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A B S T R A C T   

Aims: To describe pulmonary function 3–6 months following acute COVID-19, to evaluate po-
tential predictors of decreased pulmonary function and to review literature for the effect of 
COVID-19 on pulmonary function. 
Materials and methods: A systematic review and cohort study were conducted. Within the P4O2 
COVID-19 cohort, 95 patients aged 40–65 years were recruited from outpatient post-COVID-19 
clinics in five Dutch hospitals between May 2021–September 2022. At 3–6 months post 
COVID-19, medical records data and biological samples were collected and questionnaires were 
administered. In addition, pulmonary function tests (PFTs), including spirometry and transfer 
factor, were performed. To identify factors associated with PFTs, linear regression analyses were 
conducted, adjusted for covariates. 
Results: In PFTs (n = 90), mean ± SD % of predicted was 89.7 ± 18.2 for forced vital capacity 
(FVC) and 79.8 ± 20.0 for transfer factor for carbon monoxide (DLCO). FVC was <LLN in 24.4%, 
and DLCO was <LLN in 40.2% of patients. Univariable analyses showed that higher age, severe 
acute infection, pulmonary embolism during acute infection, and male sex were associated with 
lower DLCO. Multivariable analysis showed that age (adjusted difference [95%CI] = -0.07 
[-0.13,-0.02] per one year increase) and severe acute infection (− 0.80 [-1.54,-0.05]) were 
independently associated with a decreased DLCO. In literature we found days on oxygen sup-
plementation, female sex, longer length of hospital stay, obesity and higher age to be associated 
with lower DLCO after COVID-19. 
Conclusion: A low DLCO 3–6 months following acute COVID-19 was observed more often than a 
low FVC, both in the P4O2 COVID-19 study and the literature review.   
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1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has led to a pandemic of coronavirus disease 2019 (COVID-19), 
causing major impact on global health and economies. The clinical characteristics and pathogenesis of the acute phase of COVID-19 
have been well-described [1]. Nonetheless, the number of COVID-19 cases globally exceeds 600 million [2] and a growing public 
concern exists regarding the long-term health consequences, which still remain unclear [3,4]. 

Observational studies indicate that over 30 percent of survivors experience long-lasting morbidity and decreased physical func-
tioning following initial illness, substantially increasing the health and economic burden of the pandemic [5,6]. ‘Long COVID’ or ‘post 
COVID-19 condition’ has been defined as symptoms that occur three months from the onset of acute illness and last for at least two 
months [7–10]. Most common symptoms are fatigue, dyspnoea, muscle weakness, headache, loss of taste and smell, and cognitive 
decline [7,11]. These symptoms can impair functional ability even in previously healthy patients and those with mild initial disease [7, 
12]. 

It seems likely that the lungs are one of the organs most affected by COVID-19 because of the nature of the acute infection, which is 
dominantly characterized by a spectrum of mild respiratory tract symptoms to severe pneumonia causing respiratory insufficiency [13, 
14]. Long term pulmonary damage caused by COVID-19 is a great concern [14]. Pulmonary function tests (PFTs) are a valuable tool to 
assess respiratory diseases. Spirometry can identify airflow obstruction or restrictive impairment, while transfer factor for carbon 
monoxide (DLCO) is a test to assess the lungs’ ability to transfer gas from inspired air to the bloodstream. The transfer factor is mainly 
used for the diagnosis of disease of the parenchyma of the lung [15]. 

Several studies reported pulmonary function between 1 and 6 months following acute COVID-19 [4,16–18]. In most studies, it is 
unknown whether these patients still have symptoms and suffer from post COVID-19 condition. A meta-analysis by Long et al. [19] 
showed that abnormalities in pulmonary function (including low transfer factor, reduced lung volume, or airflow obstruction) occur in 
20% of patients after COVID-19 and can persist for several months. Of these abnormalities, decreased DLCO was the most common, but 
reduced lung volume measurements were also observed in some studies. Airflow obstruction after COVID-19, defined as forced 
expiratory volume in 1 s (FEV1)/forced vital capacity (FVC) < 70%, was relatively uncommon [19]. 

