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REVIEW

Review of Hyperpolarized Pulmonary
Functional ?“Xe MR for Long-COVID

Jim M. Wild, PhD,’ Fergus V. Gleeson, MBBS,?
James T. Grist, PhD,?> ® Laura C. Saunders, PhD,’
Maksym Sharma, BSc,*> ® Sam Tcherner, BSc,*°

Alexander M. Matheson, PhD,*>

Sarah Svenningsen, PhD,®
Guilhem J. Collier, PhD,"

Ali Mozaffaripour, BMSc,*°

and Grace Parraga, PhD*>%*

The respiratory consequences of acute COVID-19 infection and related symptoms tend to resolve 4 weeks post-infection.
However, for some patients, new, recurrent, or persisting symptoms remain beyond the acute phase and persist for
months, post-infection. The symptoms that remain have been referred to as long-COVID. A number of research sites
employed '*?Xe magnetic resonance imaging (MRI) during the pandemic and evaluated patients post-infection, months
after hospitalization or home-based care as a way to better understand the consequences of infection on '*?Xe MR gas-
exchange and ventilation imaging. A systematic review and comprehensive search were employed using MEDLINE via
PubMed (April 2023) using the National Library of Medicine’s Medical Subject Headings and key words: post-COVID-19,
MRI, "®?Xe, long-COVID, COVID pneumonia, and post-acute COVID-19 syndrome. Fifteen peer-reviewed manuscripts
were identified including four editorials, a single letter to the editor, one review article, and nine original research manu-
scripts (2020-2023). MRI and MR spectroscopy results are summarized from these prospective, controlled studies, which
involved small sample sizes ranging from 9 to 76 participants. Key findings included: 1) *?Xe MRI gas-exchange and venti-
lation abnormalities, 3 months post-COVID-19 infection, and 2) a combination of MRI gas-exchange and ventilation abnor-
malities alongside persistent symptoms in patients hospitalized and not hospitalized for COVID-19, 1-year post-infection.
The persistence of respiratory symptoms and '*’Xe MRI abnormalities in the context of normal or nearly
normal pulmonary function test results and chest computed tomography (CT) was consistent. Longitudinal improvements
were observed in long-term follow-up of long-COVID patients but mean '>’Xe gas-exchange, ventilation heterogeneity
values and symptoms remained abnormal, 1-year post-infection. Pulmonary functional MRI using inhaled hyperpolarized
129Xe gas has played a role in detecting gas-exchange and ventilation abnormalities providing complementary information
that may help develop our understanding of the root causes of long-COVID.
Level of Evidence: 1
Technical Efficacy: Stage 5

J. MAGN. RESON. IMAGING 2023.

he coronavirus disease of 2019 (COVID-19) and the

ensuing global pandemic has led to an explosion of scien-
tific manuscripts. These publications describe the symptoms
and lung findings in people infected and in those with long-
COVID who remain with new or continuing symptoms once
the virus has been cleared. More than 3 years into the pan-
demic, it stll remains difficult to manage patients with

symptoms, post-COVID-19 infection (or long-COVID) and
to understand the pathophysiologic source of their symptoms.
This review article summarizes the constellation of symptoms
and pathophysiology associated with long-COVID and obser-
vations in such patients using pulmonary functional MR
imaging and spectroscopy with inhaled hyperpolarized
129%e gas.
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COVID-19 Infection and Long-COVID

COVID-19 describes the novel coronaviral respiratory infec-
tion that emerged in December 2019 and which rapidly
developed over a few months into a global pandemic.
Estimates in Q1 2023 suggest that approximately 760 million
people have been infected worldwide including about
103 million confirmed cases in the United States,' 4.6 million
confirmed cases in Canada® and 240 million cases in the
European Union and United Kingdom (as of April 2023;
https://covid19.who.int/).

The respiratory consequences of acute COVID-19
infection and the related signs and symptoms experienced
during infection tend to resolve by approximately 4 weeks
post-infection, when the virus has also mainly cleared.” For
patients who suffered severe infection, there is chest X-ray
computed tomography (CT) evidence of fibrotic and non-
fibrotic abnormalities in a wide range of participants up to
2 years post-infection.”” In addition, in some patients, new
or recurrent symptoms remain beyond the acute phase of
infection.® The signs and symptoms that remain have been
referred to as post-acute COVID-19 syndrome (PACS),’
post-acute sequelae of COVID-19” post-COVID condition,
or more colloquially as “long-COVID.” These umbrella
terms derive from a number of slightly different, emerging
definitions for the onset of long-COVID, between 4 and

12 weeks post-infection.'>'!

Definitions

In Table 1, a summary is provided of the evolving and emerg-
ing definitions of “long-COVID.” As one example, the term
post-COVID-19 condition was coined to help explain the phe-
nomenon of persistent symptoms. The CDC defines post-
COVID-19 conditions 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.”"?

The World Health Organization (WHO) also devel-
oped a consensus definition for the post-COVID-19 condi-
tion'> which makes note that symptoms may be new,
subsequent to recovery from acute COVID-19 infection or
persistent over time. The term Lzmg—COV]D14 may also be
referred to as post-acute COVID-19 syndrome, subacute
COVID-19, or chronic COVID-19, respectively.lo

Regardless of the emerging nomenclature, the preva-
lence of long-COVID is difficult to ascertain with one esti-
mate placing the number of worldwide cases at 65 million."”
Perhaps because of differences in infection severity over time,
different studies have reported widely different results with
more recent global meta-analyses report averages between 6%
and 43%.''7 As COVID-19 has become endemic, self-
reported long-COVID numbers have doubled in the UK
between April 2021 and 2022."

