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are highly correlated.
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Glossary

CF — Cystic fibrosis

EIVt — End-inspiratory tidal volume

FEV; — Forced expiratory volume in 1 second

FRC -Functional residual capacity

*He — Helium-3

LCI - Lung clearance index

MBW — Multiple breath washout

MRI — Magnetic resonance imaging

RV — Residual volume

Scond  CONVeCtion dependent ventilation heterogeneity
Sacin - cONvection-diffusion dependent ventilation heterogeneity
TCV — Thoracic cavity volume

TLC — Total lung capacity

VDP - Ventilation defect percentage

VH, — Ventilation heterogeneity index

VV — Ventilated volume



Abstract
Hyperpolarised helium-3 (*He) ventilation MRI and multiple-breath washout (MBW) are sensitive methods for
detecting lung disease in cystic fibrosis (CF). We aimed to explore their relationship across a broad range of CF

disease severity and patient age, as well as assess the effect of inhaled lung volume on ventilation distribution.

32 children and adults with CF underwent MBW and *He-MR1 at a lung volume of end-inspiratory tidal volume
(EIVt). 28 patients also performed *He-MRI at total lung capacity (TLC). *He-MRI were quantitatively analysed
for; ventilation defect percentage (VDP), ventilation heterogeneity index (VH;), and the number and size of
individual contiguous ventilation defects. From MBW, the lung clearance index (LCI), S¢ong and Sein Were

calculated.

VDP and VH, at EIVt strongly correlated with LCI (r=0.89,r=0.88 respectively), Sin (r=0.84,r=0.82) and FEV,
(r=-0.79,r=-0.78). Two distinct *He-MRI patterns were highlighted; patients with abnormal FEV; had
significantly (p<0.001) larger, but fewer contiguous defects than those with normal FEV,; who tended to have
numerous small volume defects. These two MRI patterns were delineated by a VDP of approximately 10%. At
TLC, when compared to EIVt, VDP and VH, reduced in all subjects (p<0.001), demonstrating improved

ventilation distribution and also regions of volume-reversible and non-reversible ventilation abnormalities.

Introduction

Hyperpolarised gas ventilation MRI allows for detailed and sensitive quantitative assessment of regional lung
ventilation abnormalities in patients with obstructive airways disease [1-4]. The MRI technique usually involves
the inhalation of a fixed volume of hyperpolarised noble gas and the resulting distribution of ventilation is
imaged during a short breath-hold. In patients with cystic fibrosis (CF) it has been shown to be highly sensitive
to detect early lung disease in children [5, 6], to track disease progression [7] and to assess treatment response
[8]. The use of a fixed inhalation volume however, will result in patients with smaller lung volume being closer
to their total lung capacity (TLC) than patients with larger lung volume. The effect that this has on the
distribution of ventilation has not yet been assessed in CF. In addition, understanding the nature and pattern of
regional ventilation defects seen on MRI, across the spectrum of CF lung disease, will allow for a greater

understanding of lung disease pathophysiology and progression.



The lung clearance index (LCI), derived from multiple-breath washout (MBW) is a physiological measure of
global ventilation heterogeneity that is sensitive to early lung disease [9]. LCI correlates with structural
abnormalities seen on CT [10-12] and MRI [13] and is also sensitive to treatment response [14]. The utility of
LCl in CF has been established primarily in children and patients with mild disease. In more severe CF lung
disease, when previously obstructed regions open up to tidal ventilation due to treatment, the LCI response is
unpredictable and may worsen despite improvements in FEV; [15-19]. Comparing LCI to ventilation MRI may

therefore help to better understand ventilation abnormalities expressed by the two methods.

In this work we therefore aimed to:

(1) Compare ventilation MR1 and MBW, including LCI and the phase 111 slope outcomes Scqnq (COnvection
dependent ventilation heterogeneity) and S,.i, (convection-diffusion dependent ventilation heterogeneity), in
children and adults with CF with a broad range of lung disease severity.

(2) Assess ventilation MRI at two different lung volumes in order to investigate the nature of reversible airway
obstruction in CF.

(3) Assess the relationship between size and number of individual contiguous ventilation defects from
ventilation MRI in CF patients across a broad range of disease severity to aid understanding of regional imaging

data and disease status.

Methods

Children and adults with CF were recruited from three UK specialist centres (Sheffield Children’s Hospital and
Northern General Hospital, Sheffield, UK and Manchester Adult CF Centre, Manchester, UK). Patients were
required to be aged over five years, be clinically stable for four weeks prior to their visit and achieve an FEV;
>30% predicted within the previous six months. This study was approved by the Yorkshire and Humber - Leeds
West Research Ethics Committee (REC reference: 16/YH/0339). Parents/guardians of children and all adult

patients provided written informed consent.



