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Summary 

In symptomatic individuals with post-acute COVID-19 syndrome, 129Xe 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 and six 

controls with no prior history of COVID-19, the 129Xe MRI red-blood-cell signal in ever-

hospitalized participants with post-acute-COVID-19-syndrome was less than in never-

hospitalized (P=.01) and control participants (P=.046). 

  129Xe MRI red-blood-cell signal was related to CT pulmonary vascular density, DLCO, 

exercise capacity, and dyspnea.  

 In ever-hospitalized versus never-hospitalized participants, the 129Xe MRI red-blood-cell 

area-under-the-curve was lower, but no quantitative CT differences were observed. 

 

ABBREVIATIONS 

6MWD=Six Minute Walk Distance 

BV5=Blood Volume in vessels with cross-sectional area ≤5mm2 

DLCO=Diffusing Capacity of the Lung for Carbon Monoxide 

FEV1=Forced Expiratory Volume in 1 Second 

IPAQ=International Physical Activity Questionnaire 

PACS=Post-acute COVID-19 Syndrome 

RBC=Red Blood Cell 

SGRQ=St. George’s Respiratory Questionnaire 

TBV=Total Blood Volume  
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ABSTRACT  

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 pathophysiological drivers of PACS in 

ever- and never-hospitalized patients are not well-understood.  

Purpose: To determine the relationship of persistent symptoms and exercise limitation with 129Xe 

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 PCR COVID 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), 129Xe MRI, and chest CT. Healthy controls had no prior history of 

COVID-19 underwent spirometry, DLCO, and 129Xe MRI. The 129Xe MRI red-blood-cell (RBC) to 

alveolar-barrier signal ratio, RBC area-under-the-curve (AUC), CT volume-of-pulmonary-vessels 

with cross-sectional-area <5mm2 (BV5), and total-blood-volume (TBV) were quantified. St. 

George’s Respiratory Questionnaire (SGRQ), International Physical Activity Questionnaire 

(IPAQ) and modified Borg Dyspnea Scale (mBDS) measured quality-of-life, exercise limitation 

and dyspnea. Differences between groups were compared using Welch’s T-tests or Welch’s 

ANOVA. Relationships were evaluated using Pearson (r) and Spearman (ρ) correlations. 

Results: Forty participants were evaluated including six controls (mean age, 35±15 years[standard 

deviation], 3 women) and 34 participants with PACS (mean age, 53±13 years[SD], 18 women), of 

which 22 were never-hospitalized. The 129Xe MRI RBC:barrier ratio was lower in ever-

hospitalized participants (P=.04) compared to controls. BV5 correlated with RBC AUC 
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(ρ=.44,P=.03).  The 129Xe MRI RBC:barrier ratio was related to DLCO (r=.57,P=.002) and FEV1 

(ρ=.35,P=.03); RBC AUC was related to dyspnea (ρ=-.35,P=.04) and IPAQ score (ρ=.45,P=.02).  

Conclusion: 129Xe MRI measurements were lower in ever- hospitalized participants with post-

acute COVID-19-syndrome, 34±25 weeks post-infection compared to controls. 129Xe MRI 

measures were associated with CT pulmonary vascular density, DLCO, exercise capacity, and 

dyspnea.  

 

 

ClinicalTrials.gov:  NCT04584671  
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INTRODUCTION 

The acute and post-acute phase of SARS-CoV-2 infection presents with a variety of symptoms,1 

in patients who experienced mild infection2 and those hospitalized with more severe infection, 

requiring hospital-based care.3 The prevalence of post-acute COVID-19 symptomatic 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 post-infection.5 Post-acute COVID symptoms are difficult to treat 

because the literature has reported varying degrees of abnormality in spirometry (FEV1 2-20% 

below LLN)6,7 and diffusing-capacity-of-the-lung for carbon-monoxide (22-88% below LLN)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 pulmonary 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 remodelling affecting small-vessel resistance.129Xe gas-transfer MRI 

provides an opportunity to probe capillary-level abnormalities by detecting inhaled 129Xe dissolved 

in the alveolar membrane (quantified as barrier area-under-the-curve [AUC]) and red-blood-cells 

(quantified as RBC AUC). The ratio of 129Xe uptake (RBC:barrier ratio) has been observed to 

reflect impaired gas transfer in obstructive and restrictive disease10 and was also recently shown 

to detect low alveolar to red-blood-cell gas exchange in hospitalized COVID-19 patients 3-months 
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post-discharge.11,12Although some long-term symptoms were reported in these patients, 129Xe MRI 

has not been performed in patients with PACS.  

Most COVID-19 studies have been performed in ever-hospitalized patients,3,12 and report poor 

quality-of-life post-discharge. One recent study investigated symptoms post-infection 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 relationship 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 associated with abnormal 129Xe MRI gas-exchange and CT pulmonary vascular 

density measurements and that such imaging measurements would differ in ever- and never-

hospitalized PACS. Hence, in ever-COVID participants with PACS, we aimed to determine the 

relationship of persistent symptoms and exercise limitation to 129Xe 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 (HSREB # 113224) Health Canada approved and registered protocol 

(ClinicalTrials.gov:  NCT04584671). Study participants with a proven positive PCR COVID-19 

test were prospectively recruited from a quaternary-care COVID-19 clinic between April and 

October 2021. Inclusion criteria consisted of: age ≥ 18 and <80 years, a documented case by 

positive RT_PCR test of COVID-19 infection that resulted in symptoms post-infection. Exclusion 

criteria consisted of: contraindications to MRI such as implants and severe claustrophobia, mental 
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or legal incapacitation or could not read or understand written material, inability to perform 

spirometry or plethysmography maneuvers, and pregnancy. Healthy controls aged ≥ 18 and <80 

years, with no prior history of COVID-19 or any other respiratory infection during the period 

February 2020- 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 post +COVID test), an 

optional Visit 2 (9-months post +COVID test) and Visit 3 (15-months post +COVID test).  