2

Symptoms and Pathology
While it is now well-understood that the COVID-19 virus
gains entry to the body via the respiratory system, long-
COVID is now also understood to be a multi-organ syn-
drome presenting with a wide variety of symptoms. As shown
in Fig. 1, pulmonary symptoms include fatigue, reduced exer-
cise capacity, dyspnea, cough, hypoxia, exertional hypoxia,
and chest pain.'” Other common symptoms include cardiac
symptoms, myalgia, brain fog or cognitive difficulties, and bone
pain. Moreover, it has been shown that long-COVID can
develop in people regardless of COVID-19 infection severity."”
Early studies focused on hospitalized individuals®®>* but recent
research has also evaluated those patients who reported a rela-
tively mild viral infection course, not requiring hospital-based
care.”>** Whilst the exact pathophysiology of long-COVID is
unknown, similarities to acute respiratory distress syndrome
(ARDS), middle eastern respiratory syndrome (MERS), and
SARS-CoV-1 (SARSI) offer clues.'®

Damage from COVID-19 infection itself may also
result in long-COVID. The upper airways are the primary
route of viral entry and infection,”® where SARS-CoV-2
binds to angiotensin-converting enzyme 2 receptors
(ACE2).%° In some individuals, COVID-19 infection pro-
gresses to viral pneumonia, filling large portions of the
peripheral airways and causing alveolar damage. A hyper-
intense immune response driven by a proliferation of cyto-
kines (a “cytokine storm”) has been described in early waves
of the COVID-19 pandemic and this has been hypothesized
to be related to COVID-19 severity.””*® A hyper-coagulant
state has also been noted, and an elevated risk of thromboem-
bolic events persists chronically after infection™ including
cardiovascular findings such as pulmonary venous infarction,
thrombosis, and embolism. How this state changes from
long-COVID is still not
proposed  physiological

acute infection to well-

understood, but mechanisms
include viral damage to endothelial and epithelial cells, lingering
inflammatory damage, microvascular injuries, and metabolic
abnormalities.'’

hypothesized®*>* to contribute to long-COVID.

Fibrotic changes in the lung have been

To date, there has been published evidence to suggest
that after acute COVID-19 infection, there are CT findings
of ground glass opacities (GGO), honeycombing, reticulation,
and fibrotic-like changes.”?>** These have mainly been
observed after severe COVID-19 infection requiring hospital-
based care. For example, a recent, interim analysis of the
UKILD Post-COVID-19 study estimated a moderate to
very high risk of residual lung abnormalities at approximately
8%-11%."> A list of the most common CT findings post-
COVID infection is provided in Table 2.

Clinical and Knowledge Gaps
As shown in Fig. 2, the knowledge gap remains large. Regard-
less of the symptoms, etiology, and mechanisms, it has been
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TABLE 1. Definitions of Long-COVID

Definition

1. Ongoing symptomatic COVID-19 for people who still have
symptoms between 4 and 12 weeks after the start of acute symptoms.

2. Post-COVID-19 syndrome for people who still have symptoms for
more than 12 weeks after the start of acute symptoms.

Persistent symptoms and/or delayed or long-term complications of
SARS-CoV-2 infection beyond 4 weeks from the onset of symptoms.

Post-acute sequelae of COVID-19:
Symptoms in those who survived at least the first 30 days following a
COVID-19 diagnosis.

Post-COVID-19 condition:
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.

Post-COVID-19 condition:

A condition that occurs in individuals with a history of probable or
confirmed SARS CoV-2 infection, usually 3 months from the onset of
COVID-19 with symptoms and that last for at least 2 months and
cannot be explained by an alternative diagnosis.

Date Reference
February National Institute of Health ~ Long-COVID:
2021 and Care Excellence'’
March 2021  Nalbandian et al'® Post-acute COVID-19:
April 2021 Al-Aly et al”’
July 2021 Centers for Disease Control
and Prevention'?
October Soriano et al'?
2021

very difficult to find the root cause of long-COVID in
most patients because there is a wide range of different body
system symptoms involved. Whilst symptoms can be quanti-
fied using validated chronic obstructive pulmonary disease

(COPD) questionnaires, such as the St. George’s Respiratory
Questionnaire (SGRQ),*® many other clinical results related
to pulmonary function testing (forced expiratory volume in
1's [FEV,], forced vital capacity [FVC]), chest computed

Cardiovascular System:

o Myocarditis

e Thrombosis

¢ Endothelial dysfunction
« Pulmonary venous
infarction

Pulmonary thrombosis
Pulmonary embolism

Pulmonary System:

e Dyspnea

e Cough

e Hypoxia

o Exertional hypoxia

Brain System:
¢ Brain fog
« Cognitive difficulties

Muscle and Bone System:
¢ Myalgia
* Bone pain

General:

o Fatigue

¢ Chest pain

e Exercise intolerance

FIGURE 1: Schematic diagram of the multi-organ systems involved in long-COVID. COVID-19 infection occurs via inhalation through
the respiratory system. Cardiac, respiratory, brain, gut, and musculoskeletal systems are involved in long-term COVID-19 symptoms.
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TABLE 2. CT Findings Post-COVID Infection

Acute/
Post-
Acute

Post-
Infection

Pulmonary CT Findings
Pneumonia v
Pneumonitis v
Ground glass opacities v

Honeycombing

Reticulations

NN SN SN SN

Fibrotic traction
bronchiectasis

Fibrotic-like changes v

tomography (CT), and echocardiogram are typically found to
be normal or only mildly abnormal. In the absence of abnor-
mal test results, it remains difficult, if not impossible to
explain symptoms and hence identify treatment strategies.
Given the fact that pulmonary function tests (PFT)
including the diffusing capacity of the lung for carbon mon-
oxide (DLco) is often normal or mildly abnormal in people
reporting symptoms consistent with long-COVID, it was
hypothesized that sensitive novel pulmonary functional MR
imaging methods such as inhaled hyperpolarized gas might
reveal causal or at least correlative pathologies. As shown in
Fig. 3, the search for the key pathologies that drive symptoms
in long-COVID necessarily focused on the heart, lung

Normal or Mildly Abnormal
QoL and Exercise Capacity
* SGRQ
¢ 6MWD
¢ mMRC
* |IPAQ

airways, pulmonary vasculature, and the terminal airways and

alveoli.

