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Background: In patients with post-acute COVID-19 syndrome (PACS), abnormal gas-transfer and pulmonary vascular density have
been reported, but such findings have not been related to each other or to symptoms and exercise limitation. The pathophysiologic
drivers of PACS in patients previously infected with COVID-19 who were admitted to in-patient treatment in hospital (or ever-
hospitalized patients) and never-hospitalized patients are not well understood.

Purpose:  To determine the relationship of persistent symptoms and exercise limitation with xenon 129 (**Xe) MRI and CT
pulmonary vascular measurements in individuals with PACS.

Materials and Methods:  In this prospective study, patients with PACS aged 18-80 years with a positive polymerase chain reaction
COVID-19 test were recruited from a quaternary-care COVID-19 clinic between April and October 2021. Participants with PACS
underwent spirometry, diffusing capacity of the lung for carbon monoxide (DLco), '¥’Xe MRI, and chest CT. Healthy controls
had no prior history of COVID-19 and underwent spirometry, DLco, and '*Xe MRI. The '*Xe MRI red blood cell (RBC) to
alveolar-barrier signal ratio, RBC area under the receiver operating characteristic curve (AUC), CT volume of pulmonary vessels
with cross-sectional area 5 mm? or smaller (BV5), and total blood volume were quantified. St George’s Respiratory Questionnaire,
International Physical Activity Questionnaire, and modified Borg Dyspnea Scale measured quality of life, exercise limitation, and
dyspnea. Differences between groups were compared with use of Welch t-tests or Welch analysis of variance. Relationships were
evaluated with use of Pearson (7) and Spearman (p) correlations.

Results:  Forty participants were evaluated, including six controls (mean age = SD, 35 years = 15, three women) and 34 participants
with PACS (mean age, 53 years £ 13, 18 women), of whom 22 were never hospitalized. The '¥’Xe MRI RBC:barrier ratio was lower
in ever-hospitalized participants (P = .04) compared to controls. BV5 correlated with RBC AUC (p = .44, P = .03). The '¥Xe MRI
RBC:barrier ratio was related to DLco (r = .57, P = .002) and forced expiratory volume in 1 second (p = .35, P = .03); RBC AUC
was related to dyspnea (p = —.35, P = .04) and International Physical Activity Questionnaire score (p = .45, P = .02).

Conclusion:  Xenon 129 ('’Xe) MRI measurements were lower in participants previously infected with COVID-19 who were admit-
ted to in-patient treatment in hospital with post-acute COVID-19 syndrome, 34 weeks = 25 after infection compared to controls.
The '¥Xe MRI measures were associated with CT pulmonary vascular density, diffusing capacity of the lung for carbon monoxide,
exercise capacity, and dyspnea.

Clinical trial registration no.: NCT04584671
© RSNA, 2022
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The acute and post-acute phase of SARS-CoV-2 infec-
tion presents with a variety of symptoms (1) in patients
who experienced mild infection (2) and those hospitalized
with more severe infection who require hospital-based care
(3). The prevalence of post-acute COVID-19 symptom-
atic findings, including dyspnea at rest and on exertion,

tachypnea, fatigue, exercise limitation, muscle weakness,
and cognition deficits, ranges from 20% (4) to 81% (3).
Such symptoms have been described with the umbrella
term “post-acute COVID-19 syndrome” (PACS), defined
as persistent symptoms or sequelae at least 12 weeks af-
ter infection (5). Post-acute COVID-19 symptoms are
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Abbreviations

AUC = area under the receiver operating characteristic curve, BV5 =
blood volume in vessels with cross-sectional area 5 mm? or smaller,
DLco = diffusing capacity of the lung for carbon monoxide, FEV, =
forced expiratory volume in 1 second, PACS = post-acute COVID-19
syndrome, RBC = red blood cell

Summary

In symptomatic individuals with post-acute COVID-19 syndrome,
xenon 129 MRI gas exchange and CT vascular density measurements
were abnormal and related to the diffusing capacity of the lung for
carbon monoxide, the forced expiratory volume in 1 second, exercise
limitation, and exertional dyspnea.

Key Results

= In this prospective study of 34 individuals with post-acute
COVID-19 syndrome (PACS) and six controls with no prior his-
tory of COVID-19, the xenon 129 ('¥Xe) MRI red blood cell
(RBC) signal in participants previously infected with COVID-19
who were admitted to in-patient treatment in hospital (or ever-
hospitalized) with PACS was less than in never-hospitalized (P =
.01) and control participants (P = .046).

= The '”Xe MRI RBC signal was related to CT pulmonary vascular
density, DLco, exercise capacity, and dyspnea.

= In ever-hospitalized versus never-hospitalized participants, the
12Xe MRI RBC area under the receiver operating characteristic
curve was lower, but no quantitative CT differences were observed.

difficult to treat because the literature has reported varying de-
grees of abnormality in spirometry (forced expiratory volume in
1 second [FEV ], 2%—-20% below lower limit of normal) (6,7)
and diffusing capacity of the lung for carbon monoxide (DLco)
(22%-88% below lower limit of normal) (6,7) alongside various
CT abnormalities, including ground-glass opacities (41%-89%
present) (6,7), reticular patterns (0%—67% present) (6,7), and
atelectasis (33% present) (7). A recent study showed that never-
hospitalized patients also reported normal or nearly normal pul-
monary function tests (6%-37% abnormal at 4-month follow-
up) (8), and imaging was rarely available in these patients.

