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ARTICLE INFO ABSTRACT

Keywords: Purpose: The purpose of this study is to identify clinical and imaging characteristics associated
CT with post-COVID pulmonary function decline.

COVID-19

Methods: This study included 22 patients recovering from COVID-19 who underwent serial
spirometry pulmonary function testing (PFT) before and after diagnosis. Patients were divided
into two cohorts by difference between baseline and post-COVID follow-up PFT: Decline group
(>10 % decrease in FEV1), and Stable group (<10 % decrease or improvement in FEV1). De-
mographic, clinical, and laboratory data were collected, as well as PFT and chest computed to-
mography (CT) at the time of COVID diagnosis and follow-up. CTs were semi-quantitatively
scored on a five-point severity scale for disease extent in each lobe by two radiologists. Mann-
Whitney U-tests, T-tests, and Chi-Squared tests were used for comparison. P-values <0.05 were
considered statistically significant.

Results: The Decline group had a higher proportion of neutrophils (79.47 + 4.83 % vs. 65.45 =
10.22 %; p = 0.003), a higher absolute neutrophil count (5.73 + 2.68 x 10%/L vs. 3.43 + 1.74 x
10%/L; p = 0.031), and a lower proportion of lymphocytes (9.90 + 4.20 % vs. 21.21 + 10.97 %; p
= 0.018) compared to the Stable group. The Decline group also had significantly higher
involvement of ground-glass opacities (GGO) on follow-up chest CT [8.50 (4.50, 14.50) vs. 3.0
(1.50, 9.50); p = 0.032] and significantly higher extent of reticulations on chest CT at time of
COVID diagnosis [6.50 (4.00, 9.00) vs. 2.00 (0.00, 6.00); p = 0.039] and follow-up [5.00 (3.00,
13.00) vs. 2.00 (0.00, 5.00); p = 0.041]. ICU admission was higher in the Decline group than in
the Stable group (71.4 % vs. 13.3 %; p = 0.014).

Conclusions: This study provides novel insight into factors influencing post-COVID lung function,
irrespective of pre-existing pulmonary conditions. Our findings underscore the significance of
neutrophil counts, reduced lymphocyte counts, pulmonary reticulation on chest CT at diagnosis,
and extent of GGOs on follow-up chest CT as potential indicators of decreased post-COVID lung
function. This knowledge may guide prediction and further understanding of long-term sequelae
of COVID-19 infection.

Pulmonary function test
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Abbreviations

ANC Absolute Neutrophil Count

BMI Body Mass Index

CBC Complete Blood Count

CT Chest Computed Tomography

FEFy575 Forced Expiratory Flow Between 25 % and 75 %
FEV; Forced Expiratory Volume in 1 Second

FVC Forced Vital Capacity

GGO Ground-Glass Opacities

ICC Interclass Correlation Coefficients

ILD Interstitial Lung Disease

NE Neutrophil Elastase

PACS Picture Archiving and Communication System
PFT Pulmonary Function Testing

RBC Red Blood Cell
SpOs, Oxygen Saturation
TGF Transforming Growth Factor

1. Introduction

In the aftermath of the height of the COVID-19 pandemic, some individuals continue to grapple with lingering symptoms long after
their initial recovery, a phenomenon termed long-COVID [1-5]. Pulmonary complications stand out prominently among the observed
sequelae [6,7]. Notably, there is evidence that individuals with pre-existing pulmonary conditions appear to face an increased risk of
exacerbation of their preexisting condition and clinical deterioration following COVID-19 infection [8-10]. Despite extensive research
efforts carried out thus far to better characterize long-COVID through symptomatology [11,12], spirometry pulmonary function testing
(PFT) [13,14], and chest computed tomography (CT) [14-19], a critical gap persists in understanding the longitudinal changes in lung
function and their correlation with radiological findings post-COVID, since the availability of longitudinal data for lung function is
limited.

Furthermore, follow-up studies focusing on longitudinal CT changes of long-COVID have reported the presence of fibrotic features
in some cases [12,20], whereas others have not observed such findings [21]. Additionally, variability in ground-glass opacity (GGO)
abnormalities across studies has been noted [22,23], suggesting a potential progression of underlying lung pathology previously
undetected [24]. Therefore, there is an unresolved debate surrounding the origin of diminished pulmonary function following
infection - whether it arises primarily from pre-existing conditions or as a direct consequence of COVID-19 infection. This uncertainty
underscores the need for comprehensive investigation to elucidate the trajectory of lung function following COVID-19 and its rela-
tionship with pre-existing pulmonary health.

