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Abstract

Background Hyperpolarised gas magnetic resonance imaging (MRI) can be used to assess ventilation
patterns. Previous studies have shown the image-derived metric of ventilation defect per cent (VDP) to
correlate with forced expiratory volume in 1 s (FEV)/forced vital capacity (FVC) and FEV; in asthma.
Objectives The aim of this study was to explore the utility of hyperpolarised xenon-129 (‘*?Xe)
ventilation MRI in clinical care and examine its relationship with spirometry and other clinical metrics in
people seen in a severe asthma service.

Methods 26 people referred from a severe asthma clinic for MRI scanning were assessed by
contemporaneous >Xe MRI and spirometry. A subgroup of 18 patients also underwent reversibility
testing with spirometry and MRI. Quantitative MRI measures of ventilation were calculated, VDP and the
ventilation heterogeneity index (VH;), and compared to spirometry, Asthma Control Questionnaire 7
(ACQ7) and blood eosinophil count. Images were reviewed by a multidisciplinary team.

Results VDP and VHj correlated with FEV,, FEV{/FVC and forced expiratory flow between 25% and
75% of FVC but not with ACQ?7 or blood eosinophil count. Discordance of MRI imaging and symptoms
and/or pulmonary function tests also occurred, prompting diagnostic re-evaluation in some cases.
Conclusion Hyperpolarised gas MRI provides a complementary method of assessment in people with
difficult to manage asthma in a clinical setting. When used as a tool supporting clinical care in a severe
asthma service, occurrences of discordance between symptoms, spirometry and MRI scanning indicate how
MRI scanning may add to a management pathway.

Introduction

Asthma management is now based on clinical estimates of severity and pathological phenotypes, focusing
at a pathological level on the inflammatory pathways involved. However, clinical practice is often made
more challenging by discordance between symptoms and tests such as measures of lung function [1].

Hyperpolarised gas magnetic resonance imaging (MRI) can provide detailed three-dimensional (3D)
images of the ventilated lung airspaces [2, 3]. Previous studies on well-characterised cohorts of patients
have observed that unventilated regions (ventilation defects) present on MRI are more common in people
with asthma than healthy volunteers [4], increase with asthma severity [5-7] and change in response to
medications administered to either induce or treat bronchoconstriction [4, 8-11]. Studies have investigated
the relationships between MRI metrics, spirometry and clinical measures such as eosinophil count (sputum
and/or blood) in patients with asthma [4—7, 10-19], showing moderate correlations of MRI ventilation
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defect per cent (VDP) with forced expiratory volume in 1 s (FEV)/forced vital capacity (FVC) and FEV,
[5, 7, 18, 19]. The relationship between VDP and eosinophil count is less consistent, with some studies
reporting a correlation with blood eosinophils and sputum eosinophils [12, 16, 19], and another reporting
no correlation with sputum eosinophils [7]. Ventilation defects have also been shown to be associated with
clinical outcomes indicative of severe asthma exacerbations such as hospitalisations [19], and to correlate
with asthma control in a cohort of people with severe, poorly controlled asthma [15]. Most studies to date
have focused on VDP, although some have also considered the heterogeneity within the ventilated regions
of the lung [11, 20]. Relationships between MRI ventilation heterogeneity and lung function have so far
not been assessed in people with asthma.

The promise of hyperpolarised gas MRI for the monitoring of lung ventilation is now well established in
clinical research studies, where patient populations are strictly defined by inclusion and exclusion criteria,
but the ability of the technique to translate into real-world clinical practice is unknown. In 2015 our centre
was licenced by the UK regulatory body the Medicines and Healthcare products Regulatory Agency
(MHRA) for the manufacture of hyperpolarised '*?Xe gas for clinical lung investigations, a world-first for
this technology. In this work we therefore aimed to investigate the use of hyperpolarised '?°Xe ventilation
MRI in a cohort of patients as part of routine care in a difficult asthma service, and its relationship with
spirometry and other clinical metrics, and to begin to understand how it might be used to support clinical
decision making.