A recent CT pulmonary vascular investigation in hospitalized
patients undergoing treatment has also suggested a shift in blood
distribution from smaller to larger vessels (9), potentially due to
microemboli and vascular remodeling affecting small-vessel re-
sistance. Xenon 129 (**Xe) gas-transfer MRI provides an oppor-
tunity to probe capillary-level abnormalities by detecting inhaled
12Xe dissolved in the alveolar membrane (quantified as barrier
area under the receiver operating characteristic curve [AUC])
and red blood cells (RBCs) (quantified as RBC AUC). The ratio
of '¥Xe uptake (RBC:barrier ratio) has been observed to reflect
impaired gas transfer in obstructive and restrictive disease (10)
and was also recently shown to detect low alveolar to RBC gas
exchange in hospitalized patients with COVID-19 3 months af-
ter discharge (11,12). Although some long-term symptoms were
reported in these patients, '*’Xe MRI has not been performed in
patients with PACS.

To our knowledge, most COVID-19 studies have been per-
formed in individuals previously infected with COVID-19 who
were admitted to in-patient treatment in hospital (hereafter,
ever-hospitalized) (3,12) and report poor quality of life after dis-

charge. One recent study investigated symptoms after infection
23 y g Y’
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in never-hospitalized patients (2). The most recent wave of
COVID-19 infection has affected unprecedented numbers of
people but with an apparently decreased rate of hospitalization
due to less severe infection (13). Understanding the relation-
ship between COVID-19 infectious severity and post-infection
symptoms will be critical for health care planning as COVID-19
becomes endemic.

We hypothesized that long-haul COVID-19 symptoms in
the presence of normal pulmonary function would be associ-
ated with abnormal '#Xe MRI gas exchange and CT pulmonary
vascular density measurements and that such imaging measure-
ments would differ in ever-hospitalized and never-hospitalized
individuals with PACS. Hence, in individuals previously in-
fected with COVID-19 (hereafter, ever—COVID-19 partici-
pants) with PACS, we aimed to determine the relationship of
persistent symptoms and exercise limitation to '¥Xe MRI and
CT pulmonary vascular measurements.

Materials and Methods

Study Participants

We prospectively evaluated individuals 18-80 years of age
who provided written informed consent to an ethics board
(The Health Sciences Research Ethics Board: #113224) that was
approved by Health Canada and registered protocol (Clinical-
Trials.gov: NCT04584671). Study participants with a proven
positive polymerase chain reaction COVID-19 test were pro-
spectively recruited from a quaternary-care COVID-19 clinic
between April 2021 and October 2021. Inclusion criteria con-
sisted of being at least 18 years of age and younger than 80 years
of age and having a documented case of COVID-19 infection
(through positive reverse-transcription polymerase chain reac-
tion testing) that resulted in symptoms after infection. Exclu-
sion criteria consisted of contraindications to MRI (such as im-
plants and severe claustrophobia), mental or legal incapacitation
(inability to read or understand written material), inability to
perform spirometry or plethysmography maneuvers, and preg-
nancy. Healthy controls aged at least 18 years and younger than
80 years with no prior history of COVID-19 or any other re-
spiratory infection during the period of February 2020 to the
study visit date were recruited as a convenience sample in June
2021. Controls were excluded if there were clinically relevant
incidental findings.

Study Design

Figure 1 provides the study design, which consisted of visit 1
(3 months after positive COVID-19 test), an optional visit 2 (9
months after positive COVID-19 test), and visit 3 (15 months
after positive COVID-19 test). Participants were administered
salbutamol upon arrival at our center and 15 minutes later per-
formed post-bronchodilator spirometry and DLco immediately
before MRI. Research thoracic CT scans were acquired within 30
minutes of MRI examination, and then participants completed
the 6-minute walk test and questionnaires (St Georges Respira-
tory Questionnaire [14], modified Medical Research Council
Questionnaire, Chronic Obstructive Pulmonary Disease Assess-
ment Test [15], post—-COVID-19 Functional Status scale [16],
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Enrolled and Completed
129Xe Gas-Transfer MRI

(n=44)

J

4 4
[ Ever-COVID19 (n=34) ] [ Controls (n=10) ]
Excluded (n=4) due to:
Asymptomatic asthma(n=1)
Rheumatoid arthritis (n=1)
¢ ¢ Hypertensive crisis (n=1)
Y ) 4 Atrial septal defect (n=1) (24)
Visit 1 Visit 2 Visit 3
(n=17) (n=10) (n=7) Controls Evaluated (n=6)
Figure 1: Consolidated Standards of Reporting Trials flow diagram.

International Physical Activity Questionnaire [17], and modified
Borg Dyspnea Scale [18,19]). The '#Xe gas-exchange MRI scan
was performed at either visit 1, 2, or 3. Oxygen saturation and
heart rate were measured using a Nonin 8500 Series Handheld
Pulse Oximeter (Nonin Medical) upon participant arrival as well
as before and just after the 6-minute walk test. For participants
with PACS, the research visit was 35 weeks * 25 (range, 6-79
weeks) after COVID-19 infection with positive tests ranging from
March 2020 to April 2021. Controls were evaluated in June 2021
after at least a single COVID-19 vaccine dose, and none had expe-
rienced symptomatic respiratory illness for the period of February
2020 up to and including the study visit date.

