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Preface to ”Respiratory and Critical Care”

The COVID-19 pandemic has affected health care across the world, with respiratory and critical

care medicine being affected the most. The response of clinicians and researchers who have provided

care and research not only for patients with COVID-19, but in all areas of respiratory and critical care

medicine in extraordinary circumstances, has been impressive. In this Special Issue of the Journal of

Personalized Medicine, we invited scholars to contribute manuscripts that highlight and further the

knowledge in the abovementioned challenging disciplines.

The target readership encompasses respiratory and critical care physicians, rehabilitation

practitioners, nurses, and technicians, in addition to all respiratory and critical care fellows and

aims to provide important scientific information across all areas of respiratory research including

COVID-19, COPD, asthma, pulmonary embolism, pneumonia, sleep medicine and respiratory critical

care.

This reprint is the product of a collaborative effort by a dedicated team of physicians from the

University of Thessaly whose specialties span the entire field of respiratory and critical care, along

with contributions from around the world.

Many thanks to Professor Konstantinos Gourgoulianis for his support, encouragement and

inspiration.

Ioannis Pantazopoulos and Ourania S. Kotsiou

Editors
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The COVID-19 pandemic has affected health care across the world, with respiratory
and critical care medicine being affected the most. The response of clinicians and researchers
who have provided care and research not only for patients with COVID-19, but in all
areas of respiratory and critical care medicine in extraordinary circumstances has been
impressive. In this Special issue of the Journal of Personalized Medicine, we invited scholars
to contribute manuscripts that highlight and further the knowledge in the abovementioned
challenging disciplines.

From the beginning of the pandemic, many nations introduced the use of face masks
and respirators in the community to protect people against SARS-CoV-2 transmission.
However, masks and respirators can provide different levels of protection depending on
the type of the mask. Cloth masks provide the least protection, while surgical masks
are safer and FFP/(K)N95 masks provide the highest protection [1]. On the other hand,
prolonged mask use has been associated with a higher likelihood of a frequent cough,
sputum production, dyspnea and panic attacks [1,2]. Given that the emergency phase of
the pandemic is over, masks and respirators are recommended only for patients with a
high mortality risk [3]. An increased mortality risk from COVID-19 has been observed for
patients with the following factors: older age, male sex, β-thalassemia heterozygosity and
respiratory disease [4]. Moreover, acute kidney injury, diabetes, hypertension, cardiovascu-
lar disease, cancer and obesity have also been reported as risk factors for a fatal outcome
associated with SARS-CoV-2 [5].

The swift development of effective vaccines against COVID-19 was an unprecedented
scientific achievement. In spite of this, the immunization of a critical proportion of the
community proved to be very challenging mostly after the appearance of new strains
of the virus that questioned the effectiveness of the vaccines and increased hesitancy.
However, a large study from central Greece after the prevalence of new variants of the virus
(Delta and Omicron) demonstrated that vaccination was still effective and provided high
protection in terms of mortality and the clinical severity of COVID-19 [6]. Nevertheless,
even in fully vaccinated patients, older age, higher viral load and a shorter period between
symptom onset and hospital admission were associated with absence of anti-S SARS-CoV-2
antibodies upon hospital admission and poor clinical outcomes [7]. On the other hand,
individuals vaccinated against COVID-19, but who were still infected by the virus, showed
an “excellent boost” in their immune response [8].

For hospitalized patients, in addition to remdesivir, dexamethasone, immunomod-
ulatory agents and monoclonal antibodies that have been approved for various severity
stages of COVID-19, efforts for more largely available and safe drugs were continuous over
the first two years of the pandemic. Among other methods, the administration of vitamin
D was proposed mainly due to its immunomodulatory activity. However, no absolute
conclusions could be drawn from a recent systematic review of the literature, due to the
large variation in vitamin D supplementation schemes [9].
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The incidence of pulmonary embolism (PE) has been reported to be around 2.6–8.9%
in hospitalized COVID-19 patients, which is approximately nine-fold higher than in the
general population [10]. Nevertheless, the prevalence of anticoagulant therapy-associated
hemorrhagic complications in hospitalized patients with PE has been scarcely investigated.
Pagkratis et al. retrospectively investigated the prevalence of hemorrhages in hospitalized
PE patients during a 7-year period and found that one fifth of the patients hospitalized for
PE suffered a non-fatal hemorrhage. The hemorrhages were mainly minor and lasted for
3 ± 2 days. Among low-molecular-weight heparins (LMWHs), nadroparin was related to a
higher percentage of hemorrhages [11].

In the post-hospitalization period, pre-hospitalization methodical physical activity was
associated with less dyspnea and a shorter recovery period, highlighting the importance of
avoiding a sedentary life and engaging in exercise. On the other hand, in-hospital weight
loss, comorbidities and dyspnea upon admission predicted a longer post-hospitalization
recovery time [12].

The role of skeletal muscle mass in modulating immune response and supporting
metabolic stress has been increasingly confirmed. Based on empirical data, patients with
sarcopenia are speculated to have increased infection rates and poor prognoses amid the
current COVID-19 pandemic [12]. In this context, this Special Issue aimed to shed light
on the impact of less discussed comorbidities, such as the progressive loss of skeletal
muscle mass and loss of muscle function, broadly known as sarcopenia in patients with
chronic respiratory disease, such as bronchial asthma and/or COPD. Sarcopenia has been
related to reduced lung function, a higher mortality risk, and higher risk of osteopenia
and osteoporosis progression, leading to an increased risk of fractures, immobilization,
and disability. Thus, physicians who examine sarcopenic patients with chronic airway
diseases such as bronchial asthma or COPD should be able to appropriately collaborate
with specialists who deal with nutrition and exercise, giving their patients a multimodal
approach concerning these entities’ interplay and the optimum treatment [13].

The importance of exercise training was not only highlighted in COVID-19 patients. It
is widely regarded as the cornerstone of pulmonary rehabilitation in patients with chronic
airway diseases such as COPD. The COVID-19 pandemic has given telemedicine and
telemonitoring a significant boost. Accordingly, the study of Barata et al. showed that the
online pulmonary rehabilitation programs are not inferior to the traditional method in
COPD patients [14]. Moreover, the use of rehabilitation programs for patients who have
successfully completed anti-tuberculosis treatment has been highlighted as a potent multi-
faceted measure in preventing the increase in mortality rates, as researchers concluded that
a patient with a TB diagnosis, even after fully completing pharmacotherapy, is threatened
by a potential life loss of 4 years, in comparison to healthy individuals [15]. Moreover, there
is evidence that an eight-week course of a respiratory muscle training (RMT) program was
helpful in increasing diaphragmatic thickness in COPD patients with an FEV1% of ≥ 30%,
in addition to lung function and cognition [16].

Exercise itself may be classified as a fundamental therapeutic approach in that it resta-
bilizes sleep architecture and quality. The sleep state has been associated with significant
changes in respiratory physiology, including ventilatory responses to hypoxia and hyper-
capnia, upper airway and intercostal muscle tone, tidal volume and minute ventilation.
In addition, sleep disruption may induce a pro-inflammatory state that is associated with
an impairment of immune system function [17]. On the other hand, inspiratory muscle
strength training (IMT) has shown promising results in managing both sleep apnea and
arterial hypertension. The review of Papanikolaou et al. suggested that training inspiratory
strength in athletes could prove to be beneficial in counteracting the detrimental effects of
the aforementioned sleep disturbances [17]. Furthermore, a recent meta-analysis showed
that mandibular advancement devices (MADs), instead of continuous positive airway
pressure (CPAP), support the mandible in order to increase the airway space and reduce
pharyngeal collapsibility [18].
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An increase in particulate matter (PM2.5) levels due to environmental pollution has
been associated with the increased incidence of COVID-19 and risk of mortality [19].
Moreover, an increase in PM2.5 levels above the daily limit has been significantly associated
with an increase in emergency department visits due to exacerbation of asthma and COPD,
upper respiratory tract infections and pneumonia [20]. Biomarkers are recognized as
essential tools for the diagnosis and management of all the above-mentioned respiratory
diseases. It has been previously suggested that suPAR, the soluble form of urokinase
plasminogen activator receptor (uPAR), which is a glycosyl-phosphatidylinositol (GPI)-
linked membrane protein, can be used as a marker of both inflammation and disease
severity [21]. A recent study that investigated the effectiveness of suPAR as an indicator of
the severity of asthma, a chronic inflammatory disease of the airways, demonstrated that
suPAR levels could discriminate moderate uncontrolled asthma from severe asthma [22]. Its
use was also studied in patients with pulmonary embolism, since suPAR is an integral part
of the fibrinolytic system. However, its role is still unclear and needs further examination
before definite conclusions can be drawn [23]. Interestingly, CRP, a traditional marker
of inflammation, was identified as a predictor of 30-day survival and length of hospital
stay in community-acquired pneumonia. Indeed, CRP with a cut-off point of 9 mg/dL
on day 4 and 7 of hospitalization could predict survival with an area under the curve of
0.765 (0.538–0.992) and 0.784 (0.580–0.989), respectively. Moreover, a reduction in CRP
above 50% by the fourth day of hospitalization could predict a shorter hospital stay [24].
Many biomarkers have also been studied in COPD patients. However, due to disease
heterogeneity, especially at the level of COPD severity, progression, patients’ comorbidities
and clinical status, there is a need for more personalized management. Specifically, the
measurement and evaluation of each patient’s unique biomarker panel, rather than one
unique biomarker, are expected in the coming years [25]. Furthermore, preliminary data
from Ortakoylu et al. suggested the impressive performance of interferon (IFN)-gamma-
inducible protein 10 (IP-10) as a marker to detect latent tuberculosis infection (LTBI) in
patients with inflammatory rheumatic diseases (IRD). At the cut-off point of 2197 pg/mL,
IP-10 showed 89% specificity with a sensitivity of 91% (AUC: 0.950; 95% CI 0.906–0.994) [26].

Nowadays, researchers warn that a tripledemic is heading our way this winter. This
triple viral threat includes respiratory syncytial virus (RSV), influenza and COVID-19.
All these viruses can cause cardiovascular manifestations, including arrhythmia, acute
coronary syndrome, acute myocarditis, or acute heart failure, increasing cardiovascular
morbidity and mortality. Researchers from Spain identified that high-sensitivity troponin T
could predict mortality in influenza patients. In fact, patients with levels below 24 ng/L
could be safely discharged from the emergency department, since at this cut-off point,
high-sensitivity troponin T demonstrated both high sensitivity and a negative predictive
value of 100% [27]. Future studies aimed at consolidating this result and examining its
usefulness in patients with COVID-19 and RSV infection will be useful.

This Special Issue also presents significant scientific advances in non-COVID-19 criti-
cal care medicine. In a landmark article by Chalkias et al. who investigated the dynamic
changes in determinants of venous return during hyperdynamic septic shock, the authors
used two translational models (hemorrhagic and septic shock) to assess the decrease in
stressed volume in severe septic conditions [28]. Most importantly, they identified for the
first time the existence of another circulatory volume, the rest volume (Vr), that seems
to have dual main functions in the steady state, i.e., to prevent an increase in venous
resistance and maintain critical closing pressure. The maintenance of Vr may be a key
factor for the cardiovascular stability reported during selective iloprost nebulization by
Lee et al. [29], suggesting that Vr may have a key role in the prevention of V/Q mismatch.
These conditions are important for maintaining (or improving) hemodynamic coherence,
i.e., the translation of macrohemodynamics to effective cellular oxygenation, and thus a
low endothelial inflammatory status. Inflammation and increased reactive oxygen species
formation may affect all organ systems, including the lungs. Thus, the attenuation of
NO exhalation by propofol and sevoflurane reported by Vekrakou et al. may imply the
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preservation of bronchial microcirculatory perfusion and decreased NO synthesis, due
to the immunomodulatory effects and the effects on microcirculation mediated by anes-
thetics in steady states [30,31] and in disease [32,33]. All the aforementioned factors can
improve heart–lung interactions and facilitate the application of lung-protective ventilation
strategies, preventing injurious mechanical stretching of lung parenchyma, and subsequent
progression to fibrosis in patients with ARDS [34].

In conclusion, the research findings provided in this Special Issue contributed to
different areas of research by offering new knowledge and mapping out the research field
of all areas of respiratory and critical care medicine.

Author Contributions: Conceptualization, I.P. and O.S.K.; writing—original draft preparation, I.P.
and O.S.K.; writing—review and editing, I.P. and O.S.K. All authors have read and agreed to the
published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Background: Social distancing and mask-wearing were recommended and mandatory for
people during the COVID-19 pandemic. Methods: A web-based questionnaire was disseminated
through social media assessing mask type preference and COVID-19 history amongst tertiary sector
services and the rates of the triad of respiratory symptoms in each mask type, along with other
respiratory-related parameters. Results: Amongst 4107 participants, 63.4% of the responders, mainly
women, preferred medical/surgical masks; 20.5%, mainly men, preferred cotton cloth masks; and
13.8% preferred FFP/(K)N95 masks. COVID-19 history was less common in FFP/(K)N95 compared
to medical/surgical (9.2% vs. 15.6%, p < 0.001) or cloth masks (9.2% vs. 14.4%, p = 0.006). Compared
to the control group (rare mask-wearing, nonsmokers and without lung conditions), those wearing
one medical mask were more likely to report frequent sputum production (4.4% vs. 1.9%, p = 0.026)
and frequent cough (4.4% vs. 1.6%, p = 0.013), and those wearing FFP/(K)N95 masks were more
likely to report frequent cough (4.1% vs. 1.6%, p = 0.048). Compared to the control group, those
preferring cotton cloth masks were more likely to report a frequent cough (7.3% vs. 1.6%, p = 0.0002),
sputum production (6.3% vs. 1.9%, p = 0.003) and dyspnea (8% vs. 1.3%, p = 0.00001). Conclusions:
Safe mask-wearing should be in parallel with a more personalized and social interaction approach.

Keywords: SARS-CoV-2; transmission; masks; medical masks; FFP masks; N95 masks; cloth masks;
respiratory side effects; cough; dyspnea; sputum

1. Introduction

Coronaviruses have globally affected populaces since the early beginning of the 21st
century. In December 2019, the novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) was identified from a cluster of cases of pneumonia in Wuhan, China [1]. On
30 January 2020, the World Health Organization (WHO) announced the coronavirus disease
19 (COVID-19) as a Public Health Emergency of International Concern, and a month and
a half later, the COVID-19 epidemic was portrayed as a pandemic [2]. In the following
two years, it seems that societies have acculturated SARS-CoV-2 and its mutants and that
COVID-19 is likely to become an endemic disease.

Heretofore, scientific communities have made multifarious endeavors to monitor
SARS-CoV-2 spread and to manage the COVID-19 pandemic. In particular, rapid testing,
performed by qualified personnel, experts or even for self-diagnosis purposes, has been
prevalent in populaces the last year, despite the fact that no method is completely fool-
proof [3,4]. Undeniably, the risk factors for a likely severe COVID-19 are prevalent, and,
therefore, prevention against SARS-CoV-2 infection is highly required, especially for vulner-
able cases, whereas vaccination strategies have been implemented for over a year now [5,6].
The WHO has recommended several ways for people to be protected against COVID-19,
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including vaccination, physical distancing, self-isolation of SARS-CoV-2 identified carriers,
hand washing and the use of masks when physical distancing is not possible and in poorly
ventilated settings [7].

Doubtlessly, masks are a key measure to suppress viral transmission and save lives,
and depending on the type, masks can be used for either protection of healthy persons
or to prevent onward transmission [8]. The WHO has also recommended the usage of
medical masks predominantly for healthcare workers in clinical settings, symptomatic
people, confirmed SARS-CoV-2 carriers, people with close contacts with COVID-19 cases,
people over 60 and people with preexisting medical conditions that could place them at a
risk for a likely severe COVID-19, whereas nonmedical masks can be used by the public
under 60 and without underlying medical conditions [8].

Literature data also support that there is an association between mask use and SARS-
CoV-2 transmission and that wearing a mask could reduce the risk of the infection [9,10].
Community mask use by healthy people could be beneficial, particularly for SARS-CoV-2,
since transmission may occur in presymptomatic stage [11]. Moreover, given the current
shortages of medical masks, the adoption of the public wearing of cloth masks is also
recommended as an effective form of source control, in conjunction with existing hygiene,
distancing and contact tracing strategies [12]. A review has stated that despite the lower
efficiency of cloth masks compared to medical masks, laboratory results may underestimate
the efficiency of cloth masks in real life [13]. A prepandemic article cautioned against
the use of cloth masks in healthcare workers, since they may have an increased risk of
infection [14]. However, the extended mask-wearing by the general population could lead
to adverse effects and consequences in many medical fields [15].

The aim of this study is to present the mask type preferences amongst tertiary sector
services and to monitor SARS-CoV-2 transmissibility in the wearing of specific mask
types. Furthermore, the presence of the basic triad of respiratory symptoms is assessed for
potential side effects in each mask type, and, finally, some future directions and aspects
regarding future mask-wearing are well discussed.

2. Materials and Methods
2.1. WBQ Design

Although WBQs are currently being considered as a fluid form of observational,
descriptive and analytical studies, they bespeak an upcoming propitious tool, enabling
experts to combine ontological, ethical and epistemological principles to surveil society.
WBQs enable motivated individuals to provide their answers, rapidly, at the touch of
a button; they are automated, cost-effective and error-free [5–7]. The traditional closed-
ended WBQs, structured with qualitative categorical or dichotomous questions, seem to be
advantageous psychometric attempts and are desirable options for participation, contrary
to open-ended questions requiring written answers [5–7].

Primarily, the WBQ of this study consisted of a binary question regarding gender. The
occupation-related question was based on the sectors of classical economy, with further
analysis in the tertiary sector, and included the following subgroups: (i) primary sector;
(ii) secondary sector; (iii) tertiary sector with further subgrouping in public/private services,
healthcare providers, food services, education, uniformed/military/policemen, freelancers
and some other extra subgroups (for retirees, unemployed and university students). Con-
sidering the qualitative WBQ type for a better e-sample response, in addition to the fact
that European countries are mainly aging, the concept of age-related questions was to
follow a generation-based model with age ranges to reveal each generation’s criticism and
attitudes. Generation categories included (i) Generation A, (ii) Baby Boomers, (iii) Gener-
ation X, (iv) Millennials, (v) Generation Z restricted in adults and (vi) Silent Generation
(all labeled with age ranges as seen in 2021, i.e., <18, 18–24, 25–40, 41–56, 57–75, >75) [5–7].
Unemployed and retirees were included in the survey.

The exclusion criteria for the survey, regarding the parameter of age, were those
aged under 18 and over 75. Furthermore, the study was solely designed for the tertiary
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sector services where social interactions are required, as aerosols and droplets may be
controlled naturally in the primary sector and secondary sector industries are closed
structures. Moreover, in the primary and secondary sectors, respiratory symptoms could be
present due to inhalation of dust, particulate matters or heavy metals, and thus, respiratory
symptom monitoring would not be precise.

Two questions regarding the frequency of mask-wearing were included, one for days
per week and the other for hours per day, and individuals with at least 3 h of continuous
daily mask use were analyzed for the third part of the survey since it is more accurate
to monitor SARS-CoV-2 transmissibility for each mask type amongst those with frequent
daily mask use rather than in those with spontaneous mask use. Another categorical
question was included for the mask type, referring to (i) medical/surgical mask, (ii) two
medical/surgical masks, (iii) FFP/(K)N95, (iv) cotton cloth masks and (v) other type cloth
masks. Questions were also included for the frequency of cough, dyspnea and sputum,
with three answers, (i) rarely, (ii) middle and (iii) frequently, and the last responses were
considered for the study.

Apart from these basic questions, some other binary questions regarding COVID-19
status, smoking and chronic lung disease (CLD) status were included. The questionnaire
also included questions regarding home geographical location, as well as outdoor and
indoor air pollution, with the last one referring to fireplace/indoor pet since, generally, all
people living in a house are somewhat exposed to indoor cleaning chemicals and kitchen
pollution.

The control group of the fourth part of this study was the responders with rare
nondaily mask use for no more than half an hour, nonsmokers and without CLD, whereas
the mask-wearing group was those with at least 3 h of continuous daily mask use, with no
smoking or CLD status, so as to be more accurate and precise with mask side effects.

2.2. Population-Based Sample and WBQ Administration

The survey was conducted in the Greek mainland, where strict lockdown policies were
imposed the previous year and strict social distancing and mask use are presently imple-
mented. Greece has also imposed strict limitations on nonvaccinated people in parallel with
the ongoing financial crisis that the country is facing. The WBQ was disseminated around
late November (18–27 November 2021), and adults were randomly invited to participate in
the survey through social media shares in profiles and Facebook teams. Informed consent
was obtained from all subjects during accepting participation in the study. WBQs were
submitted in Google forms, and data were saved in an Excel spreadsheet.

2.3. Statistical Analysis

Statistical analyses were effectuated via the statistical software IBM SPSS Statistics
for Windows, Version 26.0 (headquartered in Chicago). Data normality was assessed with
Kolmogorov–Smirnov test. Tests were two-tailed, and the level of statistical significance
was established at p ≤ 0.05. Chi-square test was applied for comparisons of frequencies,
and Bonferroni correction was used for comparisons between subgroups. Spearman or
Pearson/phi coefficients were used to evaluate correlations between variables.

3. Results
3.1. The Distribution of Genders and Generations by Tertiary Sector Services

The population-based sample consisted of 4107 participants, including 1129 (27.5%)
men and 2978 (72.5%) women. Generation Z consisted of 623 (15.2%) participants, Millen-
nials were about 2383 (58%) individuals, Generation X included 1000 (24.3%) individuals
and 101 (2.5%) of the population-based sample were Baby Boomers. Table 1 illustrates the
distribution of the responders in each service amongst genders and generations.
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Table 1. Distribution of genders and generations by tertiary sector services.

Tertiary Sector
Services

n

Gender

p-Value

Generations

Male (% out
of n)

Female (%
out of n)

Generation
Z (% out

of n)

Millennials
(% out of n)

Generation
X (% out

of n)

Baby
Boomers (%

out of n)

Healthcare
providers 381 65 (17.1) 316 (82.9) <0.001 38 (10) a 249 (65.4) b 88 (23) a,b 6 (1.6) a

Food
Services 300 93 (31) 207 (69) 0.157 66 (22) a 188 (62.7) a,b 45 (15) a,b 1 (0.3)c

Public education 194 33 (17) 161 (83) <0.001 10 (5.2) a 113b (58.2) a 65 (33.5) a,b 6 (3.1) a

Private education 188 23 (12.2) 165 (87.8) <0.001 19 (10.1) a 132 (70.2) b 35 (18.6) a,b 2 (1.1) a

Uniformed 74 54 (73) 20 (27) <0.001 5 (6.8) a 42 (56.7) b 27 (36.5) a,b -

Freelancers 363 140 (38.6) 223 (61.4) <0.001 10 (2.8) a 224 (61.7) b 121 (33.3) b 8 (2.2) a

University
students 399 107 (26.8) 292 (73.2) <0.001 326 (81.7) a 73 (18.3) b - -

Other public
services 222 66 (29.7) 156 (70.3) 0.442 14 (6.3) a 87 (39.2) a,b 111 (50) b 10 (4.5) a

Other private
services 1570 467 (29.7) 1103 (70.3) 0.010 114 (7.3) a 1057 (67.2) b 384 (24.5) c 15 (1) a

Retirees 63 16 (25.4) 47 (74.6) 0.707 - - 19 (30.1) a 44 (69.9) b

Unemployed 353 65 (18.4) 288 (81.6) <0.001 21 (5.9) a 219 (62) b 104 (29.5) a,b 9 (2.5) a

* Each subscript letter denotes a subset of generation categories whose column proportions do not differ signifi-
cantly from each other at the 0.05 level.

3.2. The Mask Types and Preference amongst Service Subgroups

In the whole population-based sample, 63.4% of the responders reported using med-
ical/surgical masks, 20.5% reported wearing a cotton cloth mask and 13.8% reported a
preference for FFP/(K)N95 masks. Women were more likely to prefer medical masks
(65.5% vs. 57.8%, p < 0.05) while men were more likely to prefer cloth masks (29.4% vs.
20.4%, p < 0.05). Cotton cloth masks were mostly reported amongst Millennials (57.3%)
and Generation X (28.9%), and medical/surgical masks were highly reported in the youth.
Table 2 demonstrates the use of each mask type by job.

Table 2. Mask type preference/wearing by job.

Tertiary Sector
Services

n

Mask Type

One
Medical/Surgical

Mask (% out
of n)

Two
Medical/Surgical
Masks (% out of

n)

FFP/(K)N95
Mask (% out

of n)

Cotton Cloth
Mask (% out

of n)

Other Cloth
Mask (% out

of n)

Healthcare providers 381 243 (63.8) a 28 (7.3) b 82 (21.5) b 25 (6.6) c 3 (0.8) a,c

Food services 300 188 (62.7) a 4 (1.3) a,b 14 (4.7) b 76 (25.3) a 18 (6) c

Public education 194 108 (55.7) a 6 (3.1) a 41 (21.1) b 37 (19.1) a,b 2 (1)

Private education 188 108 (57.4) a 7 (3.7) a 34 (18.1) a 34 (18.1) a 5 (2.7) a

Uniformed 74 33 (44.6) a 1 (1.4) a,b 8 (10.8) a,b 27 (36.5) b 5 (6.8) b

Freelancers 363 216 (59.5) a 6 (1.7) a 60 (16.5) a 68 (18.7) a 13 (3.6) a

University students 399 270 (67.7) a 14 (3.5) a,b 48 (12) a,b 63 (15.8) b 4 (1) a,b

Other public services 222 135 (60.8) a 9 (4.1) a 31 (14) a 43 (19.4) a 4 (1.8) a

Other private services 1570 949 (60.4) a 36 (2.3) a 201 (12.8) a 351 (22.4) a 33 (2.1) a

Retirees 63 40 (63.5) a 1 (1.6) a 7 (11.1) a 12 (19) a 3 (4.8) a

Unemployed 353 193 (54.7) a 7 (2) a,b 39 (11) a 107 (30.3) b 7 (2) a,b

* Each subscript letter denotes a subset of mask categories whose column proportions do not differ significantly
from each other at the 0.05 level.
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3.3. Mask Preference and SARS-CoV-2 Infection

Of the population-based sample, 80.4% reported daily mask-wearing for at least 3 h,
and also 14.4% of them reported they had passed COVID-19. Amongst the responders with
a frequent mask-wearing but who disclosed a history of SARS-CoV-2 infection, there was a
significant difference for the FFP/(K)N95 masks compared to one medical/surgical mask
(9.2% vs. 15.6%, p < 0.001) or cloth masks (9.2% vs. 14.4%, p = 0.006), whereas there was no
significant difference for those reported the use of two medical/surgical masks (9.2% vs.
11.9%, p = 0.378). Table 3 shows the SARS-CoV-2 infection history in each job among each
mask subtype.

Table 3. History of SARS-CoV-2 infection amongst services by mask type.

Tertiary Sector Services n
History of

SARS-CoV-2
Infection (% out of n)

Mask Type

Medical/Surgical
Mask (%) *

FFP/(K)N95 Mask
(%) * Cloth Mask (%) *

Healthcare providers 353 42 (11.9) 28 (11.2) a 9 (11) a 5 (22.7) b

Food services 251 48 (19.1) 34 (21.1) a 2 (15.4) b 12 (15.6) b

Public education 181 33 (18) 20 (18.7) a 8 (1.5) a 5 (14.3) b

Private education 177 22 (12.4) 14 (13) a 2 (5.9) b 6 (17.1) a

Uniformed 52 12 (23.1) 5 (20.8) a - 7 (35) b

Freelancers 251 29 (11.6) 17 (11.6) a 6 (11.1) a 6 (12) a

University students 355 63 (17.7) 47 (18.8) a 3 (6.4) b 13 (22.4) c

Other public services 199 27 (13.6) 19 (14.4) a 2 (6.6) b 6 (14.6) a

Other private services 1301 173 (13.3) 128 (15.3) a 14 (7.4) b 31 (11.9) a

Retirees 17 2 (11.8) 1 (9) a - 1 (50) b

Unemployed 163 24 (14.7) 19 (19.2) a 3 (10.3) b 2 (5.7) c

* Each subscript letter denotes a subset of mask type categories in each row whose column proportions do not
differ significantly from each other at the 0.05 level, and percentages refer to the number of COVID-19 cases in
each mask subgroup of each row.

3.4. Masks and Respiratory Side Effects

Of the responders, 45.8% reported being smokers and 8.6% reported a CLD status,
and they were excluded from this part of the study. Thus, the control group consisted of
375 responders and the mask-wearing group consisted of 1673 responders, of whom 58.1%
reported a preference for wearing one medical/surgical mask, 18% reported a preference
for FFP/(K)N95 and 19% reported a preference for wearing a cotton cloth mask. Compared
to the control group, those wearing one medical mask were more likely to report frequent
sputum production (4.4% vs. 1.9%, p = 0.026) and frequent cough (4.4% vs. 1.6%, p = 0.013),
but dyspnea showed no significant difference (3.1% vs. 1.3%, p = 0.069). Compared to
the control group, those wearing FFP/(K)N95 masks were more likely to report frequent
cough (4.1% vs. 1.6%, p = 0.048), while dyspnea and sputum production had no significant
difference (2.4% vs. 1.3%, p = 0.308, and 2% vs. 1.9%, p = 0.866). Compared to the control
group, those preferring cotton cloth masks were more likely to report a frequent cough
(7.3% vs. 1.6%, p = 0.0002), sputum production (6.3% vs. 1.9%, p = 0.003) and dyspnea (8%
vs. 1.3%, p = 0.00001).

Generally, no significant differences were observed for genders’ respiratory symptoms
and each mask type, except for cough and dyspnea that were absent in men preferring
FFP(K)N95 masks. In addition, the younger generations were more likely to report respira-
tory symptoms compared to the older ones. Additionally, smokers showed higher rates
of respiratory symptoms but showed the same variations as the mask-wearing group for
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each mask type, and responders with CLDs were more likely to report cough and dyspnea
when wearing one medical/surgical mask rather than FFP/(K)N95 masks.

4. Discussion

In our study, more than half of the responders reported a preference for medi-
cal/surgical masks and one-fifth reported FFP/(K)N95 mask-wearing, and healthcare
professionals highly shaped this rate. Medical/surgical masks were mostly preferred by
women and youth, and healthcare providers showed the highest rate in wearing two
medical/surgical masks, whereas mainly men, half of the Millennials, uniformed and un-
employed preferred cotton cloth masks. The overall history of SARS-CoV-2 infection was
less common amongst those with daily FFP/(K)N95 mask-wearing, but public education
and food services showed the highest rates of infection compared to other tertiary sector
services with that type of daily mask-wearing. The highest rates of SARS-CoV-2 infection
were seen for cloth masks in healthcare providers, uniformed and university students, and,
regarding medical/surgical masks, high rates were observed especially in food services
and uniformed. Regarding respiratory side effects, the FFP/(K)N95 mask-wearing group
was free of frequent sputum production and dyspnea compared to the control group, but
frequent cough was statistically significantly more prevalent in this group than the control
group but without any difference compared to medical/surgical masks, while frequent
dyspnea showed no difference but frequent sputum and cough were significant compared
to those with rare mask-wearing. Cotton cloth mask-wearing showed the highest percent-
ages in all the analyzed respiratory symptoms, being significant compared to those without
frequent mask-wearing and even amongst the other mask types. As expected, smokers
showed higher rates in frequencies of all respiratory symptoms, but frequent cough and
dyspnea in people with CLDs were more common in medical/surgical masks rather than
FFP(K)N95 masks; thus, this mask type may be appropriate specifically for those with lung
conditions.

On the whole, FFP/(K)N95 mask-wearing responders were significantly less likely
to have a COVID-19 history. Women were more likely to prefer medical/surgical masks;
they are more sensitive than men in health issues, and men mostly preferred cotton cloth
masks. The WHO has recommended that healthcare providers should wear medical and
FFP/(K)N95 masks, but, on the contrary, we revealed that some healthcare providers prefer
cloth mask-wearing [8]. Doubtlessly, this fact is unacceptable for the health field during the
COVID-19 pandemic. Fortunately, two medical/surgical mask-wearing was mostly seen in
healthcare services. Sadly, a study revealed that less than half of healthcare professionals
were informed about mask types against SARS-CoV-2 [16]. Doubtlessly, the percentage
of penetration in cloth masks is higher than that in surgical masks or N95 respirators [17].
In our study, healthcare providers that are highly exposed to SARS-CoV-2 carriers were
more likely to report a COVID-19 history with cloth mask-wearing, and public education
teachers were more likely to catch the virus with cloth mask-wearing; teachers are in
schools with children that easily transmit the virus and can pass it with mild symptoms
without understanding it. In addition, university students showed high rates of COVID-19
history with cloth mask types since, undeniably, close contacts in the youth cannot be fully
amended. Most uniformed work in closed structures in which it is easy for the virus to be
transmitted, and they preferred cloth masks; unemployed responders preferred them too,
which may be due to the cost compared to the others and the ability to wash and reuse
them—a method being cost-free. Food services also showed high rates in cloth masks, but
it is easy for delivery workers to catch and transmit the virus by contacting many people
daily, and maybe that is why both medical/surgical and cloth mask-wearers reported
high rates of COVID-19 history. Despite the fact that uniformed can transmit the virus in
their closed structures, partially explaining their higher rates of COVID-19 history, another
study revealed that those working in food services were more vulnerable to SARS-CoV-2
infection [18]. The WHO also recommended people with health risks to be well protected,
but in our study, smokers and people with CLDs showed various preferences for mask
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types, even cloth masks. Regarding freelancers, there was no difference for COVID-19
history in various mask types, but some of their work includes vigorous physical activity,
and it should be further discussed to what extent should they wear a mask during work
since the WHO recommended that even in an area of SARS-CoV-2 transmission masks
should not be worn because of the risk of reducing breathing capacity [8]. However,
generally speaking, the efficacy of medical masks is not the same as that of cloth masks
for respiratory viral transmission [19]. Since a sole cloth fabric is not a material designed
solely to be a face mask and protect against pathogen transmission, we highlight the need
for cloth masks to be disallowed in specific services.

To our knowledge, this is the first study to evaluate the triad of respiratory symptoms
amongst the wearing of various mask types. In our study, the daily medical/surgical
mask-wearing was more likely to show frequent sputum production and cough in com-
parison with rare/spontaneous mask-wearing. Several effects of mask-wearing have been
discussed, such as physiological adverse effects in cardiopulmonary exercise capacity, in-
cluding increased rebreathing of expelled carbon dioxide, significant increased respiratory
rate, hyperventilation, increase in CO2 in the blood, hypoxemia and hypercapnia [20].
Cotton cloth mask-wearing showed the highest rates in the triad of respiratory symptoms
in our population-based sample. However, no further nonrespiratory symptoms were
evaluated in this study, and another study revealed adverse skin reactions due to medical
masks compared to cloth masks [21]. More targeted studies, in the future, should analyze
the possibility of the prolonged wearing of cotton cloth masks leading to early byssinosis
signs, since it is an evident lung condition among cotton workers due to fiber inhalation [22].
Nevertheless, cotton cloth masks not only were not such effective in preventing SARS-CoV-
2 transmission, but also had the highest levels of respiratory side effects; additionally, daily
FFP/(K)N95 mask-wearing responders were less likely to have COVID-19 history and also
had lower levels of respiratory side effects. Frequent dyspnea and sputum production were
not significantly seen in FFP/(K)N95 mask-wearing, and cough rates (only women reported
cough) were not much different from those seen in medical/surgical mask-wearing, yet
significantly different compared to the control group. Even if cough was the only respira-
tory symptom seen in this mask type, a study studying healthcare professionals showed
that prolonged use of medical and N95 masks had caused headaches, rash, acne, skin
breakdown and impaired cognition in most of those surveyed [23]. The authors suggest
frequent breaks, improved hydration and rest and skin care for healthcare professionals
with prolonged mask-wearing [23]. We also highlight the need for FFP/(K)N95 masks to be
thoroughly studied for other potential adverse effects since, in this study, we have assessed
only some basic respiratory issues.

Further studies are needed to finally evaluate if mask-wearing is effective or if the
effectiveness is attributable to the social distancing and other personal care and protection
strategies and the overall psychology amongst people, as several side effects of mask-
wearing have been reported in current literature. Some variations in COVID-19 history
amongst healthcare professionals, unemployed or food services—comparing rates of in-
fection of each mask type—could show that in specific services where viral transmission
is high, mask type efficacy may not be efficiently monitored, or that social distancing and
personalized protection strategies may play a more important role in preventing transmis-
sion. Public health strategies may have overreacted in this pandemic, and the medical
motto “primum non nocere” (“first, do no harm”), a moral principle everyone should at
least consider following, was evidently not observed during the pandemic [20]. Moreover,
presymptomatic carriers may transmit the virus, but false positives are evident, and a
current perspective doubted the realistic existence of asymptomatic patients in COVID-
19 [3,24]. As a result, maybe it is healthier for symptomatic patients to wear masks so as
not to transmit the virus to others and for all the others being at risk for a likely severe
COVID-19 to wear them only in crowded places with high social interactions or in places
with a high risk of SARS-CoV-2 transmission. However, vaccinated people should follow
the same path since, even if they will likely pass COVID-19 with mild symptoms, they can
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still transmit the virus to others [6,25]. Finally, there may be a need for some more safe mask
designs for future epidemics, and it is required that safe mask-wearing be acculturated
in society, especially in environmental pollution such as during summer fires in some
Mediterranean cities or even in extreme air pollution due to cars or because of fireplace
smoke in winter.

No study is completely foolproof. Besides healthcare professionals to some extent, we
do not know if all the others were equally exposed to the virus; in what conditions they
caught the virus; and if it happened during work, on transportation, at a friend or family
level of transmission or elsewhere. People started wearing N95 masks later due to limited
availability at the beginning of the pandemic, and we do not know when the participants
contracted the virus. However, respiratory side effects are irrelevant to this parameter, but
we did not exclude those with allergies as no related question was included in our WBQ.
In addition, the FFP/(K)N95 mask-wearing group could be larger so as to analyze more
accurately respiratory symptoms and their potential respiratory safety.

5. Conclusions

FFP/(K)N95 mask-wearing responders were less likely to have a COVID-19 history
and were less likely to report respiratory symptoms, compared to the other mask types.
Cotton cloth masks not only did not prevent SARS-CoV-2 transmission but also were more
likely to cause frequent cough, dyspnea and sputum production. Public health strategies
may have overreacted during the pandemic; mask-wearing but with safe mask-types
should follow a more personalized and social interaction approach, and safe mask-wearing
should also be recommended in future epidemics or environmental issues.
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Abstract: Background: The assignment of mortality risk from SARS-CoV-2 virus (COVID-19) to
vulnerable patient groups is an important step toward containment of the pandemic. Methods: A
total of 760 patients with a positive molecular test for SARS-CoV-2 who were unvaccinated against
COVID-19 were recruited between 1 January and 30 June 2021. Patients were grouped by age; sex;
and common morbidities, such as atrial fibrillation, chronic respiratory disease, coronary disease,
diabetes type II, neoplasia, hypertension and β-Thalassemia heterozygosity. As a primary endpoint,
we assessed mortality risk from COVID-19, and as secondary endpoints, we considered clinical
severity and need for Intense Care Unit (ICU) admission. Results: In multivariate analysis, male sex
(p < 0.001, OR = 2.59), increasing age (p < 0.001, OR = 1.049), β-Thalassemia heterozygosity (p = 0.001,
OR = 2.41) and chronic respiratory disease (p = 0.018, OR = 1.84) were identified as risk factors
associated with mortality due to COVID-19. Moreover, male sex (p < 0.001, OR = 1.98), increasing age
(p < 0.001, OR = 1.052) and β-Thalassemia heterozygosity (p = 0.001, OR = 2.59) were associated with
clinical severity in logistic regression. Regarding ICU admission, the risk factors were identified as
male sex (p = 0.002, OR = 1.99), chronic respiratory disease (p = 0.007, OR = 2.06) and hypertension
(p < 0.001, OR = 5.81). Conclusions: An increased mortality risk from COVID-19 was observed for
older age, male sex, β-Thalassemia heterozygosity and respiratory disease. Carriers of β-Thalassemia
were identified as more vulnerable for severe clinical symptomatology, but there was no increased
possibility for ICU admission. Readjustment of these findings to consider impacts of variant strains
prevailing during the latest viral outbreak among vulnerable patient groups may offer timely relief
from the pandemic.

Keywords: COVID-19; β-Thalassemia; mortality; critical care; pandemic

1. Introduction

Over the last two years, the SARS-CoV-2 virus (COVID-19) pandemic has spread
globally, affecting every country worldwide [1]. The identification of common comorbidi-
ties that increase the mortality risk by severe acute respiratory syndrome–coronavirus 2
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(COVID-19) is an important first step toward morbidity and mortality risk containment
from the pandemic. Early identification, consultation and intervention practices among
vulnerable groups could reduce the morbidity rates and mortality risk from COVID-19.

Several risk factors attributing to mortality due to COVID-19, including patients’
demographic characteristics and common comorbidities, have been identified since the
beginning of the pandemic. More specifically, increasing age and male sex increase the
severity and mortality risk [2,3]. Furthermore, common comorbidities, including hyperten-
sion, diabetes mellitus and chronic obstructive lung disease, have also been reported as
factors associated with an increased mortality in infected patients [4,5].

β-Thalassemia is the most common inherited single gene disorder in the world, with
approximately 1.5% of the global population being heterozygous for β-Thalassemia [6]. In
a recently published pilot study during the second wave of the pandemic, β-Thalassemia
heterozygotes were identified as a group of patients vulnerable to COVID-19, with an
increased mortality risk [7]. These findings have to be updated during the next pandemic
waves with novel variants of the virus being dominant.

Herein, to consolidate our pilot observations [7], we analyzed considerably more
COVID-19-positive and unvaccinated cases among these vulnerable groups, spanning a
longer time period. Mortality risk, clinical severity and need for Intense Care Unit (ICU)
admission were assessed as endpoints.

2. Methods
2.1. Settings

The present retrospective cohort study includes 760 consecutive patients unvaccinated
against COVID-19 with a positive SARS-CoV-2 Real-Time Polymerase Chain Reaction
(RT-PCR) molecular test. All participants were registered in the emergency department
(ER) of the tertiary referral center in central Greece (University Hospital of Larisa), between
1 January and 30 June 2021.

2.2. Participants and Study Design

A retrospective analysis was conducted of medical and laboratory records from con-
secutive patients registered in the ER of a tertiary referral hospital. A database was created
based on medical history and laboratory tests of confirmed COVID-19-positive subjects. We
examined the mortality risk of vulnerable patient groups with common morbidity symp-
toms, including β-Thalassemia heterozygotes. The course of non-hospitalized participants
was followed by telephone interviews.

The primary outcome of this study was the association of clinical and demographic
variants with mortality due to COVID-19 in infected individuals. COVID-19 infection
was the single common official cause of death for our study participants, as registered in
hospital archives. Furthermore, clinical severity of symptomatology and need for Intense
Care Unit (ICU) admission were considered as secondary endpoints.

Patient demographic characteristics of age; sex; and common morbidities, including atrial
fibrillation, chronic respiratory disease, coronary disease, diabetes, neoplasia and hypertension
were recorded. In addition, β-Thalassemia heterozygosity was assessed through laboratory
tests and known medical history. We excluded the current smoking-status parameter from
patient characteristics being studied, based on preliminary indications of notable absence of
statistically significant correlations between smoking and mortality from COVID-19.

2.3. Ethical Considerations

Experimental therapeutic protocols were not applicable in this study. All data were
analyzed anonymously, using code numbers with respect to the patient’s privacy, and
collected in the context of routine diagnostic and therapeutic procedures. Nevertheless,
the study conformed to the Research and Ethical Committee guidelines of the University
Hospital of Larisa.

18



J. Pers. Med. 2022, 12, 352

2.4. Sample Estimation

Considering an estimated prevalence of 8% in our entire study population, a precision of
±3.5% and 95% confidence interval (CI), the minimum sample size required was calculated
by a precision analysis, using Epi Info 7 [8]. A minimum study sample was set at 231 patients.

2.5. Statistical Analysis

Analysis was carried out by using SPSS version 26.0 (IBM, Chicago, IL, USA). Cat-
egorical variables are described by using frequency and relative frequency. Continuous
variables are described with means and standard deviation. Analysis of continuous vari-
ables was conducted by using the Mann–Whitney U test and Kruskal–Wallis test, since the
assumption of normal distribution was violated. Data were checked for deviation from
normal distribution, using the Shapiro–Wilk normality test. Categorical data were analyzed
with the use of Chi-square test or Fisher’s exact test. Multivariate analysis was performed
in the form of binary logistic regression. For all the analyses, a 5% significance level was set.

3. Results

A total of 760 patients were included in the study, of which 448 (58.9%) were male and
312 (41.1%) female, with a mean age of 62.21 (±16.42) years, ranging from 20 to 93. A total
of 448 (58,9%) patients were male and 312 (41.1%) female. Overall, 189 study participants
died, resulting in a mortality rate of 24.86%.

Regarding mortality, in univariate analysis, male sex (p < 0.001, OR = 2.44), increased
age (p < 0.001), atrial fibrillation (p < 0.001, OR = 2.44), chronic respiratory disease (p < 0.001,
OR = 2.71), coronary disease (p < 0.001, OR = 2.11), hypertension (p < 0.001, OR = 2.77)
and β-Thalassemia heterozygosity (p < 0.001, OR = 2.26) were associated with increased
mortality due to COVID-19 (Table 1).

Table 1. Assessing mortality risk of study groups from COVID-19 by univariate and multivariate
statistical analysis.

Outcome:
Mortality Univariate

Multivariate
Binary Logistic

Regression

Yes (%) Sig. OR with 95% CI RR with 95% CI Sig. aOR with 95% CI

Sex (M/F) M:
F:

140 (31.3)
49 (15.7) <0.001 (C) 2.44 (1.69–3.51) 1.99 (1.49–2.66) <0.001 (C) 2.59 (1.73–3.90)

Age (median,
IQR)

Dead: 73 (16)
Alive: 62 (23) <0.001 (M–W) - - <0.001 (C) 1.049 (1.031–1.066)

β-Thalassemia
heterozygosity

Yes:
No:

53 (38.7)
136 (21.8) <0.001 (C) 2.26 (1.53–3.35) 1.77 (1.37–2.29) 0.001 2.41 (1.55–3.74)

Chronic
respiratory

disease

Yes:
No:

41 (43.6)
148 (22.2) <0.001 (C) 2.71 (1.73–4.23) 1.96 (1.50–2.57) 0.018 1.84 (1.11–3.05)

Atrial fibrillation Yes:
No:

84 (37.0)
103 (19.4) <0.001 (C) 2.44 (1.73–3.45) 1.91 (1.50–2.43) 0.058 1.50 (0.99– 2.28)

Hypertension Yes:
No:

138 (32.9)
51 (15.0) <0.001 (C) 2.77 (1.93–3.98) 2.19 (1.64–2.92) 0.243 1.31 (0.83–2.04)

Coronary disease Yes:
No:

53 (37.3)
136 (22.0) <0.001 (C) 2.11 (1.43–3.12) 1.70 (1.31–2.20) 0.617 0.89 (0.55–1.42)

Diabetes mellitus
type II

Yes:
No:

48 (30.8)
141 (23.3) 0.056 (C) 1.46 (0.99–2.15) 1.32 (1.00–1.74) 0.439 0.84 (0.54–1.30)

Neoplasia Yes:
No:

27 (31.8)
162 (24.1) 0.122 (C) 1.47 (0.90–2.40) 1.32 (0.94–1.85) 0.653 0.88 (0.52–1.51)

C, Chi-square test; F, Fisher’s exact test; M–W, Mann–Whitney U test.

In logistic regression analysis, male patients were 2.6 times more likely to die than
female patients (p < 0.001, OR = 2.59). Furthermore, older participants were more likely to
die from COVID-19; moreover, every year of age increased the possibility to die by 4.9%
(p < 0.001, OR = 1.049). Patients with underlying chronic respiratory disease had a 1.8-times
increased mortality possibility than patients without respiratory disease history (p = 0.018,
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OR = 1.84). Interestingly, β-Thalassemia heterozygotes had a 2.4-times increased possibility
of mortality compared to patients without the trait (p < 0.001, OR = 2.41) (Figure 1). There
was no statistically significant association between COVID-19 attributed mortality and
other comorbidities, such as atrial fibrillation (p = 0.058), hypertension (p = 0.243), coronary
disease (p = 0.617), diabetes type II (p = 0.439) and neoplasia (p = 0.653) (Table 1).

Figure 1. Mortality of β-Thalassemia heterozygotes from COVID-19: distribution of SARS-CoV-2
infected β-Thalassemia trait carriers (red box) among study participants who died (Yes), or survived
(No) from COVID-19, relative to non-carriers (blue box).

Regarding severity of clinical symptoms, in univariate analysis, male sex (p < 0.001), in-
creased age (p < 0.001), atrial fibrillation (p < 0.001), chronic respiratory disease (p < 0.001),
coronary disease (p < 0.001), hypertension (p < 0.001) and β-Thalassemia heterozygos-
ity (p < 0.001) were associated with increased severity of clinical symptoms attributed to
COVID-19 (Table 2). Moreover, in logistic regression, there was almost double the possi-
bility of severe clinical disease for male patients than female ones (p < 0.001, OR = 1.98).
Older participants were more likely to have symptoms with increased severity (p < 0.001,
OR = 1.052), with every year of age increasing the possibility of severe disease by 5.2%.
β-Thalassemia heterozygosity was also identified as an independent risk factor for severe
clinical symptoms of COVID-19 (p < 0.001, OR = 2.59) (Figure 2).

When assessing ICU admission, in univariate analysis, male sex (p = 0.001), increased
age (p = 0.005), chronic respiratory disease (p < 0.001), coronary disease (p < 0.001) and
hypertension (p < 0.001) were associated with the need for ICU admission. In logistic
regression, male patients had double the possibility for ICU stay than female ones (p = 0.002,
OR = 1.99). Furthermore, chronic respiratory disease and hypertension were identified as
independent risk factors for ICU admission due to COVID-19 (p = 0.007, OR = 2.06 and
p < 0.001, OR = 5.81 respectively), with patients with hypertension being 5.8 times more
possible to need ICU.
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Table 2. Assessing clinical severity of COVID-19 by univariate and multivariate statistical analysis.

Outcome: Severity Univariate Multivariate
Ordinal Logistic Regression

Asymptomatic-Mild (%) Moderate (%) Severe-Critical (%) Sig. Sig. aOR with 95% CI

Sex (Male) 94 (49.5) 210 (56.3) 144 (73.1) <0.001 (C) <0.001 1.98 (1.47–2.66)

Age (median, IQR) 52 (32) 65 (18) 72 (16) <0.001 (K–W) <0.001 1.052 (1.040–1.064)

Atrial Fibrillation 51 (26.8) 93 (24.9) 83 (42.6) <0.001 (C) 0.373 0.85 (0.60–1.21)

Chronic respiratory
disease 15 (7.9) 38 (10.2) 41 (20.8) <0.001 (C) 0.098 1.45 (0.93–2.26)

Coronary disease 20 (10.5) 69 (18.5) 53 (26.9) <0.001 (C) 0.634 1.10 (0.73–1.67)

Diabetes mellitus
Type II 29 (15.3) 79 (21.2) 48 (24.4) 0.078 (C) 0.331 0.83 (0.58–1.20)

Neoplasia 20 (10.5) 35 (9.4) 30 (15.2) 0.108 (C) 0.173 0.73 (0.47–1.15)

Hypertension 69 (36.3) 204 (54.7) 147 (74.6) <0.001 (C) 0.104 1.34 (0.94–1.91)

β-Thalassemia
heterozygosity 15 (7.9) 66 (17.7) 56 (28.4) <0.001 (C) <0.001 2.59 (1.78–3.77)

C, Chi-square test; K–W, Kruskal–Wallis Test.

Figure 2. Clinical symptoms of COVID-19 in β-Thalassemia heterozygotes patients and control:
distribution of clinical symptoms of SARS-CoV-2-infected β-Thalassemia trait carriers (red box) and
non-carriers (blue box).

4. Discussion

In the present study, we assessed the role of common comorbidities as independent
risk factors for COVID-19 attributed mortality among 760 unvaccinated patients against
SARS-CoV-2 during the first half of 2021. The current findings support earlier observations
of strong statistical association between mortality due to COVID-19 and male sex, increased
age, chronic respiratory disease and β-Thalassemia heterozygosity [3,5–8]. Patients with
underlying chronic respiratory disease were included in the high-mortality-risk group of
patients from the beginning of the pandemic [9].

β-Thalassemias are a group of hereditary autosomal recessive anemias caused by
either reduced or complete absence of production of β-globin chains of the hemoglobin
tetramer [10]. Data regarding potential effects of associated comorbidities in thalassemic pa-
tients with COVID-19 are limited. Recent studies reported that patients with β-Thalassemia
have a chronic condition which may contribute to an increase in susceptibility to SARS-
CoV-2 infection [11,12]. The underlying disease is associated with several comorbidities
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and complications of chronic transfusions, including heart failure, pulmonary hyperten-
sion, hypogonadism and diabetes, that may attribute to the susceptibility of this group of
patients to COVID-19 infection [11].

In this context, it is necessary to investigate the potential role of the β-Thalassemia
trait as a risk factor for morbidity and mortality by COVID-19. The compromised nature
of response to stress that is inherent to asymptomatic or mildly anemic β-Thalassemia
heterozygotes facilitates collective induction of innate immune receptor CD45, Toll-like
receptor 4 and CD32 expression; reduces ability to produce oxidative bursts; and elevates
membrane lipid peroxidation [13]. Borderline resistance of β-Thalassemia trait carriers to
stress may explain the low threshold of COVID-19 symptoms required to begin treatment
that appear with considerable time lag, require longer periods of hospitalization and ICU
care and result in over twice the possibility of mortality due to COVID-19.

The vascular nature of COVID-19 symptoms leads to mortality from cardiovascular
(CVS) failure [14], rendering CVS control a primary target during the pandemic. CVS control
is exerted through classical renin-angiotensin system (RAS)-inducing vasoconstriction
via renin processed angiotensin II (ATII) vasoconstrictors, and counter-balancing non-
classical RAS-inducing vasodilation via ACE2 conversion of ATII or processing of ATI
to AT 1–7 vasodilators [15,16]. SARS-CoV-2 inhibits ACE2 expression and deranges CVS
homeostasis [16]. Current COVID-19 treatment strategies aim to suppress SARS-CoV-2
main protease activity, required to release active viral protein products [17] and induce
ACE2 expression [16]. Thus, CVS control of COVID-19 positive vulnerable patient groups
by statins, merits thorough consideration as a potential first-line treatment option.

Updated data of patients with adaptive evolutionary viral alterations may improve
the representability of data collection and enhance the reliability of associated clinical
findings. Future studies on COVID-19 mortality risk should address pregnancy and high-
risk pregnancy, particularly for women with genotypic variations associated with early
onset preeclampsia, such as variant TLR-4 alleles [18], and mutant angiotensin type I and
type II receptor combination genotypes [19].

This new addition may have not only statistical explanations (more participants
analyzed), but mainly biological explanations (longer time period of data collection). A
possible biological explanation for the observed mortality boost of this new subgroup may
rely on the enriched blend of viral variants that prevailed during the first half of 2021,
rather than during its narrower last quarter of 2020 previously examined [3]. According
to this explanation, the reliability of clinical observations related to mortality impact
from COVID-19 depends on timing of participant data collection during the course of
the pandemic.

The present study identified independent risk factors associated with mortality due to
COVID-19. The most noteworthy association is confirmation of the susceptibility of indi-
viduals heterozygous for β-Thalassemia to COVID-19. However, prior to the appraisal of
these results, several limitations should be considered. Data were collected retrospectively,
depending on the availability and accuracy of data records, and information bias may
have occurred. Furthermore, data were collected from a single tertiary hospital, and the
generalization of our findings is limited.