Methods

Patient referral

28 adults with difficult-to-manage asthma were referred from the severe asthma service in Sheffield
Teaching Hospitals, UK, where difficult-to-manage asthma was taken to include people with severe disease
and/or discordance between symptoms and observed tests and signs, and where it was felt that further
imaging of lung ventilation may support a diagnostic and management process. The patients studied were
referred for MRI between February 14, 2018 and August 28, 2019. Data from the patients were analysed
under a study approved by the Yorkshire and the Humber — Sheffield research ethics committee (17/YH/
0266). Patients were made aware that the scanning technique was established at a research level and that
there was a belief that these scans would complement other investigations in management of their disease,
but that its place in clinical practice was under evaluation. They provided written informed consent for the
data collected to also be studied to help us examine the utility of MRI and share the knowledge we gained.

MRI acquisition

28 patients were scanned using a 1.5 T whole body MRI system (GE HDx, Milwaukee, WI, USA) and a
transmit-receive vest coil (CMRS, Brookfield, WI, USA). 3D ventilation images of the lungs were acquired
at breath-hold after inhalation of xenon as previously described [21]. '**Xe was manufactured on a spin
exchange polariser that was regulatory approved for routine clinical usage under a MHRA manufacturing
specials regulatory licence (MS-19739). The dose of '**Xe and inhaled volume were titrated based upon
patient height. Anatomical 'H images of the same lung volume were also acquired in a separate
breath-hold. Further methodological details are described in the supplementary material.

MRI analysis and interpretation

MRI scans were performed as part of clinical management, with evaluation of scans and correlation with
clinical picture within a multidisciplinary team (MDT) comprising at least one radiologist, respiratory
clinician and MRI physicist. Image metrics were calculated using semi-automated segmentation [22] for
both the 'H and '*°Xe images. The '*°Xe images were segmented to calculate the ventilated lung volume
and the 'H images were used to calculate the total thoracic cavity volume. Using these values the VDP and
ventilation heterogeneity index (VH;) [23] were calculated (table 1 and online supplementary material).

In addition to calculation of image metrics, images were reported by radiologists with 11 (A.J.S.), 11 (S.R.)
and 7 (C.S.J) years’ experience and expertise in chest radiology with input from the MR imaging team of
scientists at the MDT. Images were reviewed blind to spirometry data and the radiologists’ report was a
consensus between two radiologists. Images and radiologists’ reports were made available in the clinical
radiological imaging system. Radiological reports were based upon a qualitative visual inspection, with
minor ventilation abnormality defined as appearing to be <5% of lung involvement and substantial
ventilation abnormality defined as appearing to be >5% of lung involvement. We introduced this
terminology in order to capture the qualitative evaluation of experienced radiologists alongside MRI
metrics.
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TABLE 1 Description of metrics calculated

Total cavity volume (TCV) Calculated from the segmentation of the 'H anatomical MRI. TCV is the total
lung volume and is measured in litres
Ventilated volume (VV) Calculated from the ventilation image segmentation. VV represents the volume

of ventilated lung and is measured in litres

Ventilation defect per cent The percentage of the TCV that is not ventilated. Areas of the xenon images

(VDP) that contribute to VDP appear black. It is calculated as VDP=100—((WV/
TCV)x100)
Ventilation heterogeneity A marker of the heterogeneity of the xenon signal within ventilated regions of
index (VH,) the MRI images. For each ventilated pixel, a local coefficient of variation of

signal intensity in the surrounding pixels (CV) is computed. The interquartile
range of the CV within the ventilated lung is reported. Increased VH, is
associated with increased ventilation heterogeneity

MRI: magnetic resonance imaging.

Pulmonary function tests

Patients underwent spirometry on the day of the MRI scan where possible, conducted in accordance with
international guidelines [24]. Three patients did not have spirometry on the day of the scan, and the most
recent clinic results were used instead (see supplementary material). FEV,, FEV/FVC, and forced
expiratory flow between 25% and 75% of FVC (FEF,5_;54,) z-scores were calculated to adjust for age,
height, sex and ethnicity [25].