Pulmonary Function Tests

Pulmonary function tests were performed according to Amer-
ican Thoracic Society guidelines (20,21) with use of an ndd
EasyOne Pro LAB system (ndd Medical Technologies). Post-
bronchodilator measurements were performed 15 minutes
after inhalation of 4 X 100 pg/inhalation salbutamol sulfate
norflurane (Ivax Pharmaceuticals) with use of an AeroCham-
ber (Trudell Medical International). Participants withheld in-
haled medications before study visits according to American
Thoracic Society guidelines (eg, short-acting (3-agonists =6
hours, long-acting (-agonists =12 hours, and long-acting
muscarinic antagonists =24 hours) (20). Questionnaires and
the 6-minute walk test were self administered under supervi-
sion of study personnel.

122Xe MRI

Anatomic hydrogen 1 and '¥Xe MRI scans were acquired
with use of a 3.0-T scanner (Discovery MR750; GE Health-
care) as previously described (22). The '*Xe MRI scans were
acquired with use of a flexible vest quadrature coil (Clinical
MR Solutions). Gas-exchange '¥Xe MRI examination and
spectroscopy were performed, as described in Appendix E1
(online) (22), following coached inhalation and breath hold
of a 1.0-L gas mixture (800 mL helium-4 [‘He], 200 mL
12Xe for MR spectroscopy and 500 mL “He, 500 mL '¥Xe
for MRI) from functional residual capacity. The '¥Xe MR
spectroscopy data were fit to three complex Lorentzian distri-
butions to determine frequency and AUC. The RBC:barrier
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ratio was calculated as the ratio of RBC AUC to barrier AUC.
Gas-transfer MRI data were reconstructed as previously de-
scribed (22); additional detail is provided in Appendix El
(online).

Thoracic CT

Within 30 minutes of MRI examination, CT scans were ac-
quired post-bronchodilator after inhalation of 1.0 L of nitro-
gen from functional residual capacity, with use of a 64-slice
Lightspeed VCT system (GE Healthcare; parameters = 64 X
0.625 collimation, 120 peak kilovoltage, 100 mA, tube rota-
tion time = 500 msec, pitch = 1.25, standard reconstruction
kernel, section thickness = 1.25 mm, field of view = 40 cm?),
as previously described (22).

Pulmonary vascular measurements included total blood
volume, volume of pulmonary blood vessels of 5 mm?* or
smaller (BV5), between 5-10 mm? (BV5-10), and greater
than 10 mm? (BV10), as detailed in Appendix E1 (online).
CT data were qualitatively evaluated by a single chest CT
radiologist (M.S.A., with >10 years of experience) for di-
agnostic and incidental findings. The qualitative reader was
not blinded. CT data were also quantitatively evaluated by
a single experienced observer (A.M.M., with 4 years of ex-
perience) who was blinded to participant identification and
clinical measurements with use of automated software (Chest
Imaging Platform, Brigham and Women’s Hospital) (23).

Data generated or analyzed during the study are available
from the corresponding author by request and will be deposited
at hutps:/lapilab.calour_code.htmlunder data version 20220401.

Statistical Analysis

The '¥Xe MRI signal intensity ratio of RBC to alveolar tissue
barrier was the primary end point. SPSS (SPSS Statistics 27.0;
IBM) was used for all statistical analyses. Data were tested for
normality with use of Shapiro-Wilk tests, and nonparamet-
ric tests were performed for non-normally distributed data.
Relationships were evaluated with use of the Pearson (r) and
Spearman (p) correlations. Intergroup differences were tested
with use of Welch t-tests for two-group or Welch analysis
of variance for multi-group analyses. The Fischer exact tests
were used for categorical variables. Results were considered
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Table 1: Participant Demographics
Comparison between
All PACS Controls ~ PACS Control  Never-hospitalized = Ever-hospitalized ~Never- and Ever-

Characteristic (n = 34) (n=06) (P Value) PACS (n = 22) PACS (= 12) hospitalized (P Value)
Age (y) 53 £ 13 35 %15 .02 51 £ 12 57 £ 14 23
No. of women* 18 (53) 3 (50) .62 14 (64) 4 (33) .09
BMI (kg/m?) 30 =5 25+ 3 .02 296 30 = 4 46
Asthma* 9 (26) 0 (0) Not applicable 6(27) 3(25) .61
COPD* 4 (12) 0 (0) Not applicable 3 (14) 1(8) 34
Pack-year 4=+10 0*0 Not applicable 6 + 11 1*£3 .08
Days since positive 238 =171 NA Not applicable 236 *= 170 244 *= 183 90
SpO, (%) 97 =2 NA NA 97 £ 2 96 + 3 13
SpO, post-exertion (%) 97 * 4 NA NA 98 = 1 95 6 13
FEV, (%,,.) 93 + 20 1008 .11 96 * 21 88 * 17 19
FVC (%) 920 =017 102 =7 .02 94 + 19 88 = 12 .26
FEV,/FVC 81 =13 80 £5 .89 81 = 10 81 =17 97
DL, (%,.) 85+17  NA NA 86 + 13 84 + 24 83
Quality of life

SGRQ 31 =17 NA NA 32 +17 29 =19 .65

CAT 137 NA NA 137 13 =8 .81

IPAQ (MET-min per 4865 * 4189 NA NA 5401 = 4202 3883 * 4160 32

week)

