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Abstract
Background Long COVID impacts ∼10% of people diagnosed with coronavirus disease 2019 (COVID-
19), yet the pathophysiology driving ongoing symptoms is poorly understood. We hypothesised that 129Xe
magnetic resonance imaging (MRI) could identify unique pulmonary phenotypic subgroups of long
COVID. Therefore, we evaluated ventilation and gas exchange measurements with cluster analysis to
generate imaging-based phenotypes.
Methods COVID-negative controls and participants who previously tested positive for COVID-19
underwent 129Xe MRI ∼14 months post-acute infection across three centres. Long COVID was defined as
persistent dyspnoea, chest tightness, cough, fatigue, nausea and/or loss of taste/smell at MRI; participants
reporting no symptoms were considered fully recovered. 129Xe MRI ventilation defect percent (VDP) and
membrane-to-gas (Mem/Gas), red blood cell-to-membrane (RBC/Mem) and red blood cell-to-gas (RBC/
Gas) ratios were used in k-means clustering for long COVID, and measurements were compared using
ANOVA with post-hoc Bonferroni correction.
Results We evaluated 135 participants across three centres: 28 COVID-negative (mean±SD age
40±16 years), 34 fully recovered (42±14 years) and 73 long COVID (49±13 years). RBC/Mem (p=0.03)
and forced expiratory volume in 1 s (FEV1) (p=0.04) were different between long COVID and COVID-
negative; FEV1 and all other pulmonary function tests (PFTs) were within normal ranges. Four unique
long COVID clusters were identified compared with recovered and COVID-negative. Cluster 1 was the
youngest with normal MRI and mild gas trapping; Cluster 2 was the oldest, characterised by reduced RBC/
Mem but normal PFTs; Cluster 3 had mildly increased Mem/Gas with normal PFTs; and Cluster 4 had
markedly increased Mem/Gas with concomitant reduction in RBC/Mem and restrictive PFT pattern.
Conclusions We identified four 129Xe MRI long COVID phenotypes with distinct characteristics. 129Xe
MRI can dissect pathophysiological heterogeneity of long COVID to enable personalised patient care.

Introduction
As the world transitions to a post-pandemic stage of coronavirus disease 2019 (COVID-19), clinical and
research focus has shifted from the acute to chronic effects. Long COVID (also known as post-COVID
syndrome or post-acute sequelae of COVID) is broadly accepted as signs, symptoms and/or conditions that
continue or develop >4–12 weeks following acute infection [1–3]. Long COVID has been estimated to
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affect ∼10% of the over 770 million individuals who experienced severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection [4–7] and may persist for ⩾2 years [8]. While it is now clear that
long COVID is a multi-organ condition with a wide range of symptoms frequently involving the
respiratory system [6, 9], pulmonary function tests (PFTs) and conventional computed tomography (CT)
are typically normal. Since the physiological drivers of persistent symptoms in these people are not fully
understood, it remains difficult to manage the varied symptoms of long COVID patients and to identify
effective therapies.

One important challenge in identifying novel therapies in long COVID is its heterogeneity. Imaging has
the potential to reveal unique phenotypes of long COVID. Functional evaluation using expiratory CT and
hyperpolarised 129Xe magnetic resonance imaging (MRI) have revealed air trapping [10] and ventilation
abnormalities [11, 12] in people reporting long COVID, suggesting the importance of small airway
dysfunction in the pathophysiology. 129Xe MRI further enables measurement of regional gas exchange as
inhaled 129Xe gas uptake in the alveolar membrane and transfer to capillary red blood cells, and in long
COVID has characteristically shown reduced 129Xe red blood cell-to-membrane (RBC/Mem) ratio [13–17].
These findings have been postulated to reflect microvascular abnormalities [13, 16, 18] and have been
observed in people with dyspnoea [13–15] or any other persistent symptoms [16, 17], those who have been
hospitalised [13–17] or not [16, 17], for ⩾1 year after acute infection [15, 17], and importantly when
conventional CT and PFTs have been mostly normal.

Given the broad range of long COVID presentation, there have been efforts to define phenotypes or
clusters using symptoms or clinical factors [19–21]. Such phenotypic clustering has also been pursued in
asthma and COPD using CT and 129Xe MRI metrics to identify distinct lung structure–function and
clinical characteristics that were not distinguishable using clinical evaluations alone [22–24]. We therefore
hypothesised that 129Xe MRI could also identify unique pulmonary phenotypic subgroups of long COVID.
Thus, in this study we evaluated MRI gas exchange and ventilation measurements in participants with long
COVID across three centres, and employed a cluster analysis to generate imaging-based phenotypes of
long COVID and to determine the relation of these phenotypes to clinical end-points such as symptoms.
Preliminary results have been reported in abstract form [25].