Reversibility testing

Visualisation of bronchodilator reversibility with MRI was requested by the referring clinician in a subset
of the cohort (18 patients). Prior to testing patients were advised to withhold all inhalers on the morning of
the scan. Where they were receiving long-acting bronchodilators with twice daily dosing, the most recent
dose would have been the evening before testing, whereas for once-daily dosing, the most recent dose
would have been the morning of the day before testing. Following baseline spirometry and MRI, these
patients inhaled 400 ug of salbutamol from a metered-dose inhaler via a spacer, while supervised by a
physician or physiologist. After ~20 min, MRI was repeated followed by repeat spirometry testing. Where
patients had taken routine treatment on the morning of the scan and/or reversibility had not been requested,
the data were treated as being post-bronchodilator.

Other clinical information

Relevant  demographics, asthma phenotype (eosinophilic non-atopic, eosinophilic-atopic or
non-eosinophilic), smoking status, the highest blood eosinophil count within a year of the scan, Asthma
Control Questionnaire 7 (ACQ7) score within 3 months of the scan and medications taken around the time
of the scan were obtained from clinical records in accordance with the approved protocol.

Statistical analysis

Data were analysed using GraphPad Prism v7.0 (GraphPad Inc, San Diego, CA, USA). D’Agostino and
Pearson normality tests were carried out and the appropriate statistical test or correlation was chosen based
upon this. Correlations between MRI metrics, spirometry, ACQ7 and blood eosinophil count were explored
using post-bronchodilator data. Where data were not found to be normally distributed, Spearman
correlations were used, with Pearson correlations being used if both metrics being assessed for correlation
had a normal distribution.

Results

The MRI scans and spirometry were tolerated well by all patients, and there were no adverse effects
reported. 28 scans were potentially eligible for analysis, but one subject was excluded as their scans
exhibited poor signal-to-noise ratio and one subject was excluded due to motion artefact in the images.

Patient demographics
26 patients with asthma were assessed (69% female). Demographics, spirometry and imaging metrics are
given in table 2.

Spirometry is often interpreted using predicted values, but these run risks of introducing age- and
height-related bias [26, 27]. z-scores can be calculated that take into account more variables affecting lung
function including age, height, sex and ethnicity, which allows lung function to be compared amongst
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TABLE 2 Subject demographics, lung function and ventilation magnetic resonance imaging metrics

All patients Subgroup of those patients in whom
reversibility was assessed
Post-bronchodilator Pre-bronchodilator Post-bronchodilator

Subjects n (% female) 26 (69) 18 (61) 18 (61)
Age years 45.7+12.86 48.8+12.5 48.8+12.5
Height cm 166+8.59 165+9.00 165+9.00
FEV, L 2.49+0.82 2.08+0.88 2.41+0.86
FEV; % predicted 79.30+23.04 65.03+24.45 75.52+23.31
FEV; z-score —1.59+1.55 —2.58+1.70 —1.84+1.56
FEV;/FVC % 64.27+14.68 57.53+13.59 59.63+13.21
FEV,/FVC z-score —1.97+1.44 —2.73+1.37 —2.35+1.41
FEF5_750 L 1.70 (5.4) 0.9 (2.7) 1.4 (2.9)
FEF5_750, % predicted 53.81+34.30 36.41+26.22 46.67+30.07
FEF,5_750, Z-SCOre —2.96+1.59 —2.8311.41 —2.31+£1.42
Blood eosinophil count 0.23 (1.10) 0.36 (1.10) 0.36 (1.10)
VDP % 1.73 (28.17) 5.30 (31.11) 1.80 (28.17)
VH, 0.13+0.04 0.14+0.04 0.13+0.04

Values given as meantsp or median (range) unless otherwise indicated. FEV;: forced expiratory volume in 1s;
FVC: forced vital capacity; FEF,s5 750,: forced expiratory flow between 25% and 75% of FVC; VDP: ventilation
defect per cent; VH;: ventilation heterogeneity index.

individuals regardless of these factors [27]. As a result, pulmonary function test z-scores rather than per
cent predicted values were used in this analysis. A z-score of —1.64 or greater is considered normal and a
z-score of <—1.64 is abnormal.