It’s worth noting that in patients who undergo serial PFT evaluations for underlying stable disease, a comparison between
worsening vs. stable PFT trajectories post-COVID may provide insight into characteristics associated with clinical worsening and help
predict which individuals will experience pulmonary sequelae. Therefore, to reduce the potential confounding impact of pre-existing
pulmonary conditions, we sought to study a unique cohort of individuals with COVID-19 in whom serial PFTs demonstrated clinical
stability prior to the diagnosis of COVID-19. This study’s primary aim is to identify demographic, laboratory, and imaging traits
present at the time of COVID-19 diagnosis that are associated with the subsequent decline in pulmonary function post-COVID.

2. Materials and methods

This study received Institutional Review Board (IRB) approval with a waiver of informed consent from each study participant
(IRB00329311).

2.1. Subjects, definitions/criteria

This study represents a single-center clinical case series. A retrospective electronic medical record review was performed for all
patients seen at a Johns Hopkins hospital with suspected COVID-19 from 2020 to 2022. The inclusion criteria for participants were as
follows: 1. COVID-19 diagnosis using microbiologically-detected SARS-CoV-2 RNA; 2. Baseline (time of COVID-19 diagnosis) and
follow-up chest CT; 3. Pre-baseline, baseline, and follow-up spirometry PFT; 4. Stable pulmonary function (less than 10 % change in
percent predicted forced expiratory volume in 1 s [FEV; (% predicted)]) between pre-baseline and baseline PFT, to decrease the
likelihood of any decrease in pulmonary function on follow-up PFT unrelated to COVID-19. Patients who met the following exclusion
criteria were excluded from the study: 1. Long interval (over 3.5 years) [25] between baseline PFT/chest CT and time of COVID-19
diagnosis; 2. Long interval (over 1 year) [26] between baseline/follow-up PFT and respective chest CT; 3. Short interval (less than
3 months) [27] between baseline PFT/CT and follow-up PFT/CT, respectively; 4. Unstable pulmonary function (over 10 % change in
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FEV; [% predicted]) between pre-baseline and baseline PFT. Detailed information regarding inclusion and exclusion criteria is pro-
vided in Fig. 1. Subjects were then split into two cohorts: Decline group and Stable group. The Decline group was defined as subjects
with a >10 % decrease in percent predicted FEV; on follow-up PFT compared to baseline PFT. Conversely, the Stable group was
defined as subjects with a <10 % decrease or improvement in percent predicted FEV; between baseline and follow-up PFT. Time
intervals between PFTs and COVID-19 diagnosis are provided in Supplementary Table 1. PFT results over time and PFT parameters of
the two groups are provided in Fig. 2 and Supplementary Table 2.

2.2. Data collection

Demographic, PFT, CT, clinical, and laboratory data were collected for all participants. Data for subject age, gender, race, smoking
status, alcohol use, body mass index (BMI), oxygen saturation (SpO2%), ICU admission, ventilator use, and corticosteroid treatment at
the time of diagnosis were collected (Table 1). In addition, presenting symptoms of COVID-19 disease (Table 2) and history of
comorbidities at time of COVID-19 diagnosis (Supplementary Table 3) were collected. Clinical indication for pre-baseline PFT prior to
COVID-19 diagnosis was also documented (Supplementary Table 4). Baseline and follow-up PFT parameters included forced vital
capacity (FVC), percentage of predicted FVC [FVC (% predicted)], forced expiratory volume in 1 s (FEV;), percentage of predicted
FEV; [FEV; (% predicted)], FEV;/FVC (%), percentage of predicted FEV;/FVC [FEV1/FVC (% predicted)], forced expiratory flow
between 25 % and 75 % (FEFss5.75), percentage of predicted FEFys 75 [FEFos 75 (% predicted)] (Supplementary Table 2). Percent
predicted FEV; was used for group assignment as described previously. Laboratory blood test results at the time of COVID-19 diagnosis
are shown in Table 3.