Participants were administered salbutamol upon arrival at our centre and 15 minutes later 

performed post-bronchodilator (BD) spirometry and DLCO immediately prior to MRI. Research 

thoracic CT was acquired within 30 minutes of MRI and then participants completed the six-

minute-walk-test (6MWT) and Questionnaires (St. George’s Respiratory Questionnaire (SGRQ),14 

modified Medical Research Council (mMRC) Questionnaire, Chronic Obstructive Pulmonary 

Disease Assessment Test (CAT),15 post-COVID-19 Functional Status scale,16 International 

Physical Activity Questionnaire (IPAQ),17 modified Borg Dyspnea Scale (mBDS).18,19 129Xe gas-

exchange MRI was performed at either Visit 1, 2 or 3. SpO2 and heart rate were measured using 

an 8500 series handheld pulse oximeter (Nonin Medical Inc.) upon participant arrival as well as 

before and just after the 6MWT. For participants with PACS, the research visit was 35±25 weeks 

(range=6-79) post-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 experienced symptomatic respiratory illness for the period February 2020 up to and 

including the study visit date. 

Pulmonary Function Tests   
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Pulmonary function tests were performed according to American Thoracic Society guidelines20,21 

using a ndd EasyOne Pro LAB system (ndd Medical Technologies).  Post-BD measurements were 

performed 15 minutes after inhalation of 4×100 µg/inhalation salbutamol sulfate norflurane (Ivax 

Pharmaceuticals) using an AeroChamber (Trudell Medical International). Participants withheld 

inhaled medications before study visits according to American Thoracic Society guidelines (e.g. 

short-acting β-agonists ≥6 hours, long-acting β-agonists ≥12 hours, long-acting muscarinic 

antagonists ≥24 hours).20 Questionnaires and the 6MWT were self-administered under supervision 

of study personnel. 

 129Xe MRI 

Anatomic 1H and 129Xe MRI were acquired using a 3.0 Tesla scanner (Discovery MR750; GE 

Healthcare) as previously described.22 129Xe MRI were acquired using a flexible vest quadrature 

coil (Clinical MR Solutions). Gas-exchange 129Xe MRI and spectroscopy were performed, as 

described in Appendix E1,22 following coached inhalation and breath-hold of a 1.0L gas mixture 

(4/1 by volume 4He/129Xe for MRS, 1/1 by volume 4He 129Xe for MRI) from functional residual 

capacity. 129Xe magnetic resonance spectroscopy data were fit to three complex Lorentzian 

distributions to determine frequency and area under the curve (AUC). The RBC:barrier ratio was 

calculated as the ratio of RBC AUC to barrier AUC. Gas-transfer MRI data were reconstructed as 

described;22  additional detail is provided in Appendix E1.  

Thoracic CT 

Within 30 minutes of MRI, CT was acquired post-BD after inhalation of 1.0L N2 from functional 

residual capacity, as previously described22 using a 64-slice LightSpeed VCT system (General 

Electric Healthcare; parameters: 64×0.625 collimation, 120 peak kilovoltage, 100 mA, tube 
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rotation time=500ms, pitch=1.25, standard reconstruction kernel, slice thickness=1.25mm, field-

of-view=40cm2), as previously described.22  

Pulmonary vascular measurements included total blood volume (TBV), volume of pulmonary 

blood vessels ≤5mm2 (BV5), between 5-10mm2 (BV5-10) and >10mm2 (BV10), as detailed in 

Appendix E1. CT data were qualitatively evaluated by a single chest CT radiologist with >10 

years’ experience (MA) for diagnostic and incidental findings.  The qualitative reader was not 

blinded. CT data were also quantitatively evaluated by a single experienced observer (AMM) who 

was blinded to participant identification and clinical measurements using automated (Chest 

Imaging Platform, Brigham and Women’s Hospital)23 software.  

Data generated or analyzed during the study are available from the corresponding author by request 

and will be deposited at https://apilab.ca/our_code.html under data version 20220401. 

Statistical Analysis 

The 129Xe MRI signal intensity ratio of RBC to alveolar tissue barrier was the primary endpoint. 

SPSS (SPSS Statistics 27.0; IBM) was used for all statistical analyses. Data were tested for 

normality using Shapiro-Wilk tests and nonparametric tests were performed for non-normally 

distributed data. Relationships were evaluated using Pearson (r) and Spearman (ρ) correlations. 

Intergroup differences were tested using Welch’s t-tests for two-group or Welch’s ANOVA for 

multi-group analyses. Fischer’s exact tests were used for categorical variables. Results were 

considered statistically significant when the probability of making a type I error was <5% (p<0.05). 

 

RESULTS  

Participant Characteristics  
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As shown in Figure 1, of an initial 44 participants, data were acquired in 34 participants with PACS 

(mean age, 53 years ±13[SD], 18 women) and 10 control participants (mean age, 35 years 

±15[SD], five men), of which four controls were excluded due to clinically relevant incidental 

findings. Three control participants were excluded due to asymptomatic asthma, rheumatoid 

arthritis, and hypertensive crisis.  Another participant was excluded due to an incidental finding 

that lead to the diagnosis of a large, asymptomatic atrial septal defect.24   

For participants with PACS, the research visit was 35±25 weeks (range=6-79) post-COVID-19 

infection with positive tests ranging from March 2020 to April 2021. Never-COVID participants 

were evaluated in June 2021 after at least a single COVID-19 vaccine dose and none had 

experienced symptomatic respiratory illness for the period up to and including February 2020. 

Table 1 summarizes participant demographic data for never- and ever-participants with PACS, as 

well as never- and ever-hospitalized participants with PACS. Control participants were younger 

(P=.02) than participants with PACS (controls 35±15 years, PACS 53±13 years) and had a lower 

BMI (controls 25±3 kg/m2, PACS 30±5 kg/m2; P=.02). Persistent symptoms that led to a diagnosis 

of PACS and follow-up by the London Health Sciences COVID clinic are summarized in Table 

E1. Most participants reported respiratory symptoms including exertional dyspnea as well as 

fatigue and brain fog. Among the ever-hospitalized COVID patients, two were treated in ICU and 

none required ventilation. Participant medications are summarized in Table E2. 

