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Abstract 

Background

Coronavirus disease 2019 (COVID-19) is a highly contagious infectious disease 

caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) responsi-

ble for millions of deaths and substantial morbidity worldwide. Several studies report 

that up to 50% of individuals who recover from acute SARS-CoV-2 infection expe-

rience a plethora of long-COVID symptoms that may persist for weeks, months, or 

even up to a year. Abnormal pulmonary function is one of the most critical manifesta-

tions of long-COVID, even after recovering from COVID-19. Understanding the long-

term pulmonary consequences and immune response among individuals recovering 

from COVID-19, who experienced disease severity ranging from mild to severe, is 

crucial for comprehensive post-recovery care and vaccination strategies.

Methods

This prospective case-control study included 29 individuals who had recovered from 

COVID-19 with a history of mild to severe symptoms and 64 controls. Assessments 

of pulmonary functional measures, such as FVC, FEV1, FEV1/FVC ratio, FEF, 

MEF, and PEF were carried out following recovery from COVID-19. Additionally, IgG 

antibody responses were examined by ELISA for up to six months through multiple 

follow-ups following two doses of vaccination, with an additional follow-up 30 days 

after the booster dose (third dose).
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Results

Pulmonary functional abnormalities were prevalent in the recovered group, which 

had previously exhibited varying symptom severity (53% mild, 66% moderate, and 

50% severe) compared to the control group (23%). Higher IgG antibody titers were 

observed among the recovered group, with significantly elevated titers in severe and 

moderate cases following vaccination. After vaccination, the recovered group showed 

significantly higher titers at day 14, particularly in the severe (1418 IU/mL) and mod-

erate (1390 IU/mL) groups, compared to the control group (968 IU/mL) (p < 0.005). 

Notably, antibody titers were negatively correlated with pulmonary function test (PFT) 

parameters such as Forced Vital Capacity (FVC) and Forced Expiratory Volume in 

1 second (FEV1). All groups experienced a significant (p < 0.005) decrease in anti-

body titers within 90−120 days after receiving two doses of vaccination. After five to 

six months, antibody titers returned to baseline levels, highlighting the importance 

of vaccination and additional booster doses regardless of previous infection history. 

Overall, our study underscores the significance of pulmonary function assessment 

post-COVID-19 recovery for long-term respiratory health and emphasizes the impor-

tance of vaccination regardless of infection history.

Conclusion

To assess the impact of long-COVID on respiratory health, this study underscores 

the importance of evaluating pulmonary function in individuals, whether they had 

symptomatic or asymptomatic COVID-19. Furthermore, the findings from the immune 

response analysis highlight the critical role of vaccination, regardless of infection 

history, as a key strategy of pandemic preparedness.

Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) causes Coro-
navirus Disease 2019 (COVID-19), a highly transmissible viral infection that has 
had a profound impact on global public health. The World Health Organization 
(WHO) declared COVID-19 a pandemic in March 2020, and it has since been 
responsible for over 600 million cases worldwide, with significant mortality and 
morbidity [1,2]. In Bangladesh, the first COVID-19 case was identified on March 8, 
2020 [3].

Patients with COVID-19 may exhibit a variety of subclinical and clinical manifesta-
tions, ranging from mild infection to severe respiratory disorders, systemic disease, 
and multi-organ failure [4].

Infection with SARS-CoV-2 typically affects the lung, where patients with COVID-
19 have diffused alveolar damage, bronchiolitis, alveolitis, and interstitial fibrosis 
in their lung pathology [5,6]. Even after recovering from COVID-19, patients may 
continue to experience lung issues, which can cause breathing difficulties and result 
in abnormal results on pulmonary function tests [7]. Clinical studies have highlighted 
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that COVID-19 survivors may exhibit persistent lung abnormalities even months after recovery, including diffused alveolar 
damage, bronchiolitis, and interstitial fibrosis [8,9].

Moreover, in COVID-19 patients with mild to moderate symptoms, spirometry and other pulmonary function tests (PFT) 
tests showed decreased Forced Vital Capacity (FVC) and total lung capacity (TLC), and symptoms included reduced 
diffusing capacity, lower exercise capacity, and impaired respiratory-muscle strength [10,11]. This poses significant risks 
not only for individual patients but also for public health, as lingering respiratory issues may increase healthcare demand 
and contribute to long-term disability, particularly in vulnerable populations such as the elderly and those with pre-existing 
conditions.

A follow-up study of 76 COVID-19 survivors in Wuhan Union Hospital for three months after discharge revealed per-
sistent impairment in Forced Expiratory Volume in the First Second (FEV1), FEV1/FVC ratio, and Diffusing Capacity for 
Carbon Monoxide (DLCO) in about 32.42% of cases [12].

