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Molecular Mechanisms, Diagnoses, and Treatments of
Respiratory Diseases

Te-Chun Shen .23

School of Medicine, China Medical University, Taichung 404, Taiwan; chestshen@gmail.com;
Tel.: +886-4-22052121

Department of Internal Medicine, China Medical University Hospital, Taichung 404, Taiwan
Department of Internal Medicine, Chu Shang Show Chwan Hospital, Nantou 557, Taiwan

The Special Issue “Molecular Mechanisms, Diagnoses, and Treatments of Respiratory
Diseases” in the journal Biomedicines compiles critical advancements in the understanding of
respiratory diseases, focusing on their molecular mechanisms, diagnostic approaches, and
therapeutic strategies. Inspired by the profound global impact of Coronavirus Disease 2019
(COVID-19), this Special Issue highlights the urgent need for deeper insights into respiratory
diseases to facilitate effective clinical interventions and improve patient outcomes. This collec-
tion includes original research articles and comprehensive reviews exploring diverse aspects
of respiratory diseases [1-8]. Collectively, these studies contribute to a more holistic under-
standing of respiratory pathogenesis and pave the way for the development of innovative
strategies for early diagnosis and precision treatments. Notably, there has been a remark-
able surge in the publication of research over the past one to two years addressing a wide
range of respiratory diseases, including COVID-19 [9-14], asthma and chronic obstructive
pulmonary disease (COPD) [15-18], interstitial lung disease (ILD) [19-21], lung cancer [22-30],
bronchiectasis [31-33], pulmonary infection [34], pulmonary hypertension [35,36], and
other respiratory disorders [37—40].

Within the context of COVID-19, several studies in this Special Issue focus on pul-
monary fibrosis and other long-term sequelae following SARS-CoV-2 infection. For instance,
“Long-Term Radiological Pulmonary Changes in Mechanically Ventilated Patients with
Respiratory Failure due to SARS-CoV-2 Infection” examines the radiologic and biochemical
changes in intensive care unit (ICU) patients with COVID-19 who received mechanical
ventilation [1]. This prospective study from Romania highlights the association of specific
biomarkers with pulmonary outcomes, including fibrosis, thus suggesting the need for
ongoing radiological monitoring in patients with severe COVID-19. Similarly, “Clinico-
pathological Outlines of Post-COVID-19 Pulmonary Fibrosis Compared with Idiopathic
Pulmonary Fibrosis” offers a comprehensive review of the distinguishing clinical, radio-
logic, and histological features between post-COVID pulmonary fibrosis and idiopathic
pulmonary fibrosis (IPF) [2]. This comparison will aid clinicians and researchers in better
identifying patient subgroups suited for anti-fibrotic therapies, ultimately guiding future
therapeutic approaches.

Furthermore, this Special Issue includes critical analyses of oxygen therapy in the
management of hypoxemic respiratory failure. The article “Monitoring the Efficacy of
High-Flow Nasal Cannula Oxygen Therapy in Patients with Acute Hypoxemic Respiratory
Failure in the General Respiratory Ward: A Prospective Observational Study” investigates
the effectiveness of high-flow nasal cannula (HFNC) oxygen therapy [3]. This study
supports the use of HFNC as a viable rescue therapy and introduces electrical impedance
tomography as a promising tool for monitoring ventilation distribution in real time. These
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insights could refine respiratory failure management protocols, particularly in general
wards where access to advanced ICU resources may be limited.

In COPD research, the articles cover innovative therapeutic targets and risk assessment
strategies. For example, “KCa2 and KCa3.1 Channels in the Airways: A New Therapeutic
Target” identifies specific potassium channels in the airways as potential therapeutic
targets for muco-obstructive diseases [4]. This study explores the roles of KCa2 and
KCa3.1 channels in lung physiology and pathology, indicating that modulators of these
channels could provide new treatment options for COPD. Additionally, “Associated Factors
of Pneumonia in Individuals with Chronic Obstructive Pulmonary Disease Apart from
the Use of Inhaled Corticosteroids” delves into pneumonia risks among COPD patients,
extending beyond the known association with inhaled corticosteroids (ICSs) [5]. This
research suggests that other factors in COPD patients can contribute to pneumonia risk,
thereby guiding more nuanced ICS-based therapeutic approaches.

The section on ILD covers the complex interplay between autoimmune diseases and
respiratory conditions. In “Better Safe than Sorry: Rheumatoid Arthritis, Interstitial Lung
Disease, and Medication—A Narrative Review”, the review examines the dual risks of ILD
associated with both rheumatoid arthritis (RA) and its treatments [6]. The article highlights
the potential for RA therapies, such as disease-modifying antirheumatic drugs, to induce or
exacerbate ILD. This study emphasizes the need for cautious and personalized treatment
regimens for RA patients with pulmonary complications, which could help clinicians
prevent adverse respiratory outcomes. Another relevant article, “Risk of Acute Myocardial
Infarction in Pneumoconiosis: Results from a Retrospective Cohort Study”, underscores
the connection between pneumoconiosis and cardiovascular risks [7]. This population-
based study from Taiwan identifies a higher incidence of acute myocardial infarction
among pneumoconiosis patients, advocating for integrated cardiovascular monitoring and
preventive strategies in this patient group.

This Special Issue also addresses pediatric respiratory health, focusing on obstructive
sleep apnea (OSA) in children. “Diagnosis and Treatment of Sleep Apnea in Children:
A Future Perspective Is Needed” highlights the current challenges and limitations in
diagnosing and treating pediatric OSA [8]. Despite significant repercussions on children’s
cardiovascular, metabolic, and neurological health, pediatric OSA remains underdiagnosed
and undertreated. This article calls for a re-evaluation of diagnostic criteria, including
an updated definition of disease severity and the exploration of potential biomarkers for
risk assessment. The authors advocate for a shift towards personalized medicine in the
management of pediatric OSA, which would enhance treatment efficacy and address the
heterogeneity of disease presentation in this population.

In conclusion, this Special Issue provides a multifaceted exploration of respiratory
disease research, from the cellular and molecular underpinnings to clinical applications in
diagnosis and treatment. Collectively, these studies highlight emerging therapeutic targets,
innovative diagnostic techniques, and comprehensive disease management approaches.
Looking forward, advancements in molecular and translational respiratory research will
likely continue to drive forward personalized medicine, improving outcomes for patients
with diverse respiratory conditions. This Special Issue aims to serve as a valuable re-
source for healthcare providers, researchers, and policymakers as they work to reduce the
burden of respiratory diseases on a global scale. By advancing knowledge and promot-
ing collaboration across disciplines, we hope to contribute to a future where respiratory
health is proactively managed, enabling better quality of life and survival outcomes for
affected patients.
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Abstract: High-flow nasal cannula (HFNC) is widely used to treat hypoxemic respiratory failure.
The effectiveness of HFNC treatment and the methods for monitoring its efficacy in the general
ward remain unclear. This prospective observational study enrolled 42 patients who had acute
hypoxemic respiratory failure requiring HFNC oxygen therapy in the general adult respiratory ward.
The primary outcome was the all-cause in-hospital mortality. Secondary outcomes included the
association between initial blood test results and HFNC outcomes. Regional ventilation distributions
were monitored in 24 patients using electrical impedance tomography (EIT) after HFNC initiation.
Patients with successful HFNC treatment had better in-hospital survival (94%) compared to those with
failed HFNC treatment (0%, p < 0.001). Neutrophil-to-lymphocyte ratios of >9 were more common
in patients with failed HFNC (70%) compared to those with successful HFNC (52%, p = 0.070), and
these patients had shorter hospital survival rates after HENC treatment (p = 0.046, Tarone-Ware test).
Patients with successful HFNC treatment had a more central ventilation distribution compared to
those with failed HFNC treatment (p < 0.05). Similarly, patients who survived HFNC treatment had
a more central distribution compared to those who did not survive (p < 0.001). We concluded that
HENC in the general respiratory ward may be a potential rescue therapy for patients with respiratory
failure. EIT can potentially monitor patients receiving HFNC therapy.

Keywords: acute hypoxemic respiratory failure; electrical impedance tomography (EIT); high-flow
nasal cannula (HFNC); neutrophil-to-lymphocyte ratio (NRL); regional ventilation distribution

1. Introduction

Patients with lung diseases often experience hypoxemia and respiratory distress
in general adult respiratory wards. Oxygen therapy is the first-line treatment for these
patients. To mitigate hypoxemia, oxygen can be provided through conventional oxygen
therapy, including general nasal cannulas, simple face masks, adjustable aerosol masks,
and non-rebreathing masks. Non-invasive or invasive ventilators are required for patients
with impending respiratory failure. Clinically, appropriate selection of the oxygen delivery
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device, fraction, and flow is required according to the condition of individuals and the
severity of hypoxemia over time. However, the support provided by conventional oxygen
therapy may be insufficient for several patients in respiratory wards. The intolerance
and discomfort associated with ventilation may also cause treatment failure. The use of a
high-flow nasal cannula (HFNC) can reduce the respiratory rate and work of breathing in
post-operative or intensive care unit (ICU) patients [1,2].

Over the last 10 years, interest in using HFNC as a first-line treatment has increased
in the adult population [3]. HFNC is widely used to treat hypoxemic respiratory failure.
The arterial partial pressure of O, and fraction of inspired oxygen (PaO,/FiO,) ratio are
significantly better with HFNC compared with general oxygen therapy [4,5]. Most studies
on the effects of HFNC on respiratory failure have focused on ICU or post-operative patients.
The effectiveness of HFNC treatment and the methods for monitoring its efficacy in patients
with acute hypoxemic respiratory failure (AHRF) in the general ward remain unclear.

This study aimed to assess the efficacy of HFNC therapy in patients with AHRF. We
initially investigated the association between initial blood test results and HENC outcomes.
Subsequently, we monitored regional ventilation distributions using electrical impedance
tomography (EIT) after initiating HFNC. EIT is a monitoring instrument that analyzes
boundary voltage—current data on the chest wall surface during breathing, enabling clin-
icians to measure and observe the dynamic ventilation distribution and regional lung
perfusion [6]. EIT has previously been used to evaluate the effects of HFNC on infants
with bronchiolitis [7]. However, the correlation of EIT patterns in patients receiving HFNC
therapy remains to be seen, with limited data available. The information gathered in
this study may aid in determining whether clinical factors and EIT data predict HFNC
treatment outcomes in patients with AHRF in the general respiratory ward.

2. Materials and Methods
2.1. Ethics Statement and Patients

This prospective observational study was approved by Far Eastern Memorial Hospital
(FEMH) in Taiwan (FEMH-107139-F). The patients provided written informed consent
to participate in this study. Patients with AHRF admitted in the general respiratory
ward from April 2019 to December 2021 were screened. The inclusion criteria were as
follows: (1) reported dyspnea without oxygen support, (2) age between 20 and 90 years,
(3) meeting the AHREF criteria (SpO, < 91% or PaO, < 60 mmHg without oxygen support,
PaO, /FiO; ratio < 300 with oxygen support), and (4) suitable for HFNC therapy as per the
attending physician’s discretion. The exclusion criteria included pregnancy, brain injury,
epilepsy, myocardial infarction, and missing informed consent (patients who did not agree
to participate).

2.2. High-Flow Nasal Cannula Therapy and Measurements

The patients included in this study received HFENC therapy using Precision Flow
(Vapotherm, Exeter, UK), with initial flow settings of 40 L/min, temperature of 37 °C, and
FiO; of 0.5, or AIRVO2 (Fisher & Paykel Healthcare, Auckland, New Zealand), with initial
settings of flow of 60 L/min, temperature of 37 °C, and FiO, of 0.5. The FiO; and flow rate
were adjusted to maintain the SpO, between 92% and 98%. Patient demographics were also
recorded at baseline. The comfort level was evaluated using a 7-item questionnaire with a
scale of 0 to 10 (from 0, no discomfort, to 10, totally intolerable). Failure of HFNC treatment
was defined as death during HFNC treatment, the necessity of masked bilevel positive
airway pressure or endotracheal tube intubation, and mechanical ventilator support to
maintain ventilation.

Electrical impedance tomography (EIT) was routinely performed on patients with
HENC unless contraindications for EIT were present (e.g., pacemaker, automatic im-
plantable cardioverter defibrillator, implantable pumps, large wound on the chest) or
patients refused to use EIT. A 16-electrode EIT electrode belt was placed on the chest at the
fifth intercostal space, with a reference electrode positioned on the abdomen (PulmoVista
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500; Drager Medical, Liibeck, Germany). An alternating current was applied during the
sequential rotation. The frequency and amplitude of the current were automatically de-
termined based on the background noise in the measurement environment. The surface
potential difference between the adjacent electrode pairs was measured and recorded at
a frequency of 20 Hz. EIT was performed with the patients spontaneously breathing in
the supine position at three time points: T0, 30 min before the start of HFNC; T1, 2 h
after HFNC initiation; and T2, 24 h after HFNC initiation. A 15-min measurement was
recorded at each time point. Suction and positional changes were avoided during the
EIT measurements. The images were reconstructed using the manufacturer’s software
(EIT Data Review Tool version 6.3; Drager Medical, Liibeck, Germany). Custom software
programmed in MATLAB R2015 (MathWorks Inc., Natick, MA, USA) was used for the
offline analysis of the EIT data.

2.3. Electrical Impedance Tomography Data Analysis

Functional EIT (fEIT) tidal variation (TV) was derived by computing the difference
between the end-expiration and end-inspiration images, capturing the variation during
tidal breathing. Tidal images of 1 min were averaged to increase the signal-to-noise ratio:

1
TVi = <Y o (AZitusn = DZipxp ) W

N

where TV; is the pixel i in the fEIT image, N is the number of breaths within the analyzed
period, and AZ; ;s and AZ,; gy, are the pixel values in the raw EIT image at the end in-
spiration and end expiration, respectively. When TV; was <0, a value of 0 was assigned
to TVZ

Three EIT-derived indices were investigated and assessed to quantify the spatial and
temporal distributions of ventilation. The global inhomogeneity (GI) index was computed
from the tidal EIT images to characterize the variability in ventilation [8]:

GI = Zlelung

TV represents the differential impedance value in the tidal images, TV signifies the pixel
within the identified lung area, and pixel [ is classified as part of the lung region if TV,
is >10% x max (TV). TV},,, encompasses all the pixels depicting the lung region. A
heightened GI indicates substantial variation among the impedance values of the tidal
pixels. The center of ventilation (CoV) illustrates the distribution of ventilation affected by
factors such as gravity or different lung conditions (weighted relative impedance values
based on anteroposterior coordinates) [9]:

TV = Median(TViung )|/ Licrung TV1 )

CoV = Y (vix TVi)/ZTVi x 100% (3)

where TV is the impedance change in the fEIT image for pixel i, y; is the height of pixel
i, and the value is scaled such that the bottom of the image (dorsal) is 100% and the top
(ventral) is 0%.

The tidal image was divided into four horizontal and anterior-to-posterior segments
of equal height (regions of interest (ROIs)). The ventilation distributions in these regions
were calculated and are denoted as ROIs 1-4.

The regional ventilation delay (RVD) index describes the regional delay in ventilation
by comparing the rising time of the pixel impedance to the global impedance curve [10],
which can be used to assess the tidal recruitment and derecruitment:

RVDZ = t]/‘m%/Tinspimtian,glnbul x 100% (4)

where t) 499, is the time required for pixel ! to reach 40% of its maximum inspiratory
impedance change and Tjyspiration,globar denotes the inspiration time calculated from the
global impedance curve.
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2.4. Statistical Analyses

Data analysis was performed using MATLAB R2015 (MathWorks Inc., Natick, MA,
USA). Clinical data were analyzed based on categorical variables, which were compared
using the chi-squared test. Fisher’s exact test was applied when the expected value was <5.
In the hospital ward, survival was calculated using the Kaplan-Meier method. Differences
in the survival curves were measured using the log-rank test or Tarone-Ware test. Whether
HENC success or failure was associated with demographics, FiO,, flow rate, or blood cell
count was also explored. The Lilliefors test was used to test for normality. For normally
distributed data, results were expressed as mean + standard deviation. For non-normally
distributed data, the results were presented as medians (minimum-maximum). A two-way
analysis of variance was used to evaluate the differences between the three time points and
HFNC outcomes. p < 0.05 was considered statistically significant.

3. Results
Forty-two patients were enrolled in this study, and EIT measurements were available
for twenty-four patients. The clinical characteristics of all patients are listed in Table 1.

Table 1. Clinical characteristics of patients receiving HFNC therapy for acute hypoxemic
respiratory failure.

Clinical Characteristic Values
Patients, n 42

Age, years

Median (minimum-maximum) 74.5 (52-88)
Sex, 1 (%)

M 24 (57)

F 18 (43)
Smoking status, 1 (%)

Current/Ever 23 (55)
Never 19 (45)
Primary cause of respiratory failure, 1 (%)

Pneumonia 33 (78)
Obstructive lung diseases 5(12)
Lung cancer 4 (10)
Heart failure, n (%)

Yes 3(7)

No 39 (93)
HFNC efficacy, n (%)

Success 32 (76)
Failure 10 (24)
Event (days + SD)

Hospital admission 294 +£23.1
HFNC to discharge 20.8 +17.8
HFNC use 11.3 +£89
Survival/Death, 1 (%)

Survival 30 (71)
Death 12 (29)

Abbreviations: F, female; HENC, high-flow nasal cannula; M, male; n, number; SD, standard deviation.

The primary cause of acute hypoxemic respiratory disease was pneumonia, followed
by obstructive lung disease and advanced lung cancer. No patient with interstitial lung
disease was included in the study subjects. Ten patients failed HFNC treatment (10 of
42, 24%). Among them, an advanced lung cancer patient who suffered from pulmonary
lymphangitic carcinomatosis with a do-not-intubate order was treated with HENC oxygen
therapy for four days but failed. Subsequently, she received non-invasive mechanical
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ventilator support and passed away after one day. Another nine patients who failed HFNC
treatment had pneumonia as the primary cause, including one patient who progressed to
acute respiratory distress syndrome and received endotracheal intubation, mechanical ven-
tilator support, and ICU admission; five patients received non-invasive ventilation (masked
bilevel positive airway pressure) support; two patients had do-not-intubate orders and
passed away; and one patient had a hospital-acquired coronavirus disease 2019 (COVID-19)
and was under non-rebreathing mask support and eventually died.

The remaining 32 (76%) patients were successfully weaned off HFNC, and their
oxygen demand was reduced to a simple mask, nasal cannula, or room air oxygenation
after their disease became stable. Twenty-four patients with pneumonia, five patients with
obstructive lung diseases, and three patients with advanced lung cancer discontinued
HENC and converted to conventional oxygen therapy after proper treatments. Among
the lung cancer cases, two patients with malignant pleural effusion successfully removed
HENC after pigtail catheter drainages and treatment with albumin plus diuretics; one
patient who experienced hemoptysis and aspiration was stabilized after medical treatment
and weaned off HFNC. The overall in-hospital mortality rate was 29% (12 of 42). Two
patients successfully received HFNC treatment during the AHRF episode but died later
due to other causes.

The potential prognostic factors associated with HFNC success or failure were an-
alyzed (Table 2). Patients in the HFNC success group had better in-hospital survival
(survival rate, 94%, 30 of 32) compared with those in the HFNC failure group (survival
rate, 0%, 0 of 10; p < 0.001). Other factors were similar between the two groups. Oxygen
delivery was also analyzed in the HFNC success and failure groups. The delivered FiO,
levels were divided into low (<60%) and high (>60%). Oxygen flow was divided into low
(<40 L/min) and high (>40 L/min). The selected cut-off FiO, and flow rates were based
on an increased risk of intubation among critical patients treated with HFNC [11]. Patients
were divided into low- and high-FiO, groups, and flow rates were delivered on Day 1 of
HENC. No significant differences were observed between the success and failure groups.
Other cut-off points for FiO, (40 and 50%) and flow rates (20 and 30 L/min) were also
explored. Similar results were obtained.

Table 2. Factors associated with HENC therapy treatment outcomes in patients with acute hypoxemic
respiratory failure.

HFNC HFNC
Factor Success Failure p-Value
(n=32) (n=10)
Age,n
<75 16 5 1.000
>75 16 5
Sex, n
M 18 6 1.000
F 14 4
Smoking status, n
Current/Ever 18 5 0.729
Never 14 5
Survival/Death, n
Survival 30 0 <0.001 *
Death 2 10
Primary cause of respiratory failure, n
Pneumonia 24 9 0.564
Obstructive lung disease 5 0 :
Lung cancer 3 1
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Table 2. Cont.

HFNC HFNC
Factor Success Failure p-Value
(n=32) (n=10)
Heart failure, n
Yes 3 0 1.000
No 29 10
HENC, FiO, on Day 1 (%), n
<60 21 4 0.268
>60 11 6
HFNC, flow on Day 1 (L/min), n
<40 21 8 0.466
>40 11 2
Hemoglobin (mg/dL), n
>9 27 5 0.040 *
<9 5 5
White cell count (per dL), n
>12,000 12 4 1.000
<12,000 20 6
Platelets (per dL), n
>80,000 29 9 1.000
<80,000 3 1
Neutrophil-to-lymphocyte ratio, n
>9 11 7 0.070
<9 21 3
pH level, n
<7.34 4 1
7.35-7.45 17 6 1.000
>7.46 11 3
CO, level (mmHg), n
<40 13 4
~40-55 13 7 0.625
>55 6 3
BUN (mg/dL) on Day 1, n
<25 15 6 0.719
>25 17 4
Creatinine (mg/dL) on Day 1, n
<13 26 7 0.660
>1.3 6 3
Albumin (mg/dL) on Day 1, n
<3.0 9 6 0.128
>3.0 23 4

Abbreviations: F, female; HENC, high-flow nasal cannula; M, male; n, number. p-values were calculated using a
two-sided chi-squared test. * Statistically significant values (p < 0.05).

Complete blood cell count, differential count, venous blood gas (VBG), and biochemi-
cal examination (blood urea nitrogen (BUN), creatinine, and albumin) results were analyzed.
We observed that patients in the HFNC treatment failure group had a higher frequency of
anemia (Day 1 hemoglobin (Hgb) < 9 mg/dL), with 50% (5 of 10), compared with those
in the success group (16%, 5 of 17; p = 0.040). Leukocytosis and platelet count were not
prognostic factors. The neutrophil-to-lymphocyte ratio (NLR), which assesses inflamma-
tory or infectious conditions and represents physiological stress, was also evaluated. We
categorized NLR levels into two groups, >9 and <9, as NLR > 9 has been associated with
predicting mortality in critically ill patients with pneumonia [12]. Although a trend was
observed, no significant difference was found between the two groups. Other factors, such

10



Biomedicines 2023, 11, 3067

as pH value (acidosis vs. normal vs. alkalosis), CO, level in the VBG, BUN level, creatinine
value, and albumin level, were not different between the two groups.

Most patients tolerated HFNC with limited discomfort during body turnover and
movement (Table 3). Univariate analyses of prognostic factors for in-hospital survival
were performed using the Kaplan—-Meier method and the log-rank test or the Tarone-Ware
test (Table 4). HFNC treatment failure was associated with poorer survival outcomes for
both ward survival (p < 0.001, Figure 1a) and survival after HFNC treatment (p < 0.001,
Figure 1b). Similar to the prognostic factors associated with HENC success or failure, age,
sex, smoking status, and major diseases were not predicting factors for in-hospital survival
either for the ward or after HFNC treatment. The delivered FiO,, flow rate, Hgb level,
WBC count, or platelet count could not separate the survival outcomes. Patients with NLRs
>9 were associated with shorter in-hospital survival (39 days) compared with those with
NLRs <9 (110 days), but the difference was not significant (p = 0.062 using the log-rank
test, Figure 1c). Similar results were observed for hospital survival after HFNC treatment
(31 vs. 41 days, NLR > 9 vs. <9, p = 0.055 using the log-rank test and p = 0.046 using the
Tarone-Ware test, Figure 1d).

Table 3. Seven-item questionnaires to evaluate the comfort level of high-flow nasal cannula oxygen
therapy for patients with acute hypoxemic respiratory failure.

Item Questionnaire Score + SD
1 How comfortable is your nose or face when using oxygen equipment? 20+15
2 How comfortable is your mouth/nose/throat (whether it is dry) when using oxygen equipment? 24+18
3 How comfortable do you feel to swallow when using oxygen equipment? 22+16
4 How comfortable do you feel during eating when using oxygen equipment? 24420
5 What extent do you feel that the use of oxygen equipment affects coughing? 24+1.8
6 How much do you feel about body turnover when using oxygen equipment? 38+19
7 How much do you feel about movement and activity using oxygen equipment? 39420

We recorded scores from Day 1 to Day 3 and expressed them as an average + standard deviation (SD); the scores
were defined as follows: 0 (no discomfort), 3 (slightly uncomfortable but acceptable), 5 (not very comfortable),
7 (uncomfortable and unbearable), and 10 (totally intolerable).

Table 4. Prognostic factors for in-hospital survival of patients with acute hypoxemic respiratory
failure under HFNC therapy.

Ward Survival HFNC to Discharge

. Median Median
Factor Patients n (Days) p-Value (Days) p-Value
Age, years
<75 21 47 0.705 41 0473
>75 21 110 103
Sex
M 24 42 0.346 41 0.574
F 18 110 38
Smoking status
Current/Ever 23 42 0.599 41 0.850
Never 19 110 38
HFENC efficacy
Success 32 23 <0.001 103 <0.001
Failure 10 110 13
Primary cause of respiratory failure
Pneumonia 33 47 0.890 38 0.716
Non-pneumonia 9 47 41

11
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Table 4. Cont.

Ward Survival HFNC to Discharge

. Median Median
Factor Patients n (Days) p-Value (Days) p-Value
HFNC, FiO, on Day 1 (%)
<60 25 110 0.136 103 0.282
>60 17 42 38
HFNC, flow on Day 1 (L/min)
<40 28 47 0.948 38 0.760
>40 14 110 103
Hemoglobin (mg/dL)
>9 32 NR 0.356 38 0.380
<9 10 47 41
White cell count (per dL)
>12,000 16 NR 0.973 NR 0.358
<12,000 26 47 41
Platelets (per dL)
>80,000 38 110 0.894 103 0.577
<80,000 4 47 38
Neutrophil-to-lymphocyte ratio
>9 18 39 0.062 31 0.055
<9 24 110 41 0.046 * (T-W)
pH level
7.35-7.45 23 47 0.928 38 0.776
Abnormal 19 NR NR
CO; (mmHg) level
40-55 19 47 0.733 38 0.290
Abnormal 23 110 41
BUN (mg/dL) on Day 1
<25 21 42 0.522 38 0.526
>25 21 110 103
Creatinine (mg/dL) on Day 1
<1.3 33 47 0.357 41 0.540
>1.3 9 29 31
Albumin (mg/dL) on Day 1
<3.0 15 47 0.493 38 0.387
>3.0 27 110 41

Abbreviations: F, female; HFNC, high-flow nasal cannula; M, male; 1, number. p-values were calculated using
the Kaplan-Meier method and using the log-rank or Tarone-Ware test (T-W test) to measure all differences in
survival. * Statistically significant values (p < 0.05).

The EIT data were available for 24 patients, including 18 patients with pneumonia,
4 patients with obstructive lung disease, and 2 patients with advanced lung cancer. Among
them, 20 patients were successfully treated with HFNC, and 4 failed. Regarding in-hospital
survival, 18 patients remained alive, while 6 patients died. All EIT data retrieved from
patients who failed HENC treatment or died were from those who had pneumonia as the
primary cause of AHFC. No significant differences were found in the EIT-based parameters
of GI or RVD among the three time points or between the HFNC success and failure groups.
At T1 and T2, the ventilation distribution of patients with successful HFNC treatment
was more significant towards the center (CoV closer to 50%). The data were significantly
different between HFNC success and failure at T0, T1, and T2 (p < 0.05, Figure 2a). Similarly,
at T1 and T2, patients who survived HFENC treatment had a more central distribution
compared with those who did not survive (p < 0.001, Figure 2b).

12



Biomedicines 2023, 11, 3067

—_
Q
~

—— HFNC success

(b)

—— HFNC success

— HFNC failure — HFNC failure

1.0 1.0
5. 0.8 > 08
5 06 § 06
[ =
E_ 04 p <0.001 S 04 p<0.001
s s
502 g o2

0.0 0.0

0 20 40 60 80 100 120 0 20 40 60 80 100 120

—
()
~

Survival after HFNC treatment (days)

(d)

Survival after HFNC treatment (days)

— NLR<9
— NLR>9

p =0.055 (Log-rank test)
p =0.046 (Tarone-Ware test)

— NLR<9
— NLR>9
1.0 1.0
> 08 Z 08
3 5
rgv 0.6 § 06
£ s
Q -—
= 04 3 04
2 £
2
302 p=0.062 a 02
0.0] 0.0
0 20 40 60 80 100 120 0

Ward survival (days)

20 40 60 80 100
Survival after HFNC treatment (days)

120

Figure 1. Kaplan-Meier curves of in-hospital survival for acute hypoxemic respiratory failure under
HFNC oxygen therapy: (a) The ‘ward survival” of patients with HFNC success or HFNC failure.
(b) The “survival after HFNC treatment’ of patients with HFNC success or failure. (c) The ‘ward
survival’ of patients with high neutrophil-to-lymphocyte ratios (NLRs) of >9 or low NLRs (NLR < 9).
(d) The “survival after HFNC treatment” of patients with high NLRs of >9 or low NLRs of <9. (n = 42).
HFNC, high-flow nasal cannula.
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Figure 2. EIT-derived CoV at different times: (a) between the HFNC success and failure groups and
(b) between the survival and death groups. T0, 30 min before HFNC; T1, 2 h after HENC initiation;
and T2, 24 h after HFNC initiation. (n = 24). EIT, electrical impedance tomography; HNFC, high-flow
nasal cannula.
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4. Discussion

In this prospective observational study, we demonstrated that HFNC therapy was
clinically applicable for managing patients with acute hypoxemic respiratory failure in a
general respiratory ward. The success rate of weaning off HFNC was 76%. The in-hospital
mortality rate was 29%. EIT can potentially help monitor patients receiving HFNC therapy.

HFNC can be beneficial, feasible, and safe for patients with AHRF in the general ward,
including those with lung cancer, chronic obstructive pulmonary disease, and mild-to-
moderate adult respiratory distress syndrome [13]. Recently, a randomized multicenter
clinical trial study in the ICU demonstrated that HFNC treatment could improve AHRF
compared with conventional oxygen therapy or non-invasive ventilators and that the
90-day survival rate was better among patients with HFNC compared with those receiving
conventional oxygen therapy and non-invasive ventilation [14]. Several studies have
described the early predictors of HFNC outcomes in AHRE. Clinical factors, such as baseline
heart rate, alveolar-arterial PO, difference, Sequential Organ Failure Assessment score,
and vasopressor use, are significantly higher in HFNC failure groups than in HFNC success
groups among patients with specific diseases admitted to the ICU [15-17]. These results
suggest that the initial disease severity and organ dysfunction may be good predictors of
HFNC failure in patients with acute respiratory failure. In the present study, we found that
NLRs > 9 could possibly predict HFNC treatment failure in the general respiratory ward.
The NLR is considered a potential marker for predicting the requirement of a high-flow
oxygen nasal cannula and invasive mechanical ventilation in acute hypoxemic respiratory
cases [18-20]. A high NLR in early AHRF indicates the severity of the disease and organ
dysfunction and has been observed in several conditions associated with tissue damage-
induced systemic inflammatory response syndrome [21]. Although several studies and our
data have demonstrated that HFNC treatment failure certainly has a higher NLR [18,20,22],
the cut-off NLR value to determine HFNC treatment outcomes requires further examination.
Other factors, such as pH, CO, levels in VBG, BUN, creatinine, and albumin levels, were
not different between the two groups.

Patients in the failure group developed anemia more frequently than those in the
successful group (p = 0.040). Research reporting the relationship between anemia and
outcomes of HFNC oxygen therapy in AHRF patients is rare. However, previous studies
have shown that anemia patients with hypoxemic respiratory failure have poor treatment
outcomes. Anemia patients in the ICU had adverse outcomes and a higher extubation
failure rate [23,24]. Patients who survived acute respiratory distress syndrome with anemia
at ICU discharge were associated with worsened exercise capacity and more dependency
for activities of daily living [25]. Keng et al. reported an increased risk of mechanical ven-
tilator weaning failure among patients with anemia and poor oxygenation at respiratory
care center admission [26]. Reade et al. demonstrated that anemia patients (Hgb < 10)
are associated with 90-day mortality in cases of hospitalized community-acquired pneu-
monia [27]. Recently, a large multicenter cohort study reported that COVID-19 patients
with anemia are associated with disease severity and mortality [28]. A possible mechanism
for the more frequent occurrence of anemia is that inhaled oxygen from the environment
crosses the alveolar—capillary membrane into the bloodstream. Most oxygen is bound to
Hgb in the red blood cells, although a small amount dissolves in the plasma. Oxygen is
then transported from the lungs to the peripheral tissues, where it is removed from the
blood and used to promote aerobic cellular metabolism. As the percentage of subjects with
Hgpb levels of <9 was higher in the HFNC failure group compared with the HFNC success
group, the concentration of Hgb in these subjects was likely low, and their ability to carry
oxygen became inadequate. Consequently, the hypoxemia of the corresponding subjects
did not improve during HENC therapy, and higher-level support was required.

EIT enables clinicians to measure and observe dynamic regional ventilation distribu-
tion [6]. Basile et al. reported reduced GI values in patients receiving HFNC, indicating an
improvement in uneven ventilation distribution after HFNC therapy [29]. Pérez-Teran et al.
demonstrated that HFNC significantly decreased the respiratory rate and increased end-
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expiratory lung impedance in patients with respiratory diseases [30]. Recently, Li et al.
reported that ventilation distributions among patients with acute respiratory failure during
their first hour in the ICU were slightly different but were insignificant in predicting HFNC
failure [31]. An effort has been made to use machine learning methods to predict HFNC
outcomes using EIT [32]. However, the number of participants was limited to those with
effective machine learning. The clinical application of EIT in general respiratory wards has
rarely been reported. We found that EIT could be used to monitor patients receiving HFNC
therapy in the general ward. Patients with successful HENC treatment had a more central
distribution 2 h after HFNC treatment, lasting for at least 24 h (Figure 2a). Several possible
mechanisms may explain this finding. First, HFNC has a low positive end-expiratory
pressure effect (e.g., 5 cm HyO). This may promote ventilation redistribution within a short
period in cases of AHRF. Second, HFNC improves patient comfort and provides a stable
oxygen concentration under a continuous, high oxygen flow with adequate humidity [4,33].
In the present study, we observed that ventilation in the failure group was distributed
slightly towards the ventral region (Figure 2a). Previous studies have suggested that
ventilation distribution during spontaneous breathing may be related to diaphragmatic
activity [34,35]. The differences found in the CoV might indicate decreased respiratory
effort in the failure group, implying possible fatigue of the respiratory muscles. Other
EIT-based parameters, such as RVD, did not differ between the subgroups. We suspect
that during spontaneous breathing, the inspiratory time is significantly short to obtain
stable RVD values. A recent study showed a high coefficient of variation for RVD among
healthy subjects [36], which may explain why no significant differences were observed in
the present study.

HENC treatment is generally comfortable for patients in AHREF. In a previous study,
clinical staff reported easy use of HFNC devices, whereas patients reported relatively
high comfort levels while breathing humidified and preheated air [37]. The benefits of
patient tolerance and more reliable FiO, delivery due to dead space flushing make HFNC
an excellent method for oxygen delivery. Early initiation of HFNC reduces inspiratory
effort, thereby reducing pulmonary transvascular pressure and protecting the lungs from
patient-inflicted lung damage [38]. A previous study applied the therapeutic benefits of
HENC, namely, the tolerance of long ventilation times, reduced nursing workload, and
significant reduction in 90-day mortality previously described in the literature in favor
of HENC, for acute hypoxemic respiration and compared the results with other forms
of non-invasive ventilation (e.g., continuous positive airway pressure or bilevel positive
airway pressure) [14]. In addition, HFNC therapy improves the respiratory rates, tolerance,
and comfort of interstitial lung disease patients with acute hypoxemic respiratory failure
who receive supportive care [39].

Our study has some limitations. First, the clinical data were collected from a single
medical center. Second, although this was a prospective study, the sample size was rela-
tively small. Third, the causes of the diseases were heterogeneous, which may have caused
statistical insignificance in some of the investigated parameters. Further large-scale studies
focusing on a single disease for these prognostic factors are necessary to validate these
clinical findings.

5. Conclusions

This study suggests that HFNC therapy in general respiratory wards may be a poten-
tial rescue therapy for patients with respiratory failure. EIT potentially monitors patients
receiving HFNC therapy.
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Abstract: From the first reports of SARS-CoV-2, at the end of 2019 to the present, the global mortality
associated with COVID-19 has reached 6,952,522 deaths as reported by the World Health Organization
(WHO). Early intubation and mechanical ventilation can increase the survival rate of critically ill
patients. This prospective study was carried out on 885 patients in the ICU of Mures County
Clinical Hospital, Romania. After applying inclusion and exclusion criteria, a total of 54 patients were
included. Patients were monitored during hospitalization and at 6-month follow-up. We analyzed the
relationship between invasive mechanical ventilation (IMV) and non-invasive mechanical ventilation
(NIMV) and radiological changes on thoracic CT scans performed at 6-month follow-up and found no
significant association. Regarding paraclinical analysis, there was a statistically significant association
between patients grouped by IMV and ferritin level on day 1 of admission (p = 0.034), and between
patients grouped by PaO, /FiO, ratio with metabolic syndrome (p = 0.03) and the level of procalcitonin
(p = 0.01). A significant proportion of patients with COVID-19 admitted to the ICU developed
pulmonary fibrosis as observed at a 6-month evaluation. Patients with oxygen supplementation
or mechanical ventilation require dynamic monitoring and radiological investigations, as there is a
possibility of long-term pulmonary fibrosis that requires pharmacological interventions and finding
new therapeutic alternatives.

Keywords: severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2); corona virus disease
2019 (COVID-19); acute respiratory distress syndrome (ARDS); intensive care unit (ICU); invasive
ventilation; pulmonary fibrosis; respiratory failure

1. Introduction

From the first reports of a novel coronavirus (severe acute respiratory syndrome
coronavirus 2 [SARS-CoV-2]) at the end of 2019 to the present, 768,560,727 confirmed
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cases of infection have been recorded, and the global mortality associated with corona
virus disease 2019 (COVID-19) has reached 6,952,522 deaths as reported by the World
Health Organization (WHO) [1]. Even though most cases with mild symptoms recover in
1-2 weeks, some cases evolve unpredictably, with manifestations ranging from a lack of
symptoms to complications in different organs; some cases even evolve towards severe
respiratory failure requiring mechanical ventilation, frequently resulting in the death of
the patient [2-6]. Like other coronaviruses that have caused severe outbreaks, SARS-CoV-2
primarily affects the respiratory system. COVID-19 was recognized early on based on its
pulmonary manifestations, but the medical world quickly realized that it was a systemic
disease that affected multiple organs, such as the nervous, cardiovascular, hematopoietic,
gastrointestinal, and renal systems [7-12].

