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In people recovering from COVID-19, there is concern regarding

potential long-term pulmonary sequelae and associated

impairment of functional capacity. Data published thus far indicate

that spirometric indices appear to be generally well preserved, but

that a defect in diffusing capacity (DLco) is a prevalent abnormality

identified on follow-up lung function; present in 20–30% of those

with mild to moderate disease and 60% in those with severe

disease. Reductions in total lung capacity were commonly

reported. Functional capacity is also often impaired, with data now

starting to emerge detailing walk test and cardiopulmonary

exercise test outcome at follow-up. In this review, we evaluate the

published evidence in this area, to summarise the impact of

COVID-19 infection on pulmonary function and relate this to the

clinico-radiological findings and disease severity.
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Introduction
The COVID-19 pandemic, arising from the novel

coronavirus, SARS-CoV-2, is associated with significant

morbidity and mortality and continues to place

unprecedented challenges on global healthcare systems.

It is now apparent that whilst most individuals with

COVID-19 appear to develop a mild to moderate self-

limiting viral illness, over one in ten develop severe

respiratory manifestations and most commonly a viral

pneumonic process, often leading to hypoxaemic
www.sciencedirect.com 
respiratory failure [1]. In this context, computer tomog-

raphy (CT) imaging often shows diffuse interstitial

changes with ground glass type opacities in 75% of

patients hospitalised with COVID-19 [2] (Figure 1).

Moreover, patients with COVID-19 pneumonitis fre-

quently display features of vascular pathology on CT

[3] and a high prevalence of coexisting pulmonary venous

thrombosis is now recognised [4].

In people recovering from COVID-19, there is concern

regarding potential long-term pulmonary sequelae and

associated impairment of functional capacity. There is

also increasing recognition that between 30–60% of indi-

viduals report protracted symptoms, such as fatigue

and dyspnoea, following resolution of their acute illness

[5��,6��]; variably termed the ‘long-COVID’ or the post-

COVID syndrome. Exertional dyspnoea and exercise

intolerance are prominent clinical features reported in

this syndrome [7,8] and there is increasing interest in how

best to objectively characterise and followed-up this issue

with objective tests. Similar concerns were apparent

following the first SARS pandemic with SARS-CoV-1

infection, in 2003. Pulmonary function testing (PFT) in

patients following SARS-CoV-1 pneumonitis often

revealed impaired in gas transfer indices [9], and a dis-

connect between this impairment and exercise limitation

on cardio-pulmonary exercise testing (CPET) [10].

Pulmonary function follow-up data are now emerging

after SARS-CoV-2 infection and over the last few months

several centres, across the world and the aim of this brief

review is twofold; firstly, to provide a summary of recent

key findings regarding PFT and COVID-19 and to relate

this to pathophysiology and radiological findings, and

secondly, to describe future research priorities and iden-

tify unmet needs.

Studies evaluating the impact of COVID-19 on
pulmonary function
Despite the fact that approximately 120 million people

have now been infected with SARS-CoV-2, pulmonary

function data in those affected still remains relatively

scarce, which may in part be explained by the temporary

closure of PFT laboratories in the early phases of the

pandemic [11]. Although several observational studies are

now available, most still only provide limited insight, on

the basis that the majority only describe a relatively low

sample size (n = 30–150) in heterogeneous populations

[5��,6��,12–14,15�]. At the time of writing, only one ran-

domised controlled trial including pulmonary function

data had been conducted [16��].
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Figure 1
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An axial chest CT from a 60-year-old man with COVID-19 pneumonia with extensive ground-glass opacities observed in both lungs [33].
In published studies, most characterise the severity of

COVID-19 pulmonary disease as per World Health Orga-

nisation (WHO) interim guidance [17] and based on

requirement for hospital � critical care support.

