











Figure 2 Representative '*°Xe MRI Ventilation and CT airways. (A) Centre coronal '**Xe MRI slice (cyan) co-registered with
"H MRI thoracic cavity (greyscale) in three never-COVID participants (P77: female, VDP=0.9%; P78: female, VDP=0.7%; P79:
female, VDP=0.6%). (B) Two coronal '°Xe MRl slices (cyan) co-registered with 'H MRI thoracic cavity (greyscale) and CT with
segmented airway tree in four ever-COVID participants. Yellow arrows point to MRI or CT abnormalities. P26 was a male with
no prior respiratory illness and FEV,=95%, LCI=8.9, SGRQ=36, MMRC=1, VDP=4.2% and TAC=475. P53 was a male with

no prior respiratory illness and FEV,=87%, LCI=8.2, SGRQ=51, mMMRC=1, VDP=2.8% and TAC=301. P14 was a female with
asthma and never-hospitalised, FEV.=71%, SGRQ=37, mMRC=0, VDP=17.7% and TAC=289. P02 was a male with COPD
and ever-hospitalised, FEV,=96%, LCI=8.0, SGRQ=14, mMRC=0, VDP=8.0% and TAC=169. COPD, chronic obstructive
pulmonary disease; FEV,, forced expiratory volume in 1 s; LCI, lung clearance index; mMRC, modified Medical Research
Council; SGRQ, St. George’s Respiratory Questionnaire; TAC, total airway count; VDP, ventilation defect per cent.
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Table 2 Pulmonary function, questionnaire and imaging measurements

All COVID-19 participants

Never-COVID  Ever-COVID Ever hospitalised Never hospitalised Sig. p

Parameter (n=9) (n=76) (n=23) (n=53) value
Pulmonary function

FEV," %, 101 (11) 85 (20) 77 (21) 88 (19) 0.005

FVC* %, 103 (10) 88 (20) 80 (18) 92 (20) 0.004

FEV,/FVC* 0.81 (0.04) 0.76 (0.11 0.75 (0.14) 0.77 (0.09) 0.3

LCI* n breaths 9.0 (1.4) 10.7 (3.9) 11.8 (6.0) 10.1 (3.0) 0.2

LCI_* n breaths 8.0 (1.3) 9.5 (3.3) 11.4 (4.9) 8.6 (1.8) 0.04

DLyo" %, - 89 (29) 75 (23) 95 (29) 0.009
Exercise capacity and QoL

6MWD* m - 454 (84) 405 (86) 471 (76) 0.005

SpO, post-exertion* % - 97 (3) 95 (5) 98 (2) 0.03

SGRQ* - 35 (18) 37 (15) 34 (19) 0.6

mMRC* - 1(1) 1(1) 1(1) 0.6

IPAQ* MET-minutes - 4709 (4895) 3048 (3433) 5327 (5238) 0.1
MRI

VDP % 1.1(0.9) 5.4 (7.1) 7.8 (11.1) 4.4 (4.2) 0.03
cr*

TAC - 270 (110) 294 (175) 263 (88) 0.5

WA mm? - 66 (2) 66 (2) 66 (2) 0.4

LA mm? - 14 (3) 15 (4) 14 (3) 0.5

WT mm - 1.4 (0.1) 1.4 (0.1) 1.4 (0.1) 0.7
FEV,, FVC, LCI_, DL, 6MWD, SpO, post-exertion and VDP significantly different between groups.

Values are reported as mean (SD) unless otherwise indicated.

p=significance value for analysis of variance between never-COVID, ever-hospitalised and never-hospitalised.

FEV,*, FVC*, FEV,/FVC™: Never-hospitalised n=52.

LCI*: Never-COVID n=5, Ever-COVID n=44, Ever-hospitalised n=16, Never-hospitalised n=28.

LCI_*: Never-COVID n=5, Ever-COVID n=32, Ever-hospitalised n=10, Never-hospitalised n=22.

DL_,": Ever-COVID n=64, Ever-hospitalised n=20, Never-hospitalised n=44.

MWD* and mMRC*: Ever-COVID n=66, Ever-hospitalised n=17, Never-hospitalised n=49.

SpO, post-exertion™: Ever-COVID n=65, Ever-hospitalised n=17, Never-hospitalised n=48.