It remains unclear whether patient characteristics or features of the acute illness can predict the occurrence of long-term conse-
quences of COVID-19. A few studies have found that age, sex, and severity of COVID-19 appeared to be predictors of impaired DLCO [4, 
16,17,20]. However, other studies did not find these associations [17,21]. Other potential predictors, such as pulmonary comorbid-
ities, pulmonary complications during infection, and smoking need to be further evaluated. Obtaining a better understanding of 
predictors of long-term morbidity after COVID-19 may aid identifying patients at risk and developing better treatment strategies. 

Therefore, the first aim of this study is to provide a literature overview of the current knowledge on the effect of COVID-19 on 
pulmonary function 3–6 months after infection. The second aim is to describe pulmonary function at 3–6 months following acute 
COVID-19 and to evaluate potential predictors for decreased pulmonary function in the Precision Medicine for more Oxygen (P4O2) 
COVID-19 cohort. The third aim is to study DLCO 12–18 months after acute COVID-19 in participants of the P4O2 COVID-19 cohort 
who have a DLCO < lower limit of normal (LLN) at 3–6 months. 

2. Materials and methods 

2.1. Systematic review 

The systematic review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines [22] 
and was not registered in PROSPERO. PubMed was systematically searched from January 1, 2020 to April 21, 2023 to identify 
epidemiological studies examining pulmonary function 3–6 months after acute COVID-19. Search terms can be found in the Sup-
plementary material 1. Papers in English of which full text was available and which were observational or cohort studies were included 
and (systematic) reviews were excluded. The use of the ATS/ERS recommendations was not used as an inclusion criterion. Further-
more, studies were excluded based on the following criteria: 1) not focused on (post) COVID-19, 2) no pulmonary function test or 
spirometry was performed, 3) not within the timeframe of 3–6 months after acute COVID-19, 4) performed in persons aged <18 years 
or 5) not performed in the general population. To make sure we included all available papers, we executed snowballing by searching 
through the references of the selected papers. 

The following data were extracted from the included studies: first author, year, population characteristics (country, age, sample 
size), whether the study has been performed in post COVID-19 patients, follow-up time, and outcomes (lung function measurements, 
predictors for lung function, persistent symptoms). The Joanna Briggs Institute (JBI) checklist for Analytical Cross Sectional Studies 
[23] was performed to assess the risk of bias for all studies on predictors for lung function. 

2.2. Cohort study 

2.2.1. Study design and subjects 
P4O2 COVID-19 is a multicentre, prospective, observational cohort study. The study was approved by the ethical board of the 

Amsterdam University Medical Centre (UMC). Details of the study have been described elsewhere [24]. In brief, patients were 
recruited between May 2021 and September 2022 from post-COVID-19 outpatient clinics in five hospitals in the Netherlands: the 
Amsterdam University Medical Centres (location AMC and VUMC), Leiden UMC, Spaarne Gasthuis in Haarlem, and VieCuri Medical 
Centre in Venlo. The post-COVID-19 outpatient clinic was part of standard follow-up care after hospitalization for COVID-19. 
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COVID-19 patients were invited at 3–6 months after hospital discharge if they suffered from any persisting symptoms. Additionally, 
patients who were not hospitalized but suffered from persisting symptoms were referred to the outpatient clinic by their general 
practitioner at 3–6 months after the date of positive polymerase chain reaction (PCR) or serology test for SARS-CoV-2. 

The inclusion criteria for the P4O2 COVID-19 study were age 40–65 years, proven ex-COVID-19 (either a positive PCR test, a 
serology test, or a CORADS score ≥4), the ability to provide informed consent, having access to the internet and understanding the 
Dutch language. All participants gave their written informed consent. In total, 95 patients were included in the P4O2 COVID-19 study. 
In 90 of these patients, pulmonary function tests were performed. Therefore, the number of patients included in this study was 90. 