Analogous studies on the distribution of mortality risk from COVID-19 among het-
erozygotes of less frequent abnormal hemoglobins [20] may help elucidate key mortality
factors of this vulnerable asymptomatic group and are worth pursuing on both clinical and
academic grounds.

5. Conclusions

We conclude that COVID-19 mortality is affected primarily by male sex, aging, β-
Thalassemia trait and chronic respiratory disease/asthma, followed by atrial fibrillation,
hypertension, coronary disease, diabetes and neoplasia. Timely accounts of these observa-
tions with vaccination against SARS-CoV-2 will assess the effect of vaccination status on
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mortality risk and facilitate early identification, consultation and treatment of COVID-19-
susceptible cases for optimal pandemic control.
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Abstract: Background: Vaccination against SARS-CoV-2 (COVID-19) has become crucial for limiting
disease transmission and reducing its severity, hospitalizations and mortality; however, despite
universal acceptance, vaccine hesitancy is still significant. In the present manuscript, we aim to assess
COVID-19-attributed mortality after the prevalence of new variants of the virus (Delta and Omicron
viral strains) and to evaluate the vaccination effect. Methods: All patients that were hospitalized
due to COVID-19 infection in the Respiratory Department of a tertiary referral center in central
Greece between 1st of June 2021 and 1st of February 2022 were included in the present study. Results:
760 consecutive patients were included in the study; 89 (11.7%) were diagnosed with severe COVID-19
and 220 (38.7%) patients were fully vaccinated. In logistic regression, increased age (aOR = 1.12,
p < 0.001), male gender (aOR = 2.29, p = 0.013) and vaccination against SARS-CoV-2 virus (aOR = 0.2,
p < 0.001) were associated with mortality attributed to COVID-19 with a statistically significant
association. Moreover, increased age (aOR = 1.09, p < 0.001), male gender (aOR = 1.92, p = 0.025)
and vaccination against SARS-CoV-2 virus (aOR = 0.25, p < 0.001) were statistically significantly
associated with clinical severity of COVID-19 infection. However, when comparing the length of
hospitalization between vaccinated and unvaccinated patients, the difference was not statistically
significant between the two groups (p = 0.138). Conclusions: Vaccination against SARS-CoV-2 virus
had a protective effect in terms of mortality and clinical severity of COVID-19 during the fourth
wave of the pandemic in Central Greece. The national vaccination policy has to focus on vulnerable
populations that are expected to benefit the most from the vaccine’s protection.

Keywords: COVID-19; vaccination; risk factors; effectiveness; mortality

1. Introduction

SARS-CoV-2 is a member of the coronavirus family, a group of enveloped single-
stranded RNA viruses. Over the last two years, the SARS-CoV-2 virus (COVID-19) pan-
demic has spread globally, affecting almost every country worldwide [1]. Clinical signs of
COVID-19 differ from mild illness to very severe disease requiring hospitalization with
an often fatal outcome [2]. In persons with critical clinical illness due to SARS-CoV-2,
the respiratory system is the most commonly affected. However, the virus can affect all
systems [3].

The virus binds to angiotensin-converting enzyme 2 (ACE2) receptors present in al-
most all vascular endothelial cells [4]. COVID-19 mortality and morbidity are affected by
many different factors, i.e., gender, aging and several chronic diseases such as chronic res-
piratory disease/asthma, heart arrhythmias, hypertension, coronary disease, diabetes and
neoplasia [5]. Inherited diseases and genetic predispositions such as hemoglobinopathies
in homozygous or heterozygous status can also alter disease outcome [6].

Vaccination against SARS-CoV-2 has become crucial for limiting disease transmission
and reducing its severity, hospitalization and mortality [7]. More specifically, data from
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systematic reviews underline the efficacy of vaccination in terms of clinical severity and
mortality [8,9]. Despite universal acceptance, vaccine hesitancy is still significant [10].
Finally, the prevalence of the Omicron variant changed the data in relation to previous
emerging virus strains [11]. In this context, analysis of real-world data regarding the clinical
severity and mortality of COVID-19 during the next stages of the pandemic is essential in
order to guide the national health policy.

The first Omicron sequence available, however, was from a specimen collected on
11 November 2021 in Botswana. Ever since the identification of Omicron, the variant
appears to have rapidly spread. The early doubling time of the Beta, Delta and Omicron
variants was calculated to be about 1.7, 1.5 and 1.2 days, respectively [12]. These data
indicate that the Omicron variant is probably more infectious than the Delta and Beta
variants. Analysis of the genomic sequences of the Omicron variant has revealed a high
number of nonsynonymous mutations, including several ones in spike that have been
proven to be involved in transmissibility, disease severity and immune escape [13].

In the present manuscript, we aim to assess COVID-19-attributed mortality and
clinical severity after the prevalence of new variants of the virus (Delta and Omicron viral
strains), to identify common risk factors and to evaluate the vaccination effect in fully
vaccinated patients.

2. Materials and Methods
2.1. Settings

All consecutive patients that were hospitalized due to COVID-19 infection in the
Respiratory Department of a tertiary referral center in Central Greece (University Hospital
of Larisa) between 1 June 2021 and 1 February 2022 were included in the present study.
Final diagnosis was established with a positive SARS-CoV-2 real-time polymerase chain
reaction (RT-PCR) molecular test.

2.2. Participants and Study Design

A retrospective analysis of medical and laboratory records was conducted. An anony-
mous database of all patients that needed hospitalization due to COVID-19 infection was
created and included both the medical history of common morbidities and clinical records
during their hospitalization. Basic demographic characteristics of age and gender and
common morbidities, including atrial fibrillation, chronic respiratory disease, coronary
disease, diabetes, malignancy and hypertension were recorded. Moreover, vaccination
status was recorded from the national vaccination registry.

As primary outcome of the present study was the association of clinical and demo-
graphic factors with mortality due to COVID-19 in infected individuals. Furthermore,
clinical severity of symptomatology, classified according to the World Health Organiza-
tion [14], and the length of hospitalization were considered as secondary endpoints.

Current smoking-status parameter was excluded from multivariate analysis due to
insufficient data in the patients’ records, and based on the univariate analysis, no statistically
significant correlations between smoking and mortality attributed to COVID-19 were found.
Furthermore, patients <18 years of age were excluded from the present study.

2.3. Ethical Considerations

Experimental therapeutic protocols were not applicable in this study. All data were
analyzed anonymously, using code numbers with respect to the patient’s privacy, and
collected in the context of routine diagnostic and therapeutic procedures. The study
conformed to the Research and Ethical Committee guidelines of the University Hospital
of Larissa.

2.4. Statistical Analysis

Analysis was carried out with SPSS version 26.0. Categorical variables are described
with the use of frequency and relative frequency. Continuous variables are described
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with means and standard deviation. The analysis of continuous variables was conducted
using the Mann–Whitney U test since the assumption of normal distribution was violated.
Data were checked for deviation from normal distribution using Shapiro–Wilk normality
test. Categorical data were analyzed with the use of Chi-square test or Fisher’s exact
test; multivariate analysis was performed in the form of binary logistic regression. For all
analyses, a 5% significance level was set.

3. Results

In total, 760 consecutive patients were hospitalized in a 7-month period in our depart-
ment and included in the present study. A total of 671 (88.3%) of patients were diagnosed
with moderate symptomatology of COVID-19, and 89 (11.7%) experienced severe symp-
toms. Furthermore, 220 (38.7%) patients were fully vaccinated against SARS-CoV-2 with
two doses of one of the four vaccines licensed in Greece (Pfizer/BioNTech Comirnaty,
AstraZeneca/AZD1222, Janssen/Ad26.COV 2.S Johnson & Johnson, Moderna COVID-19-
mRNA 1273 vaccines). COVID-19 infection was the single most common official cause of
death for our study participants, as registered in hospital archives. The fatality rate was
calculated at 10.1% (77/760).

In Table 1 are displayed the results of univariate and multivariate statistical analysis
regarding mortality risk due to COVID-19 infection. In univariate analysis, increased age
(p < 0.001), atrial fibrillation (OR = 3.47, p < 0.001), chronic respiratory disease (OR = 2.59,
p = 0.004), coronary disease (OR = 3.83, p < 0.001), diabetes type II (OR = 2.5, p < 0.001),
dyslipidemia (OR = 2.94, p < 0.001) and hypertension (OR = 3.41, p < 0.001) have been
associated with increased mortality attributed to COVID-19. More specifically, regarding
the cardiovascular system, patients with atrial fibrillation, coronary disease and hyperten-
sion had almost 3.5, 4 and 3.5 times increased mortality risk, respectively, compared with
patients without these comorbidities. Moreover, diabetic patients were associated with
2.5 times increased possibility of mortality, while patients with chronic respiratory diseases
were 2.6 times more likely to decease after the COVID-19 infection.

Table 1. Assessment of mortality risk due to COVID-19 by univariate and multivariate statistical analysis.

Mortality Univariate Multivariate
Binary Logistic Regression

Yes (%) Significance OR with 95% CI RR with 95% CI Significance aOR with 95% CI

Male gender 45 (13.9) 0.805 (C) 1.09 (0.67–1.78) 1.08 (0.71–1.65) 0.013 2.29 (1.19–4.39)

Age (median, IQR) Dead: 83 (13)
Alive: 61 (26) <0.001 (M-W) – <0.001 1.12 (1.09–1.16)

Smoking * 2 (3.6) 0.521 (F) 0.48 (0.10–2.24) 0.50 (0.11–2.19) Insufficient data

Vaccination 24 (10.9) 0.169 (C) 0.70 (0.42–1.17) 0.73 (0.46–1.15) <0.001 0.20 (0.10–0.39)

Atrial fibrillation 23 (29.9) <0.001 (C) 3.47 (1.98–6.10) 2.73 (1.79–4.18) 0.500 1.27 (0.63–2.56)

Chronic respiratory
fisease 14 (26.4) 0.004 (C) 2.59 (1.33–5.04) 2.17 (1.31–3.60) 0.437 1.40 (0.60–3.24)

Coronary disease 27 (30.7) <0.001 (C) 3.83 (2.24–6.57) 2.96 (1.97–4.46) 0.549 1.24 (0.62–2.47)

Diabetes type II 23 (24.2) 0.001 (C) 2.50 (1.44–4.32) 2.13 (1.38–3.30) 0.218 1.56 (0.77–2.18)

Malignancy 7 (14.9) 0.768 (C) 1.14 (0.49–2.63) 1.12 (0.54–2.28) 0.803 1.14 (0.42–3.09)

Dyslipidemia 39 (23.4) <0.001 (C) 2.94 (1.80–4.79) 2.48 (1.65–3.74) 0.090 1.75 (0.92–3.35)

Hypertension 57 (20.2) <0.001 (C) 3.41 (1.99–5.84) 2.92 (1.80–4.73) 0.692 1.16 (0.56–2.38)

C: Chi-square test; F: Fisher’s exact test M-W: Mann-Whitney U test

* Insufficient data.

In logistic regression of our primary outcome, only increased age (aOR = 1.12, p < 0.001),
male gender (aOR = 2.29, p = 0.013) and vaccination against SARS-CoV-2 virus (aOR = 0.2,
p < 0.001) were associated with mortality attributed to COVID-19 with a statistically signifi-
cant association. More precisely, every additional year of age increased the possibility of
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death by 12% and male patients had almost 2.5 times increased mortality risk compared to
females. Moreover, vaccinated patients were associated with a 5 times decreased mortality
risk (Figure 1). A result that is worth being underlined is the fact that after the vaccination
effect, in multivariate analysis, severe and common comorbidities were not associated with
increased mortality risk.
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Table 2 displays the results of univariate and multivariate statistical analysis regarding
the clinical severity of COVID-19. Increased age (p < 0.001), atrial fibrillation (OR = 2.76,
p < 0.001), chronic respiratory disease (OR = 2.37, p = 0.007), coronary disease (OR = 3.01,
p < 0.001), diabetes type II (OR = 2.3, p = 0.002), dyslipidemia (OR = 2.85, p < 0.001) and
hypertension (OR = 2.91, p < 0.001) have been associated with increased mortality attributed
to COVID-19. However, similar to the mortality risk assessment, in logistic regression, only
increasing age (aOR = 1.09, p < 0.001), male gender (aOR = 1.92, p = 0.025) and vaccination
against SARS-CoV-2 virus (aOR = 0.25, p < 0.001) were statistically significantly associated
with clinical severity of COVID-19 infection. In this context, every additional year of age
increased the risk of severe disease by 9%, while male patients had almost double the risk
of severe COVID-19. Similar to the mortality risk, unvaccinated individuals had four times
a greater risk of severe infection compared to vaccinated patients (Figure 2).

However, when comparing the length of hospitalization between vaccinated and un-
vaccinated patients, the difference was not statistically significant between the two groups
(p = 0.138) (Figure 3).
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Table 2. Assessment of clinical severity of COVID-19 by univariate and multivariate statistical analysis.

Severe
COVID-19

(N = 89)

Univariate Multivariate
Binary Logistic Regression

Significance OR with 95% CI RR with 95% CI Significance aOR with 95% CI

Male gender 51 (15.8) 0.879 (C) 1.04 (0.66–1.64) 1.03 (0.70–1.52) 0.025 1.92 (1.09–3.41)

Age (median, IQR) Moderate: 61 (13)
Severe: 83 (26) <0.001 (M-W) – <0.001 1.09 (1.06–1.11)

Smoking * 5 (8.9) 0.789 (F) 1.16 (0.39–3.46) 1.15 (0.42–3.11) Insufficient data

Vaccination 27 (12.3) 0.109 (C) 0.67 (0.41–1.10) 071 (0.47–1.09) <0.001 0.25 (0.14–0.45)

Atrial fibrillation 23 (29.9) <0.001 (C) 2.76 (1.59–4.80) 2.24 (1.49–3.37) 0.712 1.13 (0.59–2.19)

Chronic respiratory
disease

15 (28.3)
74 (14.3) 0.007 (C) 2.37 (1.24–4.52) 1.98 (1.23–3.19) 0.406 1.39 (0.64–3.04)

Coronary disease 27 (30.7)
62 (12.8) <0.001 (C) 3.01 (1.78–5.08) 2.39 (1.62–3.53) 0.892 1.05 (0.55–2.00)

Diabetes type II 25 (26.3)
64 (13.4) 0.002 (C) 2.30 (1.36–3.90) 1.96 (1.30–2.94) 0.272 1.44 (0.75–2.78)

Malignancy 11 (23.4)
78 (14.9) 0.123 (C) 1.75 (0.85–3.58) 1.57 (0.90–2.74) 0.142 1.85 (0.81–4.23)

Dyslipidemia 44 (26.3)
45 (11.1) <0.001 (C) 2.85 (1.80–4.54) 2.37 (1.63–3.44) 0.056 1.76 (0.99–3.12)

Hypertension 63 (22.3)
26 (9.0) <0.001 (C) 2.91 (1.78–4.75) 2.48 (1.62–3.80) 0.748 1.11 (0.59–2.07)

C: Chi-square test; F: Fisher’s exact test M-W: Mann-Whitney U test

* Insufficient data.
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4. Discussion

The present study confirmed the protective effect of vaccination against the SARS-CoV-2
virus in terms of mortality and clinical severity of COVID-19 during the fourth wave of the
pandemic in Central Greece. More specifically, vaccinated patients were associated with a
5 times decreased mortality risk and 4 times decreased risk of severe infection compared to
unvaccinated individuals. Furthermore, the vaccination coverage between the hospitalized
due to COVID-19 infection patient was relatively low at 28.9%, compared with the national
vaccination coverage during the same time period. Additionally, in multivariate analysis,
except for vaccination, male gender and aging were also identified as independent risk
factors for mortality and increased clinical severity of COVID-19 infection.

Identifying mutations of SARS-CoV-2 is crucial, especially those with significant
clinical impact and variants of concern (VOC), as they can modify public health policies,
surveillance and immunization strategies [15,16]. Delta was the predominant SARS-CoV-2
variant during the fourth COVID-19 wave in many countries worldwide, including Greece;
however, the novel Omicron variant rapidly spread due to the increased transmissibility of
the variant [17,18]. Early observations suggest that the Omicron outbreak occurred more
quickly and with larger magnitude, and despite substantial increases in vaccinations and
prior infections, may be less severe than those caused by other virus strains [19,20]. In line
with these observations, the fatality rate of the present study was 10.1% compared to the
24.9% that was observed during the second and third waves of the pandemic in Central
Greece [6].

Developing COVID-19 vaccines within a short timeframe has raised several concerns
about the safety and efficacy of the vaccines, which have been assessed by many studies.
A recently published systematic review [21] analyzed the efficacy of different licensed
vaccines based on 42 original studies and concluded that COVID-19 vaccines successfully
reduced the rates of infections, severity, hospitalization and mortality. More specifically, the
Pfizer/BioNTech vaccine was the most extensively studied among the COVID-19 vaccines
with >90% effectiveness, followed by the Moderna vaccine with >80% effectiveness against
infection, the AstraZeneca vaccine with 80.7% effectiveness against infection after the
second dose and 74% effectiveness against infection after the first dose, and a single dose
of the Johnson & Johnson vaccine with >60% effectiveness against infection [22].
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The determinants of effectiveness of the approved vaccine against SARS-CoV-2 virus
and breakthrough rates are yet to be determined, especially in light of the emergence of
viral VOC [23]. In a recently published prospective study of fully vaccinated COVID-19
patients needing hospitalization due to COVID-19 infection, older age, lower real-time
PCR cycle threshold values and a shorter duration between symptom onset and hospital
admission were associated with a lack of anti-S SARS-CoV-2 antibodies and poor clinical
outcomes of COVID-19 disease [23]. Moreover, published data from the COVAX study
revealed that diabetic patients had significantly higher possibilities to have undetectable
antibodies on hospital admission due to COVID-19 [24].

The beneficial role of the national vaccination campaign in Greece in terms of SARS-CoV-2
cases, ICU admissions and mortality is well-documented [25]. Another recent study by
Lytras et al. [24] documented the high and durable effectiveness of COVID-19 vaccination
in preventing severe disease and mortality in all age groups, both against Delta and older
SARS-CoV-2 variants; however, the study lacks data regarding the Omicron strain. It is
estimated that vaccination prevented approximately 19,691 COVID-19 deaths during 2021
in Greece [26].

Several studies reported a reduction in effectiveness of COVID-19 vaccination against
variants of the virus compared to the original strain [27–30]. The accumulation of muta-
tions in these VOCs and others demonstrates the quantifiable risk of antigenic drift and
subsequent reduction in vaccine efficacy [31]. Neutralization titers against VOCs were
3-fold lower when analyzing convalescent sera and 3.3-fold and 2.5-fold lower for Pfizer
and AstraZeneca vaccinees, respectively [27]. Moreover, Kodera et al. [32] estimated the
effectiveness of vaccination at 62.1% (95% CI: 48–66%) compared to the Delta variant.
However, the impact of this reduction of the vaccination’s effectiveness in molecular level
with waning antibody levels remains unclear. Our study confirms the protective role of
vaccination from severe disease caused by mutated virus strains.

A finding of a great interest is the fact that vaccination modifies common risk factors
that had been strongly associated with COVID-19-attributed mortality and morbidity. Un-
derlying comorbidities including hypertension, diabetes, chronic respiratory diseases, car-
diac disease and malignancy have been previously associated with severe infection [33,34].
According to the results of several studies, acute and chronic kidney disease, COPD, dia-
betes, hypertension, cardiovascular disease, cancer, increased D-dimer, male gender, older
age, being a current smoker and obesity are clinical risk factors associated with mortality
due to COVID-19 [35–37]. In univariate analysis of our data, atrial fibrillation, coronary
disease and hypertension were associated with 3.5, 4 and 3.5 times increased mortality
risk, respectively, compared with patients without these comorbidities. Moreover, diabetic
patients were associated with 2.5 times increased possibility of mortality, while patients
with chronic respiratory diseases were 2.6 times more likely to decease after the COVID-19
infection. The modification of these possibilities in multivariate analysis indicates the
crucial protective role of vaccination in high-risk patients. In line with these observations,
national vaccination campaigns have to focus on vulnerable populations that are expected
to be benefited the most by vaccination’s protection. Campaigns informing the general
population regarding the safety and efficacy of the new COVID-19 vaccines could reinforce
the acceptability of vaccination [38,39].

Prior to the appraisal of our results, several limitations should be considered. Data
were collected from a database of consecutive patients, eliminating the possibility of
selection bias. However, information bias may have occurred due to the retrospective
design of the present study, depending on the availability and accuracy of data records.
Moreover, missing data regarding current smoking status and the lack of data regarding
obesity profile remain two major limitations of our study. Furthermore, data were collected
from a single tertiary hospital including only hospitalized patients, and the generalization
of our findings is limited.
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5. Conclusions

Vaccination against the SARS-CoV-2 virus had a protective effect on terms of mortality
and clinical severity of COVID-19 during the fourth wave of the pandemic in Central
Greece. Moreover, vaccination modified common risk factors, including hypertension,
diabetes, chronic respiratory diseases, cardiac disease and malignancy, that had been
strongly associated with COVID-19-attributed mortality. The national vaccination policy
has to focus on vulnerable populations that are expected to benefit the most from the
vaccine’s protection.
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Abstract: Background: SARS-CoV-2 vaccines have shown high efficacy in protecting against COVID-19,
although the determinants of vaccine effectiveness and breakthrough rates are yet to be determined.
We aimed at investigating several factors affecting the SARS-CoV-2 IgG Spike (S) antibody responses
on admission and clinical outcomes of COVID-19 disease in fully vaccinated, hospitalized patients.
Methods: 102 subjects were enrolled in the study. Blood serum samples were collected from each
patient upon admission for the semiquantitative determination of the SARS-CoV-2 IgG S levels with
lateral flow assays. Factors influencing vaccine responses were documented. Results: 27 subjects
had a negative antibody test upon hospital admission. Out of the 102 patients admitted to the
hospital, 88 were discharged and 14 died. Both the absence of anti-S SARS-CoV-2 antibodies and poor
clinical outcomes of COVID-19 disease were associated with older age, lower Ct values, and a shorter
period between symptom onset and hospital admission. Ct values and time between symptom
onset and hospitalization were independently associated with SARS-CoV-2 IgG S responses upon
admission. The PaO2/FiO2 ratio was identified as an independent predictor of in-hospital mortality.
Conclusions: Host- and disease-associated factors can predict SARS-CoV-2 IgG S responses and
mortality in hospitalized patients with breakthrough SARS-CoV-2 Infection.

Keywords: breakthrough COVID-19 hospitalizations; clinical outcomes; SARS-CoV-2 IgG Spike
responses; vaccine-induced immunity

1. Introduction

The ongoing COVID-19 pandemic, caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has become a significant global public health issue [1]. As of
28 January 2022, there has been 364,191,494 confirmed cases of COVID-19 worldwide, with
5,631,457 deaths reported to the World Health Organization (https://covid19.who.int/,
accessed: 29 January 2022). SARS-CoV-2 causes a variety of symptoms ranging from mild,
flu-like symptoms to severe pulmonary damage with respiratory distress syndrome and
death [2]. Subjects with pre-existing comorbidities including obesity, cardiovascular disease,
type 2 diabetes mellitus (T2D), and chronic renal and lung disease are at an increased risk of
developing acute respiratory distress syndrome (ARDS), requiring mechanical ventilation
and admission to the intensive care unit (ICU) [3].

Vaccination is the most cost-effective medical intervention, preventing millions of
deaths every year [4]. Vaccines have greatly reduced the burden of infectious diseases [5]
and constitute an important tool for limiting epidemics caused by emerging pathogens [4].
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Vaccine-induced immunity is mediated by the complex interaction of innate, humoral, and
cell-mediated immunity [6]. Vaccines operate by inducing an immune response and, as a
result, an immunological memory, which protects against infection or disease [7].

The approved SARS-CoV-2 vaccines have been highly efficient in protecting against
COVID-19 [8,9], although the determinants of vaccine effectiveness and breakthrough
rates are yet to be determined, especially in light of the emergence of viral variants of
concern [10]. Antibody responses to SARS-CoV-2 vaccines have been shown to be affected
by a variety of factors, including age [11], sex [12], central obesity [13], hypertension [11,13],
cancer [14], dyslipidemia [13], and smoking habits [11,13].

However, there is a plethora of factors that influence humoral and cellular vaccine
responses in humans. These include intrinsic host factors as well as extrinsic, environmental,
behavioral, nutritional, and vaccine factors [6]. Variables affecting the immune response
to the SARS-CoV-2 vaccination have not been extensively investigated. In this study, we
examine several factors that may have an impact on SARS-CoV-2 IgG Spike (S) antibody
responses and the outcome of COVID-19 disease in fully vaccinated, hospitalized patients.

2. Materials and Methods
2.1. Study Design

Within two months we prospectively studied 102 fully vaccinated adult patients
(71 men, 31 women) who were admitted to the COVID-19 Department of the University
Hospital of Larissa, Greece. SARS-CoV-2 infection was verified by real-time reverse-
transcription polymerase chain reaction (RT-PCR). Several factors that influence vaccine
responses were documented [6] (Table 1). The patients were monitored until hospital
discharge or death. The study was approved by the Institutional Research Ethics Committee
(46943/29.11.2021) and each participant provided written informed consent.

Table 1. The factors that were investigated in the present study in terms of their effect on SARS-CoV-2
IgG S antibody responses.

General Information Lifestyle Comorbidities

Age
Sex
BMI

Number of family members
Days with symptoms from onset until

admission
Occupation

Smoking (pack/years)
Alcohol (weekly consumption)

Exercise (40 min/week)
Fruit and vegetable consumption

(Yes/No)

Diabetes (Yes/No)
Coronary artery disease (Yes/No)
Arterial hypertension (Yes/No)

COPD-asthma (Yes/No)
Obstructive apnea syndrome (Yes/No)

Renal disease (Yes/No)
Neoplasia (Yes/No)

Autoimmune disease (Yes/No)

Drug Consumption Vaccine Information Antibodies

Immunosuppressive drugs before
vaccination (Yes/No)
probiotics (Yes/No)

Antibiotics taken one week before or after
vaccination (Yes/No)

Nonsteroidal anti-inflammatory drugs
one week before or after vaccination

(Yes/No)
Vitamin intake one week before or after

vaccination (Yes/No)

Anxiety about vaccination (Yes/No)
Vaccine type

Vaccine doses
Day since last dose

Symptoms after vaccination (fever > 38,
hand pain, arthralgia/myalgia)

Presence of anti-S SARS-CoV-2 antibodies
on admission (Yes/No)

2.2. Detection of the SARS-CoV-2 IgG S Protein-Specific Antibodies

On the first day of hospitalization, blood serum samples were collected from each
patient for the semiquantitative determination of the SARS-CoV-2 IgG S protein-specific
antibodies with lateral flow immunochromatographic assays (Rapid Test 2019-nCoV IgG,
ProGnosis Biotech, Larissa, Greece).
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5 µL of serum per sample was injected into a test tube containing dilution buffer. A
strip was then immersed in the tube for 15 min. Subsequently, the strips were scanned in
the S-flow reader to interpret the results. The scanner could automatically calculate the
ratio (T/C) by measuring the density of the test (T) and control (C) lines of the strip. Eight
standards of recombinant antibodies were used in order to create the standard/ratio curve
for the anti-S Ig semiquantification. A strip in which no colored line appeared in the control
band was considered invalid.

In terms of diagnostic specificity, 468 samples of pre-pandemic COVID-19 patients
were analyzed, with 100% specificity. A study was conducted with 122 patients who had
clinical symptoms of COVID-19 and a positive PCR result for diagnostic sensitivity. The
sensitivity was calculated to be 96.72% (Rapid Test 2019-nCoV IgG, V1430, Version 24
September 2021/rev.01, ProGnosis Biotech, Larissa, Greece).

Additional blood and serum samples were collected upon hospital admission for the
evaluation of the following hematological and biochemical parameters: white blood cells
(WBC), lymphocytes, platelets (PLT), C-reactive protein (CRP), creatinine, urea, aspartate
transaminase (SGOT), alanine transaminase (SGPT), lactate dehydrogenase (LDH), ferritin,
and creatine kinase (CPK).

2.3. Statistical Analysis

The SPSS v 19.0 software (IBM) was used to conduct the statistical analysis. Data
distribution was assessed using the Kolmogorov–Smirnov normality test. The independent
samples T-Test and the Mann–Whitney test were used to determine significant differences
of parametric and non-parametric data, respectively, between two groups. Associations
between categorical variables were determined with the Fisher’s Exact Test. Correlations
between quantitative variables were measured with the Pearson (r) or the Spearman (ρ) co-
efficients as appropriate. Logistic regression was used for the analysis of multiple variables
influencing the presence of anti-S SARS-CoV-2 antibodies upon admission and the outcome
of COVID-19 disease. All the variables with significant univariate associations were entered
into the analysis in a single step (method selection: Enter). Statistical significance was set at
the p < 0.05 level.

3. Results
3.1. Baseline Characteristics of the Study Population

The mean age of participants was 72.44 ± 1.22 years. Seventy-three subjects had
received the BNT162b2/Pfizer vaccine, 22 the Vaxzevria, ChAdOx1-S/AstraZeneca vaccine,
and 3 the Johnson & Johnson’s Janssen COVID-19 Vaccine (information regarding the type
of COVID-19 vaccine was unavailable for four subjects). The mean number of days since
completion of vaccination was 159.03 ± 6.35. The mean real time PCR cycle threshold (Ct)
value was 20.01 ± 0.54. The baseline laboratory characteristics of the study population are
presented in Table 2.

Table 2. Baseline characteristics of the study population (N = 102).

Cases With A
Negative

Antibody Test
(N = 27)

Cases with
Detectable

Antibody Levels
(N = 75)

p Value Deceased
Patients (N = 14)

Non-Deceased
Patients (N = 88) p Value

Age, years,
median ± SD * 75 ± 11.1 73 ± 12.4 0.039 82 ± 8.3 71 ± 12.2 0.003

Body mass index,
median ± SD 26 ± 4.5 26.9 ± 4.1 ns 24.8 ± 3.1 27.2 ± 4.1 0.029

Male sex (%) 18 52 ns 11.9 57.4 ns

Residence, urban
(ratio) 0.7 0.76 ns 0.85 0.74 ns
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Table 2. Cont.

Cases With A
Negative

Antibody Test
(N = 27)

Cases with
Detectable

Antibody Levels
(N = 75)

p Value Deceased
Patients (N = 14)

Non-Deceased
Patients (N = 88) p Value

Use of probiotics
(ratio) 0 0.03 ns 0 0.02 ns

Vitamin use
(ratio) 0.26 0.16 ns 0.31 0.16 ns

Weekly exercise
(ratio) 0.5 0.72 ns 0.61 0.68 ns

PaO2/FiO2 (PF)
ratio < 150 mm

Hg (ratio)
0.48 0.22 0.014 0.93 0.2 <0.001

Corticosteroids
use before

vaccination
(ratio)

0.08 0.03 ns 0.07 0.04 ns

COVID-19
mRNA

vaccination
(ratio)

0.76 0.74 ns 1 0.70 0.035

Vaccination
anxiety (ratio) 0.13 0.16 ns 0.23 0.15 ns

Symptoms post
vaccination

(ratio)
0.22 0.41 ns 0.15 0.39 ns

Days since last
vaccination dose,

median ± SD
168 ± 63.1 163 ± 59.6 ns 181 ± 77.1 163 ± 58.5 ns

Days from
symptom onset to

admission,
median ± SD

4 ± 2.3 6 ± 2.3 <0.001 5 ± 2.2 6 ± 2.45 0.007

Hospitalization
days,

median ± SD
6 ± 9.2 6 ± 5.2 ns 6 ± 7.8 6 ± 6.3 ns

Laboratory testing

SARS-CoV-2
Cycle threshold,

median ± SD
15.56 ± 4.15 19.84 ± 5.5 <0.001 16.26 ± 4.2 19.25 ± 5.57 0.036

Detection of
anti-S

SARS-CoV-2 IgG
responses (ratio)

- 1 - 0.43 0.77 0.019

anti-S
SARS-CoV-2 IgG

titers (A.U.),
median ± SD

- 2.83 ± 3.57 - 0 ± 1.53 1.49 ± 3.6 0.001 **

White blood cells
(×109/L),

median ± SD
6100.00 ± 3758.48 7600.00 ± 3734.09 ns 7950.00 ± 3877.3 7000.00 ± 3768.4 ns
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Table 2. Cont.

Cases With A
Negative Antibody

Test (N = 27)

Cases with
Detectable

Antibody Levels
(N = 75)

p Value Deceased Patients
(N = 14)

Non-Deceased
Patients (N = 88) p Value

Lymphocytes
(×109/L),

median ± SD
640.00 ± 340.70 740.00 ± 1312.97 ns 595.00 ± 330.6 720.00 ± 1215.1 ns

Platelets (×109/L),
median ± SD

205000.00 ± 58002.23 219000.00 ± 83154.72 ns 201000.00 ± 85309.13 215000.00 ± 77491.78 ns

C-Reactive protein
(mg/dL),

median ± SD
4.72 ± 10.67 8.31 ± 6.60 ns 13.18 ± 12.9 6.63 ± 6.45 ns

Creatinine (mg/dL),
median ± SD 1.19 ± 0.92 0.9 ± 0.38 0.001 ** 0.97 ± 1.27 0.94 ± 0.37 ns

Urea (mg/dL),
median ± SD 46.50 ± 41.80 38.00 ± 38.96 ns 44.2 ± 55.2 38.2 ± 36.27 ns

Serum
glutamic-oxaloacetic
transaminase (IU/L),

median ± SD

27.70 ± 34.80 28.00 ± 26.10 ns 34.7 ± 31.9 27.9 ± 27.5 ns

Serum glutamic
pyruvic

transaminase (IU/L),
median ± SD

22.00 ± 27.73 24.00 ± 30.69 ns 21.65 ± 24.7 24.1 ± 27.2 ns

Lactate
Dehydrogenase

(IU/L), median ± SD
314.00 ± 221.34 357.00 ± 154.93 ns 371.5 ± 275.77 335.00 ± 143.81 ns

Ferritin (ng/mL),
median ± SD 619.70 ± 615.67 588.20 ± 722.72 ns 653.50 ± 1189.80 581.75 ± 546.09 ns

Creatine Kinase
(U/L),

median ± SD
99.00 ± 637.14 97.00 ± 133.20 ns 115.50 ± 768.43 94.50 ± 212.89 ns

Comorbidities

Diabetes (ratio) 0.44 0.15 0.006 0.38 0.22 ns

Coronary disease
(ratio) 0.3 0.2 ns 0.3 0.2 ns

Hypertension (ratio) 0.48 0.5 ns 0.16 0.55 0.014

Asthma, Chronic
obstructive pulmonary

disease (ratio)
0.12 0.10 ns 0.15 0.1 ns

Obstructive Sleep
Apnea Syndrome

(ratio)
0 0.01 ns 0.08 0 ns

Renal disease (ratio) 0.08 0.03 ns 0 0.05 ns

Cancer (ratio) 0.08 0.07 ns 0.07 0.07 ns

Autoimmune
disease (ratio) 0.13 0.07 ns 0.08 0.1 ns

* SD; Standard deviation, ** Mann-Whitney U Test.

3.2. Factors Influencing SARS-CoV-2 IgG S Antibody Responses

Twenty-seven subjects had a negative antibody test upon hospital admission. In the
remaining patients, the anti-S IgG antibodies ranged from 0.09AU to >12.48AU. A strong
positive correlation was observed between the SARS-CoV-2 IgG S levels (when detectable)
and Ct values upon admission (ρ = 0.592, p < 0.001). Compared to cases with detectable
antibody levels, cases with a negative antibody test were older (p = 0.039) and had a higher
creatinine level on admission (p = 0.001). The same group of patients was also observed
to have lower Ct values (p < 0.001) and a shorter duration between symptom onset and
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hospital admission (p < 0.001). The absence of anti-S SARS CoV-2-antibodies on the first day
of hospitalization was also associated with the presence of diabetes (p = 0.006), PaO2/FiO2
(PF) ratio values <150 mm Hg (p = 0.014), and death (p = 0.019) (Table 2). The Ct values
and time between symptom onset and hospitalization remained significant in the multiple
regression analysis (p = 0.023 and p = 0.025, respectively) (Table 3).

Table 3. Results of the multiple regression analysis with respect to the variables affecting the presence
of anti-S SARS-CoV-2 antibodies upon admission.

Variables in
the Model B S.E. Wald df p Value Exp (B)

95% C.I. for EXP(B) **

Lower Upper

age 0.006 0.027 0.047 1 0.828 1.006 0.954 1.061
Ct 0.249 0.110 5.139 1 0.023 1.283 1.034 1.591

PF atio (1) 0.758 0.668 1.288 1 0.256 2.134 0.576 7.899
Days WSBH * 0.387 0.173 4.990 1 0.025 1.472 1.049 2.067
CREATININE −0.736 0.588 1.569 1 0.210 0.479 0.151 1.515

Diabetes (1) 0.598 0.694 0.745 1 0.388 1.819 0.467 7.083
Constant −6.044 3.266 3.425 1 0.064 0.002

Dependent variable: detection of anti-S SARS-CoV-2 antibodies upon admission; Parameter coding (1): non-
diabetic; PF ratio > 150 mm Hg. * Days between symptom onset and hospitalization, ** B; the coefficient for the
constant, S.E.; the standard error for B, Wald; the Wald chi-square test, df; the degrees of freedom for the Wald
chi-square test, Exp(B); The exponentiation of the B coefficient, C.I; confidence interval.

3.3. Factors Influencing the Outcome of COVID-19 Disease in Fully Vaccinated,
Hospitalized Patients

Out of the 102 patients admitted to the hospital, 88 were discharged and 14 died. All
deceased subjects had received SARS-CoV-2 mRNA vaccines (p = 0.035). Poor disease
outcome was associated with older age (p = 0.003), lower Ct values (p = 0.036), a shorter
duration between symptom onset and hospital admission (p = 0.007), and lower BMI
(p = 0.029). Non-deceased patients were more likely to have hypertension (p = 0.014) and
PF ratio values > 150 mm Hg (p < 0.001) (Table 2). The PF ratio was identified by the multiple
logistic regression model as an independent predictor of in-hospital mortality (p = 0.001)
(Table 4). The “vaccine type” variable was not included in the multiple regression analysis
since none of the deceased patients had received a viral vector COVID-19 vaccine.

Table 4. Results of the multiple regression analysis with respect to the variables affecting the outcome
of COVID-19 disease in fully vaccinated, hospitalized patients.

Variables in the
Model

B S.E. Wald df p Value Exp (B)
95% C.I. for EXP(B) **

Lower Upper

age 0.069 0.053 1.721 1 0.190 1.071 0.967 1.188
Ct −0.216 0.148 2.135 1 0.144 0.806 0.603 1.077

Days_WSBH * −0.059 0.306 0.037 1 0.847 0.943 0.517 1.718
BMI −0.235 0.160 2.159 1 0.142 0.791 0.578 1.081

antibodies (1) −0.275 1.194 0.053 1 0.818 0.760 0.073 7.893
PF_Ratio (1) −4.156 1.442 8.305 1 0.004 0.016 0.001 0.265

Hypertension (1) 1.115 1.185 0.885 1 0.347 3.050 0.299 31.135
Constant 4.095 8.290 0.244 1 0.621 60.068

Dependent variable: Mortality; Parameter coding (1): No detection of antibodies, non-hypertensive,
PF ratio > 150 mm Hg. * Days between symptom onset and hospitalization, ** B; the coefficient for the con-
stant, S.E.; the standard error for B, Wald; the Wald chi-square test, df; the degrees of freedom for the Wald
chi-square test, Exp(B); The exponentiation of the B coefficient, C.I; confidence interval.

4. Discussion

To our knowledge, this is the first study to assess several factors affecting SARS-CoV-2
IgG S antibody responses in fully vaccinated COVID-19 patients needing hospitalization
due to severe COVID-19 disease. We found that older age, lower Ct values, and a shorter
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duration between symptom onset and hospital admission were associated with a lack of
anti-S SARS-CoV-2 antibodies and poor clinical outcomes of COVID-19 disease.

The available evidence suggests that humoral and cellular immune responses are
impaired in aged individuals, resulting in decreased vaccine responses [15]. Age has been
reported to be inversely correlated with neutralizing antibody responses following the first
immunization dose of BNT162b2, a finding that was particularly evident for individuals
over 80 years [16]. The investigation of humoral immunity after two doses of BNT162b2
and mRNA-1273 vaccines has indicated that adults aged 18–55 years are more responsive
to vaccination and maintain humoral immunity longer compared to individuals who are
older than 70 years [17]. In addition, the anti-S SARS-CoV-2 immunoglobulin G antibody
titers were found to be significantly lower in elderly vaccinees over the age of 80 years,
with 31.3% of them having no detectable neutralizing antibodies after the second vaccine
dose [18]. These observations and our findings underline the need for prioritizing booster
COVID-19 vaccination in the elderly population.

Regarding the SARS-CoV-2 viral load, it has been shown that fully vaccinated subjects
with breakthrough infections have a comparable peak viral load to those who are unvacci-
nated [19]. However, peak viral load increased with age, highlighting the importance of
adjusting for age when comparing the two groups [20]. In our cohort of fully vaccinated
inpatients, lower Ct values, which are indicative of higher viral loads, were associated
with the absence of anti-S SARS-CoV-2 antibodies upon admission, both in the univariate
and multiple regression analysis. The shorter number of days between symptom onset
and hospital admission could account for the lower Ct values in the group of cases with a
negative antibody test whose disease progressed faster, requiring earlier hospitalization.
Lower Ct values were also observed in the group of deceased subjects, yet this finding
did not remain significant in the multiple regression analysis. With respect to the positive
correlation between anti-S SARS-CoV-2 IgG levels and Ct values upon admission, it has
been reported that higher Ct values following BNT162b2 vaccination are associated with
higher IgG concentrations [21].

The PF ratio was identified as an independent predictive variable of mortality in our
cohort of fully vaccinated COVID-19 inpatients. Both the PF ratio and the ratio between
standard PaO2 over FiO2 (STP/F) have been described as accurate predictors of acute
respiratory failure outcome in COVID-19 patients [22].

Despite the fact that COVID-19 is characterized by atypical pneumonia followed by
severe respiratory failure, about 10% of COVID-19 inpatients have been reported to endure
acute kidney injury, which is linked to a poor prognosis [23]. It has been reported that
changes in serum creatinine during the early stage of admission could predict mortality
during hospitalization in COVID-19 patients [23,24]. In our study, serum creatinine levels
upon admission were not predictive of in-hospital mortality, but subjects with a negative
anti-S SARS-CoV-2 antibody test had higher creatinine levels on the first day of hospital-
ization compared to participants with detectable antibody levels, albeit not independently
from other factors. Of interest, a multicenter cohort study of 543 subjects on hemodialysis
and 75 healthy subjects found that both the humoral and cellular immune responses to
SARS-CoV-2 vaccination were significantly impaired in the patients’ group [25].

Findings with respect to diabetes were recently published as sub-study results for
92 patients of the CoVax study [26]. Diabetes mellitus, particularly T2D, is a prevalent
comorbidity that considerably increases the risk of mortality in COVID-19 patients [27].
The immune system is thought to cause transitory alterations in systemic metabolism as a
defense against viral infection. This mechanism is impaired in subjects with T2D, reducing
the antiviral immune response [28].

Comorbidities related to a metabolic syndrome such as T2D, obesity, and hypertension
are also characterized by low-grade chronic inflammation, which leads to immune system
dysregulation and increased susceptibility to severe COVID-19 disease [3]. Paradoxically, in
our cohort, deceased patients were less likely to have hypertension and their mean BMI was
lower compared to non-deceased participants. The “obesity paradox” has been described
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in patient cohorts with several diseases including, but not limited to, T2D, hypertension,
and chronic kidney disease [29]. However, caution is needed in interpreting these data
given that all possible confounding variables should be taken into account and measured
prospectively [29].

The remaining factors investigated in our study were not predictive of either the SARS-
CoV-2 IgG S antibody responses or the outcome of COVID-19 disease in fully vaccinated
inpatients. Gender and sex-specific effects have been reported to induce different immu-
nization and adverse events outcomes [4,30]. The recent implementation of a within-host
mathematical model of vaccine dynamics from lipid nanoparticle-formulated COVID-19
mRNA vaccines found no difference between sexes in the long-term duration of humoral
immunity [17]. Regarding the “place of residence” variable, it has been reported that
individuals living in highly deprived areas have increased odds of post-vaccination SARS-
CoV-2 infection following the first vaccine dose [31].

It would be of great importance to ensure that the positive antibody test is a resultant of
immunity induced exclusively by SARS-CoV-2 vaccination. Anti-S SARS-CoV-2 antibodies
are produced in response to vaccine administration and/or COVID-19 infection. Thus,
our method could not distinguish between post-vaccine response and infection. We also
acknowledge that this is a single center study with a relatively small sample. Future studies
should evaluate the parameters that have an impact on the vaccine-induced immunity
against SARS-CoV-2 in subjects with breakthrough infections not requiring hospitalization.

5. Conclusions

Host- (age) and disease-associated factors (Ct values, time between symptom onset
and hospitalization, and PF ratio) can predict SARS-CoV-2 IgG S responses and clinical
outcomes in hospitalized COVID-19 patients with breakthrough SARS-CoV-2 infection
post vaccination.

Author Contributions: K.I.G.; Conceptualization and supervision, E.L. and E.R.; formal analysis,
investigation, data curation, writing—original draft preparation, S.S. and I.D.; resources, data curation,
I.P., D.P., F.M. and O.K.; writing—review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the University Hospital of Larissa, Greece
(46943/29.11.2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available upon
request from the corresponding author.

Acknowledgments: The authors would like to thank Prognosis Biotech (Larissa, Greece) for provid-
ing the equipment and materials for the SARS-CoV-2 IgG Spike measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Majumder, J.; Minko, T. Recent Developments on Therapeutic and Diagnostic Approaches for COVID-19. AAPS J. 2021, 23, 1–22.

[CrossRef] [PubMed]
2. Lin, C.Y.; Wolf, J.; Brice, D.C.; Sun, Y.; Locke, M.; Cherry, S.; Castellaw, A.H.; Wehenkel, M.; Crawford, J.C.; Zarnitsyna, V.I.; et al.

Pre-existing humoral immunity to human common cold coronaviruses negatively impacts the protective SARS-CoV-2 antibody
response. Cell Host Microbe 2021, 30, 1–14. [CrossRef] [PubMed]

3. Pérez-Galarza, J.; Prócel, C.; Cañadas, C.; Aguirre, D.; Pibaque, R.; Bedón, R.; Sempértegui, F.; Drexhage, H.; Baldeón, L. Immune
response to SARS-CoV-2 infection in obesity and T2D: Literature review. Vaccines 2021, 9, 102. [CrossRef]

4. Fathi, A.; Addo, M.M.; Dahlke, C. Sex Differences in Immunity: Implications for the Development of Novel Vaccines Against
Emerging Pathogens. Front. Immunol. 2021, 11, 1–7. [CrossRef]

42



J. Pers. Med. 2022, 12, 640

5. Andre, F.E.; Booy, R.; Bock, H.L.; Clemens, J.; Datta, S.K.; John, T.J.; Lee, B.W.; Lolekha, S.; Peltola, H.; Ruff, T.A.; et al. Vaccination
greatly reduces disease, disability, death and inequity worldwide. Bull. World Health Organ. 2008, 86, 140–146. [CrossRef]
[PubMed]

6. Zimmermann, P.; Curtis, N. Factors That Influence the Immune Response to Vaccination. Clin. Microbiol. Rev. 2019, 32, 1–50.
[CrossRef] [PubMed]

7. Sallusto, F.; Lanzavecchia, A.; Araki, K.; Ahmed, R. Immunity Review from Vaccines to Memory and Back. Immunity 2010, 33,
451–463. [CrossRef]

8. Hadj Hassine, I. Covid-19 vaccines and variants of concern: A review. Rev. Med. Virol. 2021, 2021, e2313. [CrossRef]
9. Amanat, F.; Strohmeier, S.; Meade, P.; Dambrauskas, N.; Mühlemann, B.; Smith, D.J.; Vigdorovich, V.; Sather, D.N.; Coughlan, L.;

Krammer, F. Vaccination with SARS-CoV-2 variants of concern protects mice from challenge with wild-type virus. PLoS Biol.
2021, 19, e3001384. [CrossRef]

10. Lipsitch, M.; Krammer, F.; Regev-Yochay, G.; Lustig, Y.; Balicer, R.D. SARS-CoV-2 breakthrough infections in vaccinated
individuals: Measurement, causes and impact. Nat. Rev. Immunol. 2022, 22, 57–65. [CrossRef]

11. Nomura, Y.; Sawahata, M.; Nakamura, Y.; Koike, R.; Katsube, O.; Hagiwara, K.; Niho, S.; Masuda, N.; Tanaka, T.; Sugiyama, K.
Attenuation of Antibody Titers from 3 to 6 Months after the Second Dose of the BNT162b2 Vaccine Depends on Sex, with Age
and Smoking Risk Factors for Lower Antibody Titers at 6 Months. Vaccines 2021, 9, 1500. [CrossRef] [PubMed]

12. Wei, J.; Stoesser, N.; Matthews, P.C.; Ayoubkhani, D.; Studley, R.; Bell, I.; Bell, J.I.; Newton, J.N.; Farrar, J.; Diamond, I.; et al.
Antibody responses to SARS-CoV-2 vaccines in 45,965 adults from the general population of the United Kingdom. Nat. Microbiol.
2021, 6, 1140–1149. [CrossRef] [PubMed]

13. Watanabe, M.; Balena, A.; Tuccinardi, D.; Tozzi, R.; Risi, R.; Masi, D.; Caputi, A.; Rossetti, R.; Spoltore, M.E.; Filippi, V.; et al.
Central obesity, smoking habit, and hypertension are associated with lower antibody titres in response to COVID-19 mRNA
vaccine. Diabetes Metab. Res. Rev. 2022, 38, 1–10. [CrossRef] [PubMed]

14. Monin, L.; Laing, A.G.; Muñoz-Ruiz, M.; McKenzie, D.R.; Del Molino Del Barrio, I.D.; Alaguthurai, T.; Domingo-Vila, C.;
Hayday, T.S.; Graham, C.; Seow, J.; et al. Safety and immunogenicity of one versus two doses of the COVID-19 vaccine BNT162b2
for patients with cancer: Interim analysis of a prospective observational study. Lancet Oncol. 2021, 22, 765–778. [CrossRef]

15. Frasca, D.; Diaz, A.; Romero, M.; Landin, A.M.; Blomberg, B.B. Age effects on B cells and humoral immunity in humans. Ageing
Res. Rev. 2011, 10, 330–335. [CrossRef]

16. Collier, D.A.; Ferreira, I.A.T.M.; Kotagiri, P.; Datir, R.P.; Lim, E.Y.; Touizer, E.; Meng, B.; Abdullahi, A.; Bioresource, T.C.;
Elmer, A.; et al. Age-related immune response heterogeneity to SARS-CoV-2 vaccine BNT162b2. Nature 2021, 596, 417–422.
[CrossRef]

17. Korosec, C.S.; Farhang-sardroodi, S.; Dick, D.W.; Gholami, S.; Ghaemi, M.S.; Moyles, I.R.; Craig, M.; Ooi, H.K.; Heffernan, J.M.
Long-term predictions of humoral immunity after two doses of BNT162b2 and mRNA-1273 vaccines based on dosage, age and
sex. MedRxiv 2021, 1–16. [CrossRef]

18. Müller, L.; Andrée, M.; Moskorz, W.; Drexler, I.; Walotka, L.; Grothmann, R.; Ptok, J.; Hillebrandt, J.; Ritchie, A.; Rabl, D.; et al.
Age-dependent Immune Response to the Biontech/Pfizer BNT162b2 Coronavirus Disease 2019 Vaccination. Clin. Infect. Dis.
2021, 73, 2065–2072. [CrossRef]

19. Singanayagam, A.; Hakki, S.; Dunning, J.; Madon, K.J.; Crone, M.A.; Koycheva, A.; Derqui-Fernandez, N.; Barnett, J.L.;
Whitfield, M.G.; Varro, R.; et al. Community transmission and viral load kinetics of the SARS-CoV-2 delta (B.1.617.2) variant
in vaccinated and unvaccinated individuals in the UK: A prospective, longitudinal, cohort study. Lancet Infect. Dis. 2021, 22,
183–195. [CrossRef]

20. Knol, M.J.; Backer, J.A.; de Melker, H.E.; van den Hof, S.; de Gier, B. Transmissibility of SARS-CoV-2 among fully vaccinated
individuals. Lancet Infect. Dis. 2022, 22, 16–17. [CrossRef]

21. Regev-Yochay, G.; Amit, S.; Bergwerk, M.; Lipsitch, M.; Leshem, E.; Kahn, R.; Lustig, Y.; Cohen, C.; Doolman, R.; Ziv, A.; et al.
Decreased infectivity following BNT162b2 vaccination: A prospective cohort study in Israel. Lancet Reg. Health Eur. 2021,
7, 100150. [CrossRef] [PubMed]

22. Prediletto, I.; Antoni, L.D.; Carbonara, P.; Daniele, F.; Dongilli, R.; Flore, R.; Pacilli, A.M.G.; Pisani, L.; Tomsa, C.; Vega, M.L.; et al.
Standardizing PaO2 for PaCO2 in P / F ratio predicts in-hospital mortality in acute respiratory failure due to Covid-19 : A pilot
prospective study. Eur. J. Intern. Med. 2021, 92, 48–54. [CrossRef] [PubMed]

23. Komaru, Y.; Doi, K. Does a slight change in serum creatinine matter in coronavirus disease 2019 (Covid-19) patients? Kidney Res.
Clin. Pract. 2021, 40, 177–179. [CrossRef] [PubMed]

24. Alfano, G.; Ferrari, A.; Fontana, F.; Mori, G.; Ligabue, G.; Giovanella, S.; Magistroni, R.; Meschiari, M.; Franceschini, E.;
Menozzi, M.; et al. Twenty-four-hour serum creatinine variation is associated with poor outcome in the novel coronavirus disease
2019 (Covid-19) patients. Kidney Res. Clin. Pract. 2021, 40, 231–240. [CrossRef]

25. Van Praet, J.; Reynders, M.; De Bacquer, D.; Viaene, L.; Schoutteten, M.K.; Caluwé, R.; Doubel, P.; Heylen, L.; De Bel, A.V.;
Van Vlem, B.; et al. Predictors and dynamics of the humoral and cellular immune response to SARS-CoV-2 mRNA vaccines in
hemodialysis patients: A multicenter observational study. JASN 2021, 32, 3208–3220. [CrossRef]

26. Rouka, E.; Livanou, E.; Sinis, S.; Dimeas, I.; Pantazopoulos, I.; Papagiannis, D.; Malli, F.; Kotsiou, O.; Gourgoulianis, K.I. Immune
response to the severe acute respiratory syndrome coronavirus 2 vaccines: Is it sustained in the diabetes population? J. Diabetes
Investig. 2022. [CrossRef]

43



J. Pers. Med. 2022, 12, 640

27. Cheng, X.; Liu, Y.M.; Li, H.; Zhang, X.; Lei, F.; Qin, J.J.; Chen, Z.; Deng, K.Q.; Lin, L.; Chen, M.M.; et al. Metformin Is Associated
with Higher Incidence of Acidosis, but Not Mortality, in Individuals with COVID-19 and Pre-existing Type 2 Diabetes. Cell Metab.
2020, 32, 537–547. [CrossRef]
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Abstract: Background: Both SARS-CoV-2 infection and/or vaccination result in the production of
SARS-CoV-2 antibodies. We aimed to compare the antibody titers against SARS-CoV-2 in different
scenarios for antibody production. Methods: A surveillance program was conducted in the mu-
nicipality of Deskati in January 2022. Antibody titers were obtained from 145 participants while
parallel recording their infection and/or vaccination history. The SARS-CoV-2 IgG II Quant method
(Architect, Abbott, IL, USA) was used for antibody testing. Results: Advanced age (>56 years old)
was associated with higher antibody titers. No significant differences were detected in antibody
titers among genders, BMI, smoking status, comorbidities, vaccine brands, and months after the last
dose. Hospitalization length and re-infection were predictors of antibody titers. The individuals
who were fully or partially vaccinated and were also double infected had the highest antibody
levels (25,017 ± 1500 AU/mL), followed by people who were fully vaccinated (20,647 ± 500 AU/mL)
or/partially (15,808 ± 1800 AU/mL) vaccinated and were infected once. People who were only
vaccinated had lower levels of antibodies (9946 ± 300 AU/mL), while the lowest levels among all
groups were found in individuals who had only been infected (1124 ± 200 AU/mL). Conclusions:
Every hit (infection or vaccination) gives an additional boost to immunization status.