Histopathological and imaging abnormalities characteristic of lung fibrosis were found
in survivors of the 2003 severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1)
outbreak [13]. Recent studies published after the SARS-CoV-2 pandemic also attest to the
development of pulmonary fibrosis in patients who presented with lung damage or acute
respiratory distress syndrome (ARDS) [11,14], suggesting that SARS viruses have greater
potential to induce a lung fibrotic proliferative response than other respiratory viruses [15].
Sturgill et al. published a study in 2023 in which they found that the occurrence of fibrotic
changes on chest CT imaging for COVID-19 survivors of pneumonia with ARDS is higher
compared to patients with non-COVID ARDS etiologies. This fact is assumed to result
from the pathophysiological aspects of the evolution of SARS-CoV2 infection to which
the pharmaceutical treatment and the particularities of ventilation in these patients are
added [16]. The most characteristic radiographic changes in pulmonary fibrosis include
traction bronchiectasis, reticulations, honeycombing, and ground-glass opacities [15].

The alveoli—capillary membrane consists of the following structures:

(1) The alveolar epithelium situated on its basement membrane.

(2) The capillary endothelium that lays on its basement membrane.

(3) A thin interstitium separating the two basement membranes, a connective tissue
containing fibroblasts, macrophages, collagen, and elastic fibers [17].

Type I alveolar epithelial cells (AECIs) surround the alveolar air space and participate
in gas exchange, while type Il alveolar epithelial cells (AECIIs) are responsible for surfactant
production and can differentiate into AEClIs to repair the defects [18].

ARDS is characterized by bilateral pulmonary infiltrates with an acute onset and
severe evolution, characterized by hypoxemia and non-cardiac pulmonary edema that
require mechanical ventilation (sometimes prolonged) as supportive therapy [19,20]. The
main stages of ARDS evolution are the following:

(1) An exudative, early phase with disruption of the alveolocapillary membrane and
edematous flooding of the alveolar spaces, followed by

(2) A proliferative phase, with clearance of exudative fluid and an attempt to reestablish
the alveolar barrier; then, in patients who survive,

(3) A fibrotic phase characterized by fibroproliferation, with some patients undergoing
excessive fibrotic process [20,21].

Early intubation and mechanical ventilation can increase the survival rate of critically
ill patients with COVID-19 ARDS [22,23]. However, mechanical ventilation in the intensive
care unit (ICU), a significant number of patients admitted in the ICU, and crowding in
these units are associated with a higher mortality risk [2]. Different outcomes of mechanical
ventilation in COVID-19 patients have been reported in publications worldwide [24]. In a
study conducted in China, out of 344 patients hospitalized in the ICU, 100 (29.1%) required
invasive mechanical ventilation [25]. Barotrauma associated with mechanical ventilation
for respiratory failure due to COVID-19 was found in 40% of cases. These complications
can occur even when protective mechanical ventilation recommendations are followed [26].

Data regarding long-term respiratory changes in mechanically ventilated patients with
invasive or non-invasive positive pressure are limited [27]. Our study aimed to analyze
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and describe the main risk factors associated with the development of post-COVID-19
pulmonary fibrosis and gain a better understanding of its pathophysiology. A secondary
objective was to analyze the relationship between mechanical ventilation and the degree
of long-term pulmonary lesions in patients with a medium-to-severe form of COVID-19
treated in the ICU of Mures Clinical County Hospital.

Is this subject still relevant? Unfortunately, the risk of new outbreaks of COVID-19
remains, even though the pandemic has been officially declared to have ended. Thus, we
consider the publication of data about the incidence of pulmonary fibrosis in COVID-19
survivors who suffered from ARDS and the effect of mechanical ventilation on long-term
respiratory function to be important, given the small number of articles published in the
literature regarding this topic thus far.

2. Materials and Methods

The study protocol was approved by the Ethics Committee of the Mures Clinical
County Hospital. All procedures were conducted according to the principles of the Helsinki
Declaration.

This prospective study was carried out in the ICU of Mures County Clinical Hospital,
Tirgu Mures, Romania, which contains 20 beds for critically ill patients. This ward func-
tioned as an ICU for COVID-19 patients during the pandemic period. The study, lasting
1 year and 9 months, was conducted between April 2020 and December 2021. A total of
885 SARS-CoV-2-positive patients were admitted to the ICU. After reviewing the inclusion
and exclusion criteria and eliminating the deceased patients, 91 were included in the study.
Patients were monitored from the day of hospital discharge until 6 months after discharge.
Six months after ICU discharge, the participants underwent a non-contrast thoracic CT
scan. From this group, 35 patients were excluded because they did not attend the periodic
evaluations and provide all the requested data or died.

Thus, the final study group included 56 adult patients (Figure 1) diagnosed with a
medium/severe form of respiratory failure that fulfilled the criteria for ARDS according to
the Berlin definition [19] and was caused by SARS-CoV-2 infection, with a positive reverse
transcription polymerase-chain-reaction (RT-PCR) swab test, who were mechanically venti-
lated for more than 48 h during the hospitalization period (33 with non-invasive mechanical
ventilation [NIMV] and 23 with invasive mechanical ventilation [[IMV]). Pulmonary fibrosis
was diagnosed according to radiological criteria by performing a computerized tomography
(CT) scan 6 months after discharge and categorized according to severity.

The total number of critically ill patients, SARS-CoV-2 positive, N=885 admitted in ICU between
01.04.2020-31.12.2021, from which 91 patients were initially included in the study according to
inclusion/exclusion criteria

N=35

Excluded: died or
did not perform the
radiologic
investigations after
6 months from
discharge

N=56

finally included

N=33 N=23
NIMV IMV

., 4 ., 4

Figure 1. Flow diagram of study participants.

Inclusion criteria: Adult patients over 18 years of age who gave their consent to
enter the study, with a positive RT-PCR SARS-CoV-2 diagnostic test, moderate or severe
respiratory failure due to SARS-CoV-2 infection, and invasive or non-invasive mechanical
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ventilation for more than 48 h during hospitalization and who underwent a radiological
investigation at 6 months after discharge.

Exclusion criteria: Patients under 18 years of age, those who did not provide informed
consent to enter the study, those who did not agree to the publication of their data, those
who died during the first 6 months after discharge, those who did not attend periodic
evaluations, and those with incomplete data.

2.1. Data Collection

Patient data collected during hospitalization included sex, age, urban or rural origin,
existing comorbidities, Quick Sequential Organ Failure Assessment (QSOFA) score at
admission [28], acute physiology and chronic health evaluation II (APACHE II) score
completed in the first 24 h after admission in the ICU [29], the ratio of arterial oxygen
partial pressure (PaO;) to fractional inspired oxygen (FiO,) (PaO,/FiO;), IMV/NIMYV,
radiological investigations (thoracic CT scan), and laboratory parameters (white blood
cell [WBC] count, serum ferritin level, D-dimer level, fibrinogen, C-reactive protein [CRP],
procalcitonin, lactate dehydrogenase [LDH], and serum creatinine level). Those who
received interleukin (IL) 6 (IL-6) blockers were also registered.

Other collected data included the number of days spent in the ICU, the type of
positive-pressure ventilation applied, and the number of hours spent on the ventilator
during hospitalization.

The patients included in the study were evaluated 6 months after discharge, and the
examination performed on this occasion comprised a radiological investigation (thoracic CT
scan). Depending on the severity of the radiological changes, the severity of post-discharge
pulmonary involvement was classified as follows:

(1) Mild-to-moderate forms in those who presented pulmonary radiological changes of
10-50%.

(2) Severe forms in patients presenting more than 50% pulmonary radiological changes.
After performing data collection, the patients who were administered mechanical

ventilation were classified into two groups:

(1) Those with NIMV
(2) Those with IMV

2.2. Statistical Analysis

Software applications such as IBM SPSS Statistics v26 (New York, NY, USA) and
Microsoft Office Excel 2019 (Washington, DC, USA) were used for statistical analysis.
The statistical analyses consisted of an assessment of parametric variables (ANOVA test),
describing the data as continuous (mean, standard deviation [SD], median, min/max)
depending on their distribution. Quantitative variables were correlated using the Pearson
correlation coefficient (rho), with alpha set at 0.05. A p-value < 0.05 was considered
significant. To assess the correlation between the distributions of the categorical variables,
contingency tables, and the Chi-squared test were used.

3. Results
3.1. Participant Characteristics

The study was conducted on 56 adult patients (over 18 years of age) diagnosed with
a medium-to-severe form of ARDS according to the Berlin definition caused by SARS-
CoV-2, with a positive RT-PCR test, who were mechanically ventilated for more than 48 h.
Thirty-three (58.9%) patients received NIMV and 23 (41.07%) received IMV.

The mean age of the included patients was 56.54 £ 12.83 years (a range of 24-81 years).
The mean age of the patients with IMV was 58.70 4= 12.11 years, and those with NIMV were
55.03 + 13.28 years, without significant differences between these two groups (p = 0.297).
The gender distribution was 33 men (58.9%) and 23 women (41.1%). We did not find a
significant association between the presence of pulmonary fibrosis and the patients’ gender.
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The age, sex, and environment (urban/rural) of the participants were not statistically
significantly correlated with the APACHE II or qSOFA severity scores or the presence or
absence of pulmonary fibrosis.

Regarding rural or urban origin, 16 patients (28.6%) came from rural areas, and
40 patients (71.4%) from urban areas. We did not find a significant association between the
presence of pulmonary fibrosis and the patients” origin (rural or urban) (p = 1.00).

3.2. Associated Pre-Existing Comorbidities

Out of the total 56 patients, 49 (87.50%) had associated conditions such as pre-existing
pulmonary diseases (13; 23.21%), cardiovascular diseases (26; 46.43%), neurological diseases
(4; 7.14%), kidney diseases (8; 14.29%), hematological diseases (12; 21.43%), rheumatological
diseases (8; 14.29%), metabolic syndrome (31; 55.36%), and endocrinological diseases (5;
8.93%). Upon analyzing the correlations between the number of days spent in the ICU
and the presence of comorbidities, we obtained the following results: an increased number
of hospitalization days correlated with the presence of kidney diseases (p = 0.04) but
not with the presence of neurological diseases (p = 1.00), pulmonary diseases (p = 0.10),
hematological diseases (p = 0.68), rheumatological diseases (p = 0.64), metabolic syndrome
(p = 0.51) or endocrinological diseases (p = 0.57).

The presence of kidney disease was correlated with the presence of mild /moderate
pulmonary fibrosis (p = 0.04).

The patients’ characteristics and associated comorbidities are shown in Tables 1 and 2.

Table 1. Patients” age and severity score.

Variable (n = 56) Mean + Standard Deviation (Min—Max)
Age (years) 56.54 + 12.83 (24-81)
APACHE II 22.41 + 9.48 (10-45)

q-SOFA 1.96 + 0.73 (1-3)

Table 2. Patients’ clinical characteristics and associated comorbidities.

. Count Percentage
Variable (n = 56) (Number of Patients) (%) s
Sex (Male:Female) 33:23 58.93%:41.07%
ICU admission days
<10 days 45 80.36%
>10 days 11 19.64%
Patients with mechanical ventilation
<100 h 15 26.79%
>100 h 41 73.21%
Patients with NIMV vs. IMV
NIMV:IMV 33:23 58.93%:41.07%
Oxygen dependency at discharge 28 50%
Pulmonary fibrosis
No fibrosis 7 12.50%
Minor-Moderate 38 67.86%
Severe 11 19.64%
P302 / FiO2
<100 15 26.79%
100-200 32 57.14%
200-300 8 14.29%
Comorbidities
Cardiovascular 26 46.43%
Pulmonary 13 23.21%
Neurological 4 7.14%
Renal 8 14.29%
Hematological 12 21.43%
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Table 2. Cont.

. _ Count Percentage
Variable (n = 56) (Number of Patients) (%)
Rheumatological 8 14.29%

Metabolic syndrome 31 55.36%

Endocrine 5 8.93%

Other comorbidities 26 46.43%

3.3. The Duration of Mechanical Ventilation

Fifteen patients (26.79%) required less than 100 h of mechanical ventilation (IMV/NIMV),
and 41 patients (73.21%) required more than 100 h of mechanical ventilation (IMV /NIMV).
A total of 45 patients (80.36%) were hospitalized in the ICU for less than 10 days, and
11 (19.64%) patients were administered ventilation for more than 10 days.

The association between patients grouped by the mean days of hospitalization and
the presence of pulmonary fibrosis was not statistically significant. IMV or NIMV were not
correlated with the APACHE or SOPHA severity scores.

The associations between patients grouped by mean days of hospitalization and the
number of hours of mechanical ventilation (p = 0.02, ANOVA) and the type of ventilation—
NIMV (p = 0.01, ANOVA) and IMV (p = 0.01, ANOVA), were statistically significant.

Upon evaluating the association between the number of hours of mechanical ventila-
tion and the occurrence of radiological changes suggestive of pulmonary fibrosis on the
thoracic CT scan performed 6 months after discharge, we did not observe a statistically
significant association between the number of hours of mechanical ventilation and the
presence of mild pulmonary fibrosis (p = 1.00, ANOVA) or moderate/severe pulmonary
fibrosis (p = 0.14, ANOVA).

3.4. Number of Days Spent in the ICU

A total of 45 patients (80.36%) were admitted to the ICU for less than 10 days, and
11 patients (19.64%) required a more extended hospitalization in the ICU (more than
10 days). There was no statistically significant association between patients grouped by
the mean duration of hospitalization in the ICU and the presence of pulmonary fibrosis
at 6 months, as evidenced by radiographic tests (p = 0.32, Chi-squared test). Although
the degree of fibrosis was not significantly correlated, there was no association between
patients grouped by the mean days of hospitalization and the level of SpO, (p = 0.02,
ANOVA test) and PaO, /FiO; ratio of 100-200 (p = 0.01, ANOVA test).

Upon assessing the relationship between the patients grouped by the mean duration of
hospitalization in the ICU and the laboratory values of some biochemical parameters (CRP,
ferritin, fibrinogen, procalcitonin, D-dimers, LDH, glucose, aspartate aminotransferase
[AST], alanine transaminase [ALT], blood urea nitrogen, and creatinine) determined at
admission, there were no statistically significant correlations found.

3.5. PaO,/FiO, Ratio

Regarding the PaO, /FiO; ratio at the time of ICU admission, we found the following
distribution of patients: 15 patients (26.79%) with PaO, /FiO, < 100, 32 patients (57.14%)
with PaO, /FiO, between 100 and 200, eight patients (14.29%) with PaO, /FiO, between
200 and 300, and no patients (0%) with PaO, /FiO, >300.

Evaluating the PaO, /FiO, ratio at admission to the ICU and the hours of mechanical
ventilation showed no association between the two. Patients with a PaO,/FiO, ratio
at admission of below 100 mm Hg showed alterations in the radiological investigations
performed 6 months after ICU discharge, but the association was not statistically significant.

The associations between the subgroup of patients grouped by PaO, /FiO; ratio and
the administration of IL-6 blocker treatment (p = 0.04, Chi-squared test) metabolic syndrome
(p = 0.03, Chi-squared test) were statistically significant. Metabolic syndrome was defined
as abdominal obesity, dyslipidemia, high blood pressure, and elevated fasting glucose.
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Regarding paraclinical examination, the associations between the subgroup of patients
grouped by PaO,/FiO, ratio and the serum level of urea at admission (p = 0.007, Chi-
squared test), the level of procalcitonin (p = 0.01, Chi-squared test), and the levels of AST
and ALT at admission (p = 0.002 and 0.02, respectively, Chi-squared test), were statistically
significant.

The association between the subgroup of patients grouped by PaO,/FiO; ratio and
the presence of pulmonary fibrosis, regardless of severity, was not statistically significant.

3.6. Radiological Evaluation of Patients 6 Months after Discharge

All the patients underwent a thoracic CT scan at 6 months after discharge. Of these pa-
tients, seven (12.50%) presented with no fibrosis, 38 (67.86%) presented with mild /moderate
fibrotic changes, and 11 (19.64%) presented with severe pulmonary fibrosis. Furthermore,
87.5% of the patients treated with IMV or NIMV in the ICU presented fibrotic changes in
the radiological investigations performed 6 months after ICU discharge.

All CT scans performed at admission and 6-month follow-up were performed on CT
Siemens Somatom go. Top 128 slice provides detailed imaging of the thoracic examinations
performed in Mures County Clinical Hospital.

The top image describes in a native CT scan, coronal section, pulmonary window—the
presence of ground-glass opacity (as pointed by arrows in Figure 2—top), parenchymal
and subpleural bands, and reticular abnormality (Figure 2—top).

[ ¢ :
9§ Initial CT scan

3 months
control CT scan

Figure 2. CT scan—initial vs. control (3-month follow-up after hospitalization).
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CT at 3-month follow-up after hospitalization, native CT scan, coronal section, pul-
monary window—shows a patchy nodular consolidation (as pointed by arrows in Figure 2
—bottom), moderate residual ground-glass opacity, and a honeycombing sign with architec-
tural distortion (Figure 2—bottom).

3.7. Evaluation of the Patients with NIMV

We analyzed the relationship between NIMV and radiological changes on the thoracic
CT scan performed 6 months after discharge from the ICU and found no significant
association. The association between the subgroup of patients grouped by NIMV and
the ferritin level at admission was statistically significant (p = 0.03, Chi-squared test), but
there were no statistically significant correlations between the degree of fibrosis and other
laboratory tests. There were no statistically significant differences between NIMV and IMV
regarding pulmonary fibrosis or the number of hours of mechanical ventilation.

3.8. Evaluation of the Patients with IMV

We analyzed the relationship between IMV and radiological changes on the thoracic
CT scan performed 6 months after discharge from the ICU and found no significant
association. IMV was also not correlated with pulmonary fibrosis or the status of O,-
dependent participants at discharge. The association between patients grouped by IMV
and the ferritin level on day 1 of admission (p = 0.034, Chi-squared test) was statistically
significant, but not with ferritin on day 3 of admission (p = 0.44, Chi-squared test), as seen
in Table 3.

Table 3. Paraclinical examinations performed on day 1 and day 3 of admission.

Day 1 Day 3 .

Cut-Off Value (Number of Patients) (Number of Patients) Evolution
<0.5 7 7 >
CRP (mg/dL) >05 49 49 o
<196 3 3 >
Fibrinogen (mg/dL) 196-372 14 16 Va
>372 39 37 Ny
.\ <300 7 8 N
Ferritin (ng/mL) >300 49 48 N
L <0.5 31 32 Va
Procalcitonin (ng/mL) >05 25 4 N
. Negative 27 23 N
D-Dimers Positive 29 33 P
<220 9 12 Vs
LDH (U/L) >220 47 44 N
<4000 3 2 AW
Leucocytes (/mm?) 4000-10000 11 17 N
>10000 42 37 ¢
<25% 47 46 N
Lymphocytes (%) 25-45% 4 9 Va
>45% 5 1 /!
<40% 3 1 Va
Neutrophils (%) 40-75% 15 10 ¢
>75% 38 45 Va
<34 19 20 N
AST (U/L) >34 37 36 N
<55 27 27 +
ALT (U/L) >55 29 29 >
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Table 3. Cont.

Day 1 Day 3 .
Cut-Off Value (Number of Patients) (Number of Patients) Evolution

Creatinine (mg/dL) ;11 ?8; ﬁ <
<55 29 23

Urea (mg/dL) >55 27 33 >

<80 0 1 N

Glucose (mg/dL) 80-110 15 11 AW

>110 41 44 Vs

+ = stationary; * = increased; “\, = decreased.

3.9. Paraclinical Laboratory Examinations

Regarding the studied paraclinical parameters, we established a statistically significant
association between patients grouped by CRP level and LDH at admission (p = 0.03, Chi-
squared test), using cut-off values as seen in Table 3.

The association between patients grouped by ferritin levels on day 1 of admission and
ferritin levels on day 3 (p = 0.005, Chi-squared test) was statistically significant.

The association between patients grouped by procalcitonin levels and creatinine levels
at admission (p = 0.04, Chi-squared test) was statistically significant.

Regarding liver panel tests, we established a statistically significant association be-
tween ALT levels on both day 1 and day 3 of admission and AST levels on day 1 and day
3 of admission (p = 0.01, Chi-squared test).

There was no statistically significant association between patients grouped by leu-
cocyte count and the presence of pulmonary fibrosis, the number of hours of mechanical
ventilation, or the type of ventilation used.

There was no statistically significant association between the patients grouped by the
status of O,-dependent participants at discharge and the degree of pulmonary fibrosis
(mild/moderate or severe). The evolution of different paraclinical examinations performed
on the patients is presented in Table 3.

4. Discussion
4.1. Risk Factors for Pulmonary Fibrosis

The lungs of COVID-19 patients are damaged due to the viral infection that evolves
severely with cytokine storm and the overlapping of mechanical ventilation and bacterial
coinfections. Several other factors contribute to pulmonary fibrosis in patients admitted
to the ICU, including post-thrombotic events with microvascular damage and alveoli—
capillary membrane dysfunction, post-ischemic effects, corticosteroid use, and prolonged
ICU stay [11,14]. All these factors act simultaneously, determining the progression of the
injury towards fibroproliferation.

4.1.1. ARDS

ARDS was present in all patients admitted to ICU (100%). ARDS is one of the most
important predictors of mortality in COVID-19 patients [21]. AECIIs express more abundant
angiotensin-converting enzyme 2 (ACE2) receptors, resulting in the higher infectivity of
these cells, which may explain the defective surfactant production and re-epithelization of
the broncho-alveolar epithelium after injury [30-33]. Epithelial injury is accompanied by
endothelial injury, microthrombosis, subsequent pulmonary edema, and vascular leak [21].
ARDS is reported to occur in up to 14% of COVID-19 cases and is a potentially fatal
condition [34].

A hallmark of COVID-19 is extensive alveolar epithelial cell injury with secondary
fibrotic proliferation, indicating the potential for chronic alveolar and vascular remodeling
leading to pulmonary fibrosis and /or pulmonary hypertension [35-37]. According to the
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literature, pulmonary fibrosis can develop immediately after discharge or in the subsequent
weeks, but in some cases, it improves in the months following COVID-19 recovery [11].

Studies estimate that 70-80% of the survivors of severe COVID-19 continue to suffer
from long-term postinfectious complications [3,38], of which pulmonary fibrosis is among
the most severe and frequently reported [11,39]. The exact prevalence of this sequela is
not yet fully established, but some studies reported a prevalence of 62% after SARS-CoV-2
infection [40].

4.1.2. Hypercoagulability

D-dimers were increased in 29 out of 56 patients on the first day of ICU admission, and
the number increased to 33 out of 56 on the third day. COVID-19 induces a prothrombotic
state, leading to micro- and macrovascular thrombosis, including pulmonary artery thrombi
and fibrin microthrombi in small pulmonary arteries [41]. Epidemiological studies have
shown a link between thrombotic vascular events and idiopathic pulmonary fibrosis (IPF),
with a central role played by the coagulation and fibrinolysis systems in the wound healing
and repair processes. A correlation was observed between IPF and the prothrombotic
state, but trials with anticoagulation treatment regarding both the progression of fibrotic
and thrombotic risks are inconsistent [42]. The logical question that arises in the context
of coagulopathies and the hypercoagulable status with inflammatory thrombosis in the
pulmonary vasculature associated with COVID-19 is whether this also contributes to the
occurrence of pulmonary fibrosis.

4.1.3. Role of Oxygen

All our patients required oxygen supplementation during hospitalization. Moreover,
50% of them presented with oxygen dependency at discharge. The impairment of gas
exchange in ARDS culminates in significant hypoxemia. Hypoxemia secondary to lung
disease activates hypoxia-inducible factor 1-alpha (HIF-1-«), stimulating tissue fibrosis
and activating fibroblasts and ECM deposition [41]. In IPF, the dysregulated expression of
HIF-1-x augments myofibroblast differentiation [43]. On the other hand, it was proven that
supplemental oxygen used to treat newborns with respiratory disorders and exposure to
high-concentration oxygen are associated with inflammation, acute lung injury, and lung
fibrosis [44]. The questions that arise in COVID-19 are “How much oxygen is required?”
and “How best to titrate it to be useful?” Prolonged oxygen therapy can also increase
hyperoxia-induced ROS levels, leading to protein denaturation and the breaking down of
nucleic acids [45]. Typically, in viral respiratory diseases, ROS enhance the phagocytosis
and activity of immune cells, but excessive oxygenation can cause an imbalance, with extra
amounts of ROS that alter redox homeostasis and contribute to alveolocapillary membrane
destruction [46]. This combination of SARS-CoV-2 infection and excess ROS production
exacerbates cell apoptosis of the alveolar epithelium [47]. An overcorrection of hypoxemia
can produce oxygen-induced ARDS and VILI [48].

4.1.4. Age and Sex

Some studies associate the occurrence of pulmonary fibrosis with advanced age, an
underlying history of diabetes mellitus, and respiratory and cardiovascular diseases [14,49].
In our study, the mean age of fibrotic patients was 57.08 + 12.63 years, and that of non-
fibrotic patients was 52.71 + 14.60 years. These values are similar to the ages reported
by Amin et al. (59 years in those with fibrotic changes compared with 48.5 years in those
without fibrotic changes) [11]. Increased age is associated with lung parenchymal stiffening
and the profibrotic potential of lung fibroblasts and is considered a major risk factor
for the occurrence and progression of pulmonary fibrosis [14,50]. Experimental studies
using mouse models reported that fibroblasts and myofibroblasts were more resistant to
apoptosis in older animals [51]. Cilli et al. showed that older people with pre-existing
chronic respiratory diseases such as IPF represent a vulnerable population group for
COVID-19 with a more severe course of the disease and increased mortality rates [52].
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The data regarding the association between sex and pulmonary fibrosis after COVID-19
are contradictory, with some studies suggesting a higher prevalence of pulmonary fibrosis
in men, while others do not highlight differences between the sexes in favor of men [11,53].
Other studies also correlate the occurrence of pulmonary fibrosis with risk factors such as
older age, mechanical ventilation, and the female sex instead of the male sex [54,55]. In
our study, no higher prevalence of pulmonary fibrosis in either female or male patients
was observed; thus, we could not establish sex or even age as a risk factor for develop-
ing pulmonary fibrosis. The mean age of patients included in the study who developed
pulmonary fibrosis is similar to that reported in other studies where age proved to be a
risk factor for the occurrence of pulmonary fibrosis, and the percentage of men (58.9%)
included in the study was higher than that of women.

4.1.5. Associated Comorbidities

Amin et al. reported that of all the comorbidities tested, only chronic obstructive
pulmonary disease (COPD) was linked to an increased risk of pulmonary fibrosis [11].
Other studies reported associations between hypertension and pulmonary fibrosis [56].

In our study, mild/moderate pulmonary fibrosis was correlated with renal disease,
whereas cardiovascular and pulmonary comorbidities were not correlated with the presence
of pulmonary fibrosis. Patients with renal disease also presented with a greater length of
hospitalization. We found a correlation between chronic kidney disease and the presence of
mild/moderate pulmonary fibrosis, and the studies also suggest that it is correlated with a
poorer outcome of COVID-19 [57].

4.1.6. Treatment and Ventilatory Support

Previous reports emphasized that the severity of COVID-19 correlates with the risk of
pulmonary fibrosis, which is also evident from our study, with all the included subjects
being critically ill patients [58]. According to Zhou et al., 80% of patients infected with
SARS-CoV-2 present with mild forms of the disease, 14% develop more severe symptoms,
and 6% develop critical forms [59]. ICU admission is necessary for approximately 5-12%,
depending on the criteria of the adopted local protocols, with most such patients being likely
to benefit from ventilatory support [60,61]. Other risk factors mentioned in previous studies
include ICU admission, supplemental oxygen requirement, NIMV or IMV application, and
hospitalization length [53,62,63]. The patients included in the present study were critically
ill, required supplemental oxygen, and benefited from NIMV or IMV during hospitalization
in the ICU.

All our patients admitted to the ICU benefitted from dexamethasone therapy in ac-
cordance with the national protocol valid during the outbreak, and 19.6% received IL-6
pharmacological inhibitors. There were no statistically significant differences between
patients receiving either therapeutic scheme. However, there was a correlation between a
PaO, /FiO, ratio of 100-200 and IL-6 receptor blockade treatment, as this treatment was
initially recommended only for patients with severe forms of disease. The results of studies
that evaluated the administration of corticosteroids and selective IL-6 inhibitors are few
and conflicting [14]. Based on their mechanism of action, immunomodulatory agents are
assumed to reduce inflammation and thus the duration of mechanical ventilation; however,
it is not clear if the use of corticosteroids in the stage of ARDS reduces the risk of pulmonary
fibrosis and whether the simultaneous use of corticosteroids and antifibrotics might in-
fluence long-term outcomes is currently being investigated [14]. On the contrary, in a
recent meta-analysis, steroid therapy increased the risk of pulmonary fibrosis threefold [11].
McGroder et al. found that lung fibrosis was correlated with the male sex, higher SOFA
scores at admission, steroid treatment, and anti-IL6 receptor blockade [15].

In 2021, Torres Castro et al. published a meta-analysis showing that 15% of COVID-19
survivors had a restrictive ventilation pattern, while 7% presented an obstructive pattern
of ventilation [64]. The alteration of pulmonary functional tests can also suggest the
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involvement of the cardiovascular system and neuromuscular dysfunction, which can be
secondary to the neurological sequelae that appear in critically ill patients [65,66].

All our patients received IMV /NIMV. Moreover, 73.21% of patients required more
than 100 h of mechanical ventilation.

Duration of mechanical ventilation of over 5 days in patients with ARDS correlated
with the presence of pulmonary fibrosis in 53% of ventilated patients, according to Papazian
et al. [67], and the presence of fibrosis led to an increase in mortality of up to 57% [68].
It seems that, at least partially, the development of pulmonary fibrosis in ARDS can be
attributed to mechanical ventilation and not only to inflammation and secondary repair
processes [20,69]. The underlying pathophysiology is multifactorial, and mechanical venti-
lation seems to contribute to the supplementary trauma of the lungs [41], an entity known
as mechanical ventilation-induced lung injury (VILI) [20,70].

The forces generated through mechanical ventilation with high transpulmonary pres-
sure produce injury and alveolar overdistension with barotrauma, influencing the course
of lung remodeling [71]. The tight junctions at the alveolar level are distorted, and the
epithelial layer is interrupted and damaged, which leads to the remodeling and reorga-
nization processes of the extracellular matrix (ECM) proteins [20,72,73]. The pulmonary
ECM consists of fibronectin, elastin, collagen fibers, proteoglycans, and laminin [74], and
these elements are activated by mechanical ventilation and interact with growth factors
(like transforming growth factor-beta [TGF-f3]), resulting in a remodeling process [75,76].

An increase in procollagen type III (PCIII) is an early marker of the fibrosis pro-
cess [20,77]. Mechanical stress in isolated rat lungs was associated in experimental studies
with enhanced PCIII gene expression [74,77,78]. Other studies in open-chest rabbits showed
that mechanical ventilation using a high positive end-expiratory pressure is also associ-
ated with increased PCIII, procollagen type IV (PCIV) (a fibroblast growth factor), and
transforming growth factor 31 (TGF-31) gene expression [79]. In contrast, ventilation with
lower pressures did not influence the expression of these genes [80].

Although we could not demonstrate the presence of VILI, 12.5% of patients in our
study had no fibrosis, 67.86% presented with a minor-to-moderate degree of fibrosis, and
19.64% presented with severe fibrosis at follow-up examination.

The length of mechanical ventilation was not correlated in our group of patients
with oxygen dependency at discharge or the comorbidities of the patients. However, the
increased number of patients who developed pulmonary fibrosis is an additional argument
for the multifactorial etiology of pulmonary fibrosis, including VILL

4.1.7. Disease Severity

A study published in April 2021 demonstrated that the severity of the initial illness as
quantified by the SOFA score, the level of LDL at admission, and the duration of mechanical
ventilation are correlated with a higher risk of fibrotic-like radiographic abnormalities at
4 months after COVID-19 [15]. Moreover, the incidence of pulmonary fibrosis is 72% in
those who underwent mechanical ventilation. The predicted risk of fibrotic changes varied
linearly with the duration of mechanical ventilation through the first 20 days and then
presented a plateau for more extended periods of mechanical ventilation [15]. In another
study published in 2020 on patients admitted to an ICU in Lombardy, Italy, 88.4% (1150 out
of 1300) required mechanical ventilation [81]. Out of these patients, 27 ventilated for ARDS
were followed up at 110-267 days after extubation, and 23 (85%) presented pulmonary
fibrosis [82], which strongly aligns with our data. Only a few studies have monitored the
evolution of ARDS developed secondary to SARS-CoV-2 infection over several months in
mechanically ventilated patients, but even these scarce data are helpful to provide us with
a comparison term. In addition, our study reveals new information regarding the incidence
of fibrosis in such patients.
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4.2. Follow Up

Our study evaluated the patients 6 months after hospitalization and found an increased
percentage of pulmonary fibrosis. The best time to identify irreversible pulmonary fibrosis
is not well established, with some experts suggesting pulmonary functional tests and
radiological investigations at 3, 6, and 12 months after an acute infectious episode [14].
Patients with pulmonary fibrosis presented lower respiratory volumes (forced vital capacity
[FVC]) on pulmonary functional tests and diminished total lung capacity (TLC) [14].

The prevalence of pulmonary fibrosis in our study was 87.5%, of which 19.64% pre-
sented with severe pulmonary fibrosis. In a meta-analysis of published studies regarding
pulmonary fibrosis and SARS-CoV-2 infection performed by Amin et al. in 2022, the
overall prevalence of pulmonary fibrosis was found to be 44.9% [11]. Most survivors of
COVID-19 suffer from postinfectious acute complications or long-term effects, especially
those who present severe forms of the disease with ICU admission [14,65,83]. The most
critical consequences of pulmonary fibrosis are the presence of dyspnea, limitations in
physical performance (with reduced effort capacity as evidenced on pulmonary respiratory
functional tests), and long-term alterations of the postinfectious quality of life. However,
the good news is that in most patients, pulmonary dysfunction gradually improves over
months [12]. Nabahati et al. reported that pulmonary fibrosis diminished at 6-month follow-
up in 33.9% of the patients compared with those at 3-month follow-up as per thoracic CT
scans [84], but patients whose fibrosis worsens over time have also been identified [11].
In 2020, Fang et al. published a study that followed 12 patients diagnosed with a severe
form of COVID-19 (six treated with NIMYV, four treated with IMV, and one treated with
extracorporeal membrane oxygenation) and found proof of pulmonary fibrosis on CT scans
performed 2 months after infection in all patients [85]. These results are also consistent
with our patients” high rate of pulmonary fibrosis.

4.3. Preliminary Findings

In our study;, all included patients were critically ill patients diagnosed with severe
forms of ARDS, and all needed ventilatory support. Supportive oxygen therapy was used
in all ventilated patients. The SOFA and APACHE scores of the monitored patients attested
to the severity of the disease (as illustrated in Table 1). The treatment of these patients was
challenging; critical patients had to be dealt with, among whom the mortality rate was very
high, and those who survived suffered many injuries.

Fibrotic pulmonary changes seem to be a characteristic of SARS-CoV-2 infection, being
more frequent in this case than in other viral cases of pneumonia (they are reported in 20%
of patients after avian influenza A (H7N9) infection and 8% of patients following SARS
infection) [86,87].

Pulmonary fibrosis may be a part of the long-COVID syndrome, wherein patients
experience persistent symptoms and long-term consequences [3]. Patients with long-term
pulmonary involvement can place an enormous burden on healthcare systems and require
long-term specialty care.

4.4. General Considerations and Pathophysiological Aspects of Pulmonary Fibrosis
4.4.1. Role of Immune Cells and Cytokines

SARS-CoV-2 binds to human cells through ACE2 receptors found in many tissues such
as brain, heart, lung, intestine, and kidney [12,83]. It enters through the ACE2 receptors in
the pulmonary epithelium, leading to respiratory tract infection [3,14,83]. The main targets
of SARS-CoV-2 in the respiratory airways are AECIIs and alveolar macrophages [88]. The
virus is processed by antigen-presenting cells (APCs) and recognized by toll-like receptor
7 (TLR7) from the macrophages, enhancing intracellular signaling and activating nuclear-
factor kappa B (NF-KB), with increased expression of proinflammatory cytokines [12,89,90].
APCs interact with the CD4+ cell subset of T-cells through the intermedium of major
histocompatibility complex II (MHCII). CD4+ cells further proliferate and differentiate into
the T helper 1 (Th1), Th2, and Th17 subclasses [91]. Th1 is responsible for the increased
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production of tumor necrosis factor (TNF), interferon-gamma (IFN-y), and IL-2, while Th2
stimulates the production of IL-4, IL-5, IL-10, and IL-13, with B-cell activation and antibody
production [12,92-94].

Classically, macrophages are activated via two pathways:

(1) M1 (classical)
(2) M2 (alternative)

Differentiation of the M1 phenotype is stimulated by TLR ligands and IFN-y and is
characterized by the production of proinflammatory cytokines, reactive oxygen species
(ROS), reactive nitrogen, and Thl stimulation [88]. The M1 phenotype is involved in
initiating and maintaining inflammation [95]. Differentiation of the M2 phenotype is
stimulated by IL-4 and IL-13 and is characterized by phagocytic activity, with a role in the
inflammation resolution process [95].

Pulmonary macrophages recruited and stimulated by Th2 cytokines shift to an M2
phenotype, which also has a role in pulmonary remodeling and fibrosis in ARDS pa-
tients [20,96]. In the subsequent stages, the virus infiltrates alveolar cells (especially type
2 alveolar AECIIs), producing diffuse alveolar damage (DAD) [97], and inflammatory
cytokines combine their activity with virus-induced lesions to produce lung damage [12].
The alveolar epithelial damage with the loss of epithelial barrier function produced by the
virus is followed by the activation of alveolar macrophages, which initiate the process of
phagocytosis of alveolar debris resulting from virus injury and release cytokines (especially
IL-1 and TNF-«) and growth factors that stimulate the native cells and the regeneration
of connective tissue to repair the defects [12,98,99]. The cytokine storm is the result of an
immune hyperreaction due to the uncontrolled release of high amounts of cytokines that
leads to multiorgan dysfunction [100], with the degree of elevation of proinflammatory cy-
tokines correlating with the degree of disease severity [12,101-103]. The release of IL-1 and
TNEF-a induces the activation of adhesion molecules such as vascular adhesion molecule
1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), and selectin, which mediate leuko-
cyte recruitment and marginalization, rolling, and extravasation in the alveolar spaces [12].
The lesions of the alveolocapillary membrane increase the permeability of the capillary
endothelium, which, in conjunction with histamine, leukotrienes, and bradykinin, allow
the leakage of fluid in the interstitial and lung alveolar spaces [104]. Neutrophil infiltration
in the lungs during ARDS could also modulate the fibrotic process [105,106].