Pulmonary function following COVID-19
infection
To the best of our knowledge, the first study to describe

PFT in patients following COVID-19 was published by

Mo et al. [15�] and reported findings from 110 patients

(age: 49 � 14 years; 50% female), who underwent testing,

27 � 9 days after symptom onset, in April 2020 in

Guangzhou, China. The clinical cohort was largely previ-

ously healthy individuals with mild (n = 24), moderate

(n = 67) and severe disease (n = 19), only three patients

had pre-existing lung disease. The key finding from this

study was of a reduced pulmonary diffusing capacity

(DLco; data presented in Figure 2), but also impaired

total lung capacity and residual volumes, primarily in

patients with severe disease. Importantly, less than
Current Opinion in Physiology 2021, 21:29–35 
15% of the cohort had spirometric defects and no signifi-

cant differences were observed in airflow spirometric

measurements based on disease severity. Taken together,

these findings align broadly with historical data from the

SARS-CoV-1 pandemic [9] and are consistent with the

typical PFT defect that might be expected in an indi-

vidual with an interstitial-based process.

Similar observations were reported from 45 patients (age:

54 � 8 years; 44% female), with mild (n = 12), moderate

(n = 17) and severe disease (n = 16), by Frija-Masson and

colleagues [13] who also, as expected, reported that the

rate of PFT abnormality was higher in patients with

severe disease. In this cohort of patients, 81% had abnor-

mal PFTs with the majority displaying a reduced TLC

and reduced DLco. Similarly, Huang et al. [14] compared

the pulmonary function of 57 patients (age: 46 � 13 years;

55% female) with severe disease (n = 17) to those with

mild or moderate disease (n = 40), and found a higher

prevalence of DLco impairment in those with severe
www.sciencedirect.com
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Figure 2

Mild COVID-19 Moderate COVID-19

Weighted Averages
Severe COVID-19
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Percentage of COVID-19 patients with abnormal diffusing capacity stratified according to disease severity (weighted average is presented as

mean � SD).
disease. In contrast, Lerum et al. [18] stratified patients

according to requirement for intensive care unit admis-

sion and DLco was below the lower limit of normal in

almost one quarter (24%) of all patients, yet no significant

difference was reported between groups; this may be

explained by the inclusion criteria.

In one of the largest European studies to date, Van den

Borst et al. [6��] obtained PFT measurements from

124 patients with COVID-19 infection approximately

three months following hospital discharge. In this cohort,

no differences in spirometry or static lung volumes were

observed when comparing disease severity. DLco was

within normal limits in all patients with mild disease, yet

was significantly impaired in over one third in those with

moderate disease (33%) and over half in those with critical

(55%) or severe (54%) disease.

The overall evidence to date therefore indicates that

DLco is the primary PFT defect seen post COVID-19

and relates to disease severity; all of the available data that

is compared to the LLN is aggregated in Figure 2. The
www.sciencedirect.com 
studies combined a total of 768 PFTs post-COVID-19;

20.3% of 152 patients with mild disease had abnormally

low DLco measurements at follow-up; DLco was low in

32% of 435 patients with moderate disease, and 59.5% of

181 patients with severe disease. In contrast, spirometric

indices appear to be generally well preserved and thus

simple clinic-based pulmonary function evaluation (e.g.,

with a hand-held spirometer) is not likely to detect or

characterise the sequalae of COVID-19 infection.

Longer-term surveillance following COVID-19
COVID-19 was first described in November 2019 and

therefore long-term data are not yet available. Despite this,

one prospective, multi-centre, observational trial evaluat-

ing PFT data in 145 patients at 60 (visit 1) and 100 (visit 2)

days post COVID-19 onset has been published [5��]. At

visit one, 42% of patients demonstrated PFT impairment,

27% of which had a restrictive pattern on spirometry, 11%

had a reduced TLC via body plethysmography, and 31%

had a reduced DLco. At the second visit, 36% of patients

still demonstrated lung function impairment; 22% had

restrictive spirometry, 11% had reduced TLC, and 21%
Current Opinion in Physiology 2021, 21:29–35
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Table 1