Keywords: antibody; COVID-19; infection; immunization; vaccination

1. Introduction

The Coronavirus disease pandemic 2019 remains an excellent concern for ethnicities.
It is already well-established that the SARS-CoV-2 virus is rapidly evolving and spreading
through mutagenesis, a quite threatening condition that lengthens the duration of the
pandemic and might affect the efficacy of the existing vaccines and lead to the need to
develop new ones in order to confront new variants of the specific viral infection [1,2].

There is a debate regarding the durability of antibody responses over time in patients
infected by SARS-CoV-2, with several studies reporting stable, long-lasting antibody im-
munity and others showing rapidly waning antibody immunity or late appearances with
low antibody levels and/or a complete lack of antibodies [3].

FDA decided on booster vaccines because the benefits of the COVID-19 vaccination
far outweigh the potential risks. However, further studies are needed to demonstrate the
efficacy of booster vaccinations to determine the best dosing and mix-and-match schedules
of vaccinations [3]. Nevertheless, the result of the combination of infection and vaccination
on the antibody levels is unknown and leads to a condition of questioning and concern.
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In this study, we aimed to compare the titers of antibodies against SARS-CoV-2 in
different scenarios for antibody production, which is of great importance, especially in the
era of the pandemic in which we possess certain preventive tools such as vaccines.

2. Materials and Methods

A surveillance program was conducted in the semi-closed municipality of Deskati
in January 2022. To assess the different scenarios for antibody production, antibody titers
were obtained from participants while recording their infection and/or vaccination history
since the pandemic wave initiation in the community in October 2020.

All the residents of Deskati were invited to participate in this program by the local au-
thority and were notified of the time and place. Participants were recruited by announcing
the research in the media, while local officials organized a one-month recruitment campaign.
There were no exclusion criteria. The participants were analyzed to evaluate seroprevalence
and antibody-response longevity to the SARS-CoV-2 infection and/or vaccination.

All subjects provided written and oral informed consent. Following consent, demo-
graphic information and data regarding past PCR-confirmed COVID-19 infection and
vaccination history were recorded on questionnaire forms for all participants.

The SARS-CoV-2 IgG II Quant method (Architect, Abbott, IL, USA) was used for anti-
body testing. This is an automated two-step chemiluminescent microparticle immunoassay
that was used for the qualitative and quantitative determination of IgG antibodies against
the spike receptor-binding domain (RBD) of SARS-CoV-2 in the serum specimens, with
a sensitivity of 99.9% and specificity of 100% for detecting the IgG antibodies generated
by prior infection or vaccination, as previously described [4,5]. The sequence used for
the receptor-binding domain was taken from the WH-Human 1 coronavirus, GenBank
accession number MN908947. The analytical measurement interval is stated as 21 to
40,000 AU/mL, and the positivity cutoff as ≥50 AU/mL (manufacturer defined) [6].

The Pearson correlation method was used for correlation analysis between the pairs of
continuous variables. Stepwise multiple linear analysis was conducted with numerical and
categorical variables turned into dummy variables. It was used to analyze the correlation
between antibody titers and various factors affecting the population. The mean age, gender,
mean BMI, smoking status, presence of comorbidities, previous infection, hospitalization,
mean length of hospitalization, re-infection, vaccination status, brand name of the vaccine,
number of vaccination doses, and months after the last vaccine dose were used as inde-
pendent variables in the prediction of antibody titers. To identify differences the between
two independent groups, an unpaired t-test was used. Parametric data comparing three or
more groups were analyzed with a one-way ANOVA and Tukey’s multiple comparisons
test, while non-parametric data were analyzed with the Kruskal–Wallis test and Dunn’s
multiple comparison test. Pearson’s chi-squared test was used to determine whether there
was a statistically significant difference between the frequencies. A result was considered
statistically significant when the p-value was <0.05. Data were analyzed and visualized
using SPSS Statistics v.23 (Armonk, NY, USA: IBM Corp.) and Tableau (Tableau Software
LLC, Seattle, WA, USA), respectively.

3. Results

In this study, 145 participants were recruited. The main characteristics of the study
population are presented in Table 1. As shown, females had more comorbidities than
males. None of the participants were immunocompromised. Half of the population had
previously been infected by SARS-CoV-2 for one year. A total amount of 8.1% of the infected
population (n = 12) had a recent double infection (in the last three months) during that year,
from which ten were fully vaccinated while two were not vaccinated at all.

Most of the population (93.1%, n = 135) were vaccinated. A total of 82.2% (n = 111)
were fully vaccinated (with three doses), and the rest were partly vaccinated. A total of
70.3% (n = 95) of the population has been vaccinated with Pfizer/BioNTech, 29% (n = 39) by
Moderna and 0.7% by Johnson & Johnson, with no difference between genders. We found
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no difference in antibody titers between the different brands of vaccines (Pfizer/BioNTech
vs. Moderna, 14,644 ± 11,567 vs. 10,793 ± 11,596, p = 0.084). There was no correlation
between the months after the last vaccine dose and antibody titers (r = −0.027, p = 0.761).

Table 1. Characteristics of the study population stratified by gender (N = 145).

Variable Total (N = 145) Males (n = 58) Females (n = 87) p-Value

Age (years) 56.0 ± 14.7 59.0 ± 16.0 54 ± 14 0.082

BMI (mg/kg2) 19.0 ± 2.0 19.7 ± 2.6 19.3 ± 3.5 0.567

Comorbidities yes, n (%) 68 (46.9) 21 (36.2) 47 (54.0) 0.041

Medication yes, n (%) 74 (51.0) 24 (41.4) 50 (57.5) 0.065

Previous infection yes, n (%) 73 (50.0) 30 (51.7) 43 (49.4) 0.382

Vaccination yes, n (%) 135 (93.1) 55 (94.8) 80 (91.9) 0.364

Seropositivity yes, n (%) 135 (93.1) 55 (94.8) 80 (91.9) 0.364

Antibody titers (AU/mL) 12,663 ± 11,725 14,229 ± 11,996 11,654 ± 11,522 0.193

No difference in antibody production was observed among the genders after 27 months
(p = 0.193). No correlation was found between BMI and antibody titers (r = 0.92, p = 0.293).
No significant differences were detected in antibody titers by tobacco use (current and
ex-smokers vs. nonsmokers, p = 0.522) and comorbidities (p = 0.073). Advanced age
(>56 years old) was associated with higher antibody titers compared to younger adults
(14,595 ± 12,869 AU/mL vs. 10,517 ± 9735 AU/mL, p = 0.039).

SARS-CoV-2 seropositivity was 93.1% in the study population. Seronegative (n = 10)
were only infected but unvaccinated. More specifically, the infected and not vaccinated
people had no seropositivity one year after the SARS-CoV-2 infection. The winners in
antibody production were the patients who were fully or partly vaccinated and had also
been infected twice (Table 2), followed by people who were fully vaccinated or partially
vaccinated and were infected once, with no significant difference between the last two
groups. People who were vaccinated had lower antibody levels, while individuals who
had only been infected had the lowest antibody titers. A statistical analysis of the differ-
ent immunization scenarios revealed a significant difference in antibody titers between
the groups.

Table 2. Antibody response in different immunization scenarios during a year period in immuno-
competent population (N = 145) and statistical analysis of different immunization scenarios.

Immunization Scenario N = 145
Titers of

Anti-SARS-CoV-2
Antibodies (AU/mL)

p-Value * p-Value ** p-Value *** p-Value #

Fully or partially
vaccinated and double

infected
11 25,017 ± 1500 0.023 0.015 0.012

Fully vaccinated and
infected once 44 20,647 ± 500 0.023 0.042 0.004

Partially vaccinated and
infected once 8 15,808 ± 1800 0.015 0.042 0.025

Only vaccinated 71 9946 ± 300 0.012 0.004 0.025

Only infected 11 1124 ± 200 <0.001 <0.001 <0.001 0.014

Note: * One-way ANOVA compares the means of the antibody titers of fully or partially vaccinated and double
infected people with all the other independent immunization scenarios; ** One-way ANOVA compares the means
of the antibody titers of fully or partially vaccinated and once infected people with all the other independent
immunization scenarios; *** One-way ANOVA compares the means of the antibody titers of partially vaccinated
and once infected people with all the other independent immunization scenarios; # One-way ANOVA compares
the means of the antibody titers of only vaccinated people with all the other independent immunization scenarios.
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Stepwise multiple linear analysis was used to analyze the correlation between antibody
titers and the various factors affecting the population (Table 3). The mean age, gender, mean
BMI, smoking status, presence of comorbidities, previous infection, hospitalization, length
of hospitalization, re-infection, vaccination status, the brand name of the vaccine, number
of vaccination doses, and months after the last vaccine dose were used as independent
variables in the prediction of antibody titers. The hospitalization period and re-infection
were independent predictor variables of antibody titers, explaining 52% of the total variance
in this regression model. There was no multicollinearity between the explanatory variables.

Table 3. Stepwise multiple linear analysis between antibody titers and significant predictors.

Coefficients a

Model
Unstandardized Coefficients Standardized

Coefficients t p-Value

B Std. Error Beta

(Constant)
Re-infection (yes)

Length of
hospitalization (days)

−4905.6 5925.1 −0.828 0.413

13,719.1 3768.7 0.507 3640 0.001

290.5 132.5 0.305 2192 0.034
a Dependent variable: antibody titers (AU/mL), R = 52.2%, R2 = 27%, R2 (adjusted) = 23%.

4. Discussion

In this study, for the first time, we investigated the different scenarios for antibody
production among immunocompetent participants by recording their infection and/or
vaccination history during a one-year period. In particular, we found that advanced age
(>56 years old) was associated with higher antibody titers. No significant differences were
detected in antibody titers among genders, sex, BMI, smoking status, comorbidities, vaccine
brands, and months after the last shot. Hospitalization periods and re-infection were
independent predictor variables of antibody titers. Individuals who were fully or partially
vaccinated and were also double infected had the highest antibody levels, followed by
people who were fully vaccinated or/partially vaccinated and were infected once. People
who were only vaccinated had lower levels of antibodies, while the lowest levels among all
the groups were found in individuals who had only been infected. A significant difference
was detected between all the groups.

Interestingly, SARS-CoV-2 seropositivity was 93% in the study population. Seronega-
tive people were only infected with the virus and remained unvaccinated. The longevity
of the antibody response to the SARS-CoV-2 infection are not well defined. We have re-
cently reported that antibody responses to the SARS-CoV-2 infection were maintained
nine months after the pandemic and especially in those with severe disease leading to
hospitalization [4,5]. A recent study identified the over one year duration of SARS-CoV-2
antibodies in 82.90% of 538 convalescent COVID-19 patients [7,8]. Similarly, other studies
supported a long-lasting immunological memory against SARS-CoV-2 one year after mild
COVID-19 [9,10]. Conversely, in this study all the people who were infected (n = 11) but
not vaccinated had no seropositivity after one year [9]. One large study showed that 13%
of individuals lost detectable IgG titers 10 months post-infection. Yan et al. documented
that SARS-CoV-2-specific IgG persistence and titer depended on COVID-19 severity, as
74.4% of recovered asymptomatic carriers had negative anti-SARS-CoV-2 IgG test results,
while many others had very low virus-specific IgG antibody titers, among a population of
473 previously infected patients [11]. Hence, further studies are needed to clarify this field.

Multiple vaccine constructs have been quite promising, with an approximately 95% pro-
tective efficacy against COVID-19 [12]. Since identifying the Omicron variant, many coun-
tries have made modifications to their vaccination programs by including the recommen-
dation of a third and fourth injection of boosting vaccination dosages in large populations
to reduce the risk of adverse effects. However, all three vaccine producers (Johnson et
Johnson, BioNTech, Pfizer, and Moderna) have published statements claiming vaccines
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would protect against severe sickness, as well as the fact that variant-specific vaccinations
and boosters are in the works [13]. Nevertheless, it is unknown how long the immunity
following COVID-19 vaccinations last, and this is a quite provoking situation that leads to
an increased feeling of uncertainty and disbelief. It has been supported that the antibody
persistence time of the mRNA vaccine is about 180 days (six months), following the ade-
novirus vaccine with 90 days [14]. Moreover, a short duration of antibody persistence of
about 2-months has been found after the second dose [14].

Roy et al. reported significant differences in neutralizing antibody titers after 180 days
in age, sex, COVID-19 infection, tobacco use, and asthma patients [15]. Swartz et al. mea-
sured antibody titers in 4553 participants over 11 months and documented that individuals
may remain antibody positive from natural infection beyond 500 days, depending on age
and smoking or vaping use [15]. Conversely, in our study, no significant differences were
detected in antibody titers by sex, BMI, smoking status, and comorbidities. No signifi-
cant differences were also detected in antibody titers among different brands of vaccines
and months after the last shot. There are supporting data that prove there is a signifi-
cantly higher humoral immunogenicity of the SARS-CoV-2 mRNA-1273 vaccine (Moderna)
compared with the BNT162b2 vaccine (Pfizer-BioNTech) in infected as well as uninfected
participants and across age categories [16].

An interesting finding was that advanced age (>56 years old) was associated with
higher antibody titers. However, age was not a predictor of antibody titers in the step-
wise multiple linear analysis. Yang et al. investigated the antibody test results among
31,426 patients from a wide range of age groups and supported an age-dependent variation
in antibody titers, with children having higher antibody-binding avidity compared with
young adults, but the difference was not significant [17]. However, contradictory data also
exist [18,19]. Although there is an expectation that COVID-19 will become endemic, the pan-
demic will not end with the virus disappearing, and many questions remain unanswered.
Further studies are needed to clarify the arising issues.

Moreover, in this study, the hospitalization period and re-infection were independent
predictor variables of antibody titers. Similarly, Klein et al. found that hospitalization for
severe COVID-19 could predict greater antibody responses against SARS-CoV-2. [18]. At
present, it is unclear how long serum antibodies persist after reinfection [20]. Townsend et al.
supported the fact that reinfection by SARS-CoV-2 under endemic conditions would likely
occur between 3months and 5.1 years after the peak antibody response, with a median of
16 months [20]. However, to identify the correlates of protection, the relationship between
in vitro neutralization levels of anti-SARS-CoV-2 antibodies and protection from severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection by large convalescent
cohorts should be tested. Khoury et al. documented that neutralizing antibody levels
are highly predictive of immune protection from symptomatic SARS-CoV-2 infection
and estimated the neutralization level for 50% protection against detectable SARS-CoV-2
infection to be 20.2% of the mean convalescent level, predicting that over the first 250 days
after immunization a significant loss in protection from SARS-CoV-2 infection will occur,
although protection from severe disease should be largely retained [21]. However, how
high a titer is protective of further infection remains unclear, and we cannot provide
conclusive evidence that these antibody responses protect from reinfection. However, we
believe it is very likely that higher titers will decrease the odds ratio of reinfection and may
attenuate disease in the case of breakthrough infection. Undoubtedly, it is imperative to
swiftly perform studies to investigate and establish a correlate of protection from SARS-
CoV-2 infection.

Higher antibody titers were found in cases of vaccination in previously infected
subjects, according to a previous study by our scientific team [4,5]. This finding is also sup-
ported by many other studies which report that a low concentration of SARS-CoV-2 spike
protein antibodies after 9–12 months indicates that re-exposure to the virus or vaccination
is required to use the B-cell immunity to full capacity [22]. In the current study, we found
a 15 times higher titer of anti-SARS-CoV-2 antibodies in individuals who were fully or

49



J. Pers. Med. 2022, 12, 1756

partially vaccinated and who were double infected than previously infected patients, while
fully vaccinated patients who were infected once had 25 times higher titers of anti-SARS-
CoV-2 antibodies than previously infected patients. Interestingly, patients who were only
vaccinated had nine times greater antibody titers than the only-infected patients. These
results reflect those of Teresa Vietri et al., who also found that a booster dose resulted in a
marked increase in antibody response, which then subsequently decreased over time [23].

Our study’s findings should be interpreted within the context of its limitations and
strengths. As such, when considering absolute numbers, our study’s population is smaller
compared to other studies [20,21]. It does, however, represent a specific epidemiological
framework in rural Greece, reflecting remote populations differentially affected by the
pandemic. Within these parameters, albeit nested, our study reports on real-world data
representative of the geographical, cultural, and healthcare settings from which they stem.
Furthermore, as previously mentioned, the corroboration of our findings in larger cohorts
reflects that these data may be generalizable in similar settings. Another limitation was
that the sample group was rather uniformly young and very lean, which limits the general-
izability of our findings. It would be appealing to apply this search among individuals of a
more significant number and in different geographical areas. This could give us the unique
opportunity to evaluate and more profoundly assess the potential fluctuation between
the titers of antibodies against SARS-CoV-2 in different scenarios in terms of antibody
production and environmental conditions. In addition, it would be intriguing to study the
titers of antibodies against SARS-CoV-2 in different statuses concerning the production of
antibodies in various eating habits and lifestyles.

Last but not least, it would be particularly thrilling if we could develop a score or
index concerning the antibody titers, the viral infection’s different statuses related to the
antibodies produced, and the patient’s clinical image in order to have a potential prognostic
tool, especially in individuals living with many comorbidities. Using scores or indices
such as these, it might be possible to detect early the need for further and more specialized
medical intervention and care in subjects infected with SARS-CoV-2 and vaccinated, fully
or not, against the virus which has invaded our everyday routine. This could probably be
beneficial not only for the infected individuals and their families but also for the healthcare
system that has sustained a tremendous burden, both economically concerning every
country worldwide and psychologically, especially for healthcare workers, due to the
pandemic. We seem to have a long road to cross for understanding and decoding the
mechanisms concerning this viral infection and its effect on human body systems.

5. Conclusions

The winners in anti-SARS-CoV-2 titers were the individuals who were fully or par-
tially vaccinated and who were also double infected, followed by people who were fully
vaccinated or/partially vaccinated and only infected once. In addition, subjects who were
only vaccinated had lower levels of antibodies, whilst the lowest levels among all the
groups were found in individuals who had only been infected. Overall, these results are
quite promising, but the SARS-CoV-2 variant seems to be the dragon in this medical issue.

Our findings indicate that every hit (infection or vaccination) gives an additional boost
in immunization status. However, the antibody response raised by vaccines is roughly
affected by not only the time but also the emergence of new SARS-CoV-2 variants. The
spread of new variants is associated with an escape from antibodies; therefore, to mitigate
the spread of this infection in the long run, a more effective longitudinal observation of the
immune response is needed.
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Abstract: Vitamin D has known immunomodulatory activity and multiple indications exist support-
ing its potential use against SARS-CoV-2 infection in the setting of the current pandemic. The purpose
of this systematic review is to examine the efficacy of vitamin D administered to adult patients follow-
ing COVID-19 diagnosis in terms of length of hospital stay, intubation, ICU admission and mortality
rates. Therefore, PubMed and Scopus databases were searched for original articles referring to the
aforementioned parameters. Of the 1376 identified studies, eleven were finally included. Vitamin
D supplements, and especially calcifediol, were shown to be useful in significantly reducing ICU
admissions and/or mortality in four of the studies, but not in diminishing the duration of hospital-
ization of COVID-19 patients. Due to the large variation in vitamin D supplementation schemes no
absolute conclusions can be drawn until larger randomized controlled trials are completed. However,
calcifediol administered to COVID-19 patients upon diagnosis represents by far the most promising
agent and should be the focus of upcoming research efforts.

Keywords: COVID-19; vitamin D; hospitalization; ICU admission; intubation; mortality

1. Introduction

The ongoing COVID-19 pandemic proven a major challenge both for the scientific
community and society in general, resulting in millions of deaths worldwide [1]. Despite
the immunization of a large percentage of the world population [1], predominantly in first-
world countries, SARS-CoV-2 and its variants remain a significant cause of morbidity and
mortality. In the absence of SARS-CoV-2-specific pharmacological agents, drug repurposing
has emerged as the only available treatment strategy. Remdesivir plus dexamethasone,
immunomodulatory agents and, more recently, monoclonal antibodies are approved under
Emergency Use Authorization for various severity stages of COVID-19 [2], but efforts for
more, largely available and safe drugs are continuous.

Vitamin D is a fat-soluble vitamin, regulating circulating calcium and phosphate levels
with an important role in bone homeostasis. The active form of vitamin D is 1,25(OH)2D3
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(calcitriol) and its biosynthesis includes the conversion of skin 7-dehydrocholesterol to
pre-vitamin D3 and then vitamin D3 (cholecalciferol) in the presence of ultraviolet sun
radiation [3,4], followed by two steps of hydroxylation to 25(OH)D3 (calcifediol) by the
liver and finally to 1,25(OH)2D3 by the kidney. The vitamin D receptor (VDR) acts as a
transcription factor and alongside the retinoid X receptor (RXR) binds on a DNA motif
on a variety of human tissues [5], regulating the epigenome and expression of thousands
of genes and gene networks [6], involved in mineral, bile acid and exogenous compound
metabolism, cell differentiation and immune response [7].

Vitamin D deficiency, defined by the Endocrine Society [8] as 25(OH)D3 below
20 ng/mL and vitamin D insufficiency, defined as 25(OH)D3 of 21–29 ng/mL are highly
prevalent findings among the general population, linked to rickets in children and osteoma-
lacia and osteoporosis in adults, as well as diabetes, cardiovascular disease, auto-immune
disorders, cancer, hepatitis B and C, allergies, asthma and respiratory tract infections [4,9].

In the current setting, vitamin D has been shown to exert immunomodulatory actions
in SARS-CoV-2 infection [10,11]. More specifically, it increases the expression of defensins
and cathelicidin (LL-37), an endogenous antimicrobial [12], as well as other antiviral
agents involved in the TNF-a [13], IFN-γ [14] and NF-κB [15] pathways. It also reduces
inflammation, and thus the risk to develop the potentially fatal Cytokine Storm Syndrome,
by inhibiting the Th1 response and the production of inflammatory cytokines [14], while
enhancing the production of anti-inflammatory cytokines [14]. Its role as a potential
immunomodulatory agent is further supported by its capacity to increase regulatory T
lymphocytes [16], which are significantly decreased in the setting of COVID-19 [17].

Vitamin D has been hypothesized to intervene in the mechanism by which COVID-19
infection induces a hypercoagulative state [18,19], thus increasing the risk for thrombosis,
as well as results to the Acute Respiratory Distress Syndrome (ARDS). It is known that
SARS-CoV-2 utilizes the angiotensin converting enzyme 2 (ACE2) receptor [20], thus
downregulating it. This results in excessive accumulation of angiotensin II, the substrate
of ACE2, which can lead to ARDS [21]. Serum vitamin D levels have been found to be
inversely correlated with the Renin-Angiotensin-Aldosterone System activation [22,23],
meaning that in COVID-19 patients with vitamin D deficiency, the increase of angiotensin
may facilitate progress to ARDS. Conversely, vitamin D can protect from ARDS by lowering
renin and increasing ACE2 expression [24].

Based on these data and thanks to their safety profile, availability and low cost, vitamin
D supplements are currently used as an off-label pharmacological agent for the treatment
of SARS-CoV-2 infection, while their efficacy has been examined in multiple studies with
varying results. In this systematic review, we aim to summarize the most recent evidence
regarding the therapeutic role of vitamin D on severe COVID-19 outcomes (length of
hospital stay, mechanical ventilation, mortality) in adult populations.

2. Materials and Methods
2.1. Protocol

The protocol for this systematic review is registered in the International Prospective Reg-
istry of Systematic Reviews, PROSPERO, under the ID: PROSPERO2021 CRD42021281646
and is fully available online at https://www.crd.york.ac.uk/prospero/display_record.php?
ID=CRD42021281646 (Last accessed: 18 February 2022; 19:01:38 EET).

2.2. Literature Search

Two investigators (A.B. and K.P.) individually performed an electronic search of the
PubMed (MEDLINE) and Scopus databases to identify relevant studies, based on the
predetermined inclusion and exclusion criteria. Disagreements between the two authors
were resolved by discussion between them or with the help of a third investigator (G.M.),
when necessary. The search algorithms, fully available in the Supplementary File Document
S1, consisted of the terms ‘vitamin D’ and ‘COVID-19’ and their derivatives, as well as
the Boolean operators ‘AND’ and ‘OR’. The references of previous systematic reviews
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and meta-analyses were also screened for additional original studies. Only articles fully
available in the English language were included in this review. The last literature search
was performed on 28 September 2021.

2.3. Inclusion and Exclusion Criteria

Original articles, restricted to randomized controlled trials, prospective and retrospec-
tive observational studies, case-control studies and case series with at least ten participants
were included in this systematic review. No restriction on publication date was imposed.
The studies pertained to the post-diagnosis administration of any form of vitamin D to
adult (>18 years of age) patients diagnosed with COVID-19. Our studied outcomes were:
duration of hospitalization, need for mechanical ventilation/intubation, ICU admission
and all-cause mortality.

Studies on the chronic supplementation with vitamin D and studies focusing on
paediatric populations were excluded from this systematic review. Congress abstracts,
letters to the editor, case reports, case series of less than ten patients, ecological studies,
reviews and meta-analyses were also excluded.

Jevalikar et al. [25] included a small number of children in their cohort. Here we only
report findings based on the data relevant to vitamin D administration in a sub-population
of the initial cohort, but the presence of children in this sub-group is not specified.

2.4. Data Extraction

Using a pre-determined data table, two of the authors (A.B. and K.P.) performed the
data extraction. The following data were extracted: First Author’s Name, Month and Year of
Publication, Study Design, Vitamin D Administration Scheme, Control Method, Population
Size and Number of Participants in each group, Male to Female Ratio, Mean Age, Presence
Of Comorbidities (Hypertension, Cancer, Myocardial Infarction, Diabetes Mellitus, Chronic
Obstructive Pulmonary Disease, Chronic Kidney Disease, Obesity), Baseline And Post-
Intervention Serum Vitamin D Levels in each group, Mortality, Length Of Hospital Stay,
ICU Admissions and Intubation events in each group, Mortality Time Point and Length
of Follow-Up.

2.5. Quality Assesment

Quality scoring was performed using the Cochrane Risk of Bias (RoB) [26] tool for
the Randomized Controlled Trials and the Methodological Index For Non-Randomized
Studies (MINORS) [27] for the observational studies. The RoB tool calculates the risk of bias
accounting for the randomization process, the deviations from the intended interventions,
potential missing data, the outcome measuring methods and the selection of the reported
result. The MINORS tool evaluates twelve factors, relevant to the aim and design of
the study, patient selection and grouping, follow-up, potential size calculation and result
assessment and analysis on a scale of 0–24.

3. Results
3.1. Search Results

The literature search yielded a total of 1376 articles (832 on PubMed and 544 on
Scopus), among which 189 were selected to be evaluated as full texts. Finally, a total of
11 [25,28–37] articles fully met our inclusion criteria and were included in this systematic
review (Figure 1).
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3.2. Study Characteristics

The studies were published from October 2020 to September 2021 and were conducted
in four different continents. Three studies took place in Spain [31,33,34] and one in each of
the following countries: France [28], USA [32], Brazil [35] Turkey [30], Singapore [36], Saudi
Arabia [29], India [25] and Egypt [37]. The majority [25,28,30,31,33,36,37] were single-center,
while in four studies patients from two [35], three [29,32] or five [34] centers were recruited.
Our study collection includes four randomized controlled trials [29,32,33,35], one non-
randomized controlled trial [28] and six observational cohort studies [25,30,31,34,36,37],
among which two [25,31] were reported as prospective and three [34,36,37] as retrospective.

All patients examined in the aforementioned studies were hospitalized for COVID-19
infection. Vitamin D deficiency was not always a prerequisite for inclusion in the studies.
A few studies focused on specific subpopulations of COVID-19 patients. More specifically,
Güven et al. [30] reported only on vitamin D deficient (25(OH)D3 < 12 ng/mL) patients
who had already been admitted to the ICU. In terms of age and comorbidities, Nogues
et al. [31] studied high risk patients, i.e., with severe COVID-19 and/or comorbidities,
Tan et al. [36] included only patients of age 50 or older, Soliman et al. [37] selected elderly
(>60 years of age) vitamin D deficient (<20 ng/mL) Type II diabetics, while Annweiler
et al. [28] focused on frail elderly inpatients at a geriatric acute care unit.

The studies and their characteristics are presented in Table 1.
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Table 1. Study Characteristics.

Author, Date of
Publication

Study Design Treatment Population, Male/Female Ratio, Mean Age,
Baseline Vitamin D Levels (ng/mL)

Intervention Control Intervention Control

Annweiler [28]
Nov-2020

non-randomized
clinical trial

80,000 IU oral
vitamin D3 plus

standard care
standard care

16
11/5

85 (IQR = 84–89)
NA

32
19/13

88 (IQR = 84–92)
NA

Sabico [29]
Jun-2021

randomized
controlled trial

5000 IU oral
vitamin D3

1,000 IU oral D3

36
21/15

46.3 ± 15.2
21.4 ± 1.2 *

33
13/20

53.5 ± 12.3
25.2 ± 1 *

Güven [30]
Sep-2021 observational 300,000 IU of vitamin

D3 IM NA

113
69/44

74 (IQR = 60–81)
6.65 (5.06–9.1)

62
36/26

74 (IQR = 60–81)
7.14 (5.17–8.21)

Nogues [31]
Sep-2021 prospective

oral 25(OH)D3 (532
µg on day one plus

266µg on day 3, 7, 15,
and 30) plus

standard care

standard care

447
264/183

61.81 ± 15.5
13 (IQR = 8–24)

391
231/160

62.41 ± 17.2
12 (IQR = 8–19)

Elamir [32]
Sep-2021

randomized
controlled trial

0.5 µg 1,25(OH)2D3
daily for 14 days oral

plus standard care
standard care

25
12/13

69 ± 18
NA

25
13/12

64 ± 16
NA

Entrenas-Castillo [33]
Oct-2020

randomized
controlled trial

oral 25(OH)D3 (0.532
mg), oral calcifediol
(0.266 mg) on day 3

and 7, and then
weekly plus

standard care

standard care

50
27/23

53.14 ± 10.77
NA

26
18/8

52.77 ± 9.35
NA

Alcala-Diaz [34]
May-2021 retrospective

oral 25(OH)D3 (0.532
mg), then 0.266 mg
on day 3 and 7, and
then weekly until
discharge or ICU
admission plus
standard care

standard care

79
42/37

69 ± 15
NA

458
275/183
67 ± 16

NA

Murai [35]
Mar-2021

randomized
controlled trial

single dose of 200,000
IU of oral vitamin D3

placebo

119
70/49

56.5 ± 13.8
21.2 ± 10.1

118
63/55

56.0 ± 15.0
20.6 ± 8.1

Tan [36]
Nov/Dec 2020 retrospective

1000 IU/d oral
vitamin D3 and 150

mg/d oral
magnesium, and 500

mcg/d oral
vitamin B12

NA

17
11/6

58.4 ± 7
NA

26
15/11

64.1 ± 7.9
NA

Soliman [37]
Sep-2021 prospective

vitamin D3 as
a single

IM (200,000 IU)
injection

placebo

40
NA

71.30 ± 4.16
10.4 ± 1.3

16
NA

70.19 ± 4.57
21.17 ± 3.96

Jevalikar [25]
Mar-2021 prospective

median total dose of
60,000 IU oral

vitamin D3

NA

128
NA

45.5 ± 18.2
NA

40
NA

48.8 ± 14.7
NA

IU: International Units, IM: intramuscular, d: day, mg: milligrams, µg: micrograms, ng/mL: nanograms per
milliliter, IQR: Interquartile Range, NA: not available. * Originally given at nmol/L, but converted here to ng/mL
for consistency.

3.3. Interventions

The administered substance, its administration route and dosing scheme varied signif-
icantly among studies. Seven of them investigated the effect of vitamin D3 (cholecalciferol),
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administered daily per os [29,36], as a high single oral dose of 60,000 IU [25], 80,000 IU [28]
or 200,000 IU [35] or as an intramuscular injection of 200,000 [37] or 300,000 IU [30]. Three
studies [31,33,34] applied various regimens of oral 25(OH)D3 (calcifediol) and one trial [32]
used oral 1,25(OH)2D3 (calcitriol) at 0.5µg/day for 14 days.

With two exceptions [29,36], the intervention and control groups did not receive any
further treatments other than the appropriate standard of care of their centers or placebo.
However, in a retrospective study by Tan et al. [36], the intervention group received
1,000 IU/day oral vitamin D3, 150 mg/day oral magnesium and 500 mcg/day oral vitamin
B12 for a median interval of 5 days. Finally, in a randomized controlled trial by Sabico
et al. [29] both groups received oral vitamin D3, but at different doses (5000 IU vs. 1000 IU).

No severe adverse effects related to this treatment were observed in any of the studies.

3.4. Length of Hospital Stay

Out of 10 studies of vitamin D-supplemented vs. vitamin D-non-supplemented
patients, three reported on the length of hospitalization. Neither a single dose of 300,000 IU
of intramuscular vitamin D3 [30], a single dose of 200,000 IU of oral D3 [35] or a 14-day
regimen of 0.5 µg 1,25(OH)2D3 per day [32] managed to affect the duration of hospital stay
for the intervention group [9(6–16) vs. 9(5–17), p-value = 0.649, 7.0(4.0–10.0) vs. 7.0(5.0–
13.0) days, p-value = 0.59, 5.5 ± 3.9 vs. 9.24 ± 9.4 days, p-value = 0.14 respectively].
Additionally, no difference in hospitalization duration was observed between the 5000 IU
and the 1000 IU oral D3 group in the randomized controlled trial by Sabico et al. [29]
[6(5–8) vs. 7(0–10), p-value = 0.14] (Table 2).

Table 2. Patient Outcomes.

Author

Length of Hospital Stay
(Days), Mean ± SD or

Median (IQR)
ICU Admission (n/N,%) Mechanical Ventilation

(n/N,%) All-Cause Mortality (n/N,%)

Intervention Control Intervention Control Intervention Control Intervention Control

Annweiler
[28] NA NA

all (the study recruited
patients already admitted in

the ICU)
NA NA 3/16, 19% 10/32, 31%

Sabico [29] 6 (5–8) 7 (0–10) 2/36, 5.6% 3/33, 9.1% NA NA 1/36, 2.8% 0/33, 0%

Güven [30] 9 (6–16) 9 (5–17)
all (the study recruited

patients already admitted in
the ICU)

44/113, 39% 13/62, 21% 43/113, 38% 30/62, 48%

Nogues [31] NA NA 20/447, 4.5% 82/39, 21% NA NA 21/447, 4.7% 62/391,
16%

Elamir [32] 5.5 ± 3.9 9.24 ± 9.4 5/25, 20% 8/25, 32% 0/25, 0% 2/25, 8% 0/25, 0% 3/25, 12%

Entrenas-
Castillo

[33]
NA NA 1/50, 2% 13/26, 50% NA NA 0/50, 0% 2/26, 7.7%

Alcala-Diaz
[34] NA NA NA NA 3/79, 3.8% 26/458,

5.7% 4/79, 5.1% 90/458,
20%

Murai [35] 7.0 (4.0–10.0) 7.0
(5.0–13.0)

16.0 %
(9.9–22.5)

21.2%
(14.2–29.7) 7.6% (3.5–13.9) 14.4%

(8.6–22.1) 7.6% (3.5–13.9) 5.1%
(1.9–10.7)

Tan [36] NA NA 1/17, 5.9% 8/26, 31% NA NA 0/17, 0% 0/26, 0%

Soliman [37] NA NA NA NA 14/40, 35% 7/16, 44% 7/40, 18% 3/16, 19%

Jevalikar [25] NA NA 16/128, 13% 13/40, 33% NA NA 1/128, 0.8% 3/40, 7.5%

ICU: Intensive Care Unit, IQR: Interquartile Range, NA: not available.

3.5. Need for Intubation and ICU Admission

Ten out of eleven studies provided data regarding either the need for intubation and
mechanical ventilation (three studies) or intensive care admission (four studies) or both
(two studies). Entrenas-Castillo et al. [33], explored the effect of a regimen comprised of
0.532 mg oral 25(OH)D3 on the day of admission followed by 0.266 mg on the 3rd and 7th
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day and then weekly until discharge or ICU admission in a randomized controlled trial. Of
50 patients in the intervention arm, only one required ICU admission, in contrast to the
13/26 patients from the control group (p-value < 0.001).

A similar dosing scheme (0.532 mg oral 25(OH)D3 on day 1 plus 0.266 mg on days
3, 7, 15, and 30) was later investigated by Nogues et al. [31], in a large prospective study
of 838 high-risk COVID-19 patients. ICU admission was necessary for 21% of the patients
in the control group, compared to 4.5% in the intervention group (OR = 0.18 (0.11–0.29),
p-value < 0.001), showing an 87% risk reduction following adjustment for age, gender,
baseline vitamin D levels and comorbidities [OR = 0.13, (0.07–0.23), p-value < 0.001]. A
statistically significant difference in vitamin D levels between ICU and non-ICU patients
was also noted [10 (7–14) ng/mL vs. 13 (8–23) ng/mL, p-value < 0.001].

Tan et al. [36], evaluated the combination of vitamin D, vitamin B12 and magnesium
in a retrospective study of 43 patients over 50 years of age. The combination therapy
was shown to significantly (p-value = 0.006) reduce the need for any form of oxygenation
therapy. Specifically, 3/17 treated patients required oxygen therapy (including 1 in the ICU),
compared to 16/26 non-treated ones (including 8 in the ICU). A subgroup analysis focusing
on 30 non-diabetic patients aged 50–60 years was later performed and failed to show a
statistically significant difference in oxygenation needs [25% vs. 58.3%, p-value = 0.197 and
12.5% vs. 41.7% in regard to ICU admission].

The remaining eight studies, among which the trial of 5000 IU vs. 1000 IU of oral vita-
min D3 by Sabico et al. [29] did not show a statistically significant difference in ICU admis-
sion [25,29,32,35] and need for intubation [30,32,34,35,37] between study groups (Table 2).

3.6. Mortality

All eleven studies reported on the in-hospital mortality of COVID-19 patients. In a
multi-center retrospective analysis of 537 patients by Alcala-Diaz et al. [34], 79 patients
had received 0.532 mg of oral 25(OH)D3 on day 1 followed by 0.266 mg on day 3 and
7 and then weekly until hospital discharge or ICU admission. Mortality rates among
these patients were significantly lower than those of the control group [5% versus. 20%,
p-value < 0.001, OR = 0.22 (0.08–0.61), p-value < 0.01]. Given that all intervention group
patients were from the same center and the patients in the control group had a greater
comorbidity burden and worse clinical image upon admission, an analysis adjusted for age,
center, CURB-65, ARDS at admission, neutrophil/lymphocytes ratio and comorbidities
followed and still demonstrated the favorable position of the intervention group in terms
of mortality [OR = 0.16 (95%CI = 0.03–0.80), p-value = 0.02]. The elderly (>65 years) sub-
group with oxygen saturation <96% also greatly benefited from calcifediol administration
[OR 0.06 (0.04–0.8), p-value = 0.04].

Nogues et al. [31] also attributed a reduction of death rates to 25(OH)D3 administration
both in the initial [4.7% vs. 15.9%, OR: 0.26 (0.15–0.43), p-value < 0.001] and the adjusted
analysis for age, gender, vitamin D levels and comorbidities [OR = 0.21; (95%CI, 0.10–0.43)],
which translates into a 70% mortality risk reduction. Baseline vitamin D levels were
greater in survivors compared to non-survivors [13 (8–22.7) ng/mL vs. 9 (6–13.5) ng/mL,
p-value < 0.001].

In this study, 53 of 82 patients from the control group who required intensive care were
started on the 25(OH)D3 regimen upon ICU admission. A sub-analysis of a total of 102 ICU
COVID-19 patients was then performed. Interestingly in these patients, administration
of vitamin D upon initial hospital admission was associated with lower mortality than
initiation of supplementation upon ICU admission, while never receiving vitamin D at
any point of the disease course had the worst prognosis. However, these differences in
mortality were considered statistically insignificant (10.0% vs. 28.3% vs. 31% respectively).

No other study observed significantly different death rates among study groups
(Table 2).
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3.7. Quality Assessment and Risk of Bias

The bias risk for the randomized controlled trials varied significantly, as seen in
Figure 2. One study [35] is marked as low-risk, one [29] as moderate risk and two [32,33]
as high risk, with concerns arising mainly form the randomization process bias.
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The quality of the comparative observational studies ranged from 17 to 22 out of
24, based on the MINORS tool, which translates into moderate and high quality in
five [28,30,34,36,37] and two [25,31] studies respectively. MINORS scores for each in-
dividual study are reported in Table 3.

Table 3. MINORS Score for non-randomized trials.

Author MINORS Score (Out of 24)

Annweiler 18
Guven 18
Nogues 19

Alcala Diaz 17
Tan 18

Jevalikar 22
Soliman 17

4. Discussion

To our knowledge, this is the largest and most updated systematic review focusing ex-
clusively on post-COVID-19 diagnosis administration of vitamin D, having included more
recent articles compared to previous work. Thus, we have distinguished the therapeutic
administration of vitamin D in hospitalized patients following COVID-19 diagnosis from
chronic vitamin D supplementation for unrelated purposes.

The aim of this systematic review was to explore the impact of vitamin D administra-
tion on important parameters of COVID-19 disease course, such as length of hospital stay,
ICU admissions and mortality. Of the four studies mentioning vitamin D and hospitaliza-
tion duration, none managed to prove an association. Moreover, the majority of studies did
not observe significant differences in the need for intubation, ICU admission or mortality,
since only four out of eleven studies finally support vitamin D administration to prevent
one or multiple among these unfavorable outcomes.

Evidence in favor of the use of vitamin D were identified in one randomized controlled
trial of 76 patients [33], one large multi-center prospective study of 838 participants [31]
and two retrospective studies [34,36] of 537 and 43 patients respectively. The observational
studies, which lacked randomization, performed linear regression analyses adjusted for the
confounders that were of statistical significance between the two groups and their results
remained consistent with the initial findings.

It is possible that the active substance used in each study could have determined its
results. Administration of vitamin D3 or 1,25(OH)2D3 alone in any form or dose failed to
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improve any of the outcomes. On the contrary, three out of eleven studies used 25(OH)D3
and all of them reached statistical significance regarding ICU admission, mortality or both.
They all took place in Spain and employed a very similar intervention scheme, comprised
of an initial oral dose of 0.532 mg 25(OH)D3 followed by 0.266 mg on days 3, 7, 15 and
then weekly [33,34] or on days 3, 7, 15 and 30 in the case of Nogues et al. [31]. The fourth
study [36] supporting the use of vitamin D supplements to reduce oxygenation and ICU
admission used a triple combination of 1000 IU/day oral vitamin D3, 150 mg/day oral
magnesium and 500 mcg/day oral vitamin B12 for a median duration of 5 days.

The active vitamin D substance chosen for administration might be of special impor-
tance in the setting of renal or liver disease. As expected from the fact that the activation of
vitamin D takes place in these tissues, there is a high prevalence for vitamin D deficiency
among patients with renal and liver disease [38,39]. Future studies should thus consider
administering the fully activated 1,25(OH)2D3 to these subgroups or even 25(OH)D3 in the
case of liver failure, to bypass the possibly inadequate intrinsic hydroxylation stages.

A general micronutrient sufficiency was shown to reduce SARS-CoV-2 infection and
severe illness in a large meta-analysis [40]. Although most heated discussions revolve
around vitamin D, other dietary supplements have also been administrated by clinicians
in an off-label basis, thanks to their broad role in immune system function and minimal
adverse effect burden. Vitamin C [41] and zinc [42] offered no benefit regarding disease
outcomes. Vitamin B12, which was co-administered with vitamin D and magnesium in one
of our included studies, might facilitate symptom alleviation in COVID-19 [43]. Curcumin,
on the other hand, seems to be a more promising agent, associated with faster recovery and
lower mortality in a systematic review of six trials [44].

Since the beginning of the COVID-19 pandemic, the use of vitamin D as a prognos-
tic marker and a therapeutic agent has been debatable. This hypothesis was based on
pre-existing knowledge from studies on its association with other respiratory tract in-
fections, summarized in recent systematic reviews and meta-analyses, where vitamin D
deficiency was found to increase susceptibility to infection [45], while vitamin D seemed
to prevent [46,47] or improve [46] the disease course. Similar to our systematic review,
a major source of concern on the reliability of these conclusions is the highly variable
form of vitamin D analog, its dose and route of administration employed in each of the
analyzed studies.

As far as COVID-19 is concerned, vitamin D status is regularly proven to attain a
prognostic value in large recent meta-analyses. Lower vitamin D levels are measured
in COVID-19 patients than in healthy individuals [42,48], indicating a possible link with
susceptibility to infection. Indeed, vitamin D deficiency increased the odds of contracting
SARS-CoV-2 by 80% [49]. When it comes to outcomes, a lower vitamin D status was ob-
served in severe disease cases [48], while deficient COVID-19 patients were at an increased
risk for prolonged hospitalization [50], ICU admission [51] and death [50,51], although its
effect on mortality is quite debatable [48,52].

In the studies presented in this systematic review, no association was observed between
baseline levels of vitamin D and the benefits of vitamin D administration. More specifically,
two studies [30,37] recruited vitamin D deficient patients only, but no differences were
observed between the intervention and control groups. Among the studies demonstrating
significant improvements following vitamin D administration, Nogues et al. [31] was the
only one providing data on baseline vitamin D levels and these were similar between
groups. In any case, vitamin D status should be taken into consideration in the design of
future trials.

When it comes to vitamin D as a treatment option, the effect on outcomes other
than length of hospital stay, intubation and mortality have also been investigated. High
(60,000–80,000 IU) total doses of vitamin D3 failed to reduce the incidence of severe COVID-
19, defined as Ordinal Scale for Clinical Improvement (OSCI) score equal to or greater
than 5 both in frail elderly [28] and vitamin-D-deficient patients [25]. Furthermore, the
effect of vitamin D on inflammatory markers varied across studies. In the aforementioned
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prospective study by Jevalikar et al. [25], no difference was observed in the fluctuation
of any of the inflammatory markers (D-dimers, CRP, LDH, IL6, Ferritin) between the
intervention and control groups. The same was reported by Sánchez-Zuno et al. [53],
regarding vitamin D3 treated outpatients in regards to transferrin, ferritin and D-dimers.
Among a small group of high-dose D3 supplemented and non-supplemented asymptomatic
or mildly symptomatic patients the only significantly different decrease was observed in
the fibrinogen levels [54]. On the contrary, a similar trial with mildly-moderately affected
patients with vitamin D insufficiency reached statistical significance in all (N/L ratio,
CRP, LDH, IL6, Ferritin) measured markers [55]. Vitamin D also facilitated symptom
alleviation [53] and viral clearance [54] in one of two studies that reported these outcomes.

The role of vitamin D in the treatment plan against COVID-19 had been discussed
in previous systematic reviews and meta-analyses. Our conclusions differ from a meta-
analysis published by Pal et al. [56], who considered vitamin D supplementation to be
beneficial with regards to COVID-19-related ICU admissions and mortality. This is the
largest meta-analysis so far, including 13 studies, five of which are common with the ones
presented in this systematic review. The difference in our conclusions may be attributed
to the study selection. Pal et al. were able to include additional studies compared to
our systematic review after contacting their respective authors for data which were not
available in the original studies. However, studies associating COVID-19 outcomes with
regular vitamin D supplementation, which were excluded in our methodology, were taken
into consideration by Pal et al., who subsequently concluded that it is inferior to vitamin D
administration after COVID-19 diagnosis. Finally, that meta-analysis does not take into
consideration six of the eleven studies presented here, including the five most recent ones.

Previous systematic reviews and meta-analyses containing smaller subsets of articles
have reached varying conclusions. Da Rocha et al. [57] were the first to publish a systematic
review including three randomized controlled trials on November 2020. These three trials
were also the basis for another systematic review by Stroehlein et al. [58] and a meta-
analysis by Bassatne et al. [59]. The general conclusion was that vitamin D may have a
therapeutic potential, but due to the insufficient, then available, evidence, the need for
more, higher quality trials was highlighted.

Other systematic reviews have used subsets of the aforementioned studies and have
reached conflicting conclusions supporting or disregarding the therapeutic value of vitamin
D in COVID-19. An early meta-analysis by Shah et al. [60] observed the potential of vitamin
D to reduce ICU admissions only. A meta-analysis of five studies [41] reported no statisti-
cally significant improvements in acute inflammatory markers, ventilation/ICU needs and
mortality among patients receiving a variety of different supplementation regimens. This
totally contradicts the conclusions of Dramé et al. [61] and Petrelli et al. [62], who express
themselves in favor of vitamin D administration to improve all major outcomes. The
co-presence of both regular supplementation regimens and post-diagnosis administration
as interventions in the included studies is common among many of the systematic reviews
and meta-analyses. The common denominator among all these, some of which date back
to the very beginning of the pandemic, is the call for large randomized controlled trials.
Indeed, the inconsistencies in population selection and more importantly in vitamin D form,
dosage and route of administration among the existing studies prevents the extraction
of definite conclusions, even two years into the pandemic. Therefore, as we highlight
again the necessity for further research, we distinguish calcifediol from all other agents,
identifying it as the most promising to be evaluated in upcoming trials.

5. Limitations

It has to be noted that, with one exception [35], the clinical trials presented in this
review recruited a relatively small number of participants (<100, usually around 50) and
this might be a reason for their failure to reach statistical significance.

This systematic review focuses only on the administration of vitamin D following
COVID-19 diagnosis to improve important outcomes, such as length of hospital stay,

62



J. Pers. Med. 2022, 12, 419

intubation and ICU admission and mortality. Studies discussing the effect of vitamin D as
a pre-existing regular supplementation were excluded.

It was also noticed that the included studies employed a highly variable intervention
scheme, which consisted of different forms, doses and administration routes of vitamin D
which, on one occasion, was co-administered with other agents. It was therefore hypothe-
sized that it could affect the study results making data unsuitable to be pooled or processed
in a meta-analysis. Indeed, the form of vitamin D analog seemed to affect outcomes,
with 25(OH)D3 being associated with lower ICU admission and mortality, as opposed to
vitamin D3 and 1,25(OH)2D3.

As about 80% of vitamin D reserves are derived from its biosynthesis in the skin,
differences in exposure to UV radiation could influence the results of the included studies.
Finally, cases of liver and kidney disease in the studied cohorts might underlie the lack of
response to non-activated vitamin D compounds.

6. Conclusions

In this systematic review we have summarized existing knowledge regarding the role
of vitamin D on important COVID-19 outcomes indicative of disease severity (length of
hospital stay, ICU admission, mortality). Despite the conflicting evidence surrounding
the effect of vitamin D across the reviewed studies, we observed 25(OH)D3 (calcifediol)
to be by far the most successful agent in reducing intensive care needs and mortality.
Therefore, given the insufficient level of evidence of these studies, we are looking forward
to larger randomized controlled trials to evaluate calcifediol’s role as an adjuvant to the
existing treatment regimens. Finally, given that different SARS-CoV-2 variants are currently
spreading worldwide, it could be interesting and useful for further studies to include data
on the effect of vitamin D on different variants as well as the patients’ viral load.
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Abstract: Background: The prevalence of anticoagulant therapy-associated hemorrhagic complica-
tions in hospitalized patients with pulmonary embolism (PE) has been scarcely investigated. Aim:
To evaluate the prevalence of hemorrhages in hospitalized PE patients. Methods: The Information
System “ASKLIPIOS™ HOSPITAL” implemented in the Respiratory Medicine Department, Uni-
versity of Thessaly, was used to collect demographic, clinical and outcome data from January 2013
to April 2021. Results: 326 patients were included. Males outnumbered females. The population’s
mean age was 68.7 ± 17.0 years. The majority received low molecular weight heparin (LMWH). Only
5% received direct oral anticoagulants. 15% of the population were complicated with hemorrhage,
of whom 18.4% experienced a major event. Major hemorrhages were fewer than minor (29.8% vs.
70.2%, p = 0.001). Nadroparin related to 83.3% of the major events. Hematuria was the most common
hemorrhagic event. 22% of patients with major events received a transfusion, and 11% were admitted
to intensive care unit (ICU). The events lasted for 3 ± 2 days. No death was recorded. Conclusions:
1/5 of the patients hospitalized for PE complicated with hemorrhage without a fatal outcome. The
hemorrhages were mainly minor and lasted for 3 ± 2 days. Among LMWHs, nadroparin was related
to a higher percentage of hemorrhages.

Keywords: pulmonary embolism; venous thromboembolism; bleeding complications; anticoagulant
treatment; prediction of bleeding; in-hospital bleeding

1. Introduction

Pulmonary embolism (PE) is defined as a blockage in the pulmonary artery and its
branches. It is caused by detached blood clots that move through the large veins to the
pulmonary arteries. Embolism is usually caused by blood clots in the deep network of
veins of the lower limbs—mainly in their proximal parts—such as by blood clots in the
pelvic network, the upper limbs, and the right part of the heart. Rarely PE is caused by
nonthrombotic sources, such as amniotic fluid, tumors, fat, large amounts of air and foreign
bodies. In every patient suffering from PE, there is a degree of pulmonary obstruction. The
effects of the mechanical obstruction depend on the percentage of the pulmonary circulation
that is obstructed, the existence or non-existence of a cardio-respiratory disease and on time
taken for the obstruction to occur [1]. If the amount of obstruction is higher than 30%, then
the pressure in the pulmonary artery is increased well beyond normal, and consequently,
the right part of the heart is beaten. A serious obstruction cannot be compensated by
pulmonary capillaries, thus leading to increased pulmonary vascular resistance. This, in
turn, provokes an increase in the right ventricular afterload, which results in increased
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parietal tension and finally, ischemia. Respiratory effects include tachypnea in 92% of
patients and serious hypoxemia (PaO2 < 70%) in a 63% [2].

PE presents a wide range of hemodynamic effects, from asymptomatic and undiag-
nosed disease to life-threatening emergencies. It is the third most frequent cause of death
in hospitalized patients and a major cause of morbidity and mortality, with a total annual
effect of 62 to 112 cases per 100,000 inhabitants [3]. Prognosis may worsen in PE patients,
during intrahospital treatment, by experiencing hemorrhagic complications, which are
mainly attributed to anticoagulant therapy [4].

Even with the best-coordinated care, hemorrhagic complications may occur. A minor
hemorrhage could predict a major one and lead to modification of the anticoagulant
therapy, underlying its importance for the prognosis and the efficient management of the
major hemorrhagic episodes [1]. Hemorrhage is the most frequent complication caused by
any anticoagulant [5].

Only a few studies investigated the in-hospital hemorrhage cases in patients with PE.
Data regarding the in-hospital hemorrhagic complications in patients with PE presented
with hemodynamic instability have also been scarcely noted, while the percentage of
hemorrhagic complications has not been clarified in those receiving thrombolytic therapy.
It is also important that there are no references regarding minor hemorrhages in patients
hospitalized for PE.

In that context, this study aimed to evaluate the prevalence of hemorrhagic events in
hospitalized PE patients and investigate the correlation of hemorrhagic events with the
type of anticoagulant treatment, patients’ demographic and clinical parameters, clinical
burden, and outcome.