4.4.2. Pulmonary Fibrosis Mechanism

Fibrosis is the consequence of an aberrant wound-healing process that follows a lung
injury characterized by a distortion of normal lung architecture with lung dysfunction [12].
Fibrotic changes are secondary to inflammation, with epithelial and endothelial injury
and damage to the alveolo-capillary membrane [20]. Post-COVID-19 pulmonary fibrosis
is characterized by persistent fibrotic radiological /tomographic changes with functional
impairment in respiratory tests at follow-up [14].

Essential components of the ECM of the basement membrane of the lungs (laminins,
collagen VI, and fibronectin) are downregulated, while others are upregulated (MMP2,
MMPS, and cathepsin proteins) [107]. Proinflammatory cytokines in SARS-CoV-2 infection
are also believed to increase matrix metallopeptidase 1 (MMP1) and MMP7 expression,
which degrades the ECM and contributes to airway remodeling and pulmonary fibro-
sis [14,108]. Increased CRP, IL-6, and LDH levels in the presence of systemic inflammation
may activate fibroblast proliferation during the healing process of lung injury [14,109].
The proliferation of fibroblastic tissue with the excessive deposition of ECM leads to in-
terlobular septal thickening, traction bronchiectasis with the modification of typical lung
architecture, and lung fibrosis [14,110]. TGF-f is hypothesized to be directly amplified by
the SARS-CoV-2 nucleocapsid protein and is also upregulated by angiotensin II, which
increases in the lungs in a compensatory manner due to ACE2 receptor downregulation
caused by the virus [111]. TGF-f is also produced by activated alveolar macrophages and
bronchial epithelial cells and acts as a significant profibrotic stimulus [14] by stimulating the
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proliferation and migration of fibroblasts and activation of myofibroblasts and regulating
collagen, fibronectin, and elastin formation and deposition. It also stimulates excessive
ECM formation and deposition and prevents its degradation by matrix metalloproteinases,
with all these factors leading to an excessive accumulation of fibrotic scar tissue [35,99,112].

Lung fibroproliferation was associated with ventilator dependency and increased
mortality [113]. The pressures used in mechanical ventilation with cellular damage favor
the release of inflammatory cytokines [114], accentuating lung injury and leading to inflam-
matory cell recruitment. Activating type 1 and type 2 helper T-cells (Th1 and Th2) causes
the release of additional chemokines and growth factors, producing additional biotrauma
associated with barotrauma [20,114]. ROS are produced by activated immune cells in the
context of inflammation and induce alveolar epithelial apoptosis with neutrophil degranu-
lation and oxidative stress, promoting the secretion of profibrotic cytokines with fibroblast
activation [115].

Fibroblasts are mesenchymal cells found in different tissues, including the lungs.
They are essential in tissue repair, secreting, and regulating the ECM [116]. Residual lung
fibroblasts are activated and proliferate in response to growth factors (fibroblast growth
factor [FGF], TGF-$, platelet-derived growth factor [PDGF], and epidermal growth factor
[EGF]) and Th2 cytokines such as IL-1 [117] and differentiate into myofibroblasts [118].
Circulating fibrocytes originating in the bone marrow can travel from the peripheral
blood to the lung and transform into interstitial fibroblasts [119,120]. The presence of
fibrocytes in the broncho-alveolar lavage fluid of mechanically ventilated ARDS patients
is an independent predictor of mortality [121]. Once activated, fibroblasts synthesize
collagen, fibronectin, ECM components, and mediators of the repair process, such as
growth factors [110]. The development of pulmonary fibrosis was correlated with increased
levels of TGF-f3 and PCIII [20]. The growth factors vascular endothelial growth factor
(VEGF) and FGF stimulate the proliferation of intact endothelial cells and the process of
pulmonary capillary angiogenesis [122], while TGF-« and epidermal growth factor (EGF)
stimulate the bronchiolar stem cells to regenerate the injured alveolar epithelium [123].

In our study, as observed on the CT scans, most patients presented with a minor-to-
moderate degree of pulmonary fibrosis, and only 12.5% presented no fibrosis. The degree
of fibrosis was not correlated with the patient’s comorbidities, paraclinical examinations,
or the number of hours of mechanical ventilation required.

4.5. Therapeutic Perspective

Kooistra et al. performed a study that revealed the upregulation of coagulation, in-
flammatory, and neutrophil extracellular trap-related pathways in patients with pulmonary
fibrosis associated with severe COVID-19. They also proved that early dexamethasone
treatment did not influence the severity or the incidence of pulmonary fibrosis. Instead,
prednisone treatment initiated in patients with early suspicion of pulmonary fibrosis (both
from the group on dexamethasone treatment and from the group that did not receive
dexamethasone) was correlated with the reduction of fibrosis biomarkers and specific
genes (matrix metalloproteinase 8 [MMPS8], phosphodiesterase 4D [PDE4D], cysteine-rich
secretory protein [CRISP3], B-cell lymphoma 2 like protein 15 [BCL2L15] that were previ-
ously upregulated towards those observed in non-pulmonary fibrosis group [124]. Other
studies to prevent pulmonary fibrosis suggest that inhibitors of upregulated genes (MMPS,
PDE4) in patients with pulmonary fibrosis might be a therapeutic target [124-126].

Another recent study showed that epidermic growth factor receptor (EGFR) positivity
and pulmonary fibrosis are associated with increased D-dimer levels, CRP levels, and
prolonged ICU stay. EGF has essential roles in cell differentiation, division, and migration
and acts through its receptors (EGFR), stimulating fibroblast and vascular endothelial cell
growth and proliferation. These findings can provide preliminary data for developing and
using antifibrotic drugs in COVID-19 ARDS patients [127].

33



Biomedicines 2023, 11, 2637

5. Limitations of the Study

Because critically ill patients have a low survival rate, the study included only a
limited number of patients, leading to a small sample size. Additionally, it was conducted
in a single medical unit and was not a multicenter study. There was also no clear distinction
between pre-existing symptoms and past comorbidities with baseline testing and those
caused by COVID-19 (a baseline status would be required to eliminate bias).

The evaluation of the patients was performed at 6 months; however, these patients
would generally require a more extended follow-up period. Although the 56 patients
regained a close-to-normal quality of life, they still presented symptoms like dyspnea
and fatigue, and whether their lung lesions will disappear or persist over time requires
additional studies that include such patients. More comprehensive studies or meta-analyses,
including patients who underwent mechanical ventilation, are required to understand the
process better.

6. Conclusions

A significant proportion of patients with COVID-19 admitted to the ICU developed
pulmonary fibrosis, as observed at a 6-month post-discharge evaluation. The most im-
portant risk factors for pulmonary fibrosis identified in the medical literature were also
characteristic of our patients and included severe forms of COVID-19, ARDS, oxygen
supplementation, and mechanical ventilation. Such patients require dynamic monitoring,
as there is a possibility of long-term pulmonary fibrosis that requires pharmacological
interventions and finding new therapeutic alternatives to prevent and reduce the incidence
of this complication. Radiological investigations and pulmonary functional tests should be
performed to evaluate and diagnose pulmonary fibrosis in cases of SARS-CoV-2 infection,
especially in severe forms.
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Abstract: Background: Pneumoconiosis (PCN) has several comorbidities, most notably pulmonary
and cardiovascular diseases. However, much is still unknown about the relationship between PCN
and acute myocardial infarction (AMI). The present study aimed to clarify the association between
PCN and subsequent AMI risk using a retrospective cohort study design. Methods: This was a
population-based, retrospective cohort study that used data from Taiwan’s National Health Insurance
Database. A total of 7556 newly diagnosed patients with PCN and 7556 individuals without PCN
were included in the PCN and comparison cohort (PC and CC), respectively, between 2008 and 2018,
with propensity score matching for age, gender, comorbidity, medication, and date of PCN diagnosis.
The occurrence of AMI was monitored until the end of 2019, and AMI risk was assessed using Cox
proportional hazard regression models. Results: The overall incidence of AMI was 1.34-fold higher
in the PC than in the CC (4.33 vs. 3.23 per 1000 person-years, respectively, p < 0.05), with an adjusted
hazard ratio (aHR) of 1.36 (95% confidence interval (CI): 1.08-1.72) after controlling for age, gender,
comorbidity, and medication. Further analyses showed a higher risk of AMI with increased annual
number of emergency department visits among patients with PCN (aHR: 1.30, 95% CI: 1.01-1.66 (<1)
and aHR: 1.68, 95% CI: 1.13-2.50 (>1)). Conclusion: Patients with PCN had a significantly higher risk
of developing AMI than those without PCN. Clinicians should pay more attention to prevent AMI
episodes in patients with PCN.

Keywords: interstitial lung disease (ILD); pneumoconiosis; coronary artery disease (CAD); acute
myocardial infarction (AMI)

1. Introduction

Pneumoconiosis (PCN) is one of a group of interstitial lung diseases caused by in-
halation of certain kinds of dust particles that damage the lungs [1]. PCN can be simple
or complicated. Simple PCN causes small and round nodules and complicated PCN
causes a lot of scarring and fibrosis tissues in the lungs. Prevalence and incidence of PCN
have remained high in recent decades worldwide. There are predicted to be 500,000 alive
cases and 60,000 new cases annually. Mortality from PCN also remains high, with more
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than 20,000 deaths annually [2]. Various kinds of mineral dust could cause various res-
piratory and cardiovascular diseases. PCN is associated with poor prognosis from these
diseases [3-5].

Acute myocardial infarction (AMI) is a medical emergency caused by gross cell death
of the cardiac muscle as a result of ischemia, often diagnosed clinically through the cardinal
symptoms and signs, electrocardiography (ECG), biochemical testing, non-invasive and
invasive imaging techniques, and consecutive pathological evaluation. Approximately
550,000 first episodes and 200,000 recurrent episodes of AMI occur each year in the United
States [6]. An atherosclerotic patch dislodges to form coronary plaque, which can com-
promise the blood vessel patency leading to AMI, which has a high mortality rate. Severe
types of AMI are predominantly identified as ST-segment elevation in ECG. Lifestyle,
environmental, and genetic factors are contributory factors for AMI. Common risk factors
include smoking, diabetes mellitus (DM), hyperlipidemia (HL), and hypertension (HTN).
Obesity, homocystinuria, hyperuricemia, and psychosocial stress are also risk factors [7].
However, many potential risk factors are still under investigation.

Several pulmonary and cardiovascular comorbidities have been considered associated
with PCN [8-12]. Previously investigated comorbidities included HTN, DM, HL, ischemic
heart disease, atrial fibrillation, congestive heart failure, chronic obstructive pulmonary
disease (COPD), gastroesophageal reflux disease, and chronic kidney disease (CKD) [3,13].
Most previous studies on the subsequent effects of PCN have focused on interstitial lung
disease, pulmonary fibrosis, COPD, and lung cancer. However, blood vessel injuries
related to PCN have not been often researched and documented. Using multidetector com-
puted tomography, Lee et al. [14] analyzed the coronary artery calcification (CAC) among
76 patients who were exposed to inorganic dust and reported that PCN was more common
among patients with CAC than the non-CAC population. They suggested that additional
research is imperative to evaluate the inflammatory reaction of PCN and its influence on
atherosclerosis and coronary artery disease (CAD). Since AMI is an important but largely
unexplored medical condition, the current study aimed to explore the relationship between
PCN and AMI risk.

2. Materials and Methods
2.1. Data Source

Taiwan introduced a single-payer National Health Insurance (NHI) program on
1 March 1995, in which 99.9% of the population has enrolled since 2014. Here, a database
comprising the registration files and original claims data of all individuals regarding re-
imbursement was organized. Many databases resulting from this database are provided
to scientists in Taiwan for research activities. Data in the NHI can be utilized for locating
patients or healthcare providers, such as medical organizations, institutions, and physicians;
however, these data were jumbled before being handed over to researchers. Thus, it is
theoretically impossible to query the data alone to identify individuals at any level using
this database. Citizens of Taiwan who were eligible to research were alone entitled to
apply to this database which was exclusively for research use. Applicants must follow the
Computer-processed Personal Data Protection Law and associated regulations of Taiwan’s
Ministry of Health and Welfare, and an agreement must be signed by the applicant and
his/her supervisor upon application submission. All applications are reviewed before
data are released. Each year, Taiwan’s Ministry of Health and Welfare gathers information
from the NHI database and sorts them as data files, including registration files and original
claims data for reimbursement. These data files are de-coded by jumbling the identification
codes of patients and medical facilities and constructing original files of the NHI database.
In this study, we used the NHI database, which included 31,488,321 individuals and de-
tailed medical information from 2008 to 2019 (Figure 1). This study was approved by the
Research Ethics Committee of China Medical University Hospital (CMUH110-REC3-133).
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People in the National Health Insurance program
during 2008-2019 (N =31,488,321)
I

Subjects with pneumoconiosis Subjects without pneumoconiosis
during 20102018 (n = 11, 436) during 2008-2019

Using the same exclusion
criteria as pneumoconiosis
group; 1:1 matched with
age, sex, comorbidities,
medications, and the year
of the index date by
propensity score

Excluding subjects with history of
ischemic heart disease (n = 3740), and
ages<20(n=140)

Subjects with pneumoconiosis Subjects without pneumoconiosis
(n =7556) (n =7556)

Totally, 7556 pneumoconiosis patients and 7556 non-pneumoconiosis
individuals were selected in the study.
Follow-up until acute myocardial infarction development or the end of 2019.

Figure 1. Flowchart of participant selection.

2.2. Study Cohorts

The PCN cohort (PC) enrolled newly diagnosed adult patients between 2008 and 2018
(International Classification of Diseases (ICD) codes 500, 501, 502, 503, 505, J60, J61, J62,
J63, and J64). In the present study, the common cause of PCN was inhalation of mineral
dust. Mineral dust includes coal dust, asbestos, crystalline silica, and other materials. The
detailed codes were coal worker’s PCN (ICD code 500 and J60), PCN due to asbestos (ICD
code 501 and J61), PCN due to dust containing silica (ICD code 502 and ]J62), PCN due to
other inorganic dusts (ICD code 503 and J63), and unspecified PCN (ICD code 505 and
J64). There were some other references using similar definitions [11,15]. We excluded
those patients having ischemic heart disease (ICD codes 410-414 and 120-125) before the
diagnosis of PCN. We enrolled participants free of PCN in the comparison cohort (CC),
after propensity score matching for age, gender, comorbidity, medication, and date of PCN
diagnosis (index date). Individuals who had ischemic heart disease prior to the index date
were also excluded. Both cohorts were followed until an AMI episode, withdrawal from
insurance system, death, or 31 December 2019.

2.3. Outcome and Related Factors

The primary outcome was AMI (ICD codes 410 and 121), and age, gender, comorbidi-
ties, and medication were confounding variables. Hence, various associated comorbidities
at baseline, such as HTN (ICD codes 401-405 and 110-116), DM (ICD codes 250 and E08—
E13), HL (ICD codes 272 and E78), asthma/COPD (ICD codes 491, 492, 493, 496, and
J41-J45), cerebrovascular disease (CVD, ICD 430-438 and 160-169), and CKD (ICD 585 and
N18) were identified for adjustment. Corticosteroid users were defined as those who used
the medication for more than 28 days.

2.4. Statistical Analysis

The proportions of age distribution, gender, comorbidity, and medication in both
groups were compared using the Chi-squared test. The mean age was analyzed through
Student’s t-test. The cumulative incidences of AMI in the PC and CC were calculated
using the Kaplan—-Meier test, and the log-rank test was employed to determine the signif-
icance level. Univariable and multivariable Cox proportional hazard regression models
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were employed to evaluate crude and adjusted hazard ratios (cHRs and aHRs) with 95%
confidence intervals (Cls). Data were analyzed using the SAS statistical software (version
9.4 for Windows; SAS Institute, Inc., Cary, NC, USA). A p-value < 0.05 was considered
statistically significant.

3. Results

There was a total of 7556 individuals in the PC and 7556 individuals in the CC (Table 1).
The proportions of coal worker’s PCN, PCN due to dust containing silica, PCN due to
asbestos, and PCN due to other or unspecified dust were 38.3%, 4.7%, 1.5%, and 55.5%,
respectively. The mean age was 66.9 &= 13.1 years in the PC and 66.8 & 13.3 years in the CC.
Both cohorts consisted of 85.8% males. The extents of comorbidities and medication in the
PC and CC were as follows: HTN (43.6% vs. 44.0%), DM (17.9% vs. 18.4%), HL. (23.9% vs.
24.3%), asthma/COPD (44.3% vs. 44.9%), CVD (11.56% vs. 9.23%), CKD (4.55% vs. 4.98%),
and corticosteroid use (45.3% vs. 45.3%). There was no significant difference in age, gender,
comorbidities, and corticosteroid usage between the PC and CC. The average follow-up
time was 4.74 & 2.87 and 5.25 & 2.73 years in the PC and CC, respectively, during which
the increasing incidence of AMI was remarkably greater in the PC than in the CC (Figure 2,
p = 0.0133 in the log-rank test).

Table 1. Baseline characteristics in the study population.

Pneumoconiosis
No Yes
N = 7556 N = 7556
n % n % p-Value *
Age 0.89
20-49 738 9.8 725 9.6
50-64 2302 30.5 2324 30.8
>65 4516 59.8 4507 59.7
Mean =+ SD 66.8 +13.3 66.9 +13.1 0.70
Gender 0.96
Women 1070 14.2 1072 14.2
Men 6486 85.8 6484 85.8
Comorbidity
HTN 3327 44.0 3297 43.6 0.62
DM 1392 18.4 1350 17.9 0.38
HL 1837 24.3 1806 239 0.56
Asthma/COPD 3391 449 3348 443 0.48
CVD 1055 14.0 1035 13.7 0.64
CKD 376 4.98 344 4.55 0.22
Medication 1.00
Corticosteroid 3425 45.3 3425 45.3

CKD = chronic kidney disease; COPD = chronic obstructive pulmonary disease; CVD = cerebrovascular disease;
DM = diabetes mellitus; HL = hyperlipidemia; HTN = hypertension; SD = standard deviation. ¥ Chi-squared test
and t-test.

The overall occurrence of AMI was 1.34 times greater in the PC than in the CC
(4.33 vs. 3.23 per 1000 person-years, respectively, p < 0.05, Table 2), with an aHR of 1.36
(95% CI: 1.08-1.72) following controlling for age, gender, comorbidity, and medication
usage. The aHRs of AMI were 2.95 times greater in patients aged between 50-64 years
(95% CI: 1.35-6.44) and 4.40 times greater in those aged 65 years and above (95% CI: 2.05-9.45)
than in those aged between 2049 years. The aHR of AMI was 2.84 times greater in males
than in females (95% CI: 1.71-4.72). Further, the AMI risk was remarkably higher in
participants with HTN (aHR: 1.63, 95% CI: 1.25-2.11) and DM (aHR: 1.57, 95% CI: 1.17-2.10)
than in those without. The incidence rates of AMI were also greater among patients with
HL, asthma/COPD, CVD, and CKD than those without, but without statistical significance.
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Figure 2. Cumulative incidence of acute myocardial infarction in the pneumoconiosis cohort (PC)

and comparison cohort (CC).

Table 2. Risk factors of acute myocardial infarction among the study participants.

Crude HR Adjusted HR #
Event Y IR (95% CI) (95% C1
Pneumoconiosis
No 128 39,675 3.23 1 (Reference) 1 (Reference)
Yes 155 35,799 433 134 (1.06-1.70)*  1.36 (1.08-1.72) *
Age
20-49 7 8418 0.83 1 (Reference) 1 (Reference)
50-64 70 24,990 2.80 3.36 (1.55-7.31) ** 2.95 (1.35-6.44) **
>65 206 42,066 4.90 5.90 (2.78-12.5) ***  4.40 (2.05-9.45) ***
Gender
Women 16 11,136 1.44 1 (Reference) 1 (Reference)
Men 267 64,339 4.15 2.89 (1.75-4.79) ***  2.84 (1.71-4.72) ***
Comorbidity
HTN
No 117 44,428 2.63 1 (Reference) 1 (Reference)
Yes 166 31,046 5.35 2.04 (1.61-2.58) *#*  1.63 (1.25-2.11) ***
DM
No 209 63,228 3.31 1 (Reference) 1 (Reference)
Yes 74 12,246 6.04 1.84 (1.41-2.39) *** 1.57 (1.17-2.10) **
HL
No 206 57,784 3.57 1 (Reference) 1 (Reference)
Yes 77 17,690 4.35 1.22 (0.94-1.59) 0.93 (0.70-1.25)
Asthma/COPD
No 148 44,336 3.34 1 (Reference) 1 (Reference)
Yes 135 31,138 4.34 1.30 (1.03-1.65) * 1.22 (0.96-1.55)
CVD
No 241 67,118 3.59 1 (Reference) 1 (Reference)
Yes 42 8356 5.03 1.41 (1.01-1.95) * 0.94 (0.67-1.32)
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Table 2. Cont.

Crude HR Adjusted HR #
+
Event PY IR (95% CI) (95% CI)
CKD
No 263 72,743 3.62 1 (Reference) 1 (Reference)
Yes 20 2731 7.32 2.04 (1.30-3.22) ** 1.51 (0.95-2.41)

CI = confidence interval; CKD = chronic kidney disease; COPD = chronic obstructive pulmonary dis-
ease; CVD = cerebrovascular disease; DM = diabetes mellitus; HL = hyperlipidemia; HR = hazard ratio;
HTN = hypertension; IR = incidence rate; PY = person-years. ' Incidence rate per 1000 person-years. # Ad-
justment for age, gender, comorbidity, and medication; * p < 0.05, ** p < 0.01, *** p < 0.001.

Table 3 shows the incidence and aHR of AMI for the PC and CC by age, gender, and
presence of comorbidities. In the <65 and >65 years age groups, the age-specific aHRs
in the PC compared to the CC were 1.55 (95% CI: 0.98-2.43) and 1.32 (95% CI: 1.00-1.73),
respectively. The gender-specific aHRs in the PC compared to the CC were 1.06 (95%
CI: 0.40-2.82) in females and 1.38 (95% CI: 1.08-1.76) in males. The comorbidity-specific
aHRs in the PC compared to the CC were 1.10 (95% CI: 0.85-1.42) in participants presenting
with comorbidity and 3.99 (95% CI: 2.09-7.61) in participants without comorbidity.

Table 3. Incidence rates and hazard ratios of acute myocardial infarction for the pneumoconiosis
cohort (PC) compared to the comparison cohort (CC) by age, gender, and comorbidity.

Pneumoconiosis
No Yes
Crude HR Adjusted HR #
t t
Event PY IR Event PY IR (95% CI) (95% CI)

Age

<65 32 17,204 1.86 45 16,203 2.78 1.50 (0.95-2.36) 1.55 (0.98-2.43)

>65 96 22,470 427 110 19,596 5.61 1.32 (1.00-1.73) * 1.32 (1.00-1.73) *
Gender
Women 8 5673 1.41 8 5463 1.46 1.03 (0.39-2.75) 1.06 (0.40-2.82)

Men 120 34,002 3.53 147 30,336 4.85 1.38 (1.08-1.75) ** 1.38 (1.08-1.76) **

Comorbidity ¥
No 12 10,999 1.09 40 9944 4.02 3.71 (1.95-7.08) *** 3.99 (2.09-7.61) ***
Yes 116 28,675 4.05 115 25,855 4.45 1.10 (0.85-1.42) 1.10 (0.85-1.42)

CI = confidence interval; HR = hazard ratio; IR = incidence rate; PY = person-years. * Incidence rate per 1000
person-years. ¥ Adjustment for age, gender, comorbidity, and medication. ¥ Participants with any comorbidity
were selected into the comorbidity group; * p < 0.05, ** p < 0.01, *** p < 0.001.

Table 4 shows that AMI risk was further higher for participants that had increased an-
nual emergency medical demands in the PC compared with CC (aHR: 1.30, 95% CI: 1.01-1.66
(<1) and aHR: 1.68, 95% CI: 1.13-2.50 (>1)).

Table 4. Events and hazard ratios of acute myocardial infarction associated with mean number of
annual emergency department visit for participants with pneumoconiosis compared with those
without pneumoconiosis.

Events Crude HR (95% CI) Adjusted HR * (95% CI)
Non-pneumoconiosis 128 1 (reference) 1 (reference)
Pneumoconiosis
Annual ED visits
<1 124 1.29 (1.01-1.65) * 1.30 (1.01-1.66) *
>1 31 1.60 (1.08-2.36) * 1.68 (1.13-2.50) *

CI = confidence interval; ED = emergency department; HR = hazard ratio. ¥ Adjustment for age, sex, comorbidity,
and medication; * p < 0.05.
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4. Discussion

In this population-based, retrospective cohort study that investigated the association
between PCN and risk factors for AMI, subjects with PCN had a greater risk of AMI
compared to non-PCN subjects. The incidence of AMI was similar between PCN patients
with and without any comorbidity. Additionally, the AMI risk was greater for patients with
PCN who had proportionally greater frequency of annual emergency department visits.
Finally, this cohort highlighted useful epidemiologic data for PCN on a large scale.

The prevalence of CAD among PCN has been presented by Paul et al., who collected
information from 8531 patients with PCN from the 5% Medicare Claims Limited Data Set
in the United States between 2011 and 2014 [5]. They reported that CAD occurred in 13.9%
of all patients with PCN and accounted for 18.7% of those who lost their lives. In their
study, Beggs et al. reported patterns of PCN mortality in Kentucky [4]. Of the 330 deaths
with PCN, there was a large proportion of heart-related deaths (23.3%), with 37 (12.2%)
from cardiac arrest, 16 (4.8%) from myocardial infarction, 16 (4.8%) from congestive heart
failure, and 8 (2.4%) from arteriosclerosis. In addition, Hu et al. enrolled 12,209 patients
with PCN from the Taiwan NHI database and registered that 2919 (23.9%) of them had
CAD [11]. This finding indicates that CAD is a significant comorbidity and cause of death
among patients with PCN.

The patho-mechanical connection between PCN and atherosclerosis was illustrated,
starting from dust inhalation that triggers a prothrombotic activity via the interleukin-6-
dependent system, leading to diminished clotting time, intravascular thrombin formation,
and accelerated arterial thrombosis [16]. In addition, exposure to dust particles could
increase plasminogen activator inhibitor-1 and suppress tissue plasminogen activator, caus-
ing impaired fibrinolysis [17]. Moreover, dust exposure could suppress the tissue factor
pathway inhibitor and enhance the extrinsic coagulation pathway to exacerbate intravascu-
lar thrombosis [18]. Overall, PCN-related inflammatory reaction, blood vessel injury, and
thrombosis-embolic activity might play major roles in the formation of atherosclerosis and
following AMI [19,20].

It is crucial to understand the differences in cardiovascular comorbidities in people
with and without PCN, which is pivotal in the development of AML In the study, we
performed propensity score matching for the comorbidities, and thus, no difference was
observed for all comorbidities between the PCN group and the comparison group. How-
ever, in several studies that did not match for comorbidities, we can find the difference
in cardiovascular comorbidities between people with and without PCN. Shen et al. [8]
collected data of 3374 patients with PCN from the Registry of Catastrophic Illness database
and 13,496 individuals without PCN from the Longitudinal Health Insurance Database in
Taiwan. They found that the magnitudes of cardiovascular comorbidities in the PC and
CC were as follows: HTN (48.96% vs. 48.47%, p = 0.62), DM (13.63% vs. 16.28%, p < 0.001),
HL (20.45% vs. 21.83%, p = 0.09), asthma (30.32% vs. 7.48%, p < 0.001), COPD (61.65% vs.
5.42%, p < 0.001), heart failure (6.85% vs. 3.81%, p < 0.001), CVD (6.37% vs. 5.79%, p = 0.22),
and CKD (1.72% vs. 1.99%, p = 0.35). Cheng et al. [9] established a PC (n = 1238) from the
Registry of Catastrophic Illness database and a CC (n = 4952) from the Longitudinal Health
Insurance Database; they found that the magnitudes of cardiovascular comorbidities in
the PC and CC were as follows: HTN (25.2% vs. 23.8%, p = 0.305), DM (10.1% vs. 11.3%,
p =0.217), HL (10.3% vs. 8.4%, p = 0.039), COPD (25.0% vs. 11.1%, p < 0.001), and CKD
(0.6% vs. 1.2%, p = 0.119). Chuang et al. [10] obtained data of 6940 patients with PCN
from the Registry of Catastrophic Illness database and 27,760 individuals without PCN
from the Longitudinal Health Insurance Database; they found that the proportions of
cardiovascular comorbidities in the PC and CC were as follows: HTN (34.5% vs. 34.3%,
p =0.84), DM (4.97% vs. 6.45%, p < 0.001), HL (11.4% vs. 13.7%, p < 0.001), COPD (50.6%
vs. 8.79%, p < 0.001), heart failure (1.76% vs. 0.79%, p < 0.001), and atrial fibrillation (0.43%
vs. 0.34%, p = 0.24). Yen et al. [12] enrolled 8923 patients with PCN from the Registry of
Catastrophic Illness database and 35,692 individuals without PCN from the Longitudinal
Health Insurance Database; they noted that the proportions of cardiovascular comorbidities
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in the PC and CC were as follows: HTN (42.3% vs. 44.9%, p < 0.001), DM (6.52% vs. 8.79%,
p <0.001), HL (15.8% vs. 18.4%, p < 0.001), COPD (52.4% vs. 11.7%, p < 0.001), and CVD
(4.81% vs. 5.32%, p = 0.05). In the comorbidity analyses in these studies, we found that
HTN, DM, and HL had heterogeneous differences between those with and without PCN
when in different study designs; COPD and heart failure had persistent predominantly
higher prevalence in patients with PCN than those without PCN. Additionally, the present
study used the entire population (1 = 31,488,321) in the same NHI database to identify
those with and without PCN, and it was believed to have more precise results.

The large PC and absolutely matched cohort used for comparison in this study should
be rated as the first strength of this retrospective cohort study. Almost every subject
accomplished the follow-up. A prospective cohort study might be expensive, hence, was
not feasible; thus, an alternative less expensive retrospective cohort study was preferred
utilizing Taiwan’s NHI database [21-23]. In addition, this cohort reflected a “real world”
scenario in which PCN, AM], and all comorbidities were clinically and physically assessed
during medical consultation.

The operational definitions for PCN, AMI, and comorbidities were adopted from ICD
codes, and all diagnoses were dependent on the skill and competence level of clinicians.
If this factor had influenced the study results confoundingly, that might be considered a
limitation. Detailed information on weight, body mass index, history of smoking, occu-
pational hazard exposure, and family history were lacking in the database. This is also a
limitation, as all of them are relevant risk factors for AMI. Third, related clinical variables
such as laboratory data (cardiac enzymes, b-type natriuretic peptide, glycated hemoglobin,
hemoglobin, etc.), pulmonary function tests, ECG, echocardiography, chest radiography
and computed tomography results, and pathology findings were unavailable [15].

5. Conclusions

Patients with PCN had a significantly greater risk for AMI compared to subjects
without PCN. The incidence of AMI was similar between PCN patients with and without
any comorbidity. Clinicians should pay attention to prevent AMI episodes in patients with
PCN, even in those without obvious cardiovascular comorbidity.
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Abstract: K channels are involved in many critical functions in lung physiology. Recently, the
family of Ca%*-activated K* channels (Kc,) has received more attention, and a massive amount of
effort has been devoted to developing selective medications targeting these channels. Within the
family of K¢, channels, three small-conductance Ca®*-activated K* (Kc,2) channel subtypes, together
with the intermediate-conductance Kc,3.1 channel, are voltage-independent K* channels, and they
mediate Ca?*-induced membrane hyperpolarization. Many Kc,2 channel members are involved in
crucial roles in physiological and pathological systems throughout the body. In this article, different
subtypes of Kc,2 and Kc,3.1 channels and their functions in respiratory diseases are discussed.
Additionally, the pharmacology of the Kc,2 and Kc,3.1 channels and the link between these channels
and respiratory ciliary regulations will be explained in more detail. In the future, specific modulators
for small or intermediate Ca?*-activated K* channels may offer a unique therapeutic opportunity to
treat muco-obstructive lung diseases.

Keywords: Kc,2 channels; lungs; motile cilia; cystic fibrosis; anosmia; chronic obstructive pulmonary
diseases

1. Introduction

The epithelial surface of the respiratory tract between the nose and the alveoli is
constantly exposed to potentially harmful pathogens, particulates, and gaseous materials [1-3].
In response to these challenges, the human body utilizes a series of defense mechanisms
to protect the airways, and the primary defense mechanism in the lung is mucociliary
clearance (MCC) [1,4]. MCC is a process of specialized organelles called cilia that beat
in metachronal waves to impel pathogens and particles trapped by the mucous layer out
of the airways. Cilia within the mucociliary system present critical functions in human
health; abnormalities in each compartment of the mucociliary system could compromise
the mucus clearance process and lead to chronic lung disease [2,3]. Mucociliary dysfunction
is commonly associated with chronic airway diseases, and it is one of the pathological
observations in patients with cystic fibrosis, primary ciliary dyskinesia, chronic bronchitis,
and asthma [5,6]. Airway diseases with associated mucociliary dysfunction remain largely
unaddressed, despite the therapeutic progress in treating inflammatory lung diseases [5].

The lung’s lining is covered by a thin layer of fluid called airway surface liquid (ASL);
it separates the airway epithelium’s luminal surface from the external environment. ASL
is mainly composed of water, electrolytes, and mucins; it is essential for normal airway
function, particularly for proper MCC [3,7,8]. ASL epithelia contain various cell types with
distinct morphologies and functions. Of the cell population in the trachea, approximately
60% are ciliated cells; these cells also retain other important roles other than coordinating
ciliated movements, such as regulating ion transfer [1,9].
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There are detections of over 30 diverse K* channels in the airway epithelia, and these
K* channels maintain the electrochemical gradient and support lung ion and fluid home-
ostases [1,10-12]. A large portion of airway chloride secretion occurs through the apically
located bicarbonate and chloride channels [10]. K* channels are involved in many vital
functions in lung physiology, such as oxygen sensing, inflammatory responses, enhanc-
ing C1~ transport, and respiratory epithelia repair [9,13]. The basolateral K* channel has
known regulation effects on Na* absorption; reduced Na* absorption in the lung shows im-
provement in muco-obstructive disease. A large portion of airway chloride secretion occurs
through the apically located bicarbonate and chloride channels, significantly influenced by
some Ca®*-activated K* channels (Kc,) that are located apically in the lung [10]. Hence, the
specific K* group K¢, also regulates MCC and ASL volumes [1]. The small-conductance
Kca2 channels and intermediate-conductance Kc,3.1 channels are voltage-independent
and activated solely by the elevation of the intracellular Ca?* concentration. In this context,
we will discuss current knowledge of the functional roles of Kc,2 and Kc,3.1 channels in
the respiratory tract, focusing on their physiological roles in respiratory diseases.

2. Introduction to K¢, Channels

There are several kinds of K* channels present in the respiratory epithelium lining
airways, and the most indispensable K* channels in airway epithelial cells are the Ca?*-
activated K* channels. They serve as the cell crossroad where Ca?" influx, other ion
outfluxes, and membrane potential, all processes governed by Kc, channels, integrate
to modulate an extensive array of cellular processes [14]. K¢, channels are subdivided
into three major groups, according to their single-channel conductance: large conductance
(150-300 pS) K* channels (BK or K¢,1.1), small conductance (2-20 pS) K* channels (SK or
Kca2), and intermediate conductance (20-60 pS) K* channels (IK or Kc,3.1) [15-17]. Each
group has specific distinct biophysical and pharmacological properties [18]. Kc,2.x and
Kc,3.1 channels are voltage-independent and activated exclusively by intracellular Ca?*
via the calmodulin (CaM) that is typically bound to these channels and serves as their Ca?*
sensor [19]. Kc,2x and Kc,3.1 channels, before their cloning, were referred to as small-
conductance (SK) or intermediate-conductance (IK) Ca?*-activated K* channels, based on
their singular conductance of ~10 pS or ~40 pS in symmetrical solutions to differentiate
them from the large-conductance potassium (BK) channel [19,20].

Four mammalian KCNN channel subtypes are encoded by the KCNN genes, including
KCNNT1 for Kc,2.1, KCNN2 for Kc,2.2, KENNS for Kc,2.3 [21], and KCNN4 for K, 3.1 [22],
respectively [23] (Table 1).

Table 1. Apparent Ca%t sensitivity, structural studies, amino acid sequences alignments and identities
between K¢,2/3 channel subtypes.

Kc,2/3 Amino Apparent Ca* Kca2 Subtypes Sequence Alignment among K¢,2 and K¢,3.1
o Subunit Acids Sensitivity (uM) Structural Studies Channels
Kea2.1 543 [24] ~0.31 [25,26] [27,28] Kca2.1 and K,3.1 share a 43.3% sequence identity [29]
Kca2.2 579 [25] ~0.32[25,30] [15,26,29,31] Kca2.2 and K¢, 3.1 share a 45% sequence identity [32]
Kca2.3 731 [25] ~0.30 [33,34] [34,35]
Kca2.3 and K¢, 3. share a 46.6% sequence identity [34]
Kca3.1 427 [25] ~0.27 [33,34] [36]

Kca2 and Ke;3.1 Channel Structures

Kca2 and K,3.1 channels are assembled as homotetramers of four a-subunits; each
subunit is composed of six transmembrane x-helical domains denoted as S1-56 (Figure 1).
The selectivity filter within the channel pore between the S5 and S6 transmembrane domains
is responsible for the selective permeability of the K* ions [30,34]. The Kc,2/Kc,3.1 channel
subtypes are highly homologous in their six transmembrane domains, but the amino acid
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sequences and lengths at their cytoplasmic N- and C-termini differ among the subtypes
(Table 1) [37].