However, pulmonary dysfunction is influenced by the host-pathogen complex’s interaction, local and systemic 
immune responses to SARS-CoV-2, and viral spread in the respiratory tract [13,14]. The immune response against 
respiratory viruses like SARS-CoV-2 involves quick innate immune mechanisms followed by later adaptive immune 
mechanisms [15,16]. Innate immune mechanisms, which respond quickly, are followed by adaptive immune mecha-
nisms involving B and T lymphocytes, which result in antibody and cytokine-mediated responses, providing defense 
against respiratory viruses like SARS-CoV-2 [17]. Pathogen- specific T cell responses are difficult to measure in 
routine diagnostic settings, whereas B cell-mediated immunity can be more easily monitored through the quantitative 
measurement of antibody levels using Enzyme Linked Immunosorbent Assay (ELISA) against SARS-CoV-2 spike (S) 
glycoprotein and its receptor-binding domain (RBD), as well as the nucleocapsid (N) protein, reported as the most 
immunogenic [18–20].

Three antibody isotypes like IgM, IgG, and IgA are primarily produced in response to respiratory infections, with IgG 
remaining in the serum for months to suggest comparatively long-lasting protection [21–23]. However, it is well known that 
the humoral immune response to infection can have both beneficial and detrimental effects, as it can serve as a protec-
tive mechanism to resolve the infection while also aggravating tissue injury. In SARS, for example, the IgG response can 
result in fatal acute lung injury by skewing the inflammation-resolving response [24]. The global spread of the SARS-
CoV-2 pandemic has been altered by the introduction of vaccines against the virus, lowering both viral transmission and 
disease burden. On February 7, 2021, Bangladesh began administration of COVID-19 vaccinations. However, immunoas-
says for the quantitative detection of antibodies against SARS-CoV-2 infection are important due to the fact that there are 
still a number of cases of breakthrough infections even after receiving the full dose of vaccination [25]]. Moreover, while 
the long-term antibody response in COVID-19 disease has not yet been fully established, evidence indicates a significant 
decrease in antibody concentrations 3–4 months after the onset of symptoms as well as among the vaccinated people 
[26,27]. It has been questioned whether administering a third dose of the vaccine, also known as the booster dose, is nec-
essary to increase protection against SARS-CoV-2 infection given the decline in circulating antibodies, which could have 
an impact on public health policy to mitigate the pandemic by directing vaccination strategies. Therefore, knowledge of the 
duration and breadth of antibody responses after SARS-CoV-2 infection as well as vaccination is vital for understanding 
the role that antibodies might play in disease clearance and protection from reinfection and/or severe disease and vaccine 
effectiveness [28]. In addition, these antibodies usually demonstrate a sufficient correlation with antiviral immunity, and 
anti-receptor- binding domain antibody levels correspond to plasma viral neutralizing activity as well as disease sever-
ity [29]. According to earlier research, SARS-CoV-2 antibody titers are correlated with severe clinical manifestations of 
COVID-19. Nevertheless, it is still unknown if clinical manifestations cause a high antibody response or if a high SARS-
CoV-2 antibody titer exacerbates clinical manifestations [30,31]. Since SARS- CoV-2-specific antibody concentrations 
during the clinical course of COVID-19 are still debatable, previous infection and pre-existing antibodies may have some 
bearing on the severity of the disease and vaccine effectiveness.
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Considering a social perspective, long-term respiratory impairments can limit an individual’s ability to work, study, and 
participate in daily activities, leading to economic hardship and social isolation [13]. This is particularly concerning in 
low- and middle-income countries (LMICs) like Bangladesh, where many families rely on manual labor for income, and 
health-related disabilities can have a ripple effect on entire households [32].

Therefore, understanding the long-term impact of COVID-19 on lung health is critical to designing public health strate-
gies that address the physical, mental, and economic consequences of the pandemic.

This study aims to explore the long-term sequel of SARS-CoV-2 infection on pulmonary health among the COVID-19 
recovered group and a control group. Specifically, the association between disease severity history (ranging from mild to 
severe) and pulmonary function as well as immune response dynamics following vaccination.

Materials and methods

Study population and sites

This is a prospective case-control longitudinal study conducted by the Institute for Developing Science and Health Ini-
tiatives (ideSHi), Dhaka in collaboration with Ingenious Health Care Limited, Dhaka, from November 2021 to November 
2022 in Bangladesh. The National Research Ethics Committee (NREC) of the Bangladesh Medical Research Council 
(BMRC) has approved the study (Ref: BMRC/NREC/2019–2022/432; Registration Number: 41318052021). Accord-
ing to the regulations and guidelines of the “Declaration of Helsinki,” written informed consent was obtained from each 
participant.