The Opportunity: Pulmonary Functional MRI Using
Inhaled Hyperpolarized '?°Xe Gas

Injected paramagnetic contrast methods mainly rely on
changes in blood-tissue perfusion and endothelial changes
that may be detected by contrast-induced changes in relaxa-
tion, as in the case of conventional '"H MRI. Instead, '**Xe
MRI directly and simultaneously measure inhaled (and not
injected) xenon atoms in the airspaces, alveolar tissue, and red
blood cells. The detection of '*Xe signal in MRI is challeng-
ing, due to the much lower concentration of gas xenon atoms
(as compared to tissue 'H) and the four times lower gyromag-
netic ratio of '*’Xe in comparison to "H.%” Taken together
these factors reduce the net magnetization available for '**Xe
MRI. While the first factor may have limited solutions due to
the fixed amount of gas that may be inhaled, increasing the
fraction of spin-up atoms (or polarization) can be addressed
through hyperpolarization, which may be accomplished using
a laser-excited rubidium vapor to increase the “spin-up”
xenon atom population beyond thermal equilibrium.

Like 'H atoms in a magnet, '*’Xe experiences locally
different magnetic environments in different tissues and states
that result in chemical shift. As shown in Fig. 4, at least three
distinct '*”Xe spectroscopic resonance frequencies exist in
equilibrium when '**Xe gas is inhaled in the lung. The gas
signal is arbitrarily set at O ppm, with the alveolar membrane
tissue peak residing at 197 ppm, and the combination of the
blood plasma and red blood cell (RBC) signals shifted to

=] Normal or Mildly Abnormal

PFTs
o FEV2
. FVC
. LCI
« RV/TLC

Difficulty of Finding Root
Cause of Long-COVID

Wide Range of Body Systems
e Pulmonary System
e Cardiovascular System
¢ Nervous System
¢ Musculoskeletal System
e Gastrointestinal System
e Immune System

Normal or Mildly Abnormal
Imaging

e ChestCT

e Cardiac CT

e Echocardiography

FIGURE 2: Schematic diagram of potential causes of long-COVID. The wide range of body systems and absence of abnormal test
results hinder explanations and treatment of long-COVID symptoms. FEV; = forced expiratory volume in 1s; FVC = forced vital
capacity; LCl =Lung Clearance Index; RV =residual volume; TLC =total lung capacity; SGRQ = St. George’s Respiratory
Questionnaire; 6MWD = 6-minute walk distance; mMMRC = modified Medical Research Council; IPAQ = International Physical Activity
Questionnaire; PFT = pulmonary function test; CT = computed tomography.

4
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Other Pathological Conditions
caused by COVID-19
e ARDS
e COPD
e Sepsis
, /
Bronchitis
- "N
74\ v Collapsed or
¥4 -\ 7 destroyed alveoli
Lol [P
N
Pneumonia ¢ ) 4 \
\
= < 2 ¢ Pulmonary venous infarction
7 W » Hypertension
7 4 \[ VW o Pulmonary thrombosis
gy & )  Pulmonary embolism
AR ) )
— = J.
L Bronchiole Obstruction \’
Pul\rﬁd'nary
Valve Stenosis
/

4,.' ]\,
k

Blood clots

FIGURE 3: Pathologies potentially involved in long-COVID. Pulmonary airways and vessels (including micro-vascular perfusion), as
well as terminal airways/alveolar, cardiac abnormalities may play a role in the expression of respiratory symptoms in long-COVID.
ARDS = acute respiratory distress syndrome; COPD = chronic obstructive pulmonary disease.

Alveoli &
(a) (b) Termir;lzi\’imays
A Xel Xe ) Alveoli and

A Xe Xei Xe';(é\}}», 4— Terminal Airways

Membrane
RBC
Membrane
200
Red Blood Cell
T _
Hyperpolarized T T T T T
129%enon Gas 200 |150 100 50 O
Frequency (ppm)

FIGURE 4: "?°Xe ventilation, alveolar membrane, and red blood cell images. (a) Alveolar-capillary interface whereby hyperpolarized
129%e diffuses into the alveolar membrane, and then binds to RBC hemoglobin. (b) '>?Xe spectroscopic resonance frequencies. Gas
signal = 0 ppm, alveolar membrane peak = 197 ppm, blood plasma and RBC signal at 218-222 ppm. (c) '??Xe ventilation, membrane
and RBC maps where cyan = '?°Xe ventilation signal in alveoli and terminal airways, green = alveolar membrane, red = RBC.
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approximately 218-222 ppm.”®?? By using a radio-frequency
(RF) pulse with sufficient spectral selectivity in the frequency
domain, all '*’Xe compartments may be excited and
images generated simultaneously and with a single, inhaled
'29Xe gas dose.

The inhaled gas or ventilation '**Xe signal was histori-
cally prescient and the first to be discovered and developed.*’
The inhaled '*”Xe gas signal can be exploited to generate
static ventilation maps in healthy participants and patients
with lung disease. As shown in Fig. 4, such images have been
used to generate ventilation heterogeneity, or ventilation
defect percent (VDP) measurements reflecting airway abnor-
malities including airway inflammation,*" obliteration,** and
airway luminal occlusions including mucus.*’

By virtue of the fact that '**Xe has modest Ostwald sol-
ubility in biologic membranes, the alveolar membrane and
RBC spectroscopic signals are much smaller and hence, it is
modestly challenging to generate high spatial resolution
images of these compartments. The most commonly reported
inhaled '*’Xe gas spectroscopic measurement is the ratio of
the RBC signal area-under-the-curve (AUC) to alveolar mem-
brane signal (RBC:membrane).**~*® The RBC:membrane sig-
nal ratio represents the transfer of Xe gas through the alveolar
membrane via membrane diffusion and then its high affinity
binding to the four ferrous iron heme units bound to each of
the ~250 million hemoglobin molecules hosted in each and
every red blood cell.