2. Materials and Methods
2.1. Study Participants

This was a retrospective study recording the hemorrhagic complications of patients
with confirmed PE who were hospitalized in the Department of Respiratory Medicine of
the University of Thessaly from January 2013 to April 2021. This research included all
hospitalized patients in the Department of Respiratory Medicine, University of Thessaly
with a discharge diagnosis I-26 Pulmonary Embolism (coding in ICD-10).

2.2. Data Collection

Demographic, clinical data, the type of anticoagulant treatment, the burden of dis-
ease, hemorrhagic events and outcomes were recorded by the Health Information System
“ASKLIPIOS™ HOSPITAL” of the University Hospital of Larissa. Overview of all parame-
ters extracted from the recordings are presented in Table 1.

Table 1. The parameters were extracted from the e-recordings of the patients hospitalized with PE.

Demographic Data Medical History Symptomatology, Clinical Picture, Estimation of
Clinical Probability

Laboratory testing on admission and
variation of laboratory parameters The size of pulmonary emboli Initial therapy

The burden of hemorrhagic episode Anticoagulant therapy Intensive care unit entrance, hospitalization length

2.3. Statistical Analysis

The chi-square test was used to make comparisons between frequencies. Unpaired
t-tes was used for comparing parametric data between two groups, while non-parametric
data were analyzed with the Mann–Whitney U test. Parametric data comparing three or
more groups were analyzed with one-way ANOVA and Tukey’s multiple comparisons test,
while non-parametric were analyzed with the Kruskal–Wallis test and Dunn’s multiple
comparison test. Spearman’s correlation was used for correlation analysis. Multiple logistic
regression was used to examine a series of predictor variables to determine those that best
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predict a hemorrhagic event. Statistical analyses were performed with IBM SPSS Statistics
for Windows, version 23.0, IBM Corp., Armonk, NY, USA.

3. Results

The study included 326 patients with a mean age of 68.7 ± 17.0 years. 57.7% (188)
of them were men and much younger than the women. 97.5% of patients were Greek,
1.2% were refugees, and the rest 1.3% were of other nationalities. 86.2% of the population
had at least one comorbidity, with arterial hypertension being the most frequent one
(52.5% of the patients).

Demographics and comorbidities are presented in Table 2. 8.9% of the total population
had no prior medical history. 61.1% of men had had recent surgery in the last three months.
Three of these operations had been performed on the vertebral column. In females, three
cases of PE were noted in the postnatal period, three cases noted after a recent fracture and
immobilization, and two cases after a recent fracture.

Table 2. Demographics and comorbidities of the sample, n = 326.

Characteristics Total
n = 326

Males
n = 188 (57.7)

Females
n = 138 (42.3)

Age (years) 68.7 ± 17.0 64.9 ± 17.5 74.0 ± 15
Any comorbidity 281 (86.2) 162 (57.7) 119 (42.3)
No comorbidity 29 (8.9) 17 (58.7) 12 (41.3)
Malignancy 56 (17.1) 35 (62.5) 21 (37.5)
Lung cancer 12 (3.7) 12 (100) 0
First diagnosis of malignancy 9 (2.8) 6 (66.7) 3 (33.3)
History of thrombosis 82 (25.1) 52 (63.4) 30 (36.6)
Antiplatelet treatment 56 (17.1) 32 (57.1) 24 (42.9)
Previous hemorrhage 19 (5.8) 11 (57.9) 8 (42.1)
Thrombophilia 30 (9.2) 21 (70) 9 (30)

Note: Data are expressed as mean ± SD or as frequencies (percentages).

17.1% had a history of malignancy and 7.3% of them had a gender-related active
disease. An absolute predominance of men (3.7% of the total population) was observed
in the most frequent malignancy which is lung cancer. Surprisingly, in the present study,
cancer was firstly diagnosed in 2.8% of patients, and more specifically, PE was the first sign
of malignancy. 25.2% of the patients (82 people) had a history of thrombosis. 17.2% of the
population received antiplatelet agents without any difference in the gender noticed. 5.8%
(19) of the patients mentioned a previous episode of hemorrhage, and 21.1% presented a
new hemorrhage during the hospitalization because of the PE. 9.2% of the population had
a history of thrombophilia.

During the hospital admission, 44.2% presented dyspnea, 32% presented thoracic
pain, 26.7% presented fever, and 7.7% had bloody sputum, while 4% of the population was
asymptomatic. 18% presented tachycardia in the electrocardiogram (ECG).

Wells scores and Geneva scores, as well as the rates of the laboratory on patients’
admission are presented in Table 3. 26% of the population had respiratory failure and 54%
had hypocapnia on admission.

3.3% of the population presented with thrombocytopenia on admission. 10% were
complicated by a fall in the number of platelets and thrombocytopenia during the hospi-
talization. 3.3% had an abnormal international normalized ratio (INR) >1.50, and 19.9%
presented uremia on admission. 50% of the patients had a proximal deep vein thrombosis
(DVT). 1.8% of the population had a paradox embolism.
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Table 3. Wells scores, Geneva scores, clinical and laboratory data on patients’ admission, n = 326.

Parameter Total (n = 326) Men (n = 188) Women (n = 138) p-Value

Wells score 5 ± 4 5 ± 4 5 ± 4 0.849
Geneva score 3 ± 4 3 ± 4 3 ± 4 0.955
PO2 70 ± 17 70 ± 19 69 ± 18 0.734
PCO2 34 ± 8 34 ± 9 34 ± 6 0.612
Platelets 257 ± 104 264 ± 111 248 ± 93 0.258
Urea 41 ± 20 42 ± 22 39 ± 16 0.161
Creatinine 1.17 ± 0.07 1.32 ± 2.3 0.9 ± 0.3 0.132
CRP 6.5 ± 6.4 6.3 ± 6.2 6.7 ± 6.1 0.641
D-dimer 2121 ± 1813 2083 ± 1722 2167 ± 1928 0.748
BNP 4283 ± 4442 3995 ± 4414 4860 ± 5122 0.767
AST 37 ± 30 34 ± 21 40 ± 12 0.636
ALT 33 ± 20 32 ± 23 34 ± 22 0.814
HCT 39 ± 6 39.4 ± 5.4 39.2 ± 6.8 0.839

Note: Data are expressed as mean ± SD; Abbreviations: ALT, Alanine Aminotransferase; AST, Aspartate Amino-
transferase; BNP, Brain; Natriuretic Peptide; CRP, C-reactive protein; HCT, hematocrit; PO2, partial pressure of
oxygen; PCO2, partial pressure of carbon dioxide.

Most of the patients admitted (92.4%) received LMWH, as shown in Table 3. 74.7% of
them received 12-h action LMWH, and the rest received one subcutaneous dosage daily.

The anticoagulant therapy administered during patients’ hospitalization is presented
in Table 4. In 57.3% of the population, the treatment was modified during hospitalization.
Specifically, 51.8% shifted to direct oral anticoagulants (DOACs), with which they were
discharged. In 9.2% of the population, there had been a shift from 12-h to 24-h action
Low-Molecular-Weight Heparin (LMWH), while in 0.9%, there had been a shift from 24-h
to 12-h action LMWH. There was only one case of switching from DOAC to LMWH after
an episode of gastric bleeding. The patients more frequently received rivaroxaban (75%)
and less frequently dabigatran (12.5%) and apixaban (12.5%).

Table 4. Anticoagulant therapy administered during patients’ hospitalization, n = 326.

Preparation Frequency n, (%)

Low-Molecular-Weight Heparin (not specified) 132 (40.4)
Fondaparinux 73 (22.3)
Nadroparin 47 (14.4)
Enoxaparin 26 (8)
Tinzaparin 23 (7.1)
Classic heparin 1 (0.3)
Rivaroxaban 13 (4)
Apixaban 1 (0.3)
Dabigatran 2 (0.6)
Acenocoumarol 8 (2.4)
Total 326

Data are expressed as frequencies (percentages).

15% of the hospitalized patients (49 people) experienced an episode of hemorrhage
without any gender difference (12.2% of men vs. 17.4% of women, p = 0.240). 18.4% of them
experienced a major hemorrhage, without any difference regarding the gender noticed.
Major hemorrhages were much fewer than the minor ones (18.4% vs. 81.6%, p = 0.001),
while the average duration of hemorrhage was 3 ± 2 days. The sites of the hemorrhage are
presented in Table 5.
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Table 5. The hemorrhagic sites of patients hospitalized due to PE, n = 326.

Site of Hemorrhage
Total

Gastric Bleeding Hemoptysis Bloody Sputum Hematoma Hematuria Metrorrhagia

Gender
Males 4 (18.1) 1 (4.5) 1 (4.5) 0 16 (72.7) 0 22

Females 1 (3.7) 4 (14.8) 3 (11.1) 6 (22.2) 13 (48.1) 1 (3.7) 27

Total 5 (10.2) 5 (10.2) 4 (8.1) 6 (12.2) 29 (59.1) 1 (2) 49

Data are expressed as frequencies (percentages).

16% of the patients with hemorrhagic complications (2.1% of the sum) needed a
transfusion. The patients who had been transfused were the ones that presented major
hemorrhages. 2.1% of the patients with hemorrhagic complications (0.3% of the total
population) needed to be transferred to an ICU because of the bleeding.

4.2% of patients with hemorrhagic complications had to interrupt the anticoagulant
therapy by missing doses, and 19.1% had to shift to 12-h action LMWH, especially enoxaparin.
One out of the 49 patients with hemorrhagic complications who interrupted the therapy expe-
rienced a thrombotic event (2.1%). The average duration of hospitalization was 8 ± 5 days.
5.2% of the patients died. No death due to hemorrhagic complications was recorded.

The highest Wells score and the highest rate of creatinine (1.3 vs. 12 + 0.2, p = 0.029)
were positively correlated with the risk of hospital bleeding. An accounting regression
model was used to search for dependent variables (age, gender, comorbidities, the presence
of cancer, Wells score, INR on admission, uremia on admission, location of PE, PESI score,
ICU, platelet count on admission, right heart failure, instability, antithrombotics) to identify
the parameters that could predict hospital bleeding, but no clinical or laboratory predictors
were identified.

4. Discussion

The frequency of hemorrhagic complications during the hospitalization of patients
with PE has not been previously determined in Greece. The present study was the first
to investigate this issue. We found that 15% of the population hospitalized due to PE
were complicated with hemorrhage, of whom 18.4% experienced a major event. Major
hemorrhages were fewer than minor. Nadroparin related to 83.3% of the major events.
Hematuria was the most common hemorrhagic event. 22% of patients with major events
received a transfusion, and 11% were admitted to ICU. The events lasted for 3 ± 2 days.
No death was recorded.

We found that among the hospitalized patients due to PE, males outnumbered females,
a finding following the literature supporting that the risk of PE is higher in men than in
women [6]. In some studies, the frequency of unprovoked PE varies between 16.5% and
51%, up to 69–76% [7–9]. We considered that unprovoked PE should be accepted when
there are no comorbidities or provocations with proven PE hazards. Based on this definition,
it was found that the frequency of unprovoked PE was 8.9% in our study. However, major
predisposing factors were detected in the majority population, such as major surgery,
fractures, and postnatal period [10].

The delayed diagnosis of PE was a finding of great interest that accords with previous
reports commenting that PE has no typical symptomatology, thus, confirming the difficulty
in PE diagnosis [11]. Patient delay of an average of 4.2 days and delay in primary care of
an average of 3.9 days were the major contributors to this delay [12]. However, diagnostic
delay of PE of more than seven days is common in primary care, especially in the elderly,
and if chest symptoms, like pain on inspiration, are absent [13,14].

Surprisingly, in the present study, cancer was firstly diagnosed in 2.8% of patients,
and more specifically, PE was the first sign of malignancy. In the case of cancer, the venous
thromboembolism (VTE) risk is increased from 7 up to 28 times [15]. Neoplasia is caused
when the tumor secretes substances with a prothrombotic effect, such as adhesion molecules
that activate the macrophages and the platelets [16]. It has been reported that cancer is
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usually diagnosed within the first months after a VTE episode, with an overall incident
rate of 4.1% in 1 month and 6.3% in 1 year [17].

25.2% of the patients had a previous history of thrombosis. The location and man-
ifestation of thrombosis are of great predictive value for the risk of re-thrombosis. In a
meta-analysis of patients with PE or/and DVT, the re-thrombosis percentages were 22%
for PE and 26.4% for DVT [18]. The risk for a new PE was 3.1 times higher in patients with
symptomatic PE than in those with proximal DVT. The patients with proximal DVT had a
4.8 times higher percentage of relapse than those with peripheral DVT [19].

In the present study, 3.1% of the patients were suffering from chronic renal failure
(CRF), a disease associated with an increased risk for hemorrhage, because of the platelet
dysfunction and uremic toxins in the blood, which harms the primary hemostasis [20].
Also, patients with moderate or severe CRF present higher rates of major hemorrhage
than those with mild to non-CRF during the next 12 days after VTE diagnosis, despite the
administration of anticoagulant therapy [20,21].

Moreover, 1.5% of the patients had asthma, and 4.3% had chronic obstructive pul-
monary disease (COPD). It has been shown that asthma increases the risk for PE. In
comparison with the non-asthmatic people, asthmatic patients of all age groups run an
increased risk for PE, which is even more increased depending on the age and the severity
of the respiratory disease [22]. Even in a stable phase, COPD is considered an independent
risk factor for PE. At the same time, a meta-analysis suggests that one out of four patients
with a COPD exacerbation who need hospitalization may suffer from PE [18,22].

Diabetes mellitus (DM) appeared in 12.2% of the patients. Clinically, patients with PE
who suffer from DM have a higher risk of mortality than those who do not suffer from DM,
while it seems that elevated glucose rates increase the risk of VTE [23]. Also, a study on the
Asian population considers insulin-independent diabetes as an independent risk factor for
the development of DVT and PE [24].

15% of the hospitalized population were complicated with hemorrhage, of whom
18.4% experienced a major event. Major hemorrhages were fewer than minor (29.8% vs.
70.2%, p = 0.001). Hematuria was the most common hemorrhagic event. The overall
prevalence of bleeding in acute PE cohorts is approximately 10/100 patient-years [25–28].

Specifically, in the MAPPET registry, among 1001 cases of PE, 92 (9.2%) presented a
major hemorrhage required a transfusion of blood units or discontinuation of the anticoagu-
lant therapy [29]. In the EMPEROR registry, 10.3% of the patients with massive pulmonary
embolism (MPE) and 3.5% of those without MPE had hemorrhagic complications. 3 out of
the 63 patients in the second group died because of the hemorrhage [7].

In the IPER registry, among 1716 patients with PE, a loss of hemoglobin > 4 g/dL
was reported in 53 patients (3.1%), while 6 out of 10 patients with intracranial hemorrhage
died [30]. In the ZATPOL registry, hemorrhagic complications were reported in 6% (67 out
of 1112) of the patients with PE. Major hemorrhage was reported in 3.6% of the patients,
while 0.5% had a fatal hemorrhage. Among the patients receiving anticoagulant therapy,
24% (29 patients) presented hemorrhagic complications. Specifically, 19% (23 cases) of the
hemorrhages were major and 5% were (6 cases) minor. 38 hemorrhagic cases were reported
in patients who had not received thrombolysis. 17 of them were major and 21 were minor.
Among the 67 cases that presented hemorrhagic complications, 17 were presented after
oral anticoagulant therapy was initiated [31].

Recently, a higher risk of bleeding (RR: 2.53, 95% CI: 1.60–4.00; I 2: 65%) has been
reported in ICU patients receiving an anticoagulant therapeutic regimen [26,27]. In the
elderly population, in which the risk of acute PE is increased due to advanced age, bleeding
is even more pronounced, with the risk of major bleeding including intracerebral bleeding
doubling in patients aged above 80 years and the risk of hemorrhagic complications is
highest in the early days of treatment [32–35]. Interestingly, the risk of bleeding resulting
in hospitalization or death within 3 and 12 months after the index PE admission increased
over the last years [36].
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Several bleeding risk prediction scores have been proposed, including the VTE-BLEED,
RIETE, HASBLED, and HEMORR2HAGES scores [31–35], that have several limitations as
most are retrospective, few focus on real-life cohorts, and patients in the stable (not acute)
phase of anticoagulation are mainly included [37].

Most patients hospitalized due to PE received LMWH related to 6 major and 39 minor
hemorrhagic episodes. Fondaparinux was only related to minor episodes of hemorrhage.
According to studies that have compared it with enoxaparin, the percentage of major
hemorrhage in 9 days is much lower when fondaparinux is used rather than enoxaparin [38].
On the other hand, we found that nadroparin related to 83.3% of the major events. Generally,
it has been reported that absolute major bleeding rates are low for all LMWH agents [38].
Nevertheless, twice-daily dosing with nadroparin appeared to be associated with a 1.77
times greater bleeding risk as compared with once-daily dosing, as also suggested in a
meta-analysis of controlled clinical trials [38,39].

As initial therapy, low-risk patients can receive DOACs, specifically rivaroxaban or
apixaban [29]. Rivaroxaban and apixaban can be given in a higher initial dose without
previous heparin therapy [29]. In the present study, 4.1% were receiving DOACs, and
they underwent one major and one minor hemorrhagic episode. Multiple clinical studies
support the safer bleeding profile of DOACs over Vitamin K antagonists [38]. However, it
has been supported that DOACs at standard dose, except apixaban, had a higher risk of
major gastrointestinal bleeding compared to warfarin. Apixaban had a lower rate of major
gastrointestinal bleeding compared to dabigatran and rivaroxaban [40].

2% of patients with major events received a transfusion, and 11% were admitted to
ICU. The bleeding events lasted for 3 ± 2 days. No death was recorded. Hemorrhagic
complications were associated with an average hospitalization of 10.7 days, with higher
risk of hospital-acquired infection and higher healthcare cost, compared to 7.4 days of
hospitalization for those without bleeding, In-hospital major bleeding has been identified
as strong predictor of in-hospital (OR 7.7, 95% CI 2.3–25.8) and 1-year mortality (HR 3.6,
95% CI 2.0–6.6), especially in normotensive patients [41]. Generally, an improvement in
mortality has been reported over years attributed to both a real improvement in patient
care and “over-diagnosis” of incidental and sub-segmental PE [36].

According to a recent meta-analysis of 14 randomized controlled trials and 13 cohort
studies, including 9982 patients who received a vitamin K antagonist and 7220 received
a DOAC, it has been supported that the incidence of major bleeding was statistically
significantly higher among those who had creatinine clearance less than 50 mL/min [42].
Accordingly, in the present study, we found a correlation between high serum creatinine
levels and hemorrhagic complications, but the regression model did not prove that this
variable was an independent predictor of hemorrhage. A few limitations need to be noted
regarding the present study. A major limitation of this study was its retrospective design
that it might generate a great deal of missed data. There was also absence of data on
potential confounding factors.

5. Conclusions

15% of the hospitalized patients of the study (49 patients) presented an episode of
hemorrhage, while 18.4% of them presented an episode of major hemorrhage. Hemor-
rhages were mainly minor and there was no hemorrhage leading to death. 16.2% of the
patients with hemorrhagic complication (2.1% of the total population) needed transfusion.
The average duration of hemorrhage was 3 ± 2 days. 2.1% of the patients with major
hemorrhage (0.3% of the total population) needed to be transferred to an ICU, because
of the hemorrhagic complication. 83.3% of the cases that presented major hemorrhage
and received LMWH were given nadroparin. There was not any independent predictor of
hemorrhage, but there was a correlation between high Wells score or high levels of serum
creatinine and hemorrhagic complication.

Only a few studies investigated the in-hospital hemorrhage cases in patients with
PE, as detecting these rare events in large datasets remains difficult. The present study
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evaluating data throughout an 8-year period highlights a significant likelihood of bleeding
and a small, but not negligible, possibility of major hemorrhage in patients hospitalized
for PE. We found that nadroparin administration was associated with major hemorrhagic
events; thus, it should probably not be the first therapeutic choice among other LMWH
during the in-hospital treatment of patients with PE. Until now, there are no clear guide-
lines and scientific evidence available for physicians in this field for early diagnosis and
tools to avoid hemorrhagic complications in patients hospitalized for PE. The optimal
management of bleeding involves the application of predictive scores in combination with
anticoagulant reversal strategies. However, risk assessment tools are relevant in managing
patients with atrial fibrillation but are not widely validated in PE patients. Hence, the
performance of existing prediction models in patients with PE should be further assessed.
More comprehensively, the combination of clinical, biological, and genetic markers should
be incorporated to build predictive scores to estimate the risk of bleeding and help the
decision process about the proper type of anticoagulant treatment.
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Abstract: Background: Obese people are at risk of becoming severely ill due to SARS-CoV-2. The
exercise benefits on health have been emphasized. Aim: To investigate the correlation of obesity
with the length of hospitalization, the pre- and post-hospitalization exercise preferences of COVID-19
patients, and the impact of pre-admission or post-hospitalization physical activity on dyspnea one
month after hospitalization and recovery time. Methods: A telephone survey was conducted in
patients hospitalized at the Respiratory Medicine Department, University of Thessaly, Greece, from
November to December 2020. Results: Two-thirds of the patients were obese. Obesity was not
associated with the hospitalization time. Two-thirds of the patients used to engage in physical activity
before hospitalization. Males exercised in a higher percentage and more frequently than women
before and after hospitalization. The methodical pre-hospitalization exercise was associated with
lower levels of dyspnea one month after hospitalization. In-hospital weight loss, comorbidities, and
dyspnea on admission independently predicted longer recovery time. Lockdown had boosted men’s
desire to exercise than females who were negatively affected. Conclusions: Obesity is common in
COVID-19 hospitalized patients. In-hospital weight loss, comorbidities, and dyspnea on admission
predicted a longer post-hospitalization recovery time. The pre-hospitalization exercise was associated
with less post-hospitalization dyspnea and recovery time.

Keywords: dyspnea; exercise; hospitalization; recovery

1. Introduction

COVID-19 is a multisystemic and multivessel disease that involves the respiratory,
cardiovascular, renal, gastrointestinal, and central nervous systems. The presence of
comorbidities increases the risk for severe illness due to SARS-CoV-2. More often, people
with underlying medical conditions display respiratory failure that requires admission to
the ICU, multiorgan failure, or even loss of their lives [1].

Obesity exposes infected individuals to peril, increasing the required days of hospi-
talization and recovery. This connection occurs because the chronic storage of body fat is
directly associated with a chronic pro-inflammatory state, weakening the immune system
and creating an ideal environment for the virus to grow inside the fat cells. Obesity, com-
bined with comorbidities, aggravates the symptoms of the COVID-19 disease by extending
the time of needed hospitalization and eventually raising the mortality rate. Regular body
fat storage and a sedentary lifestyle adopted due to the mandatory quarantine can cre-
ate the perfect conditions for infection and growth of contagious pathogens, such as the
SARS-CoV-2 virus among the more vulnerable population [2].

Consequently, a risk factor for severe illness and needed admission to the Intensive
Care Unit (ICU) is the increased body mass index (BMI), namely the increased storage of
body fat [3]. A recently conducted study pointed out that the need for intensive mechanical
ventilation for COVID-19 patients under 60 was seven times higher for those with a BMI
over 35 kg/m2 compared to those with a BMI under or equal to 25 kg/m2 [4].
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Starting on 4 May 2020, a 42-day strict lockdown was implemented in Greece. Move-
ments of individuals to serve their needs outside the house were permitted only for seven
categories of reasons: (i) transition to the workplace during work hours; (ii) going to the
pharmacy or visiting a doctor; (iii) going to a food store; (iv) going to the bank for services
not possible online; (v) helping a person; (vi) going to a significant ritual (funeral, marriage,
baptism) or movement, for divorced parents, which was essential for contact with their
children; and (vii) moving outdoors for exercising or taking one’s pet out, individually or in
pairs. Again, from 7 November 2020, Greece implemented new measures and restrictions
on movement and business activity. Kindergartens, primary and special schools initially
remained open, and from 18 November 2020, they switched to distance learning. On
14 December 2020, shops, hairdressers, and other facilities were allowed to open, while
schools and restaurants remained closed [5].

At the beginning of the quarantine, people generally adopted a sedentary lifestyle with
decreased physical activity, ultimately harming their physical and psychological health and
their quality and quantity of sleep [6]. Multiple vulnerabilities and an interplay leading
from simple anxiety to clinical depression and suicidality through distress were revealed
among the Greek population [7].

Moderate to intense exercise entrains important positive adjustments to the cardiores-
piratory ability, reduces the levels of chronic inflammation that may have preexisted due to
related diseases, and improves the immune system’s function for a faster reaction against
viral infection such as COVID-19 [8], improves lipid profile, reduces the BMI, and can
have a positive effect on our psychological health [9]. Moreover, physical exercise can help
individuals maintain their muscle mass, good respiratory function, and boost the immune
system to keep respiratory function levels high [10].

An international online survey including 41 research institutions from Europe, Western-
Asia, North-Africa, and the Americas, documented that COVID-19 lockdown deleteriously
affected physical activity and sleep patterns [11]. A recently conducted Greek study sup-
ported that during a pandemic, compared with a typical week, physical activity of a high
and moderate intensity decreased for 43.0% and 37.0% of participants, did not change
in 32.9% and 36.1% of participants, and increased only in 24.1% and 26.9%, respectively,
whereas walking time decreased in 31.3%, did not change in 27.3%, and increased in
41.5% of participants [12]. In fact, after consecutive lockdown periods were examined, a
decline in overall physical activity was evident in all age and gender groups during each
lockdown phase [13].

During the pandemic, health regulators constantly point out, mainly to the elderly con-
fined by the quarantine, to avoid a sedentary way of life and engage in any form of physical
activity [8]. Furthermore, recent studies mention that exercise reduces hospitalizations due
to the COVID-19 disease [14].

This study aimed to investigate the correlation of obesity with the duration of hos-
pitalization, the pre–and post-hospitalization exercise preferences of COVID-19 patients,
and the impact of pre-admission or post-hospitalization physical activity on dyspnea one
month after hospitalization.

2. Materials and Methods
2.1. Procedure

This retrospective study was conducted via a telephone survey from February 2021
to March 2021. One specialized trainer was the researcher of this study and contacted
previously hospitalized patients via telephone to interview by asking them a list of prede-
termined questions.

2.2. Participants

In the study were included all patients regardless of their age who were infected by
the SARS-CoV-2 virus and were hospitalized at the Infection Diseases Unit (COVID-19) of
the Department of Respiratory Medicine of the University of Thessaly from November to
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December 2020. An exclusion criterion was the inability to acquire information due to their
non-consent or lack of good cooperation.

2.3. Study Tools

In this study, we used an original self-reported questionnaire with 26 questions regarding:

(i) Demographics and the body metrics data of every patient before and after hospital-
ization (age, weight, height, body mass index were recorded);

(ii) The presence and types of comorbidities;
(iii) The dyspnea levels according to the Modified Medical Research Council (mMRC)

dyspnea scale before and one month after hospitalization. Modified Medical Research
Council (mMRC) Dyspnea Scale. Dyspnea is defined as the feeling of difficult and
labored breathing that results from insufficient aeration. The mMRC scale used by
the Medical Research Council classifies dyspnea from level 0 (dyspnea only during
intense exercise) to level 4 (severe dyspnea that prevents individuals from leaving
their home or even getting dressed) [8].

(iv) The length of hospitalization, (v) the physical state before and after hospitalization.
As parameters of physical activity in our study, resistance training, either using the
bodyweight (Pilates, yoga) or with the assistance of additional equipment (weights,
resistance equipment, TRX), aerobics (running, walking, cycling, swimming), as well
as work-related physical activity were included, (vi) the number of days per week
spent on exercising before and after hospitalization, (vii) the different kinds of exercise
before and after hospitalization, and (viii) whether the enforcement of restrictive
measures negatively affected the frequency or the desire to exercise.

2.4. Statistical Analysis

The statistical analysis was conducted with the IBM SPSS v23. The quantitative
variables were presented as mean value ± standard deviation (SD), and the qualitative
variables were presented as an absolute value (frequency). The frequencies were compared
with the chi-square statistical test. The t-test was used to test the difference between two
mean values from independent samples. The nonparametric data were analyzed with
the Mann–Whitney U test. The parametric data that compare three or more groups were
analyzed with the ANOVA unidirectional Variance Analysis and the post hoc Bonferroni
multiple comparison test. In contrast, the nonparametric data were analyzed with the
Kruskal–Wallis test and the Dunn multiple comparison test. Spearman’s correlation was
used for the correlation analysis. A multiple linear regression model was utilized to
examine a series of prediction variables to find those that can better predict faster recovery
time in days.

3. Results
3.1. Demographics, Clinical Parameters, and Symptomatology of the Hospitalized
COVID-19 Population

In total, 42 men (66%) and 22 women (34%) were included in the study, with a mean
age of 62.2 ± 13.2 years old (min = 21 years, max = 91 years). The demographic and clinical
parameters of the study’s population and comparisons according to sex are presented
in Table 1.

The men were significantly taller and heavier than the women, as expected (Table 1).
The study’s patients were overweight on average with no BMI difference between the
genders. A total of 45.3% of the patients (29 patients) were overweight, while 23.4%
(15 patients) were obese. Only 31% of the patients had normal weight. The comorbidities
of the sample hospitalized due to COVID-19 and their comparison based on sex can be
found in Table 2.
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Table 1. Demographic and clinical data of the study’s population and their comparison according to sex.

Parameters Sum n = 64 Men n = 42 Women n = 22 p-Value

Age 62.2 ± 13.2 61.1 ± 11.9 64.2 ± 15.5 0.385 *

Height (cm) 171.0 ± 10.3 176.2 ± 7.5 161.0 ± 7.1 <0.001 *

Weight 81.6 ± 14.2 84.9 ± 13.2 75.2 ± 13.4 0.010 *

BMI 28 ± 4 27 ± 3 29 ± 5 0.113 *

mMRC before hospitalization 1 ± 1 1 ± 1 1 ± 1 0.724 *

mMRC after hospitalization 2 ± 1 2 ± 1 2 ± 1 0.068 *
Note: The data are presented as mean value ± SD; * Student’s t-test.

Table 2. Comorbidities of the study’s population and their comparison based on sex, n = 64.

Parameters Sum n = 64 Men n = 42 Women n = 22 p-Value

At least one comorbidity 42 (65.5) 26 (61.9) 16 (72.7) 0.280 *

Number of comorbidities 2 ± 1 2 ± 1 2 ± 1 0.258 *

Hypertension 19 (29.7) 10 (23.8) 9 (40.9) 0.129 *

Cardiovascular diseases (CD, CVA) 12 (18.7) 7 (16.7) 5 (22.7) 0.392 *

DM 14 (21.9) 6 (14.3) 8 (36.4) 0.046 *

HDL 10 (15.6) 5 (11.9) 5 (22.7) 0.218 *

Malignancy 6 (9.3) 3 (7.1) 3 (13.6) 0.336 *

Autoimmune diseases 3 (4.7) 1 (2.4) 2 (9.1) 0.270 *

COPD 3 (4.7) 3 (7.1) 0 0.270 *

Asthma 2 (3.1) 1 (2.4) 1 (4.5) 0.573 *

Chronic Hepatitis 2 (3.1) 0 2 (9.1) 0.427 *

Thyroid Disease 2 (3.1) 2 (4.8) 0 0.427 *
Note: The data are presented as frequencies (percentages) or mean values ± SD; * Chi-square Test of independence;
Abbreviations: CD, coronary disease; CVA, cardiovascular accidents; DM, diabetes mellitus; COPD, chronic
obstructive pulmonary disease; HLD, hyperlipidaemia.

The most common comorbidity of the sample was hypertension. The women suf-
fered from DM in a greater frequency than men. The patients with comorbidities were
significantly older than those without (65 ± 12 vs. 57 ± 13 years old, p = 0.019), as expected.

Older age was positively associated with the level of mMRC dyspnea on admission
(r = 0.402, p = 0.001) and after hospitalization (r = 0.280, p = 0.025). The number of co-
morbidities was positively associated with the level of mMRC dyspnea before (r = 0.499,
p = 0.001) and after (r = 0.298, p = 0.050) hospitalization. Patients hospitalized due to
COVID-19 with high blood pressure, or another cardiovascular disease displayed higher
levels of mMRC dyspnea at the time before their admission to the hospital by comparison
with those who did not have any comorbidities (2 ± 1 vs. 1 ± 1, p < 0.001). Patients
with COPD hospitalized due to COVID-19 also displayed higher levels of mMRC dyspnea
before their hospital admission than those who had no comorbidities (4 ± 1 vs. 1 ± 1,
p < 0.001).

The symptomatology of the study’s population on admission and the comparisons
based on the presence or absence of comorbidities are presented in Table 3.

The most frequently displayed symptom during hospital admissions among the
study’s population was fever. There was no differentiation on the symptoms during
admission between genders. Patients with at least one comorbidity more often had dyspnea
and fever than the healthy patients prior to infection (Table 3). There was no significant
difference in length of stay between patients with and without comorbidities.
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Table 3. Population’s symptomatology during admission and their comparison based on the presence
or absence of comorbidities n = 64.

Symptomatology Sum n = 64 Presence of Comorbidities (n = 42) Absence of Comorbidities (n = 22) p-Value

Number of symptoms 2 ± 1 2 ± 1 2 ± 1 0.648

Fever 54 (84%) 32 (76.2%) 22 (100%) 0.010 *

Dyspnea 29 (45%) 24 (57.1%) 5 (22.7%) 0.008 *

Cough 22 (34%) 14 (33.3%) 8 (36.4%) 0.510

Sore throat 7 (11%) 5 (11.9%) 2 (9.1%) 0.546 *

Abdominal pain 4 (6%) 3 (7.1%) 1 (4.5%) 0.574 *

Joint pain 4 (6%) 1 (2.3%) 3 (13.6%) 0.113 *

Myalgia 4 (6%) 3 (7.1%) 1 (4.5%) 0.574 *

Loss of taste 3 (5%) 1 (2.4%) 2 (9.1%) 0.730 *

Expectoration 2 (3%) 1 (2.4%) 1 (4.5%) 0.427 *

Loss of smell 0 0 0 -

Nasal discharge 0 0 0 -

Days of hospitalization 15 ± 12 16 ± 13 12 ± 7 0.129 *

Note: The data are presented as frequencies (percentages) or on average ± SD; * Chi-square Test of independence.

3.2. Physical Activity Preferences of the Population before Hospitalization

The physical activity of the study’s population before hospitalization and their com-
parison based on sex can be found in Table 4.

Table 4. Physical activity of the study’s population before hospitalization and comparisons based on
sex, n = 64.

Parameters Sum n = 64 Men n = 42 Women n = 22 p-Value

Physical exercise before
hospitalization 42 (65%) 32 (76.2%) 10 (45.5%) 0.015 *

Days of exercising per week 5 ± 1 5 ± 1 4 ± 1 0.023

Walking 33 (51.6%) 24 (57.1%) 9 (40.9%) 0.166 *

Activity at work 18 (28.1%) 13 (31.1%) 5 (22.7%) 0.348 *

Resistance training 4 (6.2%) 4 (9.5%) 0 0.176 *

Aerobic exercise 5 (7.8%) 5 (11.9%) 0 0.112 *

TRX 2 (3.1%) 2 (4.8%) 0 0.427 *

Cycling 0 0 0 -
Note: The data are presented as frequencies (percentages) or mean values ± SD; * Chi-square Test of independence.

In total, 65% of the sample mentioned their engagement with at least one form of
physical activity before being hospitalized. The men were exercising at a higher percentage
than the women before their hospitalization and with greater frequency (Table 4). Overall,
51.6% of the study’s population engaged in physical activity mentions walking as their
primary exercise before hospitalization despite gender (Table 4).

The patients with at least one chronic disease were used to engage less in aerobic
exercise (!8.2% vs. 2.4%, p = 0.044) and resistance training (18.2% vs. 0%, p = 0.010)
compared to individuals without comorbidities.

3.3. Physical Activity Preferences of the Population after Hospitalization

The post-hospitalization physical activity of the study’s population and their compari-
son based on sex is presented in Table 5.
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Table 5. Post-hospitalization physical activity of the study’s population and their comparison based
on sex n = 64.

Parameters Sum n = 64 Men n = 42 Women n = 22 p-Value

Physical activity 44 (68.8%) 34 (81%) 10 (45.5%) 0.005 *

Days of exercise per week 5 ± 2 5 ± 2 4 ± 2 0.033 *

Walking 37 (57.8%) 28 (66.7%) 9 (40.9%) 0.043 *

Activity at work 13 (20.3%) 10 (23.8%) 3 (13.6%) 0.268 *

Resistance training 6 (9.3%) 5 (11.9%) 1 (4.5%) 0.320 *

Aerobic exercise 4 (6.2%) 4 (9.5%) 0 0.176 *

Cycling 0 0 0 -

TRX 0 0 0 -
Note: The data are presented as frequencies (percentages); * Chi-square Test of independence.

Overall, 68.8% of the study’s population started or continued to exercise after their
hospitalization. Men continued to exercise on a larger scale and at a greater frequency than
women after their hospitalization (Table 5). In 57.8% of the abovementioned population
engaged in any form of physical activity after their hospitalization mentioned walking
as their primary physical activity, with the male percentages being significantly higher
compared to those of females (Table 5). In 36 out of the 42 individuals (85.7%) exercising
before their hospitalization continued to exercise after it. In 8 out of the 44 individuals
(18.2%) exercising after their hospitalization had just started, and they were not before.

3.4. Changes of Body Weight before and after Hospitalization, and Views about the Effects of
Hospitalization or Lockdown on the Frequency and the Desire of Exercise after Discharge

The change of body weight before and after hospitalization, the various views about
the effects of hospitalization or lockdown on the frequency and the desire of exercise after
discharge and comparisons based on sex are shown on Table 6.

The BMI was not associated with the duration of hospitalization. However, the days
of hospitalization were positively associated with more extensive changes in the patients’
weight (r = 0.809, p < 0.001). Patients who experienced in-hospital weight loss were
hospitalized more days than those who had gained weight (19 ± 14 vs. 9 ± 4, p < 0.001).

At a significantly higher percentage than the women, the men stated that their hospi-
talization or lockdown measures did not affect their exercise frequency after discharge from
the hospital. In total, 50% of the men (a more considerable percentage than the women at
9%) supported that the restrictive measures did not affect the frequency of their desire to
exercise. Actually, among men, 38.1% that were not previously exercising mentioned that
the lockdown increased their desire to begin. Approximately half of women (45.5%) were
negatively affected by the lockdown regarding their frequency and desire to exercise, a
significantly higher percentage compared to the men.

Both the men and the women that did not exercise (before or after hospitalization)
were those individuals who supported the harmful effects of the lockdown to their desire
for exercise in comparison to those physically active before their hospitalization. The men
and the women that believed in the positive effects of their hospitalization to their desire
for exercise were also those who supported the positive effects of the restrictive measures
to that desire.

The frequency of exercise before hospitalization was positively associated with the
frequency of exercise after hospitalization (r = 0.645, p < 0.001). The patients previ-
ously engaged in physical activity needed significantly lesser time to recover (22 ± 14
vs. 65 ± 32 days, p < 0.001) and displayed significantly lower levels of dyspnea on the
mMRC scale (1 ± 1 vs. 3 ± 1, p < 0.001) after their hospitalization compared to the patients
with no history of physical activity. In fact, the frequency of exercise (days per week) was
negatively associated with the levels of mMRC dyspnea after hospitalization (r = −0.342,
p = 0.026). On the contrary, the recovery time in days was positively associated with the
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time of hospitalization (r = 0.408, p = 0.001). Of all forms of exercise, walking was associated
with a shorter recovery time (23 ± 15 vs. 55 ± 34, p < 0.001) and a lower score on the mMRC
dyspnea scale (1 ± 1 vs. 2 ± 1, p = 0.04) in comparison to the absence of any previous
physical activity.

Table 6. Changes in body weight before and after hospitalization, views about the effects of hospital-
ization on the frequency of exercise after discharge and during recovery, effects of the lockdown to
the frequency and the desire of the study’s population to exercise and their comparison based on sex,
n = 64.

Parameters Sum n = 64 Men n = 42 Women n = 22 p-Value

Changes in body weight after hospitalization

Weight loss 36 (56.3%) 26 (61.9%) 10 (45.5%)

0.459 *Weight increase 12 (18.7%) 7 (16.7%) 5 (22.7%)

Consistent weight 16 (25%) 9 (21.4%) 7 (31.8%)

Weight change in Kg # 8 ± 6 8 ± 6 7 ± 5 0.388 *

Return to the pre-infection
physical condition 56 (87.5%) 39 (92.9%) 17 (77.3%) 0.085 *

Recovery time after
hospitalization (days) 35 ± 29 31 ± 28 45 ± 29 0.070 *

Hospitalization effects on the frequency of exercise

Frequency increase 17 (26.6%) 11 (26.2%) 6 (27.3%) 0.396 *

Frequency decrease 9 (14%) 5 (11.9%) 4 (18.2%) 0.396 *

Consistent frequency 23 (35.9%) 21 (50%) 2 (9%) 0.002 **

No exercise 15 (23.4%) 5 (11.9%) 10 (45.5%) 0.002 **

Effects of exercise on the recovery time

Negative 2 (3.1%) 1 (2.4%) 1 (4.5%) 0.876 *

Positive 54 (84.4%) 36 (66.7%) 18 (33.3%) 0.703 *

Do Not Know 8 (12.5%) 5 (11.9%) 3 (13.6%) 0.876 *

Lockdown effects on the frequency of exercise

Frequency increase 17 (26.6%) 11 (26.2%) 6 (27.3%) 0.066 *

Frequency decrease 9 (14%) 5 (11.9%) 4 (18.2%) 0.066 *

Consistent frequency 23 (35.9%) 21 (50%) 2 (%) 0.002 **

No exercise 15 (23.4%) 5 (11.9%) 10 (45.5%) 0.002 **

Lockdown effects on the desire for exercise

Negative 23 (35.9%) 10 (23.8%) 13 (59%) <0.001 **

Positive 25 (39%) 16 (38.1%) 9 (40.9%) 0.650 *

Do Not Know 26 (25%) 16 (38.1%) 0 <0.001 **
Note: The data are presented as frequencies (percentages) or mean values ± SD; * Chi-square Test of independence;
** Bonferonni method; # Weight change refers to weight gain or loss.

The patients engaged in physical activity after their hospitalization displayed signifi-
cantly lower levels of dyspnea on the mMRC scale (1 ± 1 vs. 3 ± 1, p = 0.001) compared
to those who did not engage in any physical activity after their hospitalization. Of all the
different kinds of post-hospitalization exercise, walking was positively associated with the
most remarkable improvement of dyspnea after hospitalization (1 ± 1 vs. 2 ± 1, p = 0.004).

A multiple linear regression model was used to research those parameters that can
independently predict a quicker recovery. The weight loss in Kg, the presence of chronic
disease, and dyspnea on admission, were found to be independent predictors of a faster
recovery time (in days) of patients hospitalized due to COVID-19 (R2 = 92.0, adjusted
R2: 89.4) (Table 7).
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Table 7. Multiple linear regression model to predict a faster recovery time (a).

Unstandardized Coefficients Standardized Coefficients t Sig. 95.0% Confidence Interval for B

Model B Std.
Error Beta Lower Bound Upper Bound

(Constant) 35.021 10.073 3.477 0.007 12,233 57,808

b. Weight loss 2.906 0.225 1.002 9.322 <0.001 1587 2604

b. Chronic Disease −24.648 5.002 −0.479 −4.927 <0.001 −35,964 −13,331

b. Dyspnea 13.669
Adjusted 3.112 0.485 4.392 0.002 6628 20,710

a. Dependent Variable: recovery time in days; b. Predictors: (Constant), weight loss, chronic disease, dyspnea.

4. Discussion

In this study, we investigated the correlation of obesity with the duration of hospi-
talization, the pre- and post-hospitalization exercise preferences of COVID-19 patients,
and the impact of pre-admission or post-hospitalization physical activity on dyspnea one
month after hospitalization or recovery time after discharge. We found that two-thirds
of the patients were obese; however, obesity was not associated with the hospitalization
time. Two-thirds of the patients used to engage in physical activity before hospitalization.
The men exercised in a higher percentage and more frequently than women before and
after hospitalization. The methodical pre-hospitalization exercise was associated with
lower levels of dyspnea one month after hospitalization and less recovery time in days.
Weight loss in Kg, preexisting comorbidity, and dyspnea on admission were independent
predictors for faster recovery time in days. Most males used to exercise before infection
supported that the lockdown had boosted their desire to exercise, compared to females
who were negatively affected.

In our study, the average age of the sample of hospitalized patients in November and
December 2020 was 62.2 ± 13.2 years old. It is distinctively mentioned that the frequency
of infection is increased for men over 60 years old, who also display higher mortality rates
than the women of the study up to 50%. According to the World Health Organization, there
were expected differences between the two genders regarding the body metric data, while
the population studied was overweight on average, without any statistically significant
difference among genders.

Comorbidities were positively associated with age, as expected. It has been reported
that 60 to 90% of patients who need hospitalization due to COVID-19, display at least one
comorbidity [15,16]. The most common comorbidities mentioned in the literature are hyper-
tension (57% of the patients), respiratory diseases (10% of the patients), and malignancy (8%
of the patients) [15,16]. In a recent meta-analysis of 10 studies that included 76,993 patients,
the prevalence of high blood pressure was 17.37% (95%CI, 10.15–23.65%), of cardiovascular
disease 12.11% (95%CI 4.40–22.75%) and of DM 7.87% (95%CI 6.57–9.28%) [17]. Accord-
ingly, the present study revealed that two-thirds of the population had at least one of the
following comorbidities in descending order, high blood pressure (29.7%), DM (21.9%),
cardiovascular diseases (CD, CVA) (18.7%), hypercholesterolemia/dyslipidemia (15.6%),
malignancy (9.3%), coexistent autoimmune disease (4.7%), COPD (4.7%), asthma (3.1%),
chronic hepatitis (3.1%), and thyroid disease (3.1%).

It has been reported that patients with more than one comorbidity experience more
dyspnea [18]. In the present study, there was a positive association of dyspnea before and
after hospitalization with the presence of comorbidities. Furthermore, advanced age was
positively associated with the level of mMRC dyspnea on admission and after discharge.
It has been reported that at least 87% of the infected by the virus still displayed at least
one of the common symptoms after their recovery, more often dyspnea and fatigue, while
15% of the examined patients displayed increased breathing difficulty as a complication of
the virus [19].

Patients with increased BMI are more likely to be severely infected by the new coron-
avirus. A large percentage of patients that need intensive care are overweight or obese [20].
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We found that increased BMI was not associated with hospitalization time. However, it
is essential to point out that the patients with more weight included in this study were
exercising more often before their hospitalization, and the benefits of their exercise could
possibly counterbalance their increased BMI. Physical activity is an important means of pro-
moting health. In addition to improving functions related to cardiovascular and respiratory
function, as well as avoiding the deposition of body fat, physical activity has many benefits
for avoiding infectious diseases, or in the case of hospitalization, for faster recovery [10,21].

More specifically, physical activity improves inflammation associated with COVID-19
independent of body fat, explaining why bodyweight was not an independent contributor
to hospitalization. There are data demonstrating that regular bouts of short-lasting (i.e.,
45–60 min), moderate-intensity exercise (50–70% VO2max), performed at least three times
per week is beneficial for the host immune defense, particularly in older adults and people
with comorbidities [22,23], compared to prolonged and/or intense bout of endurance
exercise that makes humans more susceptible to infection. Moderate-intensity exercise
has been linked to increased leukocyte function in humans [24]. It has been found to
enhance chemotaxis, degranulation, phagocytosis, cytotoxic activity, and the oxidative
activity of macrophages and neutrophils in rats [25]. Increased cytolytic activity of NK
cells and NK cell-activating lymphokine during 60 min of moderate-intensity exercise
by healthy cyclists was also reported [11]. On the contrary, the long-duration/intense
exercise-induced immunomodulation is associated with markers of immunosuppression,
such as increased production of proinflammatory cytokines [26] reduced activity of NK
cells, T and B lymphocytes, and neutrophils; reduced production of salivary IgA and
plasma IgM and IgG; and a low expression of major histocompatibility complex II in
macrophages [27,28]. These changes can be detected hours to days after the end of a
prolonged and/or intense endurance exercise. Physical activity controls the viral gateway,
modulates inflammation, stimulates NO production pathways, and establishes control
over oxidative stress. Adaptation to usual exercise appears to affect immune function,
particularly innate and adaptive immunity, and improve humoral immunity with increased
vaccination responses. Exercise may at least partially counteract the detrimental effect
of SARS-CoV-2 binding to the angiotensin-converting enzyme receptor [22]. Physical
can activate anti-inflammatory signaling pathways. In this regard, the release of anti-
inflammatory cytokines from skeletal muscle contraction, cortisol elevations, prostaglandin
E2, and soluble receptors against tumor necrosis factor and interleukin 2, and increased
mobilization of immunoregulatory leukocyte subtypes may be relevant in attenuating the
cytokine release in COVID-19. Exercise may enhance alternative routes of NO production,
stimulating eNO with antiviral effects and post-infection lung recovery of COVID-19.
The control of oxidative stress, which produce cell damage, is modulated by the practice
of physical activity by two mechanisms, the inhibition of NF-κB, and the stimulation of
Nrf2 pathways [22].

A total of 65% of the studied sample mentioned that they engaged at least in one form
of physical activity before their hospitalization, with walking being the most common.
The men, compared to the women, were exercising more frequently both before and after
their hospitalization. Our results are in agreement with previous studies documenting that
woman were less active than men [29] and that levels of physical activity decreased progres-
sively with age especially among women [30]. Another study reported that women were
less likely than men to prefer activities that require skill and practice or done outdoors [31].

Conversely, a recent Italian study reported that women, who previously had a lower
level of physical activity than men, showed a lower tendency to reduce it during lockdown,
revealing greater resilience than men. During that period, women were motivated by
weight loss and toning more than men [32,33], being concerned with controlling their
weight, improving their physical appearance, or counteracting the effects of aging. In the
present study, the factor that affected their pursuit of physical activity differs between the
two sexes, and the leading cause of this phenomenon may be that Greek women tend to
spend more time handling family matters and everyday family needs [34], despite the
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fact that females reported higher motivation for appearance and physical condition than
males [33]. A study that was conducted before the COVID-19 pandemic documented that
half of the studied population were physically inactive, indicating that sedentary lifestyles
have become a serious epidemic in Greece [35].

An interesting finding of this study was that the patients methodically exercising had
lower levels of dyspnea one month after hospitalization, needed less time to recover from
the infection and return to their previous physical condition. Out of all kinds of exercise we
included, walking was positively associated with a faster recovery time of the hospitalized
patients. Given that in the present study the age group is over 60, we assume that it is not
the walking itself in regard to intensity and how it affects the body but the fact that we had
a high number of individuals in that category. Walking is a type of physical activity that is
relevant to older adults as the walking ability is of primary importance for older adults [36].
On the other hand, there are data demonstrating that regular bouts of moderate-intensity
exercise performed at least three times per week is more beneficial in immunomodulation
compared to high intensity exercise, as mentioned above.

Exercise positively affects the immune system contributing considerably to its improve-
ment, bearing in mind the kind, the intensity, and the duration of exercise [37]. Overall, it
is a fact that mild exercises stimulate cellular immunity, increase the anti-infective activity
of the macrophages and the effect of the inflammatory cytokines, contributing to the faster
cure from the infection [37]. There are no data regarding the improvement of the immune
response to COVID-19 infection through exercise; however, there are indications, from past
viral infections of the respiratory system, of physical activity decreasing the duration and
the severity of the symptoms, as well as the mortality rates of the viral disease. Physical
activity of mild intensity could be considered nonmedicinal means to the fight against
respiratory infections [37].

Regarding the physical activity after hospitalization, walking was again the main
preferable exercise by 57.8%. It is essential to mention that this percent value increased
(up to 68.8%) because most patients continued to exercise, and at the same time, some
patients had begun to exercise after their recovery. Similarly, in that situation, there were
more men who continued to exercise than women. In addition, the men stated that the
hospitalization and restrictive measures did not affect their frequency or desire to exercise
and they continued to work out the same after being cured, some even more, however, the
women were affected negatively and reduced their exercise frequency.

A percentage of men and women believed that their hospitalization and the restrictive
measures increased their desire to exercise. Mainly, the patients who exercised before
infection claimed that their desire decreased, and their exercise after hospitalization became
even more intense. On the other hand, the patients that were not exercising at all continued
to keep their distance from physical activity and demonstrated that the confinement and
the hospitalization affected their desire to exercise negatively. A large proportion of patients
(20%) with COVID-19 will continue to have clinical manifestations of the disease, such
as fatigue, weakness, severe dyspnea, and headaches for a period that may exceed one
month. There is considerable evidence that physical activity has long-term health benefits
that mitigate or even prevent the development of chronic non-communicable diseases
(lung disease, heart disease, neurocognitive problems, musculoskeletal problems). On
the other hand, physical inactivity has been associated with serious COVID-19 problems,
including dyspnea [38]. Accordingly, the Centers for Disease Control and Prevention
(CDC) advise not only to engage the inactive population in physical activity, but also
to establish it as a tool in the management of patients with post-COVID-19 syndrome.
Since exercise has been shown to be beneficial for many viral infections such as COVID-
19, it is worth highlighting and further examining the extent of the favorable impacts of
exercise [38]. It is also important to mention that moderate physical activity significantly
increases the anti-pathogenic activity of macrophages, increases the circulation of immune
cells, immunoglobulins, and anti-inflammatory cytokines while reducing the possibility
of organ damage (such as the lung) due to COVID-induced inflammation [38]. Therefore,
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physical exercise is shown to be a non-pharmacological intervention that achieves immune
enhancement and reduces the negative effects of the disease [36].

Nevertheless, it is crucial to direct our attention to that significant part of the examined
sample (36.4%) that did not exercise before the lockdown and started to, not so much,
of course, as those who were already used to exercise regularly. A lower frequency of
exercise is imperative to eventually adopt a healthier way of life in general than no physical
activity at all. This mainly happened due to the shutdown of almost all businesses which
left more free time for people. At the same time, while physical activity is the only way
of transportation outside the house, even for an hour, a motive has been provided to a
vast part of the population to engage in physical activities and follow a healthier way
of living [38].

The recovery time was positively associated with the days of hospitalization, as
the more days a patient was hospitalized, the more time they needed to return to their
physical condition before infection. The data of many studies support that those patients
hospitalized for a long time or subjected to invasive ventilation for a prolonged period
displayed respiratory and muscle difficulties, a key factor for their recovery time and the
restoration of their previous physical condition to how it was before hospitalization [39].

Together, in the present study we found that preexisting comorbidities, dyspnea on
admission, and weight loss in Kg during hospitalization were independent predictors
for a longer recovery time after the hospitalization. The days of hospitalization were
associated with more significant weight fluctuations, either weight gain or weight loss. In
total, 56.3% of the patients displayed weight loss. This study showed that weight loss in
Kg is an independent indicating factor for greater needed time for recovery. The severe
inflammation caused by the virus and results in the release of much more acute phase
proteins disorganizes the metabolism and causes weight loss. Additionally, the decreased
food intake mostly connected with loss of appetite due to the disease’s symptoms is one
more main factor. Another important cause of weight loss is the anxiety brought on
the surface due to the disease and bad sleep quality during hospitalization. In addition,
immobility due to hospitalization undoubtedly contributes to muscle atrophy, a decrease
in adipose tissue, sarcopenia, and, eventually, weight loss. The decreased weight and
cachexia due to hospitalization increase the time patients need to return to their state prior
to infection [39].

Several limitations need to be noted regarding the present study. A main limitation is
that the data-stream provided by self-reporting is not shielded from potential acquiescence
response bias. For this reason, the self-reported administered questionnaires were used,
measured physical activities that were relevant to older adults over a relatively short period
of time before and after hospitalization to minimize reporting errors [40]. In addition,
reliability measures were not used in the study, but only self-report questionnaires were
used to collect data. Moreover, the physical activity is not the only predictor for obesity
but there are other factors as well that should be evaluated in future studies. Furthermore,
we do recognize that our study was obviously limited by the small sample size. Even
though we aimed to have a larger sample size, the actual response rate was much lower.
Nevertheless, this study for the first time evaluated the frequency and type of physical
activity among adults previously hospitalized due to COVID-19 in Greece.