In the resting state (Absence of Ca?*)

Pore Forming
B Loop

Figure 1. Kc,3.1 and Kc,2 Channel Structures in the presence and absence of Ca%*. Kc,2 and
Kca 3.1 channels are assembled as homotetramers of four x-subunits. (A) Human K¢,3.1 channel
cryo-EM structure (PDB: 6¢cnn). For clarity, four-channel subunits are shown in different colors: green,
blue, yellow, and purple, along with calmodulin (CaM) (gray). (B) Schematic representation of one
channel subunit in the absence of Ca%*. (C) Schematic representation of one channel subunit in the
presence of Ca?*. (D) Extracellular top view of the Kc,3.1 and K¢,2 channels. (A) was generated using
Biorender.com. (B,C) were generated using Pymol (Schrodinger, LLC, New York, NY, USA).

Among the four Kc,2/Kc,3.1 channel subtypes, the full-length cryogenic electron
microscopy (cryo-EM) structure is only available for the Kc,3.1 channel determined in the
absence and presence of Ca?*, providing insight into the Ca?* /CaM gating mechanism
for these channels [36]. The calmodulin-binding domain consists of two x-helices, HA
and HB, whereas the S4-S5 linker includes two «-helices, Sy5A and S45B. The HA and HB
helices from one channel subunit, the S4-S5 linker from a neighboring channel subunit,
and calmodulin closely interact with each other (Figure 1). When Ca?* is absent, the C-lobe
of CaM binds to the HA /HB helices in the proximal channel C-terminus, the N-lobe of
CaM is highly flexible, and the channel pore is closed (Figure 1B). In the presence of Ca?*,
the N-lobe of CaM becomes well-structured and interacts with the linker between the 54
and S5 transmembrane domains (54-S5 linker) of a neighboring «-subunit. The interaction
between the Ca?*-bound CaM N-lobe and the S4-S5 linker causes the movement of the S6
transmembrane domain and the opening of the channel pore (Figure 1C) [33,38].

Kca2 channels are activated by Ca?*, with ECs values ranging from 300 to 750 nM,
whereas Kc,3.1 channels exhibit apparent Ca?* sensitivities of 100-400 nM [29,34,39]. Kc,2
and Kc,3.1 channels, therefore, play a critical role in the physiologies of various tissues
and disease states [22,40]. The advances in understanding the K¢,3.1 structure [36] (the
cryo-electron microscopy of the human homotetrameric KCNN4 channel) and the resulting
improvements in other Kc,2 subtypes modeling [29,30,34] have yet to be used, not only for
drug discovery but also for understanding the pathophysiological diseases.

3. K¢, Channels in the Respiratory System

The involvement of K* channels has been proposed in respiratory conditions such as
asthma, chronic obstructive pulmonary diseases (COPD), and cystic fibrosis (CF) [1,12]. In
airway epithelial cells, both C1~ and K* transports rely, to some extent, on Ca?*-dependent
channel activity (e.g., Kc, channels) [1]. K¢, channels are important in regulating C1~
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secretion, MCC, and ASL volumes. Kc,3.1 and Kc,2 channel subtypes located in the airway
epithelia, such as Kc,2.1 [41] and K¢,2.3 [42], maintain the electrochemical gradient and
thus support lung ion and fluid homeostasis [1]. Table 2 summarizes the KCNN gene family,
tissue distribution, physiological roles, and their roles in the lungs.

Table 2. The KCNN gene family. Human chromosomal location, tissue distribution, functional effects,
and their roles in the lungs.

Kca2/3 Other Human
Ca=e Gene Chromosomal Tissue Distribution Physiological Roles Role in the Lungs
o Subunit Names .
Location
Brain [25]
Kca2.1 KCNN1 SK1 19p13.11 [25] Heart [43] The Kca2 channels ND *
Lung [41] underlie the medium
AHP and lat
Brain and heart neu : éln alr efgtilna ¢
Kca2.2 KCNN2 SK2 5q22.3 [25] Adrenal gland, lungs, prostate, frequency [23 ﬁ] ND *
bladder, and liver [25,45]. 4 y 1223k
Brain and heart Kca2:3 z?nd Kea31
Vascular endothelium, lungs mediate the (+) Kca2.3 relaxes the
Kca2.3 KCNN3 SK3 1q21.3 [25] nd bladder 4 ” endothelium-derived pulmonary arteries
a [25 Z 4] ¢ hyperpolarization and bronchi ** [32]
! response [33,46]
Vascular endothelium Kca3.1 channels (_)+Kca3'l r?duces
Na* absorption ***
SK4 T and B lymphocytes regulate calcium (+) CBF, and MCC [5’]
Kca3.1 KCNN4 19q13.31 [25] Microglia, placenta, colon, and signaling, cellular ; '
IK A (+) Kca3.1 relaxes the
red blood cells activation, and cell 1 teri
Lungs and bladder [25,44] volume [23,44] pulmonary arteries

and bronchi [42]

* ND: not determined specifically in the respiratory system. ** (+): Activation. *** (—): Inhibition.

3.1. K¢, Channels and the Respiratory Cilia

The Kc,2 and Kc,3.1 channels are tetramers, and each subunit comprises six trans-
membrane alpha-helical domains (six TMD), indicated as S1-56 in each channel subunit.
The selectivity of potassium ions across these channels is based on the pore-forming P-loop
between the transmembrane S5 and S6 domains. Kc,2/Kc,3.1 are more sensitive to Ca>*
due to calmodulin CaM acting as a Ca®* sensor (Figure 1) [26,47]. CaM is present in all
eukaryotic cells, facilitating various cellular signaling processes, such as the modulation of
ion channel actions, regulation of enzymatic activities, and gene expression [14,48]. The
ciliary beat of the airway epithelium is believed to be regulated by the level of intracel-
lular Ca?* [49]. The association with calmodulin in the regulation of ciliary beats has
been reported as the most important intraciliary Ca* binding protein [49,50]. Moreover,
the activation of Kc,2 channels in non-excitable cells, such as epithelial cells, increases
Ca?* entry through non-voltage-gated Ca®* channels, thereby increasing intracellular Ca2*
concentration [51]. This elevation of intracellular Ca®* is one of the primary regulators of
ciliary movement [52]. Thus, Kc,2 and Kc,3.1 channels will regulate respiratory ciliary
activities as part of a complex signaling network.

3.1.1. K¢, Channels and Ciliary Beat Frequency

In vitro measurements of the changes in the CBF of human respiratory cells indi-
cate that Ca®* ionophore speeds the CBF of human respiratory cells mediated through a
calmodulin-sensitive system [53]. Airway epithelial cells contain 100 nM of free Ca* in
their cytoplasm, but ciliated cells bear a higher concentration at baseline than club cells [54].
This supports the idea that Kc,2 channels may be active during normal conditions in spe-
cific airway cells, as these channels show a high sensitivity to Ca?* (Table 2). Significantly,
in CF mouse airways, a previous study by Vega et al. [5] determined that KCNN4-silencing
enhanced MCC when Na™ absorption was decreased. Additionally, CBF was also increased
by Kc,3.1 inhibition. An explanation is that Kc,3.1 inhibition reduces Na* absorption in
CF, thereby increasing CBF speeds by hyperpolarizing the apical membrane [5,55].
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3.1.2. Kca2 Channels and Cilium Length

Muco-obstructive lung disease is considered the primary cause of morbidity and is
responsible for 80% of mortality [55]. The presence of Kc,2 channels in a human bron-chial
epithelial cell, and structural similarities in the groups of Kc,2 and K¢,3.1, pro-vides a
new direction in the investigating the expression and function of Kc,2 channel subtypes
in the ciliated human lung epithelial cells. Optimal MCC requires mucus, cilia, and a thin
layer of ASL to facilitate ciliary beating [2]. Maintaining a normal range of respiratory cilia
length (4 to 7 pm, depending on the airway region) is critical for adequate mucociliary
clearance [56]. A qualitative difference exists between short and longer cilia waveform
shapes [57], and various acquired lung disorders are marked by abnormalities in both
cilia structure and function [56]. Our previous work determined the critical role of Kc,2.3
channels in regulating the primary cilia in endothelial cells [58]. Taking advantage of the
previous results could help to connect Kc,2 channels and respiratory cilia, two crucial
components in the Ca?* signaling network of airway epithelial and smooth muscle cells,
with potential implications in the pathogenesis of airway diseases.

4. Expression and Physiological Functions of Kc,2 and K¢,3.1 Channels in
the Airways

Many human cells express K¢, channels that have the exceptional ability to trans-late
changes in the level of the intracellular second messenger, Ca", to changes in membrane
K* conductance and, thus, resting potential membrane. While K¢, channel subtypes are all
regulated by intracellular Ca®*, they are otherwise quite distinct entities, differing in tissue
distribution and functions [59]. Kc,2 channel subtypes, for example, are widely expressed
in the nervous system, where they are involved in regulating the firing frequency of various
neurons. On the other hand, the Kc,3.1 channel subtype is expressed in peripheral cells,
including the erythrocytes and lymphocytes, and has been determined in numerous cancer
cells where they have been implicated in growth control [60,61]. Here we demonstrate the
expressions and physiological roles of Kc,2 and Kc,3.1 channels in the airways.

4.1. Expression and Functions of Kc,2 in the Respiratory Epithelia

Kca2 channels are widely expressed in various tissues and play an important role
in modulating excitable and non-excitable cells. The presence of K¢, channel groups
was confirmed at the apical and basolateral membranes of airway epithelial cells [1,62]
(Figure 2A). The bronchial epithelium expresses Kc,2.1 and Kc,2.3 channel subtypes[35,41].
Kca2.2 and Kc,2.3 mRNA were detected in the lungs and trachea [3,4]. Kc,2.2 and Kc,2.3
mRNA were detected in lungs and trachea [6]. Kc,2.3 is the only subtype expressed in
the pulmonary artery [5]. Figure 2-B shows the major expression sites of Kc,2 and Kc,3.1
channel subtypes in the airway.

Different ion channels seem to be present in motile cilia [63]. In the nasal cavity,
olfactory receptor neurons (ORNSs) are adapted to grow various long cilia; they are not
motile but can move with the liquid stream of the nasal mucosa to sample odorants entering
the nose. The presence of K¢, channel groups in the cilia of ORNs was reported [64].

The involvement of K* channels has been proposed in respiratory conditions such as
asthma, chronic obstructive pulmonary diseases (COPD), and cystic fibrosis (CF) [1,12]. In
airway epithelial cells, both Cl~ and K* transports rely, to some extent, on Ca2*-dependent
channel activity (e.g., Kc, channels) [1]. K¢, channels are important in regulating C1~
secretion, MCC, and ASL volumes. Kc,2 channel subtypes located in the airway epithelia,
such as Kc,2.1 [41] and Kc,2.3 [42], maintain the electrochemical gradient and thus support
lung ion and fluid homeostases [1].
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Figure 2. Expression sites of Kc,2 and Kc,3.1 channels in the respiratory system. (A) Schematic
drawing of ciliated airway epithelial cells of Kc,2 and Kc,3.1 channels. (B) Kc,2 and K, 3.1 channels
were expressed in airway smooth muscle [65], airway olfactory nerves [66] and olfactory cilia [64];
Kca2.2 and Kc,2.3 subtypes presented in the lungs and the trachea [45]; and K¢,3.1, Kc,2.1, and
Kca2.3 subtypes presented in the respiratory epithelia [41,42]. The pulmonary artery expressed the
Kca2.3 subtype [42].

In CF, the equilibrium between Na* absorption and Cl~ secretion throughout the
airway epithelia is necessary to maintain adequate ASL volume and MCC. The Cl~ se-
cretion in the lungs involves several steps, starting from Cl~ entry through a basolateral
channel cotransporter, followed by its exit via apical C1~ channels, such as the cystic fibrosis
transmembrane conductance regulator (CFTR) [3]. The dysfunction of CFTR channels in
CF results in decreased C1~ and fluid secretions and increased Na* absorption, leading to
inefficient mucociliary clearance and mucus accumulation [67].

In COPD, K¢, channel groups can also act as oxygen sensors for lung diseases, such as
COPD associated with pulmonary hypertension [12]. In COPD, pulmonary hypertension
is generally believed to be due to hypoxic pulmonary vasoconstriction [68]. K¢, channels
potentiated by the low partial pressure of oxygen (PO;) have been investigated in cere-
bral resistance myocytes [69]. When hypoxia occurs, K¢, channels activate (preventing
repolarization) and relax the pulmonary arteries [70,71].

Kca channels were proposed as new targets for bronchodilator therapy for chronic
diseases such as asthma and COPD [72]. The mentioned COPD-related studies [69-72]
examined K¢, channel groups in general. Though one study suggested that human pul-
monary artery and bronchial relaxations might be mediated by pharmacological activation
of the Kc,2.3 channel subtypes [42] (Table 2).

In anosmia, Odorant-induced K* conductance is activated by Ca?* [73], and the eleva-
tion of intracellular Ca®* is often associated with odorant stimulation in some vertebrates
and human olfactory neurons [51,74]. Olfactory Receptor Neurons (ORNs) are located
in the nasal epithelia and exhibit spontaneous action potential firing. All K¢, channel
groups have been detected in olfactory cilia [52], and the electrophysiological of the whole-
cell results confirmed that K¢, channels participate in inhibitory chemo-transduction in
the cilia [75]. According to these findings, an apical Ca?* influx opens the K¢, channels,
causing membrane hyperpolarization in response to Ca?* influx and thus triggering the
inhibition [74].

Moreover, a CaZ* channel blocker, nifedipine, was tested on odorants that induce an
inhibitory current in olfactory neurons [74]. This drug effectively abolished the outward
current and stimulated the cells with an odorant solution free of nifedipine, and the re-
sponse was restored [74]. Kc,2 channel subtypes which are completely Ca’*-dependent
and voltage-independent may play a critical role in treating certain diseases, given the
drugs that could target specific ion channels. For example, anosmia could be treated by
targeting the Kc,2 channel subtypes in olfactory cilia and testing their allosteric modula-
tors [52]. However, the pharmacology of these channels in olfactory neurons has not been
fully characterized.
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4.2. Expression and Functions of Kc,3.1 in the Respiratory Epithelia

The expression of Ca®*-activated potassium (Kc,) channels often correlate positively
with cell proliferation. As an example, the expression of Kc,3.1 increases 4-fold upon
T-lymphocyte activation, and this channel is inhibited with the specific inhibitor that
inhibits T-lymphocyte proliferation [76]. This is because the Kc,3.1 channel contributes
to electrochemical gradients for Ca?* influx, which is critical for the proliferation of the T
cells [77]. Kc,3.1 is also broadly expressed in other cells of the immune system, such as B
cells, macrophages, microglia, and mast cells [78]. The major function of Kc,3.1 in immune
cells is to hyperpolarize the cell membrane and create the driving force for calcium entry,
which is necessary for proliferation, activation, and cytokine production [79]. Previous
findings [80] suggest that antigen sensitization up-regulates Kc,3.1 expression, which may
contribute to enhancing cell migration in response to lymphatic chemokines, particularly
in the immunogenic lung dendritic cells subset. Therefore, targeting Kc,3.1 crucial for
controlling allergic airway inflammation [81] (Table 2 and Figure 2).

Kca channels have been found to be involved in regulating smooth muscle responses
to both contractile and relaxant agonists that elevate intracellular Ca?* [82]. Phenotypic
modulation of smooth muscle cells is accompanied by changes in Kc,3.1 channel expres-
sion characterizing “proliferative” cells [83]. Kc,3.1 channels regulate the proliferative
responses of vascular smooth muscle cells, fibroblasts, endothelial cells, and T lymphocytes,
as well as a some transformed cell types [61,84]. Kc,3.1 function is increased by protein
kinase A (PKA) [85] and nucleoside diphoshate kinase B (NDPK-B) and inhibited by the
histidine phosphatase PHPT1 [86,87]. Since NDPK-B and PHPT1 directly phosphorylate
or dephosphorylate Kc,3.1 on histidine in the C-terminus, Kc,3.1 modulation in mam-
mals is one of the rare examples of histidine kinase/phosphatase regulating a biological
process [86].

In allergic lung diseases, Kc,3.1 channels regulate Ca?* entry into cells and thereby
modulate Ca®*-signaling processes. The entry of positively charged Ca®* into the cells
depolarizes the membrane, which limits its own ability to enter the cell through some
types of Ca®* channels that are closed at more positive membrane potentials. Kc,3.1
activation by elevated intracellular Ca?* maintains a negative membrane potential, which
helps to sustain Ca?* entry into the cell. Kc,3.1-mediated elevation of intracellular Ca®* is
necessary for the production of inflammatory chemokines and cytokines by T cells, mast
cells, and macrophages [79,88]. Indeed, proliferation is accompanied by the transcriptional
up-regulation of functional Kc,3.1 expression and can be inhibited by Kc,3.1 inhibitors [86].
It has been reported that the use of K¢,3.1 blockers can provide a potential therapeutic
target for mast cell-mediated diseases such as asthma [88]. Moreover, blocking K¢,3.1 may
offer a novel approach to treating idiopathic pulmonary fibrosis [89].

In muco-obstructive hyper tension, the inhibition of the Kc,3.1 channel [5] and Kenn4
silencing in ion transport and MCC in an animal model of CF/COPD-like muco-obstructive
lung disease determined that Kcnn4 silencing enhances airway disease [5]. The effectiveness
of the mucociliary clearance depends mainly on hydration. Water availability in the airways
is controlled by transepithelial ion transport. Apical C1~ secretion and Na* absorption play
major roles in ASL volume homeostasis [90]. The decline in Na* absorption is of potential
benefit in muco-obstructive disorders, such as cystic fibroses. It was described earlier
in the case of the kidney and intestine, where the inhibition of basolateral K* channels
decreased Na* absorption [5,57], thus supporting the role of K* channels on epithelial
Na* homeostasis.

In pulmonary artery hypertension, elevated pulmonary artery pressure occurs in
several diseases, such as asthma, end-stage chronic obstructive pulmonary disease (COPD),
and lung fibrosis [66,91,92]. In order to diagnose pulmonary artery hypertension, hemo-
dynamic measurements are taken via right heart catheterization or echocardiography;
the condition is defined as a mean pulmonary artery pressure above 25 mmHg at rest or
greater than 30 mmHg during normal physical activity [92]. Studies suggest that pharma-
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cologically activating Kc,3.1 channels mediates human pulmonary artery and bronchial
relaxations [42]

5. Pharmacological Kc,2 and K¢,3.1 Channel Modulators in Respiratory Diseases

The Kc,2.3 and K,3.1 potassium channels are characterized by their voltage indepen-
dence, and thus, they are activated by intracellular CaZ*. Due to the distinct distribution of
the channel subtypes in the mammalian cells and their involvement in the generation of
afterhyperpolarization currents, there has been considerable interest in developing subtype-
selective pharmacological tools to study these channels [93,94]. Additionally, Kc,2.3 and
Kca3.1 channels comprise attractive new targets for several diseases that currently have no
effective therapies. The pharmacology of K¢, channels developed relatively rapidly after
the cloning of the Kc,2 and Kc,3.1 channels, as the field now has a wide range of peptides,
small-molecule inhibitors, and positive- and negative-gating modulators with differential
subtype selectivity available [44].

The Kc,3.1 and K¢,2 channels have relatively well-developed pharmacological tools.
The field now has a wide range of peptides, small-molecule inhibitors, and positive- and
negative-gating modulators with differential subtype selectivity available [93]. Table 3
shows the small molecule positive and negative modulators with differential Kc,2 subtype
selectivity [44]. For treating CF and other mucociliary diseases, K¢,3.1 inhibitors are
needed [5]. Senicapoc [95] and TRAM-34 [96] inhibit Kc,3.1 channels with ICsy values of
~11 nM, and ~20 nM, respectively, and they are highly selective for Kc,3.1 channels over
Kca2 channel subtypes [33]. The selective negative modulator for the Kc,2 channel AP14145
is equipotent in inhibiting Kc,2.2 and Kc,2.3 but is ineffective on K¢,3.1 channels [97].

For treating anosmia, COPD and its related pulmonary hypertension, Kc,2-positive
modulators may be beneficial [42,46,62]. NS309 is a potent, non-selective activator of
human K¢,3.1 and K¢,2 channels [98]. The Kc,2.2 and Kc,2.3 channels are potently and
selectively activated by CyPPA [38], and their derivatives are chemically modified to create
more efficient and selective positive modulators [99]. However, further investigations are
needed to determine their effectiveness [33].

Table 3. Small-molecule positive and negative modulators of Kc,2 and Kc,3.1 channels.

Nonselective Kc,2/Kc,3.1 Kca2 Selective Kca3.1 Selective Subtype Kc,2 Selective
Kca2.2/Kc,2.3 selective
NS309 [98] CyPPA [38]
Positive SKA-31 [100] SKA-111 [44] NS13001 [104]
modulators 1-EBIO [101] SKA-121 [103] Compound 2q * [99]
Riluzole [102] Kc,2.1 selective
CM-TPMF [102]
. : Kca2.1 selective
Negative RA-2 [103] NS5893 [104] Senicapoc [11,95]
modulators AP14145 [97] TRAM-34 [96] Bu-TPMF [102]

*2q is a CyPPA-modified compound, other CyPPA modified compounds include: 2m-2n, 2p, 2r-2t, 2v, and 4. The
potencies of these compounds on potentiating Kc,2.3 and Kc,2.2a channels have previously been determined [57,99].

6. Conclusions and Perspectives

In recent years, remarkable progress has been made in understanding the physiological
and pathophysiological roles of K¢, channels. The advances in understanding the Kc,3.1
structure and the resulting improvements in other Kc,2 subtypes modeling have yet to
be used, not only for drug discovery but also for understanding the pathophysiological
diseases, particularly airway diseases, and developing more subtype-selective biophysical
and pharmacological tools. Over the past few years, researchers have studied Kc,3.1
channel expression and its physiological role in airway diseases. There are, however,
few studies on Kc,2 channels in the respiratory system. Evidence now suggests that
Kca2 channels are present in the respiratory system and play an important role in airway
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disorders, such as asthma, chronic obstructive pulmonary disease, cystic fibrosis, and other
muco-obstructive diseases. Nevertheless, further studies are necessary to unveil the exact
cell distribution, subcellular localization, and protein interactions of Kc,2 channels in the
airways. Additional research is required to further establish and validate Kc,2 and Kc,3.1
channels as ion channels in airway diseases, their clinical relevance, and the development
of more potent and subtype selective Kc,2 channel modulators.
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Abbreviations

ASL Airway surface liquid
Ca?* Calcium

CaM Calmodulin

Cl™ Chloride

COPD  Chronic obstructive pulmonary disease

CBF Cilia beating frequency

Kca CaZ*-activated K* channels

CF Cystic fibrosis

CFTR  Cystic fibrosis transmembrane conductance regulator
Kca,3.1  Intermediate-conductance Ca2*-activated K* channels
BK Large-conductance Ca*?-activated K* channels

MCC  Mucociliary clearance

ORNs  Olfactory receptor neurons

K* Potassium

Kca2 Small-conductance Ca?*-activated K* channels
Na* Sodium

TMs Transmembrane helices

WT Wild type
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Abstract: It is well known that rheumatoid arthritis (RA) patients are at an increased risk of develop-
ing non-infectious pulmonary complications, especially interstitial lung disease (ILD); however, the
clinician must keep in mind that lung disease could not only be a manifestation of the underlying
condition, but also a consequence of using disease-modifying therapies. New-onset ILD or ILD
worsening has also been reported as a possible consequence of both conventional disease-modifying
antirheumatic drugs (DMARDs) and biologic agents. This study is a narrative review of the current
literature regarding the potential risk of developing interstitial lung disease along with the admin-
istration of specific drugs used in controlling rheumatoid arthritis. Its purpose is to fill knowledge
gaps related to this challenging patient cohort by addressing various aspects of the disease, including
prevalence, disease features, treatment strategies, and patient outcomes.

Keywords: rheumatoid arthritis; drug-induced lung injury; interstitial lung disease; pulmonary fibrosis

1. Introduction

Drug-induced lung injury (DLI) is defined as a lung injury that specifically results from
the use of a drug, including prescription and over-the-counter drugs, herbal medicines,
supplements, and illegal narcotics [1].

As causality is often difficult to prove, attributing lung injury to medication is a
challenging task. The diagnosis is usually presumptive, lacking a gold standard test, and
the causal connection is determined by the temporal association between drug initiation,
symptom onset, radiologic abnormalities, the failure to identify a microbial agent, the
absence of pre-existing lung disease, and improvement after drug discontinuation [1,2].

Based on these principles, the 2013 Consensus statement for the diagnosis and treat-
ment of drug-induced lung injuries recommends the following criteria for drug-induced
lung injury [1,3,4] (Table 1).

Although the exact pathogenic mechanisms of drug-induced lung injury (DLI) have
not been fully understood, except for a limited number of drugs, two potential primary
mechanisms have been proposed: the cytotoxic and the immune mechanisms of action.
These mechanisms may be independently involved or in combination, resulting in various
forms of lung injury. These two mechanisms may be influenced by contextual factors, such
as smoking or underlying lung diseases (Table 2) [1].
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Table 1. Diagnostic criteria for drug-induced lung injury [3].

History of Ingestion of a Drug that is Known to Induce
Lung Injury

Specifically Inquire about the Following when Taking the Patient’s
History: Over-the-Counter (OTC) Drugs, Health Foods, and Illegal
Narcotic Drugs/Anti-Hypnotic Drugs

The clinical manifestation has been reported to be
induced by a drug

The clinical manifestations include clinical findings, imaging findings,
and pathological features.

Other causes of the clinical manifestation could be
ruled out

Differentiation from infection, cardiogenic pulmonary edema,
exacerbation of an underlying disease, etc.

Improvement of the clinical manifestations after drug
discontinuation

Spontaneous remission or remission in response to a corticosteroid.

Exacerbation of the clinical manifestations after
resuming drug administration

Resuming drug administration to identify the causative drug is not
generally recommended but is acceptable if the patient requires the drug
and safety is assured.

Table 2. Pathogenetic mechanisms of drug-induced lung injury.

Cytotoxic effects (e.g., methotrexate,
cyclophosphamide, sulfasalazine)

Direct damage to alveolar epithelium and endothelialium. Mediated by
reactive oxygen species, proteases, and cytokines.
Pulmonary fibrosis due to increased vascular permeability, inflammation,
and tissue injury (extent of injury is generally usually dose and duration
dependent).

Activation of immune cells (allergic reaction) (e.g., anti
TNF alpha)

Immunogenicity due to drug/drugmetabolite binding to cytoplasmic
proteins (hapten hypothesis).
Eosinophil infiltration in the alveolar wall and airspaces (eosinophilic
pneumonia).
Interstitial pneumonia mediated by lymphocyte infiltration and
granuloma formation in the alveolar wall (involved in most cases of DLI
and usually neither dose nor duration related).

Host factors

Age, smoker status, exposure to chemicals/dusts, genetic factors.
Underlying pulmonary diseases: pulmonary fibrosis, chronic obstructive
pulmonary disease (COPD), and emphysema.

Iatrogenic: exposure to high concentrations of oxygen, history of
radiation exposure, surgery

Adapted from [1].

Whilst the use of biologic disease-modifying agents to treat RA has led to an unprece-

dented improvement in clinical and functional outcomes, their safety profile remains to
be fully elucidated. Almost all DMARDs are known to potentially trigger DLI in patients
with RA [1,5,6]. A very useful tool when considering DLI is The Drug-Induced Respiratory
Disease Website developed by Philippe Camus—http://www.pneumotox.com (accessed
on 10 April 2023). This website is a simple, easy-to-use tool, in which, after introducing
the generic name of the drug, a frequency or incidence gauge (in the form of digits within
stars) indicates how many cases have been published in the literature (questionable signal;
1 <10 cases; 2 10-50 cases; 3 50-100 cases; 4 100-200 cases; 5 >200 cases) [5]. The website
also provides abundant links to the existing literature and case reports.

The treat-to-target (T2T) strategy in rheumatoid arthritis (RA) is an approach that
involves setting a treatment goal (RA remission or low disease activity) based on disease
activity scores [7]. This strategy involves early aggressive treatment with one or more con-
ventional synthetic DMARDs and/or biologic DMARDs/ targeted—tsDMARDs (Table 3),
along with symptomatic therapy that may include NSAIDs, low-dose prednisone, and
physical therapy.
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Table 3. DMARDs used in RA treatment [8].

Conventional—csDMARDs Methotrexate, Leflunomide, Hydroxychloroquine,

Synthetic DMARDs Sulfasalazine, Cyclosporine, Azathioprine
Targeted—tsDMARDs/JAK Inhibitors Tofacitinib, Baricitinib, Upadacitinib,
iniia,Barp Adalimunt
CD 20 receptors on B cells inhibitor Rituximab
Biological DMARDs Interleukin 6 receptor antagonist Tocilizumab
Selective T cell co-stimulation modulator Abatacept
Interleukin 1 receptor antagonist Anakinra

2. Conventional DMARDS
2.1. Methotrexate

By inhibiting the enzyme AICAR transformylase, Methotrexate disrupts the metabolism
of adenosine and guanine, resulting in the accumulation of adenosine. The increased levels
of adenosine contribute to the anti-inflammatory effects by suppressing T-cell activation,
down-regulating B-cells, and enhancing the sensitivity of activated CD-95 T cells. [5,8]

In retrospective studies, the incidence of Methotrexate-induced lung disease has been
estimated to be 3.5-7.6%, with a prevalence of 5% [9], and has been shown to develop early
during Methotrexate treatment, mostly within the first year [10].

Methotrexate can lead to multiple respiratory problems: hypersensitivity pneumonitis,
interstitial fibrosis, acute lung injury with noncardiogenic pulmonary edema, organizing
pneumonia, pleuritis and pleural effusions, and pulmonary nodules with acute interstitial
hypersensitivity pneumonitis being the most common [11,12].

Methotrexate-induced pneumonitis is reported in about 0.43% to 1% of treated pa-
tients [10] with a mortality rate of 20% [13].

The risk factors for methotrexate-induced lung injury in RA patients are age (>60 years),
previous DMARD:s use (LEF, SSZ, gold, or D-penicillamine), preexistent respiratory mani-
festations of RA, hypoalbuminemia, diabetes, and renal dysfunction [11].

Sathi et al. adds as an additional risk factor for Methotrexate pneumonitis reduced
baseline pulmonary function tests (PFT), advising baseline pulmonary function tests when
initiating Methotrexate therapy [14]. However, the role of Methotrexate in the development
of ILD in RA patients is debatable since the severity of RA is an independent risk factor for
developing ILD [9,14].

In a meta-analysis of randomized controlled trials, Conway et al. demonstrated a
slightly increased risk of respiratory adverse events, including ILD exacerbations in patients
with RA treated with Methotrexate compared with other DMARDs and biologic agents
(RR 1.10, 95% CI 1.02-1.19). However, the patients treated with Methotrexate did not have
an increased risk of death due to pulmonary disease [9].

Methotrexate pneumonitis typically has an acute/subacute onset and often presents a
hypersensitivity pneumonitis pattern [15]. Several days/weeks after initiating Methotrex-
ate (or more gradually in the subacute form), the patient presents dyspnea, non-productive
cough, fever, and, in some cases, acute respiratory failure [15,16].

Allergic mechanisms are thought to cause DLI because respiratory symptoms are often
accompanied by fever and peripheral eosinophilia. Drug-induced lung injury most fre-
quently shows widespread ground glass opacity (GGO) and hypersensitivity pneumonitis-
like pattern, which may resemble the imaging findings from pneumocystis pneumonia
(PCP) [15].

For a better diagnostic approach there have been developed diagnosis criteria for
adverse pulmonary events associated with Methrotrexate use (Table 4).
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Table 4. Searles and McKendry diagnostic criteria for adverse pulmonary events associated with
methotrexate treatment in rheumatoid arthritis [16,17].

I. Hypersensitivity pneumonitis (demonstrated by histopathologic
examination, with no evidence of pathogenic organisms).

Major criteria . Radiologic evidence of pulmonary interstitial or alveolar infiltrates.

. Negative blood (if afebrile) and initial sputum (if productive) cultures.

. Shortness of breath of <8 weeks duration.

Minor criteria . O2 saturation < 90% at the time of initial evaluation.

2
3
1
2. Non-productive cough.
3
4

. DLCO < 70% of the predicted value
5. WBC < 15,000 per mm?.

Definite cases were defined as the presence of major criterion 1 or major criteria 2 and 3, and three
out of the five minor criteria. Probable cases were defined as the presence of major criteria 2 and 3,
and two minor criteria. DLCO = diffusing capacity for carbon monoxide; WBC = white blood cell
(count).

Adapted from [16,17].

The topic of chronic pulmonary injury induced by Methotrexate is highly debated:
when investigating the chronic pulmonary effects of low-dose Methotrexate in RA patients
(55 RA patients treated with Methotrexate and 75 RA patients in the control group), Dawson
et al. did not find any evidence that Methotrexate leads to chronic pulmonary fibrosis.
Moreover, in this study, it should be noted that during the 2-year follow-up, even though
there was a deterioration in the pulmonary function parameters, this did not reach a
significant difference [18].

In case of Methotrexate-induced ILD, treatment consists of drug cessation and, (espe-
cially in patients who remain symptomatic after Methotrexate withdrawal) corticosteroids.
It is not advised to reinitiate Methotrexate after an ILD-event [11].

2.2. Leflunomide

Leflunomide acts by inhibiting the mitochondrial enzyme dihydro-orotate dehydroge-
nase (DHODH) via its metabolite A771726—teriflunomide [19].

Leflunomide-induced /exacerbated ILD first became a concern in 2004, when, months
after the drug was released in Japan, post-marketing surveillance showed that sixteen
patients developed de novo or exacerbated ILD, nine of whom died [19].

There is confounding data given the fact that Leflunomide is often a second-line
therapy and most patients receiving it have a Methotrexate history. A study by Suissa et al.
showed that while Leflunomide use was a risk factor for developing RA-ILD, the patients
at risk had either previously used Methotrexate or had a history of ILD. Moreover, the
same study noticed a prescription bias: patients with preexistent ILD were twice as likely
to be prescribed Leflunomide instead of Methotrexate. Therefore, in many cases, it remains
difficult to demonstrate causality when suspecting Leflunomide-induced ILD [20].

The main pathogenetic mechanism of Leflunomide-induced pneumonitis is attributed
to hypersensitivity reactions [1].

Racial factors seem to have a part in Leflunomide-induced ILD: Sawada et al. reported
that, in a cohort of 5054 RA patients who were prescribed LEF, 61 patients (1.2%) developed
ILD as an adverse reaction to this DMARD, which was higher than that estimated at 0.02%
in Western countries [21]. Similarly, Ju et al. reported a higher prevalence of Leflunomide-
induced ILD: 1.0% of the Korean patients treated with Leflunomide developed this adverse
reaction [22]. The frequency of leflunomide-induced ILD and its associated mortality
rate are greater compared to Western countries, as indicated by this data; however, the
underlying mechanisms responsible for this racial disparity in susceptibility to drug-
induced ILD remains unidentified.

67



Biomedicines 2023, 11, 1755

It has been postulated that mechanisms connected to epithelial-mesenchymal tran-
sition (EMT) might be involved in Leflunomide-induced ILD [23]. In ILD, epithelial-
mesenchymal transition (EMT) might contribute to the pulmonary build-up of fibroblasts
and myofibroblasts, originating from epithelial cells.

Namba’s et al. research on Leflunomide’s metabolite, A771726, indicated that A771726
induced EMT-like characteristics in cultured human type II alveolar (A549) cells, via
DHODH inhibition. A771726 treatment resulted in the upregulation of c-smooth muscle
actin (x-SMA) and Collal mRNA expression, and a downregulation in the expression of
E-cadherin mRNA [23].

Leflunomide-induced pneumopathy usually occurs within the first 20 weeks of ther-
apy, being typically described as being a NSIP pattern. Risk factors associated with such
lung involvement include preexisting pulmonary lesions, interstitial pneumonia, the use of
a loading dose, smoking, and low body weight [21,24].

2.3. Sulfasalazine, Hydroxychloroquineazathioprine, and Cyclosporine

Sulfasalazine-induced lung disease is rather rare. A retrospective case study involving
all patients in published reports between 1972-1999 treated with sulfasalazine and who had
developed a possible pulmonary adverse reaction to the drug identified only 50 patients.
In this cohort, there were only six patients with RA [25].

There is currently no available data on the pulmonary toxicity of hydroxychloroquine.

Whilst there have been case reports on pulmonary toxicity in azathioprine-treated
patients [26], azathioprine has been successfully used in RA-ILD (mostly via extrapolation
from the therapeutic approach in ILD secondary to the other connective tissue disor-
ders) [27]. In a retrospective cohort analysis that studied the combined incidence rate of
death, transplant and respiratory hospitalization associated with azathioprine exposure
when compared with mycophenolate mofetil demonstrated a marginally better response
in regard to pulmonary function tests for the azathioprine group, but with a higher rate
of side effects [28]. There have been multiple case reports in which cyclosporine has been
associated with sustained pulmonary function improvement as well as rheumatoid arthritis
control [29-31].

3. Biologic Agents (- DMARDs)

Most bDMARDs have been linked to lung toxicity, but they have also been reported
to have the potential to improve lung function and stabilize pulmonary symptoms.

Regarding biological disease-modifying antirheumatic drugs (DMARDs), tumor necro-
sis factor (TNF) alpha inhibitors are those with the most data on drug-induced ILD.

3.1. Anti-TNF Drugs

Initial concerns regarding drug-induced ILD in RA patients arose after anecdotal
reports of serious exacerbations of respiratory disease following treatment with a TNF
inhibitor (TNFi) in patients with pre-existing RA-ILD. Post-marketing studies have revealed
that the development of ILD after TNF inhibitor therapy was a rather rare event (0.5-0.6%),
but that the preexisting ILD at the moment of TNF inhibitors initiation is a risk factor for
ILD exacerbations [32-34]

When analyzing a RA cohort (163 patients with RA who underwent anti-TNF therapy),
Nakashita et al. demonstrated a potential risk of ILD events (progression) in patients with
pre-existing ILD: 24.1% of the patients with pre-existing ILD had subsequent ILD events,
whilst only 3% of the patients without pre-existing ILD registered such events (still a higher
proportion than the one reported by the post-marketing studies). This data, in conjunction
with descriptions regarding each of the TNF alpha inhibitors, indicates that the risk of
pneumonitis seems to display a class effect [34].

In a cohort of 122 RA patients with interstitial lung disease either induced or exac-
erbated by TNF-targeted therapies, complete resolution was observed in up to 40% after
withdrawal of the biologic agent [35].
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The data available from the British Society for Rheumatology Biologics Register
showed that the survival of RA-ILD patients is not influenced by anti-TNF-« therapy [36].

The imaging pattern in TNF-inhibitors-induced ILD is variable with different pat-
terns of interstitial involvement, most commonly UIP or NSIP; cases of organizing pneu-
monia, diffuse alveolar damage, and lymphoid interstitial pneumonia have also been
described [37].