Studies evaluating pulmonary function following SARS-CoV-2 infection (n = 30+ participants)

Author (Date;

Country)

Title Methodology Measurements Main findings

Mo et al. (April 2020;

China) [15�]
Abnormal pulmonary

function in COVID-19

patients at time of

hospital discharge

Prospective

observational study

measuring pulmonary

function at discharge

across the severity

spectrum (n = 110)

Spirometry, diffusing

capacity, static lung

volumes

Spirometry was normal, reduced

lung volume was more frequent in

those with severe disease (47%

having a TLC lower than 80%

predicted). Reduced DLco was the

most common pulmonary function

finding (47% of all patients) and was

increasingly more common in more

severe symptoms (84% in severe

disease)

Liu Kai et al. (April

2020; China) [16��]
Respiratory

rehabilitation in

elderly patients with

COVID-19: A

randomised

controlled study

RCT with six weeks of

pulmonary rehabilitation

compared with controls

(n = 72)

Spirometry, diffusing

capacity, 6MWT, CT,

SF-36

DLco was reduced in both groups

before intervention. Pulmonary

rehabilitation led to an improvement

in DLco, spirometry and 6MWT

compared to controls

Lv et al. (April 2020;

China) [34]

Pulmonary function

of patients with

2019 novel

coronavirus induced

pneumonia: A

Retrospective Cohort

Study

Retrospective analysis of

pulmonary function data

measured 14 days after

discharge (n = 137)

Spirometry Patients with severe disease had

lower FVC and FEV1 with preserved

FEV1/FVC ratio suggesting a

restrictive pattern

Daher et al. (October

2020; Germany)

[12]

Follow up of patients

with severe

coronavirus disease

2019 (COVID-19):

Pulmonary and

extrapulmonary

disease sequelae

Prospective

observational study

following patients with

severe COVID-19

disease

(n = 33)

Spirometry, diffusing

capacity, body

plethysmography,

6MWT, TTE, ABG,

SGRQ

At follow-up, spirometry and static

lung volumes were normal. Median

DLco was 65% predicted (IQR 53-

73). 45% of patients were below the

LLN for 6MWT distance and 45%

complained about persistent fatigue

Van den Borst et al.

(November 2020;

The Netherlands)

[6��]

Comprehensive

health assessment

three months after

recovery from acute

COVID-19

Prospective

observational study

looking at pulmonary

function across COVID-

19 disease severity

spectrum (n = 124)

Spirometry, diffusing

capacity, body

plethysmography,

CT, 6MWT, clinical

frailty score, SF-36

DLco was below LLN in 42% of

patients; DLco was lower in those

with severe and critical disease than

those with mild or moderate

disease. 86% of patient

demonstrated ground glass

opacities on CT

Sonnweber et al.

(December 2020;

Austria) [5��]

Cardiopulmonary

recovery after

COVID-19 — an

observational

prospective multi-

centre trial

Prospective multi-centre

observational study with

measurements at 60 and

100 days after COVID-19

onset (n = 145)

Spirometry, diffusing

capacity, body

plethysmography,

CBG, TTE, mMRC

dyspnoea score, CT

60 days after COVID-19 onset, 42%

of patients demonstrated abnormal

lung function — most common was

a reduced DLco. After 100 days of

COVID-19 onset, 41% of patients

exhibited persistent symptoms and

36% had abnormal lung function

findings; DLco had improved in 30%

of patients that were abnormal at

60 days

6MWT = 6-min walk test; ABG = arterial blood gas; CBG = capillary blood gas; DLco = diffusing capacity for carbon monoxide; FEV1 = forced

expiratory volume in 1 s; FVC = forced vital capacity; LLN = lower limit of normal; mMRC = Modified British Medical Research Council; QoL = Quality

of life; RCT = randomised controlled trial; SF-36 = Short Form Health Survey; SGRQ = St. George’s Respiratory Questionnaire; TLC = total lung

capacity; TTE = transthoracic echocardiography.
had a reduced DLco, meaning that 30% of those patients

with reduced DLco at baseline had improved.