5. Conclusions

We found that two-thirds of the hospitalized patients were overweight or obese. The
increased BMI was not associated with the hospitalization time. This study also showed
that weight loss in Kg, a pre-existing chronic disease, and dyspnea as a symptom during
hospital admission could independently predict a longer recovery time. Two-thirds of
the patients used to engage in some form of physical activity before infection. The men
were exercising in a higher percentage and more frequently than the women before their
hospitalization. Most of the patients that used to exercise before infection supported that
the lockdown had boosted their desire to exercise. At a significantly higher percentage
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than women, men supported that their hospitalization and the restrictive measures did
not affect their frequency or desire to exercise after discharge from the hospital. Women in
their majority were negatively affected by the lockdown, at a higher percentage than men,
regarding their frequency and desire to exercise.

Hence, obesity is a common comorbidity in patients with COVID-19 that was not
proven to be associated with recovery time. Physical activity has long-term health benefits
in COVID-19 patients given that those with methodical contact with exercise before infec-
tion had low levels of dyspnea after their hospitalization and less recovery time. Avoiding
a sedentary life and adopting a healthier way of living by engaging in any form of phys-
ical activity are proven to positively affect the rehabilitation from the immensely severe
COVID-19 disease that requires hospitalization.
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Abstract: Background: Sarcopenia seems to be an emerging health issue worldwide, concerning the
progressive loss of skeletal muscle mass, accompanied by adverse outcomes. Asthma is a chronic
inflammatory respiratory condition that is widespread in the world, affecting approximately 8% of
adults. Although data are scarce, we aim to shed light on the potential association between low muscle
mass and asthma and point out any probable negative feedback on each other. Methods: We searched
within the PubMed, Scopus, MEDLINE, and Google Scholar databases. Study selections: Three studies
were included in our analysis. Only original studies written in English were included, while the
references of the research articles were thoroughly examined for more relevant studies. Moreover,
animal model studies were excluded. Results: 2% to 17% of asthmatics had sarcopenia according to
the existent literature. Sarcopenic asthmatic patients seem to have reduced lung function, while their
mortality risk may be increased. Furthermore, patients with asthma- chronic obstructive pulmonary
disease (COPD) overlap syndrome phenotype and sarcopenia might have a higher risk of osteopenia
and osteoporosis progression, leading consequently to an increased risk of fractures and disability.
Conclusions: Emerging data support that pulmonologists should be aware of the sarcopenia concept
and be prepared to evaluate the existence of low muscle mass in their asthmatic patients.

Keywords: asthma; sarcopenia; low muscle mass; inflammation; respiratory disease

1. Introduction

Worldwide, it there is an emerging interest concerning the progressive loss of skeletal
muscle mass and loss of muscle function, broadly known as sarcopenia [1]. Sarcopenia
prevalence in the elderly is considered quite variable, ranging from 5% to 50%, depending
on different factors such as age, gender, pathological conditions, and last but not least,
criteria concerning diagnosis [1]. Moreover, it is closely related to frailty syndrome, which
is related to increased vulnerability [2]. Besides the aging process, low muscle mass can
also be associated with pathological conditions. Among these conditions are chronic liver
and kidney disease, inflammatory bowel disease, diabetic foot, and many others [2–5].

Asthma is a chronic inflammatory disorder concerning the airways [6]. It is characterized
by chronic airway inflammation, which is manifested as variable airway narrowing leading to
wheezes, dyspnea, and cough [7]. Asthma affected an estimated 262 million people in 2019 [1]
and caused 455,000 deaths [8]. It seriously affects people’s physical along with their mental
health, resulting in limited physical activity and decreased quality of life (QoL) [8].

In this non-systematic review, we aim to investigate the potential interplay between
these two clinical entities, even though data are limited and further studies are needed to
validate this interaction.

1.1. The Concept of Sarcopenia: Where We Stand?

The combination of low muscle mass and low muscle function is characterized as sarcope-
nia [9,10]. Even though this term was used to describe the loss of muscle mass and physical
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performance associated with aging, nowadays, factors harming sarcopenia progression may con-
cern chronic diseases, an idle lifestyle, disability, and malnutrition [9,11]. It is already established
that alterations in mitochondrial function, muscle fiber types, myokines, nicotinamide adenine
dinucleotide (NAD+) metabolism, and gut microbiota are present in aged muscle compared to
young muscle or healthy aged muscle [12]. Several age-related factors, such as neuromuscular
degeneration, changes in hormone levels, chronic inflammation, and oxidative stress, are related
to the development of low muscle mass [13]. On the other hand, low muscle mass might be
related to pathological clinical conditions such as chronic kidney disease (CKD), chronic liver
disease, respiratory disease, endocrine disorders, and others [4,14–16].

Sarcopenia is an important component of the syndrome of frailty, which is associated with
increased vulnerability, a decline in the physiological reserves of several systems of the human
body and augmented susceptibility to both endogenous and exogenous stressors [17,18]. Frailty
syndrome has also been associated and linked to the aging population, and other pathological
conditions such as postoperative complications, metabolic syndrome, cardiovascular disease,
inflammation and many others [17,19,20].

In 2010, the European Working Group on Sarcopenia in Older People (EWGSOP)
published a sarcopenia definition. Still, in early 2018, the Working Group carried out a new
meeting (EWGSOP2) to determine an update concerning the description of this condition.
In its 2018 definition, EWGSOP2 uses low muscle strength as the basic parameter of sar-
copenia [21]. The updated consensus on sarcopenia uses detection of low muscle quantity
and quality to confirm the sarcopenia diagnosis while it identifies poor physical perfor-
mance as indicative of severe sarcopenia. Moreover, it updates the clinical algorithm used
for sarcopenia case-finding, diagnosis and confirmation, and severity determination and
provides clear cut-off points for measurements of variables that identify and characterize
sarcopenia [21].

To monitor sarcopenia among individuals, there are specific tools. One screening tool
for sarcopenia is SARC-F, which is a questionnaire consisting of five questions: Strength (S),
Assistance walking (A), Rising from a chair (R), Climbing stairs (C), and Falls (F) on a scale
of 0 to 2. The cutoff value recommended is ≥4 points [22,23]. In addition, tools such as grip
strength and chair stand test (chair rise test), gait speed, timed-up-and-go test (TUG), 400-m
walk or long-distance corridor walk (400-m walk) and short physical performance battery
(SPPB) may also be of great importance to assess skeletal muscle strength and physical
performance [21].

The laboratory evaluation of skeletal muscle mass, or skeletal muscle quality, can be
carried out by appendicular skeletal muscle mass (ASMM) by Dual-energy X-ray absorp-
tiometry (DXA), muscle ultrasonography, neutron activation (NAA), electrical impedance
myography (EIM), whole-body skeletal muscle mass (SMM) or ASMM predicted by Bio-
electrical impedance analysis (BIA) and lumbar muscle cross-sectional area by CT or
MRI [21,24,25].

Interventions concerning sarcopenia are also critical to prevent its progression and
adverse outcomes. Among these interventions are dietary supplementation, exercise
interventions, and combined diet and exercise interventions or lifestyle interventions [26].

Both aerobic and resistance training seem to increase muscle strength and improve
physical function in general [13]. Specifically, in the early 1990s, a series of studies es-
tablished the role of Progressive Resistance Exercise Training (PRT) in increasing muscle
size, muscle strength, and functional capacity in the elderly. At the same time, in 2009, a
Cochrane review on 121 trials concluded that PRT could be imperative to improve physical
performance along with muscle strength, including gait speed and getting up from a chair.
PRT should be considered a first-line treatment strategy for managing and preventing
sarcopenia and its adverse outcomes, but trained therapists and special equipment are
required for its implementation [13].

It is already well-established that malnutrition is related to the pathogenesis of low
muscle mass, specifically in frail and vulnerable elderly patients [13,18,27,28]. Interventions
concerning nutrition may include increased protein, vitamin D supplementation, creatine
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monohydrate, antioxidants, omega-3 fatty acids, and other nutritional strategies, but all
these are under consideration [13,18,29].

1.2. Bronchial Asthma: A Respiratory Key Competitor

Bronchial asthma is a medical condition that may have detrimental effects, while its
prevalence globally has demonstrated a rapid increase during the last century [30,31]. It is a
common clinical condition due to chronic inflammation of the lower respiratory tract, whilst
due to the fact that it is a quite heterogenic clinical condition, it is often underdiagnosed,
despite the fact that its clinical manifestation is already well-established and there are already
valid and quite effective treatment strategies in order to confront this medical issue [32].

The risk factors concerning the bronchial asthma are already validated and it seems
that gene-environment interactions have a pivotal role [32,33]. As has already been proven,
genetics and heritability have an important role in bronchial asthma development along
with epigenetic variation, whilst respiratory infections, particularly viral, are associated
with environmental exposures, tobacco smoke, pollutants, ozone, atopic conditions, chemi-
cal exposures and effects of the microbiome, stress and metabolites [32–35].

The pathophysiology of this clinical issue is closely linked to the inflammation of
the lower airway. This is most likely to derive from the combination of environmental
exposures, genetic profile of its individual and probably alterations in the microbiome and
metabolites [32,36]. It is well-established that the most frequent type of inflammation in
asthmatic patients is the type 2 inflammation which can be associated with eosinophilic
disorders, allergic diseases and parasite infections [32,37]. In addition, type 2 inflammation
in asthmatic individuals can be characterized by increased IL-33 and thymic stromal lym-
phopoietin, increased OX40L expression and lymph node migration affecting lymphocyte
maturation, metaplasia and increased mucin stores, increased TH2 bias with downregula-
tion of Treg cells, along with increased IL-4, IL-5 and IL-13, increased IgE-producing plasma
cells, IL-5–mediated accumulation and increased IgE binding and mediator storage [32,37].
All these alterations, which happen in the lower airways may lead to a remodeling status
of the lung tissue in asthmatic subjects, in the mucosa and submucosa, including epithelial
hyperplasia and metaplasia of goblet cells along with increased mucus production, smooth
muscle hypertrophy, collagen deposition and larger mucous glands leading to airways
remodeling and narrowing and increased mucous production [32,38,39]. Moreover, it is
of great importance to point out, that in individuals with asthma, chest wall geometry is
modified, shortening the inspiratory muscles and as a result the ability of these muscles to
generate tension is quite reduced [40].

There are four essential symptoms concerning individuals living with bronchial
asthma. Among these symptoms are: wheezing, coughing, shortness of breath / dyspnea
and chest tightness [32,41], whilst the differential diagnosis includes medical conditions
such as reactive airway disease, bronchopulmonary dysplasia, bronchiolitis and chronic
obstructive pulmonary disease (COPD) [32,42].

Bronchial asthma classification concerns intermittent or persistent asthma, ranging
from mild to severe, while certain asthmatic patients may have intermittent to persistent
asthma [6]. Moreover, another classification concerning specific types of asthma causes
and manifestations such as non-allergic, allergic, aspirin-exacerbated respiratory disease,
occupational, potentially fatal, exercise-induced, and cough variant asthma [6].

Asthma management remains still quite intriguing, with acute asthma being a medical
emergency that could be fatal [43]. In addition, it is well-known that asthma severity is
characterized by the presence of exacerbations [43]. The four fundamental components of
asthma management include patient education, monitoring and recording of symptoms and
lung function, control of triggering factors and conditions that fuel comorbidity, requiring
pharmacologic treatment administration [44–46].

Asthma treatment strategy is associated with the administration of inhaled corti-
costeroids (ICS), which have the ability to reduce asthma exacerbations and generally
ameliorate the disease control [46]. In addition, in individuals living with this chronic
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respiratory disease, poorly controlled asthma and a history of prior asthma exacerba-
tions, the combined administration of ICS and long-acting β-agonists (LABA), such as
budesonide and formoterol, can lead to a significant reduction of asthma exacerbations
compared to ICS administration alone, whilst the prescription of ICS/LABA combinations,
both for maintenance and symptom relief, has demonstrated reduction concerning asthma
exacerbations [46,47]. Regarding other treatment strategies, leukotriene antagonists seem
to reduce exacerbations both in children and adults, while montelukast reduced asthma
exacerbations to RV infections among children, even if adding montelukast to inhaled
budesonide was as effective as doubling the dose of inhaled budesonide [46]. Last but not
least, the administration of anticholinergic drugs, such as tiotropium, reduces the frequency
of asthma exacerbations and is approved by Food and Drug Administration (FDA) for
long-term, maintenance treatment for individuals 6 years of age and older with persistent
asthma, uncontrolled with ICS along with the use of one or more drugs against bronchial
asthma [46,48].

It is important to underline that, in severe conditions of bronchial asthma, there is
availability of biologic therapies in the form of anti-IgE (omalizumab) and anti-IL5 therapies
(mepolizumab and reslizumab) [49].

Asthma and obesity, both of which are considered global health issues, tend to increase
in parallel indicating a potential link between these two conditions [50,51]. There is a debate
whether body mass index (BMI) status is associated with asthma control, i.e., the persistence
and intensity of symptoms of asthma. [50,51].

1.3. Literature Review Organization

In this non-systematic review article, the current literature was retrieved using the
PubMed, Scopus, MEDLINE, and Google Scholar databases from the date of the idea’s
inception concerning this review from July 1975 until August 2022. We have searched for
the following terms: “sarcopenia and asthma” OR “sarcopenia and bronchial asthma” OR
“low muscle mass and asthma” OR “low muscle mass and bronchial asthma”. Only original
studies written in English were included, while the references of the research articles were
thoroughly examined for relevant studies. Animal model studies were excluded. In this
study, we tried to highlight the existing literature concerning the interaction between these
two entities (Table 1).

Table 1. The interplay between sarcopenia and bronchial asthma.

Authors Ref/Year Study
Design

Study
Population Findings % of Sarcopenia in

Asthmatics
Low Muscle Mass

Evaluation

Won et al. [50]/2022 Cross-sectional 320 elderly asthmatics

Decreased muscle mass and
physical activity levels may
contribute to reduced lung
function concerning elderly

asthmatics. Sarcopenic asthma
was associated with low BMI,
aging, reduced lung function.

15% asthmatics has
sarcopenia

Appendicular
skeletal muscle was

calculated as the sum
of the skeletal muscle

mass.

Benz et al. [51]/2022 Population-based
study

4482 participants (aged
> 55 years; 57.3%
female) from the
population-based
Rotterdam Study

Middle-aged and older people
with COPD, higher SII levels or

sarcopenia had an
independently increased

mortality risk, whilst routinely
evaluating sarcopenia and SII
in older people with COPD or

asthma is recommended

1.4% asthmatics with
sarcopenia, 2.1%

COPD patients with
sarcopenia

Handgrip strength
evaluated by

hydraulic
dynamometer and
appendicular lean
mass measured by

DXA

Lee et al. [52]/2017 Comparative study

947 subjects were
included in the study:

89 had asthma, 748
COPD, and 110 ACOS

In the ACO phenotype,
sarcopenic individuals had a
higher prevalence rate and

risks of osteopenia and
osteoporosis than those

non-sarcopenic

17.1% asthmatics
with sarcopenia,

50.5% COPD patients
with sarcopenia

Assessment by DXA

Abbreviations: ACO, Asthma—COPD overlap, COPD, chronic obstructive pulmonary disease; DXA, Dual-energy
X-ray overlap.
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1.4. Sarcopenia and Bronchial Asthma: The Intriguing Interplay

The association between sarcopenia and bronchial asthma seems to have been under
medical investigation in recent years. Researchers worldwide tried to investigate the
potential impact of these two entities on each other. Still, there is enough scientific space
for a further and more thorough investigation.

Won et al. tried to investigate the association between sarcopenia and asthma in
the elderly, mainly concerning asthma control and lung function [52]. The groups under
investigation were divided and analyzed related to muscle mass, asthma, and physical
activity. They have demonstrated that sarcopenic asthma had a younger onset and reduced
physical activity than non-sarcopenic asthma, whilst asthma control was not associated
with physical activity and low muscles mass [52]. Moreover, using multivariate logistic
regression analyses, they further pointed out that sarcopenic asthma was associated with
airway obstruction (FEV1 < 60%), older age, male gender, and lower body mass index
(BMI), compared with non-sarcopenic asthma [52]. Their conclusions highlighted that
intense physical activity and sarcopenia might contribute to reduced lung function in
elderly asthmatics [52].

Benz et al. focused on investigating the association between sarcopenia, higher sys-
temic immune-inflammation index (SII), COPD or asthma, and all-cause mortality in
a large-scale population-based setting, taking under serious consideration that SII and
sarcopenia are associated with higher morbidity in patients with COPD or asthma [53].
4482 participants, aged > 55 years, with 57.3% being female, from the population-based
Rotterdam Study were included. Asthma and COPD patients were diagnosed based on
spirometry and clinical examination [53]. They defined sarcopenia according to the updated
EWGSOP2 criteria while handgrip strength was obtained from the non-dominant hand
using a hydraulic dynamometer, and appendicular lean mass was measured by DXA [53].
Independent of the presence of sarcopenia, COPD or asthma participants had a higher
risk of all-cause mortality (HR: 2.13, 95% CI 1.46–3.12 and HR: 1.70, 95% CI 1.32–2.18 for
those with and without sarcopenia, respectively, while higher SII levels increased mortality
risk even in people without sarcopenia, COPD or asthma [53]. In conclusion, they pointed
out that middle-aged and older people with COPD, higher SII levels, or sarcopenia had
an independently increased mortality risk. At the same time, they recommended that
sarcopenia and SII assessment in everyday medical practice could be predictors of worse
progress in the elderly with COPD or asthma [53].

Lee et al. investigated the association between sarcopenia and bone mineral density
(BMD) (which is related to osteopenia and osteoporosis) in asthma-COPD overlap (ACO),
based on the existing hypothesis that sarcopenia and decreased BMD are common in the
elderly and are significant comorbidities concerning obstructive airway disease (OAD) [54].
A total of 947 subjects were included in the study: 89 had asthma, 748 had COPD, and 110
ACO underwent qualified spirometry and DXA. This comparative study demonstrated
that the sarcopenia group had higher risks of developing osteopenia, osteoporosis, and low
BMD than the non-sarcopenia group in the ACO phenotype (OR: 6.620, 95% CI 1.129–38.828;
OR: 9.611, 95% CI 1.133–81.544; and OR: 6.935, 95% CI 1.194–40.272, respectively), while
in the asthma phenotype, the sarcopenia group showed no increased risk in comparison
with the non-sarcopenia group [54]. They have concluded that in the ACO phenotype,
individuals with sarcopenia had a higher prevalence rate and higher risks of osteopenia and
osteoporosis than those without sarcopenia among all OAD phenotypes [54]. Osteoporosis
is a significant factor in fractures and, as a result, disability, mortality, and morbidity [55,56].
It is already well established that the cost of osteoporosis adverse outcomes carries a
significant economic burden concerning all countries, globally [57].

Figure 1 summarizes the explain the relationship between bronchial asthma and sarcopenia.
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2. Discussion

This non-systematic review aims to demonstrate and highlight the potential interplay
between bronchial asthma and low muscle mass, known as sarcopenia. These two entities
play a pivotal role in respiratory and muscle health, respectively, while they are already
linked to many other pathological conditions and adverse outcomes that could deteriorate
the QoL among individuals. However, the existing literature is still scarce but quite
promising.

Certain limitations are related to this medical issue. These limitations are associated
with the currently small number of studies investigating this intriguing interplay, while the
number of patients participating in them is relatively limited.

Nevertheless, it seems that it would be intriguing if further studies could include and
investigate a more significant number of patients living with bronchial asthma, not only
older but also of younger age, and evaluate the existence or not of a low muscle state by
muscle mass assessment. In addition, it is important to study the effect of currently used
treatment against asthma in sarcopenic individuals living with asthma and whether these
agents could positively impact muscle mass, apart from their chronic respiratory disease.

Another interesting approach concerning this medical topic and the potential interplay
between these entities could be the development of specific indexes that could evaluate the
prognosis of bronchial asthma among asthmatic sarcopenic patients, probably relying on
their clinical image, along with laboratory parameters concerning both muscle mass and
respiratory activity.

In addition, using specific biomarkers that could assess sarcopenia phenotype in asth-
matic subjects might be of great importance. It has already been analyzed the associa-
tion with plasma biomarkers such as glycoprotein Dickkopf-3 (Dkk-3), c-terminal agrin
fragment-22 (CAF22), and microRNAs miR-21, miR-134a, miR-133 and miR-206 with hand-
grip strength (HGS) and appendicular skeletal mass index (ASMI) in male, 54–73-year-old
individuals with COPD, bronchial asthma or pulmonary tuberculosis and it has been demon-
strated a modest-to-significant increase in the plasma markers of oxidative stress, inflammation
and muscle damage, which had varying degrees of correlations with Dkk-3, CAF22 and se-
lected micro RNAs (miRs) in these respiratory diseases [58]. This could imply that these
biomarkers could be significant and valuable tools to evaluate the phenotype of sarcopenia
among older patients with diseases concerning their respiratory system [58].

Last but not least, it would be appealing if an interventional protocol could be es-
tablished for sarcopenic individuals with bronchial asthma. This specific protocol could
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include a multimodal approach in which nutrition, exercise, and respiratory rehabilitation
programs could beneficially coexist and positively affect the muscle mass, along with the
asthmatic exacerbations. Ameliorating these conditions could have an upside effect on
these individuals and improve their QoL.

3. Conclusions and Future Perspectives

Sarcopenic patients living with a chronic respiratory disease, such as bronchial asthma,
may have reduced lung function, while their mortality risk may increase. In addition, indi-
viduals with asthma-COPD overlap syndrome phenotype and low muscle mass may have a
higher risk of osteopenia and osteoporosis progression, leading consequently to an increased
risk of fractures, immobilization, and disability. Pulmonologists should be aware of the sar-
copenia clinical condition and be prepared to evaluate low muscle mass in bronchial asthma
patients using the existing screening tools for sarcopenia. Moreover, physicians who examine
sarcopenic patients with bronchial asthma should be able to appropriately collaborate with
specialists who deal with nutrition and exercise, giving their patients a multimodal approach
concerning these entities’ interplay and the optimum treatment.
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Abstract: Chronic obstructive pulmonary disease (COPD) is an increasingly frequent disorder that is
likely to become the third leading cause of morbidity worldwide. It significantly degrades the quality
of life of patients affected and poses a significant financial burden to the healthcare systems providing
treatment and rehabilitation. Consequently, our study’s purpose was to compare conventional
inpatient pulmonary rehabilitation (PR) with virtual (online) PR using a mobile phone application.
During a three-month period, two groups of patients followed the research protocol by participating
in a pulmonary rehabilitation program administered and supervised by a physical therapist five
times per week. A number of respiratory variables were examined before and after the test. At the
end of the study period, a total of 72 patients completed the rehabilitation in the inpatient group,
respectively 58 in the online group. It was observed that post-test comparison between patients
undergoing the traditional and online rehabilitation methods did not show any significant differences.
However, the calculated mean differences between pre-test and post-test results were significantly
higher in favor of the virtual method. The most significant variations were encountered in maximal
inspiratory pressure (MIP) (6.6% vs. 8.5%, p-value < 0.001), 6-min walking test (6MWT) (6.7% vs. 9.4%,
p-value < 0.001), and COPD assessment test (CAT) values (4.8 vs. 6.2, p-value < 0.001), respectively.
However, the maximal expiratory pressure (MEP) variation was significantly higher in patients
undergoing the traditional rehabilitation method, from an average of 4.1% to 3.2% (p-value < 0.001).
In this preliminary study, the online pulmonary rehabilitation program proved non-inferiority to
the traditional method, with significantly better results in several measurements. Additional studies
using larger cohorts of patients and longer exposure to the online rehabilitation program are required
to validate these findings.

Keywords: COPD; pulmonary rehabilitation; digitalization of healthcare; respiratory disease

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a major cause of chronic morbidity
and mortality in the world and is the third leading cause of global disability-adjusted
life-years (DALY) [1]. COPD is a progressive respiratory disease that leads to physical
inactivity, worsening dyspnoea, muscle deconditioning, and reduced quality of life [2,3].

Although there have been remarkable advances in pharmacological treatments, a
large proportion of patients remain symptomatic. Pulmonary rehabilitation (PR) has been
recognized as an important, standard treatment for people with COPD aimed at reducing
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the burden of symptoms by increasing exercise tolerance and improving self-management.
The provision of PR is mandated by the National Institute for Health and Care Excellence
(NICE) as a key pillar of integrated care [3].

There is level 1 evidence that PR improves dyspnoea, exercise capacity, and quality
of life, regardless of disease severity [4]. Despite these findings, 5% of people who would
benefit from PR undertake it [5] with a low referral (<15%) [6], high non-attendance (up to
50%), and poor completion rates (up to 30%) [7].

Moreover, approximately 50% of patients with severe and very severe COPD declined
to participate in these programs, and between 30–50% dropped out before completion [8].
The barriers to the uptake of a PR program include lack of transportation, perceived benefits
of PR, disruption of the usual routine, the timing of programs, lack of rehabilitation centers,
and shortage of qualified health professionals [7].

Since 2015, the American Thoracic Society (ATS) and European Respiratory Society
(ERS) have recommended investigating alternative approaches to PR in an attempt to
increase uptake and make PR available to more patients [9]. Home-based models of
PR have been proposed to increase the availability and accessibility of PR programs to
patients [10], moreover during the COVID-19 pandemic to facilitate social distancing.
Although telerehabilitation has existed for many years, this model’s clinical efficacy is still
unclear. Therefore, the objective of our study was to compare traditional inpatient PR with
online PR through a mobile phone application.

2. Materials and Methods
2.1. Study Design

The patients were recruited from the Pneumocontrol application database. These
were the patients who, during the SARS-CoV-2 pandemic, accessed the application for pul-
monary rehabilitation information. The patients were randomly selected, and two groups
were formed. The first group was the inpatient group that received a conventional pul-
monary rehabilitation program, and the second group was the online group that performed
PR through the application. The study was conducted over a period of three months, from
January 2022 to April 2022.

All the patients were informed of the research, and informed consent was obtained
before the beginning of the study. The research respected the Declaration of Helsinki
regarding ethical principles for research regarding the safety of human subjects. The study
design and contract forms were approved by the Ethics Committee of the “Victor Babes”
Hospital (nr.3209 5 April 2022).

Both groups had to perform one pulmonary rehabilitation program conducted and
supervised by a physical therapist five times a week. The duration of the program was
21 days. At the beginning and at the end of the program, all patients performed: lung vol-
umes, maximal inspiratory and expiratory pressure (MIP/MEP), 6-min walking test, COPD
assessment test (CAT), Borg scale, and modified Medical Research Council test (mMRC).

Patients in the online group were explained how to use the application, exercise with
the POWERbreathe device, and how to increase weight through the sessions.

2.2. Patients

Over a period of three months, we included patients with stable COPD that were
classified according to the ATS/ERS criteria for the severity of airway obstruction [11].
Inclusion criteria: age > 45 years, will participate, no exacerbation in the last three months,
no prior rehabilitation in the last three months, former smoking history, non-smoking
status, owning a mobile smartphone, able to use a smartphone, stationary bicycle at home
(for the online group), owning a pulse oximeter.

Exclusion criteria: exacerbation in the last three months, other comorbidities that
could interfere with their current health status, use of medication that could affect exercise
response, active smoking status, musculoskeletal conditions that could impair exercise, an
impaired vision that could affect the use of the mobile application, not having a stationary
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bicycle at home, a cognitive impairment that could affect the understanding of the exercises.
After applying the inclusion and exclusion criteria, there were 72 patients in the inpatient
group and 58 patients in the online group.

2.3. Lung Volumes and Respiratory Strength

The lung volumes and respiratory muscle strength were determined using the Smart
PFY UI device (medical equipment Europe GmbH). The patients were seated in an upright
position with the feet flat on the ground and performed three maximal expirations. The best
value was recorded. The inclusion criteria for the patients were according to the ATS/ERS
guideline using the refined ABCD assessment tool [11,12]. To determine respiratory muscle
strength, three assessments were recorded, and the best value was used. All the maneuvers
were performed according to standard procedures [13].

We used the same device as for spirometry but adapted with a shutter module. To
determine maximal inspiratory pressure, the patients were instructed to expire to residual
volume followed by a maximum inspiration against a resistance applied by the module.
Three expirations were performed, and the best values was recorded. Maximal expiratory
pressure was assessed by instructing the patient to breathe into total lung capacity, followed
by a forced expiration against the module.

2.4. Physical Capacity, Disease Impact, and Dyspnea

Physical capacity was assessed using the 6-min walking distance test (6MWD), in
which the patient had to cover as much distance as possible in the predicted time. To
perform the 6MWD we used the ERS/ATS recording form, the BORG scale, pulse-oximeter
and a stopwatch. The test was performed on a 30 m long corridor according to the ATS
guidelines [14].

The global impact of COPD on the patient was evaluated using the COPD assessment
test (CAT questionnaire). The questionnaire consists of 8 questions on a numerical scale
from 0 to 5 for each question. Higher scores denote a more severe impact of COPD on a
patient’s life [15].

We assessed dyspnoea with the Borg breathlessness scale, which rates the difficulty of
breathing. It rates the breathing on a scale from 0 to 10, where 0 means “breathing causes
no difficulty” and 10, where “breathing is maximal”. We also used this scale to determine
the effort level during training sessions [16].

Dyspnoea was also evaluated using the modified Medical Research Council scale
(mMRC), which assesses the degree of baseline functional disability due to dyspnoea.
It rates dyspnoea on a scale from 0-“dyspnoea only with strenuous exercise” to 4-“too
dyspneic to leave the house or breathless when dressing” [17].

2.5. Intervention

Inpatient pulmonary rehabilitation was performed with a physical therapist in the
hospital. Home monitoring and training exercises were performed online through the
Pneumocontrol application. The feasibility of the application was demonstrated in previous
studies [18,19]. Patients were given basic instructions on how to use the online application
after making sure the internet connection was working, and a brief test was performed
before first use in live session with one of the researchers involved in the study. The training
sessions lasted 45–60 min and included diaphragmatic breathing, pursed lips breathing,
and strength and endurance training for both upper and lower extremities, according to
the recommendation of the American Thoracic Society [20].

Each training session was composed of: (a) warm-up: duration 5–10 min—sitting,
standing warm-up exercises, different breathing techniques; (b) endurance training: dura-
tion 20–30 min—stationary bicycle, Borg between 5–7, exercise performed continuous or
intervals; strength/resistance training: duration 20–30 min—50–80% of 1 RM, 10–15 repeti-
tions, three sets; cool-down: duration 5–10 min—stretching, different breathing techniques.
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Respiratory muscle training was performed once per day before the training session
with the POWERbreathe MEDIC device. Patients had to inhale through a variable-diameter
orifice. The smaller the orifice, the greater the load achieved. Thirty breaths had to be
performed per session at a level that was determined for each patient.

All the exercises were performed respecting basic physical education principles. Pa-
tients started with light and simple exercises, and as they progressed, the exercises became
more complex. All training sessions were individualized according to the patients’ possibil-
ities, scores, and symptoms obtained from the questionnaire in the application.

2.6. Statistical Analysis

Microsoft Excel and IBM SPSS (Armonk, NY, USA: IBM Corp.) were the programs
used for statistical analysis. The presentation of continuous variables included the use
of the mean and standard deviation (SD) if the variable followed a Gaussian distribution
(Kolmogorov–Smirnov test). In order to determine the difference between the normally
distributed variables, the Student’s t-test was used in order to provide an estimate of the
p-value. The Chi-square and Fisher’s tests were carried out to investigate the proportional
differences. A Mann–Whitney U-test was performed for the mMRC scale to compare the
mean ranks. It was decided that a p-value of 0.05 was significant for statistical analysis.

3. Results
3.1. Comparison of Pre-Test and Post-Test Results in the Inpatient Setting

The current study enrolled a total of 72 patients in the inpatient setting and 58 in the
online setting. The variables of interest from both study groups were measured before and
after the intervention. As presented in Table 1, the average patient age in the inpatient
setting was 64.9 years, while most of them were men (75.0%), with an average BMI of
25.4 kg/m2. Regarding pulmonary parameters, the predicted FVC value was 4.1 L, with
no significant difference in actual and (%) values. Similarly, the FEV1 predicted value was
3.0 L, with no significant difference in actual and (%) values. The MIP (%) and MEP (%)
comparison between pre- and post-test results showed a difference from 53.8% to 60.8%
(p-value = 0.006), respectively, from 72.8% to 76.9% (p-value = 0.038), the difference between
these measurements being statistically significant, as observed in Figure 1. The CAT
measurement was 19.5 before intervention and 14.7 after intervention (p-value ≤ 0.001).
Lastly, the mMRC results also showed a statistically significant decrease from a mean rank
of 45.25 pre-test to 27.75 post-test (p-value ≤ 0.001).

3.2. Comparison of Pre-Test and Post-Test Results in the Online Setting

As described in Table 2, the average patient age in the inpatient setting was 64.3 years,
while most of them were men (72.4%), with an average BMI of 25.7 kg/m2. Regarding
pulmonary parameters, the predicted FVC value was 4.1 L, with no significant difference
in actual and (%) values. Similarly, the predicted FEV1 value was 3.0 L, with no significant
difference in actual and (%) values. The MIP (%) and MEP (%) comparison between pre-
and post-test results showed a difference from 53.7% to 62.2% (p-value = 0.004), respectively,
from an average of 70.9% to 74.1% (p-value = 0.145), as seen in Figure 2. The 6MWT levels
were statistically significantly different between the pre-test and post-test measurement
(342.9 vs. 387.2, p-value = 0.006). The CAT measurement was 20.1 before intervention and
13.9 after intervention (p-value < 0.001). Lastly, the mMRC results showed a statistically
significant decrease from a mean rank of 39.48 pre-test to 19.52 post-test (p-value = 0.004).

3.3. Comparison of Pre-Test Results between Inpatients and Online Participants

The pre-test comparison between inpatients and online participants presented in
Table 3 identified no statistically significant differences between the two study groups,
providing an excellent basis for the post-test analysis by removing any suspicion that
future changes might be caused by initial differences between groups. The actual FVC
value in the inpatient group before intervention was 2.9 L compared with 3.0 L in the
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online group (p-value = 0.105). Similarly, the actual FEV1 value was 1.3 L in the inpatient
group, compared with 1.4 L in the online group (p-value = 0.066). The comparison of
mMRC pre-test results between patients in the inpatient and online settings did not show
significant differences in mean ranks (33.71 vs. 32.12, p-value = 0.696).

Table 1. Comparison of pre-test and post-test results in the inpatient setting.

Variables * Pre-Test (n = 72) Post-Test (n = 72) p-Value

Age, years (mean ± SD) 64.9 ± 5.7 64.9 ± 5.7 -
Sex (men) ** 54 (75.0%) 54 (75.0%) -

BMI, kg/m2 (mean ± SD) 25.4 ± 3.3 25.4 ± 3.3 -
FVC (L) pred 4.1 ± 0.4 4.1 ± 0.4 -

FVC (L) actual 2.9 ± 0.4 3.0 ± 0.3 0.091
FVC (%) 70.8 ± 5.9 70.1 ± 5.9 0.477

FEV1 (L) pred 3.0 ± 0.3 3.0 ± 0.3 -
FEV1 (L) actual 1.4 ± 0.2 1.3 ± 0.3 0.200

FEV1 (%) 42.5 ± 4.6 43.1 ± 4.5 0.430
FEV1/FVC (%) pred 74.6 ± 1.1 74.6 ± 1.1 -

FEV1/FVC (%) actual 44.9 ± 5.7 45.2 ± 5.7 0.752
MIP (cmH2O) pred 103.3 ± 4.5 103.3 ± 4.5 -

MIP (cmH2O) actual 55.7 ± 15.8 62.5 ± 16.6 0.012
MIP (%) 53.8 ± 14.5 60.4 ± 15.1 0.008

MEP (cmH2O) pred 112.7 ± 4.6 112.7 ± 4.6 -
MEP (cmH2O) actual 82.2 ± 12.3 86.8 ± 12.5 0.027

MEP (%) 72.8 ± 9.9 76.9 ± 9.9 0.038
6MWT (m) pred 467.6 ± 35.0 467.6 ± 35.0 -

6MWT (m) actual 340.5 ± 85.0 371.5 ± 79.6 0.025
6MWT (%) 72.5 ± 15.6 79.2 ± 14.4 0.008

CAT 19.5 ± 5.1 14.7 ± 4.1 <0.001
mMRC (mean rank) 45.25 27.75 <0.001

* Data reported as mean ± SD and calculated using Student’s t-test; ** Data reported as n (%), and calculated using
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3.4. Comparison in Post-Test Results between Inpatients and Online Participants

Comparable to the pre-test measurements, the post-test measurements presented
in Table 4 discovered statistically significant differences between inpatient and online
participants with regard to the actual FVC and FEV1 levels. The FVC in the inpatient
group was 2.9 L compared with 3.1 L (p-value = 0.004), and the actual FEV1 in the inpatient
group was 1.2 L compared with 1.4 L (p-value = 0.010), respectively. The comparison
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of mMRC pre-test results between patients in the inpatient and online settings did not
show significant differences in mean ranks (35.33 vs. 30.10, p-value = 0.222). Although
the actual measured post-test results between patients undergoing the traditional and
online rehabilitation methods did not show many significant differences, the calculated
mean differences between pre-test and post-test results were significantly higher in favor
of the online method, as seen in Table 5. Therefore, the most significant variations were
encountered in MIP (6.6% vs. 8.5%, p-value < 0.001), 6MWT (6.7% vs. 9.4%, p-value < 0.001),
CAT values (4.8 vs. 6.2, p-value < 0.001), respectively. However, the MEP (%) variation was
significantly higher in patients undergoing the traditional rehabilitation method (4.1% vs.
3.2%, p-value < 0.001).

Table 2. Comparison of pre-test and post-test in the online setting.

Variables * Pre-Test (n = 58) Post-Test (n = 58) p-Value

Age, years (mean ± SD) 64.3 ± 4.3 64.3 ± 4.3 -
Sex (men) ** 42 (72.4%) 42 (72.4%) -

BMI, kg/m2 (mean ± SD) 25.7 ± 2.5 25.7 ± 2.5 -
FVC (L) pred 4.3 ± 0.3 4.3 ± 0.3 -

FVC (L) actual 3.0 ± 0.4 3.1 ± 0.4 0.896
FVC (%) 71.0 ± 6.8 71.4 ± 6.6 0.830

FEV1 (L) pred 3.3 ± 0.3 3.3 ± 0.3 -
FEV1 (L) actual 1.3 ± 0.2 1.4 ± 0.2 0.800

FEV1 (%) 41.7 ± 4.6 42.2 ± 4.6 0.674
FEV1/FVC (%) pred 74.8 ± 0.9 74.8 ± 0.9 -

FEV1/FVC (%) actual 44.2 ± 6.5 44.5 ± 6.2 0.894
MIP (cmH2O) pred 103.8 ± 3.4 103.8 ± 3.4 -

MIP (cmH2O) actual 55.7 ± 12.1 59.9 ± 12.3 0.194
MIP (%) 53.7 ± 11.6 62.2 ± 13.3 0.004

MEP (cmH2O) pred 113.2 ± 3.5 113.2 ± 3.5 -
MEP (cmH2O) actual 80.2 ± 13.6 83.3 ± 13.1 0.307

MEP (%) 70.9 ± 12.0 74.1 ± 11.5 0.145
6MWT (m) pred 473.0 ± 35.0 467.6 ± 35.0 -

6MWT (m) actual 342.9 ± 61.9 387.3 ± 56.3 0.006
6MWT (%) 72.5 ± 12.5 81.9 ± 11.3 <0.001

CAT 20.1 ± 5.3 13.9 ± 4.5 <0.001
mMRC (mean rank) 39.4 19.5 0.004

* Data reported as mean ± SD and calculated using Student’s t-test; ** Data reported as n (%) and calculated using
Chi-square test; SD—standard deviation; BMI—body mass index; FVC—forced vital capacity; FEV1—forced
expiratory volume in the first second; MIP—maximal inspiratory pressure; MEP—maximal expiratory pressure;
6MWT—6-min walking test; CAT—COPD assessment test; mMRC—modified Medical Research Council scale.
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Table 3. Comparison of pre-test results between inpatients and online participants.

Variables * Inpatient (n = 72) Online (n = 58) p-Value

Age, years (mean ± SD) 64.9 ± 5.7 64.3 ± 4.3 0.659
Sex (men) ** 54 (75.0%) 42 (72.4%) 0.727

BMI, kg/m2 (mean ± SD) 25.4 ± 3.3 25.7 ± 2.5 0.689
FVC (L) pred 4.1 ± 0.4 4.3 ± 0.3 0.133

FVC (L) actual 2.9 ± 0.4 3.0 ± 0.4 0.105
FVC (%) 70.8 ± 5.9 71.0 ± 6.8 0.930

FEV1 (L) pred 3.0 ± 0.3 3.3 ± 0.3 0.299
FEV1 (L) actual 1.4 ± 0.2 1.3 ± 0.2 0.066

FEV1 (%) 42.5 ± 4.6 41.7 ± 4.6 0.479
FEV1/FVC (%) pred 74.6 ± 1.1 74.8 ± 0.9 0.639

FEV1/FVC (%) actual 44.9 ± 5.7 44.2 ± 6.5 0.654
MIP (cmH2O) pred 103.3 ± 4.5 103.8 ± 3.4 0.659

MIP (cmH2O) actual 55.7 ± 15.8 55.7 ± 12.1 0.978
MIP (%) 53.8 ± 14.5 53.7 ± 11.6 0.959

MEP (cmH2O) pred 112.7 ± 4.6 113.2 ± 3.5 0.662
MEP (cmH2O) actual 82.2 ± 12.3 80.2 ± 13.6 0.536

MEP (%) 72.8 ± 9.9 70.9 ± 12.0 0.482
6MWT (m) pred 467.6 ± 35.0 473.0 ± 35.0 0.496

6MWT (m) actual 340.5 ± 85.0 342.9 ± 61.9 0.899
6MWT (%) 72.5 ± 15.6 72.5 ± 12.5 0.967

CAT 19.5 ± 5.1 20.1 ± 5.3 0.608
mMRC (mean rank) 45.25 39.4 0.696

* Data reported as mean ± SD and calculated using Student’s t-test; ** Data reported as n (%), and calculated using
Chi-square test; SD—standard deviation; BMI—body mass index; FVC—forced vital capacity; FEV1—forced
expiratory volume in the first second; MIP—maximal inspiratory pressure; MEP—maximal expiratory pressure;
6MWT—6-min walking test; CAT—COPD assessment test; mMRC—modified Medical Research Council scale.

Table 4. Comparison of post-test results between inpatients and online participants.

Variables * Inpatient (n = 72) Online (n = 58) p-Value

Age, years (mean ± SD) 64.9 ± 5.7 64.3 ± 4.3 0.508
Sex (men) ** 54 (75.0%) 42 (72.4%) 0.727

BMI, kg/m2 (mean ± SD) 25.4 ± 3.3 25.7 ± 2.5 0.568
FVC (L) pred 4.1 ± 0.4 4.3 ± 0.4 0.502

FVC (L) actual 2.9 ± 0.4 3.1 ± 0.4 0.004
FVC (%) 71.3 ± 5.9 71.4 ± 6.6 0.927

FEV1 (L) pred 3.0 ± 0.3 3.2 ± 0.3 0.140
FEV1 (L) actual 1.2 ± 0.2 1.4 ± 0.2 0.010

FEV1 (%) 43.1 ± 4.5 42.2 ± 4.6 0.263
FEV1/FVC (%) pred 74.6 ± 1.2 74.8 ± 0.9 0.426

FEV1/FVC (%) actual 45.2 ± 5.7 44.5 ± 6.2 0.461
MIP (cmH2O) pred 103.3 ± 4.5 103.8 ± 3.4 0.639

MIP (cmH2O) actual 62.6 ± 16.6 59.9 ± 12.3 0.602
MIP (%) 60.4 ± 15.1 62.2 ± 13.2 0.659

MEP (cmH2O) pred 112.7 ± 4.6 113.2 ± 3.5 0.477
MEP (cmH2O) actual 86.9 ± 12.5 83.8 ± 13.1 0.614

MEP (%) 76.9 ± 9.9 74.1 ± 11.5 0.662
6MWT (m) pred 467.6 ± 35.0 473.0 ± 25.7 0.346

6MWT (m) actual 371.5 ± 79.6 387.3 ± 56.3 0.293
6MWT (%) 79.2 ± 14.4 81.9 ± 11.3 0.245

CAT 14.7 ± 4.1 13.9 ± 4.5 0.291
mMRC (mean rank) 35.33 30.10 0.222

* Data reported as mean ± SD and calculated using Student’s t-test; ** Data reported as n (%), and calculated using
Chi-square test; SD—standard deviation; BMI—body mass index; FVC—forced vital capacity; FEV1—forced
expiratory volume in the first second; MIP—maximal inspiratory pressure; MEP—maximal expiratory pressure;
6MWT—6-min walking test; CAT—COPD assessment test; mMRC—modified Medical Research Council scale.
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Table 5. Comparison of mean differences in rehabilitation results between inpatients and online
participants.

Variables * Inpatient (n = 72) Online (n = 58) p-Value

FVC (L) actual 0.1 ± 0.1 0.1 ± 0.1 1
FVC (%) 0.7 ± 0.1 0.4 ± 0.2 <0.001

FEV1 (L) actual 0.1 ± 0.1 0.1 ± 0.1 1
FEV1 (%) 0.6 ± 0.1 0.5 ± 0.1 <0.001

FEV1/FVC (%) actual 0.3 ± 0.1 0.3 ± 0.1 1
MIP (cmH2O) actual 6.8 ± 0.1 4.2 ± 0.3 <0.001

MIP (%) 6.6 ± 0.6 8.5 ± 1.3 <0.001
MEP (cmH2O) actual 4.6 ± 0.2 3.1 ± 0.5 <0.001

MEP (%) 4.1 ± 0.1 3.2 ± 0.1 <0.001
6MWT (m) actual 31.0 ± 5.4 44.4 ± 5.6 <0.001

6MWT (%) 6.7 ± 1.2 9.4 ± 1.2 <0.001
CAT 4.8 ± 1.0 6.2 ± 0.8 <0.001

mMRC (mean rank) 17.5 19.9 <0.001
* Data reported as mean ± SD and calculated using Student’s t-test; SD—standard deviation; BMI—body
mass index; FVC—forced vital capacity; FEV1—forced expiratory volume in the first second; MIP—maximal
inspiratory pressure; MEP—maximal expiratory pressure; 6MWT—6-min walking test; CAT—COPD assessment
test; mMRC—modified Medical Research Council scale.

4. Discussion
4.1. Important Findings

The lockdown during the COVID-19 pandemic had a major effect on patients with
respiratory diseases, who were no longer able to access respiratory rehabilitation services
with the same ease [21]. Moreover, due to the imposed governmental restrictions, the level
of physical activity of these patients also suffered, since everyone was advised to stay at
home. Considering these conditions, respiratory rehabilitation programs had no other
option but to move to the online environment or to different mobile phone platforms.

Digitalized respiratory rehabilitation performed online or through various platforms
is not new, having its birth in 2008, when Liu et al. tried using the mobile phone to provide
exercises that improve walking exercise [22]. The same objective was followed by the
current study in order to compare respiratory rehabilitation in hospitalized patients with
online respiratory rehabilitation using a mobile phone application.

When we compared each group separately, we noticed that all patients showed signifi-
cant improvements in all studied parameters. When comparing both groups, we observed
that there were no significant differences after 21 days of pulmonary rehabilitation. Our
findings support the results of other studies and the hypothesis that there is no difference
between these two approaches to delivering pulmonary rehabilitation and that both can
improve outcomes, in association with smoking cessation [23].

Compared to other studies that used online rehabilitation [22,24], interactive web-
based applications [25], supervised telerehabilitation [26], and home-based telerehabilita-
tion using video conference, we used an application on a mobile phone. The feasibility and
utility of this application were previously demonstrated in other studies [18,19].

To our knowledge, this is the first study that, besides the conventional PR exercises,
also used a medical exercise device for inspiratory muscle training (IMT) online through a
mobile phone application.

In a study that used the same device for IMT, Langer et al. were the first to demonstrate
that IMT with the POWERbreathe device reduced the proportion of inspiratory neural drive
to the diaphragm. This has a favorable consequence for respiratory sensation and exercises
tolerance, even in severe respiratory mechanical loading and tidal volume constraints [27].

The majority of the studies from the literature have a 6–12 weeks pulmonary reha-
bilitation design. In our country, the National Health System pays for only three weeks
of hospitalized pulmonary rehabilitation. This is a major limitation on the patients and
physical therapists who have to adapt to this reduced timeline.
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In a study that compared online versus face-to-face PR, Bourne et al. demonstrated
that online PR through a platform is non-inferior to traditional care [24]. His study duration
was six weeks, and the most significant improvements were observed in the 6MWD and
CAT scores. The authors exceeded the minimal important difference (MID) for the 6MWD,
which is 25 m, and reduced the CAT score by 3.4 points [28]. Compared to his study, we also
exceeded the MID for the 6MWD but reduced the CAT score by 4.5 points. One explanation
for our findings could be that our patients used the IMT device, which reduces dyspnoea
and chest tightness.

Tsai et al. also found a clinically relevant effect on 6MWD from his supervised pul-
monary rehabilitation program when compared with no intervention [29]. By contrast, in a
study of 22 weeks, Hansen et al. found that neither conventional PR nor supervised pul-
monary telerehabilitation improved 6MWD above the MID. Explanations for his findings
are that his patients had lower FEV1, higher symptom burden, and more exacerbations [25].

Regarding the CAT score, Hansen et al. observed that the score was statistically
different at the end of the intervention, with a greater symptom reduction difference of
−1.6 points in the supervised pulmonary telerehabilitation group but did not exceed the
MID [25]. The minimal important difference for the CAT score is −2 points [30].

In another study, Chaplin et al. compared the effect of unsupervised web-based
individual exercise and education with conventional PR and found comparable between-
group effects on walking tests [25].

An interesting finding of Chaplin et al. is that although the time spent in moderate-
intensity physical activity was greater in the web-based group compared to the conventional
PR group, this did not translate into an increase in the total amount of moderate to vigor-
ously physical activity. The author suggests that a more supervised approach is needed to
achieve longer bouts of physical activity at the level of 3 ≥ METs [25].

In comparison to this, Loeckx et al., using a smartphone-based physical activity
tele coaching approach, observed that patients requiring more contact from health care
professionals experienced less physical activity benefits [31].

Compared to Loeckx’s study [32], we observed that the online group had a better
improvement in their 6MWD and CAT scores compared to the inpatient group. One
explanation for our findings could be that the online group could leave their homes and
perform their daily living activities, thus being more active and social.

4.2. Strengths and Limitations

One of the current study’s strengths is that we used online IMT training using an
application and thus had a better chance to improve the studied outcomes. A limitation of
our study is the small number of patients and reduced days of pulmonary rehabilitation
and the fact that the patients that used the application had to be connected online. Another
important limitation is that we included patients who had a stationary bicycle at home
for endurance training in the online PR group. Considering this factor, it would have
been interesting to see what the evolution would have been for these patients if they
could not perform endurance training. In the future, for those who want to perform
online pulmonary rehabilitation, a pulse-oximeter, smartphone, and POWERbreathe device
should be provided.

5. Conclusions

In conclusion, online pulmonary rehabilitation using a mobile phone application was
not inferior to traditional inpatient pulmonary rehabilitation. As expected, improvements
in all outcomes were found when comparing pre-test and post-test results of each of the two
tests. In a direct comparison of pre-test and post-test variations, the online rehabilitation
method showed better results regarding MIP (%), 6MWD (%), and CAT scores. However,
the MEP (%) variation was significantly higher in patients undergoing the traditional
rehabilitation method. Further studies are needed to demonstrate the utility and feasibility
of mobile phone applications for pulmonary rehabilitation in patients with COPD.
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Abstract: Tuberculosis (TB) is still a worldwide public health burden, as more than 1.3 million deaths
are expected to be reported in 2021. Even though almost 20 million patients have completed specific
anti-TB treatment and survived in 2020, little information is known regarding their pulmonary
sequelae, quality of life, and their need to follow rehabilitation services as researchers shifted towards
proper diagnosis and treatment rather than analyzing post-disease development. Understanding the
underlying immunologic and pathogenic mechanisms during mycobacterial infection, which have
been incompletely elucidated until now, and the development of novel anti-TB agents could lead to the
proper application of rehabilitation care, as TB sequelae result from interaction between the host and
Mycobacterium tuberculosis. This review addresses the importance of host immune responses in TB and
novel potential anti-TB drugs’ mechanisms, as well as the assessment of risk factors for post-TB disease
and usefulness of guidance and optimization of pulmonary rehabilitation. The use of rehabilitation
programs for patients who successfully completed anti-tuberculotic treatment represents a potent
multifaceted measure in preventing the increase of mortality rates, as researchers conclude that a
patient with a TB diagnosis, even when properly completing pharmacotherapy, is threatened by
a potential life loss of 4 years, in comparison to healthy individuals. Dissemination of pulmonary
rehabilitation services and constant actualization of protocols could strengthen management of
post-TB disease among under-resourced individuals.

Keywords: tuberculosis; antituberculotic drugs; host immune response; pulmonary rehabilitation

1. Introduction

The extension of rehabilitation programs as constant medical assistance can defy sev-
eral obstacles in order to increase public health coverage [1]. Nevertheless, it is necessary
to integrate these programs in accessible primary healthcare settings, not only in major
urbanistic hospitals, for patients to benefit the full potential of rehabilitation [1,2]. Rehabili-
tation regimens could particularly improve the quality of life for individuals from low- and
middle-income countries, taking into consideration that tuberculosis (TB) is the leading
cause of death in those areas [2,3]. A holistic approach to TB management could prevent
post-treatment complications [4]. The dissemination of rehabilitation services, as well as
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promoting equity and efficiency of public health measures, could strengthen worldwide
health systems’ capacity to ensure the needs of under-resourced populations [5].

The application of rehabilitation programs for patients diagnosed with TB represents
a novel multifaceted healthcare service aiming to prevent chronic sequelae, organ failure,
and death [6]. At present, there is a lack of protocols regarding pulmonary rehabilitation
in TB [7–9], although the World Health Organization (WHO) estimated that there were
more than 1.3 million deaths in HIV-negative individuals and an additional 214,000 deaths
in HIV-positive people in 2020 [10]. An even greater number of deaths and rate of TB
incidence is expected in 2021 [10]. Little information is reported regarding the millions of
individuals who complete antituberculotic treatment and survive [4,11], more specifically,
19.8 million treated individuals of all ages [10].

In order to properly and equally apply rehabilitation care worldwide, it is imper-
ative to understand the underlying immunologic and pathogenic mechanisms that ap-
pear in Mycobacterium tuberculosis (M. tuberculosis) infection to evaluate the risks of post-
antituberculotic treatment complications and to synthesize existing rehabilitation health
policies. Moreover, a major public health challenge consists of overcoming the emergence
of drug-resistant mycobacterial strains, which can be kept under control through the devel-
opment of novel anti-TB agents [12,13]. Long-term treatments, as well as mycobacterial
survival, often lead to poor adherence, worse outcomes, and pulmonary consequences,
even despite a complete pharmacotherapeutic procedure [14–17]. New therapeutic options
and attractive drug targets are currently being analyzed worldwide by researchers and
specialists in the field [18–22].