It should also be noted that patients with RA initiated on TNF inhibitors often continue
conventional DMARD therapy. In patients with concomitant Methotrexate therapy, an
increased frequency of development of Methotrexate pneumonitis has been suggested [38].

Regarding the relationship between specific biological medication and drug-induced
ILD, post-marketing surveillance of infliximab’s safety profile in 5000 Japanese RA patients
identified ILD in 25 patients (0.5%), after a mean of 2.8 infusions of infliximab, with a mean
number of days from the first infusion to ILD diagnosis of 76.8 days (36153 days) [32].

Similar data exist regarding Adalimumab: the data published by the Japan College of
Rheumatology, on 3000 RA patients treated with adalimumab, reported the occurrence of
interstitial pneumonia in 0.6% of patients. Additional post-marketing surveillance data on
a cohort of 7440 patients placed the prevalence of ILD among adalimumab-treated patients
at 0.5% [39,40].

Etanercept (ETN) was studied in a randomized controlled trial in the treatment of
idiopathic pulmonary fibrosis, which showed no significant differences observed in the
efficacy endpoints between the placebo and active treatment groups [41].

The post-marketing surveillance of etanercept in RA treatment, conducted by JCR (the
Japan College of Rheumatology), revealed 0.6% of study patients developed ILD [33,42].

As to the impact of etanercept in combination with DMARDs, not only did the con-
comitant use of etanercept and methotrexate show a better RA control, but also significantly
lower incidence rates for total adverse events, including ILD (when compared to etanercept
as a monotherapy or associated with other DMARDs) [43]

Certolizumab, similarly to other TNFa inhibitors, may lead to acute exacerbations in
RA-ILD patients, probably via NLRP3 inflammasome activation precipitate pneumonitis.
The first case was reported in 2013 by Glaspole et al. [44,45] and further case reports have
focused on new-onset or acute exacerbation (AE) of ILD in patients, but so far the data is
limited [46].

3.2. Alternate Mechanisms of Action (MOAs) Agents

There is even less data regarding alternate mechanisms of action (MOAs) agents:
T-cell, B-cell, and interleukin-6 inhibitors.

A study by Curtis et al., evaluating ILD incidence and exacerbation among RA patients
treated with MOAs (abatacept, rituximab, and tocilizumab) compared with anti-TNFa
agents, showed no significant differences regarding the risk of ILD and its related compli-
cations. It should be also noted that the patients in the MOAs group were more likely to
have prior exposure to other drugs; for instance, prior biologic exposure and corticosteroid
use was highest in patients in the tocilizumab and rituximab groups [47].

3.3. Rituximab

Rituximab seems to be a relatively safe therapy in RA patients with lung involvement.
Given the fact that a worsening of preexisting ILD in RA patients treated with TNF in-
hibitors has been reported in the literature, Rituximab has often been the biological agent
of choice in these cases. Even though data available on the matter are still rather scarce,
several studies have seemed to suggest that Rituximab has a better safety profile in RA-ILD
patients

In a cohort of 264 patients with RA that had received RTX, out of which 38 patients
(14%) had lung involvement, lung disease remained clinically and radiologically stable
in most patients, with just a single patient showing slow progression of the disease over
4 years of follow-up [48].
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A cohort study involving 53 RA patients with preexisting ILD suggests that, at the
very least, patients with stable ILD remain stable in regards to pulmonary function after
the initiation of Rituximab therapy during prolonged follow-up [49].

Another small-scale study, which did not specifically focus on RA patients but rather
on patients with ILD that did not respond to conventional immunosuppression, followed 44
patients initiated on Rituximab for a period of two years. The results of this study seem to
indicate that Rituximab treatment is associated with a reduction in FVC and DLCO decline,
especially when used in patients with connective-tissue-disease-associated ILD [50].

Similar results were published by Franzen et al. In a cohort of 33 RA patients treated
with Rituximab, when evaluated with serial pulmonary function tests, while no instances
of respiratory symptoms were reported, the DLCO showed a progressive decline during
follow-up with a maximum reduction of 6.1% at 26 weeks (when compared to baseline).
The risk factors for pulmonary function changes post-rituximab were cigarette smoking,
repeated administration of the drug, and corticosteroid use (prednisone). The gradual
decrease in DLCO suggests the possibility of subclinical pulmonary toxicity induced by
rituximab, but it should be noted that both steroid use and repeated courses of rituximab
are linked to a more severe RA [51].

In regards to patient mortality, the data from the British Society for Rheumatology
Biologics Register for RA (BSRBR-RA) suggest that the RA-ILD who were administered
rituximab as their initial biologic had superior long-term survival rates when compared to
those who began treatment with TNF inhibitors, with an adjusted 5-year risk of mortality
in the RTX-treated patients of approximately half that in the TNF inhibitor-treated patients,
but the difference was not statistically significant (HR 0.53, 95% CI: 0.26 to 1.10) [52].

3.4. Abatacept

At the time of this review, the data on the impact of Abatacept in patients with RA-ILD
are reassuring. A multicenter study including 263 RA-ILD patients treated with Abatacept
showed an improvement or stabilization after 1 year of therapy regarding dyspnea scores
(in 91.9%), FVC (in 87.7%), DLCO (in 90.6%), and chest HRCT (in 76.6%) [53].

A prospective study on a cohort of 57 RA-ILD patients treated with abatacept for a
median (IQR) of 27.3 (12.2-42.8) months demonstrated both arthritis control and pulmonary
involvement stabilization in 71% of patients. The factors associated with lung disease
progression and mortality were high disease activity (calculated with the DAS28-ESR
formula) and low baseline DLCO and FVC values [54].

In another cohort of 44 patients with RA-ILD treated with Abatacept, only 11.4% expe-
rienced a significant worsening during the 18-month follow-up period (when evaluated on
the change in the percentage of fibrosis). The variables associated with RA-ILD worsening
were current smoker status and concomitant Methotrexate use [55].

Another study that compared the effect of biological therapies on airway and intersti-
tial lung disease in RA patients found abatacept to be an independent protective factor for
both RA-ILD, but also for airway disease exacerbation [56].

When comparing the safety of Abatacept in monotherapy with ABA associated with
synthetic DMARDs in RA patients with interstitial lung disease, both strategies seem
to have similar safety and effectiveness profiles. In a retrospective multicenter study of
RA-ILD Caucasian patients treated with abatacept either as monotherapy associated with
Methotrexate or non-Methotrexate DMARDSs, more than 70% (out of 263) of the patients
had stable or improved ILD after 18 months of treatment, with no significant differences
between treatment groups [57].

3.5. Tocilizumab

There are data suggesting that uncontrolled arthritis activity during tocilizumab
treatment could lead to an acute exacerbation of RA-ILD. A retrospective, case-controlled
study involved 395 consecutive RA patients treated with tocilizumab, 78 with ILD, and
317 without ILD. Six acute exacerbations occurred, after a median treatment duration of

70



Biomedicines 2023, 11, 1755

48 weeks. The patients experiencing acute ILD exacerbations had higher disease activity
measured using the Clinical Disease Activity Index (CDAI) at 24 weeks (20.8 vs. 6.2,
p = 0.019), suggesting that the acute exacerbations of RA-ILD were likely attributable to
uncontrolled disease activity rather than an adverse effect of the drug [58]

In the post-marketing data of a cohort of 7901 RA patients, with a cumulative exposure
to tocilizumab of 3831.8 patient-years (PY), 38 (0.5%, with an incidence rate of 1.0 event
per 100 person-years) were reported to have interstitial lung disease (ILD), with 22 of them
having either a concurrent or prior medical history of ILD at the beginning of the study. It
should be noted also that 24 of the ILD patients had a prior history of biological DMARDs.
Multivariate logistic regression analysis identified advanced age (>65 years) and previous
or concurrent ILD at baseline as the risk factors for ILD [59].

In a study that included 125 elderly (>65 years) patients with RA treated either with
Abatacept (n = 47) or Tocilizumab (n = 78), the most common adverse event that resulted
in the discontinuation of Tocilizumab treatment was ILD. Out of the five patients who
developed ILD while on Tocilizumab, two had a worsening of pre-existing ILD, while four
had been concurrently using Methotrexate. In contrast, ILD was not reported as an adverse
event leading to the discontinuation of abatacept in elderly patients with RA [60].

In a cohort of 11,219 patients, totaling 13,795 episodes of biologic exposure, there
were no significant differences in the risk of ILD and its related complications between
RA patients receiving different classes of biological therapy. The data suggests that the
incidence and exacerbation of ILD in the Tocilizumab and Rituximab groups may be
exaggerated by treatment resistance or by the severity of the disease, since the first line of
biologics were anti-TNF agents in most patients [47].

3.6. Anakinra

Information regarding anakinra’s pulmonary effects in RA patients is scarce, and so
far, there have not been any randomized controlled trials in regard to RA-ILD. The data
scarcity may be because anakinra use has seen a significant decline over time. The newer
therapeutic options seem to provide better RA control, a better safety profile, and more
convenient dosing options.

4. Targeted-Synthetic DMARDS/JANUS KINASE Inhibitors

Regarding targeted-synthetic DMARDs, which represent a somewhat newer alterna-
tive in RA treatment, information pertaining to interstitial lung disease and pulmonary
safety is currently limited, but the results published thus far seem to indicate a low rate of
ILD development during Janus-kinase inhibitor use [61-63].

Moreover, there is data regarding Tofacitinib: a post hoc analysis of 21 trials, including
7061 patients (patient-years of exposure 23,393.7) who received tofacitinib, showed that the
IR for an ILD event was 0.18 for both tofacitinib 5 mg BID and 10 mg BID, an incidence
associated with known risk factors of RA-ILD, such as age, smoker status, and high disease
activity (DAS28 scores) [62].

A retrospective study using claims data pertaining to 28,559 patients with RA from
the Optum Clinformatics Data Mart Database showed that, when calculating the IRs per
1000 person-years for ILD, patients who received tofacitinib were 69% less likely to develop
ILD (IR = 1.48) compared to those treated with adalimumab (IR = 4.30) [63].

In a retrospective study of 75 patients with RA and ILD treated either with Janus kinase
inhibitors (tofacitinib 5 mg BID or baricitinib 4 mg daily) or abatacept (125 mg/week) for at
least 18 months, the data showed similar safety profiles in regard to pulmonary outcomes.
RA-ILD stability or improvement was reached in 83.9% and 88.6% of patients, respectively.
In the multivariate regression analysis, the only variable related to RA-ILD deterioration in
patients treated with Janus kinase inhibitors was disease duration (p < 0.001) [64].

In a descriptive, multicentric, retrospective cohort study that included data pooled
from eight randomized trials, with 3770 RA patients treated with baricitinib, with 12,358
patient-years of exposure, Salvarani et al. identified 21 ILD cases with an exposure-adjusted
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incidence rate (EAIR) of 0.17 per 100 patient-years of exposure (PYE), proving a low risk of
developing ILD during treatment [65].

Furthermore, in a retrospective exploratory study that analyzed a cohort of 43 RA-ILD
patients treated with either baricitinib (65.12%), tofacitinib (20.93%), filgotinib (6.98%),
or upadacitinib (6.98%), the DLCO improved or remained stable in 80% of the cases.
The forced vital capacity followed the same trend, as it worsened in only 10.71% of the
patients and the chest HRCT demonstrated a progression of ILD in 9.30%. While combined
therapy with methotrexate was documented in 38.10% of the patients, no improvement
or deterioration was seen in the HRCT and pulmonary function tests between those with
monotherapy or those with concomitant methotrexate use [66].

These results suggest that treatment with Janus kinase inhibitors may provide benefit
in reducing the risk of developing RA-ILD.

5. Conclusions and Research Agenda

The establishment of treatment guidelines for RA-ILD continues to present an ongoing
challenge, with further complications arising from the potential pulmonary toxicity of both
synthetic and biologic DMARDs. Our review will hopefully be able to aid the clinician in
choosing the optimal treatment strategy for both at-risk patients and those with established
ILD.

Both initial and subsequent evaluations of RA patients should consider both artic-
ular and extraarticular manifestations. Risk factors (such as smoking or environmental
exposures), clinical findings, dyspnea scales, the 6-min walk test, pulmonary function tests
(PFT), DLCO, and imaging findings should be documented in order to assess the severity
of pulmonary involvement and to detect its progression.

Routine clinical evaluations of RA patients should include pulmonary evaluation,
with an emphasis on a structured follow-up plan for individuals with identified ILD or
those at high risk, including regular clinical evaluations, PFTs, and imaging assessment.

Optimizing therapy and follow-up strategies require a multidisciplinary approach
that involves, at a minimum, a rheumatologist, a pulmonologist, and a radiologist. Drug-
induced lung damage should also be considered in any RA patient who develops respira-
tory symptoms or new imaging changes during therapy.

In patients with low disease activity /remission and with stable pulmonary involve-
ment, the ongoing therapy should be continued; however, in patients with progressive
ILD and active joint disease, switching to JAK inhibitors or alternate mechanisms of action
(MOAs) agents could be beneficial.

During the past two decades, we have witnessed many exciting developments in
the treatment of rheumatoid arthritis. While this is very encouraging, ongoing research
regarding the long-term safety profile of these agents is essential, especially among patients
with extra-articular manifestations such as RA-ILD, or patients with preexisting pulmonary
conditions. Moreover, there is a need for clinical registries/randomized controlled trials on
antifibrotic agents and DMARD associations.
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Abstract: This review brings together the current knowledge regarding the risk factors and the
clinical, radiologic, and histological features of both post-COVID-19 pulmonary fibrosis (PCPF) and
idiopathic pulmonary fibrosis (IPF), describing the similarities and the disparities between these
two diseases, using numerous databases to identify relevant articles published in English through
October 2022. This review would help clinicians, pathologists, and researchers make an accurate
diagnosis, which can help identify the group of patients selected for anti-fibrotic therapies and future
therapeutic perspectives.

Keywords: post-COVID-19 pulmonary fibrosis; idiopathic pulmonary fibrosis; interstitial lung
disease; pulmonary fibrosis

1. Introduction

The novel “severe acute respiratory syndrome coronavirus 2” (SARS-CoV-2) is the
cause of the coronavirus disease (COVID-19), which has become a global pandemic causing
millions of deaths. SARS-CoV-2 can affect various organs in the body, leading to acute
organ damage and long-term sequelae [1,2]. Three years after the start of the pandemic,
prospective studies regarding the long-term changes of SARS-CoV-2 infection have just
begun to emerge. While clinical studies regarding the safety and effectiveness of antiviral
agents and vaccines are ongoing, chronic pulmonary consequences of COVID-19 are
increasingly concerning and have become more recognized.

Although pulmonary fibrosis has been observed in varying degrees of evolution
in patients with SARS-CoV-2 infection, its mechanism has not been sufficiently studied
and elucidated, with various causes being proposed, such as chronic inflammation and
idiopathic, genetic, and age-related fibroproliferative processes. The data showed that
40% of patients with COVID-19 develop ARDS, while only 20% have severe outcomes.
Pulmonary fibrosis can be a sequel of ARDS, although the radiological anomalies could be
of little clinical significance and diminished after lung ventilation [3]. The prevalence of
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post-COVID-19 fibrosis will be visible in time, but early analysis suggests that more than a
third of the recovered patients develop fibrotic anomalies. One study showed that 4% of
patients with a disease duration of more than a week, 24% with a disease duration between
1 and 3 weeks, and 61% with a disease duration longer than 3 weeks develop fibrosis [4].

Retrospective studies have shown that over 90% of hospitalized patients have pre-
sented persistent modifications of the lungs at the moment of discharge from the
hospital [5,6]. In contrast, most patients with mild forms of COVID-19 had ground glass
opacities that disappeared three weeks after hospital discharge [7]. In a series of severe
COVID-19 patients who had recovered, at the one-year follow-up, nearly 25% had persis-
tent radiologic abnormalities with features characteristic of pulmonary fibrosis, including
reticular opacities, septal thickening, and traction bronchiectasis [5]. Although pulmonary
fibrosis is not a common complication in other forms of viral pneumonia, it might be a
possible complication of COVID-19 pneumonia leading to irreversible lung dysfunction in
many COVID-19 patients [8].

Pulmonary fibrosis occurs when the tissue’s restoration ability is affected by the im-
paired regeneration of the alveolar epithelium, with fibroblast persistence and excessive
collagen deposition, leading to abnormal lung architecture [9]. Different potential contribut-
ing risk factors for persistent fibrotic lung changes in COVID-19 patients were proposed,
such as age over 40 years old, hospitalization duration over 16 days, noninvasive mechan-
ical ventilation, tachycardia at admission, acute respiratory distress syndrome (ARDS),
and computer tomography (CT) score over 17 at the initial evaluation [10]. Due to the
tremendous number of COVID-19 cases and the disease severity, it is crucial to consider
the potential long-term implications of this disease.

Interstitial lung diseases (ILDs) are a heterogeneous group of parenchymal lung dis-
eases characterized by varying degrees of inflammation and fibrosis. Idiopathic pulmonary
fibrosis (IPF) having an unknown origin, a chronic progressive evolution, and a poor
prognosis, with a mean survival of 2.5-5 years after definite diagnosis, represents around
17-37% of diffuse interstitial lung diseases [11]. It primarily affects older adults and has
exclusively pulmonary involvement, causing chronic, progressive lung scarring, as defined
by the pathological histopathologic and/or radiologic pattern of usual interstitial pneu-
monia (UIP). The histological characteristics of the UIP pattern are marked parenchymal
fibrosis with or without “honeycombing”, predominantly subpleural and paraseptal, the
presence of fibroblast foci, traction bronchiectasis, and remodeling of the alveoli [12].

Regarding etiopathogenesis, current theories hypothesize that alveolar epithelial
cell injury is the initiating factor and, in this sense, is essential for excluding another
interstitial lung disease. The lesion consists of excessive proliferation of fibroblasts and
myofibroblasts and deposition of disorganized collagen and extracellular matrix, resulting
in lung architecture distortion, with or without honeycomb cyst formation [13].

In conclusion, PCPF and IPF determine lung fibrosis through different mechanisms,
characterized by altered tissue regeneration, causing abnormal lung parenchyma. There is
a need for further studies to establish the features of post-COVID-19 pulmonary fibrosis
(PCPF) and its evolution, such as the permanent or progressive character that appears in
other fibrotic lung diseases such as idiopathic pulmonary fibrosis (IPF).

2. Materials and Methods

The scope of our study is to make an accurate comparison between PCPF and IPF
from etiopathological, clinical, and paraclinical points of view, to analyze the therapeutic
interventions that can be used for PCPFE. For our study, the eligibility criteria included
the inclusion and exclusion criteria, which referred to the type of study, databases, date,
language, and search terms. We selected the following studies: systematic reviews, meta-
analyses, systematic literature reviews, systematic narrative reviews, systematic scoping
reviews, systematic meta-review, systematic evidence reviews, systematic critical reviews,
systematic integrative reviews, case reports, and case series.
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We performed this literature review using the following databases: MEDLINE, Clar-
ivate, PubMed, Scopus, Google Scholar, and Science Direct, to identify relevant articles
published in English through October 2022. We used Medical Subject Headings (MeSH),
standardized biomedical and health-related keywords that describe the subject of an article,
as well as free text terms, to expand our search. We used the tiab (title and abstract) code
after each free text term to restrict our query and find the relevant articles. The exclusion
criteria included articles published in languages other than English.

Search terms included the following: COVID-19, post-COVID-19 pulmonary fibrosis,
idiopathic pulmonary fibrosis, histopathologic, clinical, and imaging aspects.

The search resulted in 2567 total articles. The most frequently used databases and
the selection criteria represented the search strategy to retrieve the studies. An exam-
ple is (search* [tiab] OR medline [tiab] OR clarivate [tiab] OR pubmed [tiab] OR [tiab]
[tiab] OR google scholar [tiab] OR science direct [tiab]) AND (selection criteria [tiab] OR
study selection [tiab] OR eligibility criteria [tiab] OR inclusion criteria [tiab] OR exclusion
criteria [tiab]).

The authors independently reviewed the titles and abstracts included in this review.
The investigation was supplemented by reviewing reference lists of included studies and
related review papers.

3. Risk Factors

Recognizing the potential risk factors for PCPF is a primary goal for improving the
clinical course of these patients. It has been demonstrated that PCPF has several shared
significant risk factors with IPF (Table 1) [14]. Some studies from different countries showed
that patients at higher risk for PCPF are elders, males, smokers, and patients with underlying
conditions such as diabetes and cardiovascular and lung diseases [15-18]. Smoker patients
with COVID-19 are 2.4 times more likely to need ICU admission and mechanical ventilation
or die than nonsmokers [19,20]. Studies demonstrated that cigarette smoking determines
endoplasmic reticulum stress; production of transforming growth factor beta (TGFB) [21],
which mediates fibrosis; increased epithelial permeability; production of reactive oxidative
species; and alteration of tissue regeneration, inducing lung micro-injuries [22].

Table 1. Frequent risk factors for PCPF and IPF.

Risk Factor PCPF IPF
Gender-male yes yes
Advanced age yes yes
Smoking yes yes
Comorbidities yes yes
Toxic environmental exposure no yes
Severity of dyspnea yes yes
Prolonged hospital stay yes no

ICU admission yes yes
Mechanical ventilation yes yes
Lung microbiome yes yes

Furthermore, different features related to the severity of the acute phase of the disease
were associated with a higher risk of developing PCPF, such as the presence of dyspnea,
prolonged hospital stay, intensive care unit (ICU) admission, the use of high-flow oxy-
gen support, the need for intubation and mechanical ventilation, and development of
ARDS [15,23,24]. McGroder’s study has shown that at four months of follow-up, in a
population with severe COVID-19, 72% of the patients who had mechanical ventilation
developed PCPF, as opposed to 20% of patients who did not [25]. Opposite to the severe
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forms of COVID-19, patients with mild-to-moderate disease had no fibrotic abnormalities
on the CT scan follow-up [26].

As the global COVID-19 pandemic has progressed, various studies have identified
different markers and biomarkers that may predict the development of PCPF [17,23].
In retrospective studies from China, higher levels of serum lactic dehydrogenase and
inflammatory biomarkers, including C-reactive protein (CRP), and interleukin-6 (IL-6) were
found in the subgroups of patients who presented changes compatible with pulmonary
fibrosis on follow-up CT scans [17,18]. Decreased lymphocyte count [27] and lower plasma
levels of interferon-y (IFN-y) are other laboratory markers associated with a high risk of
developing PCPF [28].

Regarding the risk factors for the development of IPF, there is increasing evidence
to support the role played by the intrinsic risk factors (e.g., advanced age, male sex,
genetics, lung microbiome), comorbidities (e.g., diabetes mellitus, gastroesophageal reflux,
obstructive sleep apnea, herpes virus infection), and extrinsic risk factors (e.g., smoking, air
pollution, environmental exposures). These risk factors, some of them in common with
those predisposing to PCPFE, may independently increase susceptibility for IPF or work
in a synergistic mode to contribute to a higher risk for disease development [29] or be
associated with shorter survival rates [30]. The incidence and prevalence of IPF increase
with age, being higher in adults 65 years or older. The mechanisms include altering the
proliferation/apoptosis ratio [31], decreasing alveolar stability, and reducing differentiation
capacity, which promotes fibrosis [32].

Around 70% of all IPF patients are male [33], males also being 1.3 times more subjected
to PCPF than females [34]. Studies performed on animals gave a possible explanation,
showing that female hormones have a role in protection against pulmonary fibrosis [35,36].
Another cause may be that men are more exposed to tobacco smoking and occupational
exposures [33]. Smoking history increases the risk of developing IPF by 60% [37] and
the risk of progression to severe forms of COVID-19 by 1.3 times [4]. The environmental
and occupational factors associated with IPF are metal dust, wood dust, stone, sand, and
farming substances [38].

Genetic predisposition is also a significant risk factor for PCPF and IPF (Table 2).
Host genetic predisposition was proposed as a risk factor for severe courses of
COVID-19 [39]. The first genome-wide association studies (GWASs) identified the 3p21.31
gene cluster (rs11385942) associated with severe forms of COVID-19 and respiratory failure
and confirmed a potential involvement of the ABO blood group system [40]. The COVID-19
Host Genetics Initiative (HGI) meta-analysis also confirmed the 3p21.31 locus as significant,
with two signals within the locus, one associated with severity (rs10490770) and the other
with infection susceptibility (lead variant rs2271616) [41]. CXCR6 recruits CD8-resident
memory T cells in the respiratory tract to combat respiratory pathogens and is a causal
gene for severe disease (lead variant rs10490770) [42].

Different studies reported that several genes are associated with IPF predisposition, in-
cluding the genes that encode the surfactant and proteins A and C (SFTPC, SFTPA1,
SFTPA2), genes associated with telomerase dysfunction (TERT, TERC, DKC1, RTELI,
PARN), genes affecting the integrity of the epithelial barrier (DSP), and genes affecting host
defense (MUCS5B, TOLLIP) [43,44]. The most recent meta-analysis reported an association
between MUC5Brs35705950 and hospitalization due to COVID-19 [45].

The study of Fadista showed that genetic variants associated with IPF did not pre-
dispose to an increased risk of severe COVID-19 [14]. As mucins are involved in the
first defense against pathogens in the airways and play an essential role in mucociliary
clearance, high expression may protect against SARS-CoV-2 infection. Nevertheless, this
study was driven by a single abnormal variant at the MUCS5B locus, which had an apparent
protective effect on the severity of COVID-19. Removal of this outlier demonstrated that
the remaining variants associated with increased risk of IPF were also associated with
increased risk of severe COVID-19.
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Table 2. Genetic mutations in IPF and PCPF.

Gene Mutation Consequence

SPTPC Altered encoding of surfactant proteins
SPTPA1 Altered encoding of surfactant proteins
SFTPA2 Altered encoding of surfactant proteins
TERT Telomere shortening

TERC Telomere shortening

DKC1 Telomere shortening

RTELI Telomere shortening

PARN Telomere shortening

DSP The affection of the epithelial barrier
MUC5B Host defense affection

TOLLIP Host defense affection

Studies have shown that microbial pathogens such as Streptococcus and Staphylo-
coccus are associated with the development and progression of IPF [46,47]. At the same
time, COVID-19 patients with bacterial infections were more frequently admitted to the
ICU and needed invasive ventilation [48]. A recent meta-analysis [49] showed a prevalence
of bacterial co-infections of 3.5% in COVID-19 patients admitted to the ICU, with most of
the cases being hospital-acquired infections with Gram-negative germs, complicating the
evolution of the disease, prolonging the hospitalization time, and increasing the risk of
mechanical ventilation, all of which are risk factors for PCPF development.

In conclusion, PCPF and IPF have common risk factors such as advanced age, male sex,
smoker status, comorbidities, and genetic mutations. At the same time, toxic environmental
exposure is a risk factor incriminated in IPF, not proven yet in PCPE.

4. Clinical Aspects

The clinical manifestations of PCPF and IPF are similar (Table 3), with both diseases
sharing numerous symptoms, including dyspnea, dry cough, fatigue, chest pain, and
weight loss, which are related to decreased life quality [50,51]. There is a lack of data for the
clinical course of PCPF, but the results of the relevant prospective studies will fill this gap.

Table 3. Clinical aspects in PCPF and IPF.

Clinical Aspect PCPF IPF
Dyspnea yes yes
Cough yes yes
Fever yes no

Fatigue yes yes
Chest pain yes yes
Depression yes yes
Velcro crackles yes yes
Wheezing yes no

Clubbing fingers no yes

A study conducted by Farghaly assessed persistent symptoms in patients with PCPF at
six-month follow-up after the acute disease and showed that the most common symptoms
are dyspnea (98%), dry cough (91%), fever (70%), productive cough (19%), and chest pain
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(16%). The complications of PCPF that increase the risk of death are respiratory failure,
sepsis, and acute kidney injury [52].

Another prospective cohort study of 76 severe COVID-19 patients requiring supple-
mental oxygen found a positive correlation between the presence of radiographic abnor-
malities (fibrotic-like patterns) 4 months after hospitalization and decreased lung function,
cough, and frailty [25].

The study conducted by Kamal showed that almost 90% of the 287 included patients
suffered from several symptoms and diseases after recovery from COVID-19. Most individ-
uals suffered from fatigue (72.8%), anxiety (38%), joint pain (31.4%), continuous headache
(28.9%), chest pain (28.9%), dementia (28.6%), depression (28.6%) and dyspnea (28.2%),
while 2.4% of recovered patients were newly diagnosed with diabetes [53]. There was a
positive correlation between the initial disease’s severity and post-COVID-19 manifesta-
tions, many related to the central nervous system, including continuous headache, anxiety,
depression, and obsessive-compulsive disorder.

Psychological morbidities such as anxiety and depression were also reported in IPF
patients [54]. Anxiety and depression are strongly associated with health-related quality of
life [55]. For IPF patients and subjects recovering from COVID-19, continuous counseling
is essential to detect warning signs of developing severe manifestations and maintain good
medication adherence.

A case—control study performed on the UK population in 2017 has shown a strong
correlation between dyspnea and cough as debut symptoms in IPF, appearing up to four
years before the diagnosis [56].

Obstructive sleep apnea is also highly associated with IPF, with patients reporting
snoring, insomnia, daytime sleepiness, and witnessed apneas. Gastro-esophageal reflux
can be present in 35% to 100% of patients with IPF. These patients can be asymptomatic or
present different digestive symptoms, such as regurgitation, belching, dysphagia, dyspho-
nia, and chest pain. Cough can be associated with about 28% of cases of gastro-esophageal
reflux [57].

The literature data have well documented the physical findings of IPF patients com-
pared to PCPF patients. A study analyzing patients with PCPF six months after an acute
episode has shown the presence of pathological auscultation sounds in 4% to 12% of the
patients, represented by Velcro crackles and wheezing [58].

Fine crackles, usually in the lower posterior parts of the lung, are typically reported
in IPF patients, while clubbing fingers are found in 30-50% of the cases, correlated with
smooth muscle proliferation in the areas of fibrosis observed in lung biopsy. Body mass
index also correlates with IPF patients’ survival [59].

In conclusion, PCPF and IPF have similar manifestations, such as dyspnea and cough,
and physical findings represented by Velcro crackles, both evolving in time with respiratory
failure, increasing the death risk in these patients.

5. Pulmonary Function Tests

Pulmonary function tests (PFTs) indicate a restrictive pattern and an altered lung
diffusion capacity for carbon monoxide (DLCO) in the vast majority of cases of patients who
have recovered after severe forms of COVID-19 (Table 4) [60,61]. In a recently published
meta-analysis, which included 380 post-COVID-19 patients, the authors found impaired
DLCO and restrictive and obstructive patterns in 39%, 15%, and 7% of subjects [61]. A
high prevalence of decreased DLCO (66%) was found in patients with severe COVID-19,
especially those with elevated inflammatory markers, who were more likely to develop
pulmonary fibrosis [18]. The British Thoracic Society (BTS) guide suggests evaluating
patients with severe COVID-19 with full PFTs 12 weeks after hospital discharge [62].
According to the findings of Cherrez-Ojeda, the impairment in PFTs appears to persist well
beyond this timeframe [63]. A prospective observational study that analyzed the evolution
of functional and radiological features between 3 and 6 months after hospital discharge in
critical COVID-19 survivors reported the persistence of functional abnormalities such as
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impairments in total lung capacity (TLC) (41% and 33%) and DLCO (88% and 80%) at the
end of the monitoring period [64]. Significant improvements were observed only in forced
expiratory volume in 1 second (FEV1), forced vital capacity (FVC), and distance covered
during the 6-minute walking test (6MWT).

Table 4. PFTs in PCPF and IPF.

PFT PCPF IPF
Restrictive dysfunction yes yes
Obstructive dysfunction yes Coexistence of obstructive disease
Decreased DLCO yes yes
6MWT desaturation yes yes

Acute phase severity markers such as the presence of previous conditions (arterial
hypertension and diabetes), invasive mechanical ventilation (IMV), and prone positioning
during the ICU stay were associated with a low level of DLCO and its non-improvement
during the 3rd and 6th months of follow-up. The decrease in DLCO could result from
interstitial or pulmonary vascular abnormalities caused by critical COVID-19. The authors
observed that despite the partial radiological resolution, gas-blood exchange abnormalities
persisted at the six-month follow-up, which could suggest the initial establishment of an
irreversible, chronic lung disorder.

Although the restrictive pattern is consistent also in IPF, with reduced FVC and TLC in
one study, 25% of the patients had normal values of TLC, and more than 50% had normal
FVC (Table 4). The obstructive pattern is not typical in IPF, suggesting the coexistence
of an obstructive cause. The lung function decline is a mortality predictor in IPF; as the
restriction’s severity increases, FEV; /FVC increases, and DLco decreases. Patients with
a drop bigger than 10% in FVC in 6 months or desaturate less than 88% at the 6(MWT
have a higher mortality risk [65]. In IPF, the decrease in DLCO usually precedes restrictive
dysfunction, and DLco lower than 35% or a decline of more than 15% in one year is also
associated with high mortality [66,67].

In conclusion, because the changes in forced vital capacity (FVC), total lung capacity
(TLC), and DLCO are predictive factors for mortality in IPF patients, long-term monitoring
through PFTs may also be justified in patients with PCPFE.

6. Radiologic Aspects

In the early stages of COVID-19, the most common radiological findings are bilateral
“ground glass opacities” (GGOs) and consolidations, predominantly in the lower lobes,
posterior and peripheral. The radiologic exam may also show a “crazy-paving” pattern,
nodular opacities, halo sign, reversed halo sign, pleural effusions, cavitation, and lymph
node enlargement [15,68,69]. The extent of the lesions varies significantly; they can be
patchy or diffuse, and a predominance of central and upper distribution may also be
present. Different pulmonary CT abnormalities may be found even in patients without
respiratory symptoms.

The lesions from the acute phase of the disease may progress to fibrotic abnormalities
such as interlobular septal thickening and traction bronchiectasis, especially in survivors
of critical forms of COVID-19 [70]. However, the data regarding the long-term evolution
of pulmonary changes in these patients are scarce. Liu D reported that between three
and four weeks after the acute COVID-19 pneumonia, a transitory extension of the GGOs
occurs, with a decrease in density, an aspect described as “tinted sign”, accompanied by
the distortion of the bronchovascular bundle [7]. Most patients with mild or moderate
pneumonia have complete resolution of the imaged lesions in the first month after the
episode; the first lesions that resolve are GGOs. Other lesions such as subpleural bands
and bronchial dilations are remitted slowly, the severity of the initial clinical manifestations
being the most common determinant of the resolution time.
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Regarding the severity of lung parenchymal affection, the most commonly used CT
score has a range from 0 to 25, each lobe affection being visually scored on a scale of 0-5,
with 0 indicating no involvement; 1, less than 5% involvement; 2, 5-25% involvement; 3,
26-49% involvement; 4, 50-75% involvement; and 5, more than 75% involvement [71].

Recent studies evaluated long-term longitudinal changes in chest CT findings in
COVID-19 survivors. Yin X showed that GGOs remained on CT images in 30% of the
subjects more than six months after discharge [72]. At the same time, reticulation was
observed in 46% of cases, more commonly after severe forms of the disease, with a longer
duration of hospitalization. In a one-year follow-up study, the CT scans were normal in
16% of cases, were stable in 19%, and showed a reduction in lesion extension in 65% of
the patients, in reticular band opacities persisting at one-year follow-up. At the same
time, the extent of GGOs was substantially reduced, and the long-term persistence of CT
abnormalities after COVID-19 was correlated with the disease’s severity, high inflammatory
state, and the need for more intensive ventilator requirements [73].

According to the CT scoring method proposed by Camiciottoli, the degree of pul-
monary fibrosis was evaluated by ground glass opacity, linear opacity, interlobular septal
thickening, reticulation, honeycombing, or bronchiectasis features in chest CT images [74].
In the study of Jia-Ni Zou, approximately 80% of the 284 COVID-19 patients had pulmonary
fibrosis at discharge, and it was more pronounced in patients with severe disease than in
those with mild/moderate form (73.8%).

Farghaly showed the presence of GGOs (95%), honeycombing (25%), and pulmonary
consolidations (9%) in patients with PCPE. The CT score was higher for patients with
mechanical ventilation or ICU admission. A high CT score was also associated with
prolonged hospitalization and severe dyspnea [52].

PCPF changes appear in the areas where there were previously GGOs during COVID-19
pneumonia [6]. As a result, the CT distribution of the fibrotic changes will be predominantly
bilateral, peripheral, and in the lower lobes. A similar distribution of CT abnormalities
was also described in IPF cases, in which usual interstitial pneumonia (UIP) represents the
hallmark radiologic CT pattern (Figure 1).

@) (b)

Figure 1. Courtesy of Dr Oana Cristina Arghir, who provided images of post-COVID-19 pulmonary fibrosis
from Pneumology Hospital of Constanta, Romania. Thoracic CT scan of a patient with PCF, one year
after the acute episode, showing subpleural and peribronchovascular reticular opacities, traction
bronchiectasis (a), and GGO bilateral and fibrotic lines predominantly in the upper lobes (b), in a
77-year-old male, with history of severe COVID-19 in October 2021 and PCPF in October 2022.

Regarding the high-resolution computer tomography (HRCT) findings, the presence
of honeycombing is the main difference between IPF and PCPEF, being essential for the
definite diagnosis of IPF but rare in PCPF, with just a few cases being reported [75]. Another
chest CT feature that differentiates those two diseases is the large extent of the GGOs in
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PCPEF, while in IPF, GCOs are commonly absent or minimal or may be present in case
of exacerbations. The evolution of pulmonary manifestation on CT scan is very well
documented in IPF, and the data from the literature show an irreversible, progressive
course [76,77], while despite the scarce data regarding the evolution of post-COVID-19
CT abnormalities, recent studies found an improvement, with a 10-40% decrease in the
extent of CT lesions and no progression at 1-year follow-up CT [72,74]. Prospective studies
from large cohorts undergoing more prolonged monitoring are likely further to clarify the
evolution of PCPF on CT scans.

In 2011, the clinical practice guidelines for the diagnosis of IPF from the American Tho-
racic Society /European Respiratory Society/Japanese Respiratory Society/Latin American
Thoracic Association (ATS/ERS/JRS/ALAT) proposed the concept of multidisciplinary
diagnosis for IPF in patients without surgical lung biopsy (SLB) if the patient had a UIP
pattern on HRCT and suggestive clinical presentation, and recommend that HRCT features
of IPF should be referred to as UIP, possible UIP, or inconsistent with UIP. The imaged UIP
pattern is an accurate indicator of the presence of histopathological UIP patterns.