Materials and methods
Study participants and design
Participants aged ⩾19 years who self-reported a previous positive test for COVID-19 by a PCR or lateral
flow test provided written informed consent to ethics board-approved protocols between July 2021 and
February 2023 across three academic centres: University of British Columbia (Vancouver, BC, Canada;
Site 1), University of Kansas Medical Center (Kansas City, KS, USA; Site 2) and Duke University
(Durham, NC, USA; Site 3). At all centres participants were recruited through referral from healthcare
providers or community advertising and study assessments were completed ⩾3 months after the COVID-19
test date. Participants were not recruited by any specific symptoms and participants reporting no symptoms
(i.e. no long COVID) were also recruited (Site 1 and Site 2). Participants with pre-existing respiratory
disease were not excluded. COVID-negative healthy controls were prospectively recruited (Site 1) or
retrospectively included from pre-existing datasets (Site 2 and Site 3).

All participants underwent hyperpolarised 129Xe gas exchange MRI, while PFT measurements and chest
CT performed in the respective clinical laboratories/departments were included where available.
Board-certified radiologist reports for inspiratory CT performed within 6 months of MRI were reviewed for
the presence of ground-glass opacities (GGOs), reticulation, honeycombing, consolidation and emphysema.
The following self-reported (new or worsened) persistent symptoms for >3 months post-COVID (yes/no)
were recorded across all sites at the time of MRI: dyspnoea, chest tightness, cough, fatigue, nausea and
loss of taste/smell. Long COVID was defined when at least one of these symptoms was present, new/worse
post-COVID, and not explained by another cause as adjudicated by site investigators. Participants reporting
no symptoms were considered fully recovered. The St George’s Respiratory Questionnaire (SGRQ) was
also administered at Site 1 to measure respiratory-related quality of life [26].

Pulmonary function tests
Spirometry was performed according to American Thoracic Society/European Respiratory Society
guidelines [27] to determine forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC), and
plethysmography [28] was performed to measure residual volume (RV) and total lung capacity (TLC).
Diffusion capacity of the lung for carbon monoxide (DLCO) was measured using the single-breath method [29].
All values were reported using race-neutral Global Lung Function Initiative reference equations [30].
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MRI acquisition and analysis
MRI was performed using 3T MAGNETOM systems (Site 1: Vida; Site 2: Skyra; Site 3: PrismaFIT;
Siemens Healthineers, Erlangen, Germany) and a flexible 129Xe vest coil (Clinical MR Solutions, Brookfield,
WI, USA). Up to 1.0 L of isotopically enriched (⩾85%) 129Xe gas was polarised using 9820 hyperpolarisers
(Polarean Imaging, Durham, NC, USA). Total inhaled doses were 1.0 L (Site 1) or 20% of the participants’
FVC up to a maximum of 1.25 L (Site 2 and Site 3) and participants were instructed to inhale the gas
mixture from functional residual capacity for imaging under breath-hold conditions. Gas exchange imaging
was performed using single-breath 1-point Dixon methods (Site 1 [31], Site 2 [32] and Site 3 [33]) to
generate simultaneous 129Xe gas and dissolved phase images (xenon dissolved in interstitial membrane and
red blood cells within the pulmonary capillaries). Minor variations in flip angle, repetition time (TR) and
sampling strategy were used in the 1-point Dixon methods across sites. The modified methods primarily
reduced acquisition time [32, 33] and have been validated against the gold standard [31] to maintain
quantitative gas exchange measurements. Importantly, the equivalent TR for a hypothetical 90° flip angle
(TR90,equiv), which determines gas exchange image contrast, was 249 ms across all sites, enabling meaningful
aggregation of the multicentre data. Detailed MRI protocols are described in the supplementary material.

Quantitative MRI analysis was performed centrally at Site 3 as previously described [34]. Ventilation defect
percent (VDP) was quantified as the percentage of lung with absent 129Xe gas signal, reflecting airway
obstruction and flow limitation. Gas exchange was quantified as whole-lung membrane-to-gas (Mem/Gas),
RBC/Mem and red blood cell-to-gas (RBC/Gas) ratios. Mem/Gas, or membrane tissue uptake, measures
129Xe dissolved in the interstitial membrane normalised to the gas signal and reflects parenchymal integrity;
high membrane uptake is typically due to fibrosis or inflammation whereas low membrane uptake is
typically due to tissue destruction or emphysema. RBC/Gas, or red blood cell transfer, measures 129Xe
dissolved in pulmonary capillary red blood cells normalised to the gas signal and reflects microvascular
integrity; low RBC/Gas is typically due to diffusion/perfusion limitation or vascular destruction. RBC/Mem
measures the ratio of 129Xe dissolved in red blood cells to that in interstitial tissue and represents the
efficiency of transfer of gas from the interstitium to capillary red blood cells as a measure of overall gas
exchange; reduced RBC/Mem could be due to reduced red blood cell transfer and/or increased membrane
uptake. RBC/Mem has been most widely applied to date to evaluate long COVID [13–17]. MRI
measurements were not adjusted for haemoglobin, consistent with prior work in this area. VDP, Mem/Gas,
RBC/Mem and RBC/Gas were included for clustering to represent the range of pulmonary pathophysiology
including airway, parenchymal and microvascular measurements from a single 129Xe scan.