Even more, WHO published a concept note in 2019 recommending that the equity of
rehabilitation services could be used as a unique optimization tool for human functioning,
the third health indicator among mortality and morbidity [7]. Socioeconomic factors and
nutritionally damaging behaviors (such as a poor diet or the absence of physical activity)
increase the risk of morbidity in TB endemic regions [2,23–25]. A higher incidence of
M. tuberculosis infection has been recorded in men, chronic smokers, alcohol consumers,
and individuals with precarious socioeconomic status [2,10,26]. A delay in TB diagnosis
also depends on the patient’s socioeconomic status as it interferes with access to health
services. Moreover, time prolongation prior to proper diagnosis directly increases the risk
of tissular sequelae [26–28]. On the other hand, even though there are millions of patients
who are cured and have survived mycobacterial infections, their life expectancy is reduced
by four years, according to multiple researchers [23,29,30]. Hoger et al. warns that an
average of 3.6 years of potential life loss occurs inpatients upon TB diagnosis, even when
properly completing pharmacotherapy, in comparison with healthy humans [31]. Therefore,
current re-evaluation of potential targets for novel antituberculotic drugs is crucial.

Even more, after 100 years of BCG (Bacille Calmette-Guerin) vaccine administration, a
vaccine which is based on an attenuated strain of Mycobacterium bovis [32], more effective
strategies are still required to reduce the TB burden [33]. BCG vaccination has proven to
grant protection against bacillar dissemination, tuberculous meningitis, and death, rather
than reducing the risk of infection, although it is the only vaccine approved until now in TB
vaccination schemes [33]. Understanding mycobacterial adaptive and survival pathways
in the host environment could lead not only to the development of therapeutic agents, but
also to the discovery of novel vaccines [33].

International TB control programs have prioritized screening methods and effective
treatment regimens in order to reduce the infection burden on public health systems.
Researchers have shifted more towards proper diagnosis and effective treatment rather
than understanding post-disease evolution [28,34]. Recovered patients have not been the
main focus of intervention programs, although their long-term pulmonary sequelae directly
affect their socioeconomic livelihood [35–37].

Therefore, the primary objective of this review is to highlight those patients who are
not mentioned as often, but who need to benefit from various tools such as rehabilitation
in order to improve their quality of life and life expectancy. Post-TB sequelae result from
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an interaction between the host, the bacillus, and the environment [29,38,39]. Implicitly, it
becomes important to understand the specific immune mechanisms that appear during
M. tuberculosis infection before and after the administration of specific pharmacological
agents, in order to select the best rehabilitation program and the patients who would benefit
the most.

This review focuses on (as shown in Figure 1):

- clarifications on the host immune responses in cases of M. tuberculosis infection, cur-
rently incompletely known;

- guidance on evaluation, future pharmacotherapy, and novel potential antimycobac-
terial drugs for patients diagnosed with TB after the assessment of risk factors for
pulmonary sequelae;

- optimization of pulmonary rehabilitation.
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Figure 1. Multidisciplinary study purpose.

2. Pathogenesis and Immune Responses

A study conducted by Jesus and colleagues drew attention to the increased needs
and various gaps in physical rehabilitation all over the globe. In 2017, more than 40% of
impaired health conditions appeared from a lack of appropriate rehabilitation care [5]. Until
now, official rehabilitation guidelines focused mainly upon chronic obstructive pulmonary
disease and less on pulmonary TB [9,40]. However, after successful completion of anti-
TB treatment, patients may present chronic obstructive respiratory symptoms such as
wheezing, cough, sputum production, and dyspnea [3,26]. Recent data has confirmed
that chronic lung symptoms among patients who have successfully completed anti-TB
treatment increase their death rate and global healthcare burden [30,34].
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De Souse Elias Nihues et al. conducted a cross-sectional study in cured TB patients
and reported various pulmonary obstructive disorders in almost half of them, following the
completion of therapy [26], a result also confirmed by other researchers [41,42]. Visca and
colleagues mentioned the higher probability of clinical post-disease consequences from five
to six times for patients diagnosed with pulmonary TB in comparison with those diagnosed
with latent infections [30]. Based on the study of a cohort of immigrating individuals to
Canada from 1985–2015, Basham et al. concluded that more that than 42% of M. tuberculosis
infected people developed post-disease symptoms in the airways (emphysema, bronchitis,
chronic respiratory obstruction) in high resource and low-TB incidence settings, despite the
potential availability of pulmonary rehabilitation [43]. The researchers underlined higher
social vulnerability due to pulmonary persistent heterogenous sequelae among individuals
who successfully completed tuberculostatic treatment [26,27,29] and also reported repeated
treatment courses as one of the most important risk factors for post-TB disease [30,44].
Chronic sequelae refer to various obstructive disorders with reduced expiratory capac-
ity, non-responsiveness to bronchodilators, airflow obstruction, bronchiectasis, fibrotic
changes, multiple non-tuberculous infections, and aspergillomas that can lead to abnormal
spirometry results and impaired diffusing capacity [3,29,45]. Allwood et al. underlined
the importance of post-TB lung disease assessment in order to extend life expectancy,
although there are still no evidence-based recommendations or guidelines [46,47]. Despite
the fact that exacerbations of post-TB pulmonary disease are poorly recognized, symptoms
such as hemoptysis may derive from affected and infected parenchyma, pleura, and vas-
culature [42,45]. The pathogenic patterns of pulmonary post-TB symptoms are difficult
to predict [38,42,48]; however, the first innate immune interactions between the bacilli
and the human host, although yet poorly understood, are crucial for the outcome of the
disease [48–51].

M. tuberculosis enters pulmonary macrophages after the inhalation of aerosolized
droplets and encounters a beneficial long-term survival environment [38,44]. Mycobacteria
are intriguing due to their remarkable ability to adapt to the human host after avoiding
both the innate and adaptive immune responses [52]. After the epithelial recognition of
bacilli (by toll-like receptors), signaling pathways and neutrophil migration are activated,
triggering the synthesis of various chemokines and cytokines [49,53–55]. Dendritic cells
and inflammatory mediators further recruit lymphocytes, monocytes, polymorphonuclear
leukocytes, and phagocytes which proliferate and transform into a complex multicellular
structure, the so-called histopathological hallmark of TB–granuloma, involved in both
pathogenesis and immune protection (as depicted in Figure 2) [44,51,55,56].
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116



J. Pers. Med. 2022, 12, 569

During granuloma formation, a protective initial response is observed subsequent
to phagocytosis, the host’s attempt to clear the pathogen [47,51]. Alveolar macrophages
initiate proinflammatory responses after encountering M. tuberculosis in order to restrict its
growth, while leucocytes generate pro-oxidative species such as nitric oxide and hydro-
gen peroxide in balance with antioxidant systems [52]. On the other side, mycobacteria
inverts host immune activity through metabolic changes; more specifically, M. tuberculosis
disrupts the production of NADPH2-oxidase (reduced nicotinamide adenine dinucleotide
phosphate), leading to granuloma formation, excessive synthesis of reactive oxygen species
(ROS), and bacillar replication [47,52]. After bacillary replication, an adaptative immune
response is initiated (autophagy), as shown in Figure 2 [47,51,57]. Nevertheless, various
antituberculotic agents such as isoniazid and pyrazinamide can induce autophagy during
M. tuberculosis infection [50,58,59]. Neutrophils are also able to secrete specific antimy-
cobacterial enzymes to support the activity of other immune cells [49,54]. Neutrophils have
been recently linked to pulmonary post-TB sequelae after stimulating the pro-inflammatory
host response [47,60,61]. The resulted phagosomes represent the host’s attempt at bacillar
containment through oxidative burst sustained by neutrophil activity [47,62]. However,
the oxidative burst promotes mycobacterial growth by down-regulating the synthesis of
protective antioxidants, reducing the T-lymphocytes’ inhibitory activity against M. tubercu-
losis, and by inducing necrosis (unprogrammed accidental cell death) instead of apoptosis
(Figure 2) [57,62–64]. While apoptosis ensures programmed cellular death without the
tissular spilling of cellular contents through nuclear envelope disassembly, cytoskeleton
collapse, and inclusion of DNA fragments in specific apoptotic vesicles, necrosis leads to
acute inflammation by releasing cellular components into the surrounding tissues [65–69].
M. tuberculosis has the ability to generate anti-apoptotic factors that combat specific host
pro-apoptotic mechanisms, therefore evading the adaptive immune responses and man-
aging survival [65,66,68]. Necrotic lesions also represent microenvironments for dormant
bacilli, which are difficult to target and often resistant to standard pharmacotherapy [70–72].
Moreover, the dynamic interactions between the host’s apoptotic immune responses and
mycobacterial anti-apoptotic factors decide the outcome of infection [65]. In other words,
M. tuberculosis disseminates and survives due to its ability to resist apoptosis.

However, Hunter recently argued that pulmonary TB actually begins as a macrophagic
infection in individuals with a strong immune response, capable of healing granulomas [73].
The granuloma formation has been considered for many years to be a host protective re-
sponse, although the mycobacteria manage to evade and to disseminate, even in case of
administering proper pharmacotherapy [38,74], undergoing caseous necrosis with early
obstructive pulmonary symptoms [73]. The enriched granulomatous center in macrophages
which further differentiates into multinucleated giant cells, epithelioid macrophages are
the main components of granuloma [51,57]. The immune cells are surrounded by T and B
cells able to contain M. tuberculosis and prevent bacillar dissemination [49,51,55,57]. Never-
theless, tumor necrosis factor (TNF-α), produced by antigen-presenting cells in the early
stages of mycobacterial infection, is essential in granuloma formation [51,75]. On the other
hand, granuloma disruption and M. tuberculosis dissemination appear in the case of TNF-α
blockade (initiated, for example, by anti-rheumatic agents such as adalimumab, infliximab,
etanercept, and golimumab) [75,76]. A systematic review conducted by Sartori et al. un-
derlined that the TB incidence in cases of rheumatic patients exposed to TNF-inhibitors
was 9.62 per 1000 individuals, with pulmonary TB predominating [76]. Extracellular my-
cobacterial dissemination appears in cases of macrophage death [55,57,77]. This specific
bronchial obstruction leads to macrophagic and lymphocytic dysfunctionalities that will
further disrupt M. tuberculosis clearance [56,73,74]. Granuloma necrosis can also appear
due to a high neutrophil and cytokine inflammatory response [55]. Even more, it seems
that a higher cytokine synthesis as an innate immune activity predisposes individuals to
an increased probability of a positive tuberculin skin test [49]. Muefong et al. underlined
that the neutrophil count in patients with positive sputum-smear test points to a higher
bacillary burden and correlates with unfavorable disease outcomes [47].
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Although there are current guidelines that specifically recommend appropriate treat-
ment strategies, some individuals develop fibrosis and irreversible tissular modifica-
tions [38,47,55]. A cross-sectional study conducted by Ngahane et al. concluded that
the presence of fibrotic changes in patients diagnosed with pulmonary TB represents an in-
dependent risk factor for future organ impairment [78]. Moreover, the researchers reported
lung function impairment in more than 45% of the study participants, despite comple-
tion of antituberculotic therapy in all subjects [78]. Calcification and fibrosis associated
with a deficit in forced expiratory volume have been associated with increased activity of
neutrophils [47,52]. Therefore, development of post-TB pulmonary lesions is related to
the persistent host inflammatory responses, even after treatment completion and bacillar
clearance [47,79,80]. Guidem et al. concluded that a pulmonary increase of neutrophils,
monocytes, and lymphocytes is associated with a higher risk of developing chronic ob-
structive pulmonary disease (COPD) manifestations in patients who have successfully
completed anti-TB treatment [79].

More than 70% of patients diagnosed with TB are malnourished [4,81], and there-
fore present reduced muscle functionality. Malnutrition also predisposes to unfavorable
treatment outcomes and increases death rates among M. tuberculosis infected individu-
als [8,11,82]. Environmental factors such as air pollution, occupational risks, smoking, and
alcohol consumption could also lead to unfavorable outcomes after anti-TB therapy due
to immunosuppression [23,81]. Nevertheless, cigarette smoke can delay M. tuberculosis
clearance after cilia paralyze and can interfere with granuloma formation [73]. Addition-
ally, various studies have proven that urban air pollution directly modifies the innate
immune response to M. tuberculosis infection by altering T-cell functionality and by in-
creasing synthesis of pro-inflammatory cytokines [83,84]. The occurrence of subsequent
life-threatening pulmonary infections (especially fungal diseases) after the completion of
antituberculotic pharmacotherapy represents a burden among TB survivors, characterized
by a slowly-progressive inflammatory response [34,85]. A background of TB is the first risk
factor for chronic pulmonary aspergillosis [46,84,85]. Immunocompromised individuals
with residual pulmonary cavitation after completion of anti-TB treatment are most likely to
express saprophytic colonization and extensive pleural damage [86,87].

Hunter mentions that even though patients may survive after M. tuberculosis infection,
a body can never recover, as the evolution of the mycobacteria within the host is difficult
to predict [73]. A sustainable integrated approach regarding pulmonary rehabilitation
plans [2] could improve long-term life quality in prior TB diagnostic and even multi-drug
resistant TB (MDR-TB) patients [35,88]. Moreover, recent data confirm that preventing TB
sequelae, rather than pharmacotherapeutic strategies, could better influence socioeconomic
livelihood [82,88]. However, early TB diagnosis and effective pharmacotherapy are the
main preventive methods for post-disease lesions [57,74,89].

Nevertheless, further assessment of rehabilitation programs should be intensively
considered and hence, included in research in order to be implemented faster for better
management of post-TB treatment patients with pulmonary sequelae. Last, but not least,
it is worth mentioning that post-TB survivors may be permanently affected, not only
due to pulmonary disease, but also due to other significant organ dysfunctionalities and
psychological impact [35,45].

3. Pharmacotherapy in Patients Diagnosed with TB

Understanding the underlying immunological mechanisms in TB represents a key in
opening the door to anti-TB drug discovery or repurposing pathways. One of the major
burdens imposed by M. tuberculosis infection is developing novel antituberculotic agents
that could further contribute to better outcomes in patients and increased adherence [90,91].
As patients’ compliance increases, the risk of post-TB symptoms reduces [14,28]. This
also appears as a worldwide critical demand due to rapid emergence of resistant bacillar
strains [91], as no other first-line agent has been approved since the 1960s [92,93], when the
combined schema of isoniazid (H), pyrazinamide (Z), rifampicin (R), and ethambutol (E)
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was completely discovered and introduced into the guidelines [72,90,94]. The minimum
duration of first-line standard pharmacotherapy is 6 months, comprised of an intensive
phase (HRZE for 2 months) and a continuation phase (HR regimen for 4 months) [14,95].
The first-line treatment targets drug-sensitive mycobacterial strains. Although it usually
achieves more than an 80% success rate in cases of newly diagnosed individuals, it can
lead to multiple adverse events specific to each active substance (hepatotoxicity, ototoxicity,
flu-like syndrome, ocular or nervous toxicity, and much more) [96–98].

Although second-line pharmacotherapy is available and recommended to be followed
for at least 20 months for patients infected with MDR strains, it has recently been reorga-
nized based upon research regarding drug efficacy and adverse reactions [91,94,99–102].
The primary agents are clofazimine and linezolid, while p-aminosalicylic acid, one of the
first discovered successful anti-TB agents [90], can be introduced as a supplementary drug
when needed [91]. Macrolides have proven to have a reduced effectiveness in patients
with MDR-TB or extensively drug-resistant (XDR)-TB and have been therefore excluded as
second-line drugs [91].

The continuous research from the past years has led to the approval of novel effective
anti-TB agents and new mechanisms that could further support lowering the necessity for
future rehabilitation programs (Table 1).

Table 1. Novel antituberculotic drugs and their mechanisms of action.

Novel Anti-Tuberculotic Drugs References Mechanism of Action

Diarylquinolone
Bedaquiline (R207910, TMC-207) [92,102,103]

inhibits ATP-synthesis after binding to the c subunit of
F0F1ATP synthase;
prevents enzyme rotation and proton transfer within
mycobacterial cell;
acts on both replicating and dormant bacilli.

Nitroimidazoles
Delamanid (OPC-67683)

Pretomanid (PA-824)

[104–107]
[71,108–110]

inhibits mycolic acids synthesis (ketomycolic and
methoxymycolic acids) and targets mycobacterial wall;
requires activation by a specific deazaflavin F420-dependent
nitro-reductase (prodrug);
potential decrease in fluoroquinolone resistance;
additional activity–nitric oxide donor.

Oxazolidinones
Sutezolid (PNU-100480)

Delpazolid (LCB01-0371)

[111–113]
[111–113]

inhibits mycobacterial protein synthesis;
binds to 50 s ribosomal subunits;
inhibits mitochondrial protein synthesis (responsible for adverse
events such as myelotoxicity).

Imidazopyridine
Telacebec (Q203) [90,102,108,114]

inhibits ATP synthesis;
binds to respiratory cytochrome bc1 complex;
its activity is independent of mycobacterial replication stage.

Benzothiazinones
Benzothiazinone (BTZ-043)

Macozinone (PBTZ-169, MCZ)

[115–118]
[116,119,120]

DprE1 inhibitors (flavoenzyme
decaprenyl-phosphoryl-β-d-ribose-20-oxidase inhibitors);
inhibits arabinose synthesis and decreases synthesis of
arabinogalactan and lipoarabinomannan (essential components of
mycobacterial cellular wall);
superior pharmacokinetics and lower risk of adverse events.

Indolcarboxamide
(ethambutol derivate)

SQ109
[13,116,119–122]

multitarget antituberculotic agent;
Mmpl3 (Mycobacterial Membrane Protein Large 3)–primary
target from respiratory chain;
inhibits Mmpl3 transporter (trehalose mono-mycolate) and blocks
protein membrane translocation;
inhibits ATP synthesis;
affects cell wall stability.

3.1. Bedaquiline

A lipophilic diarylquinolone called bedaquiline (R207910, TMC-207) was discovered
in 2005 through phenotypic screening (a screening process among compound libraries,
following antimycobacterial activity against mycobacterial culture cells) and approved
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in 2012 as a treatment for newly diagnosed patients with MDR-TB [90,92,102]. A total
of 109 countries have used bedaquiline as part of their pharmacotherapeutic program
for MDR-TB as of the end of 2020 [10]. The major mechanism of action for bedaquiline
involves the M. tuberculosis proton pump of adenosine triphosphate (ATP) synthesis which
subsequently leads to bacillar ATP impairment [92,103]. More specifically, bedaquiline
binds with the c subunit of M. tuberculosis F0F1 ATP synthase, preventing the subunit
rotation and proton transfer [103,123]. More interestingly, it acts in both replicating and
dormant mycobacteria but it does not possess any substantial antimicrobial activity against
other bacteria [102,103,107]. Bedaquiline has a risk of prolonging the cardiac QT inter-
val [108,124–126]. It is also characterized by a long half-life (more than 150 days) [124–127].
The association between bedaquiline and other anti-TB drugs (such as fluoroquinolones)
which involve risk of QT prolongation is not recommended [109]. Moreover, a significant in-
teraction occurs between R and bedaquiline and their joint use is restricted, as the plasmatic
concentration of bedaquiline could be reduced due to CYP3A4 induction [102,127,128]. Cur-
rently, phase 1 clinical trials are being conducted in order to identify safer and more potent
diarylquinolines compared to bedaquiline, such as TBAJ-876, a 3,5-dialkoxypyridine ana-
logue of bedaquiline, and TBAJ-587, which entered clinical trials in October 2020 [129,130].

3.2. Delamanid and Pretomanid

Delamanid (OPC-67683) and pretomanid (PA-824) have been analyzed as potent
antituberculotic agents, with both bactericidal and sterilizing activities [130], added in
MDR-TB regimens [90,107]. They are nitroimidazoles derivatives which inhibit mycolic
acid synthesis (such as keto- and methoxy-mycolic acids [107]) and are able to improve
outcomes in MDR-TB patients by affecting both replicating and dormant bacilli [104–106].
The mycobacterial cellular wall is crucial for long term survival and its synthesis depends on
specific enzymes that are absent in humans. Therefore, it is considered as a potential target
for new anti-TB agents [13,123]. Moreover, pretomanid acts as a nitric oxide donor, altering
the oxidative mycobacterial balance [108]. Nitric oxide is a molecule which has a key role
in the pathogenesis of inflammation. Under normal physiological conditions it shows an
anti-inflammatory effect, but under pathological conditions, nitric oxide is considered to be
a pro-inflammatory mediator that induces inflammation due to its over-production [131].

Delamanid was approved in 2014 as a treatment for MDR-TB for patients who cannot
tolerate second-line regimen [71]. These antibacterial new drugs do not interact with P450
cytochrome and have shown no mutagenicity as of yet, which might minimize interactions
with other anti-TB drugs and thus boost their use in individuals co-infected with HIV and
M. tuberculosis [109,130,132]. However, a transient QTcF prolongation was also confirmed
in case of delamanid administration [104], and therefore combination with bedaquiline
is not recommended [110]. Nevertheless, an increased risk of cardiac events appears in
cases of delamanid or bedaquiline combined with other second-line anti-TB drugs such as
clofazimine and fluoroquinolones [110]. The most common claimed adverse reactions of
delamanid include gastrointestinal disorders, insomnia, anxiety, tremor, paranesthesia, and
migraines [133].

There is limited information regarding their pediatric use or association (trials no. 242-
12-232, NCT01859923, NCT01856634) [107,130,132], although delamanid has not proven
mutagenicity yet and was approved in 2014 as a potent dose-dependent antituberculotic
agent [71,133]. Regarding of its mechanism of action, delamanid can attack residual
M. tuberculosis from hypoxic and non-hypoxic lesions, as well as necrotizing and non-
necrotizing tissues, because it is a prodrug that requires activation by a specific tuberculous
deazaflavin (F420)-dependent nitroreductase [71,110,123]. Delamanid seems to be able to
decrease fluoroquinolone resistance in mycobacterial strains as well, providing a status of
useful associative drug among antituberculotic regimens [109].

The nitroimidazooxazine, pretomanid, has been quite recently approved by the FDA
(granted limited population approval in 2019) for patients diagnosed with XDR-TB and
intolerant or non-responsive MDR-TB, in combination with bedaquiline and linezolid [130].
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Furthermore, pyrazinamide increased both pretomanid and bedaquiline activity when
added to the treatment schema [92]. Quadruple therapy consisting of Z, pretomanid,
bedaquiline, and moxifloxacin can reduce treatment duration to only three months, in
patients diagnosed with MDR-TB [109,110].

3.3. Sutezolid and Other Oxazolidinones

Oxazolidinones (such as sutezolid, tedizolid, posizolid, delpazolid, and conte-
zolid [111,112]) have been recently introduced in clinical trials as potent anti-TB drugs
due to their inhibitory activity of protein synthesis after binding to the 50s ribosomal
subunits [108]. Sutezolid (PNU-100480) and delpazolid (LCB01-0371) are currently in phase
2 clinical trials [111,113,130]. Myelotoxicity is their most important adverse effect besides
cytopenia, lactic acidosis, and rhabdomyolysis (data obtained from randomized controlled
trial NCT02540460 [113,134]), although sutezolid proved to be a more secure and efficient
antituberculosis drug as compared to linezolid, which belongs to the same structural class
and is already part of third-line regimens for MDR-TB and XDR-TB [115,135,136]. Another
potential adverse event from sutezolid therapy was transient alanine transaminase (ALT)
elevations, without life-threatening hepatotoxicity [92]. These adverse events appear to
be due to the inhibition of mitochondrial protein synthesis [102]. Linezolid-bedaquiline-
pretomanid regimen was approved by the FDA in 2019 [137], although mutations in
the 23 rRNA gene seem to be involved in the mechanism of M. tuberculosis resistance to
linezolid [13,138].

3.4. Telacebec (Q203)

Telacebec, a highly lipophilic antitubercular agent, consists of imidazopyridine,
which operates independent of cellular oxygen deprivation and mycobacterial replica-
tion [90,102,123,139]. Telacebec in nanomolar concentrations restricts M. tuberculosis intra-
and extra-cellular growth by interfering with ATP synthesis and, implicitly, cellular energy
production [108,114]. Its principal target is the respiratory cytochrome bc1 complex, which
is essential for the respiratory electron transport chain involved in ATP synthesis [102,108].
Depletion of mycobacterial ATP leads to cellular death, independent of the replication
stage [114,123]. Telacebec was proven to have a 90% oral bioavailability in mice, elevated
serum protein binding ability, and a half-life of about 24 h [102]. No interactions with
cytochrome P450 were recorded, making telacebec a safe, novel anti-TB drug [102].

3.5. Benzothiazinone (BTZ-043) and Macozinone (PBTZ-169, MCZ)

Benzothiazinone is currently advised as a potential antitubercular agent [90]. The
primary target for bezothiazinone is the flavoenzyme decaprenyl-phosphoryl-β-d-ribose-20-
oxidase (DprE1) [115,117]. DprE1 and DprE2 (decaprenylphosphoryl-2-keto-β-d-erythro-
pentose reductase) are essential to the synthesis of arabinogalactan and lipoarabinomannan,
main components of the mycobacterial cell wall [117,118]. DprE1 inhibitors block mycobac-
terial survival by leading to cellular lysis [120,140]. Macozinone is a piperazine derivative
with a superior pharmacokinetics profile, security, and pharmacodynamic effect in com-
parison with the lipophilic benzothiazinone that is less effective in case of severe TB [119].
Moreover, macozinone has proven to have synergistic activity when administered along
with bedaquiline and other anti-TB agents [119]. These agents are currently being investi-
gated in phase 2 clinical trials [130]. Another inhibitor of DprE1 is the carbostyril derivate
entitled OPC-167832, also currently being evaluated in phase 2 trials [90]. More than
15 compounds have been identified as potent mycobacterial DprE1 inhibitors, including
triazoles (377790), nitroquinoxalines (VI-9376), dinitrobenzamides (DNB1), benzothiazoles
(TCA1, 7a), carboxy-quinoxalines (Ty38c), thiadiazoles (GSK-710), azaindoles (TBA-7371,
currently in phase 1 trials), and pyrazolopyridones [120,140–144].
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3.6. SQ109

SQ109, a novel small molecule that can be orally administered, is currently being
explored in phase 2 trials as a replacement for a first-line anti-TB agent, as it has already
proved efficacy against both susceptible and resistant strains [130]. However, SQ109 did
not show effectiveness when administered alone [92]. SQ109 (1,2-ethylendiamine derived
from the first-line antituberculotic agent ethambutol) has displayed antimycobacterial
activity upon ethambutol resistant strains, when administered concomitant with sutezolid
and bedaquiline [145,146]. Nevertheless, when combined with standard regimen, SQ109
increased sputum conversion rate by 21% in a prospective randomized double-blind study
that included 140 individuals [122]. SQ109 targets Mmpl3 (mycobacterial membrane pro-
tein large 3) within the mycobacterial respiratory chain and further manages intrusion
in mycobacterial wall synthesis–a unique mechanism among anti-TB agents, as SQ109
is considered a multitarget antituberculotic [121,122]. The Mmpl3 transporter (trehalose
mono-mycolate) is essential in mycobacterial wall stability and protein translocation among
the membrane, further ensuring pathogenesis [121]. Mmpl3 belongs to a family of export
bacterial proteins, but it represents the only protein from the MmpL (mycobacterial mem-
brane protein large) family involved in M. tuberculosis survival; therefore, it is a very
attractive drug target [120]. In other words, this indolcarboxamide is able to downregulate
both the transport of metabolites from mycobacterial cytosol and ATP synthesis [13], with
a minimal risk of adverse events (such as gastrointestinal dose-dependent effects) [92]. It
could also shorten the average treatment duration [122]. Although SQ109 is structurally
derived from ethambutol, it presents poly-pharmacologic properties and multiple bacte-
ricidal and antitubercular mechanisms [102]. These are due to the additional ability of
SQ109 to inhibit menaquinone and ATP synthesis [102,147]. Both DprE1 and MmpL3
are regarded by researchers as promising antituberculotic drug targets, as several other
MmpL3 inhibitors have been reported to have antimycobacterial activity: diarylpyrroles
(BM212), adamantyl urea (AU1235), benzimidazoles (C215), indolcarboxamides (NIDT349),
dihydrospiro(piperidine-4,4′-thieno(3,2-c)pyrans) (Spiro), tetrahydropyrazolo pyrimidine
(THP P), acetamides (E11), piperidinols (PIPD1), and carboxamides (HC2091) [120].

However, it is still difficult to complete the pipeline for anti-TB drug development,
as M. tuberculosis is a pretentious bacillus that requires environmental facilities and repli-
cates very slowly [13,71]. Joseph and colleagues underlined the importance of the further
evaluation and pulmonary care in individuals from their retrospective cohort study, as
residual respiratory symptoms (such as chronic cough or breathlessness) were reported in
almost 30% of patients although successfully completing first-line standard treatment [93].
Moreover, pathological modifications (cavitation, fibrosis) and hypoxic conditions in pa-
tients diagnosed with pulmonary TB may decrease drug bioavailability while allowing
M. tuberculosis to reside and survive [13,71] and implicitly, to further increase the need of
rehabilitation services among patients who may successfully complete pharmacotherapy.
On the other hand, the promising activities of novel drugs are not only for their interesting
mechanisms, but also for their ability to penetrate thick-walled pulmonary lesions where M.
tuberculosis resides on long-term in case of telacebec and also for their bactericidal activity in
case of MDR and XDR M. tuberculosis resistant strains in case of SQ109 [148]. However, are
novel anti-TB agents enough for improving the quality of life and decreasing mortality rates
in patients diagnosed with pulmonary TB? Matsuo et al. confirm that early interventions of
pulmonary rehabilitation are associated with improved human quality of life and survival
expectancy [45].

4. Pulmonary Rehabilitation

Post-TB sequelae and irreversible extensive pulmonary damage have become top
priorities among researchers, as in 2020 more than 150 million M. tuberculosis infection
survivors have been reported [43,86]. These individuals experienced long-term symptoms
associated with aspergillosis, vascular pathologies [87], bronchiectasis, and COPD, in the
absence of available pharmacological treatment that could reduce functional pulmonary
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decline [86,149,150]. The destruction of bronchial wall components during M. tuberculosis
infection leads to airflow obstruction, bronchogenic spread of purulent sputum, hemoptysis,
bronchiectasis, and pneumonia, with consequent symptoms worsening despite completing
anti-TB pharmacotherapy [38,151]. Moreover, mixed patterns of ventilatory defects and
airflow restrictions (quantified through an increased ratio of FEV1/forced vital capacity
or a decrease in forced vital capacity) were noted in individuals with TB who further
experienced chronic cough, chest pains, and breathlessness [38]. Airflow obstruction
appears in these patients due to abnormal healing processes and long-term inflammatory
responses such as pleural thickening, bronchovascular distortion, and delimitation of
specific fibrotic bands, despite completion of treatment [38].

Daniels et al., in their pilot study, found a decreased exercise capacity and quality
of mental and physical life in patients who completed antituberculotic therapy [152].
Gupte et al. obtained abnormal pulmonary functionality in 77% of the patients included in
their study, which is regarded as an alarming result after treatment completion [149]. Even
more, Gupte et al. showed that only 21% of individuals with post-TB COPD pathogenesis
had a beneficial bronchodilator response [149].

Therefore, effective non-pharmacological interventions such as exercise training, be-
havior management, and patient education are highly necessary [86], due to the lack of
guidance regarding the management of post-TB disease [87,149,152]. Pulmonary rehabil-
itation can be a cost-effective measure, as programs can be held within hospital as well
as within the patients’ residence, although supplementary guidance and management of
resistance and aerobic training is necessary to be developed for individuals who cannot
access pulmonary rehabilitation centers [152].

Lung functionality in patients who completed successfully anti-TB cure can be assessed
by performing:

- chest radiography and computed tomography,
- spirometry (including bronchodilator response),
- plethysmography (assessment of lung volumes),
- DLCO (diffusion for carbon oxide),
- arterial blood gas analyses (median arterial blood oxygen saturation and mean arterial

oxygen partial pressure),
- evaluation of the capacity to perform exercise via the six minute walk test (6MWT) or

the incremental shuttle walk test (ISWT) [4,31,149,150,152–155].

Radiographic monitoring in patients who completed antituberculotic treatment is
useful to predict cavitary infectious diseases, pleural thickening and further colonization
with Aspergillus fumigatus or other mycobacterial strains [150,156]. Various studies proved
that 15% to 25% of patients who completed anti-TB therapy were diagnosed with cavitary
aspergilloma [150,156,157]. In other words, management of possible fungal infections in
those individuals could lead to higher rates of candidate identification for future pulmonary
rehabilitation programs. Moreover, fibrotic patterns, revealed by chest X-rays, can lead
to pain or dyspnea (specific symptoms of restrictive ventilatory pathogenesis) [154,158],
further selecting post-TB survivors as possible rehabilitation recipients.

Spirometry tests could be used as predictor for post-TB sequelae because a positive re-
sponse to bronchodilator therapy can prove impaired pulmonary function [149,155,159,160].
Therefore, spirometry monitoring may highlight the actual number of individuals who
are in need of pulmonary rehabilitation programs. On the other hand, very recently, Patil
and collaborators reported an obstructive pattern after spirometry assessment in 42% of
individuals with symptomatic post-TB disease and 32% of individuals without a symp-
tomatic burden after anti-TB treatment completion [161]. Therefore, asymptomatic post-TB
survivors may also present defective pulmonary functionality [161,162]. Spirometry analy-
sis is an effective tool in the evaluation of post-TB sequelae and should be included in the
identification process of possible candidates for pulmonary rehabilitation, irrespective of
symptomatology [161,162]. However, Radovic and collaborators mentioned that spirome-
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try analysis only is not accurate in the detection of possible obstructive pathogenesis and
hence, multiple rehabilitation strategies should be approached [163].

Approaching exercise training among patients who survived pulmonary TB requires
analysis of patients’ endurance and strength [86]. Several studies reported improvement in
patients diagnosed with post-TB pathology after 6MWT and ISWT after measuring forced
expiratory volume (FEV1), forced vital capacity (FVC), median arterial blood oxygen satura-
tion (SaO2), and mean arterial oxygen partial pressure (PaO2) [3,27,152]. Lower FEV1/FVC
ratios are correlated with chronic post-TB airflow obstruction [149,154,160], while lower a
FVC result predicts restrictive symptoms [154,158,164]. Approximately 60% of participants
from the study conducted by Jones et al. diagnosed with post-TB pathogenesis recorded
improvement in the sit-to-stand test and in ISWT, as well as a reduction of restrictive ventila-
tory symptoms (hemoptysis and pain) [27]. Excessive fibrosis that appears as consequence
of tissular healing [158,164] in patients who completed chemotherapy may lead to these
restrictive pulmonary disorders [154]. Physical activity is reduced in case of post-TB fungal
infections or bronchiectasis, also affecting quality of life [150]. Yang et al. also noticed
that obstructive disorders are associated with both reduced quality of life and exercise
tolerance, while restrictive ventilatory symptoms lead to lower training ability [154]. In
order to limit bronchiectasis clinical symptoms (such as chest pain, respiratory deficiency,
fatigue, and cough with hemoptysis), patients should follow rehabilitation programs that
include physiotherapy (sputum clearance using hypertonic inhaled solutions) and physical
training [150,164].

The recovery of muscle function after exercise training in malnourished subjects
could also improve absorption of antituberculotic drugs concomitantly with prevention
of unfavorable treatment outcomes [8]. Nevertheless, a higher body mass index before
antituberculotic treatment onset lowers the risk of lung impairment [149,165]. Yang et al.
reported a lesser body mass index as well as a higher rate of nicotine consumption in
participants with obstructive ventilatory pathogenesis in comparison to those with normal
or restrictive ventilatory symptoms [154]. Singh et al. obtained improvements in dyspnea
score, 6MWT and quality of life for TB cured individuals, therefore recommending reha-
bilitation strategies for core management of post-pulmonary disease sequalae [158]. The
recommendations for management of post-TB sequelae are summarized in Figure 3.
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Several researchers have recommended nutritional counselling among individuals
with post-TB sequelae during rehabilitation programs [4,8], regardless of patients’ age [149].
An impaired quality of life and decreased exercise tolerance are directly correlated with
smoking [150,160,166,167]. However, young non-smoking individuals may not be screened
for chronic post-TB disease, despite the research conducted by Gupte and collaborators
which proved that this population has the highest risk of airflow obstruction develop-
ment [78,149,166]. Furthermore, a complete pulmonary rehabilitation strategy should in-
clude smoking cessation recommendations and avoidance of air pollution [163,167]. Even
more, researchers pointed out that irreversible pulmonary damage and various obstructive
symptoms appear only if FEV1 are lower than 50% [158], so multiple strategies should be
followed in order to scale down morbidity and mortality rates in TB survivors [165]. In
addition, the complex interactions between M. tuberculosis and the host immune response
may include various impaired mechanisms in cases of individuals with poor nutritional sta-
tus, exposed to air pollution or cigarette smoking. Pulmonary rehabilitation may improve
host defense strategies by improving exercise ability and strength [27].

Nevertheless, airflow obstruction, excessive pulmonary tissue inflammation and in-
jury, as well as lung functionality decline have been reported in HIV/TB co-infected
patients [168,169]. Hoger and colleagues concluded that HIV infected individuals with a
history of TB diagnosis were predicted to lose 16 potential years of life [31]. HIV status can
therefore predict higher rates of expected life loss in fully treated TB patients [31].

Last, but not least, as we have experienced in the past years a pandemic caused by
the severe acute respiratory syndrome coronavirus disease (COVID-19), it is essential to
mention those individuals diagnosed with both TB and COVID-19 [170,171]. Although
data are extremely limited, in TB patients, symptoms of COVID-19 infection were noted to
be more severe and appeared rapidly due to increased host cytokine production, causing
a synergistic socioeconomical worldwide burden [170,172,173]. Active TB has also been
associated with a 2.1-fold increased risk of developing severe COVID-19; however, more
studies with rigorously assessment of bias are necessary [173]. Tadolini et al. underlined
that in the group of patients diagnosed with both post-TB sequelae (such as pulmonary
infiltrates and cavities) and COVID-19 presented higher rates of mortality [170]. Therefore,
it is urgent to gain data from clinical studies in order to predict the impact of this ongoing
pandemic on individuals with post-TB disease.

5. Conclusions

Despite the constantly increasing efforts over the last years, M. tuberculosis infection
continues to challenge researchers due to its underlying survival pathways and interactions
with the host. The great variability and heterogeneity in pulmonary functionality among
individuals who successfully complete anti-TB regimens (ranging from various grades of
airflow obstruction and specific lung pathologies such as cavitation, nodular infiltrates,
fibrosis, and combination) underlines the multitude of consequences that appear due to
the immunologic interaction between the host response and mycobacteria, yet it has been
incompletely elucidated. Significant advances have been noted regarding immunological
implications and pharmacotherapeutic development, as the more we understand about TB
and post-TB sequelae, the sooner novel mycobactericidal mechanisms could be investigated.
Moreover, it is also crucial to detect and to quantify patients who require post-disease
monitoring, despite completing antituberculotic regimens, as pulmonary symptoms seem
to be mediated through host immune responses.

The importance of pulmonary rehabilitation services in individuals who have suc-
cessfully completed anti-TB treatment has been discussed in this review and a guideline
has been proposed. TB control programs and pulmonary rehabilitation services for pa-
tients are mandatory, along with the detection of novel, effective, anti-tuberculotic agents
and an understanding of mycobacterial mechanisms in order to interrupt the worldwide
transmission chain.
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Abstract: Patients with chronic obstructive pulmonary disease (COPD) are frequently comorbid with
mild cognitive impairment (MCI). Whether respiratory muscle training (RMT) is helpful for patients
with COPD comorbid MCI remains unclear. Inspiratory muscle training (IMT) with or without
expiratory muscle training (EMT) was performed. Patients were randomly assigned to the full
training group (EMT + IMT) or the simple training group (IMT only). A total of 49 patients completed
the eight-week course of RMT training. RMT significantly improved the maximal inspiratory pressure
(MIP), the diaphragmatic thickness fraction and excursion, lung function, scores in the COPD
assessment test (CAT), modified Medical Research Council (mMRC) scale scores, and MMSE. The
between-group difference in the full training and single training group was not significant. Subgroup
analysis classified by the forced expiratory volume in one second (FEV1) level of patients showed no
significant differences in MIP, lung function, cognitive function, and walking distance. However, a
significant increase in diaphragmatic thickness was found in patients with FEV1 ≥ 30%. We suggest
that patients with COPD should start RMT earlier in their disease course to improve physical activity.

Keywords: COPD; respiratory muscle training; cognitive impairment; inspiratory muscle training;
expiratory muscle training; FEV1; diaphragmatic thickness fraction

1. Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by chronic airway
inflammation, which causes obstructed airflow from the lungs, resulting in muscle wast-
ing and respiratory failure [1]. Currently, approximately 300 million people world-wide
have COPD, contributing to approximately 64 million disability-adjusted life years [2]. In
addition to smoking cessation, oxygen therapy, and long-acting bronchodilator therapy,
comprehensive pulmonary rehabilitation programs involving aerobic exercise, cough tech-
nique education, and respiratory muscle training (RMT) are crucial in the management
of COPD [3]. Inspiratory muscle training (IMT), the major method of RMT, can improve
inspiratory muscle strength, exercise capacity, quality of life, and dyspnea [4]. Therefore,
IMT has been recommended as a part of pulmonary rehabilitation programs for patients
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with COPD [5,6]. Expiratory muscle training (EMT) can improve vital capacity and peak
expiratory flow [7,8], which are also beneficial for cough function. In addition, the im-
provement in cough function is a vital part of pulmonary rehabilitation; therefore, RMT
including IMT and EMT plays a critical role in the management of COPD [9].

Mild cognitive impairment (MCI) is defined based on the following four criteria [10]:
(1) a change in cognition reported by the patient, caregiver, or clinician; (2) objective evi-
dence of impairment in one or more cognitive domains, which typically includes memory;
(3) preservation of independence in functional abilities; and (4) absence of dementia. Mini-
Mental State Examination (MMSE) scores of 23–27 indicate MCI [11]. Many studies have
revealed an association between COPD and MCI [12–15], and a dose–response relationship
between the duration of COPD and the risk of MCI [13,14]. Furthermore, forced expiratory
volume in one second (FEV1) is positively correlated with cognitive function through-
out adulthood [16] because of the higher risk of neuronal injury in patients with chronic
hypoxemia [17]. The chronic generalized inflammatory status of patients with COPD
can affect MCI pathogenesis [18]. Although aerobic exercise can improve the cognitive
function of patients with dementia [19–21], only one study has evaluated the effect of IMT
on cognitive function [22]. Because FEV1 is associated with cognitive function, and RMT
can improve FEV1 performance, RMT may improve cognitive function. However, whether
RMT provides additional benefits for the cognitive function of patients with COPD whose
MMSE scores are within the range of MCI remains unclear.

Because RMT is an important part of pulmonary rehabilitation, the aim of the current
study investigated the improvement of cognition, lung function, clinical scores, and di-
aphragmatic muscle performance before and after the introduction of RMT in populations
of COPD comorbid with mild cognitive impairment. In subgroup analysis, we want to
compare the training efficacy between the full training group (EMT + IMT) and the single
training group (IMT only) on cognition, lung function test, clinical scores, and diaphrag-
matic muscle performance. Finally, we will evaluate the RMT efficacy on patients with
different severities of lung function impairment classified by the forced expiratory volume
in one second (FEV1) level less than 30%.

2. Materials and Methods
2.1. Participants

Our study was a prospective study that was approved by the Institutional Review
Board-I (107-A-09 Board Meeting) of Taichung Veterans General Hospital (protocol code:
CF18259A; date of approval: 4 October 2018; clinical trial number: NCT04929990). Par-
ticipants were recruited from the outpatient department of chest medicine in a tertiary
referral center, and written informed consent was obtained from them or their authorized
representatives before enrolment. Patients with the following criteria were enrolled: (1) a
definitive diagnosis of COPD based on a FEV1/forced vital capacity (FVC) value of less
than 0.7 at 10–15 min after short-acting beta-2 agonist (SABA) inhalation, and (2) an MMSE
score between 23 and 27. The exclusion criteria were as follows: (1) being unable to follow
RMT instructions or complete the questionnaires of our study due to cognitive impairment;
(2) difficulty in completing cardiopulmonary exercise testing (CPET) or the 6 min walking
test (6MWT) due to high-risk cardiopulmonary diseases or orthopedic conditions, such as
critical aortic stenosis, early stage of post myocardial infarction, or lower limb amputation;
(3) a diagnosis of lung cancer or a history of thoracoabdominal surgery; and (4) a body
mass index (BMI) of ≥30.

2.2. Protocol of Intervention

After signing the informed consent form, the participants were assigned to the full
RMT training group (EMT + IMT) or the single RMT training group (IMT only) through
simple randomization (i.e., tossing a coin). Neither the participants nor the examiner were
blinded. The patients enrolled into the current study performed both full RMT training or
single RMT training using a threshold-type breathing trainer (Dofin DT11/14, Galemed,
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Taipei, Taiwan) at the hospital, and the RMT program included 30 breaths two times a day,
5 days a week, for a total of 8 weeks at home. IMT was performed after complete and slow
air expiration, followed by quick and forceful air inspiration to overcome the threshold
resistance of the device. By contrast, EMT was performed after complete and slow air
inspiration, followed by quick and forceful air expiration. In the full RMT training group
(IMT + EMT), before training, maximal inspiratory pressure (MIP) and maximal expiratory
pressure (MEP) were measured using a digital pressure gauge (GB60, Jitto International,
Taipei, Taiwan), and the best performance of the three trials was recorded. The procedure
of MIP/MEP measurement resembled that of IMT/EMT training, except the breathing
trainer was replaced with the digital pressure gauge. The initial intensity of training was
set at 30% of MIP and MEP. The intensity was adjusted with the addition of 5% resistance
each week, and a well-trained assistant contacted the participants telephonically to remind
them to adjust the intensity every week.

In the simple RMT training group, only IMT was performed using the same type of
Dofin DT11/14 breathing trainer. The initial resistance of the breathing trainer was set at
30% of MIP, and subsequent adjustments were made in accordance with the protocol of the
experimental group. The participants were instructed to perform training for 30 breaths
twice daily for 8 weeks at home, and they were also telephonically supervised by the same
assistant every week.

2.3. Parameter Measures

Parameter measures in the current study were MMSE score; diaphragmatic thickness
fraction and excursion examined through ultrasound; scores of the COPD assessment test
(CAT) and modified Medical Research Council (mMRC) scale; percentage of predicted
FVC, FEV1, FEV1/FVC, diffusing capacity of the lung for carbon monoxide (DLCO), and
DLCO divided by alveolar volume (VA) examined using a pulmonary function test; dead
space fraction (Vd/Vt) and minute ventilation to CO2 output (VE/VCO2) slope examined
using the cardiopulmonary exercise test (CPET); and distance walked and changes in
oxygen saturation (SpO2) and perceived exertion (Borg scale) during six-minute walking
test (6MWT). All these measures were assessed the day before the initiation of the RMT
program and again 8 weeks later at the end of the program.

Diaphragmatic thickness fraction and excursion were measured using an ultrasound
machine (Alpinion E-cube i7, who Medical Co., Ltd., Taipei, Taiwan). With the participant
in the supine position, diaphragmatic thickness at the intercostal space between the 7th and
8th or the 8th and 9th ribs in the anterior axillary line was examined using a high-frequency
ultrasound probe (10–15 MHz). The thickness of the diaphragmatic apposition zone was
visualized below the intercostal muscles (Figure 1). The diaphragmatic thickness fraction
was calculated as follows: (end-inspiration thickness—end-expiration thickness)/end-
expiration thickness [23]. Diaphragmatic excursion was measured by placing a 2–6-MHz
ultrasound probe at the right mid-clavicular line, and the amount of movement of the
posterior edge of the liver was traced and measured using M mode ultra-sonography [24].
Limitations, such as the variations of probe tilting angle and the impact of the increased
echogenicity of the liver, were considered in our study. The sonographic measurements
were performed by one single examiner, which could reduce the inter-observer variability,
and none of our participants’ liver echogenicity was too high to clearly identify the posterior
edge of liver.

CAT consists of eight questions, each scored from 0 to 5. mMRC only has one question,
which is graded from 0 to 4. Both questionnaires are useful in discerning the respiratory
difficulty encountered in daily life for patients with COPD, and in categorizing them for
guiding treatment [25]. Regarding the assessment of dementia severity, the MMSE is one of
the most widely adopted questionnaires in health care settings. The highest total score on
the MMSE is 30, and a score of 23–27 indicates MCI [11], which was used in our study.

For patients with COPD, the pulmonary function test is crucial for grading disease
severity, and predicting prognosis. In patients with FEV1/FVC < 0.7 [26], COPD severity
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can be further categorized into four groups according to the extent to which FEV1 reaches
the predicted level: <30%, 30–50%, 50–80%, and >80%. In addition to spirometry data,
a diffusion study, including DLCO and DLCO/VA, was conducted using a pulmonary
function measurement machine (Vmax Encore VS229, Carefusion Co., Ltd., San Diego,
CA, USA).
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walking test.

In patients with COPD, exercise performance and cardiopulmonary endurance fre-
quently worsen as the disease progresses. Moreover, 6MWT involves walking as far as
possible for 6 min, and is a common indicator of oxidative capacity in patients with car-
diopulmonary diseases [27]. We established 6MWT distance by having our participants
walk back and forth on a 30 m-long walkway with two cones placed at both ends, and we
recorded changes in oxygen saturation and perceived exertion on the Borg scale during
6MWT. In addition, a cardiopulmonary exercise test can detect any gas exchange abnor-
malities during exercise in patients with COPD [28,29]. Patients with COPD have a higher
VE/VCO2 slope [29] and Vd/Vt [28] during exercise. In this study, we measured these
parameters during peak exercise. CPET was performed using an electro-magnetically
braked cycle ergometer, and a mask was used to collect the partial pressure of O2 and CO2
simultaneously; a 10 W/min ramp protocol was used. All the testing procedures followed
the guidelines of the American Heart Association [30].

2.4. Statistical Analysis

SPSS 17.0 (IBM, Chicago, IL, USA) was used to perform the statistical analysis. Categor-
ical variables were presented as frequency and percent, and analyzed using the chi-squared
test to determine significance. For nonparametric data distribution, differences between
groups were assessed using the nonparametric Mann–Whitney U test or Wilcoxon signed
ranks test. Results are presented as the mean and standard deviation (SD). To determine
the sample size, we adopted G*Power 3.1.9.7 (Heinrich-Heine-Universität Düsseldorf,
Germany) to analyze improvements in the MMSE score after physical exercise training,
as described previously [21]. With a difference in the improvement of MMSE between
2.67 ± 1.88 and 0.2 ± 2.87 under the setting of α = 0.05 and power –1 − β) = 0.8, the effect
size was 1.018, and at least 36 cases were deemed necessary to achieve sufficient statistical
power. All tests were two-sided, with p < 0.05 considered significant.

3. Results
3.1. Patients’ Clinical and Demographic Characteristics

From June 2019 to February 2021, a total of 70 patients were enrolled into the study,
and 49 participants completed the 8-week course of the RMT program for the final analysis.
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Because there was only one female patient, the study also excluded her data to reduce the
effect of gender difference. Table 1 presents a summary of the demographic characteristics,
and clinical and physiological parameters of all participants. Among them, 29 and 20 par-
ticipants were included in the full RMT training group (IMT + EMT) and the single training
group (IMT only), respectively. Figure 1 presents the flowchart of participant recruitment
and the case numbers in the subgroup of RMT training. Classified by the FEV1 level, 28.6%
of participants were <30% (n = 14), and 71.4% of patients were ≥30% (n = 35).

Table 1. Demographic characteristics, and clinical and physiological parameters in patients with
COPD enrolled into respiratory muscle training program (n = 48).

Characteristics Mean ± SD (n, %)

Age (years) 67.23 ± 7.32
Body mass index (kg/m2) 23.02 ± 3.89
Pulmonary function test

FVC (%) 78.77 ± 21.36
FEV1 (%) 41.08 ± 15.26

FEV1/FVC (%) 42.83 ± 14.19
DLCO (%) 78.05 ± 24.63
DLCO/VA 83.76 ± 25.82

Clinical score
CAT score 14.17 ± 8.39

mMRC score 1.63 ± 0.98
MMSE 24.39 ± 2.50

MIP (cmH2O) 69.41 ± 28.02
MEP (cmH2O) 85.30 ± 18.07

6MWT
6MWT distance (m) 328.25 ± 71.72

SpO2 at rest (%) 95.19 ± 4.98
Nadir SpO2 in 6MWT 92.69 ± 7.97

Borg scale at rest 1.17 ± 1.32
Borg scale after 6MWT 2.89 ± 1.83
Sonography evaluation

Diaphragmatic thickness fraction 39.38 ± 28.50
Diaphragmatic excursion (cm) 3.00 ± 1.10

CPET
Vd/Vt 32.80 ± 7.04

VE/VCO2 slope 36.81 ± 6.34
FEV1 subgroup

<30% 14 (29.17%)
≥30% 34 (70.83%)

Respiratory training subgroup
IMT 20 (41.67%)

IMT + EMT 28 (58.33%)
IMT, inspiratory muscle training; EMT, expiratory muscle training; CAT, chronic obstructive pulmonary disease
assessment test; mMRC, modified Medical Research Council; 6MWT, 6-min walking test; Vd/Vt, dead space
fraction; VE/VCO2, minute ventilation to CO2 output; FVC, forced vital capacity; FEV1, forced expiratory volume
in 1 s; DLCO, diffusing capacity of the lung for carbon monoxide; VA, alveolar volume; MMSE, Mini-Mental
State Examination.

3.2. Differences between before and after RMT Program

Before and after RMT were compared with respect to all parameters (Table 2). After
RMT, patients exhibited significant improvements in FEV1 (%), CAT score, mMRC score,
MMSE score, MIP (cmH2O), MEP (cmH2O), SpO2 at rest (%), diaphragmatic thickness
fraction, and diaphragmatic excursion (all p < 0.01). In addition, the Borg scale after 6MWT
was significantly decreased after the RMT program (p = 0.016). No significant differences
were observed in DLCO (%), 6MWT distance (m), and CPET test after RMT program (all
p > 0.05).
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Table 2. Comparison of the difference of parameters between before and after RMT program implementation.

Characteristics before RMT after RMT p Value

Pulmonary function test
FVC (%) 78.25 ± 20.68 81.93 ± 19.14 0.318
FEV1 (%) 40.05 ± 15.09 43.75 ± 15.72 0.002 **

FEV1/FVC (%) 42.05 ± 14.27 41.81 ± 15.82 0.372
DLCO (%) 79.83 ± 26.93 80.33 ± 22.62 0.969
DLCO/VA 86.42 ± 31.44 84.67 ± 27.47 0.563

Clinical score
CAT score 14.17 ± 8.39 9.06 ± 6.06 <0.001 **

mMRC score 1.63 ± 0.98 1.13 ± 0.67 <0.001 **
MMSE 24.39 ± 2.50 26.00 ± 4.13 0.002 **

MIP (cmH2O) 64.08 ± 30.42 80.79 ± 36.93 0.001 **
MEP (cmH2O) 80.86 ± 23.48 99.81 ± 34.57 0.036 *

6MWT
6MWT distance (m) 331.28 ± 70.05 338.80 ± 68.91 0.381

SpO2 at rest (%) 95.19 ± 4.98 96.67 ± 2.77 0.005 *
Nadir SpO2 in 6MWT 92.69 ± 7.97 93.78 ± 4.11 0.466

SpO2 change in 6MWT 2.50 ± 5.82 2.89 ± 3.34 0.174
Borg scale at rest 1.17 ± 1.32 0.83 ± 0.97 0.167

Borg scale after 6MWT 2.89 ± 1.83 2.19 ± 1.65 0.020 *
Borg scale change in 6MWT 1.72 ± 1.61 1.36 ± 1.22 0.232

Sonography evaluation
Diaphragmatic thickness fraction 39.38 ± 28.50 56.40 ± 28.16 <0.001 **

Diaphragmatic excursion 3.00 ± 1.10 3.83 ± 1.31 <0.001 **
CPET
Vd/Vt 32.83 ± 7.18 32.98 ± 6.54 0.576

VE/VCO2 slope 36.63 ± 6.41 36.51 ± 5.62 1.000
CAT, chronic obstructive pulmonary disease assessment test; DLCO, diffusing capacity of the lung for carbon
monoxide; EMT, expiratory muscle training; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s;
IMT, inspiratory muscle training; MIP: maximal inspiratory pressure; MEP: maximal expiratory pressure; mMRC,
modified Medical Research Council; MMSE, Mini-Mental State Examination; 6MWT, 6-min walking test; SpO2,
oxygen saturation; Vd/Vt, dead space fraction; VE/VCO2, minute ventilation to CO2 output; VA, alveolar volume;
* p < 0.05, ** p < 0.01.