2.2.2. Study visits 
At the post-COVID-19 outpatient clinic, pulmonary function tests were performed. This assessment comprised spirometry 

(including FEV1 and FVC), transfer factor (including DLCO and carbon monoxide transfer coefficient (KCO)) corrected for serum 
haemoglobin, and alveolar volume (VA). A study visit was planned in parallel to the outpatient clinic visit. During this study visit, 
general characteristics such as demographics, educational level, smoking, medical history, medication use, self-reported symptoms, 
and health related quality of life were assessed using questionnaires. Clinical data about the acute phase of COVID-19 were collected 
from electronic medical records. 9–12 months later, a second study visit was executed where the same questionnaires were assessed. 
Patients with a FVC and/or FEV1 <90% predicted or DLCO <70% predicted at visit 1, also performed a PFT at visit 2. 

2.2.3. Outcomes 
The outcome of our analyses was pulmonary function 3–6 months after hospital discharge or, if not hospitalized, after positive PCR 

or serology test. Pulmonary function outcomes were expressed as a percentage of predicted values and as z-scores [25–27]. Z-scores are 
independent of age, height, sex and ethnicity (GLI 2012) [25,28]. Pulmonary function is impaired when FEV1, FVC, FEV1/FVC, DLCO, 
or KCO are below the LLN, which means having a z-score < − 1.645 [8,25]. 

2.2.4. Predictors 
Potential predictors of pulmonary function were selected based on literature and clinical expertise within our group. Potential 

predictors included in this study are pulmonary comorbidities (such as chronic obstructive pulmonary disease (COPD), and (fibrotic) 
interstitial lung disease (fILD)), and venous thromboembolism (VTE), pulmonary embolism during acute COVID-19, age, sex, smoking 
((ex)-smoker vs. never smoker), body mass index (BMI) [29–31], COVID-19 severity (defined according to the World Health Orga-
nization (WHO) Clinical Progression Scale, based on oxygen supplementation during acute infection [32]), hospital duration (in days), 
and time since positive PCR (in days). 

2.2.5. Statistical analysis 
To identify demographic and clinical risk factors that were associated with decreased pulmonary function 3–6 months after COVID- 

19, regression analyses were conducted with z-scores of DLCO and FEV1/FVC, and pulmonary restriction (defined as having an FVC <
LLN and FEV1/FVC > LLN) as outcomes. Covariates were selected via the construction of a directed acyclic graph (DAG) (Fig. S1) [33]. 

Fig. 1. Flow chart of the number of studies screened and included in the review.  
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First, univariable linear regression analyses between the potential predictors and pulmonary outcomes were conducted, adjusted 
for time since positive PCR for SARS-CoV-2. For the outcome pulmonary restriction (yes vs. no), logistic regression analyses were 
performed. Before conducting the regression analyses, assumptions were checked [34]. 

Variables that had a significance of p < 0.20 in univariable regression analyses were included in a multivariable model. BMI and 
time since positive PCR for SARS-CoV-2 were included in the model as confounders. We included a product interaction term between 
severity of acute infection and pulmonary embolism during acute infection in the adjusted model to evaluate effect modification. 
Finally, a sensitivity analysis was performed by excluding cases with pulmonary comorbidities and VTE, since these patients are likely 
to have a lower lung function (prior to COVID-19). 

To check whether PFT improved after 9–12 months, lung function of participants that had a DLCO < LLN at visit 1 were compared 
using a paired t-test with their lung function at visit 2. 

Analyses were performed with R version 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria). 

3. Results 

3.1. Systematic review 

With the literature search, a total of 352 papers were found. Fourty papers fulfilled our inclusion criteria. By snowballing we found 
an additional seven papers, therefore 47 studies were included in this review (Fig. 1). Of the 19 studies which were scored with the JBI 
checklist (Table S2), none of the studies scored all eight points and seven studies scored ≤4. The other 12 studies scored between the 5 
and 7 points. The studies that had a low score did not identify confounding factors and did not clearly defined their inclusion criteria. 
Furthermore, all studies clearly described the study subjects and setting and almost all of them described the statistical analysis they 
used. 