PCES 1.6 = 1.3 NA NA 1.5%1.2 1.7* 14 .80

mMRC dyspnea 1.0 £ 0.8 NA NA 1.0 = 0.8 1.0 £ 1.0 >.99

6MWD (m) 429 *+ 80 NA NA 426 = 78 434 *+ 86 .82

mBDS post-exertion 1.8 14 NA NA 1.6 £ 1.4 22*13 29
Note.—All data are means = SDs, unless otherwise noted. 6 MWD = 6-minute walk distance, BMI = body mass index, CAT = chronic
obstructive pulmonary disease assessment test, COPD = chronic obstructive pulmonary disease, DLco = diffusing capacity of the lung
for carbon monoxide, FEV| = forced expiratory volume in 1 second, FVC = forced vital capacity, IPAQ = International Physical Activity
Questionnaire, mBDS = modified Borg Dyspnea Scale, MET = Metabolic Equivalent of Task, nMRC = Modified Medical Research
Council, NA = not available, PACS = post-acute COVID-19 syndrome, PCFS = Post—COVID-19 Functional Status, SGRQ = St George’s
Respiratory Questionnaire, SpO, = peripheral oxygen saturation, % , = percent of predicted value.
* Data are numbers of participants, with percentages in parentheses.

statistically significant when the probability of making a type
I error was less than 5% (P < .05).

Results

Participant Characteristics

As shown in Figure 1, of an initial 44 participants, data were
acquired in 34 participants with PACS (mean age = SD, 53
years = 13; 18 women) and 10 control participants (mean age,
35 years = 15; five men), of whom four controls were excluded
due to clinically relevant incidental findings. Three control par-
ticipants were excluded due to asymptomatic asthma, rheuma-
toid arthritis, and hypertensive crisis. Another participant was
excluded due to an incidental finding that led to the diagnosis of
a large, asymptomatic atrial septal defect (24).

For participants with PACS, the research visit was 35
weeks = 25 (range, 6-79 weeks) after COVID-19 infection,
with positive tests ranging from March 2020 to April 2021.
Participants who had never had COVID-19 were evaluated
in June 2021 after at least a single COVID-19 vaccine dose,
and none had experienced symptomatic respiratory illness

Radiology: Volume 305: Number 2—November 2022 = radiology.rsna.org

for the period up to and including February 2020. Table
1 summarizes participant demographic data for never—
and ever—COVID-19 participants with PACS, as well as
never- and ever-hospitalized participants with PACS. Con-
trol participants were younger (P = .02) than participants
with PACS (controls, 35 years = 15; PACS, 53 years =
13) and had a lower body mass index (controls, 25 kg/m?
*+ 3; PACS, 30 kg/m? = 5; P = .02). Persistent symptoms
that led to a diagnosis of PACS and follow-up by the Lon-
don Health Sciences COVID-19 clinic are summarized in
Table E1 (online). Most participants reported respiratory
symptoms, including exertional dyspnea, as well as fatigue
and brain fog. Among the ever-hospitalized patients with
COVID-19, two were treated in the intensive care unit, and
none required ventilation. Participant medications are sum-
marized in Table E2 (online).

Qualitative MRI and CT Findings

Figures 2—4 shows representative '*Xe MRI ventilation, alve-
olar-capillary tissue barrier, RBC maps, and thoracic CT in
a never—COVID-19 participant (Fig 2), a never-hospitalized
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Figure 2:

signal intensity (xenon in the RBC compariment).

Xenon 129 ('2°Xe) gas-transfer MRI scans in a 30-year-old male control participant with red blood cell (RBC):barrier ratio =
0.52. (A) '*Xe ventilation MRI scan. (B) '*’Xe barrier MRI scan. (€) '??Xe RBC MRI scan. Cyan represents '??Xe MRI ventilation (xenon in
the gas compartment), green represents '*’Xe barrier signal infensity (xenon in the barrier compartment), and magenta represents '“’Xe RBC

Table 2: Imaging Measurements

Comparison between

All PACS Controls PACS Controls Never-hospitalized Ever-hospitalized Never- and Ever-
Imaging Measurement (n =34) (n=0) (P Value) PACS (n = 22) PACS (n=12)  Hospitalized (P Value)
CT TBV (mL) 285 £ 55 NA NA 289 + 547 279 * 59* 74
CT BV5 (mL) 150 = 38* NA NA 159 *+ 397 134 + 23% .09
CT BV5-10 (mL) 47 = 19* NA NA 45 + 207 49 + 21% .67
CT BV10 (mL) 85 * 26* NA NA 81 + 24F 96 * 36* .39
CT BV5/TBV (%) 54 +10* NA NA 56 * 9f 49 * 10¢ .18
CT BV5-10/TBV (%) 17 = 6* NA NA 15 = 57 19 = 8* .38
CT BV10/TBV (%) 30 + 6* NA NA 28 = 6F 34 + 6* .09
129Xe MRI RBC:barrier 0.32 = 0.06 0.41 *=0.10 .06 0.33 £ 0.05 0.31 = 0.07 41
129Xe MRI barrier AUC 290 = 120 346 *= 144 .40 340 + 133 241 + 85 .01
129%Xe MRI RBC AUC 90 = 37 139 £ 65 .13 103 = 39 78 + 31 .01

* =24,
Tn=13.
fn=11.