Statistical analysis
Clustering was performed for long COVID participants using MATLAB R2021a (MathWorks, Natick,
MA, USA). MRI variables were z-transformed to standardise scales and k-means clustering was performed
for two to five clusters. Internal cluster validation to determine the optimal number of clusters was
evaluated using the following parameters: Davies–Bouldin index, measuring the average similarity between
clusters (minimised); silhouette width, measuring the average distance between clusters (maximised); and
Dunn’s index, measuring the ratio of smallest distance between observations in different clusters to the
largest cluster diameter (maximised).

All statistical analysis was performed using SPSS Statistics version 25.0 (IBM, Armonk, NY, USA). Data
were tested for normality using Shapiro–Wilk tests and when not normally distributed, non-parametric tests
were performed. Numerical variables were compared using ANOVA or Kruskal–Wallis tests with a
post-hoc Bonferroni correction for multiple comparisons unless otherwise stated. Categorical variables
were compared using Fisher’s exact test. Relationships were evaluated using Spearman correlation
coefficients. Results were considered statistically significant when p<0.05.

Results
Figure 1 shows the flow diagram of participant enrolment from each site; in total, we evaluated 135
participants across three centres, including 28 COVID-negative participants (mean±SD age 40±16 years; 16
females), 34 fully recovered from COVID-19 (42±14 years; 19 females) and 73 with long COVID
(49±13 years; 43 females). Table 1 shows participant demographics, lung function and imaging
measurements by group. All groups were predominantly White Caucasians (>75%); 12% of the fully
recovered and 25% of long COVID participants were hospitalised during the acute infection. Time between
COVID-19 diagnosis and MRI was not significantly different between the fully recovered and long
COVID participants (mean±SD 424±243 versus 414±226 days; median (interquartile range) 399 (223–610)
versus 405 (217–565) days; both p=0.8). Long COVID participants were significantly older than
COVID-negative (p=0.01) with significantly higher SGRQ scores (p<0.001 versus COVID-negative and
recovered) and significantly lower 129Xe RBC/Mem (p=0.03). FEV1 was also significantly lower in long
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COVID (p=0.04) but was within normal limits; all other PFT measurements were also within normal limits
and not significantly different. 129Xe VDP, Mem/Gas, RBC/Mem and RBC/Gas plotted by group are shown
in supplementary figure E1. Supplementary tables E1–E3 show study measurements by site for each group.

Figure 2a shows that the optimal number of clusters was four, all of which contained participants from
each site (supplementary table E4). Figure 2b shows a radar plot of the primary MRI signatures associated
with each of the four clusters. Qualitatively, VDP did not largely contribute to any group but was greatest
in Cluster 2. Mem/Gas was greatest in Cluster 3 and Cluster 4, and RBC/Mem and RBC/Gas were lowest
in Cluster 2 and Cluster 4.

Table 2 provides a full listing of measurements, self-reported pre-existing comorbidities and persistent
symptoms, and CT patterns by cluster. The time between COVID-19 diagnosis and MRI was not
significantly different across the clusters nor was the proportion of participants by sex or SGRQ Total,
Symptom and Impact scores (p>0.1). SGRQ Activity score was significantly different (p=0.02), with the

Site 1: Enrolled

n=80

Site 2: Enrolled

n=40

Site 3: Enrolled

n=18

Excluded:

  No MRI (n=3)

Included:

  COVID-negative (n=7)
Included:

  COVID-negative (n=10)

Excluded:

  No MRI (n=2)

Excluded:

  No MRI (n=4)

  Comorbidities (n=5)

  Misclassified (n=2)

Site 1: Eligible

n=69

Site 2: Eligible

n=38

Pooled for centralised analysis

n=139

Final cohort

n=135

Site 3: Eligible

n=15

Recovered

n=34

Excluded:

  Low SNR (n=3)

  Missing COVID-19 symptoms (n=1)