Chest CT/CTA data were retrospectively pulled from the Picture Archiving and Communication System (PACS) and de-identified.
Baseline and follow-up chest CTs were independently scored semi-quantitatively on a five-point severity scale for disease extent in each
lobe (0 = 0 % lung involvement; 1 = <5 %; 2 = 5-25 %; 3 = 26-50 %; 4 = 51-75 %; 5 = >75 %) by two radiologists (LZ and RP), based
on a system proposed by Francone et al. [28]. The averages of the readers’ scores for each lobe were used in analysis, and the CT score
was defined as the sum of the lobar scores (0-25). CTs were assessed for presence of ground-glass opacities, traction bronchiectasis,
subpleural curvilinear opacities, reticulations, consolidations, and honeycombing (Table 4 and Table 5).

2.3. Statistical analysis

All statistical analyses were performed on IBM SPSS Statistics software (SPSS, 26.0.0.0). The Kolmogorov-Smirnov test was used to
determine whether a continuous variable follows a Normal Distribution. For parameters with a p-value less than 0.05 from the test,
further evaluation was conducted using a normal P-P plot and a histogram. Continuous variables that follow a normal distribution are
denoted using Mean + Standard Deviation (SD), while non-normally distributed continuous variables are represented using Median

Patients with suspected
COVID-19 from 2020 to 2022
(n=7251)

l Excluded Subjects:
- No follow-up CT (n=95)
- No follow-up PFT (n=36)

Suspected COVID-19 patients

iy ::g:;)d er No baseline PFT (n=166)
- Conditions which may confound follow-up
l PFT: lung transplantation (n=6), tumor

No baseline CT (n=22)

resection (n=4) and sarcoidosis (n=1)

Suspected COVID-19 patients with
Evlludtze Sulesie: baseline and f(()l[:g\évsl;p PFT and CT
- No definite COVID-19 diagnosis (n=3)
- Long interval (>3.5 years) between baseline PFT or CT
and COVID-19 diagnosis (n=18)
- Short interval (<3 month) between baseline CT and
follow-up CT (n=5) . i i ] .
- Long interval (<12 months) between PFT and CT (n=1) COVID-19 patients with applicable To make sure that any decrease in % predicted
baseline and follow-up PFT and CT FEV1 is due to COVID-19, we excluded 14
(n=36) patients for the following reasons:

- No PFT evaluation before baseline PFT (n=5)
- Patient had decrease in % predicted FEV1>10
before baseline PFT (n=9)

stable PFT before baseline PFT

| l

“Decline” group with >10% “Stable” group with stable or
decrease in predicted FEV1 better % predicted FEV1
compared with baseline compared with baseline
(n=7) (n=15)

Fig. 1. Flowchart of participant enrollment.
PFT = Pulmonary Function Testing, CT = Computed Tomography.
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Fig. 2. FEV; % predicted at different time points in relation to COVID-19 diagnosis. The red denotes the Decline group with decreased FEV; %
predicted, and the blue represents the Stable group with stable or increased FEV; % predicted.

and Interquartile Range (IQR). Discrete variables are represented using Count (Percentage [%]). Mann-Whitney U-tests, independent t-
tests, and Chi-Squared tests were used to compare the Decline and Stable groups. Paired t-tests were used for comparison between
baseline and follow-up CT evaluations. Interclass correlation coefficients (ICC) were used to evaluate consistency between the two
radiologists. P-values less than 0.05 were considered statistically significant.

3. Results
3.1. Decline and Stable group demographics

Twenty-two subjects were included in this study, 7 in the Decline group and 15 in the Stable group. The cohorts did not differ
significantly in age (years, Decline: 69.71 + 9.73, Stable: 62.8 + 15; p = 0.281), gender (p = 1.000), race (p = 0.071), smoking status
(p = 0.384), alcohol use (p = 0.267), BMI (p = 0.712), SpO; at admission (p = 0.581), ventilator usage during hospitalization (p =
0.361), corticosteroid treatment (p = 0.135) (Table 1) or indications for PFTs prior to COVID-19 diagnosis (from p = 0.274 to p =
1.000, depending on indication). There were also no significant differences between the cohorts in symptoms (from p = 0.101 top =
1.000) (Table 2) or comorbidities (from p = 0.161 to p = 1.000) present at admission (Supplementary Table 3). There was a significant
difference observed in the percentage of subjects requiring a higher level of care during hospitalization, with 71.4 % (n = 5) of the
Decline group and 13.3 % (n = 2) of the Stable group admitted to an ICU (p = 0.014) (Table 1). The indications for serial PFT tests are
shown in Supplementary Table 4.