Note.—Data are means * SDs, unless otherwise noted. '¥Xe = xenon 129, AUC = area under the MR spectroscopy curve, BV5 = blood
volume in vessels with cross-sectional area 5 mm? or smaller, BV10 = blood volume in vessels with cross-sectional area 10 mm? or smaller,

NA = not available, PACS = post-acute COVID-19 syndrome, RBC = red blood cell, TBV = total blood volume.

participant with PACS (Fig 3), and an ever-hospitalized par-
ticipant with PACS (Fig 4). In the never—COVID-19 control
participant, there were homogeneous signal intensities for
ventilation, alveolar-capillary tissue barrier, and RBC com-
partments. In the never- and ever-hospitalized participants
with PACS, there were patchy alveolar-capillary tissue barri-
ers and RBC signal intensity maps. As shown in Figure E1C
(online), in some participants with abnormal CT BV5 per
total blood volume, there was visual evidence of fewer small
vessels and a greater density of larger vessels without a visu-
ally obvious change in total blood volume. A summary of CT
radiologic findings is included in Table E3 (online). In never-
hospitalized participants, the most common findings were
nodules (eight of 22 participants, 36%), bronchiectasis (three
of 22 participants, 14%), ground-glass opacity (four of 22
participants, 18%), and atelectasis (three of 22 participants,
14%). In ever-hospitalized participants, the CT findings were
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similar but with greater frequencies for ground-glass opacity
(five of 12 participants, 42%) and consolidation (two of 12
participants, 17%).

Differences between Never- and Ever-hospitalized
Participants

Table 2 shows the MRI (7 = 34) and CT pulmonary vascular
measurements (7 = 24) by hospitalization status, and Figure 5
shows some of these measurements in box and whisker plots.
Five CT segmentations were excluded from the evaluation
because of segmentation artifacts in regions of CT consolida-
tion and/or opacities in ever-hospitalized participants.

As shown in Table 2, in all participants with PACS as com-
pared with control participants, '’Xe MRI RBC:barrier ratio
(0.32 *+ 0.06 vs 0.41 * 0.10, P = .06) trended toward a differ-
ence. The '¥Xe MRI barrier AUC (340 * 133 vs 241 + 85, P
=.01) and RBC AUC (103 * 39 vs 78 == 31, P=.01) measures

radiology.rsna.org = Radiology: Volume 305: Number 2—November 2022
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Figure 3:  Xenon 129 ('?°Xe) gas-transfer MRI and CT scans of pulmonary vessels in a 59-year-old never-hospitalized female participant with post-acute COVID-19
syndrome (red blood cell [RBC]:barrier = 0.26 and CT blood volume in vessels with cross-sectional area =5 mm? normalized to total blood volume = 62%). (A) '*’Xe
ventilation MRI scan. (B) '*’Xe barrier MRI scan. (€) '*’Xe RBC MRI scan. (D) CT vessel free. Cyan represents '??Xe MRI ventilation (xenon in the gas compartment), green
represents '*’Xe barrier signal infensity (xenon in the barrier compartment), and magenta represents '2’Xe RBC signal intensity (xenon in the RBC compartment).

Figure 4: Xenon 129 ('*’Xe) gas-fransfer MRl and CT scans of pulmonary vessels in a 42-year-old male participant who had been previously infected with COVID-19
and admitted fo in-patient treatment in hospital with post-acute COVID-19 syndrome (red blood cell [RBC]:barrier = 0.33 and CT blood volume in vessels with cross-
secfional area =5 mm? normalized fo total blood volume = 54%). (A) '?Xe ventilation MRI scan. (B) '*’Xe barrier MRI scan. (€) '??Xe RBC MRI scan. (D) CT vessel
tree. Cyan represents '??Xe MR ventilation (xenon in the gas compartment), green represents '“’Xe barrier signal intensity (xenon in the barrier compartment), and magenta
represents '2’Xe RBC signal intensity (xenon in the RBC compartment).

*
*

0.8+ * 250+ 1 800~ —
& 0.6- o 200+ T S 600+
g . X 1501 < T

0.4 o 5 4004 [T
2 g 1004 L= E e N
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. Ever-hospitalized
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Figure 5:  Box and whisker plots show xenon 129 ('?°Xe| spectroscopy measurements for controls, never-hospitalized participants, and participants who

I:I Never-hospitalized

had been previously infected with COVID-19 and admitted to in-patient treatment in hospital (or ever-hospitalized) with post-acute COVID-19 syndrome
[PACS). Confrols and never-hospitalized participants with PACS reported different '??Xe MR spectroscopy measurements. (A) Box and whisker plot shows
the red blood cell (RBC):barrier for controls (0.41 = 0.10) and ever-hospitalized participants with PACS (0.31 = 0.07), P=.04. (B) Box and whisker plot
shows the RBC area under the receiver operating characteristic curve (AUC) for controls (139 = 65) and ever-hospitalized participants with PACS (78

+ 31) (P=.046), as well as never-hospitalized participants with PACS (103 = 39) and ever-hospitalized participants with PACS (P=.01). (€) Box and
whisker plot shows the barrier AUC for never-hospitalized paricipants with PACS (340 = 133) and ever-hospitalized participants with PACS (241 = 85),
P=.01. Asterisks indicate significant differences, circles indicate measurements of individual control participants, squares indicate measurements of individual
never-hospitalized participants with PACS, and triangles indicate measurements of individual ever-hospitalized participants with PACS.

were greater in never- as compared with ever-hospitalized par-
ticipants. There was no difference in BV5 per total blood volume
for never- (56 = 9) and ever-hospitalized participants (49 *
10, P = .14), although the trend observed was consistent with
previous reports of vascular pruning in COVID-19 (9). Fig-
ure 5 shows differences in box and whisker plots by participant
group for '¥Xe MRI RBC:barrier ratio, RBC, and barrier AUC.