21 subjects had symptoms of inadequately controlled asthma (ACQ7 >1.5) [28], with 16 of these subjects
having an ACQ7 >3. Two subjects did not have an ACQ?7 score within 3 months of the scan. 25 subjects
were taking a long-acting B-agonist/inhaled corticosteroid combination inhaler; 18 of these were also on a
long-acting muscarinic antagonist, 10 were on long-term oral steroids and six on a biologic therapy.

Radiologists’ MRI reports

Eight subjects had no or minor ventilation defects, and 18 patients had substantial ventilation defects (>5%
lung involvement). Examples of the variation in ventilation patterns observed in asthma are shown in
figure 1. Areas of greater signal intensity (the brighter areas) highlight regions of good ventilation.
Ventilation defects are shown as black regions, where there is no signal present due to a lack of ventilation.

Correlations between MRI, spirometry, ACQ7 and blood eosinophil count
VDP, change in FEV, change in VDP, change in VH; and blood eosinophil count failed the normality
test, and VH;, FEV,, FEV,/FVC, FEF,5 50, and ACQ7 passed the normality test. As figure 2 shows,

FIGURE 1 Examples of the different visual patterns observed on ventilation magnetic resonance imaging from
three patients. Ventilation is shown in greyscale; black regions within the lungs are ventilation defects.
a) Subject was reported to have no defects; b) and c) subjects were noted as having substantial ventilation
defects on the radiologists’ report. a) forced expiratory volume in 1s (FEV;) —1.17, FEV,/forced vital capacity
(FVC) 0.91, ventilation defect per cent (VDP) 0.40%, ventilation heterogeneity index (VH,) 0.10. b) FEV; —3.27,
FEV,/FVC —2.99, VDP 1.85%, VH, 0.13. ¢) FEV; —2.3, FEV;/FVC —3.58, VDP 17.96%, VH, 0.14.

https://doi.org/10.1183/23120541.00785-2020 4
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FIGURE 2 Correlations of ventilation defect per cent (VDP) and ventilation heterogeneity index (VH,) with
forced expiratory volume in 1s (FEV;) and FEV,/forced vital capacity (FVC). Data show the correlations in VDP
and FEV,, VH, and FEV,, VDP and FEV,/FVC, and VH, and FEV;/FVC. The lower limit of normal is indicated at
—1.64 z-scores. Spearman correlations with VDP and Pearson correlations with VH,.

across the studied cohort there were correlations between VDP and FEV; (r= —0.70, p<0.0001) and VDP
and FEV/FVC (r= —0.53, p=0.006). There were strong correlations between VH; and FEV; (r= —-0.70,
p<0.0001), VH; and FEV,/FVC (1= —0.71, p<0.0001). Not illustrated in figure 2, there were also strong
correlations with VDP and FEF,5_ 750, (r= —0.60, p=0.002) and VH; and FEF;5 750, (r= —0.68, p=0.0004).
VDP had a strong correlation with VH; (r=0.93, p<0.0001).

An ACQY7 score was available for 24 patients from within 3 months of the scan. Mean ACQ?7 score was 2.96
and ACQ?7 did not show correlations with VDP or VH;. ACQ7 correlated with FEV; (r= —0.51, p=0.012) and
FEF5 750, (= —0.50, p=0.02). There was no correlation between ACQ7 and FEV/FVC. There were no
correlations between blood eosinophil count and MRI metrics or spirometry (data not shown).

Reversibility testing

18 subjects were tested for reversible airways obstruction. 10 subjects had reversible airways obstruction
defined as an improvement in FEV; of >12% and an absolute increase in value of at least 200 mL [29].
There were significant differences in FEV; (p<0.0001), VDP (p=0.0004) and VH; (p=0.0217) following
bronchodilator administration. There were no significant correlations between the change in FEV; and the
change in VDP or VH; following bronchodilator.