COVID-negative

n=28

Long COVID

n=73

FIGURE 1 CONSORT (Consolidated Standards of Reporting Trials) flow diagram of enrolment of participants. Of 80 participants enrolled at Site 1,
nine were excluded (four did not complete magnetic resonance imaging (MRI) and five were COVID-negative or fully recovered with comorbidities
or exposures that could influence 129Xe MRI (severe COPD (n=2), rheumatoid arthritis (n=1), HIV (n=1), and heavy current daily cannabis and
tobacco smoking (n=1))) and two were deemed misclassified (no positive coronavirus disease 2019 (COVID-19) test and negative antibody test
(n=1), and positive COVID-19 test between pulmonary function tests and MRI (n=1)). Site 2 and Site 3 enrolled 40 and 18 participants, respectively,
of which two at Site 2 and three at Site 3 did not complete MRI and were excluded. Site 2 (n=7) and Site 3 (n=10) retrospectively included
COVID-negative controls, whereas Site 1 prospectively enrolled. From 139 participants pooled for centralised analysis, four were further excluded
(low 129Xe gas signal-to-noise ratio (SNR) (n=3) and missing COVID-19 symptoms for classification as recovered or long COVID (n=1)) and the final
study group consisted of 135 participants in total (n=28 COVID-negative, n=34 fully recovered and n=73 long COVID).
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lowest scores in Cluster 1 and highest scores in Cluster 4 (post-hoc p=0.02). The proportion of participants
hospitalised during the acute infection phase was significantly different across clusters (p=0.03), with the
greatest proportion (63%) and the longest hospital stays (mean 28 days) in Cluster 4. Oxygen use
(p=0.005), intensive care unit admission (p=0.001) and use of ventilation (p<0.001) during hospitalisation
were significantly different across the clusters, again with the greatest proportions in Cluster 4 (80–100%).
Dexamethasone and other steroids (60–100%) and remdesivir (antiviral, 14–67%) were the most common
in-patient medical therapies across all clusters. Only the use of steroids was significantly different but
borderline (p=0.045), with 100% of Cluster 1 and Cluster 3 patients prescribed steroids, followed by 71%
of Cluster 2 and 60% of Cluster 4. Full details for acute hospitalisation interventions are provided in
supplementary table E5. All 129Xe MRI and most PFT measurements were significantly different across
the clusters (p<0.05).

Up to 27% of all long COVID participants had at least one of the comorbidities: hypertension, diabetes,
gastro-oesophageal reflux disease, obstructive sleep apnoea, asthma or COPD. There were no significant
differences in the prevalence of specific comorbidities across clusters, although the median number of
comorbidities per participant was significantly different (p=0.04) (supplementary table E6), with Cluster 3
and Cluster 4 trending to the most comorbidities (p=0.055 and p=0.054, respectively, versus Cluster 1).
For those participants with asthma and COPD, prescribed respiratory medications are listed in
supplementary table E7; most participants with asthma and COPD had mild disease based on international
Global Initiative for Asthma (GINA) and Global Initiative for Chronic Obstructive Lung Disease (GOLD)
guidelines, respectively, except two participants with asthma who had been prescribed dupilumab
(Cluster 3) or prednisone (Cluster 4). All had well-controlled disease prior to the initial SARS-CoV-2
infection. There were no differences in respiratory medications across the clusters.

TABLE 1 Participant demographic, pulmonary function test (PFT)# and magnetic resonance imaging (MRI)
measurements

COVID-negative
(n=28)

Recovered
(n=34)

Long COVID
(n=73)

p-value¶

Age (years) 40±16 42±14 49±12§ 0.004
Female 16 (57) 20 (59) 44 (60) 1.0
Caucasian 22 (79) 28 (82) 62 (85) 0.3
BMI (kg·m−2) 27±4 27±5 29±6 0.2
Hospitalised for COVID-19 during acute infection 4 (12) 18 (25) 0.2
Time between COVID-19 diagnosis and MRI (days) 424±243 414±226 0.8
SGRQ Total+ 5±5 7±7 36±20§,ƒ <0.001
SGRQ Symptom+ 5±7 11±14 42±22§,ƒ <0.001
SGRQ Activity+ 10±12 12±11 51±26§,ƒ <0.001
SGRQ Impact+ 1±3 3±6 26±21§,ƒ <0.001
FEV1 (% pred) 105±15 109±16 99±18ƒ 0.04
FVC (% pred) 107±13 112±15 102±20 0.06
FEV1/FVC (%) 81±8 80±7 79±6 0.5
RV (% pred) 108±25 110±21 106±30 0.8
TLC (% pred) 99±13 102±11 94±18 0.09
RV/TLC (% pred) 107±19 109±19 112±22 0.6
DLCO (% pred) 103±14 108±10 99±24 0.1
VDP (%) 0±1 0±1 1±2 0.2
Mem/Gas (×10−2) 0.71±0.15 0.73±0.18 0.77±0.24 0.4
RBC/Mem 0.47±0.13 0.43±0.11 0.40±0.12§ 0.03
RBC/Gas (×10−2) 0.35±0.12 0.32±0.09 0.31±0.09 0.2

