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inflammation, which can be diagnosed with traditional and emerging technologies https://bit.ly/
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Introduction
Long COVID (also known as “post-acute sequelae of COVID-19”) is a multi-system disorder that follows
an acute bout of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection [1]. Although
its exact prevalence is unknown, it is estimated to affect approximately 10% of SARS-CoV-2-infected
individuals, though in reality the proportion is likely much higher owing to under-reporting of cases [1].
The prevalence is elevated in patients who have had acute SARS-CoV-2 pneumonia requiring
hospitalisation, and lower in those who have been previously vaccinated or were infected with the Omicron
variant [1]. In approximately 6% of the cases of long COVID, pulmonary symptoms such as dyspnoea,
cough and wheeziness are prominent, leading to considerable disability and morbidity [2, 3]. While it is
attractive to view long COVID as one disease, it is likely a very complex, heterogeneous disorder, with
multiple different phenotypes, each driven by a unique set of molecules and pathways [1]. Even within an
organ system (e.g. the lungs), there is likely to be significant heterogeneity in the phenotypes of disease.
Here, we hypothesise that patients with long COVID with a predominance of pulmonary symptoms (which
we will refer to in this viewpoint editorial as “pulmonary long COVID”, or PLC) have airway pathology
that can be detected using conventional as well as emerging technologies, and careful phenotyping of this
condition will provide important insights on its mechanism(s) and reveal novel biomarkers and therapeutic
solutions for millions around the world with PLC.

Diagnosis of pulmonary long COVID
For discussion purposes, we will define PLC as patients who have a new onset or worsening of pulmonary
symptoms that persists beyond 12 weeks post-COVID-19. Although technically the St George’s
Respiratory Questionnaire (SGRQ) is an instrument to measure health status rather than symptom burden,
operationally in our clinics, we use a SGRQ total score of >10 to denote “significant” pulmonary
symptoms (figure 1) [4]. It should be noted that other well-validated questionnaires, such as MRC [5] or
the ATS Symptoms Questionnaire [6], can also be used for this purpose. In figure 1, we have summarised
our general diagnostic approach to patients with PLC.

In our experience, approximately 10% of patients have abnormal pulmonary function tests (PFTs) and/or
computed tomography (CT) data, though this proportion decreases over follow-up time [7]. The most
common PFT abnormality is a reduced diffusing capacity of the lungs for carbon monoxide (DLCO),
followed by a “restrictive” pattern of airflow limitation, characterised by a concomitant reduction in forced
expiratory volume in 1 s (FEV1) and forced vital capacity (FVC). The most common abnormalities on CT
scan are ground glass opacities and linear reticulations, which resolve (in many cases) over time with only a
small percentage (∼5–10%) of patients having significant fibrotic changes by year 2 or 3 post-infection [7].
Addition of an expiratory CT may also unveil air trapping that may have been missed on PFTs or
inspiratory CT alone [8]. In some cases, CT angiography may be necessary to rule out venous
thromboembolic (VTE) disease. However, the overall prevalence of VTE disease is less than 1% of patients
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with long COVID [9], though it may be higher in patients who have been previously hospitalised for their
initial infection [10]. Because CT angiography cannot detect microthrombi in small vessels, many more
may have small vessel VTE disease, which may go unnoticed and undiagnosed. For this and other reasons,
in most cases, even in patients who demonstrate PFT or CT abnormalities, the pulmonary symptoms are
disproportionately greater compared with the severity of the physiological or imaging changes. In a vast
majority of patients, both the PFT and CT scans are within normal limits [11].

What should be done when PFTs and CT scans are normal?
For conventional medical CT instruments, the lower limit of resolution is 1–2 mm [12] and most imaging
centres routinely perform only inspiratory scans. Thus, subtle abnormalities in the small airways (defined
as airways <2 mm), alveoli or pulmonary microcirculation can be missed on CT imaging. Similarly,
standard spirometry is not sensitive enough to detect changes in small airways, unless >50% of the airways
are lost or become remodelled by disease [13]. A more sensitive test is a cardiopulmonary exercise test
(CPET). INGUL et al. [14] showed that 23% of patients who were previously hospitalised with COVID-19
pneumonia demonstrated exercise intolerance (defined by a peak oxygen consumption (V′O2

) <80%
predicted) at 12 months of follow-up, though they had normal PFTs. Importantly, they showed that patients
with persistent dyspnoea at 12 months had 9% lower peak V′O2

compared with individuals without
persistent dyspnoea. As many physiological factors contribute to reduced exercise tolerance, the exact
aetiology for reduced peak V′O2

in PLC patients remains largely a mystery.

Another diagnostic test for small airways disease is oscillometry, which measures airway resistance and
reactance [15]. However, the studies using oscillometry in long COVID patients have been relatively small
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FIGURE 1 A proposed approach to patients with long COVID and significant pulmonary symptoms. We suggest
using a validated instrument such as the St George’s Respiratory Questionnaire (SGRQ) to evaluate the
symptom burden of patients and their health status. If SGRQ total scores are >10, we recommend pulmonary
function testing (PFT) and computed tomography (CT) imaging of the lungs. If they are normal or if the
symptoms are disproportionately greater than the CT and PFT abnormalities, we suggest measurement of
small airway function using cardiopulmonary exercise testing (CPET), oscillometry (OS) and/or hyperpolarised
xenon (129Xe) magnetic resonance imaging (MRI), guided by availability of these tests and local expertise.
Significant abnormalities in PFT, CT and/or tests of small airway function would support the diagnosis of
pulmonary long COVID (PLC) in symptomatic individuals. Although there is no good evidence for treatment, we
recommend a “treatable trait” approach to PLC patients. For example, for patients with significant airflow
limitation, we suggest using bronchodilators, and for those with perturbed gas exchange, consider the use of
inhaled corticosteroids with or without a bronchodilator. Close follow-up should be instituted as there is good
evidence that pulmonary symptoms spontaneously improve over time in some patients.
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and the findings have been inconsistent [16, 17]. A more sensitive method of detecting small airways
dysfunction is nitrogen multiple-breath washout test (MWT), which measures ventilation inhomogeneity.
One study showed that 50% of long COVID patients with normal spirometry demonstrated ventilation
inhomogeneity at the level of the small airways, which, in turn, significantly correlated with dyspnoea [18].