Qualitative MRI and CT Findings 

Figure 2 shows representative 129Xe MRI ventilation, alveolar-capillary tissue barrier and RBC 

maps and thoracic CT in a never-COVID-19 participant, a never-hospitalized and an ever-

hospitalized PACS participant. In the never-COVID control participant, there were homogeneous 

signal intensities for ventilation, alveolar-capillary tissue barrier and RBC compartments. In the 
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never- and ever-hospitalized participants with PACS, there were patchy alveolar-capillary tissue 

barrier and RBC signal intensity maps.  As shown in Figure E2C, in some participants with 

abnormal CT BV5/TBV, there was visual evidence of fewer small vessels and a greater density of 

larger vessels without a visually obvious change in TBV. A summary of CT radiological findings 

is included in Table E3. In never-hospitalized participants the most common findings were nodules 

(8/22, 36%), bronchiectasis (3/22, 14%), ground glass opacity (4/22, 18%) and atelectasis (3/22, 

14%).  In ever-hospitalized participants the CT findings were similar but with greater frequencies 

for ground glass opacity (5/12 42%) and consolidation (2/12, 17%).  

Differences Between Never- and Ever-hospitalized Participants 

Table 2 shows the MRI (n=34) and CT pulmonary vascular measurements (n=24) by 

hospitalization status and Figure 3 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 consolidation/opacities in ever-hospitalized participants. 

As shown in Table 2, in all Participants with PACS as compared with controls participants, 129Xe 

MRI RBC:barrier ratio (0.32±0.06 vs. 0.41±0.10 P=.06) trended toward a difference. The 129Xe 

MRI barrier AUC (340±133 vs. 241±85, P=.01) and RBC AUC (103±39 vs. 78±31, P=.01) 

measures were greater in never- as compared with ever-hospitalized participants. There was no 

difference in BV5/TBV 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  Figure 3 shows differences in box and whisker plots by participant group for 129Xe MRI 

RBC:barrier ratio, RBC and barrier AUC. Differences in RBC AUC were observed between never-

COVID, never-hospitalized PACS and ever-hospitalized PACS. 

Figure 5 shows proposed mechanisms underlying abnormal CT and MRI measurements. 
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Relationships between imaging measurements, symptoms, and exercise limitation 

Figure 4 shows the relationships for CT and MRI measurements with one another and with 

symptoms and exercise limitation. Table E4 shows all MRI and CT relationships with spirometry, 

DLCO, questionnaire and exercise data. Figure 4 shows that the 129Xe MRI RBC:barrier ratio was 

correlated with DLCO (r=.57, P=.002) and FEV1 (ρ=35, P=.03). The 129Xe MRI RBC AUC was 

correlated with CT BV5 (ρ=.44, P=.03), IPAQ score (ρ=.45, P=.02), post-exertional SpO2 (ρ=.37, 

P=.03) and post-6MWT Borg breathlessness (ρ=-.35, P=.04), but not SGRQ score (r=-.15, P=.40). 

BV5 was also correlated with post-exertional SpO2 (ρ=.46, P=.03).  

Table E4 provides additional relationship data without statistical tests. 

 

DISCUSSION 

Independent studies11,12 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 endeavored to determine if 129Xe MRI abnormalities 

were present in never-hospitalized Participants with PACS and to determine relationships between 

MRI and CT measurements with clinical and patient-centred measurements. We evaluated 40 

participants, including 22 never-hospitalized and 12 ever-hospitalized participants with PACS, 35 

±25 weeks post COVID infection and observed: 1) different 129Xe MRI RBC:barrier ratio 

(0.31±0.07 vs 0.41±0.10; P=.04) and RBC AUC (90±37 vs 139±65; P=.046) in ever- hospitalized 

participants with PACS  with normal spirometry (but abnormal SGRQ, IPAQ, mMRC) as 

compared with controls,  2) differences in ever- as compared with never-hospitalized participants 

129Xe MRI RBC (78±31 vs 103±39; P=.01) and barrier AUC (241±85 vs 340±133; P=.01), 3) 

relationships for MRI RBC:barrier ratio with DLCO (r=.57, P=.002) and FEV1 (ρ=.35, P=.03), and, 
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4) relationships for MRI RBC AUC with CT BV5(ρ=.44, P=.03),  IPAQ score (ρ=.45, P=.02),  

post-exertional SpO2 (ρ=.46, P=.03) and post-6MWT dyspnea (ρ=-.35, P=.04). 

In all patients with COVID-19, mean spirometry values were normal and mean DLCO was at the 

bottom of the normal range and SGRQ, IPAQ, and mMRC scores were abnormal.  In addition, 

RBC:barrier ratio (controls 0.41±0.10, participants with ever-COVID 0.32±0.06; P=.06) trended 

toward a difference as compared with never-COVID controls. As in previous studies,25 we used 

hospitalization status to dichotomize post-COVID patients and detected MRI differences in never- 

and ever-hospitalized participants including 129Xe MRI RBC and barrier AUC. Whereas the CT 

measurements in never-hospitalized participants were similar to never-COVID values previously 

reported (BV5/TBV=56%, BV10/TBV=28%),9 CT pulmonary vascular measurements in ever-

hospitalized COVID-19 patients were consistent with vascular pruning, similar to previous 

findings.9 CT evidence of “vascular pruning” has been hypothesized to be due to vasoconstrictive 

remodelling of the capillary systems and small blood vessels.9 While the capillaries are well 

beyond the spatial resolution of CT, histologic analyses26 have indicated that capillary remodelling 

occured in COPD patients when CT vascular pruning was also identified. In never-hospitalized 

patients, we observed 129Xe MRI, but not CT abnormalities. Since MRI directly probes the function 

of 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 consistent with abnormal gas exchange 

stemming from the alveolar tissue barrier and pulmonary vascular compartments. Similar to 

previous reports of post-COVID coagulation and emboli,1 it is possible that we were measuring 

micro-embolic or micro-thrombotic obstruction of small capillaries which explained the abnormal 