Following informed consent, participants underwent RT-PCR testing for SARS- CoV-2 using Nucleic Acid Diagnos-
tic Kit, 2019-nCoV (Sansure Biotech Inc, Changsha, PR China) following the manufacturer’s instructions. Those who 
tested negative by RT-PCR and were aged ≥ 18 years were eligible to enroll in the study. A total of 93 participants 
were enrolled in this study, of whom 29 recovered from COVID-19 with different disease severity histories and 64 
were controls. All the participants who recovered from COVID-19 had symptomatic disease history and were further 
divided into three groups including mild, moderate, and severe following WHO guidelines depending on their prior 
infection histories such as clinical symptoms and oxygen saturation (SpO2) report [33]. In short, severity criteria were 
defined as follows:

i) Mild illness: Individuals who have any of the various signs and symptoms of COVID-19 (e.g., fever, cough, sore 
throat, malaise, headache, muscle pain, nausea, vomiting, diarrhea, loss of taste or smell) but who do not have short-
ness of breath, dyspnea, or abnormal chest imaging. ii) Moderate illness: Individuals who show evidence of lower 
respiratory disease during clinical assessment or imaging and who have an oxygen saturation (SpO

2
) ≥94% on room 

air at sea level. iii) Severe illness: Individuals who have SpO2 < 94% on room air at sea level, a ratio of arterial partial 
pressure of oxygen to fraction of inspired oxygen (PaO

2
/FiO

2
) <300 mm Hg, respiratory frequency >30 breaths/min, or 

lung infiltrates >50%.
The control group was defined as individuals who never tested positive for SARS-CoV-2 by RT-PCR despite being 

tested multiple times and never exhibited COVID-19 symptoms at any point during the pandemic before enrollment in this 
study. Participants were recruited from Anwar Khan Modern Medical College and Hospital, Ingenious Health Care Limited, 
and the community level in the Dhaka division. After enrollment, socio-demographic and clinical information were collected 
using a standardized questionnaire developed for this study. All enrolled participants received two doses of the COVID-
19 vaccine (BNT162b2, COMIRNATY) following enrollment in the study. Further, they received a booster dose (similar 
vaccine) six months later, following the Bangladesh government vaccination policy. Blood samples were collected at nine 
different time points: once before vaccination, followed by seven additional collections after the two vaccine doses on days 
14, 30, 60, 90, 120, 150, and 180, and finally, one sample 30 days after the booster dose to comprehensively evaluate the 
immune response over time. Collected blood specimens were subjected to several laboratory tests over the study period 
(Fig 1).
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Sample collection and laboratory tests

A total of 8 mL of blood was drawn, with 4 mL in a lavender-topped tube for biochemical and hematological tests, including 
complete blood count (CBC), random blood sugar (RBS), SGPT, and serum creatinine, and 4 mL in a red-topped tube 
for SARS-CoV-2 RBD-specific IgG quantification. The biochemical and hematological tests were performed twice: once 
before vaccination and again one month after the two vaccine doses.

Enzyme-linked immunosorbent assay (ELISA)

Following the manufacturer’s instructions, we used the WANTAI SARS-CoV-2 IgG ELISA Kit (Quantitative) to analyze 
the IgG antibody response specific to RBD in sera collected from all of the participants measured at multiple time points 
(Fig 1).

Pulmonary functional test (PFT)

A standard spirometry test was performed on each patient using a MicroQuark COSMED spirometer (The Metabolic 
Company, Italy) to measure their forced expiratory volume in the first second (FEV1), Forced Vital Capacity (FVC), FEV1/
FVC ratio, Forced Expiratory Flow (FEF), Maximal Expiratory Flow (MEF) and Peak Expiratory Flow (PEF). The results 
were presented as a percentage of the predicted values compared with the normal values for the Bangladeshi population. 
Values were chosen from the best of three attempts, and %predicted normal values were taken as >80% of normal [34].

Spirometry tests were first performed on the study participants. For those with pre- bronchodilation (BD) parameters 
below 80%, a bronchodilator (400 mcg salbutamol) was administered, and spirometry measurements were taken again 
afterwards. The interval between pre- and post-BD spirometry measurements was 15 minutes. All PFTs were supervised 
by the same well-trained technician and carried out at Ingenious PulmO-FIT Health Care Limited, Dhaka, Bangladesh. 
PFTs were supervised by the same well-trained technician carried out at Ingenious PulmO-FIT Health Care Limited, 
Dhaka, Bangladesh.

Statistical analysis

Continuous variables are reported as medians and interquartile ranges (IQR) and categorical variables are reported as 
frequencies and percentages. Demographics and clinical characteristics of the study participants were compared between 
groups using Kruskal-Wallis rank sum test and Fisher’s exact test as appropriate. The Wilcoxon signed-rank test was 

Fig 1.  Flowchart of the study participants’ enrollment, follow-up, and laboratory experiments conducted during the study period. ELISA, Spi-
rometry and Biochemistry tests were performed at several time points throughout the study period.

https://doi.org/10.1371/journal.pone.0318959.g001

https://doi.org/10.1371/journal.pone.0318959.g001
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used to calculate p-values for the Pattern of PFT parameters %predicted value changes among bronchodilator recipi-
ents. Correlation analysis between SARS-CoV-2 IgG antibody titers and pulmonary function parameters was conducted 
using the Pearson correlation coefficient. The Pearson correlation test was also used to calculate p-values for compar-
ing age-specific distribution of SARS-CoV-2 IgG antibody titer and PFT parameters across the study population. Data 
processing, statistical analysis, and creation of figures were done with R statistical software (version 4.3.1). Regarding 
missing data, we plan to exclude participants for whom vaccine immune response status (different follow-up day points) 
could not be determined. For all tests, statistical significance was defined using a two-sided significance level of α = 0.05 
and p < 0.05 was considered statistically significant.