By qualitative visual assessment, eight patients showed improvement in MRI ventilation following
bronchodilator, while 10 subjects did not. Detail regarding the subjects’ reversibility judged by both their
FEV, and visual changes on their MRI scans is shown in table 3. FEV; reversibility testing and qualitative
review of MRI were in agreement for 12 patients. Ventilation improvement on MRI was reported for two
patients without FEV reversibility, and no ventilation improvement on MRI was reported for four patients
who showed FEV reversibility.

Examples of MRI reversibility images are shown in figure 3. The subject shown in panel A showed
effective reversibility following bronchodilator, in both their ventilation MRI scan (VDP reduction of
9.7%) and in their FEV; (48% increase). The subject in panel B showed an apparent deterioration in their

https://doi.org/10.1183/23120541.00785-2020 5
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TABLE 3 Summary of subjects’ reversibility in their FEV;, magnetic resonance imaging metrics and visual changes in response to bronchodilator

Subject Change in FEV; Reversibility demonstrated by Absolute change Absolute Visual reversibility identified at
number (%/absolute mL) spirometric criteria (Y/N) in VDP (%) change in VH, radiological review (Y/N)
1 6.2/230 N —0.01 —0.01 Y

2 24.3/180 N —3.40 0.02 N

3 40.9/360 Y 4.80 0.01 N

4 22.0/370 Y —4.82 —0.03 Y

5 48.0/1100 Y —9.70 —0.02 Y

6 3.5/100 N —3.00 0.00 N

7 18.7/250 Y —2.14 —0.02 N

8 21.6/440 Y —1.46 —0.01 N

9 31.3/520 Y -10.7 0.02 N

10 5.3/150 N —-1.91 —0.01 N

11 14.0/360 Y —2.49 —0.02 Y

12 82.6/760 Y —19.42 —0.02 Y

13 2.7/90 N —0.02 0.00 N

14 7.9/150 N —4.97 0.04 N

15 16.7/240 Y —10.00 —0.06 Y

16 4.6/100 N —0.94 0.00 Y

17 19.1/510 Y —0.46 —0.01 Y

18 6.0/190 N —0.54 —0.01 N

FEV;: forced expiratory volume in 1 s; VDP: ventilation defect per cent; VH,: ventilation heterogeneity index.

ventilation on MRI (VDP increase of 4.8%), yet despite this showed some reversibility in their FEV;
(40.9% increase).

Contribution of MRI to clinical assessment

Of those in whom spirometry and MRI were performed on the same day, four patients had either an FEV,
z-score within the normal range (> —1.64) and normal range FEV,/FVC z-score values of > —1.64. A
clinical diagnosis of asthma was made in all of these individuals. Owing to the stochastic nature of asthma,
previous spirometry results obtained from these patient records ensured that they had a history of normal
results. Substantial ventilation defects on MRI were present in all (table 4). One subject (figure 4a) had
consistently normal spirometry by z-score and per cent predicted values over several clinical reviews, yet
had a peripheral blood eosinophilia, recurrent symptomatic exacerbations and wheeze, a significant
smoking history, and was on maximum standard inhaled therapies. A ventilation MRI scan performed to
assist in evaluating their disease showed small to moderate sized ventilation defects with poor reversibility.
The patient was commenced on mepolizumab, after 3 months of which they described a transformation of
their symptoms and had experienced no significant exacerbations.

In contrast, there were subjects with abnormal spirometry and a high symptom burden who had better than
expected ventilation on MRI. Seven patients with abnormal ACQ7 were reported as having no or minor
ventilation defects on MRI (table 4).

In other subjects, defects were not as prominent as had been anticipated, which prompted re-evaluation of
dysfunctional breathing. An example of this is shown in figure 4b. (This patient was scanned after the data
analysis period, and therefore their results are not incorporated into the analyses above.) The individual
was highly symptomatic with blood eosinophilia, on long-term oral steroids and had failed to respond to
treatment with a biologic. The MRI scan showed minor changes, which prompted re-evaluation for vocal
cord dysfunction.