The UIP pattern consists of reticular opacities, honeycombing, traction bronchiectasis,
and bronchiolectasis, observed with fine reticulation, and, in the case of exacerbations,
GGOs. Honeycombing is a defining feature of UIP, mandatory for a definite diagnosis,
associated or not with peripheral traction bronchiectasis or bronchiolectasis (Figure 2a,b).

(b)

Figure 2. Courtesy of Dr Ariadna Petronela Fildan, who provided images of IPF from Pneumology Hospital

of Constanta, Romania. Thoracic CT scan of a patient with IPF showing honeycombing and reticular
opacities with the basal and subpleural distribution in a 73-year-old male smoker, with exposure to
environmental pollutants (a), with idiopathic pulmonary fibrosis (b), who died in 2017, 3 years after
the diagnosis.

Except for honeycombing, UIP features on the HRCT define the “possible UIP” pat-
tern; in this case, a lung biopsy is necessary for the positive diagnosis. The presence of
other abnormalities, such as extensive GGOs, micronodules, pleural abnormalities, non-
honeycombing cysts, consolidation areas, or the predominance of peribronchovascular or
perilymphatic distribution, is characteristic of inconsistency with the UIP pattern. However,
differentiating honeycombing from traction bronchiectasis and emphysema can be difficult.
Honeycombing has a thicker wall and subpleural distribution parallel with the chest’s
border, while emphysema has cystic airspaces with thin walls located further away from
the chest wall [78].

In conclusion, fibrotic modifications have a basal and subpleural preponderance in
PCPF and IPE. Honeycombing, mandatory for the UIP pattern and diagnosis of IPF, is only
found in 25% of PCPF cases, while GGOs with extensive distribution in PCPF are present
only in IPF exacerbation.
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7. Histopathologic Characterization

The histopathological data are mainly based on autopsy findings. In contrast to
other viral infections such as HIN1, for which death occurred within a few days after the
symptomatic debut, the patients infected with SARS-CoV-2 died within a mean duration of
three weeks. An explanation may be the more progressive lung injury caused by SARS-CoV-
2 that favors the repair with extracellular marker deposition. However, histopathological
studies in prolonged or post-COVID-19 patients are limited because PCPF is a relatively
new entity, and few studies using autopsies were performed. This is an essential factor that
needs to be further considered because this lack of knowledge also limits the etiopathogenic
understanding of the disease and the development of specific therapy.

The autopsy studies show that during the course of the disease, type I and type II
pneumocytes are infected by the SARS-CoV-2 virus, resulting in a cytopathic effect, pneu-
mocyte desquamation, accumulation of fibrinoid material in alveolar spaces, and numerous
inflammatory cells in the lungs, macrophages, lymphocytes, and neutrophils [79].

Infected type II pneumocytes contain numerous autophagosomes, ultrastructurally
characterized by double membranes and the presence of organelles in the cytoplasm, also
containing viral aggregates, that can be present in tracheal epithelial cells and within the
extracellular mucus in the tracheal lumen. Immunohistochemical staining can demonstrate
virus particles” existence using monoclonal antibodies against the SARS-CoV-2 nucleocap-
sid protein [80]. All these changes represent the spectrum of diffuse alveolar damage (DAD),
which is characteristic of the acute or exudative phase of severe COVID-19, with numerous
reactive pneumocytes, lung hemorrhage, fibrin deposits in the alveolar spaces, intersti-
tial edema, hyaline membranes, giant cell formation, and bronchiolitis obliterans [81-84].
Thrombotic events in pulmonary arteries may also occur in this phase.

DAD results from acute lung injury (ALI) determined by direct or indirect causes,
or in the case of ARDS, requiring mechanical ventilation. ARDS is defined as acute
hypoxemia with a ratio of partial pressure of arterial oxygen to the fraction of inspired
oxygen (Pa0,:FiO;) of a maximum of 200 mmHg. At the same time, ALI, being less severe,
refers to acute hypoxemia with a PaO,:FiO, ratio of 300 mg Hg [85]. Other histopathologic
findings in the case of ARDS and ALI are acute eosinophilic pneumonia (AEP) and acute
fibrinous and organizing pneumonia (AFOP) [86].

DAD has two phases: the acute phase in the first week after lung injury and the
organizing or proliferative phase [87]. Two days after the lung injury, hyaline membranes
are developed, while thrombi can also be seen as a result of the alteration of the coagulation
without any underlying thromboembolic disorder [88]. The organizing phase is defined by
cellular fibroblastic proliferation, type 2 pneumocyte hyperplasia, squamous metaplasia,
and residual fibrin rest. In this phase, the hyaline membranes become integrated into the
alveolar septa and cannot be seen anymore [89]. In autopsies, other modifications such
as polypoid plugs, alterations of the basal membrane, and thickening of the alveolar wall
were also present [82,89,90]. After this phase, DAD can be resolved gradually or evolve
into interstitial fibrosis (fibrosing stage) (Figure 3a,b), with the excessive extracellular
matrix, dense collagen deposition, and diffuse thickening of alveolar walls, resulting
in an architectural disorder similar to other cellular and fibrous interstitial pneumonia
patterns [89,91,92]. The most common finding in 30 minimal invasive autopsies was
organizing DAD (70%), acute DAD (40%), and/or fibrosing patterns. Fibrosing DAD
may be involved in the development of post-COVID-19 pulmonary fibrosis. There are
still limited data about the pathology of prolonged disease [89]. The study performed by
Hanley B on ten autopsies reported DAD presence in all the cases, as well as lymphocyte
inflammation, predominantly CD4+-positive T cells, along with macrophages and scattered
plasma cells. Chronic bronchiolitis was a common finding, and CD56-positive natural
killer cells were rare (Figure 3b). Thromboembolism was a frequent finding in small
and medium-sized vessels, without any sign of deep venous thrombosis in the external
examination [93].
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(b)

Figure 3. Courtesy of Dr Mariana Deacu, who provided images of post-COVID-19 pulmonary fibrosis from
“St. Andrew” Emergency County Hospital of Constanta, Romania. (a) Macroscopic and (b) microscopic
aspect of the lung in a 55-year-old male patient with COVID-19 interstitial pneumonia in the fibrosing
stage, whose autopsy was performed three months after SARS-CoV-2 infection, showing architectural
disorder caused by excessive extracellular matrix, dense collagen deposition, and diffuse thickening
of alveolar walls. HE x40.

The histological patterns observed in organizing pneumonia are represented by fibrob-
lasts and myofibroblasts that fill the alveolar space and ducts as an inflammatory response
to the virus. This mechanism may have a favorable evolution towards resorption or may
chronically evolve to excessive collagen deposition and, thus, pulmonary fibrosis [94]. In
explanted lungs from patients with lung transplants due to COVID-19, the main pathologic
characteristic was extensive pulmonary fibrosis, acute interstitial pneumonia or organizing
pneumonia, micro-thrombosis, alveolar hemorrhage, and acute bronchopneumonia from
superimposed bacterial infection [95].

The morphologic changes of the lung in COVID-19 are the following: (1) reactive
epithelial changes and DAD; (2) vascular with microvascular damage, microthrombi,
and acute fibrinous and organizing pneumonia; (3) fibrotic changes, with evidence of
interstitial fibrosis [96]. The epithelial and vascular changes appear alone, simultaneously,
or consecutively in all stages. Buja described the association of DAD with microvascular
involvement and proposed three stages of lung injury: early infection stage, pulmonary
stage, and severe hyper-inflammation stage. In the first stage, the morphologic aspects
are of interstitial pneumonia with DAD, in some cases associated with micro-thrombosis,
peripheral lung hemorrhage, and, in severe cases, pulmonary thromboembolism [97].
In COVID-19, interstitial inflammatory infiltrate is reduced (Figure 4a,b), unlike typical
interstitial pneumonia.

Another study by Ackerman highlights the presence of thrombosis (Figure 5a,b), pul-
monary vascular endothelitis, and angiogenetic alterations in patients with COVID-19 [98].
In contrast, Burel’s study showed the loss of pericytes, the cells responsible for micro-vessel
integrity, which may trigger micro-vasculopathy [99]. Ackerman’s study has described
three angiogenetic features of COVID-19, the first being severe endothelial injury associated
with the destruction of the endothelial cell membranes, the second being disseminated vas-
cular thrombosis in the lungs, associated with microangiopathy and capillaries occlusion,
and the third feature describing new vessel growth in the lungs through angiogenesis [98].
One study has shown an increased number of angiotensin-converting enzyme 2 (ACE2)-
positive cells in the lungs of COVID-19 patients. SARS-CoV-2 within the endothelial cells
suggests perivascular inflammation, the direct effects of the virus causing endothelial
injury [100].
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Figure 4. Courtesy of Dr Mariana Deacu, who provided images of post-COVID-19 pulmonary fibrosis from
“St. Andrew” Emergency County Hospital of Constanta, Romania. Microscopic view of the lung in a 68-
year-old patient with COVID-19, whose necropsy was performed five weeks after SARS-CoV-2
infection, showing (a) interstitial inflammatory infiltrate reduced and (b) chronic bronchiolitis.
HE x100.

(b)

Figure 5. Courtesy of Dr Mariana Deacu, who provided images of post-COVID-19 pulmonary fibrosis from
“St. Andrew” Emergency County Hospital of Constanta, Romania. (a) Macroscopic and (b) microscopic
aspects of the lung in a 62-year-old patient showing thrombosis, whose necropsy was performed
three weeks after SARS-CoV-2 infection, showing pulmonary vascular endothelitis and angiogenetic
alterations. HE x40.

Some authors suggest two patterns of fatal COVID-19, with different clinical courses:
one with high viral load and high cytokine expression in the lung but a limited morphologic
expression, and a second one with low viral load and cytokine expression but a large
number of immune cells (including CD8 + T lymphocytes and macrophages), which
correlates with the presence of DAD [101].

DAD'’s proliferative/organizing phase shows type II pneumocyte hyperplasia, reac-
tive pneumocytes (Figure 6a), alveolar wall thickening, and myofibroblast proliferation
(Figure 6b). A case report of an 80-year-old woman with subsequent negative SARS-CoV-2
at the time of the autopsy showed severe reactive and inflammatory changes in all the lung
samples. The architecture was destroyed in larger areas with fibrinous organization and
collagenized fibrosis. Widespread angiogenesis was seen, along with focal bleeding. Local
moderate chronic inflammation dominated by lymphocytes was present. The fibrosis had
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a honeycomb-like pattern with enlarged airspaces and bronchial metaplasia in some areas.
A small subpleural area showed alveoli with hyaline membranes representing the acute
stage of lung injury, as is seen in acute DAD.

o

Figure 6. Courtesy of Dr Mariana Deacu, who provided images of post-COVID-19 pulmonary fibrosis
from “St. Andrew” Emergency County Hospital of Constanta, Romania. Microscopic view of the lung
in a 68-year-old patient, whose necropsy was performed eight months after SARS-CoV-2 infection,
showing (a) type II pneumocyte hyperplasia and reactive pneumocytes, (b) alveolar wall thickening,
and myofibroblast proliferation. HE x100.

The guideline panel updated the diagnostic criteria for idiopathic lung fibrosis and
defined patterns of UIP, probable UIP, indeterminate UIP, and alternate diagnosis. To
confirm those cases, they recommended performing bronchoalveolar lavage (BAL) and
surgical lung biopsy.

The 2018 ATS/ERS/JRS/ALAT guideline classifies the histopathological findings into
UIP, probable UIP, and indeterminate UIP. IPF is macroscopically characterized by honey-
combing, consisting of fibrosis in the interior part of the lobes, predominantly subpleural.
The microscopic aspect of the UIP pattern is composed of patchy dense fibrosis, with
architectural distortion, predominantly in the periphery of the lobule and paraseptal, with
a regular central portion of the lobule. As a result, the patterns will evolve from chronic to
acute to absent from the periphery to the centum of the lobule. The honeycombing aspect
can be seen subpleural as dense fibrosis surrounding bronchial epithelium, which lines
irregular airspaces in the centrum of the lobule, where significant inflammation and fibrosis
are absent. Fibroblast foci can be seen in the area between regular regions of the lobule and
fibrotic lesions, arranged parallel with the alveolar foci, on a basophilic myxoid ground
(Figure 7a,b).

Some histological UIP features characterize a probable UIP pattern to the extent that
precludes the definitive diagnosis, the absence of elements of an alternative diagnosis,
or the presence of honeycombing alone. Indeterminate UIP is characterized by fibrosis
with or without architectural distortion, suggesting UIP secondary to other causes or non-
suggestive for UIP or features of UIP, along with elements of an alternative diagnosis. An
alternative diagnosis is indicated by histological aspects suggestive of other diseases at
biopsy, such as airway-centered lesions, granulomas, interstitial inflammation without
fibrosis, chronic fibrous pleuritis, and hyaline membranes [102].
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Figure 7. Courtesy of Dr Angela-Stefania Marghescu, who provided images of IPF from Pneumology Institute
“Marius Nasta” Bucharest, Romania. (a) Spatial variability, with normal lung parenchyma mixed with
fibrotic areas (fibroblastic focus); HE x40. (b) Interstitial fibrosis with architectural distortion and
cystic changes in the pulmonary parenchyma; HE x40, in a 62-year-old woman, whose necropsy was
performed three months after SARS-CoV-2 infection, with marked pulmonary fibrosis.

The histopathological guidelines for UIP were changed in 2021 and require advanced
fibrosis with distortion of the architecture, beginning at the periphery of the lobule and
going to the centrilobular regions. At this level, fibroblast foci are often encountered as
evidence of active injury, usually situated at the interface between fibrotic and non-fibrotic
areas, without features characteristic for an alternative diagnosis. A lack of inflammation
and ununiform affection of lung parenchyma characterize UIP.

In acute exacerbations of UIP, an ALI pattern can be seen, predominantly in the
regions without chronic fibrosis, while the peripheric fibrotic lesions are unmodified. In
the centrum of the lobule, we can see modifications of DAD, such as type II pneumocyte
hyperplasia, diffuse alveolar septal thickening caused by edema, accumulation of airspace
fibrin or nonspecific changes such as thrombi within small pulmonary arteries, distal
airway squamous metaplasia, and the presence of hyaline membranes [78].

In acute exacerbation of IPF, we can find DAD and UIP features, so DAD is a
histopathological feature in IPF and COVID-19. Numerous factors, such as infections,
shock, sepsis, connective tissue disorders, and disseminated intravascular coagulation, can
cause DAD. When the etiology is unidentified, it is called acute interstitial pneumonia,
previously referred to as Hamman-Rich syndrome [103].

In conclusion, IPF and PCPF both cause DAD and lung fibrosis. The data regard-
ing PCPF are currently limited, and further studies with histopathological examination
are needed.

8. Therapeutic Perspectives

In COVID-19, cytokine storms, oxidative stress, and inflammation are involved, so the
proposed therapy for PCPF consists of anti-fibrotic and anti-inflammatory drugs.

Pirfenidone (a pyridine) and nintedanib (a tyrosine kinase inhibitor) are anti-fibrotic
drugs used in IPF that reduce lung function decline by 50% and improve life expectancy by
2-5 years [104]. Neither of these drugs has an immunosuppressive effect, so they should
not be stopped in case of infections.

Since April 2020, these drugs have been available exclusively in oral form. As a result,
it is impossible to administrate them in the case of mechanically ventilated and intubated
patients, such as patients with severe COVID-19. A form of pirfenidone with inhalator
administration is under evaluation for COVID-19 patients. Pirfenidone should not be
administrated in patients with a glomerular filtration rate of less than 30 mL/min per
1-73 m2. Patients with severe COVID-19 are at high risk of developing renal dysfunction,
so pirfenidone should be carefully considered in these patients.
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Pirfenidone and nintedanib can determine hepatotoxicity, while liver function test
alterations are commonly found in severe COVID-19, so in this case, temporary disruption
of the anti-fibrotic treatment might be necessary [105].

Nintedanib has an increased risk of bleeding in case of concomitant administration
with a full dose of an anticoagulant. COVID-19 patients have an increased risk of acute
pulmonary embolism, and anticoagulant therapy is necessary. Anti-fibrotic treatment for
COVID-19 might be helpful to patients with a poor prognosis and a high risk of developing
pulmonary fibrosis and ALI [106].

The SARS-CoV-2 spike protein has an Arg-Gly-Asp integrin-binding domain raising
the possibility that inhibitory integrin or galectin therapies might be helpful as COVID-19
treatment. Some drugs in development can target molecules from TGF-f pathways, such
as those against av36 integrin (BG0001, PLN-74809) and galectins (TD139). Studies on
mice have shown that those who did not have av(36 integrin or had treatment with an
av 36 blocking antibody had increased protection against viral infections [107]. In another
study on mice, galectin Gal-3 determined reduced pulmonary inflammation and protection
against TGF--induced lung injury and fibrosis [108].

mTOR is a target in IPF, and two recent studies showed that mTOR might be an
anti-SARS-CoV-2 target, with rapamycin being considered in COVID-19 patients [109].

Pentraxins are response proteins of the acute phase, with a role in immunity and
inflammation. PRM-151, an analog of SAP (PTX2), has shown promising results in IPF
trials. SAP determines suppression of JNK family signaling, as a JNK1 inhibitor preventing
fibrosis 55 and inhibiting ALI [110].

C21 role (an agonist of AT2R) is studied for COVID-19 and has clinical trial appli-
cability in IPF, having anti-inflammatory properties. ACE2 receptors are the primary
SAR-CoV-2 receptors. A study had shown that in patients who took AT1R blockers before
hospitalization, the risk of severe COVID-19 was significantly decreased [111].

Treamid or bisamide derivative of dicarboxylic acid (BDDA) is an experimental drug
with promising results used in animals with pulmonary fibrosis that inhibits the production
and deposition of collagen, being in trial for use in cases of IPF and post-COVID-19
fibrosis [112].

LYT-100 (deupirfenidon) is an N-aryl-pyridone derivative, an analog of pirfenidone,
which has an anti-fibrotic effect and is in trial for use in cases of COVID-19 and IPF [113].

Corticosteroids can be used in COVID-19 and IPF exacerbation. Long-term use of
corticoid therapy might reduce the risk or severity of PCPF in rats, with IPF slowing down
fibrosis progression [114].

An alternative therapy that might also prevent lung fibrosis is azithromycin, a broad-
spectrum macrolide, which has also proved to have antiviral and immunomodulatory
effects. For these reasons, it was suggested that this potential therapy for COVID-19 can
reduce the risk of PCPF [115].

Histone deacetylase inhibitors can be an alternative therapy in PCPFE, with increased
activity of histone deacetylase promoting the activity of TGF-£3, leading to collagen synthesis
and fibrosis.

Biochanin A (isoflavone) is believed to target TGF-3-induced fibrosis and can be an
alternative therapy considered in PCPF which needs further study. A study showed a
significant decrease in TGF-3 expression and collagen deposition in the lungs of the mice
treated with Biochanin A [116].

Pulmonary rehabilitation, which includes exercise training, education, and behav-
ioral changes, can improve physical and psychological conditions in cases of pulmonary
fibrosis [117].

On the other hand, oxygen therapy is beneficial in IPF in patients with severe oxygen
desaturation during exercise or resting hypoxemia, improving their symptoms and quality
of life. Consequently, oxygen therapy is also an essential part of PCPF treatment [118].
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In conclusion, there is a lack of effective specific treatment for PCPFE, with numerous
drug trials being studied; two are represented by nintedanib and pirfenidone, which are
used for IPF and also have promising results in the treatment of PCPFE.

9. Conclusions

There are numerous similar features between PCPF and IPF regarding the clinical
aspects, risk factors, pulmonary function tests, and imaging and histopathological aspects,
as well as some notable differences. As for clinical aspects, both pathologies have common
symptoms such as dyspnea and cough; functionally, restriction syndrome and a decrease
in DLco can be observed; radiologically, we can find signs of fibrosis in both cases, the
main lesions being GGOs in PCPFE, while the aspect is defined as UIP in IPF. Regarding
histopathology, findings of lung fibrosis in COVID-19 are limited, and PCPF causes sig-
nificant, irreversible consequences that affect patients” quality of life after SARS-CoV-2
infection. Further studies with histopathological examination are needed. DAD appears
in PCPF but can also occur in an IPF exacerbation alongside UIP features. More studies
need to be done to determine specific effective PCPF therapy. Currently, nintedanib and
pirfenidone used for IPF treatment are studied as anti-fibrotic agents for PCPF.

This review would help clinicians, pathologists, and researchers better understand
the mechanisms of fibrosis, make a diagnosis as accurate as possible, and help identify the
patients who can be selected for anti-fibrotic therapies and future therapeutic perspectives.
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Abstract: Obstructive sleep apnea (OSA) in children is a prevalent, but still, today, underdiagnosed
illness, which consists of repetitive episodes of upper airway obstruction during sleep with important
repercussions for sleep quality. OSA has relevant consequences in the pediatric population, mainly in
the metabolic, cardiovascular (CV), and neurological spheres. However, contrary to adults, advances
in diagnostic and therapeutic management have been scarce in the last few years despite the increasing
scientific evidence of the deleterious consequences of pediatric OSA. The problem of underdiagnosis
and the lack of response to treatment in some groups make an update to the management of OSA
in children necessary. Probably, the heterogeneity of OSA is not well represented by the classical
clinical presentation and severity parameters (apnea/hypopnea index (AHI)), and new strategies
are required. A specific and consensus definition should be established. Additionally, the role of
simplified methods in the diagnosis algorithm should be considered. Finally, the search for new
biomarkers for risk stratification is needed in this population. In conclusion, new paradigms based
on personalized medicine should be implemented in this population.

Keywords: sleep apnea; cardiovascular; hypoxic burden; children; diagnosis; treatment

1. Introduction
1.1. Definition and Prevalence of Obstructive Sleep Apnea in Children

Sleep-disordered breathing (SDB) occurs as a result of upper airway (UA) dysfunction
(snoring and/or increased respiratory effort). It ranges from snoring to obstructive sleep
apnea (OSA), depending on the degree of intermittent UA obstruction [1], and around 20%
of children who snore have OSA [2].

OSA is characterized by recurrent events of partial (hypopnea) or complete (apnea)
obstructions in the UA, which disrupt normal oxygenation, ventilation, and sleep pat-
terns [1,3-5]. OSA in children has a clear entity with profiles that are very different from
adults in terms of etiology, clinical presentation, and consequences (Figure 1). For this
reason, a specific definition, diagnosis, and treatment approach is needed for this spe-
cific population.
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Figure 1. Differences in obstructive sleep apnea (OSA) between adults and children.

OSA is a very frequent condition in children, with prevalence varying between 1
and 4% [6]. Although there has been an effort to increase knowledge about this entity in
childhood, there is less scientific evidence than in adults. Different guidelines establish the
definition of SDB and OSA in children, although the criteria are diverse and lack recent
updates. The classification of OSA severity in children, through the apnea/hypopnea
index-(AHI) (number of respiratory events per hour of sleep) obtained from sleep studies,
is the most-commonly used parameter. Generally, an AHI of 1-3/h is accepted as the
normal cutoff line for the diagnosis of OSA and is classified as follows: mild OSA if the
AHI < 5/h, moderate OSA when the AHI is between 5 and 10/h, and severe OSA when
the AHI > 10/h [1,3,5,7]. However, these criteria can vary depending on the guidelines,
considering factors such as age, additional comorbidities, and other polysomnographic
variables (presence and length of oxygen desaturations, degree of hypoventilation, sleep
fragmentation, and decreased total sleep time) [7,8].

1.2. Etiology of OSA in Children

The etiology of childhood OSA is multifactorial, involving many risk factors, which
can increase UA narrowing and collapsibility and which may contribute to the pathogenesis
of OSA [8-10]. This includes both anatomical and neuromuscular disturbances, leading
to increased airway resistance and preventing the normal function of the dilator muscles,
respectively [5] (Figure 2).

The most-common risk factor is adenotonsillar hypertrophy, reaching the peak of
development between 2 and 8 years [11], coinciding with the onset of OSA [12]. Never-
theless, some studies have shown a weak or no correlation between the size of the tonsils
and adenoids and the severity of pediatric OSA [13,14]. Craniofacial abnormalities can
also be a cause of UA narrowing: alterations of the size, position, and geometry of the
mandible and the tongue [10]. These anatomical features are often found in children with
craniofacial syndromes, achondroplasia, trisomy 21, Beckwith—-Wiedemann syndrome,
Chiari malformation, and mucopolysaccharidoses [8].

98



Biomedicines 2023, 11, 1708

ANATOMIC RESISTANCES SNORING
NEUROMUSCULAR TONE ¢ Adenotonsillar hypertrophy
¢ Dilator muscles o Obesity

o Craniofacial abnormalities

HYPOPNEA

SR miN

Figure 2. Etiology of pediatric OSA.

Besides anatomic factors, obesity has also been suggested as a contributor to OSA.
Obese children represent a special risk factor, as the prevalence of childhood obesity is
progressively increasing (5.6% in girls and 7.8% in boys) [15], also leading to an increase in
the prevalence of obesity-associated morbidities including OSA [10,11,16]. This relationship
is bidirectional, as OSA is known to worsen weight loss and overweight [17,18].

1.3. Symptoms of OSA in Children

The symptoms are classically divided into nocturnal and diurnal (Table 1). Noctur-
nal symptoms include snoring, witnessed apneas, gasping, oral breathing, paradoxical
thoracic movements, nightmares, restless sleep, and nocturnal enuresis. Snoring is the most-
common symptom, along with oral breathing. This population can also present disturbed
sleep with frequent changes of position, unusual sleep positions (neck hyperextension),
and nightmares [9,19]. Enuresis is another frequent symptom in OSA children related to
an altered arousal response and sleep fragmentation, often being resolved when OSA is
adequately treated [20].

Table 1. Symptoms of OSA in children.

Nocturnal Symptoms Daytime Symptoms
Snoring Behavioral disorders
Witnessed apneas Neurocognitive disorders
Gasping Mood instability
Oral breathing Excessive daytime sleepiness
Paradoxical thoracic movements
Nightmares

Restless sleep
Nocturnal enuresis

Related to daytime symptoms, a relationship between OSA and behavioral disorders
(irritability, aggressiveness, and depression), neurocognitive disorders (difficulty concen-
trating /learning difficulties and inattention), mood instability, and excessive daytime
sleepiness has been demonstrated [5,10,21-23].
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1.4. Consequences

OSA in children is associated with a number of adverse morbidities, presented as
behavioral and neurocognitive disorders, growth retardation, cardiovascular (CV) diseases,
and metabolic consequences, producing a negative impact on quality of life. These conse-
quences are derived from the presence of continuous episodes of hypoxia/resaturation,
sleep fragmentation, and/or changes in the intrathoracic pressure. These immediate conse-
quences develop a cascade of intermediate mechanisms, mainly alterations in sympathetic
activity, coagulation, inflammation, and oxidative stress (Figure 3).

Obstructive sleep apnea Immediate consequences Intermediate mechanisms Long-term consequences

R

Hypopnea

4 Sympathetic activity t

Cardiovascular

@ Sleep fragmentation

Anatomical L .
etiology Changes in intrathoracic pressure

& @

—Q \ Inflammation [ ]
Al
t’\\\ Intermittent hypoxia

Growth retardation

Coagulable state

Increase in

Oxidative stress

Neuromuscular
etiology

Apnea

Figure 3. Mechanisms and consequences of OSA in children. Created with BioRender.com. This
population is characterized by poor academic performance showing a reduction in memory capacities
and difficulties in learning and attention (especially in specific areas such as mathematics, science,
reading, and spelling) [24-26], which could be associated with hyperactive behavior during the day.

The effects on growth are probably related to factors such as increased energy con-
sumption and reduced production of growth hormone, whose secretion is characterized by
wide and frequent peaks during sleep [9]. These adverse results may be recovered after
OSA treatment, as suggested by different studies [27-29].

In the CV sphere, alterations in the autonomic nervous system, vasomotor tone, sys-
temic inflammation, and atherogenesis associated with OSA are likely to induce functional
disruption of the endothelium [30]. In addition, many biomarkers have been evaluated
to identify this vascular damage, the C-reactive protein (CRP) being the most-studied
marker. This inflammatory indicator is increased in children with OSA, with a recent
study indicating that it could be reversed after treatment [31]. It has been reported that
children with OSA have increased systolic and diastolic blood pressure (BP), increased
BP variability, and decreased BP dipping during sleep. Observing the BP of children with
OSA is essential to identifying those at risk for developing clinically significant elevated BP
in adulthood [32]. There is an independent effect of OSA on cardiopulmonary function,
which improves after the disorder is adequately treated [33-35]. Finally, these children
may develop an early metabolic syndrome [10,36], this risk being six-times higher than in
healthy subjects in adolescents with OSA [37]. A brief literature search of recent evidence
in these spheres is described in Table 2.
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Table 2. Consequences of OSA in children.

Author (Year) Nun.nl?er of Age (Years) OS.A §ever1ty Outcomes Results
Participants Criteria
Behavioral and neurocognitive sphere
Children with SDB had
Due to the lack of a significant impairments in
Mengzies et al., consensus severity Intelligence, gll cogmtlve d9ma1ns,
2022 [38] criterion, the attention, memory, intelligence being the
. 17,834 From 2 to 18 years ~ subgroup givenby . " .7/ most-affected quality.
Metanalysis of visual spatial skills, o
63 studies the author was and language These neurocognitive
used (e.g., deficits were found in
mild OSA) primary snorers among
OSA children.
Growth retardation and metabolism
Children with OSA
present lower levels of
growth mediators,
indicating growth
N retardation, significantly
Lagravere etal, . higher cardiovascular
2019 [39] Growth mediators . .

. disease risk, and
Systematic (IGF-I decreased nitiv
review of and IGFBP-3) ere €08 ©
12 studies functions compared to

healthy controls.
Tonsillectomy may
improve all these
functions with a great
impact on general health.
Cardiovascular sphere
The mean SBP was higher
in children with mild or
Mild OSA is moderate-to-severe OSA
. compared to healthy
. defined as an AHI
Aietal, BP parameters: controls, these effects
between 1 and 5 .
2022 [40] 3081 3 to 17 vears events per hour awake and being more pronounced
Metanalysis of Y Mo derefte to severe nighttime SBP during the night.
14 studies and DBP The results suggest that

is defined as an
AHI > 5 /h.

moderate-to-severe OSA
in children is associated
with a higher risk of
adverse SBP outcomes.

Abbreviations: OSA: obstructive sleep apnea; SDB: sleep-disordered breathing; IGF-1: insulin-like growth factor
1; IGFBP3: insulin-like growth factor-binding protein 3; AHI: apnea/hypopnea index; BP: blood pressure; SBP:
systolic blood pressure; DBP: diastolic blood pressure.

New evidence regarding untreated pediatric OSA’s significant long-term morbidities
affecting different organs and systems is necessary [41]. Therefore, in order to minimize
the deleterious consequences related to OSA, early correct diagnosis and treatment man-
agement are mandatory. The strongest evidence shows that this population may have a
significant impact on CV health in childhood and later in adulthood [30]. Tools to identify
children at risk and treatment prevention indication are needed.

1.5. Diagnosis

The diagnosis of OSA in the pediatric population differs according to the different clini-
cal guidelines and is described according to the Spanish [5], European [1], and American [3]

guidelines in Table 3.

101



Biomedicines 2023, 11, 1708

Table 3. Diagnosis and management of OSA in children.

Guide

Diagnosis and Management of OSA in Children

Spanish Society of
Pneumology and Thoracic
Surgery (SEPAR)

This guide divides the OSA diagnostic methodology between primary care and hospital care in order
to increase the diagnostic efficiency.

In primary care, the evaluation of the child with suspected OSA (presence of snoring and symptoms
or suggestive clinical findings) should include the medical history and complete clinical examination.

1. Medical history: family history, events related to the child’s sleep and breathing, and sleep
questionnaire (Chervin).

2. Complete clinical examination: craniofacial and UA anatomy, cardiopulmonary examination
and somatometry. Children with obesity represent a special risk group.

Depending on the results, referral of the patient from primary care to the reference sleep unit
is considered.

If there is suspected OSA in the clinical history and or/Chervin, retrognathia, adenotonsillar
hypertrophy and Mallampati > 2, hospital RP is performed. Otherwise, a control visit is carried
out 6 months after baseline visit.

2. When the index of respiratory events is > 5 in the RP, children are referred to adenotonsillar
surgery. With an inferior result, a PSG is performed.

3. An AHI > 5/h on PSG leads to adenotonsillar surgery. If the AHI is < 3/h, an
anti-inflammatory therapy or review visit after 6 months is assessed. For an AHI 3-5/h
comorbidities are evaluated. The presence of comorbidity leads to adenotonsillectomy and
anti-inflammatory therapy is selected when there is absence of comorbidity.

4. All children should be clinically reassessed after surgery (recommended in the next 6 months),
performing a sleep study in children with severe preoperative OSA or when risk factors or OSA
symptoms persist, where other treatments such as diet, CPAP, or orthodontics will be assessed.

European
Respiratory Society

The diagnosis and management for SDB is described as a stepwise approach in 7 steps.

1. Identification of risk of SDB: symptoms of UA obstruction, alterations in physical exam,
objective findings related to SDB and/or prematurity or family history of SDB.

2. Identification of comorbidities in CV system, CNS, nocturnal enuresis, growth delay or
decreased QoL and conditions coexisting with SDB such as recurrent otitis media and history of
tympanostomy tube placement, wheezing or asthma, metabolic syndrome or oral-motor
dysfunction.

3. Recognition of factors predicting long-term persistence of SDB: obesity, male sex, obstructive
AHI > 5/h, African-American ethnicity and persistent tonsillar hypertrophy and
narrow mandible.

4. Objective diagnosis and assessment of SDB severity: PSG or RP is indicated in children at risk
of SDB. (1) OSA definition 1: obstructive AHI > 2/h or obstructive apnea index > 1/h with
SDB symptoms; (2) OSA definition 2: SDB symptoms and AHI > 1/h. No alternative methods
can substitute PSG but could be used in low resource settings: ambulatory PSG or RP, nocturnal
oximetry, Pediatric Sleep Questionnaire or Sleep Clinical Record.

5. Indications for treatment of SDB: indicated when AHI > 5/h. When PSG or RP are not available,
treatment is considered when positive oximetry or SDB questionnaires or morbidity is present.
It is unclear whether should treat primary snoring (evaluation annually).

6.  Stepwise treatment approach for SDB is usually implemented until complete resolution of SDB:
(1) weight loss in overweight and obese children; (2) nasal corticosteroids and /or montelukast
in non-obese and < 6 years children; (3) adenotonsillectomy in children with OSA and
adenotonsillar hypertrophy; (4) rapid maxillary expansion or orthodontic appliances in
children with OSA and maxillary constriction, retrognathia or malocclusion; (5) CPAP or NPPV
when residual OSA after adenotonsillectomy or hypoventilation; (6) craniofacial surgery when
syndromic craniofacial abnormalities; (7) tracheostomy in severe OSA when other nonsurgical
or surgical interventions have failed or are contraindicated.

7. Recognition and management of persistent SDB: outcomes monitored after intervention are:
symptoms, PSG (or RP, oximetry/capnography when not available), QoL, CV or CNS
morbidity, enuresis and growth rate. PSG or RP should be performed, between 6-12 weeks
after treatment, in children at risk of persistent OSA, after adenotonsillectomy, in children with
persistent symptoms or children with mild OSA treated with corticosteroids and/or
montelukast. PSG should be performed 12 months after rapid maxillary expansion and after 6
months when oral appliance treatment is selected. At least, one PSG or RP annually should be
used to titrate CPAP or NPPV.
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Table 3. Cont.

Guide

Diagnosis and Management of OSA in Children

American Academy
of Pediatrics

This practice guideline focuses on uncomplicated childhood OSA, associated with adenotonsillar
hypertrophy and/or obesity in an otherwise child who is being treated in the primary care setting. It
comprises 8 key action statements.

1. Screening for OSA. If the child presents signs or symptoms of OSA, clinicians should perform
medical history and physical examination.

2. Snoring and findings in the evaluation should lead to PSG (gold standard test) or alternative
tests when PSG is not available (nocturnal video recording, nocturnal oximetry, daytime nap
PSG or ambulatory PSG).

3. Adenotonsillectomy is recommended when the child is determined to have OSA and

adenotonsillar hypertrophy (and do not have contraindication to surgery). If the child has OSA

but not adenotonsillar hypertrophy other treatment should be considered.

Monitoring of high-risk patients undergoing adenotonsillectomy.

5. Reevaluation. Clinical reassessment should be performed in all patients with OSA for
persisting symptoms after therapy to determine whether further treatment is required (6 to 8

L

weeks after treatment).
6.  Clinicians should refer patients for CPAP management if symptoms persist after
adenotonsillectomy or if it is not performed.

7. Weight loss is recommended in addition to other therapy if the child with OSA is overweight

or obese.

8.  Intranasal corticosteroids may be prescribed for children with mild OSA in whom surgery is

contraindicated or have mild postoperative OSA (<5/h).

Abbreviations: OSA: obstructive sleep apnea; UA: upper airway; RP: respiratory polygraphy; PSG:
polysomnography; AHI: apnea/hypopnea index; CPAP: continuous positive airway pressure; SDB: sleep-
disordered breathing; CV: cardiovascular; CNS: central nervous system; QoL: quality of life; NPPV: non-
invasive positive pressure ventilation.

Although medical history and physical examination are useful to screen and determine
which patients are suspected of having OSA, the sensitivity and specificity are scarce.
Thus, objective sleep tests are needed. The gold standard is overnight, attended, in-
laboratory polysomnography (PSG), a complex test that records neurophysiological and
cardiorespiratory variables. The American Academy of Sleep Medicine (AASM) in 2007
described the rules for the scoring of sleep and respiratory events in PSG recordings [4],
last upgraded in February 2023, these being different for children than adults.

However, PSG may not be readily available, so alternative diagnostic tests can be
performed: daytime nap PSG, ambulatory PSG, respiratory polygraphy (RP), nocturnal
oximetry, the Pediatric Sleep Questionnaire, or nocturnal video recording. The complexity
and limitations of PSG entail an increase in the development and validation of alternative
methods for the diagnosis of OSA in children [42]. As an example, the European guideline
accepts hospital RP as a valid alternative for the diagnosis of OSA in children and is
considered an adequate screening technique when PSG is not available (Table 3).