Radiology: Volume 305: Number 2—November 2022 = radiology.rsna.org

Differences in RBC AUC were observed between never—CO-
VID-19, never-hospitalized PACS, and ever-hospitalized PACS.

Relationships between Imaging Measurements, Symptoms,
and Exercise Limitation

Figure 6 shows the relationships for CT and MRI measurements
with one another and with symptoms and exercise limitation.

Table E4 (online) shows all MRI and CT relationships with
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Figure 6: Scatterplots show xenon 129 ('?°Xe] MR speciroscopy measurement relafionships with pulmonary function and exercise

measurements in participants with post-acute COVID-19 syndrome. (A) Scatterplot shows '?Xe gas-transfer red blood cell (RBC):barrier
measurements were related to (r=.57, Holm-Bonferroni P =.002) diffusing capacity of the lung for carbon monoxide (DLco). (B) Scatter-
plot shows '?’Xe MRI RBC area under the receiver operating characteristic curve (AUC) trended toward an association with CT blood
volume in vessels with cross-sectional area of 5 mm? or smaller (BV5) (p = .46, Holm-Bonferroni P=.006). (€) Scatterplot shows '*’Xe MR
RBC AUC was related to Infernational Physical Activity Questionnaire (IPAQ) exercise capacity (p = .45, Holm-Bonferroni P=.02). (D)
Scatterplof shows '*’Xe MR RBC AUC was related to dyspnea measured by post-exerfion modified Borg Dyspnea Scale (p = —.35,

Holm-Bonferroni P=.04). SpO, = oxygen saturation.

spirometry, DLco, and questionnaire and exercise data. Figure
4 shows that the '”Xe MRI RBC:barrier ratio was correlated
with DLco (7= .57, P=.002) and FEV | (p = 35, P=.03). The
129Xe MRI RBC AUC was correlated with CT BV5 (p = .44, P
= .03), International Physical Activity Questionnaire score (p
= .45, P =.02), post-exertional oxygen saturation (p = .37, P =
.03), and after 6-minute walk test Borg dyspnea (p = —.35, P
= .04) but not St George’s Respiratory Questionnaire score (r
= —.15, P = .40). BV5 was also correlated with post-exertional
oxygen saturation (p = .46, P = .03).

Table E4 (online) provides additional relationship data
without statistical tests. Figure 7 shows proposed mechanisms
underlying abnormal CT and MRI measurements.

Discussion

Independent studies (11,12) have uncovered evidence of either
MRI or CT pulmonary vascular abnormalities in previously
hospitalized patients with COVID-19 who were recovered
from infection but remained symptomatic. Here, we endeav-
ored to determine if xenon 129 (*Xe) MRI abnormalities
were present in never-hospitalized participants with post-acute
COVID-19 syndrome (PACS) and to determine relation-
ships between MRI and CT measurements with clinical and
patient-centered measurements. We evaluated 40 participants,
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including 22 never-hospitalized participants and 12 participants
previously infected with COVID-19 who were admitted to in-
patient treatment in hospital (hereafter, ever-hospitalized) with
PACS, 35 weeks = 25 after COVID-19 infection and observed
(a) different '?Xe MRI red blood cell (RBC):barrier ratio (0.31
+0.07 vs 0.41 = 0.10; P = .04) and RBC area under the receiver
operating characteristic curve (AUC) (90 * 37 vs 139 = 65;
P =.046) in ever-hospitalized participants with PACS with nor-
mal spirometry (but abnormal St George’s Respiratory Ques-
tionnaire, International Physical Activity Questionnaire, and
modified Medical Research Council results) as compared with
controls, (4) differences in '¥’Xe MRIRBC (78 = 31 vs 103 = 39;
P =.01) and barrier AUC (241 * 85 vs 340 *= 133; P = .01)
in ever- as compared with never-hospitalized participants, (c)
relationships for MRI RBC:barrier ratio with diffusing capacity
of the lung for carbon monoxide (7 = .57, P = .002) and forced
expiratory volume in 1 second (p = .35, P = .03), and () rela-
tionships for MRI RBC AUC with CT BV5 (p = .44, P = .03),
International Physical Activity Questionnaire score (p = .45, P
=.02), post-exertional oxygen saturation (p = .46, P =.03), and
after 6-minute walk test dyspnea (p = =.35, P = .04).

In all patients with COVID-19, mean spirometry values were
normal, mean DLco was at the bottom of the normal range, and
St George’s Respiratory Questionnaire, International Physical
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RBC and redistributing blood upstream in the vasculature.