This method and the measurements that may be
derived from it (as summarized in Table 2), are well poised,
especially in combination with chest CT, to investigate
abnormalities in the airways (airways disease), pulmonary vas-
culature (capillary perfusion, thrombo-embolism in the larger
vessels, and vascular pruning), alveolar microstructure and
pulmonary gas-exchange in people with long-COVID, safely,
rapidly, and longitudinally. In this review, results are

L ¥l o
FIGURE 5: Hyperpolarized '??Xe MRI ventilation MRI in representative healthy volunteers. Coronal '?**Xe MRI slices (cyan) co-
registered with "H MRI thoracic cavity in two healthy participants (P2 and P3). Arrows identify ventilation abnormalities. P2 was a
30-year-old male with no prior diagnosis of chronic respiratory illness and FEV,; = 103% and VDP = 1%. FEV, = forced expiratory
volume in 1 s; VDP = ventilation defect percent.

6

summarized from studies that prospectively acquired '*’Xe
MRI and MR spectroscopy in people with new or recurrent
symptoms at least 4 weeks post-COVID infection.

Methods

Literature Review

Systematic review methods were employed and a comprehen-
sive search of the published literature was performed using
MEDLINE via PubMed. The search was conducted for
English language studies and closed on April 21, 2023, using
a combination of the National Library of Medicine’s Medical
Subject Headings and the key words: post-COVID-19, MRI,
'29Xe, long-COVID, COVID  pneumonia,
COVID-19 syndrome. The senior author reviewed the refer-

post-acute

ences of the included studies and no additional relevant stud-
ies were identified. Fifteen peer-reviewed manuscripts were
identified including four editorials (2021, 2022), a single let-
ter to the editor (2023), a review article (2021), and nine
original research manuscripts (2020-2023).

1293

described first and then the original results from the publi-

MRI and MR spectroscopy methods are

shed literature are summarized and discussed.

Ventilation MRI

During a relatively short 8-14 s breath-hold, 3D whole lung
images may be acquired following inhalation of a modest
300-500 mL volume of an anoxic noble gas (now typically
4950 As shown in Figs. 4 and 5, normal,
healthy lungs fill immediately, completely, and homoge-

129%e) mixture.

neously and accordingly, ventilation signal intensity is homo-
geneously distributed throughout the lung without patchiness or
ventilation abnormalities. In contrast, in long-COVID patients
shown in Fig. 6, patchy, heterogeneous ventilation may also be

revealed. Typically acquired with volume-matched chest CT to
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FIGURE 6: Abnormal ?°Xe MRI in participants with long-COVID. Coronal '??Xe ventilation MRI slices (cyan) co-registered with 'H
MRI thoracic cavity in four participants with long-COVID and no previous diagnosis of chronic respiratory disease. Arrows identify
ventilation abnormalities. P6 was a 53-year-old female with FEV, = 84%, DLco = 83%, SpO, = 98%, LCl = 8, and VDP = 3%. P7 was
a 73-year-old male with FEV,; = 88%, DLco = ND, SpO, = 98%, LCl = ND, and VDP = 10%. P8 was a 65-year-old female with
FEV; = 95%, DLco = 97%, SpO, = 98%, LCI=9, and VDP =7%. P9 was a 46-year-old male with FEV, = 106%, DLco = 96%,
SpO, = 98%, LCl = 8 and VDP = 3%. ND = not done; SpO, = oxygen saturation measured using digital pulse oximetry; LCl = lung

clearance index; VDP = ventilation defect percent.

generate the airway tree, hyperpolarized '*’Xe ventilation MRI
provides a map of those regions that still function normally and
those that do not.

As shown in Fig. 6 and summarized in Table 3, a num-
ber of ventilation heterogeneity measurements can be

153 including ventilation defect percent (VvDP)**

made, gen-
erated using a signal intensity cluster algorithm, whereby the
lowest signal intensity cluster is used to estimate the volume
of signal void or ventilation defects and is normalized to the
total thoracic cavity volume. Hyperpolarized '*’Xe MRI
VDP is relevant for the study of potential airway disease and

inflammation in long-COVID patients.

Gas-Exchange MRI

MR imaging and spectroscopy of an inhaled '*’Xe bolus,
some of which has diffused into the membrane and RBC
compartments (Fig. 4) has been historically challenging due
to a number of technical and physiologic reasons. First, '**Xe
polarization values on the order of 10%-30% result in weak-
modest membrane and RBC signals, due in part, to the low
density of membrane and RBC tissue and the difficulty in

separating two spectral peaks separated by ~20 ppm are
problematic. Relaxation via T,* (1.5-2.4 msec at 1.5 ) is
also augmented for '**Xe in the tissue and RBC compart-
ments and this limitation is further complicated by the practi-
cal requirement to complete imaging in patients during a
single 8-15 s breath-hold scan. Technical improvements in

56-58 59,60 and

polarization hardware, k-space trajectories
decomposition algorithms%’m*ﬁa have made '*Xe gas-
exchange imaging, spectroscopy, and pulmonary measure-
ments more feasible.

The splitting or parsing of the alveolar membrane and
RBC '*”Xe signals is intuitively and practically similar to dis-
tinguishing the water and fat components measured using 'H
MRI, which has been solved using the so-called Dixon
method.®* Three-point Dixon and Iterative Decomposition
of water and fat with Echo Asymmetry and Least-squares esti-
mation (IDEAL) acquisitions were shown to be highly suc-

differentiating RBC and
65,66

cessful in tissue/membrane

components of gas-exchange data. A one-point Dixon

technique has emerged in consensus®’ as the method of
choice for dissolved-phase '*’Xe MRI. Using the gas
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Hyperpolarized 129%e MRI

Quantitative ¢ Ventilation defect volume (VDV)
measurements * Percent ventilation volume (PVV)
* Ventilated volume (VV)
* Ventilation defect percent (VDP)
* RBC:membrane, membrane:gas,
RBC:gas, membrane:gas ratios

Qualitative * Regional patterns of ventilation and
measurements ventilation heterogeneity