3.2. Laboratory testing

Laboratory testing revealed a significantly higher proportion of neutrophils (79.47 + 4.83 % vs. 65.45 + 10.22 %; p = 0.003),
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Table 1

Demographic, ICU admission, and ventilator use data for Decline and Stable groups at time of COVID-19 diagnosis.
Characteristics Decline Group (n = 7) Stable Group (n = 15) p-value
Age (years) 69.71 £ 9.73 62.80 + 15.00 0.281
Gender 1.000
Male (n, %) 3(42.9) 6 (40.0)
Female (n, %) 4 (57.1) 9 (60.0)
Race 0.071
Black or African American (n, %) 1(14.3) 9 (60.0)
White or Caucasian (n, %) 6 (85.7) 5(33.3)
Other (n, %) 0 (0.0) 1(6.7)
Smoking Status 0.384
Current Smoker (n, %) 0(0.0) 0 (0.0)
Previous Smoker (n, %) 4 (57.1) 6 (40.0)
Never Smoker (n, %) 3 (42.9) 9 (60.0)
Alcohol Use 0.267
Current Alcohol User (n, %) 3 (42.9) 1(6.7)
Previous Alcohol User (n, %) 0 (0.0) 2 (13.3)
Never Alcohol User (n, %) 4(57.1) 12 (80.0)
BMI (kg/m2) 30.0 + 8.8 31.4+78 0.712
SpO2 (%) 95.86 + 2.85 96.87 + 1.92 0.581
ICU Admission at Time of Diagnosis (n, %) 5(71.4) 2 (13.3) 0.014
Ventilator Use in Hospital (n, %) 5(71.4) 6 (40) 0.361
Corticosteroid Treatment* 7 (100.0) 10 (66.7) 0.135

Note: Data are presented as mean =+ standard deviation or number of participants with percentage. BMI = Body Mass Index, COPD = Chronic
Obstructive Pulmonary Disease, ILD = Interstitial Lung Disease.*, Patients were treated with dexamethasone/methylprednisolone at the diagnosis of

COVID-19.

Table 2

Symptoms of COVID-19 and comorbidities in Decline and Stable groups at the time of COVID-19 diagnosis.
Symptoms Decline Group (n = 7) Stable Group (n = 15) p-value
Fever (n, %) 3 (42.9) 11 (73.3) 0.182
Chills (n, %) 2(28.6) 3(20.0) 0.523
Cough (n, %) 4 (44.49) 11 (73.3) 0.387
Dyspnea (n, %) 5(71.4) 10 (66.7) 0.613
Chest pain (n, %) 2(28.6) 4(26.7) 0.651
Sore throat (n, %) 1(14.3) 2(13.3) 1.000
Fatigue (n, %) 6 (85.7) 7 (46.7) 0.101
Lightheadedness (n, %) 2 (28.6) 4 (26.7) 0.651
Dizziness (n, %) 1(14.3) 2(13.3) 1.000
Weakness (n, %) 0 (0.0) 3(20.0) 0.295
Headache (n, %) 3 (42.9) 8(53.3) 0.500
Rhinorrhea (n, %) 1(14.3) 2(13.3) 1.000
Nasal congestion (n, %) 1(14.3) 3(20.0) 1.000
dysgeusia (n, %) 0 (0.0) 1(6.7) 1.000
Myalgia (n, %) 2(28.6) 5(33.3) 0.613
Arthralgia (n, %) 1(14.3) 1(6.7) 0.545
Urinary symptoms (n, %) 0(0.0) 1(6.7) 1.000
Abdominal pain (n, %) 2(28.6) 3(20.0) 0.523
Nausea (n, %) 1(14.3) 3 (20.0) 1.000
Vomiting (n, %) 0 (0.0) 1(6.7) 1.000
Diarrhea (n, %) 3 (42.9) 2(13.3) 0.274
Change in appetite (n, %) 1(14.3) 2(13.3) 1.000

Note: Data are presented as the number of participants and percentage.

higher absolute neutrophil count (ANC; 5.73 + 2.68 x 10%/L vs. 3.43 + 1.74 x 10°/L; p = 0.031), and lower proportion of lym-
phocytes (9.90 + 4.20 % vs. 21.21 4+ 10.97 %; p = 0.018) in the Decline group vs. the Stable group on complete blood count (CBC)
(Table 3 and Fig. 3A-C). There were no significant differences between the cohorts in white blood cell count (x1 09/L; p = 0.082), red
blood cell (RBC) count (xlOlz/L; p = 0.902), hemoglobin (g/dL; p = 0.414), hematocrit (%; p = 0.440), platelet count (x109/L; p=
0.524), RBC distribution width (%; p = 0.992), D-dimer level (mg/L; p = 0.831), C-reactive protein level (mg/dL; p = 0.146), or
proportion of monocytes (%; p = 0.094), eosinophils (%; p = 0.615), or basophils (%; p = 0.225) on CBC (Table 3).