Liu et al. [16��] investigated the impact of pulmonary

rehabilitation in 36 male and female patients recovering

from COVID-19 (age: 69 � 8 years). DLco and 6MWT
Current Opinion in Physiology 2021, 21:29–35 
distance improved by approximately 30% versus controls

with six weeks of respiratory muscle training. None of the

measurements in the control group showed significant

improvement six-weeks post-discharge. Acute and fol-

low-up studies evaluating the impact of COVID on

pulmonary function are summarised in Table 1.
www.sciencedirect.com
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Functional and exercise capacity following
COVID-19
Early studies evaluating functional capacity report detail

on propensity to desaturate on field-based exercise test-

ing. Fuglebjerg et al. [19] collected data from 26 patients

(age: 63 � 30 years; 84% female) at the time of discharge

and reported that 50% of patients demonstrated signifi-

cant desaturation (SpO2 < 90%) on exertion during

6MWT. A further study by Daher et al. [12] reported

that 60-days following discharge, no patients significantly

desaturated during a 6MWT, but 79% of patients

were unable to reach their predicted walk distance and

45% of patients were below the LLN. Three months

post-discharge, 16% of patients desaturated with 22%

below the LLN for walk distance [6��].

More recently, studies have characterised functional

capacity following COVID-19 infection utilising cardio-

pulmonary exercise testing (CPET). This approach was

used in the SARS-CoV-1 pandemic and revealed that

whilst exercise tolerance was impaired in 57% of

patients, a disconnect was often evident between indi-

viduals with impaired diffusion capacity, such that those

with impaired peak oxygen uptake on CPET were not

always the same group of individuals with impaired gas

exchange [10]. In the SARS-CoV-2 pandemic, Clavario

et al. [7] utilised CPET in 110 patients (age: 61.7 �
8 years) and reported impaired aerobic capacity (defined

as a peak oxygen consumption of <85% predicted) in

34% of non-severe (defined as those that did not require

ITU) patients three months after discharge which was

attributed predominantly to muscular impairment. Sim-

ilarly, one month following discharge, patients demon-

strated impaired aerobic capacity which was not

explained by pulmonary function changes, but likely

attributable to physical deconditioning [20] and 70%

of patients were limited by decreases in peripheral

muscle mass [21]. Raman et al. [8] observed, in

58 patients (age: 55.4 � 13.2 years), that aerobic capacity

was lower in COVID-19 patients 2–3 months after

symptom onset than controls (54% versus 7.4%). Another

study found that quadricep force production was

reduced in 86% of COVID-19 patients at the point of

discharge [22].

Discussion
The respiratory community has made significant efforts to

undertake physiological assessment in patients following

COVID-19 infection, in order to describe and understand

the impact of this disease on functional outcome and

capacity. To date, however, the available data remains

heterogeneous, with relatively small sample sizes from

single centres and predominantly observational method-

ology. Irrespective, it is apparent that the overarching

abnormality or defect in PFT encountered following

SARS-CoV-2 respiratory infection is contained within

the interstitial compartment rather than the airways
www.sciencedirect.com 
(i.e., it is uncommon to encounter defects in spirometry

or airflow indices). This finding aligns with the clinico-

patho-radiological findings of a disease that in most cases

causes a diffuse airspace/interstitial-based process, with

inflammatory substrate impacting the gas exchange sur-

face and DLco.

Whilst a reduction in DLco was the most common

finding, some published work also reports a reduction

in TLC in patients following COVID-19 infection.