Discussion

In this study we present a first exploration of the use of ventilation MRI for the benefit of people with
asthma in a clinical setting. These analyses not only confirm that relationships already explored in research
studies in asthma between VDP and spirometry exist in a real-world clinical cohort, but also show that
MRI scanning may assist in the evaluation and management of people presenting with discordance
between symptoms and lung function.

There were diverse patterns of ventilation heterogeneity observed in this population of patients, with
defects that mechanistically could encompass both large or small airways components, or mixes of the two.

https://doi.org/10.1183/23120541.00785-2020 6
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Post-bronchodilator

Pre-bronchodilator

FIGURE 3 Images showing changes with bronchodilator in two different patients: a) subject 5 and b) subject 3.
Arrows highlight areas where defects resolved or worsened. Images show increased ventilation in subject in
a) after bronchodilator inhalation and decreased ventilation in subject in b). Table 3 shows details of each
subject’s metrics.

Defining an accurate clinical reporting terminology of these images will likely require consensus-building
work with systematic qualitative radiological interpretation of the regional ventilation heterogeneity seen.
In terms of clinical reporting, we believe it is important to report the VDP and VH; as unsubjective,
quantitative metrics and, for clinical utility, to ensure that images are interpreted within an MDT that
includes radiologists, imaging scientists and clinicians who build up experience with the images and metrics.

The apparent 5% of lung involvement cut-off used for radiological reporting of ventilation MRI was a
qualitative assessment chosen by consensus of three experienced chest radiologists with input from the
imaging physicists to reflect the threshold we perceived to differentiate between minor and substantial

TABLE 4 Summary of subjects’ MRI classification, spirometry and ACQ7 scores

MRI classification FEV, FEV,/FVC ACQ7
Abnormal Normal Abnormal Controlled Inadequately controlled
(< —1.64) (> —1.64) (< —1.64) (<1.5) (>1.5)

Normal 1 8 1 2 7

Abnormal 11 5 12 1 14

Magnetic resonance imaging (MRI) classified based on radiologists’ reports (normal: no or minor ventilation defects; abnormal: substantial
ventilation defects). ACQ7: Asthma Control Questionnaire 7; FEV;: forced expiratory volume in 1 s; FVC: forced vital capacity.

https://doi.org/10.1183/23120541.00785-2020



Contribution of magnetic resonance imaging to clinical assessment. a) Small to moderate sized
ventilation defects in a symptomatic patient with consistently normal spirometry. b) Relatively homogeneous
ventilation in a highly symptomatic patient.

ventilation abnormality. We included this parallel approach as a way of generating clinical reports of the
images within the context of an MDT evaluation, in which respiratory clinicians, experienced radiologists
and MRI physicists examined the scans and considered the images, MRI metrics and clinical history
together to reach a best interpretation and application of the images to clinical care. Although an entirely
qualitative overview, this “5% of lung involvement cut-off” is similar to the VDP threshold of 4.28%
recently found to separate patients who had a median of 1.5 exacerbations in the previous year (VDP
>4.28%) from those with a median of 0 exacerbations (VDP <4.28%) in a group of 67 adults and children
with a range of asthma severity [30]. Eppy et al. [31] when assessing the minimal clinically important
difference (MCID), the smallest measurement difference that patients perceive as beneficial, found the
VDP MCID to be 4% using ACQ score as an anchor in a group of 18 patients with poorly controlled
severe asthma.

Significant correlations between ventilation defects measured by MRI and FEV/FVC and FEV; have been
shown using 3He [5, 18, 19] and **°Xe [7] in previous research studies. Consistent with these reports, we
likewise observed correlations between ?°Xe VDP and FEV,, FEV,/FVC and FEF,s 7so,. These values
continue to support VDP as a good metric of airways obstruction in asthma. We report the first
observations of correlations between VH; and spirometry, which were similar or stronger than correlations
of VDP with spirometry. Measures of ventilation heterogeneity provide quantitative information about the
uniformity of ventilation within the functional airspaces, which is complementary to VDP.