Results of all included studies can be found in Table S1. All studies included a population with a mean or median age between 47 

Table 1 
Characteristics of the population (n = 90).   

n (%), mean ± SD or median (25th-75th percentiles) 

Age in years 53.9 ± 6.0 
Sex, male 46 (51.1) 
Ethnicity 

Caucasian 64 (71.1) 
African 6 (6.7) 
Asian 3 (3.3) 
Latin-American 2 (2.2) 
Other/unknown 15 (16.7) 
BMI in kg/m2 30.4 ± 5.4 

Smoking status 
Current 3 (3.3) 
Ex-smoker 48 (53.3) 
Never 39 (43.3) 
Hospitalized 81 (90.0) 
Hospital duration in days 8.0 (4.0–16.0) 
Admitted to ICU 26 (28.9) 

Oxygen supplementation 
None 13 (14.4) 
Non-rebreathing mask 15 (16.3) 
High flow nasal cannula 39 (42.4) 
Non-invasive ventilation 5 (5.4) 
Invasive ventilation 18 (19.6) 

Acute COVID-19 Severitya 

Mild 9 (10.0) 
Moderate 58 (64.4) 
Severe 23 (25.6) 
Pulmonary embolism during COVID-19 15/87 (17.2) 
Pulmonary comorbidities 19/89 (21.3) 
Asthma 15/89 (16.9) 
COPD 4/89 (4.5) 
fILD 2/89 (2.2) 
VTE 9 (10.1) 

Dominant virus typeb 

Beta 25 (27.8) 
Delta 38 (42.2) 
Gamma 14 (15.6) 
Omicron 13 (14.4)  

a According to the WHO Clinical Progression Scale. 
b Virus type which was dominant in the Netherlands at the date of positive PCR or serology test. 
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and 66 years and most studies had an equal distribution of males and females.The majority of the studies were conducted in Europe (n 
= 26) [3,4,35–58],49,51,56,60,62,65,66,67,69,70,74,76,77,79,80,81,83,84], six were conducted in North America [59–64], four in 
South America [65–68] and eleven in Asia [16,17,69–77]. The population of the studies varied between 17 and 1733 with a mean of 
177 participants. Twenty-two studies included only hospitalized patients. Although most studies did report the percentage of par-
ticipants having persistent symptoms, only one study included specifically long COVID patients [35]. Most studies found a FEV1 and 
FVC <80% predicted in approximately 10–20% of the population and a DLCO <80% predicted in approximately 40–50% (Fig. S2). 

Seventeen studies also examined factors associated with decreased lung function 3–6 months after acute COVID-19. Factors that 
were found to be associated with impaired DLCO were: days on oxygen supplementation (coefficient [95% confidence interval (CI)]: 
− 0.44 [− 0.77,− 0.11]) [59], female sex (odds ratio (OR) [95%CI]: 6.00 [1.26,28.55] [69] and 6.22 [2.77,15.04] [36]), longer length 
of hospital stay (r = − 0.518; p < 0.0001 [37] and r = − 0.378; p = 0.002 [38]), obesity (r = − 0.25; p = 0.042 [38]), and higher age (r 
= − 0.41; p < 0.01 [60] and OR [95%CI]: 1.04 [1.00,1.07] [36]). 