Results

Study population with demographic and clinical characteristics

The study enrolled a total of 93 participants: 29 who had experienced COVID-19 with varying severities (15 mild, 6 mod-
erate, and 8 severe) and had recovered within the last 1–18 months, and 64 participants as controls. Participants in the 
study had a median age of 34 years (interquartile range: 18–67 years), and 67.7% of them were male. Among the recov-
ered groups, the majority of the participants in moderate and severe group were female.

Severe and moderate groups where median age found 47.5 most of them were female. All the recovered groups had 
elevated BMIs; the moderately symptomatic group had the highest BMI (30 kg/m2) compared to the other mild, severe, 
and control groups. When comparing comorbidities, the most prevalent co-morbidities among the recovered group were 
diabetes, asthma, and hypertension. The most prevalent signs and symptoms among the study groups during enrollment 
were flu-like symptoms, muscle aches, and joint pain (Table 1).

Hematological and biochemical parameters before and after vaccination

Prior to vaccination and one month after receiving the two doses, collected blood samples were tested for hematology. 
Overall, no significant differences were observed between the study groups in biochemistry and hematology findings 
during pre- and post-vaccination periods. Hematology test results showed that none of the study group’s hemoglobin 
levels were abnormal. Moreover, no significant difference was observed in the overall white blood cell count (WBC) as 
well as differential count across the study groups. However, more elevated neutrophil counts were observed in the severe 
group than in the other recovered groups (severe 68% vs. mild 57% vs. moderate 56%). The moderate symptomatic 
group had the highest lymphocyte count (31%) compared to the other groups. Other parameters, such as creatinine and 
RBS values, remained almost consistent across the study group (Table 2).

Pulmonary function tests assessment

In all groups, the pulmonary functional test (PFT) was evaluated prior to vaccination and 30 days after two vaccination doses.

Pulmonary function assessment before vaccination

All the participants were tested for PFT parameters for pulmonary functionality assessment. The study physician adminis-
tered bronchodilators to 31 participants, including 4 severe, 4 moderate, 8 mild, and 15 controls based on the FVC normal 
range by age, sex, and study physician discretion. The median %predicted scores of FVC and FEV1 were below 80% in 
all recovered groups (mild to severe) before and after bronchodilation. However, median %predicted values of FEV1/FVC 
were found to be normal in all study groups (Fig 2). Overall, recovered groups (moderate and severe) showed lower PFT 
%predicted scores compared to others during spirometry tests before vaccination (S1 File).

Moreover, abnormal spirometry values were observed in several cases. Abnormal and below <80% FVC scores were 
found in the 66% moderate group followed by 61% mild, 57% severe, and 23% control group. Similar patterns were 
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observed for FEV1 values (Fig 3). Additionally, we noted several paradoxical cases of bronchoconstriction in which PFT 
values declined even following bronchodilation. Of these, two mild, one moderate, and four severe—showed a decrease 
in the FVC %predicted score following bronchodilator (Fig 3).

Pulmonary function assessment after vaccination

Additionally, we looked at the aforementioned PFT parameters 30 days after two doses of vaccination for 59 control, 10 
mild, 4 moderate, and 3 severe participants. However, bronchodilator was given to a total of 15 participants, of whom 
13 were controls, 1 severe, and 1 mild based on the FVC normal range by age, sex, and study physician discretion. 
Pre-bronchodilation FVC mean %predicted scores found the lowest severe group in the severe group (73%) and mild 

Table 1.  Demographic and clinical characteristics of the study participants at the time of enrollment.

Characteristics Mild (n = 15) Moderate (n = 6) Severe (n = 8) Control (n = 64) P value

Demography

Age (years), median (IQR) 33(18-67) 47.5(34-65) 47.5(23-65) 32(19-64) 0.267

  Young Adult 7 (47%) 0 1 (13%) 27 (42%) 0.018

  Middle Aged 7 (47%) 4 (67%) 5 (63%) 35 (55%)

  Elderly 1 (7%) 2 (33%) 2 (25%) 2 (3%)

Male gender,
number (%)

11(73) 1(17) 3(37) 48(75) 0.011

  BMI (kg/m2),
median (IQR)

27(19-42) 30(25 –40 ) 27(21 –34) 26(17-34) 0.394

Smoker, number (%) 4(26.7) 0(0.00) 0(0.00) 1(1.56) 0.075

Physical examination
(median, IQR)

  Heart rate (beats/min) 82(62-105) 100(80-118) 98(85-120) 87(63-120) 0.283

  Respiratory rate 22 (16 –28 ) 20 (18 –24) 23 (18 –24 ) 22 (14-93) 0.442

  Systolic (mm/Hg) 120 (100-140) 125 (110-140) 120 (110-160) 120 (100-150) 0.389

  Diastolic (mm/Hg) 80 (80 –90) 80 (70 –80) 80 (80 –90) 80 (60-100) 0.215

Co-morbidities (number)