RBC signal. Other vascular changes, such as vascular injury, vascular remodelling or shunting 
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may also be possible and has previously been hypothesized post-COVID-19.5,9,25 Post-mortem 

micro-CT imaging of COVID-19 infection supports these interpretations as abnormal alveolar-

level structures and occluded capillaries were observed.27 

We observed relationships for 129Xe MRI RBC:barrier ratio with DLCO, FEV1. Whilst modestly 

low DLCO is common in PACS patients, post-COVID hospitalization,28 a pilot 129Xe MRI study 

unexpectedly did not find a DLCO and MRI gas-transfer relationship.12 In contrast, here we 

observed  relationships for the 129Xe MRI RBC:barrier ratio with DLCO and FEV1. The relationship 

with DLCO was not unexpected because previous work showed these relationships in both 

obstructive and restrictive lung disease.29 RBC:Barrier and FEV1 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%pred in both never- and ever-hospitalized 

participants and FEV1 was also normal which together may suggest that the 129Xe MRI 

RBC:barrier ratio is highly sensitive to pulmonary 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 

remodelling, shunting, thrombuses, micro-embolisms, or some combination 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 investigation into 

PACS mechanisms. 

We were surprised to detect relationships for MRI RBC AUC with post-exertion SpO2, exertional 

dyspnea (modified Borg Dyspnea Scale) and IPAQ score. Similar to previous studies of post-

COVID patients,5,25,30 in our study, there was abnormal SGRQ (31±17 vs. 6±9 in general 
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population31), CAT (13±7, >90th percentile general population32) and mMRC dyspnea (1.0±0.7, 

>91st percentile general population33). Whilst there were no relationships for MRI and CT 

measurements with SGRQ (which is validated for use in COPD),14 there was a correlation for 

IPAQ activity and MRI RBC AUC. Relationships between MRI, CT, pulmonary function and 

symptoms suggest a physiologic 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 towards a relationship between post-exertion SpO2 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 including the low RBC signal (which is a surrogate for 

abnormal O2 uptake) may stem from vascular remodeling, where narrowed vessels reduce the 

available blood volume, or eliminated altogether in regions with vascular shunting or persistent 

microemboli. For example, in cadaveric COVID lungs, there was histological evidence of severe 

endothelial damage and distorted, elongated vessels alongside microemboli.34 Shunting has been 

observed during infection in patients with COVID35 and perfusion of damaged or unventilated 

alveoli also would also reduce RBC signal 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 SpO2. Microvascular changes in flow and resistance could have upstream effects on the 

vasculature and may explain blood redistribution observed here and in other studies.9 The 

relationship between RBC AUC, dyspnea scores and exercise capacity measured by IPAQ help 

explain dyspnea and exercise impairment in some post-COVID patients as pulmonary vascular 

gas-exchange dysfunction. 
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In our study, the range of follow-up was quite wide (6-79) weeks post-positive test) with most 

COVID-19 testing at our centre performed approximately 1-week post-infection. While post-acute 

infectious symptoms were potentially possible, the emerging literature now describes the timelines 

for clinically relevant post-covid symptoms that include 4-6 weeks post-infection.  For example, 

The Centers for Disease Control and Prevention (CDC) coined the term post-COVID 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 

Organization (WHO) also describes the post-COVID-19 condition, typically three months from 

the onset of COVID-19.37 As an alternative that blends both consensus definitions, The National 

Institute for Health and Care Excellence (NICE)38, coined the term long-COVID as signs and 

symptoms that continue or develop following the acute infectious phase of COVID-19, which 

includes both ongoing symptomatic COVID-19 and post-COVID-19 syndrome all greater than 4 

weeks post infection.5 Hence our understanding and these definitions are still quite fluid. Given 

these definitions, the ever-COVID participants evaluated in our study can be considered as having 

post-acute COVID-19 syndrome or long COVID, based on their symptoms and timeframe since 

symptomatic infection.   

We recognize a number of study limitations.  For example, the relatively small sample size of the 

control and PACS subgroups, certainly limits the generalizability of our findings. Our study was 

not powered based on 129Xe MRI spectroscopy measurements 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 without statistical tests so that 

other centres may utilize our results to help generate sample sizes for long term follow-up studies. 
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Other limitations include: 1) CT was not acquired in the control subgroup which prevented CT 

comparisons across all three subgroups; 2) all participants were referred from a COVID-19 clinic 

focusing on long-haul symptoms and therefore recruitment was likely biased towards symptomatic 

individuals seeking some form of explanation or intervention; 3) participants with PACS were 

older than the controls (53±13 years vs 35±15). To our knowledge, the effect of age on 129Xe 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; 4) COVID-

19 antibody testing was not performed to verify COVID-infection status in the never-Covid 

volunteers, so while unlikely, it is possible that some may have previously experienced an 

asymptomatic infection prior to the study; 5) the mean RBC:barrier ratio estimated for the control 

subgroup was lower than previous reports11,12 and this means that the differences detected for 