Correlations between VDP and the presence of eosinophils (blood and sputum) have been shown in some
[12, 16, 19] but not all [7] studies. We did not observe correlations between VDP or VH; and highest
blood eosinophil counts in the last 12 months; however, same-day blood eosinophil levels were not
obtained on the day of scanning. A previous recent study found no correlation between ventilation defects
on ?*Xe MRI and asthma control [7]. Similarly in our cohort, symptom burden and ventilation metrics did
not show significant correlations, highlighting the known propensity for asthma to exhibit discordant
patterns of disease, as previously identified in cluster analysis [1].

Spirometric and MRI changes after bronchodilator inhalation did not correlate. Improvements in MRI
ventilation post-bronchodilator have been previously shown to be independent of FEV; reversibility [32,
33]; however, why this should be remains an understudied area. Inhaled gas ventilation MRI is performed
differently to forced flow-based spirometry. MRI-based reversibility is measured as a change in ventilated
volume of the lungs at a static point after an inhaled volume of gas that is below that of a maximal
inspiration (similar to end-inspiratory tidal volume), performed supine. In contrast, spirometric reversibility
is measured in the context of a maximal forced manoeuvre, performed upright. Airways will therefore be
subject to different forces, from altered respiratory mechanics of lying flat, and different levels of stretch
on airways from lung tissue at different inflation volumes. The maximal inspiration of a spirometric test
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should allow greatest opportunities for reversibility to be demonstrated. However, it is conceivable that
airway inflammation and damage may leave airways prone to rapid collapse during forced manoeuvres that
can to some degree obscure reversibility that could be seen in MRI-based measures. Furthermore, regional
changes in MRI ventilation may occur without a change in spirometry that reaches a diagnostic threshold,
particularly since MR images can be examined regionally/anatomically. Thus, small defects typical of
airway disease may be visible on an MRI but not seen in terms of reducing a spirometric value sufficiently
to render it definitely abnormal. In keeping with these concepts, changes in measured overall VDP, which
again averages the whole lung rather than allowing a region-by-region or defect-by-defect view of
obstruction, did not always correlate with visual assessment of reversibility. Our current practice is to
assess spirometric reversibility and MRI reversibility at the same visit, and it seems clear that these two
parallel assessments both contribute to understanding the dynamic changes on the airways imposed by
asthma and its treatment with bronchodilators.

In this study four subjects with normal spirometry had evidence of airways obstruction on MRI. DE LANGE
et al. [5] also found that more people with asthma had increased ventilation defects with normal
spirometry than the converse. This is supported by work in children with cystic fibrosis which has shown
that ventilation MRI is more sensitive to early lung disease than spirometry [34, 35].

In the context of discordance between traditional tests and symptoms, MRI offers two opportunities to
shape the therapeutic discussion: (1) confirmation of disease when tests or the clinical picture is not clear
cut and (2) identification of people with a high symptom burden and relatively normal lung ventilation, in
whom the search for additional diagnosis or other ways to help control their breathlessness such as
physiotherapy for dysfunctional breathing or consideration of inducible laryngeal obstruction may be
valuable and can be reappraised.

Limitations

There are several limitations to this study which require consideration, many of them related to the clinical
nature of the study and the patient referral pathway. While we reported a sample size on a par with those
previously reported for hyperpolarised gas MRI studies [11, 16, 36], it still remains a small sample for
clinical research. Patients were selected on the basis of a clinical opinion that regional visualisation and
quantitative measurement of airway function would complement other modalities of routine assessment,
thus this study cannot be generalised to make assumptions about the proportions of MRI scans that would
or would not show abnormalities had all people in our service with a diagnosis of severe asthma (however
defined) or problematic breathlessness been scanned. Two subjects were excluded on the basis of poor
quality in their MRI scans. One of these was due to low image quality caused by a fault resulting in a
one-off increase in noise in the system. The other scan was excluded due to motion artefact, likely caused
by the patient struggling with the breath-hold. For three subjects, spirometry and the MRI scan were not
performed on the same day due to pulmonary function laboratory availability; therefore, the spirometry
might not give an accurate representation of how the person was on the day of the scan in these cases.
However, other MRI studies have identified that a substantial proportion of ventilation defects in people
with asthma show significant stability over time [13].