* Gas exchange efficiency between
alveoli and pulmonary capillaries

* Microstructural and functional
information

* Qualitative assessment and

characterization of lung diseases

Clinical * Non-invasive method for lung
disease characterization

o 12%Xe is well tolerated

* High spatial and temporal resolution

* Dynamic treatment response

opportunities

assessment without ionizing
radiation

Clinical * Time-consuming image acquisition
challenges and analysis processes

* Image analysis software, specialized
equipment, and training required

* Regulatory approval in UK as
investigational medicinal product

* FDA approved in USA

TABLE 3. Overview of Hyperpolarized Noble Gas MRl Measurements

Significance to COVID-19
e VDV, PVV, VV, and VDP offer a method of

quantifying regional ventilation heterogeneity
* The RBC:membrane, RBC:gas, membrane:gas ratios
offer a method of quantifying gas exchange efficiency

* Provides insights beyond those attainable through
conventional pulmonary function tests

* Investigates the underlying pathophysiological
mechanisms

* Early detection and characterization of lung
abnormalities associated with COVID-19

* Evaluation of post-acute infection impairments

* Identifies regions for targeted treatment response

* Some potential for clinical integration

compartment data acquired from interleaved imaging, a phase
correction to account for field inhomogeneities may be
applied to all compartments such that the gas compartment
has a uniform phase. Finally, membrane and RBC compart-
ments may not be exactly aligned to the coil acquisition chan-
nels, so the raw data are iteratively rotated in the complex
plane undil the whole-lung RBC:membrane value calculated
from images matches that obtained during the spectroscopy
calibration scan.

The '*Xe MRI RBC:membrane
observed to correlate with DLoo® and abnormally values

ratio has been

have been reported in patients with non-specific interstitial
.6 L6l g
pneumoma’9 and pulmonary fibrosis,”” which is relevant to

long-COVID.

Results

As of April 2023, there were nine original manuscripts
published which describe hyperpolarized '*Xe MR in long-
COVID. Of the nine original articles, five described cross-

sectional data,”*”* and four papers and one editorial response

described longitudinal ﬁndings.75777 Six of the published
manuscripts described gas-exchange abnormalities and three
papers were focused solely on ventilation MRI.

First, we summarize the pulmonary functional MRI
evidence that vendilation abnormalities may play a role in
long-COVID. Then we focus attention on the 129%e MRI
evidence of gas-exchange abnormalities in long-COVID and
how these change over time. Table 4 provides an overview of
cross-sectional and longitudinal study design and results.
Because of study heterogeneity (time post-infection, inclu-
sion, and exclusion criteria), we describe all the study results
first and then summarize key, consistent findings across
studies.

29Xe MRI Ventilation Defects: Evidence of Airways
Disease

The first preliminary report of such ventilation abnormalities
was published in January 2021, less than 10 months after the
declaration of a pandemic, and detailed '**Xe MRI results
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Study Time Point  Participant Status

did not normalize

Li et al”® Baseline 25 (13H/ONH)  Yes
Kooner et al’* Baseline 76 (23H/53NH)  Yes
Kooner et al’® Bascline 76 (23H/53NH)  Yes

Follow-up 53 (17H/36NH)  No

12-15 months post-infection

Grist et al”? Baseline 9 (9H/0NH)  Yes
Chen et al'’ Baseline 9 (9H/ONH) No
Follow-up 4 (4H/ONH) No
Grist et al”* Baseline 23 (12H/11NH)  Yes
Matheson et al’'  Baseline 34 (12H/22NH)  Yes
Follow-up 23 (12H/11NH)  No
Matheson et al’”®  Baseline 34 (12H/22NH)  No
Follow-up 21 (9H/12NH)  No
Saunders et al’”®  Baseline 16 (1IGH/ONH)  No
Follow-up 9 (9H/ONH) No

TABLE 4. Recruitment and Publication Information of Peer-Reviewed Manuscripts

Control

Ventilation MRI main result: abnormal ventilation (VDP) in most participants which improved, 15 months post-infection but

Gas-exchange MRI main result: abnormal RBC:membrane in most participants, improved over time but not normalized,

H = hospitalized for COVID-19; NH = never-hospitalized for COVID-19.

Location Recruitment Window  Publish Date

China Feb 2020-Mar 2020 Jan 2021
Canada  Jun 2020-Aug 2021 May 2022
Canada Jun 2020-Aug 2021 Feb 2023

UK Aug 2020-Dec 2020 Oct 2021
China Jun 2020-Aug 2021 Mar 2022
UK Jun 2020-Aug 2021 Dec 2022
Canada Apr 2021-Oct 2021 Nov 2022
Canada Mar 2020-Apr 2021 Jan 2023

UK Nov 2020-Feb 2022 Mar 2023

post-discharge from hospital in patients from Wuhan, China.
These patients were evaluated on average 20-30 days after
discharge from hospital for severe COVID-19 infection
requiring hospital-based care.”” While the main focus of this
work was on '*?Xe MRI gas-exchange abnormalities, Li and
colleagues also evaluated 13 patients and 12 healthy volun-
teers using pulmonary function tests and static ventilation
MRI. They reported that '**Xe MRI VDP was significantly
greater (worse) in the 13 recently discharged post-COVID
patients (compared to 12 healthy participants) although none
of these patients met the then still emerging definition of
long-COVID. Importantly, this manuscript provided the first
early signs of potential ventilation abnormalities in patients
with post-COVID-19 infection on average 25-days post-
discharge from hospital for COVID-19 infection.