SGRQ*: Ever-COVID n=64, Ever-hospitalised n=16, Never-hospitalised n=48.

IPAQ*: Ever-COVID n=59, Ever-hospitalised n=16, Never-hospitalised n=43.

CT*: Ever-COVID n=56 with 44 amenable to quantitative analysis, Ever-hospitalised n=9, Never-hospitalised n=35.

ao, airway opening; DLCO, diffusing capacity of the lungs for carbon monoxide; FEV,, forced expiratory volume in 1's; FVC, forced vital
capacity; IPAQ, International Physical Activity Questionnaire; LA, lumen area; LClI, lung clearance index; MET, metabolic equivalent; mMRC,
modified Medical Research Council dyspnea score; 6MWD, 6-minute walk distance; %p,e +» percent of predicted value; QoL, quality-of-life;
SGRQ, St. George’s Respiratory Questionnaire; SpO2, pulse oximetry estimation of arterial blood oxygen saturation made on a fingertip;
TAC, total airway count; VDP, ventilation defect percent; WA, wall area; WT, wall thickness.

or CT abnormalities. In participant P26, there was a large
ventilation defect in the right upper lobe that spatially
corresponded to a radiodense region visible on CT. In
participant P53, there were ventilation defects in the
periphery of the upper lobes. In participants P14 and
P02, there were large ventilation defects in the lung
periphery. Online supplemental table S4 shows CT
diagnostic findings, for a subset of participants with CT
reports completed by a radiologist, including ground-
glass opacities (20/50, 40%), atelectasis (14/50, 28%),
nodules (13/50, 26%) and bronchiectasis (11/50, 22%).

These qualitative findings are reflected in the quantita-
tive findings shown in table 2 which summarises pulmo-
nary function test, imaging and questionnaire data.
Online supplemental table S5 shows all pulmonary func-
tion test, imaging and questionnaire data by site, while
online supplemental table S6 and figure SI show these
findings by previously diagnosed asthma and COPD.

As shown in table 2, there were significant differences
among subgroups for FEV, (p=0.005), FVC (p=0.004),
LCI airway opening (LCI ) (p=0.04), DL, (p=0.009),
6MWD (p=0.005), post-exertional SpO, (p=0.03) and
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Figure 3 '?°Xe MRI VDP, pulmonary function, exercise
capacity and quality-of-life VDP significantly different for
ever-COVID versus never-COVID (p<0.001), and ever-
hospitalised versus never-hospitalised (p=0.048) and
never-COVID (p=0.01). BMWD significantly different for
ever-hospitalised versus never-hospitalised (p=0.005).
DL, significantly different for ever-hospitalised versus
never-hospitalised (p=0.009). LCI, IPAQ and SGRQ not
significantly different. DL, diffusing capacity of the lung
for carbon-monoxide; IPAQ, International Physical Activity
Questionnaire; LCI, lung clearance index; SGRQ, St.
George’s Respiratory Questionnaire; VDP, ventilation defect
per cent; BMWD, 6-minute walk distance; %pred, per cent of
predicted value.

mNever-Hospitalised 0O Ever-Hospitalised

129%e¢ MRI VDP (p=0.03). In addition, mean VDP
(24.3%),” SGRQ (26)* and LCI/LCI  (27.5)* were
abnormal in ever-COVID as well as the ever-hospitalised
and never-hospitalised participant subgroups.

Box and whisker plots in figure 3 show that '*’Xe MRI
VDP was significantly greater in ever-COVID as compared
with never-COVID (p<0.001), and in ever-hospitalised as
compared with never-COVID (p=0.01) participants and
was not significantly different between never-hospitalised
as compared with never-COVID participants (p=0.2).
" Xe MRI VDP was also significantly worse in ever-
hospitalised versus never-hospitalised COVID-19 partici-
pants (p=0.048). There were also significant differences
for DL, (p=0.009) and 6MWD (p=0.005) between
ever-hospitalised and never-hospitalised COVID-19
participants. Online supplemental figure SI shows that
®Xe MRI VDP was significantly worse in participants
with prior COPD as compared with COVID-19 patients
with prior asthma (p=0.002) and those with no prior
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Figure 4 Relationships for MRI and CT Measurements.
Linear correlation for VDP and 6MWD (p=-0.31, p=0.02).
Linear correlation for VDP and SpO, post-exertion
(p=-0.43, p=0.002). Linear correlation for LCl and SpO,
post-exertion (p=-0.49, p=0.01). Linear correlation for TAC
and FEV./FVC (p=0.30; p=0.03). Linear correlation for wall
thickness and FEV, (r=0.30; p=0.046). Linear correlation
for wall area and FEV,/FVC (p=-0.35; p=0.04). FEV,,
forced expiratory volume in 1 s; FVC, forced vital capacity;
LCI, lung clearance index; TAC, total airway count; VDP,
ventilation defect per cent; 6MWD, 6-minute walk distance;
p, Spearman correlation; r, Pearson correlation; p, Holm-
Bonferroni corrected p value.