3.2. Cohort study 

3.2.1. General demographics 

The mean ± SD (standard deviation) age of our study participants was 53.9 ± 6.0 years, 46 (51.1%) patients were male and their 
mean ± SD BMI was 30.4 ± 5.4 kg/m2 (Table 1). Nineteen patients (21.3%) had a pulmonary comorbidity, of which 14 had asthma, 
two had COPD, one had fILD, one had COPD and asthma, one had COPD and fILD and nine (10.1%) patients had a VTE before infection. 
The majority of patients was hospitalized during the acute infection (90.0%), with a median (25th-75th percentiles) duration of 
hospitalization of 8.0 (4.0–16.0) days and 26 (28.9%) of the patients were admitted to the ICU. Nine (10.2%) patients had a mild acute 
disease, 58 (64.4%) had a moderate disease, and 23 (25.6%) had a severe disease (Table 1). 

3.2.2. Pulmonary function 3–6 months after COVID-19 
The mean ± SD FEV1 % predicted was 91.5 ± 17.1% and 13 (14.4%) patients had a FEV1 z-score < LLN 3–6 months after acute 

COVID-19 (Table 2). The mean ± SD FVC % predicted was 89.8 ± 18.1% and 22 (24.4%) patients had a FVC z-score < LLN. A total of 
22 (24.4%) patients had a restrictive PFT, defined as FVC z-score < LLN and FEV1/FVC z-score > LLN. Mean FEV1/FVC ratio was 80.1 
± 8.0% and seven (7.8%) patients had an obstruction in their PFT, defined as FEV1/FVC z-score < LLN. 

Transfer factor was measured in 89 patients. The mean ± SD DLCO % predicted was 79.9 ± 20.0% and 35 (40.2%) patients had a 
DLCO z-score < LLN. The mean ± SD KCO % predicted (n = 88) was 95.7 ± 16.6% and 10 (11.5%) patients had a KCO z-score < LLN. 

3.2.3. Regression analyses 
Differences are found between DLCO < LLN and DLCO ≥ LLN for age, total hospital duration, severity of acute COVID-19 and 

pulmonary embolism (Table 3). In the univariable regression analysis, associations were found between decreased DLCO and age 
(adjusted difference [95% CI]: − 0.08 [− 0.14,-0.03] per year increase), severe acute COVID-19 (− 1.05 [− 1.80,-0.30]), pulmonary 
embolism during acute COVID-19 (− 0.94 [− 1.84,-0.04]), and male sex (− 0.57 [− 1.24,0.09]) (Table 4). 

Table 2 
Pulmonary function 3–6 months after SARS-CoV-2 infection (n = 90).   

n (%) or mean ± SD 

FEV1 

% predicted 91.5 ± 17.1 
z-score < LLN 13 (14.4) 

FVC 
% predicted 89.8 ± 18.1 
z-score < LLN 22 (24.4) 
Restriction (FVC < LLN + FEV1/FVC > LLN) 22 (24.4) 

FEV1/FVC 
ratio 80.1 ± 8.0 
z-score < LLN (obstruction) 7 (7.8) 

DLCO, n = 89 
% predicted 79.9 ± 20.0 
z-score < LLN 35/87 (40.2) 

KCO, n = 88 
% predicted 95.7 ± 16.6 
z-score < LLN 10/87 (11.5) 

VA, n = 88 
% predicted 83.1 ± 17.1 
z-score < LLN 37/87 (42.5) 

LLN = z-score − 1.645. Abbreviations: DLCO = diffusing capacity for carbon monoxide, 
FEV1 = forced expiratory volume in 1 s, FVC = forced vital capacity, KCO = carbon mon-
oxide transfer coefficient, LLN = lower limit of normal, SD = standard deviation, VA =

alveolar volume. 
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In the multivariable regression analysis, age (− 0.07 [− 0.13,-0.02] per year increase) and severe acute COVID-19 (− 0.80 [− 1.54,- 
0.05]) were independently associated with decreased DLCO, while pulmonary embolism and male sex were not (Table 5). Further-
more, we observed an interaction of pulmonary embolism with severe acute COVID-19 in relation to the DLCO z-score (interaction 
term: β = − 1.52, p = 0.09), meaning if a patient had both a severe acute SARS-CoV-2 infection and pulmonary embolism, the DLCO z- 
score was even lower (Table S3). A sensitivity analysis was performed by excluding cases with pulmonary comorbidities and VTE (n =
26). Of the patients without pulmonary comorbidities and VTE, 36.1% had a DLCO z-score < LLN. There was no difference found 
between the univariable analyses with and without these cases. (Table S4). 