Another study published in 2022  described
76 COVID-19 survivors infected with COVID-19 variants
(waves 1-4) who lived and were evaluated in two urban
research centers in Ontario.”” In this report, long-COVID
patients were evaluated on average 12 weeks post-infection.
In contrast to the earlier report of Li and colleagues,”® both
never- and ever-hospitalized participants were evaluated as

well as a small group of nine healthy volunteers who were
neither vaccinated, nor had experienced any respiratory infec-
tion in the 18 months prior to evaluation. '*Xe MRI VDP
was significantly worse in ever- as compared to never-
hospitalized patients (P = 0.048) and never-COVID-19
(P <0.001) participants. The study included the measure-
ment of the diffusing capacity of the lung for carbon monox-
ide (DLgo), St Respiratory  Questionnaire
(SGRQ)*®  and (6MWD,

P=10.005) as well as post-exertional oxygen saturation

George’s
six-minute  walk distance
(P = 0.03) were significantly worse in the previously hospital-
ized COVID-19 participants. Participants with abnormal
VDP (some of whom are shown in Fig. 6) also had signifi-
cantly worse 6MWD (P = 0.003) and post-exertional SpO,
(P =0.03) and there were significant relationships for VDP
with 6MWD (p = —0.31; P=10.02) and post-exertional
SpO; (p = —0.43; P = 0.002). It is also worth noting that
in UK participants with COVID, there was a longitudinal
trend toward improved VDP at 12 and 24 weeks as com-
pared to 6 weeks post-infection.”®

Of the original 76 participants, 53 participants were
evaluated 12 months later, roughly 1/3 hospitalized during
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their acute COVID-19 infection. Although normal at the
baseline visit, surprisingly, FEV; (P = 0.001), FEV,/FVC
(P =0.003), and DLco (P = 0.002) significantly improved
12 months later. In addition, SGRQ score (P < 0.001) and
VDP (P = 0.003) were improved at 15 months but remained
abnormal. CT airway wall area (P = 0.04), lung clearance
(LCI) (P =0.02),
(P =0.004) were all variables predicting the change in
VDP at 15 months. Finally, improved SGRQ was correlated
with  inhaled  corticosteroid/long-acting  bronchodilator
(ICS/LABA) prescribed at 3 months (OR = 4.0, P = 0.03)

but this did not influence FEV; or VDP improvement over

index

and  post-exertional  SpO,

time. The positive effect of ICS/LABA was observed in partic-
ipants with a prior diagnosis of asthma or COPD and in par-

ticipants with no pre-existing chronic lung disease.””

29X e Spectroscopy and Imaging: Evidence of
Abnormal Gas-Exchange

Within a year of the onset of COVID-19, in January 2021,
Li and colleagues were the first to report on '*’Xe MRI gas-
exchange measurements in 13 recently discharged patients
(mean = 25 days, range = 14-32 days post-discharge in
February—March 2020) who had been hospitalized for
COVID-19 infection. Similar to their finding of ventilation
abnormalities, they also reported that the '**Xe MR gas-
exchange time constant was abnormally augmented and
RBC:membrane abnormally low in the discharged COVID-
19 patients as compared to the never-infected healthy sub-
group of participants. In the discharged COVID-19 patients,
the spirometry measurement of FEV;, FVC, and their ratio
was normal; DLco was not reported, which was unfortunate
given the '*’Xe MRI evidence suggestive of persistent gas-
exchange abnormalities. In addition, no other symptomatic or
quality-of-life measurements were evaluated. Li and colleagues
also measured normal '**Xe MRI apparent diffusion coeffi-
cients (ADC) which have been previously used to report on
alveolar tissue destruction or thickening. Taken together,
these results which report from very early in the pandemic,
suggested that, similar to SARS chest CT findings 20 years

Q 12(
79 129%e MR gas exchange mea-

prior, of pulmonary fibrosis.
surements were abnormal and worryingly similar to patients
with well-documented diagnosis of interstitial lung disease
(ILD) 4850

Another investigation, published in October 2021,
reported on nine dyspneic patients, nearly 6 months after
hospital discharge for COVID-19 pneumonia.73 Similar to
the findings from Li et al, '**Xe MRI RBC:membrane values
were diminished and significantly different between patients
and five never-infected healthy volunteers (P = 0.001). In an
extension of this pilot work, 23 post-COVID-19 patients
were evaluated approximately 6 months post—infection,74 of
whom 12 were hospitalized for COVID-19 care and

11 improved at home. DLco was significantdy different

10

between hospitalized and never-hospitalized ~participants
(P = 0.04), but there was no evidence of other differences in
lung function. Importantly, the mean RBC:membrane value
was significantly different for volunteers and hospitalized par-
ticipants (P = 0.02) as well as never-hospitalized participants
(P = 0.03) but not between these two subgroups (P = 0.26).
In another multicenter study, 40 participants were eval-

including 6 healthy never-COVID  volunteers,
22 never-hospitalized, and 12 participants hospitalized for

uated

acute COVID-19 symptoms.”" These participants were evalu-
ated with respiratory symptoms consistent with long-
COVID, approximately 9 months post-infection. Similar to
previous studies of post-COVID-19 patients,'**"** there
were highly abnormal SGRQ* and mMRC dyspnea scores
(>91st percentile general population)84 both of which discor-
dant with mainly normal or mildly abnormal spirometry and
chest CT. The RBC:membrane ratio for ever- and never-
COVID-19 participants (P = 0.06) trended toward a differ-
ence and these were significantly different than the ratio
observed in the healthy (but younger) volunteers. '*”Xe MRI
RBC:membrane ratio correlated with DLco, similar to find-
ings in obstructive and restrictive lung disease.*> The other
finding was the significant correlation between the pulmonary
vascular tree small vessel density and RBC AUC (P = 0.03),
which supported a link between RBC gas uptake and
small-vessel pulmonary vascular abnormalities. These findings
suggest a mechanistic link between MRI and symptomatic
measurements which may include microvascular remodeling,
vascular resistance, shunt, thrombi, micro-embolism, or some
combination of these.

In summary, these four manuscripts described cross-
sectional findings 6-9 months post-COVID-19 and provided
important clues about persistent gas-exchange abnormalities
in hospitalized and more surprisingly in never-hospitalized
post-COVID patients, the majority of whom had respiratory
symptoms. The possibility remains that alveolar capillary
abnormalities as previously reported by post-mortem studies
of COVID-19 pneumonia®®
sistence of so-called long-COVID gas-exchange and symp-

may be contributing to the per-

tomatic findings.