3.3. CT evaluation

CT evaluation revealed a significantly higher extent of lung involvement of ground-glass opacities (GGO) at follow-up [% lung
involvement; 8.50(4.50,14.50) vs. 3.0(1.50,9.50); p = 0.032] and a significantly higher extent of reticulations at baseline [% lung
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Table 3

Laboratory blood test results at the time of COVID-19 diagnosis.
Test Result Decline Group (n = 7) Stable Group (n = 15) p-value
White Blood Cell Count (x10°/L) 7.24 + 3.30 5.15 + 1.94 0.082
Red Blood Cell Count (x10'%/L) 3.97 + 0.30 4.01 +0.79 0.902
Hemoglobin (g/dL) 11.29 + 1.07 11.91 +1.83 0.414
Hematocrit (%) 35.40 + 2.40 37.24 + 5.87 0.440
Neutrophils (%)* 79.47 + 4.83 65.45 + 10.22 0.003
Lymphocytes (%)* 9.90 + 4.20 21.21 £10.97 0.018
Monocytes (%) 8.49 £+ 3.90 11.63 + 3.73 0.094
Eosinophils (%) 0.94 + 1.14 0.74 + 0.66 0.615
Basophils (%) 0.23 £ 0.18 0.34 £ 0.19 0.225
Platelet Count (x10°/L) 221.29 + 79.55 203.79 + 45.12 0.524
ANC (x10°/L)* 5.73 + 2.68 3.43 + 1.74 0.031
RBC Distribution Width (%) 14.99 1.79 14.98 + 1.25 0.992
D-Dimer (mg/L) 1.75+1.43 1.58 +1.88 0.831
CRP (mg/dL) 5.55 + 6.26 2.62 + 2.41 0.146

Note: Data are presented as mean =+ standard deviation.* = p-value less than 0.05. ANC = Absolute Neutrophil Count, RBC = Red Blood Cell, CRP—C-
Reactive Protein.

Table 4

Comparison of CT findings between Decline and Stable groups.
CT Baseline (%lung involvement) p- Follow-up (%lung involvement) p-
Findi 1 1

indings Decline Group (n =7)  Stable Group (n = 15) vatue Decline Group (n =7)  Stable Group (n = 15) vaiue

Ground-Glass Opacities* 15.36 + 6.44 9.03 +7.26 0.066 10.07 £+ 5.51 4.90 +5.13 0.032
Traction Bronchiectasis 2.64 +2.21 2.20 £+ 3.97 0.142 5.71 + 4.54 4.33 £7.95 0.091
Subpleural Curvilinear Opacities ~ 0.71 + 1.50 0.47 +£1.13 0.783 0.36 + 0.75 0.17 + 0.36 0.731
Reticulation** 7.14 £ 4.37 3.40 £ 4.45 0.039 7.21 £ 5.58 3.10 £ 4.36 0.041
Consolidation 4.36 + 4.91 1.43 + 2.70 0.210 3.00 £ 2.83 1.27 + 2.43 0.185
Honeycombing 1.43 £+ 3.56 0.43 £+ 0.82 0.891 1.43 £ 3.56 0.43 £ 0.82 0.891

Note: Data are presented as mean + standard deviation. # = p-value less than 0.05 at baseline level, * = p-value less than 0.05 at follow-up level. PFT

= spirometry Pulmonary Function Testing, CT = Computed Tomography.