3.3. Differences between the Full RMT Training and Single RMT Training Group

The characteristics of the full RMT training and single RMT training groups were
compared (Table 3). After 8 weeks, both groups exhibited increases in lung function, MIP,
diaphragmatic excursion, and thickness fraction (Figure 2). However, the between-group
difference in the full training (IMT + EMT) and single training (IMT only) groups was not
significant in all parameters listed in Table 3.
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Table 3. The differences between the single training group (IMT only) and the full training group
(IMT + EMT) in patients with COPD after RMT program implementation.

IMT Only (n = 20) IMT + EMT (n = 28) p Value

Pulmonary function test
FVC (%) 83.11 ± 19.54 80.86 ± 19.20 0.722
FEV1 (%) 46.32 ± 16.93 41.43 ± 14.56 0.371

FEV1/FVC (%) 43.55 ± 18.88 40.24 ± 12.72 0.386
DLCO (%) 80.00 ± 27.95 72.29 ± 15.13 0.624
DLCO/VA 90.00 ± 28.66 83.36 ± 25.68 0.711

Clinical score
CAT score 7.75 ± 4.46 10.00 ± 6.91 0.396

mMRC score 1.20 ± 0.62 1.07 ± 0.72 0.667
MMSE 25.78 ± 5.47 26.14 ± 3.23 0.585

MIP (cmH2O) 75.25 ± 38.30 83.82 ± 37.69 0.714
MEP (cmH2O) 99.81 ± 34.57 ---

6MWT
6MWT distance (m) 321.75 ± 73.09 351.92 ± 63.83 0.166

SpO2 at rest (%) 95.95 ± 2.67 96.16 ± 3.45 0.289
Nadir SpO2 in 6MWT 92.25 ± 4.89 92.72 ± 4.93 0.680

SpO2 change in 6MWT 3.70 ± 3.15 3.44 ± 3.88 0.549
Borg scale at rest 0.95 ± 0.89 0.64 ± 0.95 0.160

Borg scale after 6MWT 2.30 ± 1.98 2.60 ± 1.80 0.523
Borg scale change in 6MWT 1.35 ± 1.63 1.96 ± 1.43 0.076

Sonography evaluation
Diaphragmatic thickness fraction 50.74 ± 28.74 60.44 ± 27.55 0.098

Diaphragmatic excursion (cm) 4.00 ± 1.17 3.72 ± 1.40 0.523
CPET
Vd/Vt 31.70 ± 8.52 33.96 ± 4.40 0.230

VE/VCO2 slope 36.21 ± 5.75 36.75 ± 5.62 0.991
Mann–Whitney U test.

3.4. Differences of RMT Training Effect between FEV1 < 30% and FEV1 ≥ 30% among Patients
with COPD

The subgroup analysis of the RMT training effect between different severities of FEV1
in patients with COPD was compared (Table 4). After 8 weeks, both groups exhibited
increases in FVC (%), FEV1 (%), and the distance of 6MWT; and decreases in CAT score,
mMRC score, and Borg scale sore (Table 4). In addition, cognitive function in terms of the
MMSE score improved in both groups. However, only diaphragmatic thickness fraction
exhibited significant between-group differences in improvement (p = 0.044) (Figure 3).
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Table 4. Comparison of the RMT training effect between FEV1 < 30% and FEV1 ≥ 30% in patients
with COPD.

FEV1 < 30% FEV1 ≥ 30% p Value

Pulmonary function test
∆FVC (%) 3.33 ± 17.41 3.82 ± 18.62 0.821
∆FEV1 (%) 3.00 ± 5.22 4.00 ± 7.32 0.666

∆FEV1/FVC (%) −1.80 ± 13.23 0.43 ± 7.34 0.867
∆DLCO (%) 9.33 ± 5.03 −2.44 ± 20.28 0.195
∆DLCO/VA 0.00 ± 6.08 −2.33 ± 10.99 0.864
Clinical score
∆CAT score −6.86 ± 7.49 −4.38 ± 6.92 0.265

∆mMRC score −0.86 ± 1.10 −0.35 ± 0.69 0.074
∆MMSE 2.00 ± 1.87 1.50 ± 2.48 1.000

∆MIP (cmH2O) 8.33 ± 15.64 15.79 ± 23.35 0.549
∆MEP (cmH2O) 18.80 ± 6.08 19.00 ± 23.27 1.000

6MWT
∆6MWT distance (m) 15.92 ± 65.42 4.21 ± 29.50 0.951

∆SpO2 at rest (%) 1.86 ± 1.21 1.38 ± 4.03 0.152
∆Nadir SpO2 in 6MWT 1.57 ± 2.70 0.97 ± 7.20 0.302

∆Borg scale at rest 0.29 ± 0.76 −0.48 ± 1.43 0.122
∆Borg scale after 6MWT −0.71 ± 1.70 −0.69 ± 1.71 0.922
Sonography evaluation

∆Diaphragmatic thickness fraction −6.84 ± 56.35 26.84 ± 28.55 0.048 *
∆Diaphragmatic excursion (cm) 1.09 ± 1.50 0.73 ± 1.14 0.734

CPET
∆Vd/Vt 0.46 ± 5.92 0.02 ± 4.94 0.565

∆VE/VCO2 slope −0.38 ± 3.71 −0.01 ± 5.18 0.678
Mann–Whitney U test. * p < 0.05, ∆: value of parameter after training—value of parameter before training.

4. Discussion

This study yielded three major findings. First, the results of our study indicated
that RMT, both in the full training group (IMT + EMT) and simple training group (only
IMT), could significantly improve not only cognition, but also inspiratory strength, di-
aphragmatic performance, FEV1, and dyspnea scores in the patients with COPD comorbid
with mild cognitive impairment. Second, we observed that even with a baseline FEV1
of <30%, benefits could be derived from RMT in terms of the outcome measures. Third,
we found that patients with preserved lung function (FEV1 ≥ 30%) significantly increased
in diaphragmatic thickness fraction after RMT training. The strength of current study is
that it is the first to use not only clinical score and lung function test, but also apply both
diaphragmatic ultrasonography and the cardiopulmonary exercise test to evaluate the
effect of RMT. To the best of our knowledge, this is the first study to evaluate the different
RMT training models and the impact of RMT in different severities of patients with COPD.

IMT was necessary in both full and simple RMT training groups in the current study,
and the FEV1 was improved after RMT training. Several studies have demonstrated
that IMT can elevate FEV1 [31–34] due to the improvement in trunk control, with more
favorable respiratory biomechanics [35]. In addition, IMT can improve cognitive function,
as reported in a previous study [22]. Many studies have demonstrated the relationship
between hypoxemia and cognitive impairment [36,37]; however, we cannot conclude that
the cognition improvement of our patients was due to the increase of resting SpO2. That is
because the level of SpO2 in our participants never reached the threshold level of hypoxemia.
Since FEV1 level was positively correlated with cognitive function [16], we suggest that
the cognition improvement of this cohort was due to the increase in FEV1 rather than the
increase of resting SpO2 after RMT implementation. However, the underlying mechanism
requires further study.

Our study revealed that RMT implementation, both in the simple and full training
group, improved not only cognition, and FEV1 and SpO2 at rest, but also MIP, diaphrag-
matic thickness fraction, diaphragmatic excursion, and CAT and mMRC scores. The results

142



J. Pers. Med. 2022, 12, 475

are consistent with those of previous studies [9,38,39]. Weiner et al. reported that dyspnea
was alleviated in IMT-only and IMT + EMT groups, but not in the EMT-only group [38].
Weiner and McConnell concluded that no additional benefit was obtained by adding EMT
to IMT [39]. Xu et al. revealed improved scores of mMRC, CAT, and St George’s Respiratory
Questionnaire in both IMT and IMT + EMT groups, with no significant between-group
differences [9]. One important reason is that expiration is predominantly accomplished
by elastic recoil instead of active muscle contraction, and therefore, the improvement of
inspiratory capacity can also facilitate the performance of expiration. On the contrary,
the improvement of expiratory strength may not be so practical in daily respiration, and
thus, the indicators of life quality, such as CAT and mMRC scores, cannot be further im-
proved through EMT. Our results also showed that the between-group difference in the
full training (IMT + EMT) and single training (IMT only) groups was not significant in all
parameters. In addition, our study further provided the image evidence of ultrasonography
in diaphragmatic excursion and thickness fraction to support the viewpoint that IMT is the
most important part of RMT.

In the current study, the VE/VCO2 slope and Vd/Vt during peak exercise did not
significantly change after the training program in either group. The VE/VCO2 slope, also
known as exercise ventilatory efficiency, is an essential prognostic factor in COPD. Vd/Vt,
also called the dead space fraction, is considered a comprehensive marker of gas exchange
in patients with COPD [40]. RMT cannot enhance ventilator efficiency, and the dead space
fraction is probably because RMT can only improve respiratory muscle strength, and not
alveolar function of gas exchange.

Most of the previous studies recruited patients with higher FEV1, as easy fatigue
during training and poor compliance of training protocol are more common in patients
with FEV1 < 30% [41–43]. However, the subgroup analysis of the current study revealed no
significant between-group difference exhibited in patients with FEV1 < 30% and ≥30%. A
study compared the effect of IMT between patients with baseline FEV1 < 50% and ≥50%,
and revealed that patients with poor lung function (FEV1 < 50%) demonstrated significant
improvement in the sensation of dyspnea after 3 weeks of respiratory training [44]. In our
study, we found that the decreases of CAT score and mMRC score were larger in patients
with FEV1 < 30%, although it did not reach the statistical difference, which may owe to
the small case numbers in the FEV1 < 30% group. A recent meta-analysis demonstrated
the benefit of IMT in improving COPD parameters; the authors reported that a shorter
intervention time (≤4 weeks) improved MIP only, and a longer training period (6–8 weeks)
also improved functional capacity, such as 6MWT distance [45]. Although the training
period of our study was up to 8 weeks, no significant change was found in the 6MWT
distance. One primary reason for this may be that our participants’ MMSE scores were in
the range of MCI, which may affect their ability to achieve full exertion during 6MWT. On
the other hand, 6MWT distance reflects cardiopulmonary aerobic capacity, which could
be improved only after aerobic exercise training theoretically. RMT, which is a form of
strength training, can produce little effect on aerobic capacity. Therefore, inconsistent
results were also mentioned in the past meta-analysis regarding the effect of RMT on
6MWT distance [45]. Further studies may be required to elucidate it.

A major strength of our study is that we incorporated the result of diaphragmatic
ultrasonography to validate improvements in MIP and MEP. Furthermore, parameters
including the VE/VCO2 slope and Vd/Vt obtained in CPET were analyzed to determine
the reason for the change. However, our study has some limitations. First, although
the total number of participants was as per the required sample size for this study, only
14 patients had a baseline FEV1 < 30%, which may have been too few to achieve sufficient
statistical power. The data of the improvement of diaphragmatic thickness fraction from
two patients with FEV1 < 30% even became outliers. The data of the improvement of
diaphragmatic thickness fraction from two patients with FEV1 < 30% even became outliers.
Future studies should include more patients with COPD and a baseline FEV1 < 30% to
validate our findings. Second, MMSE has limited sensitivity and specificity for diagnosing
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MCI against healthy controls [46]. Our participants only had MCI according to MMSE
scores, but they did not have a confirmed diagnosis of MCI. Third, our participants had
MMSE scores suggestive of MCI, which may have affected their compliance with the
RMT program at home, despite us having assigned an assistant to contact and encourage
the participants every week via telephone. Finally, we excluded those with BMI ≥ 30
to improve the reliability of ultrasonographic results, and none of our participants were
female. Therefore, our results may only be applicable to male and non-obese patients
with COPD.

5. Conclusions

Our study results revealed that the 8-week RMT program improved not only cognitive
function, but also CAT score, mMRC score, and diaphragmatic thickness in male and
non-obese patients with COPD comorbid mild cognitive impairment. In addition, we
found that IMT is the most important part of RMT, as the combination of EMT with IMT
was not superior to IMT alone. Furthermore, even patients with a baseline FEV1 of <30%
derive benefits from RMT. Patients with preserved lung function (FEV1 ≥ 30%) significantly
increased in diaphragmatic thickness fraction after RMT training. We suggest that patients
with COPD should start to receive IMT earlier in their disease course to increase their
respiratory strength, and thus, achieve a high quality of life.
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Abstract: This review summarizes sleep deprivation, breathing regulation during sleep, and the
outcomes of its destabilization. Breathing as an automatically regulated task consists of different
basic anatomic and physiological parts. As the human body goes through the different stages of sleep,
physiological changes in the breathing mechanism are present. Sleep disorders, such as obstructive
sleep apnea-hypopnea syndrome, are often associated with sleep-disordered breathing and sleep
deprivation. Hypoxia and hypercapnia coexist with lack of sleep and undermine multiple functions
of the body (e.g., cardiovascular system, cognition, immunity). Among the general population,
athletes suffer from these consequences more during their performance. This concept supports the
beneficial restorative effects of a good sleeping pattern.

Keywords: sleep deprivation; exercise; cardiovascular; cognitive

1. Sleep-Disordered Breathing Physiology
1.1. Respiratory Aspect

The mechanism of breathing includes air flow through the passages of the respiratory
system due to pressure gradients that are formed by contraction of the diaphragm and the
thoracic muscles. Air flows from a region of higher pressure to a region of lower pressure.
Respiration involves the interplay between three different pressures: the atmospheric, the
interalveolar, and the intrapleural pressure. Inspiration is the active phase of respiration
and the result of muscle contraction, and expiration is the passive phase in calm state.
Regulation of respiratory system is subconscious and determines rhythmic rotation between
inspiration and expiration and ventilation (breathing frequency and depth) [1].

Sleep state is associated with significant changes in respiratory physiology, including
ventilatory responses to hypoxia and hypercapnia, upper airway, and intercostal muscle
tone, and tidal volume and minute ventilation. These changes are further magnified in
certain disease states, such as chronic obstructive pulmonary disease, restrictive respiratory
disorders, neuromuscular conditions, and cardiac diseases [2]. Sleep-disordered breathing
(SDB), which causes sleep deprivation and intermittent hypoxia, encompasses a broad
spectrum of sleep-related breathing disorders, including obstructive sleep apnea (OSA),
central sleep apnea (CSA), as well as sleep-related hypoventilation and hypoxemia. Relative
hypotonia of respiratory muscles, body posture changes, and altered ventilatory control
result in additional physiologic changes contributing to hypoventilation [3]. Hypercapnia,
hypoxemia, and negative intrathoracic pressure swings lead to increased sympathetic
response in order to maintain the normal air flow followed by hyperventilation.
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1.2. Neural Aspect

Breathing is an automatic function and is regulated, according to the metabolic de-
mands, by the autonomic nervous system (ANS) and, more specifically, by the respiratory
center (RC), a central pattern generator (CPG) located in medulla oblongata along with
the other vital reflexes. Cortical–medullary circuits furthermore guarantee that voluntary
control of breathing is possible [4]. Upon loss of cortical functions without the loss of the
medullary CPG, however, control is maintained by the latter.

1.3. Input Sensors

Wakefulness, non-rapid eye-movement sleep (NREM), and rapid eye-movement sleep
(REM) sleep represent three distinct states during the sleep–wake cycle [5]. Breathing is
maintained during sleep, but its regulation differs from wakefulness [6]. The progression
through sleep stages is accompanied by a sequence of physiological changes based on
chemoreceptor and baroreceptor reflexes [7]. Chemoreceptors are divided into peripheral
and central. Chemoreflex input consist of peripheral (carotid and aortic bodies), which
reflect the concentrations of arterial O2, and of central receptors, which are sensitive to CO2
and H+ changes in the CSF [8]. Consequently, the ventilatory feedback control system of
the chemoreflex is vulnerable to rapid fluctuations of this input, similar to those that occur
during NREM sleep [9].

Two additional respiratory control centers exist in the medulla: the vasomotor (VMC)
that regulates blood pressure and the cardiac center (cardioinhibitory and cardioaccel-
eratory centers) for the regulation of heart rate. The three centers are interconnected to
function coordinately for the release not only of the chemoreflex but also for the barore-
flex [10]. The baroreceptor reflex is activated when blood pressure is found increased by
the baroreceptors in walls of carotid internal artery and of aorta and vasodilation occurs
(inhibition of VMC) as well as decreased heart rate (stimulation of cardioinhibitory centers).

In sleep-disordered breathing, the circle of intermittent hypoxia–hypercapnia stimu-
lates chemoreflex entirely, which in turn overstimulates SNS, attenuates baroreflex, and
enhances hyperventilation after arousal [11]. Arousal occurs in order to increase the muscle
tone and compensate for hypoventilation. Interestingly, the increased tone of SNS persists
during daytime, too. As baroreflex is desensitized, the PNS is incapable of antagoniz-
ing the detrimental effects of SNS overstimulation, demonstrating mainly hypertension
and tachycardia.

1.4. Output Mediators

The mutable environment of respiratory regulation during sleep affects multiple
systems and structures: the ANS as well as lungs, chest wall, and upper airway [12].
During wakefulness and REM, sympathetic tone is dominant, whereas during NREM sleep,
parasympathetic tone prevails to create a state of reduced activity [13]. Therefore, blood
pressure and heart rate are reduced during NREM, whereas in REM sleep, the pulses of
sympathetic activity induce tachycardia and relatively increase blood pressure [14].

During sleep, ventilation and functional residual capacity decrease slightly [15]. In
stage I of NREM sleep, sufficient muscle tone is maintained, and frequent body posture
changes occur. Respiratory pattern is more regular, while minute ventilation is progres-
sively reduced, resulting in an increase of end-tidal carbon dioxide (ETCO2) compared to
a waking state. During REM, respiratory pattern varies while ventilation further drops,
accompanied by a slight reduction in oxygen saturation [16].

These fluctuations of arterial blood pressure, heart rate, and respiration occur in NREM
and REM sleep and during transitions between sleep and arousal [17]; they may explain the
sensitivity differences in hypoxia–hypercapnia, a major pathophysiologic element in sleep-
disordered breathing [5]. Pulmonary stretch receptors work in coordination with central
and peripheral chemoreceptors as the corresponding reflexes affect upper airway and
respiratory pump muscles. The relationship is displayed in detail in Figure 1. A reduction
in respiratory muscle tone occurs during NREM sleep but is more prominent during
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REM [18], attenuating the occlusion pressure responses to both hypoxia and hypercapnia
in REM sleep stage, a clinical phenomenon consistent with emerging even in normal
people [19]. In this context, arousals emerge, fragmenting sleep architecture. A protective
reflex is activated by local upper airway (UA) mechanoreceptors due to the negative
pressure in the UA, preventing its collapse by enhancing activity of UA dilators [20]. This
reflex re-establishes ventilation in an alternative-to-arousal manner.

Figure 1. All the reflexes that take part in the control of respiratory rate during sleep. As inspiration
occurs, upper airway muscles are activated by the mechanoreceptors, resulting in a protective reflex
that prevents occlusion of airflow without arousals. However, inspiratory activation may become
insufficient in terms of timing and magnitude due to stronger activation of respiratory pump muscles
that lead to inadequate compensation for the airway-collapsing effect of negative inspiratory pressure.

2. Sleep Deprivation

Sleep-disordered breathing is associated with sleep deprivation. This sleep disruption
interferes with the normal restorative functions of NREM and REM sleep, resulting in
disruptions of breathing and cardiovascular function, changes in emotional reactivity,
and cognitive decline in attention, memory, and decision making [21]. Sleep-disordered
breathing is common among overweight and obese children. It is a risk factor for several
health complications, including cardiovascular disease. Inflammatory processes leading
to endothelial dysfunction are a possible mechanism linking SDB and cardiovascular
disease [22,23].

2.1. Sleep Deprivation and CO2 Retention

Disordered breathing is commonly associated with hypercapnia, which is followed by
sufficient CO2 retention. This phenomenon leads to various impairments due to dangerous
levels of hypercapnia. Acute responses to CO2 affect breathing primarily via central
chemoreceptors [24]. Retention of CO2 not only contributes to chemoreflex via hypercapnia
and acidosis but also serves as a powerful stimulus to increase respiration. Hypoxia
potentiates the effects of CO2, resulting in a stronger ventilatory response. Through various
mechanisms, retention of CO2 can persist during daytime, too [25].

Carbon dioxide retention is related to oxidative stress and increased sympathetic
activity with subsequent effects, such as hypertension. Recent evidence has now implicated
a role for oxidative stress in sleep and sleep loss [26]. Oxidative stress is defined by
increased oxygen reactive species (ROS) production and inability of the cell to alienate
them. Prolonged wakefulness/sleep deprivation activates an adaptive stress pathway
termed the unfolded protein response, which temporarily guards against the deleterious
consequences of reactive oxygen species [24,26]. The elevated sympathetic response also
triggers a generalized inflammatory cascade that is associated with the pathophysiology of
multiple comorbidities, including insulin resistance, hypertension, diabetes, atherosclerosis,
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and metabolic syndrome [27]. Epidemiologic studies in adults and children and laboratory
studies in young adults indicate that sleep deprivation may be associated with several
relevant impairments: decreased glucose tolerance, decreased insulin sensitivity, increased
evening concentrations of cortisol, increased levels of ghrelin, decreased levels of leptin,
and increased hunger and appetite (Table 1). Nevertheless, the current epidemic of obesity
could be partly attenuated by better sleep regulation [28]. In healthy adults who are
chronically sleep restricted, a simple, low-cost intervention, such as sleep extension, is
feasible and is associated with improvements in fasting insulin sensitivity [29]. In the matter
of inflammatory system, sleep loss triggers signaling pathways in the brain and periphery.
The Toll-like receptor 4 (TLR4) activates inflammatory signaling cascades in response to
endogenous and pathogen-associated ligands known to be elevated in association with
sleep deprivation. TLR4 is therefore a possible mediator of some of the inflammation-
related effects of sleep loss [30]. Furthermore, total sleep loss produces significant increases
in plasma levels of sTNF-alpha receptor I and IL-6, messengers that connect the nervous,
endocrine, and immune systems [31].

Table 1. Responses and sleep deprivation.

References Participants Intervention Protocol Results

Chapman et al. [32] Healthy adults (age: 26.0 ± 4.0 yrs,
M: n = 7, F: n = 7)

Blood velocity was measured in the
renal and segmental arteries with

Doppler ultrasound while subjects
breathed room air and while they

breathed a 3% CO2, 21% O2, 76% N2
gas mixture for 5 min

CO2 decreased blood velocity in the
renal and segmental arteries and

increased vascular resistance in the
renal and segmental arteries (kidneys
are hemodynamically responsive to a
mild and acute hypercapnic stimulus

in healthy humans)

Lei et al. [33]
14 healthy and right-handed adult
males (mean age: 25.9 years) with

normal or corrected-to-normal vision

fMRI study during RW and after 36 h
of TSD

Self-reported scores of sleepiness were
higher for TSD than for RW. A

subsequent working memory task
showed that memory performance

was lower after 36 h of TSD.
Significant increase of sleep pressure
index was observed after 36 h of TSD

Van Eyck et al. [22]

120 children; control
(age: 12.0 ± 3.0 y, M: n = 30, F: n = 55),
mild OSAS (age: 11.0 ± 3.0 y, M: n = 9,

F: n = 11), and moderate-to-severe
OSAS (age: 12.0 ± 3.0 y, M: n = 10,

F: n = 5)

PSG and a blood sample was taken to
determine CRP levels

Relationship between CRP and BMI
and between CRP and fat mass

Jones et al. [34]

OSAHS patients (age: 44.0 ± 7.0 y,
M: n = 13, F: n = 7, AHI: ≥15/h and

ESS score ≥ 11) vs. controls
(age: 44.0 ± 7.0 y, M: n = 13, F: n = 7)

Evaluation of arterial stiffness
(applanation tonometry and

cardiovascular MRI) and endothelial
function (measuring vascular

reactivity after administration of
glyceryl trinitrate and salbutamol)

Subjects with OSAHS had increased
arterial stiffness and impaired

endothelial function and were at
increased risk for

cardiovascular disease

Robertson et al. [35]

Healthy and normal-weight male
students aged 20–30 y,

BMI: 19–26 kg/m2. They were
randomized to either sleep restriction

(habitual bedtime minus 1.5 h) or a
control condition (habitual bedtime)

for three weeks

Weekly assessments of insulin
sensitivity by

hyperinsulinemic-euglycemic clamp,
anthropometry, vascular function,

leptin, and adiponectin were made.
Sleep was assessed continuously

using actigraphy and diaries.

Sleep restriction led to changes in
insulin sensitivity, body weight, and

plasma concentrations of leptin, which
varied during the 3-week period.

There was no effect on plasma
adiponectin or vascular function.
Even minor reductions in sleep

duration led to changes in insulin
sensitivity, body weight, and other
metabolic parameters, which vary

during the exposure period.

Abbreviations: AHI, apnea–hypopnea index; BMI, body mass index; CO2, carbon dioxide; CRP, C-reactive protein;
ESS, Epworth Sleepiness Scale; F, female; fMRI, functional magnetic resonance imaging; M, male; n, number;
N2, nitrogen; O2, oxygen; OSAHS, obstructive sleep apnea–hypopnea syndrome; OSAS, obstructive sleep apnea
syndrome; PSG, polysomnography study; RW, rested wakefulness; TSD, total sleep deprivation.
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2.2. Sleep Deprivation and Exercise: Cognitive Implications

A sleep-deprived brain fails to recuperate neurons, undermining cognitive perfor-
mance. General cognitive assessment tests unveil the cognitive phenotype of SD, especially
in attention and short-term memory, as they anatomically overlap [36,37]. Furthermore, SD,
in the context of sleep apnea, affects learning and memory [38,39] (Table 1). Furthermore,
other daytime consequences, such as excessive sleepiness and fatigue, coexist and interact
with cognitive impairment [40]. These are linked with various effects on exercise, including
athletic performance, reaction time, accuracy, strength and endurance [41]. Alertness,
judgment, and decision making suffer due to SD, shifting motivational behaviors towards
sleep-promoting goals [42,43].

Sleep deprivation of 30 to 72 h consecutively does not affect cardiovascular and
respiratory responses to exercise of varying intensity or the aerobic and anaerobic per-
formance capability of individuals. Muscle strength and electromechanical responses are
also not affected. Time to exhaustion, however, is decreased by sleep deprivation [44].
Research indicates that some maximal physical efforts and gross motor performances can
be maintained. Effects on cognitive function consist of slower and less accurate cognitive
performance. Reduction in sleep quality and quantity could result in an autonomic nervous
system imbalance, simulating symptoms of the overtraining syndrome [45]. The integrity
of sleep architecture seems to determine subjective sleep quality and waking performance.
The effects of insufficient sleep primarily concern subjective and objective sleepiness as
well as attention, whereas performance on higher cognitive functions appears to be better
preserved albeit at the cost of increased effort [46]. All in all, sleep deprivation induces a
vulnerability in various domains of cognition, leading to overall suboptimal performance.

This vulnerability to cognitive impairment due to sleep deprivation is conjoined
with mood disorders and particularly symptom severity [47]. Emotional information
is misinterpreted, making sleep-deprived subjects prone to anxiety [48] and depressive
symptoms [49] as well as altered reward-seeking and impulsive behaviors [50]. Stress is
one of the main factors influencing sleep. Hyperarousal is a key component in all modern
etiological models of insomnia disorder. Overactive neurobiological and psychological
systems contribute to sleep onset disorders. Sleep reactivity is the degree to which stress
disrupts sleep, manifesting as difficulty falling and staying asleep. Individuals with highly
reactive sleep systems experience drastic deterioration of sleep when stressed, whereas
those with low sleep reactivity proceed largely unperturbed during stress. Research points
to genetics, family history of insomnia, gender, and environmental stress as factors that
influence sleep reactivity. High sleep reactivity is also linked to risk of shift-work disorder,
depression, and anxiety [51–53] (Figure 2).

151



J. Pers. Med. 2022, 12, 383

Figure 2. Sleep deprivation on general population.

Exercise could improve to one extent cognitive performance. High-intensity resis-
tance training has shown to enhance memory and critical thinking while ameliorating the
symptomatology of mood disorders [54]. Concomitantly, aerobic exercise prevented fur-
ther cognitive deterioration in cases of mild cognitive impairment [55]. The advancement
in understanding and implementing exercise in patients with underlying pathology has
supplemented training programs for professional athletes with techniques to reinforce
cognitive performance along with athletic [56]. Due to the great variety of sports, there are
different requirements that presuppose the existence of individualized programs. There-
fore, future studies could focus on specific groups of athletes and highlight personalized
programs centered on sleep hygiene.

2.3. Sleep Deprivation and Exercise: Cardiovascular Implications—The Example of Sleep Apnea

Recent epidemiological studies have revealed relationships between sleep deprivation
and hypertension, coronary heart disease, and diabetes mellitus due to increased activity
of sympathetic system [57,58]. Obstructive sleep apnea–hypopnoea syndrome (OSAHS) is
associated with increased cardiovascular morbidity and mortality. Subjects with OSAHS
and no known cardiovascular disease had increased arterial stiffness and impaired en-
dothelial function compared to controls [34] (Table 1). A brief, mild hypercapnic exposure
increases vascular resistance in the renal and segmental arteries [32]. Sleep-disordered
breathing, short sleep time, and low sleep quality are frequently reported by patients with
heart failure (HF). Sleep-disordered breathing, which includes OSA and CSA, is common
in patients with HF and has been suggested to increase the morbidity and mortality in
these patients. Both OSA and CSA are associated with increased sympathetic activation,
vagal withdrawal, altered hemodynamic loading conditions, and hypoxemia [59].

There are several parameters that describe the mechanism that leads to increased
risk of cardiovascular impairment. Sleep-disordered breathing, such as in OSA, activates
the sympathetic system and contributes to systemic inflammation, metabolic dysregu-
lation, vascular endothelial dysfunction, and uncoupling of myocardial workload [5,7].
Moreover, high blood pressure and increased heart rate combined with increased oxygen
demand, accompanying hypertension and dyslipidemia, lead to variety of cardiovascular
diseases, such as atherosclerosis and even heart failure [5,7]. Chronic sleep deprivation is
associated with increased risk of cardiometabolic disease (Figure 2). Laboratory studies
demonstrate that sleep deprivation causes impaired whole-body insulin sensitivity and glu-
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cose disposal. Evidence suggests that inadequate sleep also impairs adipose tissue insulin
sensitivity and the NEFA rebound during intravenous glucose-tolerance tests [60]. In addi-
tion, muscle recovery is hindered when athletes are sleep deprived through inflammatory
exacerbation [61].

In conclusion, potential mechanisms of influence on quality and quantity of sleep may
allow scientists to positively influence sleep in athletes and maximize their performance and
health [41]. Exercise itself may result in a fundamental therapeutic approach, as preliminary
data have shown that it restabilizes sleep architecture and quality [62]. In fact, some novel
therapeutic strategies have emerged related to inspiratory muscle training. Inspiratory
muscle strength training (IMT) has shown promising results in managing both sleep apneas
and arterial hypertension [63,64]. Assessing and training inspiratory strength in athletes
could prove beneficial in counteracting the detrimental effects of the aforementioned sleep
disturbances [65].

2.4. Sleep Deprivation and Performance

Sleep optimization via sleep extension has been shown to enhance athletic perfor-
mance and provide increased benefits regarding aerobic function and metabolism [66].
Beneficial effects attributed to longer sleep periods have also been observed in basket-
ball [67], handball [68], and rugby players [69], among others. Aside from general aspects
of health and performance, sleep optimization has shown to improve specific aspects of
the athlete’s performance, i.e., serve accuracy in tennis and stroke performance in swim-
ming [42], as well as cognitive aspects [70], with a high dependency on the quality of sleep
and its architecture [71]. Notably, sleep extension may be achieved by supplementing sleep
with fixed naps, shown to significantly diminish sleep inertia and promote overall better
performance [72].

Conversely, diminished sleep may be detrimental not only performance-wise but as
a contributor to training and performance-related injuries [73]. A study in elite female
football athletes has shown that there is significant inter-individual variability, and hence,
personalized approaches in promoting sleep health should be adopted [74]. The latter
concept can be generalized in several sports and with expert recommendations clearly
advocating a case-based approach to sleep optimization [75].

3. Beneficial Sleep Effects

Sleep, in particular slow-wave sleep, is a restorative state that enables recovery from
prior wakefulness and fatigue by repairing processes and repleting energy [76]. Sleep has
also been shown to have a restorative effect on the immune system and the endocrine
system, facilitate the recovery of the nervous system and metabolic cost of the waking state,
and play an integral role in learning, memory and synaptic plasticity, all of which can impact
both athletic recovery and performance [77]. Adequate sleep duration and consistency with
its internal organization, namely four to ix NREM/REM cycles, each lasting approximately
90 to 110 min [78], as well as quality may be important for preventing cardiovascular
diseases in modern society [58]. Even midday, short-term breaks of napping have been
proved to be as valuable as extending nighttime sleep [79], in particular when combined
with exercise [80]. Wakefulness results in an oxidative burden, and sleep provides a
protective mechanism against these harmful effects [26].

4. Conclusions

Optimal sleep extends its benefits to all systems, exerting its main effect on cognition
and the cardiovascular and respiratory system. Adequate sleep quality and quantity consist
of the two components crucial for the effective human function and restitution. Conversely,
sleep deprivation undermines these effects with significant declines in cognitive tasks and
hindered cardiovascular adaptability and responses. It is possible that an extension of sleep
duration could prevent these detrimental effects and enhance its efficient role.
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Abstract: Background: Mandibular advancement devices for obstructive sleep apnea treatment are
becoming increasingly popular among patients who do not prefer CPAP devices or surgery. Our
study aims to evaluate the literature regarding potential dental and skeletal side effects caused by
mandibular advancement appliances used for adult OSA treatment. Methods: Electronic databases
were searched for published and unpublished literature along with the reference lists of the eligible
studies. Randomized clinical trials and non-randomized trials assessing dental and skeletal changes
by comparing cephalometric radiographs were selected. Study selection, data extraction, and risk of
bias assessment were performed individually and in duplicate. Fourteen articles were finally selected
(two randomized clinical trials and 12 non-randomized trials). Results: The results suggest that
mandibular advancement devices used for OSA treatment increase the lower incisor proclination by
1.54 ± 0.16◦, decrease overjet by 0.89 ± 0.04 mm and overbite by 0.68 ± 0.04 mm, rotate the mandible
downward and forward, and increase the SNA angle by to 0.06 ± 0.03◦. The meta-analysis revealed
high statistical heterogeneity. Conclusions: The MADs affect the lower incisor proclination, overjet,
overbite, the rotation of the mandible and the SNA angle. More randomized clinical trials providing
high-quality evidence are needed to support those findings.

Keywords: mandibular advancement devices (MADs); obstructive sleep apnea (OSA); dental effects;
skeletal effects; adults

1. Introduction

Obstructive sleep apnea syndrome (OSAS) is a sleep breathing disorder character-
ized by a periodic collapse of the upper airway during sleep. OSAS is diagnosed
when there are five or more obstructive respiratory events per hour of sleep and
signs/symptoms (i.e., snoring, and daytime sleepiness) or related medical/psychiatric
disorders (i.e., hypertension). A sleep breathing disorder can also be considered as
obstructive sleep apnea when 15 or more respiratory events occur in an hour of sleep
without any signs/symptoms or disorders [1]. Although snoring is its primary symptom,
some patients have less than five respiratory events per hour of sleep, and thus they are
considered non-apnoeic snorers [2]. Respiratory events include obstructive and mixed
apneas, hypopneas, and respiratory effort-related arousals, according to the American
Academy of Sleep Medicine (AASM).

OSAS prevalence is high in adults, as it is thought to affect 14% of men and 5% of
women. Its consequences, such as cardiovascular conditions, neurocognitive and mental
health problems, decrease patients’ quality of life and can be lethal in some cases [3–6].
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OSAS therapies include conservative measures (i.e., weight loss, better sleeping po-
sition, and alcohol avoidance), upper airway surgery, nasal continuous positive airway
pressure (CPAP), and oral appliances [6]. Although CPAP, a device that continuously
pressures the upper airway and prevents its collapse during sleep, is considered the gold
standard for obstructive sleep apnea (OSA) treatment, oral appliances can be used as an
alternative, and are often preferred by the patients. Oral appliances (OAs) are also proposed
for apnoeic patients with intolerance to CPAP or non-apnoeic snorers who have failed
conservative lifestyle changes (i.e., weight loss) [7].

Nearly 100 different oral appliances are currently available, and they can be divided
into three main groups: mandibular advancement devices (MADs), tongue retaining
devices (TRD), and soft palate lifting devices. All of them intend to maintain the airway
open, preventing its collapse. MADs which are the most commonly used, advance the
mandible in order to increase the airway space and reduce pharyngeal collapsibility [8].

Custom, titratable MADs are the most effective OAs for OSAS and snoring, according
to the AASM. These MADs can reduce the apnea-hypopnea index (AHI), oxygen desatura-
tion, arousal index, and increase oxygen saturation, although to a lower extent than CPAP
in patients with OSAS. On the other hand, they have equivalent effectiveness compared
with CPAP in the reduction in daytime sleepiness and hypertension and quality of life
improvement. Furthermore, they have greater device adherence and less possibility of
treatment discontinuation due to side effects (odds ratio of discontinuation of treatment
due to the use of an OA vs. CPAP: 0.54:1). These oral appliances can also be useful in
primary snoring, as they improve sleep quality and quality of life (QOL) and reduce snoring
frequency and intensity [9,10].

In the past decades, many studies have examined the adverse effects of oral appliance
use in OSAS/snoring treatment. These include subjective side effects, such as mouth dry-
ness and temporomandibular dysfunction, examined through questionnaires and objective
side effects assessed by dental casts and cephalometric analysis [11,12].

To our knowledge, there are some literature reviews, assessing the dental and skeletal
side effects of mandibular protruding devices for the treatment of adult obstructive sleep
apnea and snoring. In 2004, Hoekema et al. stated that there were predominantly occlusal
changes, but they could not conclude about long term side effects [13]. More recently, Araie
et al. (2018) found significant dental changes, regarding overjet and overbite decrease and
lower incisor axis-mandibular plane angle (L1-MP) increase, but no skeletal changes [14].
Patel et al. (2019) also reported that there was a significant reduction in overjet and
overbite [15]. On the other hand, Bartolucci et al. (2019) were the first to report significant
skeletal changes in point A-nasion-point B angle (ANB) and anterior facial height, except
for dental changes in overjet, overbite, and incisor inclination [16]. Moreover, Mendes
Martins et al. (2019) concluded that there were mainly long-term dental changes. The
treatment duration and the population sample in some of the included studies for these
reviews were small [17]. Furthermore, a cephalometric analysis, for assessing skeletal
changes was not performed in all their included studies. A cephalometric analysis is based
on the lateral X-ray tracing anatomic landmarks. The angles of these anatomic landmarks
can conclude in valuable and accurate information for the skeletal and dental changes.
Some of the most important landmarks for this research are the SNA angle that refers to
the relationship of maxilla to the cranial base, the SNB angle that reveals the relationship of
mandible to the cranial base, the ANB that refers to the relationship between maxilla and
mandible, and the L1-MP angle that refers to the angulation of the lower incisors to the
mandibular plane.

Our study aims to systematically review the most up-to-date scientific literature related
with dental and skeletal changes caused by mandibular advancement devices used for
the adult OSAS/snoring treatment, and perform a meta-analysis, in order to strengthen
the current knowledge and help sleep physicians and qualified dentists/orthodontists to
improve treatment’s efficacy and prevent discontinuation due to side effects.
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2. Materials and Methods
2.1. Protocol and Registration

The protocol for this present systematic review was registered on the National Institute
of Health Research Database (Protocol: CRD42020169736).

2.2. Eligibility Criteria

The following selection criteria were applied for the review:

1. Study design: randomized clinical trials (RCTs), quasi-randomized clinical trials,
and non-randomized prospective and retrospective trials (non-RCTs), without any
restriction in language and time of publication, were considered eligible for inclusion
in this review;

2. Participants: adult patients with obstructive sleep apnea syndrome or snoring;
3. Interventions: studies that treated obstructive sleep apnea and/or snoring patients

with an oral appliance that protruded the mandible forward;
4. Comparisons: comparisons were made between baseline and follow-up

patient characteristics;
5. Outcomes measures: any objective dental and skeletal change, in the treated patients.

2.3. Information Sources, Search Strategy and Study Selection

A literature search was carried out in the following electronic databases: Medline
database (via PubMed), Embase (via Ovid), Scopus, CENTRAL, Google Scholar, and the
Cochrane Oral Health Group’s Trial Register. Language restrictions were not applied.
Unpublished literature was searched on ClinicalTrials.gov (accessed on 24 February
2022) and the National Research Register. The Medical Subject Heading (MeSH) terms
used for this study were “sleep apnea syndromes”, “adverse effects”, “jaw”, and “tooth”.
Conference proceedings and abstracts were also accessed when possible. The authors
were contacted to identify unpublished or ongoing clinical trials and to clarify data as
required. Reference lists of the included studies were screened for relevant research.
Finally, hand-searching was performed. The search strategy for PubMed is presented
in Table 1.

Table 1. The search strategy for PubMed. Abbreviations: Mesh—Medical Subject Headings.

((“Sleep Apnea Syndromes”(Mesh)) AND “adverse effects” (Subheading)) 2163 results

(((“Sleep Apnea Syndromes” (Mesh)) AND “adverse effects”
(Subheading)) AND “Jaw” (Mesh)) 94 results

((“Sleep Apnea Syndromes” (Mesh)) AND “Jaw” (Mesh) AND “Tooth” (Mesh)) 33 results

((((“Sleep Apnea Syndromes” (Mesh)) AND “adverse effects”
(Subheading)) AND “Jaw” (Mesh)) AND “Tooth” (Mesh)) 7 results

Studies were selected independently and in duplicate by two authors (I.A.T., S.M.).
Any inconsistencies were resolved by discussion with the other two authors (J.M.P., A.I.T.).
They were not blinded while identifying the authors of the studies, their institutions, or their
research findings. After the identification of potentially relevant studies by title, abstracts
were read, and non-eligible studies were eliminated. After this stage, hand-searching of the
references of the eligible studies was performed to find additional articles, which were not
previously found. Finally, after reading the articles in full, the choice was made according
to our inclusion and exclusion criteria (Table 2).
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Table 2. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria
Studies that refer to oral appliance use for

the treatment of OSA/snoring and its side effects
in occlusion and skeletal tissues.

Studies that refer to non-specific side effects of oral
appliance use or treatment of OSA/snoring, such as

tooth discomfort and increased salivation.

RCTs, non-randomized trials (prospective or retrospective). Studies that refer to side effects of oral appliance use
for other reasons, than to treat OSA/snoring.

Studies in humans. Case reports, case series, reviews,
guidelines, and authors’ opinion.

Studies in adults with sufficient number
of teeth to retain the oral appliance.

2.4. Data Items and Collection Extraction and Management

Two review authors (I.A.T., S.M.) performed data extraction independently and in du-
plicate. The information that was extracted included participants, intervention/appliance,
treatment duration/observational period, outcomes, methods of outcome assessment, re-
sults, and conclusions. In case of no access to the missing data, only the existing data were
reported and analyzed.

2.5. Risk of Bias/Quality Assessment in Individual Studies

The quality assessment of the included studies was performed using the ACROBAT-
NRSI tool of Cochrane for non-randomized clinical trials and the Cochrane handbook
for systematic reviews (chapter 8) for randomized clinical trials. Two review authors
(I.A.T., S.M.) assessed the articles individually and then compared their findings. Any
disagreements were resolved by discussion with the other two authors (J.M.P., A.I.T.).
Regarding the randomized clinical trials, seven domains of bias were assessed: random
sequence generation, allocation concealment, performance bias, detection bias, attrition
bias, bias due to selective outcome reporting, and other sources of bias. A judgment of ‘low’,
‘high’, or ‘unclear’ risk of bias was made for each domain, while a final overall judgment
was assessed based on the following:

1. Low risk of bias if all key domains of the study were at low risk of bias;
2. Unclear risk of bias if one or more key domains of the study were unclear;
3. High risk of bias if one or more key domains were at high risk of bias.

Concerning the non-randomized trials, bias due to confounding, bias in the selection
of participants, bias in the measurement of interventions, bias due to departures from
intended interventions, bias due to missing data, bias in the measurement of outcomes, and
bias in the selection of the reported result were assessed for the qualitative evaluation of
the study. Possible results for each domain and hence the overall evaluation of each study
was: ‘low’, ‘moderate’, ‘serious’ risk of bias, and ‘no information’. We used the GRADE
approach to interpret the results of this review.

2.6. Additional Analyses

Meta-analyses were undertaken using individual results on the change from the
baseline in the parameters under study. They were summarized over all studies pro-
viding appropriate statistics (i.e., standard error/deviation for the change or p-value
from a parametric test) using fixed or random-effects meta-analysis. Heterogeneity
between studies was assessed using I2, and in the presence of significant heterogeneity,
a random-effects model was used [18]. Stata command, metan, in Stata v13 was used for
the analysis (StataCorp. 2013. Stata Statistical Software: Release 13. College Station, TX,
USA: StataCorp LP).
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3. Results
3.1. Study Selection and Characteristics

Our search resulted in 2297 articles. After title and abstract reading, irrelevant articles
and duplicates were excluded, and 155 articles were read in full. Finally, 14 articles were
selected for final analysis (two RCTs and 12 non-RCTs), based on our inclusion/exclusion
criteria (Table 1) [19–32]. The procedure of article selection is presented on a flow diagram
(Figure 1), and data are briefly presented in Table 3.

J. Pers. Med. 2022, 12, x FOR PEER REVIEW 5 of 25 
 

 

selected for final analysis (two RCTs and 12 non-RCTs), based on our inclusion/exclusion 

criteria (Table 1) [19–32]. The procedure of article selection is presented on a flow diagram 

(Figure 1), and data are briefly presented in Table 3. 

 

Figure 1. Flow diagram, selection of studies. Figure 1. Flow diagram, selection of studies.

163



J.
Pe

rs
.M

ed
.2

02
2,

12
,4

83

Ta
bl

e
3.

D
at

a
ex

tr
ac

ti
on

.

A
ut

ho
rs

/
Pu

bl
ic

at
io

n
Ye

ar
St

ud
y

D
es

ig
n

Pa
rt

ic
ip

an
ts

(N
um

be
r-

A
ge

-G
en

de
r-

A
H

I)
In

te
rv

en
ti

on
/A

pp
li

an
ce

Tr
ea

tm
en

tD
ur

at
io

n/
O

bs
er

va
ti

on
al

Pe
ri

od
O

ut
co

m
es

M
et

ho
d

of
O

ut
-

co
m

e
A

ss
es

sm
en

t
R

es
ul

ts
C

on
cl

us
io

n

Bo
nd

em
ar

k
[1

9]
(1

99
9)

Pr
os

pe
ct

iv
e

30
ob

st
ru

ct
iv

e
sl

ee
p

ap
ne

a
(O

SA
)/

sn
or

in
g

pa
ti

en
ts

(2
1

m
al

es
(M

),
9

fe
m

al
es

(F
),

m
ea

n
ag

e
55

.3
±

8.
61

m
on

th
s)

M
on

ob
lo

c
ac

ry
lic

m
an

di
bu

la
r

ad
va

nc
em

en
ts

pl
in

t,
w

it
h

8
po

st
er

io
r

st
ai

nl
es

s
st

ee
lc

ap
s

an
d

fu
ll

to
ot

h
co

ve
ra

ge

2
ye

ar
s

(y
)

•
Sa

gi
tt

al
an

d
ve

rt
ic

al
,d

en
ta

l,
an

d
sk

el
et

al
m

ea
su

re
m

en
ts

•
M

an
di

bu
la

r
le

ng
th

m
ea

su
re

m
en

ts
•

A
ng

le
m

ea
su

re
m

en
ts

Ba
se

lin
e

an
d

fo
llo

w
-u

p
ce

ph
al

om
et

ri
c

ra
di

og
ra

ph
s

•
D

ec
re

as
ed

ov
er

je
t(

O
J)

an
d

ov
er

bi
te

(O
B)

•
In

cr
ea

se
d

se
lla

-n
as

io
n-

po
in

tB
an

gl
e

(S
N

B)
,m

an
di

bu
la

r
pl

an
e

to
cr

an
ia

l
ba

se
an

gl
e

(M
L/

N
SL

)a
nd

de
cr

ea
se

d
po

in
tA

-n
as

io
n-

po
in

tB
an

gl
e

(A
N

B)
•

In
cr

ea
se

d
m

an
di

bu
la

r
le

ng
th

an
d

m
or

e
fo

rw
ar

d
an

d
do

w
nw

ar
d

m
an

di
bu

la
r

po
si

ti
on

•
Fo

rw
ar

d
m

an
di

bu
la

r
m

ov
em

en
t

co
rr

el
at

ed
w

it
h

m
an

di
bu

la
r

le
ng

th
ch

an
ge

an
d

SN
B

Fo
rw

ar
d

an
d

do
w

nw
ar

d
ch

an
ge

in
m

an
di

bu
la

r
po

si
ti

on
,

du
e

to
in

cr
ea

se
in

m
an

di
bu

la
r

le
ng

th

R
ob

er
ts

on
[2

0]
(2

00
1)

Pr
os

pe
ct

iv
e

10
0

O
SA

/s
no

ri
ng

pa
ti

en
ts

(8
7M

,
13

F,
m

ea
n

ag
e

49
±

8.
5

ye
ar

s)

N
on

-a
dj

us
ta

bl
e

m
an

di
bu

la
r

ad
va

nc
em

en
ts

pl
in

t
w

it
h

fu
ll

to
ot

h
co

ve
ra

ge

6–
30

m
on

th
s

(6
m

on
th

s
in

te
rv

al
s)

•
D

en
to

al
ve

ol
ar

an
d

sk
el

et
al

m
ea

su
re

m
en

ts

Ba
se

lin
e

an
d

fo
llo

w
-u

p
ce

ph
al

om
et

ri
c

ra
di

og
ra

ph
s

•
In

cr
ea

se
d

se
lla

-n
as

io
n-

po
in

tA
an

gl
e

(S
N

A
),

A
N

B,
an

te
ri

or
na

sa
ls

pi
ne

to
po

st
er

io
r

na
sa

ls
pi

ne
di

st
an

ce
(A

N
S-

PN
S)

,v
er

ti
ca

lc
on

dy
la

r
po

si
ti

on
re

la
ti

ve
to

cr
an

ia
lb

as
e

(C
d-

ve
rt

),
lo

w
er

an
d

to
ta

la
nt

er
io

r
an

d
po

st
er

io
r

fa
ci

al
he

ig
ht

•
D

ec
re

as
e

in
O

Ja
nd

O
B

•
D

ec
re

as
ed

an
gl

e
of

up
pe

r
in

ci
so

r
ax

is
to

an
te

ri
or

na
sa

ls
pi

ne
/p

os
te

ri
or

na
sa

l
sp

in
e

lin
e

(U
i/

A
N

S-
PN

S)
(p

al
at

al
ti

pp
in

g)
an

d
in

cr
ea

se
d

an
gl

e
of

lo
w

er
in

ci
so

r
ax

is
to

m
an

di
bu

la
r

pl
an

e
(L

i/
M

e-
G

o)
(l

ab
ia

lt
ip

pi
ng

)
•

C
ha

ng
es

ov
er

ti
m

e

M
ai

nl
y

m
in

or
sk

el
et

al
an

d
de

nt
al

ch
an

ge
s

Fr
an

ss
on

et
al

.[
21

].
(2

00
2)

Pr
os

pe
ct

iv
e

65
pa

ti
en

ts
(5

2M
,

13
F,

m
ea

n
ag

e
54

.8
±

9.
0

ye
ar

s,
44

O
SA

,2
1

sn
or

in
g)

M
on

ob
lo

c
he

at
-c

ur
ed

m
et

hy
lm

et
ha

cr
yl

at
e

m
an

di
bu

la
r

pr
ot

ru
di

ng
de

vi
ce

w
it

h
4

m
et

al
ca

ps
fo

r
m

ol
ar

s
an

d
fu

ll
to

ot
h

co
ve

ra
ge

2
ye

ar
s

•
D

en
to

fa
ci

al
m

ea
su

re
m

en
ts

•
Ph

ar
yn

ge
al

m
ea

su
re

m
en

ts

Ba
se

lin
e

an
d

fo
llo

w
-u

p
ce

ph
al

om
et

ri
c

ra
di

og
ra

ph
s

•
In

cr
ea

se
d

cr
an

ia
lb

as
e

to
oc

cl
us

al
pl

an
e

SN
/O

L,
an

te
ri

or
fa

ci
al

he
ig

ht
an

d
de

cr
ea

se
d

SN
B

•
In

cr
ea

se
d

lo
w

er
in

ci
so

r
ax

is
to

m
an

di
bu

la
r

lin
e

an
gl

e
(I

Li
/M

L)
(p

ro
cl

in
at

io
n

of
lo

w
er

in
ci

so
rs

)
•

In
cr

ea
se

d
di

st
an

ce
be

tw
ee

n
th

e
hy

oi
d

bo
ne

,m
ax

ill
a

(h
y-

N
L)

an
d

m
an

di
bl

e
(h

y-
M

L)

Po
st

er
io

r
ro

ta
ti

on
of

th
e

m
an

di
bl

e
an

d
pr

oc
lin

at
io

n
of

m
an

di
bu

la
r

in
ci

so
rs

164



J.
Pe

rs
.M

ed
.2

02
2,

12
,4

83

Ta
bl

e
3.

C
on

t.