1.6. Treatment

The goal of OSA treatment is complete resolution of SDB. This may require combining
strategies (Figure 4), although the first-line treatment for OSA in children is adenotonsillar
surgery [5] when adenotonsillar hypertrophy is present. Nonetheless, in the recent past,
this treatment has been questioned. Recent publications have shown that the use of
adenotonsillectomy in pediatric OSA patients may have variable results, reaching an
AHI of 1 or less in about 50-70% of cases, but its efficacy decreases with risk factors
such as age (<7 years), severe disease, chronic asthma or obesity. Persistent disease is
present in 20-75% of children, with more than half having habitual snoring [7,43,44]. In
addition, other surgical procedures may be performed in selected cases, such as septoplasty,
uvulopharyngopalatoplasty, epiglottoplasty, glossopexy, and maxillomandibular surgery.
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Adenotonsillar surgery ————> Severe OSA (AHI > 5 events /h) or AHI 3 — 5/h with comorbidities and

Surgery adenotonsillar hypertrophy

Other types of surgeries ———— Craniofacial abnormalities

CPAP ——> Residual OSA following adenotonsillectomy, until surgery if the waiting
time is prolonged, when surgery is contraindicated, children whithout

Positive airway pressure . . ) .
adenotonsillar hypertrophy, craniofacial abnormalities or neuromuscular

!} disorders and obsese children during weight loss
“ J BiPAP —> Intolerance to CPAP and hypoventilation
Weight loss ——3> Obese and overweight children

Orthodontic treatment 5> Mild OSA (AHI 2 3 < 5 events /h) and craniofacial abnormalities (high-
arched palate, maxillary constriction, retrognathia or malocclusion)

Anti-inflammatory medication —» Mild OSA and absence of comorbidity

Medical treatment Positional therapy ——————— Positional OSA, mild OSA, no adenotonsillar hypertrophy or residual OSA
- after surgery
L
",i_« Myofunctional therapy ———— Mild OSA and absence of comorbidity
P

Figure 4. Recommended treatments depending on conditions leading to OSA in children. Abbrevia-
tions: OSA: obstructive sleep apnea; AHI: apnea/hypopnea index; CPAP: continuous positive airway
pressure; BiPAP: bi-level positive airway pressure.

For those children with residual OSA following adenotonsillectomy or those in whom
surgery is contraindicated or without adenotonsillar hypertrophy, positive airway pressure
(PAP) therapies can be an effective treatment. The two types of PAP therapies prescribed in
children to treat OSA are continuous positive airway pressure (CPAP) and bi-level positive
airway pressure (Bi-PAP) [45]. CPAP is the most-commonly used PAP therapy, also rec-
ommended in children with craniofacial abnormalities or neuromuscular disorders [1,3,5].
The use of BiPAP is for patients intolerant to CPAP to treat nocturnal hypoventilation [46].

Positional therapy, as an alternative treatment, has been widely studied and relatively
implemented in adults for the management of positional OSA. Positional OSA is defined
when, spending more than 20% of sleep time in the supine position, the AHI in the supine
position is at least double that in the non-supine position. This definition has not been
adapted to the pediatric population and is, therefore, assumed in the child. In adults,
positional therapy is incorporated in cases of mild-moderate OSA of positional origin and
in those with severe OSA in order to lower CPAP pressure or when there is intolerance to
first-line treatment. However, the indications in the pediatric population are not clearly
established, and the scientific evidence is scarce. In this sense, it seems that children
without tonsillar hypertrophy or with residual OSA could benefit from it, mainly in cases
of obesity [47,48]. Therefore, randomized studies are necessary to establish the efficacy and
indications of this type of therapy in the pediatric patient.

Weight management, orthodontic treatment, or medical therapy are offered as an
alternative to surgery, especially in children with mild OSA [7,8,49] or when surgery is
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not indicated or contraindicated. There are data supporting that weight loss, if the child
is overweight or obese, can improve OSA (hence, proposed to be considered first-line
treatment in this population) [50]. Rapid maxillary expansion or orthodontic appliances
are used to widen the palate and cause flattening of the palatal arch. On the other hand,
medical therapies such as anti-inflammatory medications (nasal corticosteroid and/or oral
montelukast) can also be used. There is little evidence about anti-inflammatory therapies
in children. The results of randomized clinical trials evaluating the efficacy of intranasal
corticosteroids for the treatment of OSA are not conclusive. Montelukast has short-term
beneficial treatment effects for OSA in healthy, non-obese, surgically untreated children
in terms of reducing the AHI, but the clinical relevance remains unclear [51,52]. Finally,
myofunctional therapy has been accepted as a non-invasive treatment for OSA in children,
as it may improve the AHI and oxygen saturation, at least after tonsillectomy or as an
adjunct OSA treatment [53,54].

It is worth mentioning that obstructive SDB can be resolved spontaneously, particularly
in children with mild OSA and adenotonsillar hypertrophy. Improvements may be due to
the regression of lymphoid tissue or growth of the airway [55].

In summary, current data on the management of pediatric patients with OSA around
the world, presented in this review, manifest important discrepancies and the need to
be updated and homogenized. An agreed upon definition is needed with specific cutoff
points to establish the diagnosis and levels of severity based on the associated risk and
comorbidities. Clear diagnostic management algorithms must be settled upon in which it
is defined when the simplified methods are useful in pediatric patients, in order to avoid
underdiagnosis. It is necessary to identify prognostic markers that set up cutoff points
for treatment indications based on objective impact. In addition, new metrics that better
evaluate the disease could lead to the establishment of new protocols that improve the
treatment management of the child. The objective is to explore new paradigms in the
definition, diagnosis, and treatment of OSA in children. In this review, we analyzed the
possible changes in the immediate future in this sense and what could be the new variables
to establish the indication for the treatment of OSA.

2. Discussion
2.1. OSA Definition and Classification

While in adults, the definition of OSA is well established, this is not so clear in children,
where these limits are between 1 and 3 events per hour, without an exact definition and
important differences between guidelines. The new scientific evidence provided in recent
years should be the basis for this new consensus and concrete definition. In the same way,
the cut-off points for the levels of severity should be based on existing evidence about the
associated risk related to the different levels of disease. In our opinion, an objective and
concrete definition of OSA is needed, and the cutoff for severity levels should be stabilized
based on the consequences of the illness.

2.2. OSA Diagnosis Algorithm

Related to the diagnostic management, PSG continues to be the gold standard test.
Due to the scarcity of accredited sleep laboratories for children and important resources
required to perform PSG, there has been a considerable effort to develop alternative
diagnostic methods that are more widely available. However, more simplified tests have
been developed, but insufficiently evaluated to be generally implemented in the pediatric
population [56,57]. Hospital RP includes measures based on snoring, oronasal airflow,
body position, chest movements, electrocardiography, and pulse oximeter saturation and
has been used in Europe and Spain as a valid alternative to PSG [1,58]. Nonetheless,
AASM'’s position is that these tests may underdiagnose OSA [59] and are less implemented
in pediatric OSA. However, RP in adults has been demonstrated to be a very useful
tool for underdiagnosis control when used in the right population and with an adequate
interpretation. There have been many suggestions of performing home sleep apnea tests
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(HSAT) [21] in children similarly to adults. However, the AASM position is that it is not
recommended for the diagnosis of OSA in children [60].

Other modalities such as nocturnal oximetry recordings are a great possibility due
to their low cost and their ease of use [61]. First, Brouillette and colleagues in 2000 [62]
showed oximetric recordings as an approach for the identification of children with severe
OSA. They concluded that a recording with at least three oxygen saturation (SpO,) drops
to less than 90% and three clusters of desaturation events could be considered diagnostic
for OSA [62,63]. Warapongmanupong and Preutthipan in 2019 [64] suggested another
oximetry parameter, where calculating the dispersion of SpO, could be useful in the initial
investigation of OSA in children. A standard deviation of 1.06 or more could predict
moderate-severe OSA with confidence.

Sleep questionnaires are helpful screening tools, but they cannot replace PSG [1]. To
improve the diagnostic ability of clinical questionnaires, Villa et al. in 2013 [65] developed
the Sleep Clinical Record (SCR), which included physical examination, patients” subjective
symptoms, and the presence of inattention and hyperactivity. This score was designed
to detect children with SDB and AHI > 1 episode/h. A recent study showed that snor-
ing children with an SCR score above 8.25 could identify those with moderate-to-severe
OSA [66]. The European guideline accepts this score as a valid method to diagnose OSA
and determine its severity when PSG is not available [1].

In our opinion, an update to OSA diagnostic management in children should be
performed, based on the actual epidemiological situation and technological advancement.
The level of clinical suspicion should be established, based on medical history, and the
utility of different diagnostic methods should be provided. These and other simplified
diagnostic methods have been successfully applied to adults and should be evaluated and
incorporated into the management of children to avoid misdiagnoses.

2.3. Specific OSA Biomarkers

Besides, diagnosis and severity classification are limited to the AHI in both children
and adults, although this sole parameter does not reflect the heterogeneity of the disease.
Additionally, severity groups are arbitrary and do not include consequences. In addition
to the AHI, it should be recommended to take into account the immediate consequences
(intermittent hypoxia (IH)), symptoms, obesity, and comorbidities present in the child.

A new stratification of OSA, based on a phenotype identification and with prognosis
implications, is necessary. This path towards personalized medicine has had its advances
and applications in adults, but it has not been replicated in the same way in children.
It is known that groups of patients with similar characteristics can benefit from specific
diagnostic and therapeutic management [67].

The limitations of the AHI are mainly related to the complexity of the disease. Besides,
short- and long-term consequences make it necessary to develop new parameters that
improve disease detection, predict associated health problems, and provide a better re-
sponse to the impact of treatment. Individuals with similar AHI levels differ in the patterns
of hypoxia, cardiac autonomic response, and respiratory arousal intensity that drive CV
disease [68], reflecting that the AHI may not fully characterize the physiologic disturbances
of OSA. For this reason, there is an increasing effort to develop new parameters that include
these aspects.

First, measuring pro-inflammatory biomarkers in blood or urine such as interleukin 6,
tumor necrosis factor alpha, or CRP may be relevant for a better characterization of the dis-
ease and may be helpful in evaluating the changes produced with different treatments [69].

Secondly, heart rate variability (HRV) has been recently described as an OSA-specific
biomarker, with promising results in evaluating treatment efficacy in children [70-73].
HRYV corresponds to variations in the heart rate (HR) or beat-beat time interval due to the
modulation of the autonomic nervous system’s activity. Because OSA sleep fragmentation
and hypoxemia may increase the sympathetic nervous system’s activity, HRV analysis
could evaluate these characteristic variations produced by OSA [72,74].
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Thirdly, high BP levels, even values close to normal, are a well-known modifiable
factor for developing high blood pressure (HBP) [75] and increased CV risk [76,77] in the
future. Thus, measuring BP in children could be considered a good CV risk marker. The
pathophysiology of HBP in OSA depends on various factors, apart from increased sympa-
thetic tone, such as peripheral vasoconstriction, increased renin-angiotensin—aldosterone
activity, and proinflammatory responses [40,78], causing persistent increases in vascular
resistance and altering BP [79]. Related to BP, it has been demonstrated that OSA in adults
is a risk factor for developing a nondipping profile [80,81], produced when nocturnal BP
decreases less than 10% of daytime BP. Moreover, this nondipping pattern is described
as an independent risk factor for the development of adverse CV events [82]. However,
much less is known in children, where only some studies have assessed the impact of OSA
in circadian BP patterns [83-85]. Controversial results on this issue have questioned if
nocturnal dipping is truly preserved in OSA children. Therefore, more studies in children
are needed in order to evaluate the utility of this marker in the prevention of adverse
consequences in adulthood.

Fourthly, IH occurs as a result of OSA and is considered the main deleterious factor
involved in the consequences for CV risk associated with OSA. Conventional measures
of hypoxia such as the oxygen desaturation index (ODI) or the percentage of time during
sleep with oxygen saturation below 90% (T90) are commonly used to characterize OSA
and its relationship with CV risk. These parameters have shown a better prediction of CV
risk and mortality than the AHI [86,87]. Nevertheless, some of them are non-specific for
OSA, reinforcing the idea of developing and validating more quantitative hypoxia metrics.
In this sense, a novel OSA-specific biomarker, hypoxic burden (HB), has emerged for a
better characterization of OSA, which focuses on the frequency, duration, and depth of the
respiratory events. HB is defined as the total area under the desaturation curve related
to the respiratory event. The value is obtained by adding the individual desaturation
areas and dividing the total area by the duration of sleep, in units of %min/h [88]. This
parameter has been shown to be significantly associated with adverse CV outcomes in
recent studies in adults [89]; however, the search within this issue has not yet been evaluated
in children. Measuring HB in children with OSA may be important and of interest, as
it could better predict the risk attributed to the disease and could improve the choice
of treatment. Besides, HB measurement requires only recording of airflow and oxygen
saturation signals, so it could be easily obtained by simplified methods, facilitating its
implementation in clinical practice.

Therefore, an effort to phenotype and establish the value of the different biomarkers
on the way to personalized medicine is needed in the OSA pediatric population.

2.4. Treatment

In reference to treatment, the lack of adenotonsillectomy effectiveness in some groups
of patients reflects that they may have a different response to treatment and/or a different
prognosis. Furthermore, OSA treatments are not exclusive, and all the therapeutic options
should be considered to approach treatment individually. For this, we highlight the
importance of looking for the reversible cause of the disease, so that future risk can be
prevented. The most-common cause is adenotonsillar hypertrophy, but other risk factors
such as obesity and craniofacial dysmorphism should be taken into account for the correct
management of the patient. In this sense, the treatment of obesity in adult patients is
a cornerstone in its control, becoming ahead of CPAP treatment in overweight/obese
patients in the latest consensus document [90]. It is true that the presence of obesity in
children is less prevalent, but there has been a significant increase in recent times. This fact
contributes to the higher frequency of OSA cases in the absence of tonsillar hypertrophy
and residual OSA after tonsillectomy due to overweight/obesity. However, the impact
of obesity treatment in children has not been studied to the same extent as in adults, nor
has its role in the diagnostic algorithm been established. Other different possibilities that
could be used include the use of CPAP or orthodontic treatment in patients with certain
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craniofacial abnormalities. The early use of these techniques could prevent the risk of
suffering from OSA.

On the other hand, the development of innovative OSA parameters related to CV risk
in the pediatric population could initiate new paradigms in the management of children
with OSA, as they could better predict and determine which patients would benefit from
treatments. One possibility could be measuring the HB in the pediatric population as a
substitute of the AHI in the diagnosis and classification of the severity groups of OSA.
Relating this parameter to BP values could indicate which groups would benefit from OSA
treatment in terms of the prevention of future CV risk.

Additionally, the reevaluation of children should be performed after treatment to deter-
mine whether further treatment is necessary, especially in children at risk of residual OSA.
It is not clear when the ideal moment for this reassessment is, specific recommendations
based on different available therapies being necessary.

In summary, OSA treatment in children should focus on considering these two impor-
tant aspects: reversible causes of the disease and measurements defining which patients
would benefit from them. New clinical trials would be needed to assess the feasibility of
the implementation in clinical practice of these innovative insights of the management of
OSA in children.

3. Conclusions

OSA in the pediatric population has important limitations that should be updated.

First, a specific and consensus definition should be established. Second, the role of
simplified methods in the diagnosis algorithm should be considered. Third, new biomark-
ers for risk identification are needed in this population. Finally, personalized medicine
should be implemented in this population.
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Abstract: Inhaled corticosteroids (ICSs) are widely used in chronic obstructive pulmonary disease
(COPD) and in combination with long-acting 32 agonists (LABAs) to reduce exacerbations and
improve patient lung function and quality of life. However, ICSs have been associated with an
increased risk of pneumonia in individuals with COPD, although the magnitude of this risk remains
unclear. Therefore, it is difficult to make informed clinical decisions that balance the benefits and
adverse effects of ICSs in people with COPD. There may be other causes of pneumonia in patients
with COPD, and these causes are not always considered in studies on the risks of using ICSs in COPD.
We consider it very useful to clarify these aspects in assessing the influence of ICSs on the incidence
of pneumonia and their role in the treatment of COPD. This issue has important implications for
current practice and the evaluation and management of COPD, since COPD patients may benefit
from specific ICS-based treatment strategies. Many of the potential causes of pneumonia in patients
with COPD can act synergistically, so they can be included in more than one section.

Keywords: COPD; pneumonia; inhaled corticosteroids

1. Introduction
1.1. Pneumonia in Patients with COPD Independent of the Use of ICS

Although pneumonia is often seen as a potential side effect of inhaled corticosteroids
(ICSs) in individuals with chronic obstructive pulmonary disease (COPD), the actual
frequency of pneumonia varies across studies, and certain analyses have reported varying
rates of pneumonia associated with different types of ICS treatments [1-3].

Several randomized controlled trials (RCTs) that involved a significant number of
participants did not demonstrate an increase in the occurrence of pneumonia in patients
who were randomly assigned to undergo ICS treatment [4-6]. These findings imply that
other factors, which are not related to the utilization of ICSs, could impact the probability
of developing pneumonia in individuals with COPD.

1.2. Definition of COPD and Pneumonia

The term COPD may not be precise in distinguishing various pulmonary conditions,
including asthma, which can pose difficulties in distinguishing asthma from COPD, par-
ticularly among smokers and older adults. Moreover, some patients may exhibit clinical
features that are common to both asthma and COPD [7]. The diagnosis of pneumonia
based solely on clinical signs and laboratory data can be challenging, given the variability
of clinical presentations, particularly in the presence of chronic respiratory illness. The
literature on COPD often lacks clarity in defining, documenting, classifying, and attributing
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pneumonia events in terms of severity. Furthermore, variations in the methods used to
document and evaluate pneumonia across different countries can contribute to the variabil-
ity in reported incidence rates, making cross-trial comparisons problematic. Patients with
severe forms of COPD may experience exacerbations that can be challenging to differenti-
ate clinically and radiographically from pneumonia, resulting in an overestimation of the
number of pneumonia cases in these trials [8].

Patients with acute exacerbations of COPD (AECOPD), a serious public health issue,
may exhibit symptoms resembling pneumonia.

Clinically relevant pneumonia can be differentiated from other comparable illnesses
using traditional diagnostic criteria including a differential blood count and C-reactive
protein (CRP) levels. However, such methods have suboptimal sensitivity and specificity
in patients with suspected infections, leading to uncertainty when starting treatment [9].

Bacterial colonization has been linked to increased inflammation, symptom aggrava-
tion, and more frequent exacerbations. Nearly 44% of all samples collected from stable
COPD patients tested positive for bacterial colonization [10].

2. Various Aspects of Infection in COPD and Its Capacity to Generate Pneumonia

It is widely acknowledged that potentially harmful microorganisms can inhabit the
bronchial area in individuals with COPD. Studies have indicated that the composition
of the lung microbiome in patients with stable COPD differs significantly from that of
healthy individuals [11-18]. There is evidence of a relationship between the appearance
of exacerbation symptoms and the acquisition of new bacterial strains [19]. The majority
of information about COPD is obtained from samples collected through various methods
such as biopsies, lung tissue explants, bronchoalveolar lavage (BAL), protected specimen
brush (PSB) techniques, and sputum. Research studies have shown that sputum samples
contain different types of microorganisms compared to bronchoalveolar samples, and it has
been confirmed that the lungs of COPD patients have unique microbiomes that differ from
healthy individuals in terms of bacterial composition [20,21]. Alterations in the microbiome
of the upper or lower respiratory tract can affect the immune response and make the host
more vulnerable to developing pneumonia [22].

Antibiotic resistance in bacteria that cause community-acquired pneumonia (CAP)
such as pneumococci and Mycoplasma pneumoniae is becoming more common, which
is a significant global health concern and a contributing factor in the increasing burden
of disease, particularly in COPD patients. This information has been reported by several
studies, including references [23-25].

Pathogens have several ways of developing resistance to antibiotics, such as producing
beta-lactamase, losing outer membrane proteins that are susceptible to antibiotics, changing
their targets, forming biofilms, using efflux pumps, and acquiring integrons. The use of
antibiotics at low concentrations can also contribute to the development of resistance
among the exposed pathogens. Apart from the misuse of antibiotics in healthcare, the
general population is exposed to non-iatrogenic antibacterial drugs in their daily lives, such
as antibiotics used in the meat industry to treat livestock, leading to an increase in drug
resistance in pathogens. The increased use of antibiotics in both clinical and nonclinical
settings has resulted in an increasing number of clinically isolated drug-resistant strains,
including carbapenem-resistant Klebsiella pneumoniae [26].

The symptoms of SARS-CoV-2 infection can vary widely, from showing no symptoms
at all to developing atypical pneumonia. COVID-19 pneumonia is a disease that continues
to evolve over time. In fact, around 40% of cases of SARS-CoV-2 infection do not display
any symptoms, another 40% have mild upper respiratory symptoms, and approximately
20% develop pneumonia [27-29].

Klebsiella species consist of Klebsiella ozaenae, Klebsiella rhinoscleroma, and Klebsiella
pneumoniae, with the latter having significant clinical implications as an important op-
portunistic and iatrogenic infectious pathogen. K. pneumoniae typically colonize different
mucosal surfaces, including the upper respiratory tract, in humans. They are a significant
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cause of respiratory tract infections that can result in severe pneumonia and are transmit-
ted to the human body via contaminated respirators, atomizers, catheters, and through
self-contamination by colonizing bacteria.

The immunological system’s growth and maintenance, as well as general health,
depend significantly on microflora. Dysbiosis, or changes in the microbial makeup and
function in the intestinal and respiratory tract, has recently been connected to variations
in immune responses and pulmonary development. Chronic gastrointestinal tract (GIT)
disorders such as inflammatory bowel disease (IBD) or irritable bowel syndrome (IBS)
frequently coexist with chronic lung diseases such as asthmatic processes or COPD.

Adults with IBD (up to 50%) and IBS (up to 33%) may exhibit symptoms of pulmonary
inflammation or compromised pulmonary function. IBD diagnoses are also more common
in COPD patients.

In patients with COPD, the intestinal lining is more permeable than in healthy indi-
viduals. Although the GIT and respiratory tract have different functions and environments,
they share a common embryonic origin and structural similarities. Thus, it is not surprising
that they can interact in both health and disease [30-34].

Research indicates that commensal microbes in the respiratory tract may contribute
to the development of pneumonia. Furthermore, studies have shown that the intestinal
microbiota play a crucial role in regulating local and systemic host responses in clinically
relevant models of pneumonia. The intestinal microbiota have been shown to offer protec-
tion against pneumonia by priming alveolar macrophages. The interaction between the
intestine and lungs during infection has been observed, and it has been suggested that the
intestinal microbiota can modulate the immune response in the lungs [35,36].

Periodontal diseases are a group of infectious conditions caused by multiple mi-
croorganisms, such as gingivitis and periodontitis, that affect the tissues supporting the
teeth. These diseases have been associated with the worsening of various respiratory
diseases. The presence of pathogens in the mouth can directly enter the lungs, increasing
the risk of acute exacerbations of chronic obstructive pulmonary disease (AECOPD) or
community-acquired pneumonia (CAP) in individuals with COPD [37].

Vaccination against influenza, as well as Pneumococcus pneumoniae, has been proven
to be effective in preventing infections not only in patients with COPD but also in individu-
als who are in close contact with them, thus reducing the risk of transmission. Encouraging
complete vaccination can contribute to better healthcare management and allocation for
patients with COPD [38,39] (Figure 1).

Bronchial colonization Age

Airway microbiome Sex

Resistance to Antibiotics Smoking
A —— COVID-19 MISCELANEOUS Body Mass Index

Intestinal_lung interaction Abuse of Alcohol

Periodontal diseases Poverty

Vaccination Race

Microbiota

Alzheimer’s disease
Parkinson’s disease

Dementia with Lewy bodies
Progressive Supranuclear Palsy

NERVOUS SYSTEM DISORDERS

Schizophrenia
Stroke

Figure 1. Infections in COPD, miscellaneous, and nervous system disorders as causes of pneumonias
in COPD independent of the use of ICS.

2.1. Miscellaneous: Age, Sex, Body Mass Index, Smoking, and Social Status

The elderly are more likely to develop pneumonia due to decreased organ function and
an aging immune system, and may suffer multiple organ dysfunction syndrome (MODS),
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respiratory and circulatory failure, and even death. In fact, pneumonia has become one of
the leading causes of death in the elderly [40].

The likelihood of developing community-acquired pneumonia (CAP) depends on age
and underlying medical conditions, with older individuals aged 65 or above who have
COPD being at a higher risk. Within the COPD population, those aged 65-79 or over 80
are more susceptible to CAP than those aged 45-65. Several independent factors have
been identified for recurrent CAP in adults, including COPD, older age, and a lack of
pneumococcal vaccination [6,40—44].

The impact of seasonal influenza on health varies based on age and pre-existing
medical conditions. Individuals aged 65 or older with COPD are at higher risk of serious
medical complications leading to hospitalization and death. COPD is the third leading
cause of death among people aged 65 and above in the United States. About 15 million
adults in the US have been diagnosed with COPD, and 5 million of them are aged 65 or
older. For people with COPD, influenza infection can cause severe complications and even
death, especially in older adults. Patients with COPD have a higher risk of respiratory
failure and are more likely to exhibit frailty. Any respiratory infection, including influenza,
can cause airway inflammation and constriction, making it difficult to breathe properly.
This inflammation can increase the likelihood of COPD exacerbations. As a result, people
with COPD are advised to receive seasonal influenza vaccination [45].

Adjusted incidences of all types of pneumonia, including community-acquired pneu-
monia (CAP) and hospital-acquired pneumonia (HAP), are higher in men than in women.
Specifically, men have a 47% higher adjusted incidence of CAP and a 98% higher adjusted
incidence of HAP than women. Furthermore, men with COPD have a higher risk of
developing pneumonia than women with COPD [46].

A single predictive factor for COPD is body mass index (BMI), and there is a direct
correlation between lower body weight and higher death rates in COPD patients. While
evidence suggest that people who can acquire weight have a better prognosis, more weight
loss increases the danger. The prognostic relevance of a low BMI could be the result of
waste in end-stage COPD. In turn, underweight patients may be less resistant to infections
such as pneumonia [47-49].

Additionally, smoking has been recognized as a risk factor for CAP, with the likelihood
altering depending on the history of smoking. Smoking’s impact on the risk of CAP has
been studied. Smoking was verified as an independent risk factor in the multivariate
analysis, and both current smokers and former smokers were shown to have a greater
risk of CAP compared to non-smokers. With higher pack years, the risk grew higher. The
risk of CAP was substantially greater in ex-smokers who had quit smoking more recently
(4 years) compared to those who had quit smoking less recently. Those who had never
smoked but were exposed to passive smoking were similarly at a significantly higher
risk of CAP. Likewise, elderly individuals aged 65 years or older who were subjected to
involuntary exposure to passive smoke within their domestic environment exhibited a
heightened susceptibility to community-acquired pneumonia (CAP). It has been observed
that individuals who are current smokers and aged 65 years or above, are at a greater risk
of contracting the infection compared to those who are ex-smokers, regardless of their
age [4,6,50-55].

According to the Centers for Disease Control and Prevention (CDC), people who
abuse alcohol are 10 times more likely to develop pneumococcal pneumonia and 4 times
more likely to die from pneumonia than non-drinkers [56,57]. Heavy drinkers are more
likely to suffer from COPD according to the Global Initiative for Chronic Obstructive Lung
Disease (GOLD) criteria and suffer more respiratory symptoms [58].

Poverty is associated with an increased risk of pneumonia [59]. Although race is a
characteristic that must be taken into account, it can be conditioned by other co-existing
factors such as socioeconomic condition. For example, Black adults in the United States are
2.6 times more likely to develop pneumonia than Caucasian adults, although in general,
the former are also 4.4 times poorer than Caucasian adults [60,61] (Figure 1).
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2.2. Nervous System Disorders

Advanced-stage Alzheimer’s disease (AD) is often accompanied by two serious med-
ical conditions: dysphagia and aspiration pneumonia. Dysphagia associated with pseu-
dobulbar palsy can cause weight loss, despite attempts to manage swallowing difficulties.
The underlying mechanisms that regulate the body’s basic functions, such as maintaining
nutritional status, appear to be impaired in these patients. Aspiration pneumonia is the
leading cause of death in end-stage AD.

Aspiration pneumonia is caused by a number of factors such as dysphagia, reduced
consciousness, a loss of gag reflex, periodontal disease, and the mechanical effects of
inserting tubes into the respiratory and gastrointestinal tracts. The bacteria responsible
for the infection include oral flora, mostly aerobes, and nosocomial-acquired pathogens,
such as Staphylococcus aureus, aerobic and facultative Gram-negative bacilli, which may
colonize patients in hospitals and nursing homes. Besides the use of antibiotics, addressing
the symptoms and managing AD in patients with pneumonia is critical in alleviating their
suffering [32].

Neurological disorders such as Alzheimer’s disease, Parkinson’s disease, Lewy bodies,
and progressive supranuclear palsy have been found to increase the risk of pneumonia
that is confirmed through autopsy. Patients with these conditions are often bedridden
and may experience dysphagia, altered mental states, or respiratory muscle weakness, all
of which can increase the risk of pneumonia. Additionally, the causes of pneumonia in
patients with neurological conditions who also have COPD may be different from those
in the general population, which can lead to differences in the distribution of pathogens
causing the infection [62].

Patients with schizophrenia are at increased risk of developing pneumonia, as well as
other respiratory diseases such as COPD and asthma [63].

HAD is one of the most important complications that can be prevented in a patient
who has suffered a stroke. The occurrence of pneumonia worsens the prognosis of a patient,
especially if he or she has had an ischemic stroke, reducing the chances of a full recovery
and increasing the chances of bodily deterioration that can lead to the patient’s death.
Although the chances of developing pneumonia in the general population range from
approximately 8% to 30%, it increases to 44% in patients with COPD and who have had a
stroke [64] (Figure 1)

3. Hospitalization and Similar Conditions

Hospital-acquired pneumonia (HAP) is a type of infection that patients acquire during
their hospital stay. It is a common nosocomial infection that causes significant clinical and
economic burdens, including prolonged hospitalization, high medical costs, and increased
morbidity and mortality.

Hospitalization alone can increase the risk of pneumonia, but there are additional
factors associated with hospitalization that can further increase this risk. These factors
include older age, male gender, pre-existing asthma, pre-existing COPD, pre-existing
chronic lower airway disease, tube feeding, suctioning, positioning, use of mechanical
ventilation, admission to the ICU, poverty, race, anemia, dementia, chronic kidney disease,
paraplegia, hemiplegia, and metastatic carcinoma. These factors may differ from those seen
in the general population and may increase the risk of pneumonia in hospitalized patients.

—  Factors specific to hospitalization.

— Type of hospital: It has been reported that the incidence of hospital-acquired pneu-
monia (HAP) in tertiary hospitals is lower than in general hospitals. Specifically, the
incidence in tertiary hospitals is around 3.5%, while in general hospitals, it is around
5.7%. This difference could be attributed to variations in the quality of patient care and
access to healthcare resources between the two types of hospitals. Tertiary hospitals
may have better environmental hygiene practices and more highly trained healthcare
professionals, which could lead to better quality care and ultimately a lower incidence
of HAP.
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—  Type of patient: The prevalence of HAP is relatively higher among medical patients
compared to surgical patients. Nevertheless, it is important to acknowledge that
surgical patients remain susceptible to the onset of HAP.

— Higher bed-to-nurse ratios: Patients who are hospitalized in facilities that exhibit
bed-to-nurse ratios rated as g 4 and 5 experience a 1.4-fold elevated risk of HAP in
comparison to those under the care of hospitals that maintain a bed-to-nurse ratio
classified as grade 1. From a practical standpoint, nurses who are assigned a reduced
patient load would be in a position to allocate more time and resources towards the
provision of care to those patients who are entrusted under their purview.

— Type of room: The incidence of HAP exhibits a notable approximately threefold
increase in patients whose accommodation comprises more than four beds, compared
to those who are placed in rooms containing three or less beds. Patients who are
accommodated in individual patient rooms are likely to experience a reduced risk of
HAP compared to their counterparts residing in multi-patient rooms. The mitigation
of HAP risk can be attributed to the limited exposure of patients in single-patient
rooms to potential reservoirs, and attributed to limited or no direct and indirect
contacts [58-63].

Aspiration pneumonia (AP) is an infectious condition caused by inhalation of oropha-
ryngeal secretions populated by pathogenic bacteria, whereas aspiration pneumonitis
(Mendelson syndrome) (MS) is a chemical injury brought on by the inhalation of sterile
gastric contents.

Factors predisposing to MS and AP include a decreased level of consciousness, neuro-
logical disorders, dysphagia, and material aspiration in association with tracheostomy [37,38]

(Figure 2).
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Figure 2. Hospitalization and similar situations, respiratory problems, immunodeficiencies, and
cancer as causes of pneumonias in COPD independent of ICS use. PCR: C-reactive protein.
S1P: Sphingosine-1-phosphate. NLR: neutrophil-lymphocyte ratio. AP: Aspiration pneumonia.
MS: Mendelson syndrome. PTB: Pulmonary tuberculosis.

3.1. Respiratory Problems

The presence of asthma has been identified as an independent risk factor for pneumo-
nia in the population of COPD and has been associated with a 13% risk of pneumonia [39].
Asthma has been shown to be the strongest independent risk factor for pneumonia in
patients with COPD, resulting in more exacerbations and more severe limitation of airflow
compared with patients with COPD alone [16].

Structural changes in COPD, such as bronchiectasis, can modulate the severity of the
exacerbation and contribute to the morbidity associated with the latter. In 2014, GOLD first
described bronchiectasis as one of the comorbidities of COPD [42].
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Bronchiectasis and COPD are found to coexist in 20-60% of all cases. However, patients
with severe COPD are reported to have a particularly high frequency of bronchiectasis,
although the published figures vary widely between 4 and 72%. In patients with COPD
and bronchiectasis, the main clinical manifestations are those typically associated with
bronchiectasis: chronic cough and sputum production, chronic bronchial infection, and
frequent infective exacerbations [43,44].

Computed tomography (CT)-diagnosed emphysema has been identified as the strongest
risk factor for pneumonia among all clinical parameters in patients with COPD. The
presence of emphysema has been associated with the severity of pneumonia in patients with
COPD. Lower lobe emphysema is particularly associated with the frequency of exacerbation
in COPD, according to the involvement of lung structures such as diameters [52,53].

An important factor that can be a predisposition to pneumonia in COPD is a history of
previous pneumonia episodes. Patients with COPD who have suffered pneumonia before
have an increase incidence of CAP [6,16].

Patients with previous COPD are at increased risk of developing pneumonia compared
to otherwise healthy individuals and often have poorer clinical outcomes in terms of the
severity of the pneumonia [16].

Mycobacterium tuberculosis has the ability to infiltrate a multitude of body organs.
Pulmonary tuberculosis (PTB) frequently manifests as the predominant clinical form of
the disease, primarily characterized by pulmonary involvement resulting in respiratory
impairment. This ailment is a common chronic consumptive illness; however, it may mani-
fest itself as an acute pneumonia. Acute tuberculous pneumonia (TP) bears resemblance
to conventional bacterial pneumonia in its clinical presentation. Acute TP is commonly
associated with the clinical presentations of CAP; however, in the present scenario, the
etiological agent is microplasma. Tuberculosis should be preferred over non-tuberculous
bacteria or viruses. In developing nations, M. Tuberculosis serves as the primary etiological
agent responsible for the onset of community-acquired pneumonia (CAP). On the other
hand, the relationship between tuberculosis and COPD is well known [65,66].

Several studies have shown that an increase in infections, especially respiratory infec-
tions, increases the risk of developing pneumonia [36,67,68].

The co-occurrence of inflammatory diseases in both the upper and lower respiratory
tracts is a common phenomenon. Sino-pulmonary disease is a widely acknowledged
medical condition, particularly in cases where the ailment has progressed to a chronic
stage. Individuals who exhibit significant sphenoid involvement, characterized by either
complete or partial opacification, possess a heightened likelihood of being diagnosed with
CAP, with a relative risk of 20 times that of individuals without such involvement [69].

Significant differences in the risk of pneumonia have been reported according to the
severity of COPD. The severity of the underlying respiratory disease affects the risk of
CAP. Studies on individuals aged 65 years and above with mild lung disease, i.e., not
necessitating medication or oxygen, have indicated a twofold increase in the likelihood
of contracting community-acquired pneumonia compared to those without lung disease.
Conversely, individuals with severe lung disease demanding oxygen therapy exhibit
an eightfold greater probability of developing community-acquired pneumonia. The
presence of moderate and severe lung disease, as indicated by a predicted percentage forced
expiratory volume in one second (FEV1) of 50-80%, has been recognized as a noteworthy
risk factor for community-acquired pneumonia (CAP) in older adults aged 65 years and
above, in contrast to those possessing healthy or mildly compromised pulmonary function.
Moderate COPD exacerbation and hospitalization due to severe COPD exacerbation have
also been identified as independent risk factors for CAP in patients with COPD > 45 years of
age. The inclusion of patients with these characteristics in study populations is very likely to
contribute to the variation in reported pneumonia rates between studies [2,6,8,16,55,70-73].

Despite the prevalence of evidence-based guidelines pertaining to COPD manage-
ment, findings from the survey indicate that healthcare professionals display notable
deficiencies in their comprehension of essential aspects inherent to the management of this
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condition. Specifically, at least 50% of surveyed practitioners reported being unaware of
established guidelines for both diagnosing and treating COPD [11]. Insufficient awareness
of recommended treatment modalities can potentially result in suboptimal management of
individuals diagnosed with COPD. Patients receiving COPD treatment are more likely to
have more comorbidities, including pneumonia [74] (Figure 2).

3.2. Immunodeficiency and Cancer

Patients with compromised immunity exhibit a heightened susceptibility to contract-
ing CAP in comparison to the general populace. This demographic displays an impaired
immune system, thereby resulting in a diminished resilience to pathogenic agents. The
innate condition of immunosuppression is one possible etiology; nonetheless, the acquired
form of immunodeficiency is considerably more prevalent owing to the progression of
cancer chemotherapy in recent years. In essence, a strong correlation exists between
chronic inflammation and impaired immune response to respiratory pathogens, which
promotes the activation of immunosuppressive pathways. This process is believed to be
a contributing factor in the pathogenesis of COPD. It is crucial to bear in mind that an
immunocompromised individual may harbor multiple concomitant infections.

Some of the following circumstances may contribute to a compromised immune system:

Hematologic malignancies, with the use of corticosteroids and monoclonal antibodies,
and T cell dysfunction.

Solid tumors, with high-dose chemotherapy administration, prolonged use of corti-
costeroids, and marrow transplantation.

Solid organ transplantation, with decreased CD4+ cell counts.

Autoimmune conditions, particularly among individuals receiving immunomodula-
tory medications such as anti-TNF-«, present a significant clinical concern. Individuals
are administered glucocorticoids, as well as other biological and immunomodulatory
therapeutic agents for treatment of various medical conditions [75-77].