Activity Questionnaire, and modified Medical Research Council
scores were abnormal. In addition, RBC:barrier ratio (controls,
0.41 * 0.10; participants with ever—-COVID-19, 0.32 * 0.06;
P = .06) trended toward a difference as compared with never—
COVID-19 controls. As in previous studies (25), we used hospi-
talization status to dichotomize patients after having COVID-19
and detected MRI differences in never- and ever-hospitalized par-
ticipants, including '’Xe MRI RBC and barrier AUC. Whereas
the CT measurements in never-hospitalized participants
were similar to never—-COVID-19 values previously reported
(BV5 per total blood volume = 56%, BV10 per total blood vol-
ume = 28%) (9), CT pulmonary vascular measurements in ever-
hospitalized patients with COVID-19 were consistent with vas-
cular pruning, similar to previous findings (9). CT evidence of
“vascular pruning” has been hypothesized to be due to vasocon-
strictive remodeling of the capillary systems and small blood ves-
sels (9). While the capillaries are well beyond the spatial resolu-
tion of CT, histologic analyses (26) have indicated that capillary
remodeling occurred in patients with chronic obstructive pul-
monary disease when CT vascular pruning was also identified.
In never-hospitalized patients, we observed '¥Xe MRI but not
CT abnormalities. Because MRI directly probes the function of
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the alveolar-capillary boundary, it may be more sensitive or more
targeted than CT to microvascular abnormalities.

Together, the abnormal MRI and CT findings were consis-
tent with abnormal gas exchange stemming from the alveolar
tissue barrier and pulmonary vascular compartments. Similar
to previous reports of post—-COVID-19 coagulation and em-
boli (1), it is possible that we were measuring microembolic
or microthrombotic obstruction of small capillaries, which ex-
plained the abnormal RBC signal. Other vascular changes, such
as vascular injury, vascular remodeling, or shunting, may also be
possible and has previously been hypothesized post—COVID-19
(5,9,25). Postmortem micro-CT imaging of COVID-19 infec-
tion supports these interpretations as abnormal alveolar-level
structures and occluded capillaries were observed (27).

We observed relationships for '¥Xe MRI RBC:barrier ratio
with DLco and FEV,. While modestly low DLco is common
in patients with PACS after a COVID-19 hospitalization (28),
a pilot '¥Xe MRI study unexpectedly did not find a DLco and
MRI gas-transfer relationship (12). In contrast, here, we ob-
served relationships for the '#Xe MRI RBC:barrier ratio with
DLco and FEV,. The relationship with DLco was not unex-
pected because previous work showed these relationships in both
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obstructive and restrictive lung disease (29). RBC:barrier and
FEV, relationships have not previously been observed but could
reflect underlying tissue changes in participants that also impact
airway restriction. In our study, DLco was greater than 80%
of predicted values in both never- and ever-hospitalized partici-
pants, and FEV| was also normal, which together may suggest
that the '¥Xe MRI RBC:barrier ratio is highly sensitive to pul-
monary gas-transfer abnormalities.

We also observed a moderate correlation between BV5 and
RBC AUC. This finding supports a link between RBC gas
uptake and small-vessel abnormalities in PACS. Microvascular
remodeling, shunting, thrombi, microemboli, or some com-
bination of these may play a role. Increased vascular resistance
due to these structural modifications could also explain how
such abnormalities are also visible throughout the vascular tree.
Hemodynamic measurements were outside the scope of our
study but may prove an important subject of future investiga-
tion into PACS mechanisms.

We were surprised to detect relationships for MRI RBC AUC
with post-exertion oxygen saturation, exertional dyspnea (modi-
fied Borg Dyspnea Scale), and the International Physical Activity
Questionnaire score. Similar to previous studies of patients after
having COVID-19 (5,25,30), in our study, there were abnormal
results for St George’s Respiratory Questionnaire (31 = 17 vs 6
* 9 in general population [31]), Chronic Obstructive Pulmo-
nary Disease Assessment Test (13 * 7, >90th percentile gen-
eral population [32]), and modified Medical Research Council
dyspnea (1.0 = 0.7, >91st percentile general population [33]).
While there were no relationships for MRI and CT measure-
ments with St George’s Respiratory Questionnaire (which is
validated for use in chronic obstructive pulmonary disease) (14),
there was a correlation for International Physical Activity Ques-
tionnaire activity and MRI RBC AUC. Relationships between
MRI, CT, pulmonary function, and symptoms suggest a physi-
ologic mechanistic link. Abnormal gas transfer, demonstrated by
the relationship between RBC:barrier and DLco, would lead to
poor oxygenation and vascular changes, possibly reflected in the
trend toward a relationship between post-exertion oxygen satu-
ration and CT BV5. Vascular abnormality-driven desaturation
could explain commonly reported symptoms in PACS, such as
exercise limitation and dyspnea (3), which we observed to be
related to RBC AUC. Pulmonary vascular abnormalities, includ-
ing the low RBC signal intensity (which is a surrogate for abnor-
mal oxygen uptake), may stem from vascular remodeling, where
narrowed vessels reduced the available blood volume or elimi-
nated it altogether in regions with vascular shunting or persistent
microemboli. For example, in cadaveric COVID-19 lungs, there
was histologic evidence of severe endothelial damage and dis-
torted, elongated vessels alongside microemboli (34). Shunting
has been observed during infection in patients with COVID-19
(35), and perfusion of damaged or unventilated alveoli would
also reduce RBC signal intensity in the lung. These potential
mechanisms are supported by the relationship between the MRI
RBC:barrier ratio and DLco and an RBC AUC relationship
with oxygen saturation. Microvascular changes in flow and re-
sistance could have upstream effects on the vasculature and may
explain blood redistribution observed here and in other studies
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(9). The relationship between RBC AUC, dyspnea scores, and
exercise capacity measured by the International Physical Activ-
ity Questionnaire help explain dyspnea and exercise impairment
in some patients after COVID-19 as pulmonary vascular gas-
exchange dysfunction.