Table 5

Comparison between baseline and follow-up CT findings.
CT Findings Baseline (n = 22) Follow-up (n = 22) p-value
Ground-Glass Opacities* 11.05 + 7.49 6.55 + 5.68 0.004
Traction Bronchiectasis* 2.34 £+ 3.46 4.77 £ 6.96 0.004
Subpleural Curvilinear Opacities 0.55 + 1.22 0.23 + 0.51 0.064
Reticulation 4.59 + 4.67 4.41 £ 5.04 0.641
Consolidation 2.36 + 3.70 1.82 +£2.63 0.362
Honeycombing 0.75 + 2.07 0.75 + 2.07 n/a

Note: Data are presented as mean =+ standard deviation. * = p-value less than 0.05. CT = Computed Tomography.

involvement; 6.50(4.00,9.00) vs. 2.00(0.00,6.00); p = 0.039] and at follow-up [5.00(3.00,13.00) vs. 2.00(0.00,5.00); p = 0.041] in the
Decline group vs. the Stable group (Fig. 3, D-F). There were no significant differences observed between cohorts in extent of GGOs at
baseline (p = 0.066), traction bronchiectasis at baseline (p = 0.142) or follow-up (p = 0.091), subpleural curvilinear opacities at
baseline (p = 0.783) or follow-up (p = 0.731), consolidation at baseline (p = 0.210) or follow-up (p = 0.185), or honeycombing at
baseline (p = 0.891) or follow-up (p = 0.891) (Table 4).

When comparing follow-up vs. baseline CT imaging overall, follow-up imaging revealed significantly less lung involvement of
GGOs [10.50(3.75,18.25) vs. 4.50(2.00,10.63); p = 0.004] and significantly more of traction bronchiectasis [1.00(0.00,3.63) vs. 2.00
(0.00,8.00); p = 0.004]. Analysis did not reveal significant differences between baseline and follow-up scans in lung involvement of
subpleural curvilinear opacities (p = 0.064), reticulations (p = 0.641), consolidation (p = 0.362), or honeycombing (p = 1.000)
(Table 5). ICC analysis revealed good consistency between the two radiologists in interpretation of baseline (ICC = 0.931; p < 0.001)
and follow-up scans (ICC = 0.930; p < 0.001).

3.4. Example CT evaluations
Fig. 4 shows examples of baseline and follow-up CT image evaluation for two subjects from the Stable and Decline groups. Case 1 is

a 47-year-old female patient from the Stable group whose baseline CT demonstrates scattered GGOs (Fig. 4A), significantly diminished
on the follow-up CT (Fig. 4B). Case 2 is a 73-year-old male patient from the Decline group whose CT shows evidence of honeycombing,
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Fig. 3. Comparison of laboratory blood test results between Decline and Stable groups: (A) percent neutrophils, (B) Absolute Neutrophil Count
(ANC), and (C) percent lymphocytes. Comparison of computed tomographic (CT) findings between Decline and Stable groups: (D) follow-up
ground-glass opacity (GGO) scores, (E) baseline reticulation scores, and (F) follow-up reticulation scores. * = p-value <0.05, ** = p-value <0.005.

reticulations, and GGOs at baseline (Fig. 4C). Follow-up CT shows a decrease in GGOs but an increase in honeycombing and re-
ticulations (Fig. 4D).

4. Discussion

For patients receiving serial PFT studies for stable underlying pulmonary disease, our findings revealed that elevated neutrophil
counts, reduced lymphocyte counts, and substantial burden of pulmonary reticulations observed on chest CT at the time of COVID-19
diagnosis emerged as factors associated with decreased pulmonary function during follow-up. Notably, individuals categorized in the
Decline group exhibited a higher prevalence of ground-glass opacities (GGOs) and reticulations on follow-up CT scans compared to
those in the Stable group, suggesting a potential association between the severity of acute lung injury during the active phase of
COVID-19 and the development of sustained post-COVID lung fibrosis.

Observations about neutrophil and lymphocyte counts in this study underscore the intricate interplay between systemic inflam-
mation and immune response in the long-COVID condition. Evidence from the literature has shown that neutrophils release an in-
flammatory protease called neutrophil elastase (NE), detected in the airways of patients with cystic fibrosis [29]. An inverse
correlation between the levels of free NE in sputum and FEV; in patients with lung fibrosis has also been demonstrated [30]. One
speculation is that elevated NE from increased neutrophils may contribute to decreased FEV; due to endothelial damage in follow-up
COVID-19 patients [31]. On the other hand, lymphopenia has also been demonstrated in patients with long-COVID in other studies
[32,33]. Similar results have also been confirmed in primary Sjogren’s syndrome associated ILD [34]. There is evidence indicating that
cytokines such as interleukin (IL)-4, IL-13, and transforming growth factor (TGF)-f can promote pulmonary fibrosis through fibroblast
proliferation, activation, and collagen production [35,36]. Previous studies have identified elevated levels of cytokines in the lung in
comparison to peripheral circulation [37,38]. These elevated cytokines may induce lymphocyte migration from peripheral circulation
to lung tissue, resulting in fewer lymphocytes in the peripheral blood in patients with long-COVID, exacerbating development of
pulmonary fibrosis and decreased pulmonary function [39].