Complications pertaining to human immunodeficiency virus (HIV) primarily affect
the lungs, rendering them a crucial target. Observably, individuals with HIV infection
are predisposed to a myriad of opportunistic pneumonias, neoplasms, and pulmonary
disorders. Opportunistic pneumonias are recognized as the primary causes of morbidity
and mortality within the context of pulmonary complications associated with human
immunodeficiency virus (HIV). The spectrum of opportunistic pneumonias associated
with HIV encompasses a diverse array of pathogens, encompassing bacteria, mycobacteria,
fungi, viruses, and parasites.

The prevalence of COPD is higher in people with HIV compared to those without HIV
infection. The higher prevalence is explained in part by the higher incidence of smoking
in people living with HIV and may be related to an increased susceptibility to respiratory
infections, immunosuppressed states, and chronic inflammation [78-81].

Any type of cancer can directly or indirectly (chemotherapy, hospitalization, metasta-
sis, etc.) lead to pneumonia in COPD, especially in patients with lung cancer or subjects
that have been operated upon due to lung cancer. In fact, lung cancer is an important
comorbid condition in patients with COPD. The prevalence of lung cancer in COPD is
reported to be 2.79%. People with COPD were found to be 6.35 times more likely to have
lung cancer than controls. Reduced survival has been reported in patients with lung cancer
with comorbidity in the form of COPD [45,46] (Figure 2).

3.3. Biomarkers

C-reactive protein (CRP) has been widely used in the management of pneumonia. It
is a well-established biomarker of inflammation, but has been regarded as a nonspecific
marker in the diagnosis of pneumonia. Nevertheless, it may be of some use in defining the
severity of pneumonia [49,50].
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Taking into account a baseline eosinophil count of 2% as the threshold value, patients
with COPD with lower blood eosinophil counts suffer more pneumonia events than those
with higher counts [54].

High blood neutrophil counts in COPD have been associated with an increased risk of
pneumonia, independent of ICS use [82].

The neutrophil /lymphocyte ratio (NLR) has been reported to be related to mortality
and prognosis in patients with CAP, with better performance as a marker than CRP. The
NLR, upon admission to the emergency department, predicts the severity and outcome of
CAP with greater prognostic precision than traditional infection markers [83-85].

Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid that participates in numer-
ous physiological processes, such as immune responses and maintenance of the endothelial
barrier’s integrity. Moreover, sphingosine-1-phosphate (S1P) exhibits potential as a diag-
nostic and prognostic biomarker for the preliminary evaluation of individuals presenting
with pneumonia. The present study indicates a remarkably substantial elevation in the
levels of plasma sphingosine-1-phosphate (S1P) in individuals with pneumonia, which
also display a positive correlation with the severity of the disease [9,86].

Serum levels of 25-hydroxyvitamin D [25(OH)D] have been shown to be associated
with the risk of CAP. Those subjects with 25(OH)D levels < 30 ng/mL had a significantly
higher risk of CAP compared to those with levels > 30 ng/mL [87] (Figure 2).

4. Chronic Medical Conditions

Compared to patients without COPD, patients with pneumonia with COPD are
likely to have more severe pneumonia, with an increase in hospital admissions, and a
poorer outcome [18-20]. In the first year after the diagnosis of COPD, people are at a
16-fold higher risk of pneumonia compared to patients without COPD. The incidence
rate of CAP was found to be 22.4 events per 1000 person-years in the 10 years after the
diagnosis of COPD, and more than 50% higher among those classified as having severe
COPD [6]. The presence of three or more chronic medical conditions, commonly referred
to as multiple morbidity, has been found to be significantly associated with an elevated
risk of pneumococcal disease in patients in the age range of 50-64 years. Furthermore, a
positive correlation has been established between augmented occurrences of persistent
medical conditions and an elevated prevalence of pneumococcal ailment in individuals
aged 65 years or above [51].

Individuals afflicted with chronic heart disease (CHD), encompassing congestive
heart failure (CHF) and cardiovascular and valve maladies, are vulnerable to contracting
CAP with an up to 3.3-fold elevated risk as opposed to those without CHD. Such a risk is
contingent upon both the specific condition and advancing age of the afflicted individual.
Among individuals aged 65 years or older in the United States, heart disease has been
established as a distinct risk factor for CAP, with approximately 16% of total CAP cases
being linked to the aforementioned underlying condition.

The risk of CAP was found to be higher in patients with more severe heart disease,
while individuals with non-CHF heart disease showed only a modest increase in the
risk of CAP compared to those without heart disease. Patients with pneumonia and
CHF were found to have an almost two-fold increased risk of hospitalization due to
pneumonia compared to those without CHF. The susceptibility to pneumonia was found
to be contingent upon both the comorbidities accompanying heart failure and the nature
of the administered medical intervention. Individuals diagnosed with cardiomyopathy,
as well as those receiving loop diuretic therapy, exhibit a heightened susceptibility to
hospitalization resulting from CAP. Amiodarone has been identified as a distinct risk factor
for the development of CAP among individuals undergoing treatment for heart failure.
Various studies have reported this association, highlighting the need to exercise caution
when administering this medication to such patients [16].

Patients with diabetes have an up to 1.4 times higher risk of developing CAP, and the
global risk of pneumonia is 1.4-to-4.6-fold higher than in non-diabetic individuals [16].
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The prevalence of gastro-esophageal reflux disease (GERD) in individuals with COPD
ranges from 17 to 54%. The presence of GERD has been shown to be associated with a
higher risk of AECOPD and pneumonia. This is consistent with a defined phenotype for
patients with COPD who experience frequent AECOPD (two per year), and with GERD
being identified as an independent predictor [55-57].

Pneumococcal disease is often associated with the presence of numerous risk factors
in individuals aged 65 years or older, with an estimated 60% exhibiting two or more
underlying medical conditions. Numerous conditions have demonstrated a cumulative
impact on both the susceptibility of contracting CAP and the associated fatality rate of this
pathology. The prevalence of pneumococcal disease escalates proportionately with the
amplification of risk factors. The incidence rates are notably elevated for individuals with
three or more predisposing conditions [70,88] (Figure 3).

[ Severe COPD

> 3 chronic medical conditions
CHRONIC MEDICAL

-

Chronic heart disease

CONDITIONS Diabetes

\ Gastroesophageal reflux disease

/

~ Duration of studies
STUDY DESIGN
Time of Year in Which the Study 1s Conducted

Figure 3. Chronic medical conditions and study design as causes of pneumonia in COPD independent
of ICS use.

4.1. Study Design

The study design can be of great importance in terms of the final results obtained.
Furthermore, the duration of studies can be highly variable and, in this regard, the longer
the duration, the more likely it is that a pneumonic process develops [89].

The time of year in which the study is conducted can also exert an influence, with
more cases of pneumonia recorded in studies that are carried out in winter compared to
studies conducted in summer [70].

Elements such as the design of the period prior to starting study treatment are likely
to affect the risk that patients develop pneumonia [90].

The absence of randomization in observational studies leads to the risk of confusion
by indication [8] (Figure 3).

4.2. Triple Therapy

Although the use of triple therapy in COPD appears to have several beneficial parame-
ters, with regard to the risk it represents for these patients due to the possible occurrence of
pneumonias, the different studies make the same mistakes described in this review [91,92].

5. Conclusions

An increased risk of pneumonia with inhaled corticosteroids in COPD was first
described in 2007, and has since been reported in both randomized trials and observational
studies. Despite the number of studies reporting this association, many unresolved issues
remain regarding the relationship between inhaled corticosteroid use and pneumonia in
individuals with COPD.

The idea that the incidence of pneumonia increases in COPD patients treated with ICS,
derived from both observational studies and randomized controlled trials, is not supported
by firm data, however.
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As there is a possibility that the use of ICS in COPD may increase the risk of pneumonia,
the elements considered here must be taken into account before prescribing ICS, because
they may increase this risk (Figure 4).
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Figure 4. Causes of pneumonia in COPD that are combined and unrelated to ICS usage.

Author Contributions: Conceptualization, ].M.; methodology, R.L. and L.E-D.; software, D.R.-P.;
validation, A.V.-R. and P.C.; formal analysis, ].M.; investigation, ].M. and B.D.; resources, D.R.-P.; data
curation, ].M.; writing—original draft preparation, ] M.; writing—review and editing, ]. M. and D.R.-P;
supervision, .M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was co-funded by the European Union through the European Regional Develop-
ment Fund (ERDF) and was supported by grants from the Instituto de Salud Carlos III (FIS-Thematic
Networks and Cooperative Research Centers ARADYAL, RD16/0006/0035) and Fundacion Alergol,
Spain. A.V.-R. was supported by a grant from the Ministerio de Economia y Competitividad (Proyectos
I+D+i para Jovenes Investigadores, SAF2014-60649-JIN) and holds a Nicolas Monardes contract from
the Andalusian Health Service (C-0060-2018); P.C. is under a senior postdoc contract from the Ministry
of Health and Families (Junta de Andalucia, Ref RH-0129-2020). The funders had no role in the study
design, the data collection and analysis, the decision to publish, or the preparation of the manuscript.

Institutional Review Board Statement: Not aplicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of the data; in the writing of the
manuscript; or in the decision to publish the results.

References

1. Zhang, Q. Li, S.; Zhou, W,; Li, J.; Cao, J. Risk of Pneumonia with Different Inhaled Corticosteroids in COPD Patients: A
Meta-Analysis. COPD 2020, 17, 462—469. [CrossRef] [PubMed]

2. Chen, H; Sun, J.; Huang, Q.; Yuan, M.; Ma, C.; Yan, H. Inhaled Corticosteroids and the Pneumonia Risk in Patients with Chronic
Obstructive Pulmonary Disease: A Meta-analysis of Randomized Controlled Trials. Front. Pharmacol. 2021, 12, 691621. [CrossRef]
[PubMed]

3. Miravitlles, M.; Auladell-Rispau, A.; Monteagudo, M.; Vazquez-Niebla, ].C.; Mohammed, J.; Nufiez, A.; Urritia, G. Systematic

review on long-term adverse effects of inhaled cor-ticosteroids in the treatment of COPD. Eur. Respir. Rev. 2021, 30, 210075.
[CrossRef]

123



Biomedicines 2023, 11, 1243

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

Almirall, J.; Serra-Prat, M.; Bolibar, I.; Balasso, V. Risk Factors for Community-Acquired Pneumonia in Adults: A Systematic
Review of Observational Studies. Respiration 2017, 94, 299-311. [CrossRef]

Jackson, M.L.; Neuzil, KM.; Thompson, W.W.; Shay, D.; Yu, O.; Hanson, C.A.; Jackson, L.A. The burden of community-acquired
pneumonia in seniors: Results of a population-based study. Clin. Infect. Dis. 2004, 39, 1642-1650. [CrossRef]

Miillerova, H.; Chigbo, C.; Hagan, G.W.; Woodhead, M.A.; Miravitlles, M.; Davis, K.J.; Wedzicha, ].A. The natural history of
community-acquired pneumonia in COPD patients: A population database analysis. Respir. Med. 2012, 106, 1124-1133. [CrossRef]
von Wichert, P. Bronchial Diseases are Insufficiently Defined with the Term COPD. Int. ]. Chron. Obstruct. Pulmon. Dis. 2021, 16,
1349-1352. [CrossRef]

Wise, R.A.; Bafadhel, M.; Crim, C.; Criner, G.J.; Day, N.C.; Halpin, D.M.G.; Han, M.K; Lange, P; Lipson, D.A.; Martinez, FJ.; et al.
Discordant diagnostic criteria for pneumonia in COPD trials: A review. Eur. Respir. Rev. 2021, 30, 210124. [CrossRef]

Hsu, C.-W,; Suk, C.-W.; Hsu, Y.-P; Chang, J.-H.; Liu, C.-T.; Huang, S.-K.; Hsu, S.-C. Sphingosine-1-phosphate and CRP as potential
combination biomarkers in discrimination of COPD with community-acquired pneumonia and acute exacerbation of COPD.
Respir. Res. 2022, 23, 63. [CrossRef] [PubMed]

Armitage, M.N.; Spittle, D.A.; Turner, A.M. A Systematic Review and Meta-Analysis of the Prevalence and Impact of Pulmonary
Bacterial Colonisation in Stable State Chronic Obstructive Pulmonary Disease (COPD). Biomedicines 2021, 10, 81. [CrossRef]
Chen, B.; Liu, W.; Chen, Y.; She, Q.; Li, M.; Zhao, H.; Zhao, W.; Peng, Z.; Wu, ]. Effect of Poor Nutritional Status and Comorbidities
on the Occurrence and Outcome of Pneumonia in Elderly Adults. Front. Med. 2021, 8, 719530. [CrossRef]

Garcia-Vidal, C.; Carratala, J.; Fernandez-Sabé, N.; Dorca, J.; Verdaguer, R.; Manresa, F.; Gudiol, E. Aetiology of, and risk factors
for, recurrent community-acquired pneumonia. Clin. Microbiol. Infect. 2009, 15, 1033-1038. [CrossRef]

Gau, J.T.; Acharya, U.; Khan, S.; Heh, V.; Mody, L.; Kao, T.C. Pharmacotherapy and the risk for community-acquired pneumonia.
BMC Geriatr. 2010, 10, 45. [CrossRef] [PubMed]

Jackson, M.L.; Nelson, J.C.; Jackson, L.A. Risk factors for community-acquired pneumonia in immunocompetent seniors. J. Am.
Geriatr. Soc. 2009, 57, 882-888. [CrossRef]

Loeb, M.; Neupane, B.; Walter, S.D.; Hanning, R.; Carusone, S.C.; Lewis, D.; Krueger, P.; Simor, A.E.; Nicolle, L.; Marrie, T.J.
Environmental risk factors for community-acquired pneumonia hospitalization in older adults. J. Am. Geriatr. Soc. 2009, 57,
1036-1040. [CrossRef]

Torres, A.; Blasi, F,; Dartois, N.; Akova, M. Which individuals are at increased risk of pneumococcal disease and why? Impact of
COPD, asthma, smoking, diabetes, and/or chronic heart disease on community-acquired pneumonia and invasive pneumococcal
disease. Thorax 2015, 70, 984-989. [CrossRef]

Young-Xu, Y.; Smith, J.; Nealon, ].; Mahmud, S.M.; Van Aalst, R.; Thommes, E.W.; Neupane, N.; Lee, ] K.H.; Chit, A. Influenza
vaccine in chronic obstructive pulmonary disease among elderly male veterans. PLoS ONE 2022, 17, e0262072. [CrossRef]
[PubMed]

Erb-Downward, J.R.; Thompson, D.L.; Han, M.K.; Freeman, C.M.; McCloskey, L.; Schmidt, L.A.; Young, V.B.; Toews, G.B.; Curtis,
J.L.; Sundaram, B.; et al. Analysis of the lung microbiome in the “healthy” smoker and in COPD. PLoS ONE 2011, 6, e16384.
[CrossRef] [PubMed]

Sze, M.A,; Dimitriu, P.A.; Hayashi, S.; Elliott, W.M.; McDonough, J.E.; Gosselink, ].V.; Cooper, J.; Sin, D.D.; Mohn, WW.; Hogg,
J.C. The lung tissue microbiome in chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 2012, 185, 1073-1080.
[CrossRef]

Pragman, A.A.; Kim, H.B.; Reilly, C.S.; Wendt, C.; Isaacson, R.E. The lung microbiome in moderate and severe chronic obstructive
pulmonary disease. PLoS ONE 2012, 7, e47305. [CrossRef] [PubMed]

Huang, Y.J.; Kim, E.; Cox, M.].; Brodie, E.; Brown, R.; Wiener-Kronish, ].P.; Lynch, S.V. A persistent and diverse airway microbiota
present during chronic obstructive pulmonary disease exacerbations. OMICS 2010, 14, 9-59. [CrossRef]

Rogers, G.B.; Daniels, TW.; Tuck, A.; Carroll, M.P,; Connett, G.J.; David, G.J.; Bruce, K.D. Studying bacteria in respiratory
specimens by using conventional and molecular microbiological approaches. BMC Pulm. Med. 2009, 9, 14. [CrossRef]

Millares, L.; Ferrari, R.; Gallego, M.; Garcia-Nufez, M.; Brocal, V.P.; Espasa, M.; Pomares, X.; Monton, C.; Moya, A.; Monso, E.
Bronchial microbiome of severe COPD patients colonised by Pseudomonas aeru-ginosa. Eur. J. Clin. Microbiol. Infect. Dis. 2014,
33, 1101-1111. [CrossRef] [PubMed]

Garcia-Nufiez, M.; Millares, L.; Pomares, X.; Ferrari, R.; Pérez-Brocal, V.; Gallego, M.; Espasa, M.; Moya, A.; Monso, E. Severity-
related changes of bronchial microbiome in chronic obstructive pulmonary disease. J. Clin. Microbiol. 2014, 52, 4217-4223.
[CrossRef]

Cabrera-Rubio, R.; Garcia-Nufez, M.; Seto, L.; Anto, ].M.; Moya, A.; Monso, E.; Mira, A. Microbiome diversity in the bronchial
tracts of patients with chronic obstructive pulmonary disease. J. Clin. Microbiol. 2012, 50, 3562-3568. [CrossRef]

Sethi, S.; Murphy, T.F. Infection in the pathogenesis and course of chronic obstructive pulmonary disease. N. Engl. . Med. 2008,
359, 2355-2365. [CrossRef]

Dickson, R.P,; Erb-Downward, J.R.; Martinez, E]J.; Huffnagle, G.B. The Microbiome and the Respiratory Tract. Annu. Rev. Physiol.
2016, 78, 481-504. [CrossRef]

Wu, B.G.; Segal, L.N. The Lung Microbiome and Its Role in Pneumonia. Clin. Chest Med. 2018, 39, 677—-689. [CrossRef]

Lujan, M.; Gallego, M.; Belmonte, Y.; Fontanals, D.; Vallés, |.; Lisboa, T.; Rello, ]. Influence of pneumococcal serotype group on
outcome in adults with bacteraemic pneumonia. Eur. Respir. |. 2010, 36, 1073-1079. [CrossRef]

124



Biomedicines 2023, 11, 1243

30.
31.

32.

33.

34.

35.

36.
37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Simet, S.M.; Sisson, ].H. Alcohol’s Effects on Lung Health and Immunity. Alcohol. Res. 2015, 37, 199-208.

Frantz, S.; Wollmer, P.; Dencker, M.; Engstrom, G.; Nihlén, U. Associations between lung function and alcohol consumption-—
assessed by both a questionnaire and a blood marker. Respir. Med. 2014, 108, 114-121. [CrossRef] [PubMed]

Kalia, M. Dysphagia and aspiration pneumonia in patients with Alzheimer’s disease. Metabolism 2003, 52 (Suppl. S2), 36-38.
[CrossRef] [PubMed]

Giske, C.G.; Monnet, D.L.; Cars, O.; Carmeli, Y. ReAct-Action on Antibiotic Resistance. Clinical and economic impact of common
multidrug-resistant gram-negative bacilli. Antimicrob. Agents Chemother. 2008, 52, 813-821. [CrossRef] [PubMed]

Pendleton, ].N.; Gorman, S.P; Gilmore, B.F. Clinical relevance of the ESKAPE pathogens. Expert Rev. Anti. Infect. Ther. 2013, 11,
297-308. [CrossRef]

Morimoto, K.; Suzuki, M.; Ishifuji, T.; Yaegashi, M.; Asoh, N.; Hamashige, N.; Abe, M.; Aoshima, M.; Ariyoshi, K.; Adult
Pneumonia Study Group-Japan (APSG-]). The burden and etiology of community-onset pneumonia in the aging Japanese
population: A multicenter prospective study. PLoS ONE 2015, 10, e0122247. [CrossRef]

Chang, D.; Sharma, L.; Dela Cruz, C.S.; Zhang, D. Clinical Epidemiology, Risk Factors, and Control Strategies of Klebsiella
pneumoniae Infection. Front. Microbiol. 2021, 12, 750662. [CrossRef]

Finegold, S.M. Aspiration pneumonia. Rev. Infect. Dis. 1991, 13 (Suppl. S9), S737-5742. [CrossRef]

Marik, P.E. Aspiration pneumonitis and aspiration pneumonia. N. Engl. J. Med. 2001, 344, 665-671. [CrossRef]

Janson, C.; Johansson, G.; Stéllberg, B.; Lisspers, K.; Olsson, P.; Keininger, D.L.; Uhde, M.; Gutzwiller, ES.; Jérgensen, L.; Larsson,
K. Identifying the associated risks of pneumonia in COPD patients: ARCTIC an observational study. Respir. Res. 2018, 19, 172.
[CrossRef]

Wilson, D.O.; Rogers, RM.; Wright, E.C.; Anthonisen, N.R. Body weight in chronic obstructive pulmonary disease. The National
Institutes of Health Intermittent Positive-Pressure Breathing Trial. Am. Rev. Respir. Dis. 1989, 139, 1435-1438. [CrossRef]
[PubMed]

Schols, A.M.; Slangen, J.; Volovics, L.; Wouters, E.F. Weight loss is a reversible factor in the prognosis of chronic obstructive
pulmonary disease. Am. J. Respir. Crit. Care Med. 1998, 157 Pt 1,1791-1797. [CrossRef] [PubMed]

Global Strategy for the Diagnosis, Management, and Prevention of Chronic Obstructive Pulmonary Disease (updated 2014)
[EB/OL]. Available online: http:/ /www.goldcopd.org/GloballnitiativeforChronicObstructiveLungDisease (accessed on 5 De-
cember 2022).

Polverino, E.; Dimakou, K.; Hurst, J.; Martinez-Garcia, M.-A.; Miravitlles, M.; Paggiaro, P; Shteinberg, M.; Aliberti, S.; Chalmers,
J.D. The overlap between bronchiectasis and chronic airway diseases: State of the art and future directions. Eur. Respir. ]. 2018,
52,1800328. [CrossRef] [PubMed]

Ni, Y.; Shi, G.; Yu, Y.; Hao, J.; Chen, T.; Song, H. Clinical characteristics of patients with chronic obstructive pulmonary disease
with comorbid bronchiectasis: A systemic review and meta-analysis. Int. J. Chron. Obstruct. Pulmon. Dis. 2015, 10, 1465-1475.
[CrossRef]

Gao, Y.H.; Guan, W],; Liu, Q.; Wang, H.; Zhu, Y.; Chen, R.; Zhang, G. Impact of COPD and emphysema on survival of patients
with lung cancer: A meta-analysis of observational studies. Respirology 2016, 21, 269-279. [CrossRef]

Song, Y,; Liu, J.; Lei, M.; Wang, Y.; Fu, Q.; Wang, B.; Guo, Y,; Mi, W.; Tong, L. An External-Validated Algorithm to Predict
Postoperative Pneumonia Among Elderly Patients With Lung Cancer after Video-Assisted Thoracoscopic Surgery. Front. Oncol.
2021, 11, 777564. [CrossRef]

Sah, P; Fitzpatrick, M.C.; Zimmer, C.F.; Abdollahi, E.; Juden-Kelly, L.; Moghadas, S.M.; Singer, B.H.; Galvani, A.P. Asymptomatic
SARS-CoV-2 infection: A systematic review and meta-analysis. Proc. Natl. Acad. Sci. USA 2021, 118, €2109229118. [CrossRef]
Gattinoni, L.; Gattarello, S.; Steinberg, I.; Busana, M.; Palermo, P.; Lazzari, S.; Romitti, F.; Quintel, M.; Meissner, K.; Marini, ].].; et al.
COVID-19 pneumonia: Pathophysiology and management. Eur. Respir. Rev. 2021, 30, 210138. [CrossRef]

Bolatkale, M.; Duger, M.; Ulfer, G.; Can, C.; Acara, A.C.; Yigitbasi, T.; Seyhan, E.C.; Bulut, M. A novel biochemical marker for
community-acquired pneumonia: Ischemia-modified albumin. Am. J. Emerg. Med. 2017, 35, 1121-1125. [CrossRef]

Chalmers, ].D.; Singanayagam, A.; Hill, A.T. C-reactive protein is an independent predictor of severity in community-acquired
pneumonia. Am. J. Med. 2008, 121, 219-225. [CrossRef]

Fukuda, H.; Onizuka, H.; Nishimura, N.; Kiyohara, K. Risk factors for pneumococcal disease in persons with chronic medical
conditions: Results from the LIFE Study. Int. J. Infect. Dis. 2022, 116, 216-222. [CrossRef]

Park, H.Y; Song, W.J.; Yoo, H.; Eom, ].S.; Jeong, B.-H.; Lee, H.Y.; Koh, W.-].; Jeon, K. Chronic obstructive pulmonary disease
severity is associated with severe pneumonia. Ann. Thorac. Med. 2015, 10, 105-111. [CrossRef] [PubMed]

Kurashima, K.; Takaku, Y.; Hoshi, T.; Kanauchi, T.; Nakamoto, K.; Takayanagi, N.; Yanagisawa, T.; Sugita, Y.; Kawabata, Y.
Lobe-based computed tomography assessment of airway diameter, airway or vessel number, and emphysema extent in relation
to the clinical outcomes of COPD. Int. J. Chron. Obstruct. Pulmon. Dis. 2015, 10, 1027-1033. [CrossRef] [PubMed]

Pavord, I.D,; Lettis, S.; Anzueto, A.; Barnes, N. Blood eosinophil count and pneumonia risk in patients with chronic obstructive
pulmonary disease: A patient-level meta-analysis. Lancet Respir. Med. 2016, 4, 731-741. [CrossRef] [PubMed]

Lee, A.L.; Goldstein, R.S. Gastroesophageal reflux disease in COPD: Links and risks. Int. . Chron. Obstruct. Pulmon. Dis. 2015, 10,
1935-1949. [CrossRef] [PubMed]

Seemungal, T.A.; Donaldson, G.C.; Paul, E.A ; Bestall, ].C.; Jeffries, D.].; Wedzicha, J.A. Effect of exacerbation on quality of life in
patients with chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 1998, 157 Pt 1, 1418-1422. [CrossRef]

125



Biomedicines 2023, 11, 1243

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

Hsu, W.T,; Lai, C.C.; Wang, Y.H.; Tseng, P.-H.; Wang, K.; Wang, C.-Y.; Chen, L. Risk of pneumonia in patients with gastroesophageal
reflux disease: A population-based cohort study. PLoS ONE 2017, 12, e0183808. [CrossRef]

Torres, A.; Niederman, M.S.; Chastre, ].; Ewig, S.; Fernandez-Vandellos, P.; Hanberger, H.; Kollef, M.; Bassi, G.L.; Luna, C.M.;
Martin-Loeches, I.; et al. International ERS/ESICM/ESCMID/ALAT guidelines for the management of hospital-acquired pneu-
monia and ventilator-associated pneumonia: Guidelines for the management of hospital-acquired pneumonia (HAP)/ventilator-
associated pneumonia (VAP) of the European Respiratory Society (ERS), European Society of Intensive Care Medicine (ESICM),
European Society of Clinical Microbiology and Infectious Diseases (ESCMID) and Asociacién Latinoamericana del Térax (ALAT).
Eur. Respir. ]. 2017, 50, 1700582. [CrossRef]

Eber, M.R.; Laxminarayan, R.; Perencevich, E.N.; Malani, A. Clinical and economic outcomes attributable to health care-associated
sepsis and pneumonia. Arch. Intern. Med. 2010, 170, 347-353. [CrossRef]

Sopena, N.; Sabria, M.; Neunos 2000 Study Group. Multicenter study of hospital-acquired pneumonia in non-ICU patients. Chest
2005, 127,213-219. [CrossRef]

Leu, H.S.; Kaiser, D.L.; Mori, M.; Woolson, R.F.; Wenzel, R.P. Hospital-acquired pneumonia. Attributable mortality and morbidity.
Am. ]. Epidemiol. 1989, 129, 1258-1267. [CrossRef]

Beach, T.G.; Russell, A.; Sue, L.L; Intorcia, A.J.; Glass, M.J.; Walker, ].E.; Arce, R.; Nelson, C.M.; Hidalgo, T.; Chiarolanza, G.; et al.
Increased Risk of Autopsy-Proven Pneumonia with Sex, Season and Neurodegenerative Disease. medRxiv 2021, Preprint.
[CrossRef]

Suetani, S.; Honarparvar, E; Siskind, D.; Hindley, G.; Veronese, N.; Vancampfort, D.; Allen, L.; Solmi, M.; Lally, J.;
Gaughran, F; et al. Increased rates of respiratory disease in schizophrenia: A systematic review and meta-analysis including
619,214 individuals with schizophrenia and 52,159,551 controls. Schizophr. Res. 2021, 237, 131-140. [CrossRef] [PubMed]
Szylinska, A.; Bott-Olejnik, M.; Warikowicz, P.; Karon, D.; Rotter, I.; Kotfis, K. A Novel Index in the Prediction of Pneumonia
Following Acute Ischemic Stroke. Int. |. Environ. Res. Public Health 2022, 19, 15306. [CrossRef]

Wei, M.; Zhao, Y.; Qian, Z.; Yang, B.; Xi, J.; Wei, J.; Tang, B. Pneumonia caused by Mycobacterium tuberculosis. Microbes Infect.
2020, 22, 278-284. [CrossRef]

Yakar, H.I.; Gunen, H.; Pehlivan, E.; Aydogan, S. The role of tuberculosis in COPD. Int. ]. Chron. Obstruct. Pulmon. Dis. 2017, 12,
323-329. [CrossRef]

Hirano, R.; Fujita, M.; Matsumoto, T.; On, R.; Watanabe, K. Inhaled corticosteroids might not increase the risk of pneumonia in
patients with chronic obstructive pulmonary disease in Japan. Int. J. Chron. Obstruct. Pulmon. Dis. 2018, 13, 3503-3509. [CrossRef]
Iannella, H.A.; Luna, C.M. Community-Acquired Pneumonia in Latin America. Semin. Respir. Crit. Care Med. 2016, 37, 868-875.
[CrossRef] [PubMed]

McQuitty, R.; Bui, R.; Chaaban, M.R. Retrospective Study: Association of Chronic Sphenoid Rhinosinusitis With Community
Acquired Pneumonia. Am. J. Rhinol. Allergy 2019, 33, 751-756. [CrossRef]

Williams, N.P.; Coombs, N.A.; Johnson, M.].; Josephs, L.; A Rigge, L.; Staples, K.; Thomas, M.; Wilkinson, T.M. Seasonality, risk
factors and burden of community-acquired pneumonia in COPD patients: A population database study using linked health care
records. Int. J. Chron. Obstruct. Pulmon. Dis. 2017, 12, 313-322. [CrossRef]

Juthani-Mehta, M.; De Rekeneire, N.; Allore, H.; Chen, S.; Ma, J.R.O.; Bauer, D.C.; Harris, T.B.; Newman, A.B.; Yende, S.;
Weyant, R.; et al. Modifiable risk factors for pneumonia requiring hospitalization of community-dwelling older adults: The
Health, Aging, and Body Composition Study. . Am. Geriatr. Soc. 2013, 61, 1111-1118. [CrossRef]

Halpin, D.M.G,; Criner, G.J.; Dransfield, M.T.; Han, M.K_; Hartley, B.; Harvey, C.; Jones, C.E.; Kato, M.; Lange, P; Lettis, S.; et al.
Triple Versus Dual Combination Therapy in Chronic Obstructive Pulmonary Disease in Asian Countries: Analysis of the IMPACT
Trial. Pulm. Ther. 2021, 7, 101-118. [CrossRef] [PubMed]

Kurashima, K.; Takaku, Y.; Nakamoto, K.; Kanauchi, T.; Takayanagi, N.; Yanagisawa, T.; Sugita, Y.; Araki, R. Risk Factors for
Pneumonia and the Effect of the Pneumococcal Vaccine in Patients With Chronic Airflow Obstruction. Chronic Obstr. Pulm. Dis.
2016, 3, 610-619. [CrossRef] [PubMed]

Make, B.; Dutro, M.P.; Paulose-Ram, R.; Marton, J.P.; Mapel, D.W. Undertreatment of COPD: A retrospective analysis of US
managed care and Medicare patients. Int. J. Chron. Obstruct. Pulmon. Dis. 2012, 7, 1-9. [CrossRef] [PubMed]

Di Pasquale, M.F,; Sotgiu, G.; Gramegna, A.; Radovanovic, D.; Terraneo, S.; Reyes, L.E; Rupp, J.; Del Castillo, J.G.; Blasi, F.;
Aliberti, S.; et al. Prevalence and Etiology of Community-acquired Pneumonia in Immunocompromised Patients. Clin. Infect. Dis.
2019, 68, 1482-1493. [CrossRef]

Aliberti, S.; Cilloniz, C.; Chalmers, J.D.; Zanaboni, A.M.; Cosentini, R.; Tarsia, P; Pesci, A.; Blasi, F.; Torres, A. Multidrug-resistant
pathogens in hospitalised patients coming from the community with pneumonia: A European perspective. Thorax 2013, 68,
997-999. [CrossRef]

Bhat, T.A.; Panzica, L.; Kalathil, S.G.; Thanavala, Y. Inmune Dysfunction in Patients with Chronic Obstructive Pulmonary Disease.
Ann. Am. Thorac. Soc. 2015, 12 (Suppl. S2), S169-S175. [CrossRef]

Huang, L.; Crothers, K. HIV-associated opportunistic pneumonias. Respirology 2009, 14, 474—-485. [CrossRef]

Zifodya, ].S.; Triplette, M.; Shahrir, S.; Attia, E.EM.; Akgun, KM.M.; Hoo, G.W.S.; Rodriguez-Barradas, M.C.; Wongtrakool, C.;
Huang, L.; Crothers, K. A cross-sectional analysis of diagnosis and management of chronic obstructive pulmonary disease in
people living with HIV: Opportunities for improvement. Medicine 2021, 100, €27124. [CrossRef]

126



Biomedicines 2023, 11, 1243

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Antoniou, T,; Yao, Z.; Raboud, J.; Gershon, A.S. Incidence of chronic obstructive pulmonary disease in people with HIV in Ontario,
1996-2015: A retrospective population-based cohort study. CMA]J Open 2020, 8, E83-E89. [CrossRef]

Raynaud, C.; Roche, N.; Chouaid, C. Interactions between HIV infection and chronic obstructive pulmonary disease: Clinical and
epidemiological aspects. Respir. Res. 2011, 12, 117. [CrossRef]

Pascoe, S.J.; Papi, A.; Midwinter, D.; Lettis, S.; Barnes, N. Circulating neutrophils levels are a predictor of pneumonia risk in
chronic obstructive pulmonary disease. Respir. Res. 2019, 20, 195. [CrossRef]

de Jager, C.P.; Wever, P.C.; Gemen, E.F,; Kusters, R.; Van Gageldonk-Lafeber, A.B.; Van Der Poll, T.; Laheij, R.J.F. The neutrophil-
lymphocyte count ratio in patients with community-acquired pneumonia. PLoS ONE 2012, 7, e46561. [CrossRef]

Lee, H.; Kim, I.; Kang, B.H.; Um, S.J. Prognostic value of serial neutrophil-to-lymphocyte ratio measurements in hospitalized
community-acquired pneumonia. PLoS ONE 2021, 16, e0250067. [CrossRef]

Paliogiannis, P.; Fois, A.G.; Sotgia, S.; Mangoni, A.A.; Zinellu, E.; Pirina, P; Negri, S.; Carru, C.; Zinellu, A. Neutrophil to
lymphocyte ratio and clinical outcomes in COPD: Recent evidence and future perspectives. Eur. Respir. Rev. 2018, 27, 170113.
[CrossRef] [PubMed]

Hsu, S.C.; Chang, ].H.; Hsu, Y.P; Bai, K.J.; Huang, S.K.; Hsu, C.W. Circulating sphingosine-1-phosphate as a prognostic biomarker
for community-acquired pneumonia. PLoS ONE 2019, 14, €0216963. [CrossRef] [PubMed]

Quraishi, S.A.; Bittner, E.A.; Christopher, K.B.; Camargo, C.A., Jr. Vitamin D status and community-acquired pneumonia: Results
from the third National Health and Nutrition Examination Survey. PLoS ONE 2013, 8, e81120. [CrossRef] [PubMed]

Fine, M.].; Auble, T.E.; Yealy, D.M.; Hanusa, B.H.; Weissfeld, L.A.; Singer, D.E.; Coley, C.M.; Marrie, T.J.; Kapoor, W.N. A prediction
rule to identify low-risk patients with community-acquired pneumonia. N. Engl. |. Med. 1997, 336, 243-250. [CrossRef]
Ferguson, G.T.; Rabe, K.E; Martinez, FJ.; Fabbri, L.M.; Wang, C.; Ichinose, M.; Bourne, E.; Ballal, S.; Darken, P.; DeAngelis, K.; et al.
Triple therapy with budesonide/glycopyrrolate/formoterol fumarate with co-suspension delivery technology versus dual
therapies in chronic obstructive pulmonary disease (KRONOS): A double-blind, parallel-group, multicentre, phase 3 randomised
controlled trial. Lancet Respir. Med. 2018, 6, 747-758. [CrossRef]

Wedzicha, J.A.; Banerji, D.; Chapman, K.R.; Vestbo, J.; Roche, N.; Ayers, R.T.; Thach, C.; Fogel, R.; Patalano, F.; Vogelmeier, C.F.
Indacaterol-Glycopyrronium versus Salmeterol-Fluticasone for COPD. N. Engl. ]. Med. 2016, 374, 2222-2234. [CrossRef]
Bardsley, S.; Criner, G.J.; Halpin, D.M.G.; Han, M.K.; Hanania, N.A.; Hill, D.; Lange, P; Lipson, D.A.; Martinez, EJ;
Midwinter, D.; et al. Single-inhaler triple therapy fluticasone furoate/umeclidinium/vilanterol versus dual therapy in current
and former smokers with COPD: IMPACT trial post hoc analysis. Respir. Med. 2022, 205, 107040. [CrossRef]

Cazzola, M.; Rogliani, P.; Laitano, R.; Calzetta, L.; Matera, M.G. Beyond Dual Bronchodilation—Triple Therapy, When and Why.
Int. J. Chron. Obstruct. Pulmon. Dis. 2022, 17, 165-180. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

127






MDPI AG
Grosspeteranlage 5
4052 Basel
Switzerland
Tel.: +41 61 683 77 34

Biomedicines Editorial Office
E-mail: biomedicines@mdpi.com

www.mdpi.com/journal /biomedicines

Z

MDPI

F

Disclaimer /Publisher’s Note: The title and front matter of this reprint are at the discretion of the
Guest Editor. The publisher is not responsible for their content or any associated concerns. The
statements, opinions and data contained in all individual articles are solely those of the individual
Editor and contributors and not of MDPI. MDPI disclaims responsibility for any injury to people or
property resulting from any ideas, methods, instructions or products referred to in the content.






E| Academic Open
‘¢ Access Publishing

t mdpi.com ISBN 978-3-7258-5556-8