  Hypertension 2 2 5 7 0.004

  Chronic pulmonary disease 4 2 1 3 0.066

  Asthma 2 1 1 6 0.803

  Diabetes 2 2 3 10 0.248

Clinical symptoms
(number)

  Flu like symptoms 5 3 4 25 0.813

  Chest pain 2 0 2 1 0.024

  Muscle aches 1 2 2 5 0.085

  Joint pain (arthralgia) 1 3 3 7 0.017

  Fatigue/Malaise 0 1 2 3 0.172

  Shortness of breathing 4 1 0 3 0.038

  Conjunctivitis 3 2 1 5 0.106

  Screen rash 2 0 2 2 0.061

Family/ contact history
(COVID-19)

10(83.3) 5(83.3) 7(87.5) 6(9.3) 0.000

Data are presented as Median (IQR) and n (%). The Kruskal-Wallis rank sum test and Fisher’s exact test were used to calculate p values, respectively.

https://doi.org/10.1371/journal.pone.0318959.t001

https://doi.org/10.1371/journal.pone.0318959.t001
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(72%) group, followed by the control group (80%) and moderate group (87%) (Fig 2). In one case of mild and one case 
of severe participants, the FVC %predicted score even dropped (Fig 3). The FEV1%predicted score improved slightly but 
stayed below 80 among the 13 controls who were given bronchodilators. Likewise, in one mild case and one severe case, 
the FEV1 score did not rise above 80. Before bronchodilation, all study groups exhibited mean FEV1/FVC %predicted 
scores greater than 80. One moderate and one severe PEF L/s measurement subject did not show score improvement 
even after bronchodilation. Furthermore, even after bronchodilation, the predicted score for FEF (25–75)% for 10 control, 
1 mild, and 1 severe participant remained below 80 (Fig 3).

Fig 2.  %predicted values for PFT parameters in the study groups were taken before and after vaccination. These parameters include Forced 
Vital Capacity (FVC), Forced Expiratory Volume in 1 Second (FEV1), FEV1/FVC ratio, Peak Expiratory Flow (PEF), Forced Expiratory Flow (FEF), and 
Maximal Expiratory Flow (MEF). Pre-V (Pre-Broncho) and Pre-V (Post-Broncho) represent PFT values obtained before and after the bronchodilation 
which was carried out before immunization. Post-V (Pre-Broncho) and Post-V (Post-Broncho) represent PFT values obtained before and after broncho-
dilation, which was performed after immunization.

https://doi.org/10.1371/journal.pone.0318959.g002

https://doi.org/10.1371/journal.pone.0318959.g002
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Duration and breadth of SARS-CoV-2 RBD specific antibody

This study evaluated the duration and breadth of SARS-CoV-2 RBD-specific antibody titer (IU/mL) before and after 
vaccination at different follow-up day points among the study groups. The seropositive cut-off value was ≥ 1 as per the kit 
manual.

Before vaccination, 47% of mild, 67% of moderate, and 100% of severe symptomatic individuals were seropositive 
where severe symptomatic group had the highest pre-vaccination antibody levels at 221.54 IU/mL followed by the mild, 
moderate, and control groups at 119.62 IU/mL, 51.74 IU/mL, and 24.94 IU/mL, respectively. All study groups exhibited 
their highest antibody titers on day 14 following two vaccine doses. Among the recovered group with varying symptom 
severity (mild to severe), antibody titers were significantly higher than in the control group (p < 0.005), where the severe 

Fig 3.  Pattern of PFT parameters %predicted value changes among the participants who received bronchodilator. Here, Pre-Broncho indicates 
the PFT %predicted values before the bronchodilator was given and Post-Broncho means PFT %predicted values after bronchodilator was administered. 
p-values were determined using the Wilcoxon signed-rank test.

https://doi.org/10.1371/journal.pone.0318959.g003

https://doi.org/10.1371/journal.pone.0318959.g003
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group showed the highest titer (1418 IU/mL) (Fig 4). However, a significant decline in antibody levels was observed 
between 90–120 days post-vaccination, particularly in the mild and control groups, though titers remained above baseline 
for up to 5–6 months within the study period. Interestingly, some symptomatic individuals showed increased titers at 3–4 
months, suggesting potential breakthrough infections. Six months post-vaccination, a booster dose was administered. 
After 30 days post-booster vaccination, antibody titers significantly increased across all groups, with the severe group 
showing the highest increase (2368.01 IU/mL), about 1.5 times higher compared to the second dose (Fig 4). Overall, anti-
body response findings suggest the importance of vaccination (booster dose) regardless of infection history.