MRI acquisition

Ventilation MRI1 was performed on a 1.5T GE HDx scanner (GE, Milwaukee, USA) using hyperpolarised
helium-3 (®*He) using a transmit-receive vest coil (CMRS, Milwaukee, USA) and a 3D ventilation imaging
sequence as described previously [20]. Images were acquired at two different lung inhalation volumes during
separate breath-holds. Firstly, images were acquired at a lung volume corresponding to end-inspiratory tidal
volume (EIVt), by inhaling a pre-determined fixed volume of test gas from their resting functional residual
capacity (FRC). This corresponds to the approximate inspired volume most typically reported in studies to date
[1, 5, 6, 8, 21-28]. The volume of gas was titrated based on the subject’s height and consisted of scaled doses of
®*He and balanced with nitrogen (N,) (E-Table 1). Secondly, images were acquired at TLC by repeating the
EIVt-breathing manoeuvre, immediately followed by a full inhalation of room air. Further methodological

details are described in the OLS.

MRI Post-Processing

For both the EIVt and TLC ®He and *H image pairs, image metrics were calculated from a semi-automated
segmentation [29]. The *He images were segmented in order to calculate the ventilated lung volume (VV) and
the 'H images were used to calculate the thoracic cavity volume (TCV). From these two segmentations the
ventilation defect percentage (VDP) and the ventilation heterogeneity index (VH,) were calculated (See Table 1

and OLS).

Contiguous individual ventilation defects in 3D were assessed. Defects that contributed to <1% of total VDP
were discarded. The number of remaining defects (Ngefects), @S Well as the volume of individual defects were

calculated. The image analysis workflow is summarised in E-Figure 2.

To describe the degree of ventilation change from EIVt to TLC, the reversible-volume index was calculated

from the EIVt and TLC images by:

— (avw)

Reversible-volume index
(ATCV)




















































































E-Figure 4: Three panels demonstrating representative *He ventilation MR images from all
CF patients within the study. The first panel (A) is group 1 who have normal FEV; and LCI.
The second panel (B) is group 2 who have normal FEV; but abnormal LCI. The third panel is

group 3 (C) who have abnormal FEV; and LCI.

Comparison of seated vs supine MBW data.

Paired t-test analysis of LCI, FRC, S¢ong and Sqin in the seated versus the supine posture was performed as
previously described [5]. LCI was significantly lower in the seated position compared to supine (median LCI of
8.4 vs 9.6 respectively, p<0.001). FRC was significantly lower supine compared to seated (mean FRC of 1.4 vs
1.8 litres respectively, p<0.001). Despite this there was no significant difference for Song and Sein between
postures.

E-Table 5: Spearman correlations of supine MBW values against ventilation MRI metrics at

EIVt. All significant correlations (p<0.001) are highlighted by *.

LCI Scond Sacin

VDP (%) 0.83* -0.003 0.8*

VH, (%) 0.80* 0.17 0.75*
Largest defect (% TCV) 0.80* -0.02 0.75*
Ngefects -0.66* 0.14 -0.65*
Reversible-volume index 0.78* -0.15 0.76*

AVH, 0.22 0.28 0.35
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E-Figure 5: Scatterplots of Sacin (Open circles, right Y axis) and Scong (Closed circles, left Y axis) against;
LCI (dashed line indicates the upper limit of normal), VDP and VH,. Scona cOnsistently demonstrates a
plateau effect with increased levels of disease severity, without evidence of statistical correlation. Sagin

however demonstrates significant correlations with LCI (r=0.86), VDP (r=0.84) and VH, (r=0.82).

< 3 3 3
3
£ . ° °
§ 2  ® 24 ° 2 ° R
2 ° L ) [ 14
o @ J e © e o
3 © o & ok ° % o ®e
% 14 oE® Haso® e 1459 o
(]
>
)
o
c L Ll L) c L| L} L 1 : L) L) 1

20 30 40 50 0 10 20 30 40
LCI EIVt VDP (%) TLC VDP (%)

(3]
-
o
-
o
N
o
o
-
o



E-Figure 6: Spearman correlation of LCI and VDP at both EIVt and TLC, against
the reversible-volume index. The data has been segregated to visualise two groups,
those with an FEV; <-1.64 (closed circles) and those with an FEV; >-1.64 (open
circles). Dashed line represents the LCI upper limit of normal. There is a strong
correlation between the reversible-volume index and both LCI (r=0.82) and VDP at
both lung volumes (r=0.85 at EIVt and r=0.75 at TLC) (p<0.001). The data points
highlighted by a red circle represent a patient with a low reversible-volume index, but

relatively large values for VDP. Images for this patient are shown in E-Figure 7.
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E-Figure 7: EIVt and TLC *He comparison for a patient with CF and representative
'H anatomical MR imaging demonstrating bronchiectasis. At EIVt this patient has a

large ventilation defect in the right upper lobe (defect size = 10 %TCV, total VDP =



16.6%), which is in the same area as the anatomical abnormalities. At TLC, this
ventilation defect only achieves a small amount of ventilation and reduces in volume
by 103ml (defect size = 5.7 %TCV, total VDP = 9.5%). As a result this subject has a
low reversible-volume index of 1.1. This patient however has an arguably lower than
anticipated LCI of 8.3, when compared to the FEV; z-score of -3.1. These data
suggest that the low LCI is due to this large defect being almost completely obstructed

and therefore not contributing to ventilation during MBW.
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