This was our first experience of using MRI imaging for asthma in a non-research setting in people with
often significant breathlessness. In order to reduce a perceived risk of subjects becoming breathless during
the scan, we did not ask people to withhold bronchodilators for as long as most recent guidelines [37]
recommend. However, scans were well tolerated, and in the future, we would more confidently follow
standard guidelines for withholding long-acting bronchodilators pre-testing. Thus we may have
underestimated some reversibility in our population, but this would likely apply equally to both MRI and
spirometric assessments and is unlikely to have substantially influenced our results. We did not obtain
ACQ5 or ACQ6 scores, blood eosinophil counts or other measures of allergic airway inflammation such as
exhaled nitric oxide contemporaneously with the MRI scan and did not build in a challenge test to assess
bronchial hyper-reactivity (which can be incorporated in MRI protocols [10]); thus we have not attempted
to distinguish pathological mechanisms of airway obstruction. Rather, we have focused on the utility of
MRI to help understand a clinical picture of breathlessness. In the future, better measures of airway
inflammation around the time of MRI scanning may provide additional data that help the interpretation of
these scans in clinical practice. We did not exclude patients from MRI scans who had received recent oral
corticosteroids. We therefore did not report the temporally closest blood eosinophil count to the scan, as
these may have been biased by recent treatment changes and be less representative of typical values; we
have provided highest blood eosinophil count in the last year to indicate the proportion of people likely to
have eosinophilic inflammation.

https://doi.org/10.1183/23120541.00785-2020 9
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Not every centre is able to undertake tests such as induced sputum eosinophil measurements (particularly
during the current coronavirus disease 2019 (COVID-19) pandemic when such aerosol-generating
procedures are likely to be unfeasible for some time to come), so future evaluations may focus on
contemporaneous blood eosinophil count, highest eosinophil counts in recent history and measures of
exhaled nitric oxide.

Conclusion

This article reports on the use of "*?Xe ventilation MRI as part of clinical practice for the first time. The
ventilation MRI metrics of VDP and VH; correlated strongly with spirometry in a real-world clinical
cohort of people referred from a severe asthma service. However, of particular interest were those subjects
in whom discordance existed between MRI metrics and other features and measures of disease severity.
Evidence of airways obstruction on MRI can support the use of further treatment in patients where the
clinical picture is unclear, for example those with normal spirometry and high symptom burden.
Alternatively, well-preserved ventilation on MRI alongside poor spirometry and/or symptom control may
suggest the possibility of coexisting breathing control issues or laryngeal disorders.

Asthma is notorious as a disease for its episodic nature, paroxysmal dangerous exacerbations, complex
relationship between symptoms, signs and physical deconditioning, mental distress, and complicating
diagnoses such as vocal cord disorders. We have shown that '**Xe MRI can provide additional unique and
valuable information in the evaluation of clinical presentations of asthma, when undertaken as part of an
MDT evaluation of severe disease. Where feasible, it is likely that ventilation MRI would add a useful
dimension of assessment that could reasonably be applied to the majority of people with difficult asthma
in order to provide additional diagnostic insights. A robust protocol would collect spirometry, symptom
control data, measures of inflammation (exhaled nitric oxide, blood eosinophil count) and either
reversibility or bronchial hyper-reactivity challenge in parallel with the MRI images. It may be especially
valuable in those in whom there is discordance between symptoms, lung function and treatment response,
but centres using this technology will need to build experience incorporating it alongside a full MDT
assessment. Future studies and ongoing service evaluations will be needed to continue to explore the use
of this valuable new imaging technique within assessment protocols of the breathless patient and the
patient with severe asthma. The opportunity to show people with breathlessness the images of their lung
ventilation may generate new ways to communicate important knowledge about their disease, and the value
of images to support and convey health education would be an important qualitative study.
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