Correlation between SARS-CoV-2 IgG antibody titer and Pulmonary Functional Parameters

This study examined the correlation between pulmonary function tests (PFTs) and SARS-CoV-2 IgG antibody titers. Neg-
ative correlation was observed between FVC and IgG antibody titers across all groups, with the severe group showing the 
strongest correlation (r = −0.58, p = 0.18). Similarly, a negative correlation for FEV1 was found, with the severe group hav-
ing the highest correlation (r = −0.45, p = 0.31) (Fig 5). FEV1/FVC showed a positive correlation across all groups, compa-
rably higher in the mild to moderate group (r = 0.52, p = 0.02).. While the control group showed weak negative correlations 

Fig 4.  Duration and breadth of SARS-CoV-2 RBD-specific IgG antibody (IU/mL) response. Antibody titers were measured over six months follow- 
ups following several time points including day14, day30, day60, day90, day120, day150, day 180 and a further 30 days after booster dose among the 
study groups.

https://doi.org/10.1371/journal.pone.0318959.g004

https://doi.org/10.1371/journal.pone.0318959.g004
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for PEF, FEF (25–75%), and MEF50%, the mild to moderate group displayed very weak positive correlations, and the 
severe group showed higher positive correlations (Fig 5).

We also found higher antibody titers among the individuals who showed abnormal PFT values compared to the individ-
uals with normal PFT values (Fig 6).

Age-specific distribution of SARS-CoV-2 IgG antibody titer and PFT parameters

All the participants were included in a subsequent analysis to look into correlations between IgG levels and age. A weak 
positive correlation was found between IgG levels and participant age at day 30 after the second vaccination dose, with a 
similar trend observed 30 days after the booster (Fig 7).

Additionally, negative correlations were identified between age and PFT parameters except for FEF(25–75%) (Fig 8).

Fig 5.  Correlation between pulmonary functional parameters (PFTs) and SARS-CoV-2 IgG antibody titers (IU/mL). Antibody titers were measured 
after 14 days of two doses of vaccination among the study groups including the control, mild to moderate symptomatic group (MI to MO) and severe 
symptomatic group (SE) recovered from COVID-19. PFT parameters are presented in %predicted score value. The Pearson correlation method was 
used to calculate p-values.

https://doi.org/10.1371/journal.pone.0318959.g005

https://doi.org/10.1371/journal.pone.0318959.g005


PLOS One | https://doi.org/10.1371/journal.pone.0318959  July 11, 2025 13 / 21

Discussion

To the best of our knowledge, this is the first prospective study in Bangladesh assessing pulmonary function among indi-
viduals who have recovered from COVID-19 after experiencing mild to severe symptoms. Additionally, the study includes 
a longitudinal evaluation of immune responses to investigate the duration and breadth of IgG antibody levels for up to six 
months following vaccination.

Importantly, this study highlights important information about the long-term effects of COVID-19 on pulmonary func-
tion and the impact of vaccination, considering immune response (IgG antibody) among these aforementioned groups. 
Substantial geographic variation persists in the clinical presentations of symptomatic patients with SARS-CoV-2 infection, 
showcasing a diverse spectrum of symptoms and severity. The intricate interplay between COVID-19 infection history, 
varying disease severity, comorbidities’ impact on post-recovery pulmonary status, and vaccine-induced host immune 
responses poses a challenging yet vital avenue for research.

A nuanced understanding of COVID-19 recovery conditions, particularly in the context of pulmonary functional assess-
ment, holds the potential to unveil therapeutic approaches and enhance the monitoring and evaluation of COVID-19 
patients. The current study’s findings revealed that there were no significant differences in hematological and biochemical 
parameters observed before and after vaccination among the recovered group and the control group. However, neutro-
phil and lymphocyte counts were found to be higher among the moderate symptomatic group compared to other groups 
(Table 2). In addition to having higher neutrophil and platelet counts overall, the COVID-19 infection history with moder-
ate disease severity group also had a higher MCV and MCH differential count, which was consistent with previous study 
findings [35,36].

Fig 6.  PFT parameters vs antibody titers. SARS-CoV-2 IgG antibody titer (IU/mL) among the study participants with PFT %predicted score with nor-
mal and abnormal values observed before and after vaccination, *** = p < 0.001.

https://doi.org/10.1371/journal.pone.0318959.g006

https://doi.org/10.1371/journal.pone.0318959.g006
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While observing the pulmonary function assessment, the symptomatic group had the lowest mean %predicted 
score for FVC and FEV1. When we analyzed the mean FVC% projected scores, the moderate group experienced the 
lowest score (65.5%), followed by the severe group (71%). Moreover, FVC% predicted scores of below 80% were 
found in 61% of the mild, 67% of the moderate, and 57% of the severe group. However, compared to previous studies 
where pulmonary function was observed three to six months after symptom onset, the current study found a higher 
number of abnormal pulmonary function cases [37,38]. When bronchodilators were given, FVC %predicted scores 
improved in 1 of 4 moderate, 4 of 8 mild, and 11 of 15 control group participants, but none in the severe group. Sur-
prisingly, FVC scores declined in all severe cases and in some mild (2), moderate (2), and control (3) participants after 
bronchodilation (Fig 3). Such paradoxical bronchoconstriction with respiratory distress has been reported in several 
studies [39,40]. Bronchodilators are prescribed to relax airway smooth muscle and improve airflow. Paradoxical 
bronchoconstriction with resulting decreased airflow occurs in some patients even after administration of bronchodila-
tors. Paradoxical bronchoconstriction with resulting decreased airflow occurs in some patients after administration of 
bronchodilators.