In our study, the range of follow-up was quite wide (6-79
weeks post-positive test), with most COVID-19 testing at our
center performed approximately 1 week after infection. While
post-acute infectious symptoms were potentially possible, the
emerging literature now describes the timelines for clinically rel-
evant post—-COVID-19 symptoms that include 4-6 weeks after
infection. For example, the Centers for Disease Control and Pre-
vention coined the term post—=COVID-19 condition as “a wide
range of new, returning, or ongoing health problems people can
experience four or more weeks after first being infected with the
virus that causes COVID-19” (36). The World Health Organi-
zation also describes the post=COVID-19 condition, typically
3 months from the onset of COVID-19 (37). As an alternative
that blends both consensus definitions, the National Institute
for Health and Care Excellence (38) coined the term "long CO-
VID-19" as signs and symptoms that continue or develop fol-
lowing the acute infectious phase of COVID-19, which includes
both ongoing symptomatic COVID-19 and post—COVID-19
syndrome all greater than 4 weeks after infection (5). Hence, our
understanding and these definitions are still quite fluid. Given
these definitions, the ever—-COVID-19 participants evaluated
in our study can be considered as having PACS or long CO-
VID-19, based on their symptoms and timeframe since symp-
tomatic infection.

We recognize a number of study limitations. For example,
the relatively small sample size of the control and PACS sub-
groups certainly limits the generalizability of our findings. Our
study was not powered based on '*Xe MRI spectroscopy mea-
surements, so our results must be considered exploratory and
hypothesis generating. To provide a transparent snapshot of our
results with the COVID-19 research community, we provided
data in Appendix E1 (online) without statistical tests so that
other centers may use our results to help generate sample sizes
for long-term follow-up studies.

Other limitations were that: (#) CT was not performed in
the control subgroup, which prevented CT comparisons across
all three subgroups; (%) all participants were referred from a CO-
VID-19 clinic focusing on long-haul symptoms and, therefore,
recruitment was likely biased toward symptomatic individuals
seeking some form of explanation or intervention; (¢) partici-
pants with PACS were older than the controls (53 years * 13
vs 35 years = 15). To our knowledge, the effect of age on '#Xe
gas-exchange biomarkers has not been reported. However, it is
possible that similar to age-related changes observed for DLco
(39), age may also influence MRI gas-transfer measurements; ()
COVID-19 antibody testing was not performed to verify CO-
VID-19 infection status in the never—COVID-19 volunteers,
so while unlikely, it is possible that some may have previously
experienced an asymptomatic infection before the study; (e)
the mean RBC:barrier ratio estimated for the control subgroup
was lower than previous reports (11,12), and this means that
the differences detected for patients with COVID-19 may be
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conservative underestimates; (f) '¥Xe gas-exchange MRI scan
was performed on either Visit 1, 2, or 3, which broadened the
time after COVID-19 infection to 35 weeks * 25. As shown in
Figure E2 (online), there was no bias over time toward improved
gas exchange, but nevertheless, it will be important to evaluate
those participants who received MRI scans at visit 1 for potential
longitudinal differences; and finally, (g) MRI scan heterogene-
ity was not evaluated quantitatively in our study, and we note
that previous 'Xe MRI COVID-19 investigations (11,12) also
reported the RBC:barrier ratio, which makes comparisons with
our study possible. Unfortunately, gas-exchange imaging was
not technically implemented at our center until our COVID-19
study was already underway for a year, and in these participants,
MR spectroscopy was implemented first for our study.

Larger studies aimed at identifying mechanistic relationships
between dyspnea and other symptoms with xenon 129 (**Xe)
MRI abnormalities are complex to undertake in participants
with PACS. To our knowledge, the findings of abnormal '#Xe
MRI gas-exchange measurements in never-hospitalized patients
with COVID-19 and the relationships between '#Xe MRI and
CT pulmonary vascular measurements have not been previously
established in the literature. In our study, both CT and '*Xe
MRI suggest temporally persistent pulmonary vascular den-
sity and gas-transfer abnormalities that were related to exercise
limitation and exertional dyspnea. We observed abnormal '*Xe
MRI gas-exchange measurements in never-hospitalized partici-
pants with COVID-19 and some '¥Xe MRI measurements were
worse in individuals previously infected with COVID-19 who
were admitted to in-patient treatment in hospital compared to
controls. We also detected relationships between '¥Xe MRI and
CT pulmonary vascular measurements that point to persisting
pulmonary vascular abnormalities, including vessel density and
gas-transfer abnormalities that were related to exercise limitation
and exertional dyspnea. Furthermore, future studies will seek to
determine if pulmonary vascular abnormalities can act as a pre-
dictor of long-term post-acute COVID-19 syndrome (PACS)
outcomes and if abnormal gas-exchange measures can predict
recovery. Pulmonary vascular pathologic conditions play a role

in PACS regardless of COVID-19 severity.
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