We observed no associations between decreased FEV1/FVC and the predictors (Table S5). When conducting a univariable logistic 
regression analysis for the outcome restrictive PFT, there was a significant association found with pulmonary embolism (OR [95%CI] 
= 7.15 [2.03,27.59]) (Table S6). 

3.2.4. DLCO 12–18 months after COVID-19 
Eighteen participants had a DLCO < LLN at visit 1 and had performed PFT at visit 2. Overall, patients’ DLCO z-scores did improve 

over time (Fig. 2) from mean ± SD -3.1 ± 1.5 at visit 1 to − 2.2 ± 1.4 at visit 2 (p = 0.09). Of these 18 patients, nine patients still have a 
DLCO z-score < LLN. 

4. Discussion 

We reviewed literature for the effect of COVID-19 on pulmonary function tests. Most commonly found in literature was a DLCO 
<80% predicted in approximately 40–50% of the participants, measured between 3 and 6 months after acute COVID-19. Obstructive 
airway disease was only found in a small proportion of the patients. These results are in line with our findings within the P4O2 COVID- 
19 cohort, where we assessed pulmonary function at 3–6 months following acute COVID-19. The mean FEV1 and FVC were slightly 
decreased compared to the predicted scores, however the ratio FEV1/FVC was <LLN in only seven participants. DLCO was impaired in 
almost half of the patients in the cohort. However, after 9–12 months there is some improvement found within the patients with 
impaired DLCO. 

In our literature review we found DLCO <80% predicted in almost half of the participants. Previously published systematic reviews 
and meta-analysis reported impaired diffusion capacity in 30–50% of the participants [19,78–81], which is in line with the results we 
found. The predictors for impaired DLCO that we found with our literature review were older age, female sex, length of hospital stay, 
COVID-19 severity, BMI and d-dimer. Zhi et al. [79] reported female sex, older age, higher d-dimer and urea nitrogen to be risk factors 
for impaired DLCO. 

Although DLCO was decreased in this cohort, KCO was relatively normal compared to predicted values. Alveolar volume was 
decreased in a large proportion of patients. A low DLCO with low VA and relatively normal KCO compared to predicted values leads to 
interpretation consistent with loss of alveolar capillary structure [25]. We did not find an association between BMI and decreased 
DLCO through univariable regression analysis and other studies also did not find this association [37]. Known from literature is that 
obesity does not lead to a lower lung capacity [82]. 

This study showed that age and severe acute COVID-19 were independently associated with a decrease in DLCO at 3–6 months 
following COVID-19. Other studies [16,17,39,40] confirm the association of severe acute COVID-19 and decreased DLCO at follow up, 
although Fortini et al. [41] and Diaz-Fuentes [61] did not find an association between severe acute COVID-19 and decreased DLCO. 
This might be explained by the patient selection since no patients who were admitted to the ICU were included in the cohort of Fortini 
et al. and 20.7% of the included patients were asymptomatic at 3 months post COVID-19 in the cohort of Diaz-Fuentes et al. 

Table 3 
Characteristics of participants with DLCO ≥ LLN and DLCO < LLN.   