Data are presented as mean±SD or n (%), unless otherwise stated. BMI: body mass index; COVID-19: coronavirus
disease 2019; SGRQ: St George’s Respiratory Questionnaire; FEV1: forced expiratory volume in 1 s; FVC: forced
vital capacity; RV: residual volume; TLC: total lung capacity; DLCO: diffusing capacity of the lung for carbon
monoxide; VDP: ventilation defect percent; Mem/Gas: membrane-to-gas ratio (membrane uptake); RBC/Mem:
red blood cell-to-membrane ratio; RBC/Gas: red blood cell-to-gas ratio (red blood cell transfer). #: PFT
measurements included where available (COVID-negative: n=27 for FEV1 and FVC, n=15 for RV, n=20 for TLC,
n=21 for DLCO; recovered: n=27 for all PFTs; long COVID: n=66 for FEV1 and FVC, n=57 for RV, n=61 for TLC, n=62
for DLCO);

¶: using one-way ANOVA for parametric variables, Kruskal–Wallis tests for non-parametric variables or
Fisher’s exact test for categorial variables (bold p-values indicate p<0.05); +: SGRQ administered at Site 1 only
(n=11 COVID-negative, n=26 recovered, n=36 long COVID); §: significantly different from COVID-negative (p<0.05);
ƒ: significantly different from recovered (p<0.05).
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Dyspnoea (85%) and fatigue (77%) were the most commonly reported symptoms among all long COVID
participants and were common in all clusters (63–100%). The occurrence of ongoing symptoms was not
significantly different across clusters.

A subset of 56 long COVID participants underwent chest CT for post-COVID assessment (range 180 days
before to 99 days after MRI). Presence of GGOs, reticulation and consolidation was significantly different
across the clusters (p<0.05), with the most CT abnormalities being present in Cluster 4. Of note, all eight
participants in Cluster 4 had evidence of GGOs. Representative 129Xe MRI and CT images from each
cluster as well as COVID-negative and recovered participants are shown in supplementary figure E2. CT
was acquired with varied protocols across sites, thus further quantitative analysis could not be performed.

Figures 3 and 4 show cluster-wise comparisons with COVID-negative and recovered groups for MRI and
clinical measurements, respectively, and full cluster-wise comparisons are provided in supplementary tables
E8–E19. Of note, all clusters had a unique MRI feature compared with COVID-negative and fully
recovered participants. SGRQ was different in all long COVID clusters, and trending greatest in Cluster
4. FEV1, FVC, DLCO, RV and TLC for most participants were above the lower limit of normal and were
significantly different in Cluster 4 only. As a proof-of-concept to explain Cluster 1 pathophysiology, we
tested RV/TLC for Cluster 1 only, which was significantly greater than COVID-negative participants
(p=0.04, independent samples t-test).

Altogether, the MRI and clinical features of each cluster are summarised in figure 5 with representative
129Xe images. Cluster 1 exhibited “normal” 129Xe MRI metrics but mildly increased RV/TLC relative to
COVID-negative participants, and was the youngest group with no inspiratory CT parenchymal
abnormalities and normal spirometry. Cluster 2 was characterised by low RBC/Mem only, and was the
oldest group with mildly reduced DLCO, no inspiratory CT parenchymal abnormalities, and normal
spirometry and lung volumes. Cluster 3 was characterised by mildly elevated membrane uptake and
preserved RBC/Mem, with minimal CT abnormalities and normal PFTs. Finally, Cluster 4 was
characterised by markedly elevated membrane uptake and corresponding low RBC/Mem, with high body
mass index, CT abnormalities, and reduced flow rates on spirometry, DLCO and lung volumes.

1.0

a) b) VDP (%) Mem/Gas (×10–2)

RBC/Mem RBC/Gas (×10–2)

0.5

0.0

In
d

e
x

Clusters (n)
2 3 4 5

Davies–Bouldin index

Silhouette width Dunn's index

0.24 0.22

0.643

5

8 1.09

10

13 1.54

1.31

0.86

0.300.36

0.390.47

0.470.59

0.70 0.56

Cluster 1 Cluster 2

Cluster 3 Cluster 4

FIGURE 2 Internal cluster validation and primary 129Xe magnetic resonance imaging (MRI) signatures for final
clusters. a) Internal cluster validation using Davies–Bouldin index (minimised; 1.1644, 0.9236, 0.9132, 0.9167),
Dunn’s index (maximised; 0.0356, 0.0535, 0.0832, 0.0786) and silhouette width (maximised; 0.4521, 0.5122, 0.5223,
0.4984) for two to five clusters. Four was the optimal number of clusters across all three indices (bold data values
and dashed box). b) Radar plot showing the primary 129Xe MRI signatures associated with each cluster. Scales
show minimum and maximum for each MRI metric on one of the four radial axes and points represent mean
cluster values. VDP: ventilation defect percent; Mem/Gas: membrane-to-gas ratio (membrane uptake); RBC/Mem:
red blood cell-to-membrane ratio; RBC/Gas: red blood cell-to-gas ratio (red blood cell transfer).
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TABLE 2 Long COVID magnetic resonance imaging (MRI) cluster summary#