This study suggests that higher baseline burden of reticulation on chest CT may be associated with long-COVID lung fibrosis and
decline in pulmonary function. The persistence of radiological abnormalities, such as reticulations, beyond the acute phase of the
disease may signify ongoing pulmonary remodeling and fibrotic changes, contributing to the observed decline in pulmonary function.
Reticulation is one of the main CT findings indicative of pulmonary fibrosis and has previously been identified in long-COVID subjects
[40,41]. Several studies also documented the appearance of GGOs and reticulations in patients after 1 year of recovery from COVID-19
[24,42]. Furthermore, after minimizing the cofounder of pre-existing pulmonary disease, a higher prevalence of GGOs on follow-up
chest CT was shown in the group with decreased pulmonary function, which indicates GGOs may persist for a longer duration in
patients experiencing long-COVID symptoms. Our findings suggest a potential explanation for the variability observed in ground-glass
opacity abnormalities across studies [22,23], highlighting the need for further investigation to determine the duration required for
complete resolution of GGO and then improve the consistency and comparability of future studies. Additionally, clinicians should be
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Fig. 4. Examples of baseline and follow-up CT image evaluations from the Stable (A-B) and Decline (C-D) groups. In a 47-year-old female patient
from the Stable group, scattered ground-glass opacities (GGOs) (black arrows in A) are visible but diminish significantly by follow-up (B). A 73-year-
old male patient from the Decline group has evidence of honeycombing and reticulations (white arrow in C), as well as GGOs (black arrows in C) at
baseline. Upon follow-up, there is a decrease in GGOs (left lung in D) but increase in honeycombing and reticulations (white arrow in D).

vigilant in monitoring such individuals closely, even after apparent recovery from acute COVID-19, to detect and manage potential
sequelae effectively. Additionally, our results highlight the importance of longitudinal follow-up and comprehensive pulmonary
function assessments in post-COVID care, particularly among patients with significant radiological findings suggestive of ongoing
pulmonary pathology.

Interestingly, our study did not find associations between the presence of selected comorbidities or evaluated symptoms at the time
of COVID-19 diagnosis and decreased pulmonary function post-recovery. While these findings may suggest that the impact of COVID-
19 on pulmonary function extends beyond the influence of pre-existing medical conditions or acute symptomatic manifestations,
further research is warranted to elucidate the complex interactions between host factors, disease severity, and long-term pulmonary
outcomes in COVID-19 survivors.

Our study is limited in its retrospective nature and small sample size. Patients were included in the study only if they met stringent
inclusion and exclusion criteria. Consequently, many patients admitted to our institution for COVID-19 did not meet study criteria and
were not included. It is important to note that this preliminary study represents a control for confounding factors, although it may limit
the generalizability of our findings to a broader population of COVID-19 patients. Similarly, this is a single-institution study; larger
multi-institution studies are needed to improve generalizability. Future research endeavors should aim to foster collaboration with
other medical facilities to broaden the scope of our findings and enhance the generalizability of our results to diverse populations. Our
results apply to a specific patient cohort — those with stable underlying pulmonary disease who were monitored by serial PFTs prior to
their COVID-19 diagnosis. A portion of these patients may already be predisposed to hospitalization and PFT decline, limiting the
generalizability of our findings. Additionally, the requirements for PFT and CT evaluation likely skewed our patient population toward
those who required a higher level of care (i.e., ICU admission) during hospitalization. Thus, our methodology may not allow us to
elucidate whether declining PFT results were specifically attributable to COVID-19 disease vs. non-COVID-19 acute lung injury
experienced by patients [43,44].

5. Conclusion

This study underscores the importance of clinical parameters such as neutrophil counts, reduced lymphocyte counts, pulmonary
reticulation on chest CT at diagnosis, and extent of GGO on follow-up chest CT in guiding the management of post-COVID-19 patients,
particularly those with pre-existing pulmonary conditions. This insight may further the understanding of long-term COVID-19
sequelae, allowing for optimized intervention to mitigate the progression of long-COVID-19. However, it is imperative to acknowledge
that further larger-sample research is warranted to better understand long-COVID and its impact on lung function in this patient
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