COVID patients may be conservative underestimates; 6) 129Xe gas-exchange MRI was performed 

on one of Visit 1, 2 or 3 which broadened the time post-COVID infection to 35±25 weeks. As 

shown in Appendix E1, there was no bias over time towards improved gas-exchange but 

nevertheless, it will be important to evaluate those participants who performed MRI at Visit 1 for 

potential longitudinal differences; and finally, 7) MR image heterogeneity was not evaluated 

quantitatively in our study and we note that previous 129Xe MRI COVID-19 investigations11,12 also 

reported the RBC:barrier ratio which makes comparisons with our study possible. Unfortunately, 

gas-exchange imaging was not technically implemented at our centre 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 129Xe MRI abnormalities are complex to undertake in participants with PACS. The 
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findings of abnormal 129Xe MRI gas-exchange measurements in never-hospitalized COVID 

patients and the relationships between 129Xe MRI and CT pulmonary vascular measurements have 

not been previously established in the literature. In our study, both CT and 129Xe MRI suggest 

temporally persistent pulmonary vascular density and gas-transfer abnormalities that were related 

to exercise limitation and exertional dyspnea. We observed abnormal 129Xe MRI gas-exchange 

measurements in never-hospitalized participants with COVID and some 129Xe MRI measurements 

were worse in ever-hospitalized patients compared to controls. We also detected relationships 

between 129Xe 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 predictor of long-term PACS outcomes and if 

abnormal gas-exchange measures can predict recovery. Pulmonary vascular pathologies play a 

role in PACS regardless of COVID-19 severity. 
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FIGURES 

 

 

 

Figure 1. CONSORT flow diagram.  
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Figure 2. 129Xe gas-transfer MRI in a 30-year-old male control participant with RBC:barrier 
ratio=0.52. A) 129Xe ventilation MRI B) 129Xe barrier MRI C) 129Xe red-blood-cell (RBC) MRI.  
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Figure 3. 129Xe gas-transfer MRI and CT pulmonary vessels in a 59-year-old never-hospitalized 
female participant with PACS (RBC:barrier=0.26 and CT blood volume in vessels with cross-
sectional area ≤5mm2 normalized to total blood volume (BV5/TBV)= 62%). A) 129Xe ventilation 
MRI B) 129Xe barrier MRI C) 129Xe red-blood-cell (RBC) MRI. 
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Figure 4. 129Xe gas-transfer MRI and CT pulmonary vessels in a 42-year-old ever-hospitalized 
male participant with PACS (RBC:barrier=0.33 and CT blood volume in vessels with cross-
sectional area ≤5mm2 normalized to total blood volume (BV5/TBV)=54%). A) 129Xe ventilation 
MRI B) 129Xe barrier MRI C) 129Xe red-blood-cell (RBC) MRI. 
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Figure 5. 129Xe spectroscopy measurements for controls, never-hospitalized and ever-
hospitalized participants with PACS. Controls and never-hospitalized participants with PACS 
reported different 129Xe MR spectroscopy measurements. (A) red-blood-cell to barrier ratio 
(RBC:barrier): controls (0.41±0.10) and ever-hospitalized PACS (0.31±0.07), P=.04. (B) RBC 
area-under-the-curve (AUC): controls (139±65) and ever-hospitalized PACS (78±31), P =.046, 
never-hospitalized PACS (103±39) and ever-hospitalized PACS, P=.01. (C) Barrier AUC: 
Never-hospitalized PACS (340±133) and ever-hospitalized PACS (241±85), P=.01  
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Figure 6. 129Xe MR Spectroscopy measurement relationships with pulmonary function and 
exercise measurements in participants with PACS.  
(A) 129Xe gas-transfer red-blood-cell to barrier ratio (RBC:barrier) measurements were related to 
(r=.57, Holm-Bonferonni P=.002) diffusing-capacity-of-the-lung for carbon monoxide (DLCO).  
(B) 129Xe MRI RBC area-under-the-curve (AUC) trended towards an association with CT blood 
volume in vessels with cross-sectional area ≤5mm2 (BV5; ρ=.46, Holm-Bonferonni P=.06). 
(C) 129Xe MR RBC AUC was related to International Physical Activity Questionnaire (IPAQ) 
exercise capacity (ρ=.45, Holm-Bonferonni P=.02). 
(D)129Xe MR RBC AUC was related to dyspnea measured by post-exertion modified Borg 
Dyspnea Scale (ρ=-.35, Holm-Bonferonni P=.04). 
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Figure 7. Proposed Mechanisms explaining relationships for 129Xe MRI RBC AUC  
(A) Gas-exchange in a healthy individual occurs as xenon diffuses through the tissue barrier and 
attaches to RBC. 
(B) Vasoconstrictive remodeling following infection reduces the available blood volume for 129Xe 
binding. 
(C) Changes to vascular resistance and flow patterns may result in redistributions of pulmonary 
blood through shunting away from 129Xe ventilated regions. 
(D)Thrombus or microembolism blocks capillary-level bloodflow, preventing 129Xe uptake in 
RBC and redistributing blood upstream in the vasculature. 
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TABLES 
 
Table 1. Participant Demographics 

  All PACS 
(n=34) 

Controls (n=6) PACS-
control (P 

value) 

Never-
Hospitalized 
PACS (n=22) 

Ever-
Hospitalized 
PACS (n=12) 

Never-ever 
hospitalized (P  

value) 
Age yrs 53 (13) 35 (15) .02 51 (12) 57 (14) .23 
Females n (%) 18 (53) 3 (50) .62 14 (64) 4 (33) .09 

BMI kg/m
2
 30 (5) 25 (3) .02 29 (6) 30 (4) .46 

Asthma n (%) 9 (26) 0 (0)  6 (27) 3 (25) .61 
COPD n (%) 4 (12) 0 (0)  3 (14) 1 (8) .34 
Pack-years 4 (10) 0 (0)  6 (11) 1 (3) .08 
Days Since +  238 (171) - - 236 (170) 244 (183) .90 
SpO