Unfortunately, most did not present Kco and VA along-

side DLco, and this precludes interpretation of the type

of pulmonary restriction (intra-pulmonary versus extra-

pulmonary thoracic restriction). Moreover, data con-

cerning functional impairment appears to be related

to physical deconditioning � muscular impairment

secondary to severe illness or inflammation and the

data from Liu et al. [16��] suggest this may be respon-

sive to physical rehabilitation. There is a dearth of

information related to respiratory muscle function

post-COVID-19. We in the respiratory community

could do more to measure respiratory muscle function

particularly after mechanical ventilation and/or severe

illness [23].

The long-term impact that SAR-CoV-2 infection has on

PFT will continue to emerge over the coming years.

Data published thus far have managed to capture

the pulmonary function of patients recovering from

COVID-19 at discharge [15�], several weeks after dis-

charge [6��,12,13], after six weeks of pulmonary rehabil-

itation [16��], and at two time points 60 and 100 days

after symptom onset [5��]. There is however no data yet

on longer-term follow-up or with respect to the impact of

targeted interventions, for example, use of systemic

steroid treatment.

A further key limitation in this area is the lack of

knowledge regarding baseline (i.e., pre-morbid) PFT

and exercise capacity. Studies have shown that baseline

cardiorespiratory fitness is predictive of need for hospital-

based care for COVID infection [24]. Thus, it is likely

that there will be selection bias when following-up

post-COVID cardiorespiratory functional parameters

in the respect that those developing more severe

COVID-19 infection are likely to have poor baseline

functional status. The impact of pre-existing pulmonary

disease � pulmonary function impairment on post

COVID-19 PFT outcome is also in need of study.

Certainly, pulmonary function impairment before hospi-

talisation predicts COVID-19 disease outcomes in sar-

coidosis [25] and other chronic comorbid pulmonary

conditions have been associated with poor outcome in

COVID-19 such as COPD and ILD [26–29]. Ippolito et al.
[30], using quantitative CT analysis, found that

disease severity and need for invasive ventilation was

correlated with measures of lung volume. If lung volume
Current Opinion in Physiology 2021, 21:29–35
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measurements and pulmonary function can predict sever-

ity, it may be that static lung volumes and/or diffusing

capacity abnormalities are not the consequence of

COVID-19 disease severity, but that pre-existing abnor-

mality contributes to COVID-19 disease severity.

As data continues to emerge, there needs to be a system-

atic review and attempts to aggregate all the available

pulmonary function data and synthesise high-quality

evidence. The data currently available regarding rehabil-

itation and physical activity post-infection are limited, but

offer promise in terms of interrogating the factors limiting

physical exercise performance and PFT; likewise, studies

following the pulmonary function of groups receiving

different interventions (i.e., post RCT for steroid-based

therapy) will be informative. Symptoms of exercise intol-

erance and dyspnoea are common and focus in the future

of COVID-19 research needs to be directed at the impact

of rehabilitation. There also needs to be attention

directed to the underlying cause of the reduction in

diffusing capacity observed, and the impact the disease

has on the pulmonary vasculature requires investigation.

The measurement of the transfer factor for nitric oxide

(DLno) concurrently with the transfer factor for carbon

monoxide can provide insights into the diffusing mem-

brane capacity and capillary blood volume [31], and these

measurements may hold the key for understanding how

diffusing capacity is impaired in COVID-19. Barisione

and Brusasco [32] have very recently performed such

measurements and observed that DLno impairment

exceeded DLco impairment, but both values were lower

with increasing disease severity. In all severities, the

DLno/DLco ratio was similar to controls. The findings

indicate that this is most probably an issue with the

alveolar membrane (related to loss of alveolar units and

damage to the membrane) rather than altered capillary

volume.

In conclusion, COVID-19 related pulmonary disease is

associated with impaired diffusing capacity that appears

related to disease severity and in keeping with radio-

logical interstitial change. This defect appears to

improve in most during a 3–6-month convalescent

period and this improvement may be accelerated with

rehabilitative exercise. More work is now needed to

better understand the mechanisms underpinning and

the impact of premorbid functional capacity on recov-

ery from COVID-19.
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