However, a number of unanswered questions remained
including: 1) Did the abnormal MRI gas-exchange measure-
ments and symptoms persist even longer in people who
remain symptomatic? 2) Were these findings reversible over
time? and 3) How did MRI gas-exchange abnormalities co-
exist in the context of normal DLco values and normal or
mildly abnormal chest CT?

In order to answer some of these questions, longitudinal
evaluations were required. The original study of 34 post-
COVID-19 participants’> also evaluated 21 participants who
returned for another visit, 14 months post-infection. At
follow-up, the '*’Xe RBC:membrane ratio trended toward
improvement but remained abnormal, while DLco and
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SGRQ also significantly improved with SGRQ also remaining
abnormal, 14 months post-infection. Post-exertional dyspnea
and DLco correlated with SGRQ-score, suggestive of a
mechanistic link between improved dyspnea and gas-exchange
with quality-of-life (QoL) improvements, which is physiologi-
cally intuitive.

The most comprehensive longitudinal study of '**Xe
MRI gas-exchange values was reported in the original nine
participants with COVID.”® As shown in Fig. 7, at 12-week
follow-up, there was improved '*’Xe MRI RBC:membrane,
but no longitudinal change was detected between 12 and
52 weeks, and median values remained abnormally lower
than expected and than an age- and sex-matched healthy vol-
unteer group of 12 participants. While the COVID partici-
pant sample size (V= 9) was not large, these findings agreed
with the significantly lower RBC:membrane values previously
reported.””"”> As shown in Fig. 8, in a participant with
COVID, CT ground glass opacities, reticulation, and
fibrotic-like changes, were observed 6 months post-discharge
and this agreed with an augmented mean acinar airway
dimension and gas-exchange results. More evidence for paren-
chymal abnormality improvement over time was provided by
dynamic contrast-enhanced MRI measurements in the same

Wild et al.: Pulmonary MRI of Long-COVID

patients (N=9) of capillary perfusion which showed
increased regional pulmonary blood flow and volume between
6 and 12 weeks, suggestive of microvascular improvement.

Study Limitations

All of these studies involved necessarily small sample sizes
ranging from 9 to 76 participants and were single or two-
center studies. Small sample sizes in heterogeneous studies
make it difficult to come to firm conclusions and limit the
universality of the reported findings. Nevertheless, the mes-
sage that post-infection gas-exchange and ventilation abnor-
malities persist alongside symptoms in patients hospitalized
and not hospitalized for COVID-19, was observed. The stud-
ies all appeared to be generated de novo, and independently
and hence, the timing of follow-up and the additional mea-
surements made, were not harmonized. The persistence of
respiratory symptoms in the context of normal or nearly nor-
mal pulmonary function test results and chest CT is impor-
tant to note. In addition, the abnormal ventilation and gas-
exchange findings in symptomatic patients with normal clini-
cal test values are important to keep in mind. Unfortunately,
most of the participants studied in these original manuscripts,

did not have pre-COVID CT as most did not have pre-

Results — dissolved phase 12°Xe / xenon gas transfer

a

12 weeks 24 weeks 52 weeks

6 weeks

P=0.004/P,;=0.023

b r_xﬁP=0|‘047/P=.,d,-=0.094
0.50 ! ' P=0.047/P,4=0.094
1
J ! wem Patient 1
/ wmm Patient 2
L = Patient 3
g e Patient 4
b wmmm Patient 5
0.30 .
- m Pqtient 6
g o Patient 7
S :
0.20 Pat{ent 8
wem Patient 9
0.10
6 weeks 12weeks 24 weeks 52 weeks
C 050
0.40 —_—
= —
g 0.30 L =
4 — =— a e
0.20 - I— 8 I -
0.10
0.00
Age and 6weeks 12weeks 24 weeks 52 weeks
sex
matched
healthy
volunteers

FIGURE 7: Longitudinal '??’Xe MRI gas-exchange measurements across four visits. (a) Centre coronal slice of '>?Xe RBC:membrane
map for each participant and available visits. (b) Spaghetti plot of mean '>?Xe RBC:membrane for individual participants. (c) Box plot
of 12?Xe RBC:membrane for age and sex matched healthy volunteers (N = 12, mean age 57 [41-68] years; 56% male) alongside

same values for 9 participants followed over 4 visits (1 year).

11

ASUAII SuoWIo)) dANeLAI) dfqesridde oy £q pauraA0S are sa[onIE Y 2SN JO SN 10§ AIRIqI duI[uQ KJ[IAY UO (SUONIPUOI-PUB-SULIA} W0 KA[IM" KIRIqI[auT[uo//:sd)y) SUONIPUO) Pue SWLIA, 9y} 39S “[£70T/80/71] U0 A1eiqry autuQ L[IA 1591 Aq 0468 HWl/Z001 0 1/10p/wod Kofim’ K1eiqrjaurjuo//:sdiy woij papeoumo( ‘0 ‘98STeSI



Journal of Magnetic Resonance Imaging

HRCT

UTE MRI

129Xe ventilation

VDP=1.7%

129%e RBC:M 129%e LmD

pa

RBC:M =0.16

FIGURE 8: CT and MRI in long-COVID. Coronal images are shown for a 73-year-old male hospitalized due to COVID-19, with no prior
respiratory disease. Left panel is chest CT acquired 6 months after hospital discharge with ground glass opacities, reticulation, and
fibrotic-like changes. Next right panel is UTE MRI with similar findings. Middle and right panels show hyperpolarized '??Xe MR
ventilation, RBC:membrane map and diffusion-weighted map acquired 10 months after hospital discharge. HRCT = high resolution

CT; RBC = red blood cell; VDP = ventilation defect percent; LmD =

existing respiratory disease. Not all studies required symptoms
consistent with long-COVID; moreover, participants were
recruited as a convenience sample from February 2020 to
October 2021
to 15 months post-infection.

ranging from  weeks  post-infection

The trends, however, are clear. Regardless of the study
or timeframe, in the patients evaluated in these studies, venti-
lation and gas-exchange abnormalities persisted for at least
1-year post-infection. While MRI measurements improved
over time in all studies, these did not normalize nor did
quality-of-life scores, nor exercise limitation measures. It is
possible that more time is needed to observe complete nor-
malization, or that this might not be achieved.