respiratory diagnosis (p<0.001). The 6MWD was also
significantly worse (p=0.02) in participants with prior
COPD as compared with those with no prior respira-
tory diagnosis. Participants were dichotomised by VDP
(normal VDP <4.3%, total n=49, hospitalised n=15;
abnormal VDP 24.3%, total n=27, hospitalised n=8). As
shown in online supplemental figure S2, participants
with abnormal VDP also had significantly worse 6MWD
(p=0.003) and post-exertional SpO, (p=0.03).

Relationships

Figure 4 shows linear relationships for imaging and
pulmonary function measurements. For completeness
and transparency, online supplemental table S7 provides
the Pearson or Spearman correlations for all parameters
measured. As shown in figure 4, there were significant
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relationships for VDP with 6MWD (p=-0.31; p=0.02) and
post-exertional SpO, (p=-0.43; p=0.002) and for post-
exertional SpO2 with LCI (p=-0.49; p=0.01). CT measure-
ment relationships included TAC with FEVI/FVC (p=0.30,
p=0.03), CT wall thickness with FEV, (r=0.30, p=0.046)
and CT wall area with FEV, /FVC (p==0.35, p=0.04).

DISCUSSION

To our knowledge, this is the first multicentre study that
explores ventilation heterogeneity in ever-hospitalised
and never-hospitalised post-COVID-19 participants with
persistent and serious symptoms necessitating clinical
follow-up. In 76 participants, we observed: (1) signif-
icantly different (worse) MRI VDP in ever-COVID as
compared with never-COVID, and in never-hospitalised as
compared with ever-hospitalised COVID-19 participants,
who also experienced significantly different (worse)
DL, and 6MWD, (2) significant relationships between
CT airway and spirometry measurements and (3) signifi-
cant relationships between post-exertional SpO, with two
measurements of ventilation heterogeneity, MRI VDP
and LCI, and between MRI VDP and the 6MWD.

First, we observed that MRI VDP was significantly
different in ever-COVID as compared with never-COVID
participants and mean VDP in ever-COVID patients was
consistent with previously reported values™ in asymptom-
atic ever-hospitalised patients, post discharge. The finding
of significantly different MRI VDP in ever-hospitalised as
compared with never-hospitalised participants was novel
as was the coincident finding of significantly different
6MWD and post-exertional SpO, in these participants.
Previous studies have observed worse 6MWD in severe
versus mild—-moderate post-COVID patients,“‘49 however,
the classification for mild, moderate or severe infection
was not based on prior hospitalisation and not all partic-
ipants experienced ongoing COVID-19 symptoms. When
dichotomised by VDP, 6MWD and post-exertional SpO,
were also significantly different between groups. The link
between exercise limitation, post-exertional oxygen satu-
ration and ventilation heterogeneity in PACS is novel and
points to a mechanistic relationship between persistent
symptoms and airway pathologies and/or occlusion/
obliteration.

Underscoring these central results was the finding of
significant relationships for post6MWD SpO, with MRI
VDP and with LCI—both are measurements of ventila-
tion heterogeneity that are thought to reflect airway inha-
lational (MRI) and exhalational (LCI) function. This is
the first supportive evidence of a potential link between
exercise intolerance following COVID-19 and objective
(LCI and MRI VDP) and direct (MRI VDP) measure-
ments of abnormal airway function. This evidence was
also supported by the significant associations between CT
findings including total airway count (reflecting airway
narrowing or obliteration/occlusion), airway lumen area
(narrowing or occlusion) and airway wall thickness with
spirometry measurements of airflow obstruction. Recent