More striking data have been generated using hyperpolarised xenon magnetic resonance imaging (129Xe
MRI). 129Xe MRI has shown subtle and usually peripheral ventilation abnormalities [19], highlighting the
role of small airways dysfunction in long COVID. In addition to identifying ventilation defects, 129Xe MRI
can also sensitively detect pulmonary gas exchange abnormalities, as inhaled 129Xe gas dissolves into the
interstitial–alveolar membrane and then into pulmonary capillary red blood cells (RBC) [20]. In long
COVID patients, many studies have now shown low 129Xe RBC-to-membrane ratio in the absence of any
other CT or PFT abnormalities [21–23], likely reflecting microvascular abnormalities, such as pulmonary
capillary inflammation, vasoconstrictive remodelling or micro-thrombosis, that inhibit transfer of gas. We
have shown that approximately 30% of long COVID patients (all of whom had normal PFTs and
inspiratory CT scans) demonstrated reduced 129Xe transfer to RBCs [11]. In another 30% of patients, there
is an increase in 129Xe membrane uptake only, possibly reflecting interstitial inflammation or oedema that
is not evident on CT. In about 10% of the patients, there is a mix of increase in 129Xe membrane uptake
with concomitant reduced RBC transfer. This last group also demonstrate a restrictive pattern of
abnormalities on PFTs, and mild interstitial changes on CT (e.g. reticulation, fibrosis), which may indicate
post-COVID interstitial lung disease (ILD) [11].

What is the underlying pathophysiological mechanism(s) in the small airways?
In our experience, less than 10% of patients who are referred for PLC assessment at 1–2 years
post-COVID-19 infection have abnormal PFTs or CT images that are diagnostic of airways disease or ILD
[4, 11]. We thus postulate that patients with PLC who have a significant symptom burden have persistent
inflammation in the small airways, which may not be detectable on PFTs and are beyond the resolution of
medical CT images. To investigate this possibility, we performed bronchoscopy on patients with PLC (as
well as healthy controls) with no prior history of airways disease or a significant smoking history and
obtained bronchial brush samples from sixth to eighth generation airways and subjected these cells to
single cell RNA sequencing (scRNAseq) [24]. All of the PLC patients were at least 1 year post-acute
infection with a median time from COVID-19 of 2 years. The scRNAseq data showed increased number of
neutrophils in the airway mucosa, along with increased expression of mucin genes, and an upregulation of
interleukin (IL)-33 and T-receptor signalling in the secretory mucosal cells. Transcriptomic pathway
analysis of the PLC airway mucosa revealed a pro-inflammatory pattern with enrichment in the
neutrophil-associated activation signatures, including neutrophil degranulation [4]. The cell counts in the
bronchoalveolar lavage fluid, however, were not significantly different between the PLC and control groups.

Why patients with PLC have evidence for ongoing small airway inflammation 1–3 years post-acute infection
is a mystery. SON et al. [25] have suggested the generation of autoimmune antibodies in some individuals
following their acute bout of SARS-CoV-2 infection. Whether these auto-antibodies deposit in the small
airways and fuel the inflammatory process is not known. Another possibility is that the acute COVID-19
pneumonia may alter the airway microbiome [26], leading to a pro-inflammatory micro-milieu [18]. We also
speculate that there may be “re-programming” of the airway progenitor cells (e.g. basal cells) during acute
infection in some patients, leading to increased production and release of epithelial-derived cytokines
(i.e. alarmins), including IL-33, IL-25 and/or thymic stromal lymphopoietin, that propagates the
inflammatory process (figure 2). These and other possibilities should be tested in future studies. In figure 2,
we provide a summary of the proposed inflammatory changes in the small airways of patients with PLC.

Where do we go from here?
We believe that patients with a significant PLC burden (e.g. SGRQ total score >10) should undergo full
PFTs, including DLCO, and co-registered inspiratory/expiratory CT scans. In those who have normal
findings or whose symptoms are disproportionately greater than would be expected based on their PFTs or
CT scan, we recommend CPET, oscillometry, MWT and/or 129Xe MRI to detect small airways disease and
impairments in gas exchange (figure 1). However, it should be noted these tests are often expensive and
may not be available in certain settings. Moreover, their performance (e.g. sensitivity and specificity) in
long COVID has not been established. As there are no robust cost-effectiveness analyses or data on their
performance in the real-world for any of these diagnostic tests in PLC, these should be implemented based
on local availability and resources. For management, we suggest a “treatable trait” approach to PLC.
Significant airflow limitation can be treated with bronchodilators with or without inhaled corticosteroids. If
the abnormality is predominantly in the small airways, we suggest using inhalers that are capable of
generating particles or aerosols of sufficient size to penetrate the small airways. Patients with significant
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ILD changes should be referred to a multidisciplinary ILD clinic for assessment, similar to other ILD
patients. With greater understanding of the pathophysiology of PLC, more targeted (and better) treatments
can be developed. Until then, a “treatable trait” approach with close follow-up (as patient symptoms may
spontaneously improve over time) is suggested.
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