Allergic reactions to inert constituents such as emulsifying agents, propellants, preservatives or even contaminants, 
inhalational technique or the characteristics of the solution (e.g., pH), β-receptor polymorphisms can contribute to para-
doxical response [41–43]. However, the exact mechanism is still not clear where this paradoxical acute bronchoconstric-
tion remains to be determined.

Similar findings were observed for FEV1%predicted scores. However, all groups showed %predicted score above 80 
for FEV1/FVC. Additionally, PEF L/s and FEF (25−75%) showed no discernible differences. Moreover, %predicted scores 
for PEF and FEF (25−75%), were found higher among the symptomatic group, although the results were higher than the 
previous study findings [44]. Such variations may be due to geographic and demographic differences, and the inconsistent 

Fig 7.  Age-specific correlation patterns of SARS-CoV-2 IgG antibody titer among the study groups. A) SARS-CoV-2 IgG antibody titer (IU/mL), 
30 days after two doses of vaccination among the participants. B) SARS-CoV-2 IgG antibody titer (IU/mL), 30 days after booster dose (third dose) of 
vaccination among the study participants. The p-values were calculated using the Pearson correlation method.

https://doi.org/10.1371/journal.pone.0318959.g007

https://doi.org/10.1371/journal.pone.0318959.g007
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definition of normality for pulmonary function parameters may also contribute to such findings. Due to the presence of 
prior comorbidities associated with COVID-19, defining pulmonary sequela is also quite challenging.

Overall, we observed lower FVC, FEV1, and PEF %predicted values with a disease severity history ranging from mild 
to severe, which corroborated the previous study findings compared to the control group [38,44–46]. This suggests that 
following recovery from COVID-19, the majority of patients with a symptomatic history have pulmonary functional abnor-
malities that have been present for at least 6–12 months. However, some studies have found little to no differences in 
pulmonary function as determined by PFT parameters before and after COVID-19 [12], which may be explained by the 
study population’s diversity and the inclusion of hospitalized patients [47,48].

Additionally, the higher BMI of patients with symptoms may be one of the reasons to explain this. Moreover, in this 
study, recovered patients who experienced mild to moderate symptoms commonly reported cough, arthralgia, fatigue/mal-
aise, shortness of breath, and anaphylactic reactions. Similar symptoms were also noted in other studies [49,50].

We observed a comparatively negative correlation of FVC and FEV1 with antibody titers among symptomatic groups. 
Similar findings were observed in previous studies where these parameters were significantly reduced among the group 
with previous severe symptomatic infection history [51].

Fig 8.  Correlation pattern between pulmonary functional test (PFT) parameters and age across the study population. Age in years and PFT 
parameters such as FVC, FEV1, FEV1/FVC, PEF L/s, FEF (25-75) L/s and MEF50 L/s are shown in %predicted score. P-values were determined using 
the Pearson correlation method.

https://doi.org/10.1371/journal.pone.0318959.g008

https://doi.org/10.1371/journal.pone.0318959.g008
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After respiratory viral infections, such as COVID-19, lung damage and chronic pathology are mostly caused by 
prolonged and/or dysregulated immune responses, especially involving CD8 + T cells. When CD69 + CD103 − T cells 
are apparent in elderly COVID-19 convalescents, they release more cytotoxic and inflammatory compounds, which is 
associated with deteriorating pathology and reduced lung function [52]. Reduced lung function and delayed pulmonary 
recovery have also been linked to elevated SARS-CoV-2 S-specific IgG antibody titers and elevated levels of inflamma-
tory markers, such as IL-6 [53]. Interestingly, higher levels of IgG following vaccination, which reflect robust activation 
of the humoral immune system, are driven by memory B cells primed during initial exposure or vaccination. These cells 
ensure long-term immunity by rapidly producing antibodies upon re-exposure to the pathogen. However, excessive or 
dysregulated antibody responses can exacerbate inflammatory pathways or interact with other immune cells (such T 
cells), which could potentially contribute to post-infection respiratory issues, especially in circumstances of prior severe 
infection [54].

It is interesting to note that we observed correlations between age group and PFT values where FVC and FEV1 nega-
tively correlated with the increased age group. Previous studies also reported such correlation with increased age group 
[55]. There is a positive correlation between age and increased antibody levels, as shown by the pattern of increasing 
antibody titers with age. In our study, the elderly age group demonstrated higher antibody titers after vaccination, which 
is comparable to a prior study in which the elderly group’s antibody titers were found to be higher following a naturally 
occurring COVID-19 infection [56]. However, several studies have revealed that young people exhibit a higher antibody 
response to vaccination than elderly people [57]. According to our study, this circumstance may be connected to a history 
of infections that caused disease severity, mostly in the elderly population, and the study population in this study was ≥ 18 
years old.