2
 % 97 (2) - - 97 (2) 96 (3) .13 

SpO2 post-exertion % 97 (4) - - 98 (1) 95 (6) .13 
FEV

1
 %

pred
 93 (20) 100 (8) .11 96 (21) 88 (17) .19 

FVC % 92 (17) 102 (7) .02 94 (19) 88 (12) .26 
FEV

1
/FVC 81 (13) 80 (5) .89 81 (10) 81 (17) .97 

DL
CO

%
pred

 85 (17) - - 86 (13) 84 (24) .83 

Quality-of-Life 
      

SGRQ 31 (17) - - 32 (17) 29 (19) .65 
CAT 13 (7) - - 13 (7) 13 (8) .81 
IPAQ MET-min/week 4865 (4189) - - 5401 (4202) 3883 (4160) .32 
PCFS 1.6 (1.3) - - 1.5 (1.2) 1.7 (1.4) .80 
mMRC dyspnea 1.0 (0.8) - - 1.0 (0.8) 1.0 (1.0) >.99 
6MWD m 429 (80) - - 426 (78) 434 (86) .82 
mBDS post-exertion 1.8 (1.4) - - 1.6 (1.4) 2.2 (1.3) .29 
PACS=post-acute COVID-19 syndrome; BMI=body mass index; COPD=chronic obstructive 
pulmonary disease; SpO2=peripheral oxygen saturation; FEV1=forced expiratory volume in 1 
second; %pred=percent of predicted value; FVC=forced vital capacity; DLCO=diffusing capacity of 
the lung for carbon monoxide; SGRQ=St. George’s Respiratory Questionnaire; CAT=chronic 
obstructive pulmonary disease assessment test; IPAQ=International Physical Activity 
Questionnaire; MET=Metabolic Equivalent of Task; PCFS=Post-COVID-19 Functional Status; 
mMRC=Modified Medical Research Council; 6MWD=six-minute-walk-distance; 
mBDS=modified Borg Dyspnea Scale 
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Table 2. Imaging Measurements 
Imaging Measurement 
mean (SD) 

All PACS 
(n=34) 

Controls (n=6) PACS-
controls (P 

value) 

Never-
Hospitalized 
PACS (n=22) 

Ever-
Hospitalized 
PACS (n=12) 

 Never-ever 
hospitalized (P 

value) 
CT TBV mL 285 (55)* - - 289 (54)** 279 (59)† .74 
CT BV5 mL 150 (38)* - - 159 (39)** 134 (23)† .09 
CT BV5-10 mL 47 (19)*   45 (20)** 49 (21)† .67 
CT BV10 mL 85 (26)* - - 81 (24)** 96 (36)† .39 
CT BV5/TBV % 54 (10)* - - 56 (9)** 49 (10)† .18 
CT BV5-10/TBV % 17 (6)*   15 (5)** 19 (8)† .38 
CT BV10/TBV % 30 (6)* - -  28 (6)** 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 
129Xe MRI RBC AUC 90 (37) 139 (65) .13 103 (39) 78 (31) .01 
TBV=total blood volume; BV5=blood volume in vessels with cross-sectional area ≤5mm2; 
BV10=blood volume in vessels with cross-sectional area ≤10mm2; RBC=red blood cell; 
AUC=area under the spectroscopy curve*n=24 **n=13 †n=11 
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Appendix E1 

Methods 

Table E1 summarizes symptoms reported in PACS participants in this study.  

Anatomic 1H MRI was acquired using a fast-spoiled gradient-recalled-echo sequence (partial-echo 

acquisition; total acquisition time, 8 seconds; repetition-time msec/echo time msec, 4.7/1.2; flip-

angle, 30°; field-of-view, 40×40cm2; bandwidth, 24.4 kHz; 128×80 matrix, zero-filled to 128×128; 

partial-echo percent, 62.5%; 15-17×15mm slices). 129Xe MR spectroscopy was acquired following 

inhalation breath-hold of a 1.0L gas mixture (4/1 by volume 4He/129Xe) from functional residual 

capacity (FRC) using a free-induction-decay whole-lung spectroscopy sequence (200 dissolved-

phase spectra, TR=15ms, TE=0.7ms, flip=40o, BW=31.25kHz, 600μs 3-lobe Shinnar-Le Roux 

pulse). Spectroscopy was used to determine the echo time for a 90o barrier/RBC phase difference 

(TE90). 129Xe MRI was performed following inhalation of a 1.0L gas mixture (1/1 by volume 

4He/129Xe) using an interleaved gas/dissolved-phase 3D radial sequence (TR=15ms TE=variable, 

flip=0.5o/40o, FOV=40cm3, matrix=72x72x72, BW=62.5kHz, 990 gas/dissolved projections, 

600μs 3-lobe Shinnar-Le Roux pulse, frequency shift=7.664kHz). Supine participants were 

coached to inhale a 1.0L bag (Tedlar; Jensen Inert Products, Coral Springs, FL, USA) (500mL 

129Xe + 500mL 4He for 129Xe MRI and 1.0L N2 for 1H MRI) from the bottom of a tidal breath 

(functional residual capacity) with acquisition under breath-hold conditions. 129Xe gas was 

polarized to 30-40% (Polarean; Xenispin 9820, Durham, NC, USA).1  

Gas-transfer MRI data were reconstructed as previously described using a re-gridding method for 

non-cartesian acquisition.2 Receiver phase-offset and local phase inhomogeneity were corrected 

as previously described.3 

129Xe gas-exchange MRI were corrected for local phase inhomogeneity using acquired interleaved 

gas-compartment data. Deviations from uniform phase in the gas image were assumed to result 
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from phase inhomogeneity and voxel-wise phase corrections were applied to eliminate 

inhomogeneity effects. Receiver phase-offset was corrected using the spectroscopic RBC:barrier 

ratio. A phase correction Δ ϕ was applied such that the ratio of real to imaginary channel signal 

matched the spectroscopic RBC:barrier ratio under the assumption that RBC and barrier signal 

should be perfectly aligned to the real and imaginary channels, respectively, at TE90. 