DLCO ≥ LLN (n = 52) DLCO < LLN (n = 35) P value 

Age (years), mean ± SD 52.5 ± 5.7 55.9 ± 5.4 0.006 
Sex, male, n (%) 23.0 (44.2) 20 (57.1) 0.238 
BMI (kg/m2), mean ± SD 31.1 ± 5.1 29.9 ± 5.6 0.305 
Smoking status, n (%)   0.696a 

Current 1 (1.9) 2 (5.7)  
Ex-smoker 28 (53.8) 19 (54.3)  
Never 23 (44.2) 14 (40.0)  
Pulmonary comorbidities, n (%) 9/51 (17.6) 10 (28.6) 0.212 
Total hospital duration in days, median (25th-75th percentiles) 7.0 (3.0–9.5) (n = 51) 16.0 (7.0–52.0) <0.001 

Severity of acute COVID-19, n (%)   0.006b 

Mild 9 (17.3) 0 (0.0)  
Moderate 34 (65.4) 21 (60.0)  
Severe 9 (17.3) 14 (40.0)  
Pulmonary embolism during COVID-19, n (%) 4/49 (8.2) 11 (31.4) 0.008 

LLN = z-score − 1.645. Variables with p < 0.05 are marked bold. Abbreviations: BMI = body mass index, DLCO = diffusion capacity for carbon 
monoxide, LLN = lower limit of normal, SD = standard deviation. 

a Current + ex-smokers compared to never smokers. 
b Severe cases compared to mild + moderate cases. 
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We did not find an independent association between DLCO and sex, however, many studies did find this association [69,36,42,65]. 
The discrepancy between the findings from our study and findings from previous studies could be due to differences in study popu-
lation. Salem et al. [69] found an association between decreased DLCO and female sex, but they excluded severe cases. Safont et al. 
[42] found an association between decreased DLCO and male sex, but they only studied hospitalized cases with pneumonia. Our cohort 

Table 4 
Univariable associations between potential predictors and DLCO z-score 3–6 months after SARS-CoV-2 infection.  

Predictors β (95%CI) 

Unadjusted Adjusteda 

Age (years) ¡0.08 (-0.14, -0.03) ¡0.08 (-0.14, -0.03) 
Male sex ¡0.58 (-1.24, 0.09) ¡0.57 (-1.24, 0.09) 
BMI (kg/m2) 0.02 (− 0.04, 0.09) 0.02 (− 0.04, 0.09) 
Smoking (current + ex)b − 0.01 (− 0.70, 0.67) − 0.01 (− 0.70, 0.68) 
Pulmonary comorbiditiesb − 0.46 (− 1.27, 0.35) − 0.51 (− 1.33, 0.32) 
Severe acute COVID-19b ¡1.00 (-1.74, -0.27) ¡1.05 (-1.80, -0.30) 
Pulmonary embolism during COVID-19b ¡0.94 (-1.81, -0.06) ¡0.94 (-1.84, -0.04) 

For this analysis, univariable linear regression was performed. Predictors with p < 0.20 are marked bold. Abbreviations: BMI = body 
mass index, CI = confidence interval, DLCO = diffusion capacity for carbon monoxide, PCR = polymerase chain reaction. 

a Adjusted for time since positive PCR test (in days). 
b Additionally adjusted for BMI. 

Table 5 
Multivariable association between potential predictors and DLCO z-score 3–6 months 
after SARS-CoV-2 infection.  

Predictors β (95%CI)a 

Age (years) ¡0.07 (-0.13, -0.02) 
Male sex − 0.27 (− 0.98, 0.44) 
Severe acute COVID-19 ¡0.80 (-1.54, -0.05) 
Pulmonary embolism during COVID-19 − 0.60 (− 1.47, 0.28) 

For this analysis, multivariable linear regression was performed. Predictors with p <
0.05 are marked bold. Abbreviations: BMI = body mass index, CI = confidence in-
terval, DLCO = diffusion capacity for carbon monoxide, PCR = polymerase chain 
reaction. 

a Adjusted for time since positive PCR test (in days) and BMI. 

Fig. 2. Plot of visit 1 and visit 2 of patients (n = 18) who had a DLCO < LLN at visit 1. The red line represents the LLN of z = − 1.645. Abbreviations: 
DLCO = diffusion capacity of carbon monoxide, LLN = lower limit of normal. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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consists of both hospitalized and non-hospitalized cases and consists of patients with different grades of severity of the acute infection. 
The results of this study add to the understanding of pulmonary function test changes that exist 3–6 months after acute COVID-19. 