studies have provided evidence of small airways disease
in post-COVID-19 patients using the full-scale airway
network flow model™
airways disease.” We did not acquire inspiratory—expi-
ratory CT and thus could not quantify CT air-trapping,
although the ratio of residual volume to total lung
capacity (RV/TLC) was measured in 38 of our 76 partici-
pants and of these, 14 (37%) reported RV/TLC > upper
limit of normal.’® In addition, the median RV/TLC value
in these 38 participants was 0.41:0.17, suggesting air-
trapping, and this value was greater than the evaluation
group reported by Cho et al (median RV/TLC=0.30).”"
Taken together, these findings support the use of airways
disease treatments, including inhaled combination
corticosteroid—long-acting beta agonist, in post-COVID
patients with persistent symptoms.

We acknowledge a number of limitations in this
convenience-sample study, including the relatively small
sample size. We should note that Site 1 participants were
monitored over time by a long-COVID clinic designed
to follow and treat long-term symptoms, including
dyspnoea, and this clinic referred participants to consider
enrolling in the study. Hence, there is a potential for bias
towards a greater number and intensity of unexplained
symptoms for participants enrolled. In addition, for most
of the never-hospitalised participants enrolled, there was
no prior clinical history of respiratory disease and thus
first-time chest imaging and pulmonary function test
results were reported. Therefore, we had to untangle any
previous clinical history from the impact of COVID-19
on symptoms. Furthermore, pulmonary function tests,
as well as CT and MR imaging measurements, prior to
COVID-19 infection were not available, and thus, the
impact of COVID-19 on existing lung function is still not
completely clear. For a relatively large number of ever-
COVID participants, chest CT was either declined (n=18)
or not quantitatively evaluable (n=13) which also limits
the generalisability of the CT results. It is also important
to acknowledge that this was a multicentre study, with
participants enrolled from two relatively diverse regional
healthcare systems embedded within a population of
14.7million people served by a single universal and
comprehensive healthcare insurance plan. Site 1 enrol-
ment derived from a quaternary care academic health
centre serving a mainly rural population and Site 2 enrol-
ment derived from another quaternary care academic
health centre, located about 100km away from Site 1
with a mainly urban population, hence our findings may
not be generalisable to other healthcare jurisdictions.
Moreover, we also recognise that the convenience study
group we evaluated included a relatively large number
of people with previously diagnosed asthma (n=21) and
COPD (n=6), which is a greater proportion of patients
with comorbid obstructive lung disease than previous
reports.”” ' ** We expect that the presence of previous
obstructive lung disease likely has complex interactions
with post-COVID pulmonary measurements including
MRI VDP. Importantly, there were no significant

or CT air-trapping functional small
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differences for SGRQ and IPAQ scores between partici-
pants with and without a previous diagnosis of obstructive
lung disease, which underscores the severity of illness in
PACS. Finally, as previously reported,” older people are
at greater risk for poor COVID-19 outcomes and there is
also a complex relationship between age and MRI VDP,**
so age must be considered as an important factor in our
results. It should also be noted that the ever-COVID group
was significantly older compared with never-COVID and
hence this may have influenced VDP measurements in
this group. However, MRI VDP was still greater in the
ever-COVID group than predicted based on age alone.”

In conclusion, we explored a potential role for MRI
and CT pulmonary pathologies to help explain persistent
and life-altering symptoms including exercise limitation
in post-COVID patients. While mean SGRQ score was not
normal in the PACS participants studied here, spirom-
etry, DL, and CT measurements were normal or nearly
normal. This provides some context to the growing body
of evidence that shows MRI VDP provides a sensitive
measurement of abnormal physiology that, in the PACS
participants studied here, may contribute to exercise
limitation.

In this study, participants were unable to achieve pre-
COVID work and day-to-day life activities, so we asked the
question, is there an airways component to PACS that
can be measured using MRI VDP and does this relate to
quality-of-life? Yes, this exploratory study did point to a
relationship between the lung pathologies that resulted
in abnormal MRI VDP (or ventilation heterogeneity) as
well as exercise limitation and abnormal post-exertional
SpO,. SGRQ and IPAQ scores also were highly abnormal
and very similar among ever-COVID participants. The
study results point to a possible airways disease explana-
tion for the persistent symptoms experienced following
COVID-19 infection, which may help improve and target
treatment.
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