Within 30 minutes of MRI, CT was acquired post-BD after inhalation of 1.0L N2 from functional 

residual capacity using a 64-slice LightSpeed VCT system (General Electric Healthcare, 

Milwaukee, WI, USA; parameters: 64×0.625 collimation, 120 peak kilovoltage, 100 mA, tube 

rotation time=500ms, pitch=1.25, standard reconstruction kernel, slice thickness=1.25mm, field-

of-view=40cm2) as previously described 4. The total-effective-dose (1.8 mSv) was calculated using 

the ImPACT patient dosimetry calculator (UK Health Protection Agency NRPB-SR250 software).  

CT vessel measurements were performed in Chest Imaging Platform using a fully-automated 

pipeline. Images were filtered with a median filter before being passed to a thresholding script to 

provide a basic segmentation of left and right lungs for region-of-interest identification. Next, a 

scale-space particle system5 was used to identify vessels within the region-of-interest by 

computing multi-scalar maps of local Hessian features, i.e. calculating how tube-like local regions 

appear. An optimization moves sampling particles to tube-like regions of the image, where particle 

properties represent geometric properties of the underlying structure (radius/scale, shape, 

orientation). A kernel-density approach was used to compute a distribution of vessel-volumes at 

varying vessel cross-sections. This distribution was used to calculate BV5, BV5-10 and BV10. 

Vessel visualization was performed in Paraview (Kitware Inc., New York, NY, USA). 
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SUPPLEMENTAL TABLES 

 

Table E1. Participant Symptoms  

 

 

 

 

 

 

 

 

 

  

Symptom n (%) All 
PACS 
(n=34) 

Never-
Hospitalized 
PACS (n=22) 

Ever-
Hospitalized 
PACS (n=12) 

Fatigue 12 (38) 5 (23) 7 (58) 
Respiratory symptoms  21 (74) 13 (59) 8 (67) 

Dyspnea  9 (26) 6 (27) 3 (25) 
Dyspnea on exertion  14 (41) 7 (32) 7 (58) 
Cough  4 (12) 4 (18) 0 (0) 

Cardiac symptoms 8 (24) 5 (23) 3 (25) 
Chest Tightness  5 (15) 4 (18) 1 (8) 
Tachycardia 3 (9) 2 (9) 1 (8) 
Palpitations 3 (9) 0 (0) 3 (25) 

Headaches 5 (15) 4 (18) 1 (8) 
Brain fog 13 (38) 9 (41) 4 (33) 
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Table E2. Medications at Research Visit Summary  

Parameter  
n (%) 

Ever-COVID  
(n=34) 

Never-hospitalised 
(n=22) 

Ever-hospitalised 
(n=12) 

None 8 (24) 8 (36) 0 (0) 
SABA 7 (21) 2 (9) 5 (42) 
ICS 9 (26) 4 (18) 5 (42) 
LABA 11 (32) 5 (23) 6 (50) 
Anticoagulant 6 (18) 3 (14) 3 (25) 
ACE inhibitors 5 (15) 2 (18) 3 (25) 
Beta blockers 4 (12) 2 (18) 2 (17) 
Other 20 (59) 12 (55) 7 (58) 

SABA=short-acting beta-agonist; ICS=inhaled corticosteroid; LABA=long-acting beta-agonist; 
ACE=angiotensin-converting enzyme  
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Table E3. CT Findings 

Observation n (%) All PACS 
(n=29) 

Never-
Hospitalized 
PACS (n=22) 

Ever-
Hospitalized 
PACS (n=12) 

Ground Glass Opacity 9 (31) 4 (18) 5 (42) 
Consolidation 3 (10) 1 (5) 2 (17) 
Reticulation 0 (0) 0 (0) 0 (0) 
Atelectasis 5 (17) 3 (14)1 2 (17)2 
Emphysema 2 (7) 1 (0) 1 (8) 
Honeycombing 0 (0) 0 (0) 0 (0) 
Mosiac Attenuation 2 (7) 1 (5) 1 (8) 
Nodules 9 (31) 8 (36)3 1 (8)4 

Bronchiectasis 4 (19) 3 (14) 1 (6) 
12 participants with of minimal linear atelectasis 
21 participant with of minimal linear atelectasis 
31 participant with 3mm subpleural nodule, 1 participant with three 6-8mm nodules, 1 participant with three 
5-6mm nodules, 1 participant with clustered 2-3mm nodules, 1 participant with 1-2mm subpleural nodules, 
1 participant with 3mm nodule, 1 participant with 5mm nodule, one participant with three 2-8mm nodules. 
41 participant with nodular pulmonary infiltrates 
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Table E4. Relationships between Pulmonary Function Tests, Imaging and Quality of Life Measurements 

  

BMI FEV1 FVC FEV1/FVC DLCO 6MWD mBDS 
Post-

exertion 

SpO2 
Baseline 

SpO2 
Post-

exertion 

SGRQ mMRC PCFS CAT IPAQ RBC:Barrier Barrier 
AUC 

RBC 
AUC 

TBV BV5 BV5-
10 

BV10 BV5/TBV BV5-
10/TBV 

  r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ r/ρ 

BMI 1.00 -.04 .00 -.12 .27 -.26 .07 -.27 -.27 .15 -.03 .04 .06 -.12 .13 -.37 -.26 .01 -.21 .44 .35 -.42 .51 

FEV1 -.04 1.00 .83 -.05 .44 .31 -.13 .51 .44 -.24 -.20 .02 -.24 .22 .35 -.19 .03 .20 .42 -.03 -.04 .20 -.09 

FVC .00 .83 1.00 -.45 .38 .33 .07 .35 .30 -.06 -.13 .11 -.09 .09 .32 -.22 -.02 .22 .24 .04 .06 .10 -.07 

FEV1/FVC -.12 -.05 -.45 1.00 .02 .13 -.42 .28 .16 -.33 -.27 -.28 -.32 .24 .07 .36 .37 -.10 .05 -.15 -.19 .13 -.05 

DLCO .27 .44 .38 .02 1.00 .32 -.42 .33 .20 -.34 -.39 -.12 -.41 .20 .59 -.23 .11 .15 .34 -.01 -.06 .21 -.09 

6MWD -.26 .31 .33 .13 .32 1.00 -.13 .24 .18 -.30 -.49 -.10 -.31 .20 .21 -.09 .00 .39 .24 .13 .15 .04 -.07 

mBDS Post-
exertion 

.07 -.13 .07 -.42 -.42 -.13 1.00 -.17 .07 .74 .63 .62 .60 -.66 -.28 -.24 -.35 .02 -.12 .07 .05 -.12 .10 