Underlying mechanisms, such as immunological [83], cardiac [84] and metabolic alterations [85] following COVID-19 could also 
explain decreased physical functioning. Because of this, it is necessary to further improve our understanding of persisting alterations 
following COVID-19 in a multidisciplinary way. Further research is warranted to establish the role of decreased pulmonary function in 
persisting morbidity following SARS-CoV-2 infection and to identify other underlying mechanisms that may be treatable. 

When looking at 12–18 months after SARS-CoV-2 infection, patients with impaired DLCO in our cohort show some improvement. 
This is in line with existing literature investigating DLCO one year after SARS-CoV-2 infection. Tarraso et al. [36] reported that 53.8% 
of patients had diffusion impairment (<80% of predicted DLCO) at 60 days and one year later this percentage decreased to 39.8%. 
Steinbeis et al. [43] observed improvement in DLCO up to one year among patients with impaired pulmonary function at six weeks 
(defined as TLC, FVC and/or DLCO < LLN). Notably, literature with a two-year follow-up indicated an initial recovery from six months 
to one year after infection, with no further improvement beyond one year [86]. However, due to the limited studies assessing pul-
monary function at least one year after SARS-CoV-2 infection, more research is needed to determine the long lasting consequences of 
SARS-CoV-2 infection on pulmonary function in post COVID-19 patients. 

4.1. Strengths and limitations 

This study has several limitations. First, because of the studies prospective nature, lung function of the participants was not 
measured prior to COVID-19. There was also no control group available to use in this study. Therefore, it cannot be ruled out that 
alterations in pulmonary function already existed before SARS-CoV-2 infection or if they were due to other factors. However, we did 
conduct a sensitivity analysis where we excluded cases which already had a pulmonary comorbidity or VTE and there was no dif-
ference in predictors compared to the whole cohort. The findings in the literature review on pulmonary function are in the same 
direction as ours, which strengthens our findings. Furthermore, two studies included in the review did include a control group of 
healthy individuals (one study included non-smokers with no history of pulmonary disease and the other study included age and 
gender-matched healthy individuals without any acute diseases) and found that DLCO, FVC and FEV1 at 3–6 months after infection 
were significantly lower in post COVID-19 patients compared to the controls [69,70]. Second, a selection bias is presumable present 
because patients with a high burden of persisting symptoms were more likely to participate in this study than patients who recovered 
more quickly. Since there might have been selected patients with a high burden of disease in the cohort, alterations in pulmonary 
function following acute COVID-19 might be more prevalent than in other populations. Another limitation is that we were not able to 
measure the variant of SARS-CoV-2 infection our patients had. The variant could affect the severity of the acute infection and therewith 
affect the transfer factor. However, we do know which variant was most dominant per time period, but the numbers per variant were 
too small to use in the regression analysis. 

This study also has multiple strengths. First, we made use of the lower limit of normal values and z-scores. It has recently been 
advised in the European Respiratory Journal to make use of these values, as the lower limit of normal can better predict alterations in 
transfer factor than predicted values [25]. Another strength is that we made use of multivariable regression analysis to assess potential 
predictors for decreased pulmonary function test. This enabled us to evaluate individual risk factors for pulmonary dysfunction, taking 
into account that several risk factors were strongly related to one another and could act as confounders. Finally, in contrast to many 
other studies on long COVID in which all post COVID-19 patients were included, the current study focuses on patients that experience 
persisting symptoms, which can lead to valuable new insights on long COVID patients specifically. 

5. Conclusions 

In the P4O2 COVID-19 cohort, diffusion capacity for carbon monoxide was decreased at 3–6 months following acute COVID-19. 
However, half of the patients show an improvement in their diffusion capacity over time. Severe acute COVID-19 and higher age 
were independently associated with a decreased DLCO at 3–6 months following acute COVID-19. This is in line with the results of the 
studies included in the review. 
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