Cluster 1
(n=24)

Cluster 2
(n=22)

Cluster 3
(n=19)

Cluster 4
(n=8)

p-value¶

Age (years) 43±13 55±10 49±11 52±13 0.004
Female 12 (50) 15 (68) 12 (63) 5 (63) 0.6
Caucasian 20 (83) 19 (86) 17 (89) 6 (75) 0.2
BMI (kg·m−2) 26±4 28±5 31±8 33±7 0.02
Hospitalised for COVID-19 during

acute infection
3 (13) 7 (32) 3 (16) 5 (63) 0.03

Time between COVID-19 diagnosis
and MRI (days)

429±222 446±246 381±191 358±276 0.7

SGRQ Total+ 31±23 36±14 37±16 60±13 0.2
SGRQ Symptom+ 42±24 39±17 39±26 59±14 0.6
SGRQ Activity+ 37±29 57±16 57±17 84±4 0.02
SGRQ Impact+ 24±24 22±17 23±16 46±21 0.4
FEV1 (% pred) 100±15 101±19 104±18 82±22 0.057
FVC (% pred) 107±15 103±20 105±18 79±23 0.005
FEV1/FVC (%) 76±6 79±6 81±6 85±4 0.005
RV (% pred) 118±24 104±34 103±24 71±29 0.006
TLC (% pred) 100±14 95±19 95±15 70±20 0.002
RV/TLC (% pred) 118±17 111±30 110±21 103±24 0.4
DLCO (% pred) 109±18 93±20 108±18 61±29 <0.001
VDP (%) 0±0 2±3 1±1 1±1 0.004
Mem/Gas (×10−2) 0.62±0.09 0.64±0.14 0.92±0.14 1.23±0.19 <0.001
RBC/Mem 0.51±0.07 0.33±0.07 0.42±0.08 0.22±0.06 <0.001
RBC/Gas (×10−2) 0.33±0.06 0.22±0.05 0.40±0.07 0.29±0.09 <0.001
Comorbidities
Hypertension 2 (8) 7 (32) 6 (32) 4 (50) 0.052
Diabetes 0 (0) 1 (5) 4 (21) 2 (25) 0.06
GORD 3 (13) 9 (41) 4 (21) 1 (13) 0.1
OSA 4 (17) 4 (18) 6 (32) 2 (25) 0.7
Asthma 5 (21) 8 (36) 6 (32) 1 (13) 0.5
COPD 0 (0) 1 (5) 1 (5) 0 (0) 0.6

Persistent symptoms
Dyspnoea 19 (79) 21 (95) 14 (74) 8 (100) 0.5
Chest tightness 6 (25) 9 (41) 3 (16) 1 (13) 0.2
Cough 6 (25) 6 (27) 5 (26) 3 (38) 0.6
Fatigue 15 (63) 19 (86) 17 (89) 5 (63) 0.2
Nausea 2 (8) 3 (14) 3 (16) 0 (0) 0.8
Loss of taste/smell 9 (38) 5 (23) 2 (11) 2 (25) 0.4

CT patterns§ (n=19) (n=14) (n=15) (n=8)
GGOs 0 (0) 1 (7) 1 (7) 8 (100) <0.001
Reticulation 0 (0) 2 (14) 2 (13) 3 (38) 0.046
Honeycombing 0 (0) 0 (0) 0 (0) 1 (13) 0.1
Consolidation 0 (0) 0 (0) 0 (0) 2 (25) 0.02
Emphysema 1 (5) 1 (7) 0 (0) 0 (0) 0.8

Data are presented as mean±SD or n (%), unless otherwise stated. BMI: body mass index; COVID-19: coronavirus
disease 2019; SGRQ: St George’s Respiratory Questionnaire; FEV1: forced expiratory volume in 1 s; FVC: forced
vital capacity; RV: residual volume; TLC: total lung capacity; DLCO: diffusing capacity of the lung for carbon
monoxide; VDP: ventilation defect percent; Mem/Gas: membrane-to-gas ratio (membrane uptake); RBC/Mem:
red blood cell-to-membrane ratio; RBC/Gas: red blood cell-to-gas ratio (red blood cell transfer); GORD:
gastro-oesophageal reflux disease; OSA: obstructive sleep apnoea; CT: computed tomography; GGO:
ground-glass opacity. #: pulmonary function test measurements included where available (all long COVID: n=66
for FEV1 and FVC, n=57 for RV, n=61 for TLC, n=62 for DLCO; Cluster 1: n=23 for FEV1 and FVC, n=21 for RV, n=22
for TLC, n=22 for DLCO; Cluster 2: n=18 for FEV1 and FVC, n=15 for RV, n=17 for TLC, n=17 for DLCO; Cluster 3:
n=18 for FEV1 and FVC, n=15 for RV, n=16 for TLC, n=16 for DLCO; Cluster 4: n=7 for FEV1 and FVC, n=6 for RV,
TLC, n=7 for DLCO);

