation (%)

Fig.4 A)Histogram showing the lobar ventilation from each CTVI method and the percentage volume in each lobe. B) Plots of the lobar ventilation from
the reference standard Galligas PET against each CTVI method and the lobar percentage volume. RUL: right upper lobe; RML: right middle lobe; RLL: right
lower lobe; LUL: left upper lobe; LLL: left lower lobe



Byrne et al. Respiratory Research (2025) 26:163

A)

B CTLVAStoPET W CTVI_HUto PET M CTVI_Jacto PET

1.0

Page 9 of 11

B) w» Standard
® Mean deviation

0.9
0.8
0.7
0.6
0.5
0.4

Spearman correlation

0.3
0.2
0.1

0.0

1 4 5 6 7 8 9

Patient ID

10 11 12 13 14 15 16 17 18 CTLVAS

CTVI_HU
to PET

CTVI_ Jac

to PET to PET

Fig. 5 Voxel-wise Spearman correlations between CTVI methods and Galligas PET, A) for each patient and B) mean and standard deviation for each

method

Table 1 Mean dice similarity coefficients across all patients for functional lung (representing the top 85% of lung function), high
functioning lung (representing the top 15% of function) and low functioning lung (representing the bottom 15% of function) between
CTVI and the reference standard Galligas PET, and between different CTVI methods

CTLVASto Gal- CTVI_HU to CTVI_Jacto CTLVAS to CT LVAS to CTVI_HU

ligas PET Galligas PET Galligas PET CTVI_HU CTVI_Jac to
CTVI_Jac
Functional Lung (top 85%) 0.91+0.03 0.92+0.02 0.91+0.03 0.91+0.02 0.92+0.02 0.91+0.02
High functioning lung (top 15%) 047+0.17 053+0.16 047+0.18 057+0.15 0.66+0.10 061+0.15
Low functioning lung (bottom 15%) 0.52+0.15 057+0.14 048+0.17 0.50+0.13 049+0.12 0.57+0.11

Figure 4 suggests that CTVI ventilation approximates
the PET ventilation closer than the simple lobar volume.
However, it appears to show a systematic under-ventila-
tion of the upper lobes and over-ventilation of the lower
lobes compared to the lobar volume. This could be a
sign of systematic differences introduced by differences
in lung inflation state. The lobar volumes are defined on
the exhale CT, and while the CTVI are produced in the
exhale geometry they use motion/change between the
exhale and inhale. The PET is again different as an aver-
age over the breathing cycle. If lobar volume change is
not linear with lung inflation state a systematic bias could
be introduced comparing ventilation to volume at differ-
ent inflation states. However, in addition, patients in the
dataset have very heterogenous lung function with signs
of emphysema, late stage lung cancer physically block-
ing ventilation to entire lobes and previous surgeries. It
is also possible that the systematic differences seen here
would not be borne out in a larger cohort of patients.
Further investigation is needed and would be ideally

carried out in healthy patients to test for systematic bias
in the absence of large ventilation heterogeneities.

As seen in Fig. 2, discrepancies are visible between all
the ventilation methods explored here. Previous stud-
ies have related CTVI of defects to pathological results
of the physical lung condition in small animals, but this
is generally hard to achieve in human clinical trial. The
clinical utility of spatial ventilation mapping and the sig-
nificance of these differences between methods will likely
need to be determined on a disease-specific or clinical
application basis.

No diagnostic information was available for the patient
cohort studied here so this study is limited to demonstrat-
ing the technical equivalence of CT LVAS with other ven-
tilation measures. Where disagreement occurs between
the methods this study is unable to relate one method to
better determination of clinical outcomes. Future work
must determine the suitability of CTVI for clinical appli-
cation, including consideration of how sensitive it is to
the known dependency of patterns of ventilation on the
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inspiration volume [36, 39] and potential impact of vary-
ing scan parameters and imaging dose on the quality and
accuracy of produced ventilation images.

CT imaging without contrast is affordable and readily
available in most centres, offering an alternative where
nuclear imaging is unavailable, cost prohibitive, or there
are contraindications to its use. Giving a regional mea-
sure of ventilation, CT LVAS has potential application to
general lung health assessment, disease diagnosis, moni-
toring progression and treatment response, and surgical
or targeted treatment planning.

Conclusions

In a comparison to Galligas PET ventilation imaging,
CT LVAS performs similarly to previous CTVI meth-
ods. Bland-Altman analysis for quantification of lobar
ventilation demonstrates negligible bias and confidence
intervals of less than +10%. Mean voxel-wise Spear-
man correlations are moderate to good. Dice similar-
ity coeflicients of functionally thresholded lung regions
are similar for all CTVI methods. These results warrant
further investigation of CT LVAS as a readily available
ventilation imaging tool in disease characterisation, lung
health assessment, and surgical and targeted treatment
planning.
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