SpO2 Baseline -.27 .51 .35 .28 .33 .24 -.17 1.00 .74 -.11 -.12 -.10 -.25 .42 .29 .35 .55 .12 .57 -.25 -.35 .46 -.35 

SpO2 Post-
exertion 

-.27 .44 .30 .16 .20 .18 .07 .74 1.00 .04 .10 .24 -.04 .08 .11 .21 .37 .07 .46 -.19 -.26 .38 -.30 

SGRQ .15 -.24 -.06 -.33 -.34 -.30 .74 -.11 .04 1.00 .65 .63 .83 -.64 -.14 .00 -.03 .01 -.02 .09 .06 -.06 .08 

mMRC -.03 -.20 -.13 -.27 -.39 -.49 .63 -.12 .10 .65 1.00 .52 .68 -.53 -.29 .04 -.08 -.18 -.13 -.23 -.19 .04 -.11 

PCFS .04 .02 .11 -.28 -.12 -.10 .62 -.10 .24 .63 .52 1.00 .45 -.44 -.10 -.08 -.12 -.22 .13 -.22 -.26 .25 -.15 

CAT .06 -.24 -.09 -.32 -.34 -.31 .60 -.25 -.04 .83 .68 .45 1.00 -.65 -.08 -.10 -.11 .04 -.14 .15 .22 -.21 .17 

IPAQ -.12 .22 .09 .24 .20 .20 -.66 .42 .08 -.64 -.53 -.44 -.65 1.00 .17 .43 .45 -.06 .21 -.13 -.23 .27 -.17 

RBC:Barrier .13 .35 .32 .07 .59 .21 -.28 .29 .11 -.14 -.29 -.10 -.08 .17 1.00 -.14 .35 .48 .45 .25 .42 -.03 .09 

Barrier AUC -.37 -.19 -.22 .36 -.23 -.09 -.24 .35 .21 .00 .04 -.08 -.10 .43 -.14 1.00 .81 -.10 .10 -.24 -.47 .38 -.19 

RBC AUC -.26 .03 -.02 .37 .11 .00 -.35 .55 .37 -.03 -.08 -.12 -.11 .45 .35 .81 1.00 .22 .44 -.08 -.25 .37 -.11 

TBV .01 .20 .22 -.10 .15 .39 .02 .12 .07 .01 -.18 -.22 .04 -.06 .48 -.10 .22 1.00 .62 .50 .73 -.16 .11 

BV5 -.21 .42 .24 .05 .34 .24 -.12 .57 .46 -.02 -.13 .13 -.14 .21 .45 .10 .44 .62 1.00 -.18 -.04 .64 -.51 

BV5-10 .44 -.03 .04 -.15 -.01 .13 .07 -.25 -.19 .09 -.23 -.22 .15 -.13 .25 -.24 -.08 .50 -.18 1.00 .89 -.82 .88 

BV10 .35 -.04 .06 -.19 -.06 .15 .05 -.35 -.26 .06 -.19 -.26 .22 -.23 .42 -.47 -.25 .73 -.04 .89 1.00 -.74 .72 

BV5/TBV -.42 .20 .10 .13 .21 .04 -.12 .46 .38 -.06 .04 .25 -.21 .27 -.03 .38 .37 -.16 .64 -.82 -.74 1.00 -.90 

BV5-10/TBV .51 -.09 -.07 -.05 -.09 -.07 .10 -.35 -.30 .08 -.11 -.15 .17 -.17 .09 -.19 -.11 .11 -.51 .88 .72 -.90 1.00 

BMI =body mass index; FEV1=forced expiratory volume in 1 second; FVC=forced vital capacity; DLCO=diffusing capacity of the lung for carbon monoxide; 6MWD=six minute walk-distance; 
mBDS=modified Borg Dyspnea Scale; SpO2= oxygen saturation; SGRQ=St. George’s respiratory questionnaire; mMRC=modified medical  research council dyspnea scale; PCFS=post-COVID-19 
functional scale; CAT=chronic obstructive pulmonary disease assessment test; IPAQ=international physical activity questionnaire; RBC=red-blood-cell; AUC=area under the curve; TBV=total blood 
volume; BV5=blood volume in vessels with cross-sectional area ≤5mm2 ; BV5-10= BV5=blood volume in vessels with cross-sectional area >5mm2 and ≤10mm2; BV5=blood volume in vessels with cross-
sectional area ≤10mm2
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SUPPLEMENTAL FIGURES 
 
 

   
 
Figure E1. (A) Gas-exchange measurements in never-COVID and PACS participants at varying 
imaging dates post-infection. Never-COVID participant data were denoted as zero days since 
positive test. RBC:barrier ratio was not significantly different over time (ρ=.23, P=.20). (B) Gas-
exchange measurements in never-COVID and PACS participants at varying imaging dates post-
infection. Never-COVID participant data were denoted as zero days since positive test. RBC AUC 
was not significantly different over time (ρ=.19, p=.29) 
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Figure E2. Evidence of pulmonary vascular abnormalities in participants with PACS. 
Abnormal BV5/TBV was associated with greater vessel caliber as measured by CT without a 
change in TBV. (A) a 59-year-old never-hospitalized female with PACS, BV5/TBV=62%. (B) a 
69-year-old never-hospitalized male with PACS, BV5/TBV=45%. (C) A 70-year-old ever-
hospitalized male with pre-existing COPD and PACS, BV5/TBB=35%. 
 