¶: p-values shown for long COVID cluster comparisons only: using one-way ANOVA for
parametric variables, Kruskal–Wallis tests for non-parametric variables or Fisher’s exact test for categorial
variables (bold p-values indicate p<0.05); +: SGRQ administered at Site 1 only (n=15 Cluster 1, n=6 Cluster 2, n=8
Cluster 3, n=3 Cluster 4); §: CT patterns identified as present or absent by qualitative radiologist review
(percentages shown as fraction of subset of patients with CT in each cluster).
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Discussion
In this multicentre study, we identified four long COVID clusters with unique 129Xe MRI signatures and
corresponding distinct demographic and clinical features. The key strength of this work is the large
multicentre population with harmonised 129Xe imaging acquisition and analysis methods, thereby enabling
cluster analysis to discover data-driven phenotypic subtypes of long COVID. Previously published 129Xe
MRI studies have revealed low RBC/Mem in people with post-acute or long COVID [13–17, 35],
consistent with the Cluster 2 phenotype in our work [15, 17]. We further identified three other functional
pulmonary long COVID groups. Cluster 1 exhibited normal 129Xe MRI with mildly increased RV/TLC
and elevated SGRQ. Cluster 3 and Cluster 4 were uniquely driven by elevated 129Xe membrane uptake that
has not been previously noted in long COVID participants [13–17, 35]. Prior reports have also shown
abnormal VDP that was related to worse quality of life and exercise limitation in long COVID [11, 12];
while VDP was greatest in Cluster 2, the burden of ventilation abnormalities was low in all clusters. Thus,
gas exchange abnormalities, and not airway or ventilation, were the greatest pathophysiological drivers of
long COVID in these participants. We additionally showed that the characteristic 129Xe gas exchange
metrics in Clusters 2–4 were different from both COVID-negative controls and fully recovered participants.

The heterogeneity of long COVID has made it challenging to advance clinical understanding and develop
novel therapies. Here, we used an emerging technology, 129Xe MRI, to dissect the heterogeneity of long
COVID and found that there are several clusters of physiological processes that underpin the condition.
There is a cluster of patients (Cluster 1, ∼30% of participants) who have mildly elevated RV/TLC ratio
indicating air trapping despite “normal” MRI and inspiratory CT. This group of long COVID patients may
be similar to those from prior work that showed air trapping using expiratory CT [10]. For Cluster 1, we
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posit that bronchodilators could be effective in relieving gas trapping [12], although future studies are
needed to validate this notion.

We were also able to separate participants with low RBC/Mem alone (Cluster 2, ∼30% of participants)
from those with low RBC/Mem concomitant with elevated membrane uptake (Cluster 4, ∼10% of
participants) and those with elevated membrane uptake but preserved RBC/Mem (Cluster 3, ∼30% of
participants). Low RBC/Mem in Cluster 2 in the absence of airway or parenchymal abnormalities adds to
the growing evidence [13–17, 35] of post-COVID microvascular abnormalities such as pulmonary capillary
inflammation, vasoconstrictive remodelling or thrombosis that inhibit transfer of gas [18, 36]. Cluster 3
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was only differentiated by mildly elevated Mem/Gas (with preserved RBC/Mem), which may represent
(residual) interstitial inflammation or oedema. Cluster 2 and Cluster 3 signatures demonstrate the high
sensitivity of 129Xe MRI in revealing abnormalities in specific components of pulmonary gas exchange
pathophysiology. In contrast, DLCO provides a whole-lung average of the alveolar epithelial–capillary
structure, which may explain why participants in Cluster 2 and Cluster 3 had DLCO values all within
normal limits. These data also raise the possibility of evaluating specific anti-inflammatory therapies
targeted at the alveolar–capillary units as well as non-pharmacological interventions such as pulmonary
rehabilitation and exercise for patients in these clusters to enhance gas exchange and reduce symptoms.