Vaccination is without a doubt the best strategy to combat COVID-19, where effective vaccines, correct doses, and 
safe administration are essential. While cellular immunity plays a crucial role in virus clearance, humoral immunity also 
offers protection against viral infections, making it one of the fundamental targets of vaccination strategy [24]. Studies 
suggest that elevated SARS-CoV-2 antibody levels may be linked to disease severity, potentially due to antibody-
dependent enhancement, a phenomenon observed in dengue virus infections [58–60]. A recently published study 
suggested vaccination against SARS-CoV-2 appears to be associated with protection against subclinical infection. This 
study also reported that healthy subjects may exhibit respiratory distress who had an infection where vaccination might 
play a significant protective role, urging the importance of universal vaccination [61]. Additionally, it has been reported 
that the duration and breadth of antibody titer depends on patients experiencing COVID-19 with different symptom 
severity [62,63]. However, the duration and breadth of the antibody response may differ in distinct populations, and it 
is still unclear how long the COVID-19- recovered individuals’ antibody response will persist against vaccination. In this 
study, serological analysis was conducted on average six months after the two doses of vaccination. This result aligns 
with earlier findings that antibody titer was found to be higher among the recovered group, and the antibody level per-
sisted for several months following two doses of vaccination [64,65]. In addition, we noticed that the IgG level decline 
over time was more rapid in people who had never experienced COVID-19 with symptoms, corroborated with previous 
studies [66–68].

After two doses of vaccination, previously infected people with varying disease severity (from mild to severe) displayed 
a noticeable increase in antibody titers and were able to maintain comparatively high IgG antibody titer levels for a while 
longer than the control population, which is similar to previous study findings [69].

The importance of vaccination is emphasized by the finding that IgG antibody titers in all groups were higher after 
vaccination than their pre-vaccination baseline antibody titers, even after a six-month follow-up. Similar results from a 
10-month follow-up study where the antibody titer was found to be higher than before vaccination seropositivity [70]. Our 
study, however, showed that antibody titer levels in all groups dropped steadily within 3–4 months after two doses of vac-
cination, regardless of the infection history, indicating that further vaccinations might be advantageous even for those who 
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had the infection before. These findings suggest the importance of vaccination dose as the antibody titer sharply declined 
after a certain period among all groups. This study has unequivocally demonstrated that the administration of a booster 
dose is highly effective in inducing a robust increase in antibody response within a short period. This finding also under-
lines the critical importance of vaccination against emerging strains for everyone, regardless of one’s previous infection 
history, to protect themselves and their community against the spread and ongoing threat of this virus.

This study has several limitations. Some participants were lost to follow-up due to relocation or pregnancy. We did not 
measure Total Lung Capacity (TLC) or the lung’s diffusing capacity for carbon monoxide (DLCO) while performing func-
tional assessment. Additionally, breakthrough infections were not tested, and no pseudo- neutralization assay was per-
formed to assess the functional antibody response.

However, our study provides some crucial evidence to date among the Bangladeshi population on pulmonary functional 
activity upon recovery from COVID-19 as well as their antibody response following vaccination, which urges the impor-
tance of vaccination regardless of infection history and the importance of lung function assessment following recovery. 
Further investigation is warranted to delineate the temporal onset of persistent pulmonary symptoms and assess pulmo-
nary function in individuals recovering from COVID-19 disease severities. The enduring pulmonary sequelae observed 
underscore the imperative for extended COVID-19 treatment strategies, emphasizing the prevention of long-term com-
plications. Additionally, evaluating the immune response post-vaccination in COVID-19-recovered individuals becomes 
crucial to determining the necessity for vaccine doses and vaccination against emerging strains.

Although other studies have demonstrated a relationship between the severity of COVID-19 infection and high SARS-
CoV-2 antibody titers, it appears that pulmonary functional abnormalities may exist in people who have previously expe-
rienced a moderate to severe symptomatic COVID-19 infection, even up to one year after recovery. Also, regardless of a 
person’s history with COVID-19, multiple vaccination doses might be advised. Overall, understanding how host immune 
responses relate to the severity of illness and the persistence of pulmonary functional impairment in COVID-19 patients 
will help develop novel therapeutics and immunization strategies in the future pandemic, such as the dosage and timing of 
vaccination. Further research is therefore required to fully understand the potential antibody response with neutralization 
ability following vaccination against emerging strains as well as to monitor pulmonary function with a focus on long-term 
COVID risk, especially for the elderly population to ensure healthy respiratory health.

Conclusion

In conclusion, our findings highlight the importance of evaluating pulmonary function in individuals who recovered from 
COVID-19 and those who may have asymptomatic infections, to maintain long-term respiratory health. Elevated IgG 
antibody titers were observed following two doses of vaccination, particularly in those recovered persons with a history of 
severe and moderate infections, however, these titers decreased after a few months across all the study groups, empha-
sizing the importance of a further vaccination (booster doses) regardless of infection history. Overall, these findings high-
light the need for comprehensive post-recovery care and immunization schemes for immune protection against emerging 
strains to promote long-term respiratory health and effective pandemic preparation.
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