Discussion

What Do These MRI Ventilation and Gas-Exchange
Abnormalities Mean for Patients?

g .. 76,87,88
Ventilation abnormalities”®®”

improved that alongside
improvements in FEV,, DL, exercise capacity, and SGRQ,
15 months post-infection. The novel finding that treatment
with ICS-LABA was associated with 4-fold greater odds of
SGRQ improvement agrees with predictions of airways dis-
ease early in the pandemic.® With respect to gas-exchange, a
combination of lung perfusion abnormalities and/or alveolar/
interstitial endothelial changes may be mechanistically driving
the observation of diminished RBC:membrane values. This is
supported by the correlations detected for the changes in
129%e gas transfer with changes in pulmonary blood volume
in one of the longitudinal studies 129%e gas-exchange MRI.’®
Pilot dynamic contrast-enhanced MRI evidence of pulmonary
microvasculature abnormalities in 10 participants, after
SARS-CoV-2 infection”
Another pilot study measuring lung perfusion using SPECT/
CT in 14 children with long-COVID”' showed that 6 of
14 demonstrated perfusion defects without corresponding CT
abnormalities. Together, these abnormal MRI and CT find-

ings generate testable hypotheses about the role of the alveolar

also supports this hypothesis.

tissue barrier and pulmonary vascular compartments in long-

COVID. As described in other work,”? it is possible that

12

mean acinar airway dimension from diffusion-weighted map.

micro-embolic or micro-thrombotic obstruction of small cap-
illaries explains these results. Alternatively, vascular injury,
vascular remodeling, or shunt may also be possible as previ-
ously described.'”®*?  Certainly, post-mortem micro-CT
imaging provided evidence of abnormal alveolar-level struc-
tures and occluded capillaries.”* Pulmonary vascular abnor-
malities observed may also stem from vascular remodeling or
persistent micro-emboli which would agree with histological
evidence of severe endothelial damage and distorted, elon-
gated vessels alongside micro-emboli®® and shunt.”®

Do airway and pulmonary vascular functional abnor-
malities occur together in the same patients? This question
cannot yet be answered in the manuscripts recently published
but it is mechanistically possible that post-COVID inflamma-
tion may affect both the airway and pulmonary vascular tree,
compounding the requirements needed or at least delaying
full symptomatic recovery for some patients. Nevertheless,
the positive effects of ICS/LABA on recovery in some patients

were not possible to ascertain otherwise.

Opportunities: What’s Next?
Pulmonary imaging measurements have been at the vanguard
of the clinical and research evaluation of patients with acute
and chronic effects of COVID-19. While chest CT has been
the mainstay clinical tool for patients with severe symptoms
requiring hospital-based care, it is also the go-to for those at
risk of interstitial abnormalities including fibrosis, post-
infection. To our knowledge there has been no head-to-head
comparison of '29Xe MRI measurements in patients with per-
sistent CT abnormalities, nor has there been a prospective
comparison in patients with CT and MRI abnormalities with
DLco and symptoms. This is an important area of future
research for COVID-19 and in other patients with severe
viral infection. As the clinical interest in long-COVID
remains strong, these studies will be clinically important to
provide context for the ventilation and gas-exchange results
observed in symptomatic people with mainly normal CT and
pulmonary function test results.

In people with symptoms of post-infection, 129%e
MRI ventilation and gas-exchange measurements suggest
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that such abnormalities occur together or independently.
However, it is not known yet if these findings occur
sequentially over time or simultaneously. The source of air-
ways disease may stem from airway inflammation but this
also requires more study to definitively ascertain. Multi-
center studies using harmonized protocols for both MRI
and CT are needed in people while symptomatic, in asymp-
tomatic post-infection, and longitudinally after severe infec-
tion. The acquisition of dynamic contrast-enhanced lung
perfusion MRI may also help build an understanding of the
mechanisms responsible for the persistent MRI gas-
exchange abnormalities. Finally, '*Xe MRI does not
require ionizing radiation (making repeated imaging ses-
sions feasible), has high sensitivity (which decreases sample
sizes and increases effect size) and speed (relative to other
MRI exams), which makes it well suited for novel therapy
and other studies of the post-COVID condition. We still
have much to learn about how to prevent long-term struc-
tural and lung functional abnormalities after pulmonary
viral infection. These preliminary '*’Xe MRI results pro-
vide snapshots of the post-COVID-19 recovery of the lung

over time.

Conclusions

In less than 3 years, the COVID-19 global pandemic has
led to nearly 1 billion people experiencing a novel respira-
tory viral infection. As citizens of the world and as imaging
scientists too, this provided an unprecedented opportunity
to measure and monitor the acute and chronic effects of
nearly simultaneous, novel viral pulmonary infection on a
global scale. While the first few waves of infection led to
concerns about the acute effects of severe respiratory illness,
within a few months, attention also turned to the long-term
outcomes in patients who reported persistent or recurrent
symptom burden, following the post-acute phase of infec-
tion. Such symptoms included, but were not limited to, dys-
pnea, fatigue, exercise and activity limitation, brain fog,
myalgia, and headache.'” These symptoms appear to be
weakly if not negligibly linked to the severity of the infec-
tion and paradoxically persist in people with normal or only
mildly abnormal pulmonary function and chest CT results.
'?9Xe MR imaging and spectroscopy has provided a way to
sensitively detect gas-exchange and ventilation abnormalities
in small numbers of patients, and during a time when face-
to-face clinical research was seriously restricted. The sensitiv-
ity of the method allowed for significant relationships to be
discerned which led to our understanding that both airways
disease and gas-exchange abnormalities may play a role in
symptomatic long-COVID. Pulmonary functional MRI
using inhaled hyperpolarized '**Xe gas has helped develop a
preliminary understanding of the root causes of long-

COVID.
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