Cluster 4 had considerably elevated 129Xe membrane uptake with concomitant low RBC/Mem and gas
transfer, restrictive pattern on PFTs, GGOs on CT, and the highest SGRQ, indicating worse respiratory
health status. Although small, Cluster 4 was largely comprised of participants with the greatest severity of
acute COVID-19 (based on hospitalisation and in-patient interventions) and who were left with persistent
post-COVID interstitial lung abnormalities [37]. It should be noted, however, that around a third of all
participants in Cluster 4 did not require hospitalisation for acute COVID-19. Thus, while severe COVID-19
pneumonia is a risk factor for Cluster 4, patients who had milder COVID-19 infection can remain highly
symptomatic 1–2 years following their initial infection. 129Xe gas exchange MRI is known to be sensitive
in detecting abnormalities in advanced interstitial lung disease [38–40]; however, the observed increase in
129Xe membrane uptake and CT patterns in Cluster 4 were not as extensive, suggesting early or mild
stages of any post-COVID interstitial abnormalities. Cluster 3 and Cluster 4 long COVID participants
could be targeted for monitoring to determine whether 129Xe membrane uptake in this context is a treatable
trait and whether these changes are permanent or transient. Long-term longitudinal studies will also be of
value in determining whether there is a natural progression of clusters from Cluster 1 to Cluster 4 (or from
Cluster 4 to Cluster 1) over time or whether each of these clusters are distinct phenotypes with different
molecular drivers.

The impact of persistent symptoms was corroborated with elevated SGRQ across all clusters compared
with COVID-negative and fully recovered post-COVID participants; however, there were no significant
differences in self-reported symptoms across the clusters. Our study was likely underpowered to draw such
conclusions because of the symptoms which were recorded and could be pooled from all sites. For
example, “brain fog” has more recently been recognised as a common long COVID symptom [9], but
neurocognitive symptoms were not recorded. However, respiratory symptoms relevant to 129Xe MRI
including dyspnoea, chest tightness and cough were highly prevalent in these participants. We note that
although asthma was the most commonly reported respiratory comorbidity, the overall burden of
pre-existing respiratory disease was low and non-severe. Ongoing respiratory symptoms in all patients were
adjudicated as new or worse post-COVID and thus mostly likely to be COVID-19 related. Furthermore,
Cluster 4 had the greatest SGRQ Total score and significantly greater SGRQ Activity score (versus Cluster 1),
indicating worse respiratory-related quality of life and activity limitation related to dyspnoea, and
consistent with the most severe 129Xe MRI changes in this group.

Limitations
Limitations of our study include the site-specific study designs and retrospective aggregation of multicentre
data, which limited comparisons of some clinical information. Importantly, MRI data quality and
measurements were validated across sites to ensure data compatibility for clustering. This study was also
cross-sectional where MRI was not performed at a pre-specified interval following SARS-CoV-2 infection
at any site, and PFTs and CT were not always performed contemporaneously with MRI. As a result, we
cannot be certain on how measurements in each of the clusters or recovered group evolved over time, nor
whether MRI differences might be related to different pulmonary effects of SARS-CoV-2 between
participants. We note, however, that prior longitudinal studies showed negligible change in RBC/Mem
between ∼3 and 15 months post-infection [15, 17]. CT was not performed with a consistent protocol at all
sites, so quantification nor regional comparisons of CT patterns could not be performed. It is unknown
how post-COVID MRI findings compare with acute lung injury caused by other infectious agents such as
influenza. Peripheral blood was also not collected to help further characterise MRI measurements and
phenotypes. However, a subset of participants from Site 1 underwent bronchoscopy and sample of small
airways; these results will be reported separately. Furthermore, like most long COVID research to date,
pre-COVID-19 measurements were not available for comparison in these participants.

We were also unable to confirm COVID-19 variants to compare whether different variants contribute to
differences across clusters. We posit based on the self-reported COVID-19 testing dates that most
infections were pre-omicron. Acute SARS-CoV-2 infection dates spanned timelines before vaccinations
were available in the local regions and after up to two vaccine doses, therefore we did not evaluate the
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impact of vaccination on MRI abnormalities or differences across the clusters. Finally, COVID-19 antibody
testing was not performed to verify self-reported SARS-CoV-2 infection status.

Conclusions
In conclusion, we demonstrate four unique long COVID phenotypes defined by 129Xe MRI metrics, with
distinct functional MRI and corresponding clinical characteristics. Such differences were otherwise not
evident in the total long COVID group compared with COVID-negative and fully recovered post-COVID
participants, especially using PFTs and CT. These four clusters reveal distinct (patho-)physiological
changes that can be potential targets for therapy. Although a relatively new technology, 129Xe MRI is now
approved for clinical use in the UK and USA [31], providing new clinical opportunities for improved
characterisation of respiratory diseases [38] and targeting of therapeutics for patients with long COVID.
Future work can build from this foundation towards personalised medicine to evaluate the biological
underpinnings of 129Xe MRI signatures of long COVID clusters, and to determine their disease trajectories
and responses to therapy.
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