A
ut

ho
rs

/
Pu

bl
ic

at
io

n
Ye

ar
St

ud
y

D
es

ig
n

Pa
rt

ic
ip

an
ts

(N
um

be
r-

A
ge

-G
en

de
r-

A
H

I)
In

te
rv

en
ti

on
/A

pp
li

an
ce

Tr
ea

tm
en

tD
ur

at
io

n/
O

bs
er

va
ti

on
al

Pe
ri

od
O

ut
co

m
es

M
et

ho
d

of
O

ut
-

co
m

e
A

ss
es

sm
en

t
R

es
ul

ts
C

on
cl

us
io

n

R
os

e
et

al
.[

22
]

(2
00

2)
R

et
ro

sp
ec

ti
ve

34
m

ild
–m

od
er

at
e

O
SA

pa
ti

en
ts

(m
ea

n
ag

e
52

.9
±

9.
6

ye
ar

s,
m

ea
n

bo
dy

m
as

s
in

de
x

(B
M

I)
28

.6
±

4.
2

kg
/m

2 )

M
an

di
bu

la
r

ad
va

nc
em

en
td

ev
ic

e
(M

A
D

)c
on

si
st

ed
of

2
ha

rd
ac

ry
lic

pl
at

es
jo

in
ed

by
U

-s
ha

pe
d

cl
as

ps
(K

ar
w

w
et

zk
y

U
-c

la
sp

ac
ti

va
to

r)

29
.6
±

5.
1

m
on

th
s

•
D

en
to

fa
ci

al
ce

ph
al

om
et

ri
c

m
ea

su
re

m
en

ts
•

D
en

ta
lc

as
t

an
al

ys
is

Ba
se

lin
e

an
d

fo
llo

w
-u

p
de

nt
al

ca
st

s
an

d
ce

ph
al

om
et

ri
c

ra
di

og
ra

ph
s

•
O

Ja
nd

O
B

de
cr

ea
se

•
Is

-S
N

de
cr

ea
se

(r
et

ro
cl

in
at

io
n

of
up

pe
r

in
ci

so
rs

)
•

Ii
-M

e-
G

o
in

cr
ea

se
(p

ro
cl

in
at

io
n

of
lo

w
er

in
ci

so
rs

)
•

D
en

ta
lc

as
ta

na
ly

si
s

•
D

ec
re

as
e

in
O

J,
O

B,
po

st
er

io
r

O
B

(b
ila

te
ra

lly
),

m
ol

ar
re

la
ti

on
sh

ip
(b

ila
te

ra
lly

)
•

In
cr

ea
se

in
an

te
ri

or
ar

ch
le

ng
th

an
d

ov
er

la
ps

/s
pa

ce
s

re
du

ct
io

n

In
ci

so
r

in
cl

in
at

io
n

an
d

m
es

ia
ls

hi
ft

of
th

e
oc

cl
us

io
n

R
ob

er
ts

on
et

al
.[

23
]

(2
00

3)

Lo
ng

it
ud

in
al

,
ob

se
rv

at
io

na
l

st
ud

y

10
0

O
SA

/s
no

ri
ng

pa
ti

en
ts

(8
7M

,
13

F,
m

ea
n

ag
e

49
±

8.
5

ye
ar

s)

N
on

-a
dj

us
ta

bl
e

m
an

di
bu

la
r

ad
va

nc
em

en
ts

pl
in

ti
th

fu
ll

to
ot

h
co

ve
ra

ge

6–
30

m
on

th
s

(6
m

on
th

s
in

te
rv

al
s)

•
D

en
to

al
ve

ol
ar

sk
el

et
al

m
ea

su
re

m
en

ts

Ba
se

lin
e

an
d

fo
llo

w
-u

p
ce

ph
al

om
et

ri
c

ra
di

og
ra

ph
s

C
om

bi
ne

d
gr

ou
p:

in
cr

ea
se

in
SN

A
,A

N
B,

an
te

ri
or

fa
ci

al
he

ig
ht

,
po

st
er

io
r

an
d

m
ai

nl
y

in
lo

w
er

fa
ci

al
he

ig
ht

,
m

ax
ill

ar
y

le
ng

th
,v

er
ti

ca
lm

an
di

bu
la

r
po

si
ti

on
.M

an
di

bu
la

r
fir

st
m

ol
ar

s
an

d
m

ax
ill

ar
y

fir
st

pr
em

ol
ar

s
ov

er
er

up
ti

on
,

re
tr

oc
lin

at
io

n
of

up
pe

r
in

ci
so

rs
an

d
pr

oc
lin

at
io

n
of

lo
w

er
in

ci
so

rs
,r

ed
uc

ti
on

in
O

J,
O

B
an

d
m

ax
ill

ar
y

ar
ch

le
ng

th
.

Po
si

ti
ve

co
rr

el
at

io
n

be
tw

ee
n

de
vi

ce
ad

va
nc

em
en

ta
nd

A
N

B
an

gl
e.

6
m

on
th

s:
fa

ci
al

he
ig

ht
in

cr
ea

se
,d

ow
nw

ar
d

m
an

di
bu

la
r

po
si

ti
on

,O
Ja

nd
O

B
de

cr
ea

se
12

m
on

th
s:

ve
rt

ic
al

m
an

di
bu

la
r

po
si

ti
on

in
cr

ea
se

18
m

on
th

s:
to

ta
la

nd
lo

w
er

fa
ci

al
he

ig
ht

in
cr

ea
se

,v
er

ti
ca

lm
an

di
bu

la
r

po
si

ti
on

,O
J

an
d

O
B

de
cr

ea
se

24
m

on
th

s:
in

cr
ea

se
in

fa
ci

al
he

ig
ht

,S
N

A
,

ve
rt

ic
al

m
an

di
bu

la
r

po
si

ti
on

.O
ve

r-
er

up
ti

on
of

m
an

di
bu

la
r

fir
st

m
ol

ar
s

an
d

m
ax

ill
ar

y
pr

em
ol

ar
s

an
d

pr
oc

lin
at

io
n

of
m

an
di

bu
la

r
in

ci
so

rs
30

m
on

th
s:

pr
oc

lin
at

io
n

of
m

an
di

bu
la

r
in

ci
so

rs
,O

Ja
nd

O
B

de
cr

ea
se

.R
ed

uc
ed

lo
w

er
fa

ci
al

he
ig

ht
co

m
pa

re
d

w
it

h
18

an
d

24
m

on
th

s.
Po

si
ti

ve
co

rr
el

at
io

n
of

M
A

D
an

te
ri

or
op

en
in

g
an

d
O

B
ch

an
ge

.

C
ha

ng
es

in
fa

ci
al

he
ig

ht
,o

ve
rj

et
,

ov
er

bi
te

,a
nd

po
si

ti
on

of
th

e
m

an
di

bl
e

ev
en

be
fo

re
6

m
on

th
s

of
de

vi
ce

us
e.

O
ve

r-
er

up
ti

on
of

up
pe

r
fir

st
pr

em
ol

ar
s

an
d

lo
w

er
fir

st
m

ol
ar

s
an

d
pr

oc
lin

at
io

n
of

lo
w

er
in

ci
so

rs
oc

cu
rr

ed
af

te
r

2
ye

ar
s

of
de

vi
ce

us
e.

O
ve

rb
it

e
ch

an
ge

s
m

ig
ht

be
de

cr
ea

se
d

by
ke

ep
in

g
a

m
in

im
um

bi
te

op
en

in
g

165



J.
Pe

rs
.M

ed
.2

02
2,

12
,4

83

Ta
bl

e
3.

C
on

t.

A
ut

ho
rs

/
Pu

bl
ic

at
io

n
Ye

ar
St

ud
y

D
es

ig
n

Pa
rt

ic
ip

an
ts

(N
um

be
r-

A
ge

-G
en

de
r-

A
H

I)
In

te
rv

en
ti

on
/A

pp
li

an
ce

Tr
ea

tm
en

tD
ur

at
io

n/
O

bs
er

va
ti

on
al

Pe
ri

od
O

ut
co

m
es

M
et

ho
d

of
O

ut
-

co
m

e
A

ss
es

sm
en

t
R

es
ul

ts
C

on
cl

us
io

n

R
in

gq
vi

st
[2

4]
(2

00
3)

R
an

do
m

iz
ed

cl
in

ic
al

tr
ia

l

45
O

SA
pa

ti
en

ts
tr

ea
te

d
w

it
h

M
A

D
(m

ea
n

ag
e

48
.9

ye
ar

s,
m

ea
n

w
ei

gh
t8

7.
8

kg
,m

ea
n

BM
I2

7.
0

kg
/m

2 )
43

O
SA

pa
ti

en
ts

tr
ea

te
d

w
it

h
uv

u-
lo

pa
la

to
ph

ar
un

go
-

pl
as

ty
(U

PP
P)

:m
ea

n
ag

e
51

ye
ar

s,
m

ea
n

w
ei

gh
t8

7.
8

kg
,m

ea
n

BM
I2

7.
1

kg
/m

2

M
A

D
w

as
a

m
on

o-
bl

oc
de

vi
ce

co
ns

is
te

d
of

he
at

-c
ur

ed
m

et
hy

l
m

et
ha

cr
yl

at
e.

M
A

D
pa

ti
en

ts
(4

.1
ye

ar
s,

30
pa

ti
en

ts
co

m
pl

et
ed

th
e

fo
llo

w
-u

p
an

d
27

w
er

e
on

ly
tr

ea
te

d
w

it
h

M
A

D
)

U
PP

P
pa

ti
en

ts
(4

.3
ye

ar
s,

37
co

m
pl

et
ed

th
e

fo
llo

w
-u

p
an

d
27

w
er

e
on

ly
tr

ea
te

d
w

it
h

U
PP

P)

O
1:

M
A

D
gr

ou
p

de
nt

al
an

d
sk

el
et

al
m

ea
su

re
m

en
ts

O
2:

U
PP

P
gr

ou
p

de
nt

al
an

d
sk

el
et

al
m

ea
su

re
m

en
ts

La
te

ra
l

ce
ph

al
om

et
ri

c
ra

di
og

ra
ph

s
w

it
h

th
e

pa
ti

en
ti

n
su

pi
ne

po
si

ti
on

.

O
1: •

Si
gn

ifi
ca

nt
al

te
ra

ti
on

s
in

ho
ri

zo
nt

al
(I

s-
N

SL
)a

nd
ve

rt
ic

al
up

pe
r

in
ci

so
r

po
si

ti
on

(I
s-

M
L)

,a
nd

in
ho

ri
zo

nt
al

po
si

ti
on

of
lo

w
er

in
ci

so
rs

(I
i-

N
SL

)
•

N
o

si
gn

ifi
ca

nt
ch

an
ge

s
in

ov
er

je
t,

ov
er

bi
te

,a
nd

m
an

di
bu

la
r

le
ng

th
•

Si
gn

ifi
ca

nt
ch

an
ge

in
ho

ri
zo

nt
al

po
si

ti
on

(B
-B

’)
an

d
in

cl
in

at
io

n
of

th
e

m
an

di
bl

e
(M

L-
N

SL
)

•
In

cr
ea

se
in

th
e

Is
-N

SL
,I

s-
M

L
an

d
Ii

-N
SL

di
st

an
ce

s
w

as
co

rr
el

at
ed

w
it

h
an

in
cr

ea
se

d
an

gl
e

M
L/

N
SL

O
2: •

Si
gn

ifi
ca

nt
in

cr
ea

se
in

Ii
-N

SL

M
in

or
de

nt
al

an
d

sk
el

et
al

ch
an

ge
s

af
te

r
4

ye
ar

s
of

M
A

D
us

e.
N

o
cl

in
ic

al
ly

im
po

rt
an

td
iff

er
en

ce
s

be
tw

ee
n

M
A

D
an

d
U

PP
P

gr
ou

ps

H
ou

et
al

.[
25

]
(2

00
6)

Pr
os

pe
ct

iv
e

67
C

hi
ne

se
O

SA
pa

ti
en

ts
(5

0M
,

17
F,

m
ea

n
ag

e
46

.9
±

8.
9

ye
ar

s)

m
od

ifi
ed

H
ar

vo
ld

m
on

ob
lo

c
ty

pe
of

fu
nc

ti
on

al
ap

pl
ia

nc
e

1–
3

ye
ar

s
1

ye
ar

:n
=

63
2

ye
ar

s:
n

=
43

3
ye

ar
s:

n
=

30

•
D

en
ta

la
nd

sk
el

et
al

m
ea

su
re

m
en

ts

Ba
se

lin
e

an
d

fo
llo

w
-u

p
ce

ph
al

om
et

ri
c

ra
di

og
ra

ph
s

•
In

cr
ea

se
d

m
an

di
bu

la
r

pl
an

e
to

cr
an

ia
l

ba
se

an
gl

e
(M

nP
l/

SN
)

•
In

cr
ea

se
d

lo
w

er
(L

FH
)a

nd
to

ta
l

an
te

ri
or

an
d

po
st

er
io

r
fa

ci
al

he
ig

ht
(T

FH
)

•
D

ec
re

as
ed

O
Ja

nd
O

B
•

C
ha

ng
es

ov
er

ti
m

e

Sm
al

ld
en

to
fa

ci
al

ch
an

ge
s

an
d

m
ai

n
O

Ja
nd

O
B

re
du

ct
io

n
du

ri
ng

ea
rl

y
tr

ea
tm

en
t

A
lm

ei
da

et
al

.[
26

]
(2

00
6)

R
et

ro
sp

ec
ti

ve

71
O

SA
pa

ti
en

ts
(6

3M
,8

F,
m

ea
n

ag
e

49
.7
±

9.
7

ye
ar

s,
re

sp
ir

at
or

y
di

st
ur

ba
nc

e
in

de
x

28
.9
±

17
.0

/h
,

BM
I2

9.
3
±

5.
9

kg
/m

2 )

K
le

ar
w

ay
or

al
ap

pl
ia

nc
e

7.
3
±

2.
1

ye
ar

s
on

av
er

ag
e

•
D

en
ta

l,
sk

el
et

al
,a

nd
up

pe
r

ai
rw

ay
m

ea
su

re
m

en
ts

•
C

ha
ng

es
ov

er
ti

m
e

Ba
se

lin
e

an
d

fo
llo

w
-u

p
ce

ph
al

om
et

ri
c

ra
di

og
ra

ph
s

•
D

ec
re

as
ed

up
pe

r
in

ci
so

r
(U

1-
SN

an
d

U
1-

PP
)a

nd
up

pe
r

m
ol

ar
in

cl
in

at
io

n
(U

6-
SN

an
d

U
6-

PP
),

up
pe

r
to

lo
w

er
m

ol
ar

di
st

an
ce

pr
oj

ec
te

d
to

cr
an

ia
l

ba
se

(U
6-

L6
-S

N
),

O
J,

an
d

O
B

•
In

cr
ea

se
d

L1
-M

P,
lo

w
er

m
ol

ar
to

m
an

di
bu

la
r

pl
an

e
an

gl
e

(L
6-

M
P)

,
cr

an
ia

lb
as

e
to

m
an

di
bu

la
r

pl
an

e
an

gl
e

(S
N

-M
P)

an
d

pa
la

ta
lp

la
ne

to
m

an
di

bu
la

r
pl

an
e

an
gl

e
(P

P-
M

P)
,

m
ax

ill
ar

y
m

ol
ar

he
ig

ht
(M

X
M

H
)a

nd
m

an
di

bu
la

r
m

ol
ar

he
ig

ht
(M

D
M

H
),

A
N

B,
LF

H
an

d
T

FH
•

C
ha

ng
es

ac
co

rd
in

g
to

ba
se

lin
e

A
ng

le
cl

as
si

fic
at

io
n

•
C

ha
ng

es
ac

co
rd

in
g

to
ba

se
lin

e
O

B
•

C
or

re
la

ti
on

s

C
ra

ni
of

ac
ia

la
nd

de
nt

al
ch

an
ge

s
oc

cu
r

af
te

r
lo

ng
-t

er
m

O
A

us
e

166



J.
Pe

rs
.M

ed
.2

02
2,

12
,4

83

Ta
bl

e
3.

C
on

t.

A
ut

ho
rs

/
Pu

bl
ic

at
io

n
Ye

ar
St

ud
y

D
es

ig
n

Pa
rt

ic
ip

an
ts

(N
um

be
r-

A
ge

-G
en

de
r-

A
H

I)
In

te
rv

en
ti

on
/A

pp
li

an
ce

Tr
ea

tm
en

tD
ur

at
io

n/
O

bs
er

va
ti

on
al

Pe
ri

od
O

ut
co

m
es

M
et

ho
d

of
O

ut
-

co
m

e
A

ss
es

sm
en

t
R

es
ul

ts
C

on
cl

us
io

n

H
am

m
on

d
et

al
.[

27
]

(2
00

7)
R

et
ro

sp
ec

ti
ve

64
O

SA
pa

ti
en

ts
(5

0M
,1

4F
)

2-
pi

ec
e

ac
ry

lic
ap

pl
ia

nc
e

w
it

h
fu

ll
oc

cl
us

al
co

ve
ra

ge
an

d
a

sc
re

w
th

at
ti

tr
at

es
th

e
de

vi
ce

(M
eh

ta
et

al
.)

25
.1
±

11
.8

m
on

th
s

on
av

er
ag

e

•
D

en
ta

l,
sk

el
et

al
,a

nd
an

th
ro

po
m

et
ri

c
m

ea
su

re
m

en
ts

•
Su

bj
ec

ti
ve

si
de

ef
fe

ct
s

an
d

sa
ti

sf
ac

ti
on

w
it

h
th

e
or

al
ap

pl
ia

nc
e

Ba
se

lin
e

an
d

fo
llo

w
-u

p
ce

ph
al

om
et

ri
c

ra
di

og
ra

ph
s,

st
ud

y
m

od
el

an
al

ys
is

an
d

an
th

ro
po

m
et

ri
c

m
ea

su
re

m
en

ts
Q

ue
st

io
nn

ai
re

C
ep

ha
lo

m
et

ri
c

an
al

ys
is

on
46

pa
ti

en
ts

(3
4M

,1
2F

):

•
Sa

gi
tt

al
ch

an
ge

s:
ve

rt
ic

al
up

pe
r

in
ci

so
r

po
si

ti
on

(i
i-

O
Lp

:m
ea

n
0.

52
m

m
),

ve
rt

ic
al

lo
w

er
in

ci
so

r
po

si
ti

on
(m

i-
O

LP
:m

ea
n

0.
26

m
m

)
•

In
cr

ea
se

d
up

pe
r

in
ci

so
r

to
cr

an
ia

lb
as

e
an

gl
e

(i
i/

M
P:

m
ea

n
0.

96
◦ )

•
D

ec
re

as
ed

in
te

ri
nc

is
al

an
gl

e
(i

i/
is

:
m

ea
n
−

1.
69

◦ )
,a

nd
up

pe
r

in
ci

so
r

to
oc

cl
us

al
pl

an
e

an
gl

e
(i

i/
O

L:
m

ea
n
−

1.
02

◦ )

M
in

or
de

nt
al

an
d

sk
el

et
al

si
de

ef
fe

ct
s

D
of

fe
ta

l.
[2

8]
(2

01
0)

R
an

do
m

iz
ed

cl
in

ic
al

tr
ia

l
10

3
O

SA
pa

ti
en

ts
(5

1
w

it
h

M
A

D
)

Th
or

to
n

A
dj

us
ta

bl
e

po
si

ti
on

er
2.

3
±

0.
2

ye
ar

s
on

av
er

ag
e

•
D

en
ta

la
nd

sk
el

et
al

m
ea

su
re

m
en

ts

Ba
se

lin
e

an
d

fo
llo

w
-u

p
ce

ph
al

om
et

ri
c

ra
di

og
ra

ph
s

•
D

ec
re

as
ed

O
J,

O
B,

SN
B,

up
pe

r
in

ci
so

r
to

pa
la

ta
lp

la
ne

an
gl

e,
in

te
ri

nc
is

al
an

gl
e,

an
d

an
te

ri
or

fa
ci

al
he

ig
ht

ra
ti

o
•

In
cr

ea
se

d
A

N
B,

lo
w

er
in

ci
so

r
to

m
an

di
bu

la
r

pl
an

e
an

gl
e,

LF
H

an
d

T
FH

•
D

ow
nw

ar
d

an
d

ba
ck

w
ar

d
ro

ta
ti

on
of

th
e

m
an

di
bl

e
•

D
ec

re
as

ed
sh

or
te

st
lin

ea
r

di
st

an
ce

m
en

to
n

lin
e

SN
-p

er
pe

nd
ic

ul
ar

(M
e-

ho
r)

an
d

in
cr

ea
se

d
sh

or
te

st
lin

ea
r

di
st

an
ce

m
en

to
n

lin
e

SN

M
ai

nl
y

de
nt

al
ch

an
ge

s

W
an

g
et

al
.[

29
]

(2
01

5)
Pr

os
pe

ct
iv

e

42
pa

ti
en

ts
O

SA
pa

ti
en

ts
(3

1M
,1

1F
,

m
ea

n
ag

e
47

±
10

ye
ar

s,
m

ea
n

A
H

I2
7
±

19
)

Si
le

ns
or

ap
pl

ia
nc

e
4
±

3
ye

ar
s

on
av

er
ag

e

•
D

en
ta

l
an

d
sk

el
et

al
m

ea
su

re
m

en
ts

•
C

ha
ng

es
ov

er
ti

m
e

•
Su

bj
ec

ti
ve

si
de

ef
fe

ct
s

Q
ue

st
io

nn
ai

re
an

d
ba

se
lin

e
an

d
fo

llo
w

-u
p

ce
ph

al
om

et
ri

c
ra

di
og

ra
ph

s

•
D

ec
re

as
ed

O
J,

O
B,

U
1-

SN
an

d
up

pe
r

in
ci

so
r

ax
is

to
na

si
on

-p
oi

nt
A

lin
e

(U
1-

N
A

)a
ng

le
,U

1-
N

A
di

st
an

ce
•

In
cr

ea
se

d
L1

-M
P

an
d

lo
w

er
in

ci
so

r
to

na
si

on
-p

oi
nt

B
lin

e
(L

1-
N

B)
an

gl
e,

m
an

di
bu

la
r

pl
an

e
to

Fr
an

fo
rt

ho
ri

zo
nt

al
pl

an
e,

an
te

ri
or

LF
H

an
d

T
FH

•
C

ha
ng

es
pr

io
r

to
an

d
ov

er
3

ye
ar

s
of

tr
ea

tm
en

t
•

R
ed

uc
ti

on
in

m
os

ts
ub

je
ct

iv
e

si
de

ef
fe

ct
s

at
fo

llo
w

-u
p

M
in

or
de

nt
al

an
d

sk
el

et
al

si
de

ef
fe

ct
s

(1
–3

ye
ar

s
of

tr
ea

tm
en

tm
ai

nl
y

sk
el

et
al

ch
an

ge
s,

af
te

r
3

ye
ar

s
of

tr
ea

tm
en

td
en

ta
la

nd
sk

el
et

al
ch

an
ge

s)

167



J.
Pe

rs
.M

ed
.2

02
2,

12
,4

83

Ta
bl

e
3.

C
on

t.

A
ut

ho
rs

/
Pu

bl
ic

at
io

n
Ye

ar
St

ud
y

D
es

ig
n

Pa
rt

ic
ip

an
ts

(N
um

be
r-

A
ge

-G
en

de
r-

A
H

I)
In

te
rv

en
ti

on
/A

pp
li

an
ce

Tr
ea

tm
en

tD
ur

at
io

n/
O

bs
er

va
ti

on
al

Pe
ri

od
O

ut
co

m
es

M
et

ho
d

of
O

ut
-

co
m

e
A

ss
es

sm
en

t
R

es
ul

ts
C

on
cl

us
io

n

M
in

ag
ie

ta
l.

[3
0]

(2
01

8)
R

et
ro

sp
ec

ti
ve

64
O

SA
pa

ti
en

ts
(4

4M
,2

0F
,m

ea
n

ag
e

57
.7
±

14
.2

ye
ar

s,
m

ea
n

BM
I2

3.
9
±

3.
6

kg
/m

2 ,
m

ea
n

ap
ne

a-
hy

po
pn

ea
in

de
x

(A
H

I)
24

.9
±

14
.7

M
ad

co
ns

is
te

d
of

tw
o

se
pa

ra
te

ac
ry

lic
m

on
ob

lo
ck

m
od

ifi
ed

pl
at

es
(E

R
K

O
D

R
N

T)

4.
3
±

2.
1

ye
ar

s
on

av
er

ag
e

•
D

en
ta

l
an

d
sk

el
et

al
m

ea
su

re
m

en
ts

•
R

at
e

of
ch

an
ge

s
•

Pr
ed

ic
to

rs
of

ch
an

ge
s

Ba
se

lin
e

an
d

fo
llo

w
-u

p
ce

ph
al

om
et

ri
c

ra
di

og
ra

ph
s

•
D

ec
re

as
ed

O
J,

O
B

an
d

L1
-M

P
an

gl
e

•
G

re
at

O
Jd

ec
re

as
e

(≥
1

m
m

)c
or

re
la

te
d

w
it

h
tr

ea
tm

en
td

ur
at

io
n,

M
A

D
us

e
fr

eq
ue

nc
y

an
d

m
an

di
bu

la
r

ad
va

nc
em

en
tr

at
e.

•
W

ea
k

ne
ga

ti
ve

co
rr

el
at

io
n

be
tw

ee
n

to
ta

ln
um

be
r

of
te

et
h

an
d

de
cr

ea
se

in
O

J
•

W
ea

k
ne

ga
ti

ve
co

rr
el

at
io

n
be

tw
ee

n
m

ax
ill

ar
y

te
et

h
an

d
de

cr
ea

se
in

O
J

D
en

ta
ls

id
e

ef
fe

ct
s

(l
ow

nu
m

be
r

of
m

ax
ill

ar
y

te
et

h
an

d
M

A
D

tr
ea

tm
en

t
du

ra
ti

on
,u

se
fr

eq
ue

nc
y

an
d

m
an

di
bu

la
r

ad
va

nc
em

en
t

co
rr

el
at

ed
w

it
h

O
Jr

ed
uc

ti
on

)

H
am

od
a

et
al

.[
31

]
(2

01
8)

R
et

ro
sp

ec
ti

ve

62
pa

ti
en

ts
w

it
h

pr
im

ar
y

sn
or

in
g

or
m

ild
to

se
ve

re
O

SA
(5

2M
,1

0F
,m

ea
n

ag
e

49
±

8.
6

ye
ar

s,
m

ea
n

BM
I2

9.
1
±

6.
9

kg
/m

2 ,
m

ea
n

A
H

I3
0.

0
±

14
.6

fo
r

56
pa

ti
en

ts
,A

ng
le

C
la

ss
I/

C
la

ss
II

/
C

la
ss

II
I3

1/
26

/4
)

K
le

ar
w

ay
®

or
So

m
no

D
en

t®
12

.6
±

3.
9

ye
ar

s
on

av
er

ag
e

•
D

en
ta

l
an

d
sk

el
et

al
m

ea
su

re
m

en
ts

•
R

at
e

of
ch

an
ge

s
•

Pr
ed

ic
to

rs
of

ch
an

ge
s

Ba
se

lin
e

an
d

fo
llo

w
-u

p
ce

ph
al

om
et

ri
c

ra
di

og
ra

ph
s

(u
p

to
9

ce
ph

al
om

et
ri

c
ra

di
og

ra
ph

s
fo

r
so

m
e

pa
ti

en
ts

)

•
D

ec
re

as
ed

O
J,

O
B

an
d

L1
-M

P
an

gl
e

•
G

re
at

er
O

Jd
ec

re
as

e
(≥

1
m

m
)

co
rr

el
at

ed
w

it
h

tr
ea

tm
en

td
ur

at
io

n,
M

A
D

us
e

fr
eq

ue
nc

y
an

d
m

an
di

bu
la

r
ad

va
nc

em
en

tr
at

e.
•

U
pp

er
in

ci
so

r
re

tr
oc

lin
at

io
n

(U
1-

SN
,

U
1-

PP
,U

1-
N

A
)w

it
h

co
ns

ta
nt

ra
te

ov
er

th
e

ye
ar

s
(U

1-
SN

re
du

ct
io

n
of

0.
49

◦ /
ye

ar
)

•
Lo

w
er

in
ci

so
r

pr
oc

lin
at

io
n

(L
1-

N
B,

L1
-M

P)
w

it
h

de
cl

in
in

g
an

d
no

t
co

ns
ta

nt
ra

te
ov

er
th

e
ye

ar
s

•
M

in
or

po
st

er
io

r
an

d
do

w
nw

ar
d

m
an

di
bu

la
r

m
ov

em
en

t(
de

cr
ea

se
:i

n
SN

B
0.

7◦
w

it
h

a
co

ns
ta

nt
ra

te
of

0.
05

◦ /
ye

ar
an

d
m

ea
n

A
N

B
re

du
ct

io
n

of
0.

43
◦

an
d

m
ea

n
in

cr
ea

se
in

:
m

an
di

bu
la

r
pl

an
e

to
Fr

an
kf

or
t

ho
ri

zo
nt

al
pl

an
e

an
gl

e
(M

PF
H

)1
.1

◦

an
d

in
cr

an
ia

lb
as

e
to

go
ni

on
-g

na
th

io
n

lin
e

an
gl

e
(S

N
G

oG
n)

0.
9◦

)
•

Tr
ea

tm
en

td
ur

at
io

n
co

rr
el

at
ed

w
it

h
al

l
th

e
ce

ph
al

om
et

ri
c

va
ri

ab
le

s
th

at
ch

an
ge

d
•

G
re

at
er

ba
se

lin
e

BM
Ic

or
re

la
te

d
w

it
h

gr
ea

te
r

up
pe

r
in

ci
so

r
re

tr
oc

lin
at

io
n

an
d

hi
gh

er
ba

se
lin

e
A

N
B

an
gl

e
w

it
h

gr
ea

te
r

m
an

di
bu

la
r

in
ci

so
r

pr
oc

lin
at

io
n

D
en

ta
lc

ha
ng

es
ha

pp
en

pr
og

re
ss

iv
el

y
an

d
du

ra
ti

on
of

m
an

di
bu

la
r

ad
va

nc
em

en
td

ev
ic

e
tr

ea
tm

en
ti

s
th

e
gr

ea
te

st
fa

ct
or

of
th

ei
r

m
ag

ni
tu

de
M

in
or

sk
el

et
al

ch
an

ge
s

th
at

oc
cu

r
ar

e
no

t
cl

in
ic

al
ly

si
gn

ifi
ca

nt

Fr
an

ss
on

et
al

.[
32

]
(2

02
0)

Pr
os

pe
ct

iv
e

65
pa

ti
en

ts
(5

2M
,

13
F,

m
ea

n
ag

e
54

.8
±

9.
0

ye
ar

s,
44

O
SA

,2
1

sn
or

in
g)

M
on

ob
lo

c
he

at
-c

ur
ed

m
et

hy
lm

et
ha

cr
yl

at
e

m
an

di
bu

la
r

pr
ot

ru
di

ng
de

vi
ce

w
it

h
4

m
et

al
ca

ps
fo

r
m

ol
ar

s
an

d
fu

ll
to

ot
h

co
ve

ra
ge

10
ye

ar
s

•
D

en
to

fa
ci

al
m

ea
su

re
m

en
ts

•
Ph

ar
yn

ge
al

m
ea

su
re

m
en

ts

Ba
se

lin
e

an
d

fo
llo

w
-u

p
ce

ph
al

om
et

ri
c

ra
di

og
ra

ph
s

•
In

cr
ea

se
d

SN
/O

L,
SN

/M
L,

an
te

ri
or

fa
ci

al
he

ig
ht

an
d

de
cr

ea
se

d
SN

B
•

In
cr

ea
se

d
IL

i/
M

L
(p

ro
cl

in
at

io
n

of
lo

w
er

in
ci

so
rs

)
•

In
cr

ea
se

d
di

st
an

ce
be

tw
ee

n
th

e
hy

oi
d

bo
ne

,m
ax

ill
a

(h
y-

N
L)

an
d

m
an

di
bl

e
(h

y-
M

L)

Po
st

er
io

r
ro

ta
ti

on
of

th
e

m
an

di
bl

e
an

d
pr

oc
lin

at
io

n
of

m
an

di
bu

la
r

in
ci

so
rs

168



J. Pers. Med. 2022, 12, 483

3.2. Risk of Bias within Studies

The seven criteria for the RCT bias assessment were random sequence generation,
allocation concealment, performance bias, detection bias, attrition bias, selective reporting,
and additional bias. One of the RCTs presented low risk of bias in all seven criteria, while
the other study presented serious risk of bias due to random sequence generation, allocation
concealment, attrition bias, and additional bias (Table 4).

The seven criteria for the non-RCT studies were: bias due to confounding, bias in the
selection participants into the study, bias in the measurement of interventions, bias due
to departures from intended interventions, bias due to missing data, bias in measurement
outcomes and bias in the selection of the reported result. Seven studies presented a low
risk of bias. None of the 12 studies showed bias in the selection of the reported result.
One study presented a serious risk of bias due to confounding and in the measurement
of intervention, while two studies presented a serious risk of bias due to confounding, in
the selection of participants, in the measurement of intervention and the measurement of
outcomes. Another study showed a serious risk of bias. Finally, one study presented bias
in the selection of participants and the measurement of outcomes. Another study showed a
serious risk of bias in five out of seven criteria. This study presented a serious risk of bias:
due to confounding, in the selection of participants, in the measurement of intervention,
due to missing data and in the measurement of outcomes (Table 5).

3.3. Results of Meta-Analysis

A meta-analysis was performed for the outcomes of sella-nasion-pointA angle
(SNA), sella-nasion-pointB angle (SNB), ANB angle, overjet, overbite, and L1-MP angle.
(Table 6) There was no significant heterogeneity in SNA results (I2 = 14.8%, p = 0.31). An
overall statistically significant positive change from baseline was found in SNA when
studies were combined: 0.06 with 95% confidence interval (CI) (0.007, 0.116) (Figure 2).
The SNB results were heterogeneous (I2 = 90.8%, p < 0.001). Overall estimated change
from baseline in SNB was not statistically significant (p = 0.436): −0.099 with 95% CI
(−0.347, 0.150) (Figure 3). Furthermore, the ANB results were heterogeneous (I2 = 82.2%,
p < 0.001). Overall estimated change from baseline in ANB was not statistically sig-
nificant (p = 0.360): 0.09 with 95% CI (−0.107, 0.296) (Figure 4). Overjet results were
also heterogeneous (I2 = 94.5%, p < 0.001). An overall statistically significant decrease
compared with baseline was found in overjet when studies were combined: −0.89 with
95% CI (−1.334, −0.459) (Figure 5). Overbite results were also heterogeneous (I2 = 93.3%,
p < 0.001). An overall statistically significant decrease compared with baseline was found
in overjet when studies were combined: −0.68 with 95% CI (−1.016, −0.344) (Figure 6).
Finally, heterogeneity was found in L1-MP, between studies (I2 = 96.9%, p < 0.001). An
overall positive and statistically significant change from baseline was found in L1-MP
when studies were combined: 2.97 with 95% CI (0.993, 4.954) (Figure 7).
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Table 6. Overall results of meta-analysis. Mean difference, upper limit, and standard deviation.

Parameters ES (Mean Diff.) Upper Limit SD

SNA 0.061 0.116 0.028
SNB 0.019 0.088 0.035
ANB 0.067 0.143 0.039

Overjet −0.506 −0.420 0.044
Overbite −0.326 −0.255 0.036
L1-MP 1.535 1.838 0.155
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Figure 2. Forest plot of the results of SNA changes using the random-effects model.
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Figure 3. Forest plot of the results of SNB changes using the random-effects model.
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Figure 7. Forest plot of the results of L1-MP changes using the random-effects model.

3.4. Dental Changes

Bondemark et al. found a reduction in overjet and overbite, but no significant changes
in incisor inclination or interincisal angle [19]. A few years later, Rose et al. and Robert-
son et al. found that maxillary incisors were retroclined, mandibular incisors were pro-
clined, and thus overjet and overbite were reduced [20,22,23]. Still, according to Rose
et al., the interincisal angle was not altered [22]. Conversely, Fransson et al. observed a
reduction in the interincisal angle, because only the lower incisors were proclined, without
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a significant inclination change in upper incisors [21]. On the other hand, in the RCT of
Ringqvist et al., incisor inclination changed only vertically, without any further alteration
in overjet, overbite, and interincisal angle [24].

In the following years, the studies of Almeida et al., Doff et al., and Wang et al.
showed that both, proclination of lower incisors and retroclination of the upper incisors,
led to overjet and overbite reduction [26,28,29]. Moreover, Hou et al. found a decrease in
overjet and overbite without examining incisor inclination, and Hammond et al. observed
only upper incisor posterior tipping [25,27]. Although the interincisal angle was reduced,
according to Almeida et al., Doff et al., and Hammond et al., it did not change significantly
in Wang et al. study [26–29].

More recently, Minagi et al. showed a significant decrease in overjet and overbite
because of mandibular incisor proclination, while the interincisal angle remained un-
changed [30]. Furthermore, Hamoda et al. found that both upper and lower incisors were
tipped backward and forward, respectively [31]. Finally, Fransson et al. observed overjet
and overbite reduction due to altered inclination of upper and lower incisors, after 10 years
of mandibular protruding device use [32].

Regarding posterior teeth changes, Robertson et al. found that the upper first premo-
lars and lower first molars had over-erupted while, Almeida et al. found that first upper
and lowers molars, except from over-erupting, had also moved distally and mesially [23,26].
Moreover, Hammond et al. showed a mesial tip of the lower first molars, but without a
change in the upper first molars [27].

3.5. Skeletal Changes

Regarding changes in mandibular position relative to the cranial base, in most studies,
the mandibular plane angle was significantly increased, and thus the mandible had a
more downward position [20,21,23,25,26,28–30]. Bondemark found a more downward and
forward position and Ringqvist et al. a more downward and backward position [19,24]. On
the other hand, Rose et al., Hammond et al., and Minagi et al. found no significant changes
in mandibular position [22,27,30]. The vertical condylar position was also observed to be
more downward by Robertson et al., but not in Almeida et al. study, in which there were no
condylar changes [23,26]. Regarding the relation between the maxilla and the mandible and
each jaw relationship with the cranial base, the ANB angle was found slightly reduced by
Bondemark, because the SNB angle was increased, and the SNA angle did not change [19].
Robertson et al., also observed a decrease in ANB angle, because the SNA angle was
reduced and SNB was not altered significantly [23]. On the other hand, the ANB angle
was increased in the study by Hamoda et al., due to a decrease in the SNB angle and no
significant change in the SNA angle [31]. Moreover, according to Doff et al., the ANB angle
was increased, while the SNB angle was reduced, and the SNA angle did not change [28].
Conversely, some studies showed no significant change in the ANB angle [22,25,27,29,30].
Furthermore, the SNB angle was found slightly reduced by Fransson et al. [21,32].

Alterations in facial height were also observed in many studies. An increase in lower
anterior facial height and thus an increase in total anterior facial height was found by most
researchers, except Minagi et al. that found no significant change [19,21,23–26,28–30]. On
the other hand, lower posterior facial height and total posterior facial height was found
significantly increased only in two studies [23,25], while four other studies showed no
significant change [19,21,28,29].

Bondemark also observed a significant increase in mandibular length [19]. On the
contrary, a significant alteration in mandibular length was not found by others [21,24–28].
Although Fransson et al. did not find a significant change after 2 years of treatment, they
observed a significant increase in patients that continued the treatment for 10 years as well
as in patients that stopped the treatment [21,32].

The maxillary length was also increased in the studies by Robertson and Robert-
son et al. [20,23], but no significant change was observed in any other study [25,28,29].
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Frasson et al. also observed an alteration in the hyoid bone position. More specifically,
the distance between the hyoid bone and mandibular plane and between the hyoid bone
and occlusal line was increased [21]. Moreover, a more downward hyoid bone position
was observed by Fransson et al. after 10 years of oral appliance use, but it was also evident
in patients that had stopped using the device [32].

4. Discussion
Summary of Evidence

Different outcomes were searched among studies, the quality of which was also
variable, according to the risk of bias assessment.

The two existing RCT studies were reported in 2003 by Ringvist et al. and in 2010 by
Doff et al. [24,28]. The study of Ringvist et al. in 2003 presented a high risk of attrition
bias [24]. In this study, patients that used two different methods of treatment at the same
time were included in the final sample. Furthermore, this study presented a high risk of
bias due to additional bias. In the study, a high number of patients did not attend the
4-year follow-up (15 in the MAD group and 6 in the uvulopalatopharyngoplasty -UPPP-
group). On the other hand, the study of Doff et al. appeared to have a low risk of bias in all
seven criteria for the outcome assessment [28]. Consequently, the statement that the use
of MAD appliances leads to a decrease in overjet and overbite as well as results in shorter
a downward and backward rotation of the mandible considered conclusions with a high
level of evidence.

Twelve non-RCT studies were reported for the assessment of dental and skeletal ef-
fects from the long-term use of mandibular advancement devices. The study of Hou et al.
showed a serious risk of bias due to confounding and in the measurement of interven-
tion [25]. More specifically, the intervention status was not well-defined, and there were
patients that switched treatment, which was not adjusted in the final analysis. The study
of Almeida et al. presented a serious risk of bias due to confounding, in the selection of
participants, in the measurement of intervention and the measurement of outcomes [26]. In
this study, the start and follow-up measurements did not coincide, and the intervention
status was not well-defined. The study of Hamoda et al. showed a serious risk of bias in
those three criteria as well [31]. The most important bias in this study was the absence
of the intervention status regarding the usage frequency of the devices. Hammond et al.
showed a serious risk of bias in five out of seven criteria [27]. This study presented a serious
risk of bias: due to confounding, in the selection of participants, in the measurement of
intervention, due to missing data and in the measurement of outcomes. According to
this study, there were patients that switched treatment, there were missing data, and the
outcome assessor was aware of the intervention received by the participants (not blinded).
The study by Wang et al. showed a serious risk of bias in the selection of participants and
the measurement of outcomes [29]. The method of outcome assessment was subjective.

The remaining seven studies showed a low risk of bias in all criteria. Bondemark
found that the use of MADs appliances resulted in decreased overjet and overbite, increased
mandibular length, and the mandible moved forward and downwards [19]. Robertson in
2001 showed decreased overjet and overbite, increased lower incisor proclination, SNA,
and ANB [20]. Robertson et al. in 2003 found that the use of MAD appliances resulted
in over eruption of upper first premolars and lower first molars and proclination of the
lower incisors [23]. Rose et al. showed an increase in incisor inclination, a mesial shift of
the occlusion, and a decreased overjet and overbite [22]. Fransson et al. in 2002 found
an increase in the posterior rotation of the mandible as long as an increased proclination
of the mandibular incisors [21]. The study of Minagi et al. resulted in decreased overjet
and overbite [30]. In 2020 Fransson et al. concluded that the use of MADs resulted in
proclination of the mandibular incisors with consequent decreased overjet and overbite [32].
All these statements are considered to be strong since those researches had a low risk of bias.
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The heterogeneity was high for all the outcomes in this meta-analysis. A possible expla-
nation for this might be the different treatment duration among the included studies. The
mean treatment duration was less or equal to 3 years in most studies [19–23,25,27,28], 4 years
for two studies [29,30], 7 years in one study [26], and over 10 years in two studies [31,32].

Moreover, the design of the mandibular advancement devices was different in most
of the studies [19–32]. All the oral appliances protruded the mandible and provided full
occlusal coverage [19–23,25–32], except for one that provided occlusal coverage only for the
posterior teeth [24]. There was also variation in the amount of protrusion for each oral appli-
ance. A 65–75% of the maximum protrusion with a small vertical opening was used in most
studies [19–23,25–32], but 50% of the maximum protrusion was chosen by one study [24].
In the study by Ringvist et al. that used the appliance that provided only posterior occlusal
coverage and protruded the mandible, only 50% showed no change in overjet and overbite.
On the other hand, a systematic review and meta-analysis found no significant difference
between the side effects caused by 50% and 75% of maximum protrusion [33].

Furthermore, adherence to the oral appliance daily wear might be a factor that in-
creased outcome heterogeneity. All studies required the patients to wear the oral appliances
at least 5 h a day and at least 4 days per week. The non-adherent patients were also
excluded from all studies. Nevertheless, no objective method was used to record patient
total wear time and thus evaluate true patient compliance.

Finally, one of the outcomes that was controversial is the extrusion of the molars as
an effect of the MADs use. An explanation on that disagreement between the studies
can be that MADs design differs on the occlusal coverage. More specific, the studies that
used appliances with occlusal coverage could prevent dental extrusion while the ones that
do not have the coverage could not. In the near future, 3D printing technology can be
helpful in order to fabricate those appliances and possibly be delivered the same day to the
patient’s mouth. There are lots of other appliances in the field of orthodontics that have
been fabricated with 3D printing technology and proved to be significantly successful for
the treatment outcome [34]. The limitation of this study is the small number of randomized
clinical trials in the present literature.

5. Conclusions

Regarding dental and skeletal side effects caused by mandibular advancement appli-
ances used for adult OSA treatment, the current level of evidence is weak. The meta-analysis
results suggest that mandibular advancement devices used for OSA treatment increase the
lower incisor proclination by 1.54 ± 0.16◦, decrease overjet by 0.89 ± 0.04 mm, decrease
overbite by 0.68 ± 0.04 mm, rotate the mandible downward and forward, and increase
SNA angle by to 0.06 ± 0.03◦. Some of those results are clearly not clinically significant.
More randomized clinical trials providing high-quality evidence are needed.
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Abstract: Fine particulate matter that have a diameter of <2.5 µm (PM2.5) are an important factor
of anthropogenic pollution since they are associated with the development of acute respiratory
illnesses. The aim of this prospective study is to examine the correlation between PM2.5 levels in
the semi-urban city of Volos and Emergency Department (ED) visits for respiratory causes. ED visits
from patients with asthma, pneumonia and upper respiratory infection (URI) were recorded during
a one-year period. The 24 h PM2.5 pollution data were collected in a prospective manner by using
twelve fully automated air quality monitoring stations. PM2.5 levels exceeded the daily limit during
48.6% of the study period, with the mean PM2.5 concentration being 30.03 ± 17.47 µg/m3. PM2.5
levels were significantly higher during winter. When PM2.5 levels were beyond the daily limit, there
was a statistically significant increase in respiratory-related ED visits (1.77 vs. 2.22 visits per day;
p: 0.018). PM2.5 levels were also statistically significantly related to the number of URI-related ED
visits (0.71 vs. 0.99 visits/day; p = 0.01). The temperature was negatively correlated with ED visits
(r: −0.21; p < 0.001) and age was found to be positively correlated with ED visits (r: 0.69; p < 0.001),
while no statistically significant correlation was found concerning humidity (r: 0.03; p = 0.58). In
conclusion, PM2.5 levels had a significant effect on ED visits for respiratory causes in the city of Volos.

Keywords: PM2.5; air pollution; respiratory diseases; asthma; pneumonia; upper respiratory infec-
tions; emergency department

1. Introduction

Anthropogenic air pollution is a major cause of environmental pollution, which can
have detrimental effects on human health [1]. Fine particle matter 2.5 (PM2.5) are fine
particles that have an aerodynamic diameter of less than 2.5 µm, which are produced
mainly by wood and fuel combustion [2]. Because of their small diameters, they are able to
infiltrate through the nose into the lower respiratory system, accumulating in respiratory
bronchioles [2]. Alveolar damage may consequently occur due to the production of free
radicals, imbalanced intracellular homeostasis and inflammation [2].

High levels of PM2.5 have been previously associated with several respiratory diseases,
as well as increased morbidity and mortality due to respiratory causes [3]. In a meta-
analysis of 16 studies, short-term exposure to increased PM2.5 levels were shown to
precipitate asthma attacks leading to increased hospitalizations in patients suffering from
severe respiratory disorders [4]. Moreover, a prospective study of 431 patients suffering
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from Chronic Obstructive Pulmonary Disease (COPD) in a highly polluted city of Italy
showcased that high PM10 and PM2.5 levels may precipitate COPD exacerbations and
increase hospital admissions in these patients. Furthermore, several prospective studies
and a meta-analysis by Kim et al. proved that elevated PM2.5 levels have been associated
with a surge in Emergency Department (ED) visits for respiratory causes, such as asthma
attacks and respiratory infections [4–6].

While the connection between PM2.5 pollution and respiratory diseases has been
extensively researched, there is a lack of studies pertaining to the relationship between
air pollution and health in rural or semi-urban areas. Although these areas may have
lower exposure to industrial and motor vehicle pollution [7], studies have shown that
several non-urban regions are greatly exposed to pollution produced by agriculture, coal
burning and mining and wood burning [8,9]. The semi-urban city of Volos is a medium-size
coastal city in Greece, where high levels of PM10 and PM2.5 pollution have been previously
recorded [10,11]. Moustris et al. studied the effect of PM10 pollution in hospital admissions
for respiratory diseases during a five-year period in Volos [10]. Their results showcased
that increased PM10 levels were associated with an 25% increase in hospital admissions.
Later, our team in a similarly designed study studied the effect of PM2.5 levels in pediatric
ED visits for respiratory causes during a one-year period [11]. Likewise, elevated PM2.5
levels resulted in an increase in pediatric ED visits for respiratory causes.

The aim of the present study was to investigate the relationship between daily PM2.5 levels
in the semi-urban Greek city of Volos and the number of adult ED visits for respiratory causes.

2. Materials and Methods
2.1. Study Design and Population

This study retrospectively analysed a prospectively collected database. The study
was approved by the local scientific committee (2/7-2-2019). The methodology has been
previously described in detail for our pediatric ED visits study [11].

Data were collected for adult patients visiting the ED of Volos with respiratory symp-
toms, including asthma, pneumonia, COPD and upper respiratory tract infection (URI)-
related visits between 1 March 2019 and 29 February 2020. We used the following inclusion
criteria: (1) residents of Volos city, (2) those who visited the adult ED and (3) those with
respiratory conditions (URI, COPD exacerbation, asthma exacerbation and pneumonia).
The following data were collected for all patients: age, gender, address of residence, main
complaint/diagnosis and date of visit.

2.2. Network of Sensors

The GreenYourAir research group established a fully automated network for mon-
itoring air pollution in the city of Volos. Twelve stations located throughout the central
and greater Volos areas collected the data prospectively during the entire study period.
The locations were chosen based on a mathematical formula and an optimization model
developed by the GreenYourAir team that parcellated the city into smaller areas. Briefly, the
team divided the city into five distinct areas, namely the commercial and recreational zone;
the industrial zone; and the high-density, medium-density and low-density residential
zones, while the traffic jam of the city was divided into three categories (high, medium and
low). Furthermore, additional information regarding the city was taken into consideration,
such as the geographical and geomorphological characteristics of the area, the commercial
port, the passenger port, the urban and intercity bus stations, the train station, the main
roads, the recreational parks, the sport facilities, the schools and other academic institu-
tions and two big industrial plants located just outside the city (one cement company and
one petroleum company). It should be mentioned that the residents of the city use oil,
natural gas and fireplaces for heating during the winter. The exact location of the sensors
throughout the city of Volos is presented in Figure 1.
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Figure 1. Map of the city of Volos presenting the location of sensors. Markers indicate the location of
the sensors.

The devices that were used for monitoring (GreenYourAir Device 1178/PM2.5) used
light-scattering methods for data collection, as described previously in the literature [12,13].
The devices consist of a sensor, an expansion shield and an Arduino YUN rev. 2. The sensor
collects data regarding PM2.5 concentration, temperature and humidity in the area. The
collection of data was performed automatically every second for the entire 24 h of the day.
The programming language used for the devices was C++.

A two-phase calibration methodology was implemented to check the accuracy of
the devices. During the first stage development and testing period, the sensors were
validated in laboratory conditions using reference equipment that followed EU standards
EN 14907:2005 (gravimetric device with filters that collects PM2.5). Later, during the second
stage, the sensors were validated in real-life conditions.

The network created started operating on 1 March 2019 and is still working 24/7 at
the time of writing this manuscript. The real-time data for the city of Volos can be found at
http://greenyourair.org/ (accessed on 30 October 2022).

2.3. Statistical Analysis

The independent samples t-test and analysis of variance were used for the between
groups comparisons of continuous variables as appropriate. The chi-square test was used to
identify possible relationships between categorical variables. We used regression analysis
and Pearson’s correlation in order to describe the relationship between the number of ED
visits and temperature, humidity, age and PM2.5 levels. The significance for all tests was
set at p values < 0.05 and all tests were two-tailed. The SPSS statistical package was used
for all statistical analyses (IBM Corp. Released 2016. IBM SPSS Statistics for Windows,
Version 24.0. Armonk, NY, USA; IBM Corp).

3. Results
3.1. Patient Characteristics

During our study period, a total of 728 patients visited the adult ED for respiratory
causes. The male to female ratio was 1.05 (373 male and 355 female patients), while the
mean age for male patients was 64.50 ± 19.69, and for female patients, it was 61.43 ± 20.52.
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A total of 310 patients (mean age (standard deviation): 66.35 ± 20.77; male gender: 166
(54%)) were diagnosed with an URI, 202 patients were diagnosed with a lower respiratory
tract infection/pneumonia (mean age (standard deviation): 52.41 ± 20.70; male gender:
106(52%)), 53 patients were diagnosed with asthma exacerbation (mean age (standard
deviation): 50.39 ± 20.05; male gender: 15(28%)) and 163 patients were diagnosed with
COPD exacerbation (mean age (standard deviation): 69.49 ± 12.20; male gender: 85(52%)).

3.2. PM2.5 Levels

In the city of Volos, the mean annual PM2.5 concentration during the study period
was calculated to be 30.03 ± 17.47 µg/m3 compared to WHO’s yearly limit of 10 µg/m3.
Overall, the suggested daily limit of PM2.5 (25 µg/m3) was exceeded for 178 days, which
was 48.60% of the study period. The recorded levels of PM2.5 were found to be higher in
winter when compared with summer (mean difference: 25.64, p: < 0.001), autumn (mean
difference: 20.20, p: < 0.001) and spring (mean difference: 17.71, p: < 0.001).

3.3. PM2.5 Levels, Humidity, Temperature, Age and ED Visits

The mean number of daily ED visits for respiratory causes was 1.99 ± 1.81. The
number of monthly ED alongside the corresponding monthly PM2.5 levels are presented
in Figure 2. As shown in Table 1, a 25.42% increase in daily ED visits for all respiratory
causes was identified when PM2.5 levels exceeded the daily limit (1.77 vs. 2.22 visits per
day; p: 0.018). Further analyses performed by season (Table 2) illustrated that the increase
in ED visits was more pronounced during winter (34.08%) and autumn (29.40%), although
the difference was non-statistically significant. Moreover, there was statistically significant
elevation in ED visits when PM2.5 levels of the previous day were higher than the proposed
limit 25 µg/m3 (p = 0.018).

Additionally, we identified that temperature was negatively correlated with ED visits
(r: −0.21; p < 0.001), while humidity did not exhibit any statistically significant correlation
(r: 0.03; p = 0.58). Finally, age was found to be positively correlated with ED visits (r: 0.69;
p < 0.001).
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Table 1. Table presenting the number of ED visits in relation to daily PM2.5 levels.

PM2.5 Level Total Days
N = 366

Number of ED
Visits

N = 728

Mean ED
Visits/Day ± SD

% Increase in
Mean ED

Visits
p Value

All patients <25 µg/m3 188 333 1.77 ± 1.81
25.42% 0.018≥25 µg/m3 178 395 2.22 ± 1.77

URI
<25 µg/m3 188 134 0.71 ± 1.03

38.72% 0.011≥25 µg/m3 178 176 0.99 ± 1.03

Pneumonia
<25 µg/m3 188 93 0.49 ± 0.91

23.79% 0.224≥25 µg/m3 178 109 0.61 ± 0.94

Asthma
exacerbation

<25 µg/m3 188 30 0.16 ± 0.43 −19.03% 0.465≥25 µg/m3 178 23 0.13 ± 0.35

COPD
exacerbation

<25 µg/m3 188 76 0.40 ± 0.68
20.90% 0.261≥25 µg/m3 178 87 0.49 ± 0.75

Abbreviations: ED: emergency department; SD: standard deviation; URI: upper respiratory tract infection; COPD:
Chronic Obstructive Pulmonary Disease.

Table 2. Table presenting the number of ED visits in relation to mean PM2.5 levels of each season.

PM2.5 Level Total Days Number of
ED Visits

Mean ED
Visits/Day ± SD

% Increase in
Mean ED

Visits
p Value

Winter
<25 µg/m3 18 32 1.78 ± 1.48

34.08% 0.12≥25 µg/m3 73 174 2.38 ± 1.77

Spring <25 µg/m3 42 102 2.43 ± 2.32 −7.76% 0.65≥25 µg/m3 50 112 2.24 ± 1.67

Summer
<25 µg/m3 74 102 1.38 ± 1.41 −7.30% 0.78≥25 µg/m3 18 23 1.28 ± 1.13

Autumn <25 µg/m3 54 97 1.80 ± 1.86 29.40% 0.21

Abbreviations: ED: emergency department; SD: standard deviation.

3.4. Specific Conditions and PM2.5 Levels

A statistically significant increase in ED visits for URI was noted during the days that
PM2.5 levels exceeded the limit of 25 µg/m3, when compared to the days when PM2.5 levels
were below 25 µg/m3 (0.71 vs. 0.99 visits/day; p = 0.01). Table 1 presents the comparisons
for all studied conditions. No statistically significant differences were identified when
a further analysis was performed based on the season (Supplementary File S1). Finally,
no statistically significant differences in mean ED visits were observed for all studied
conditions (URI: p = 0.05; Pneumonia: p = 0.42; Asthma: p = 0.28; COPD: p = 0.47) when
comparing males and females.

In regression analysis, a linear correlation (r square: 0.022; p < 0.001) was noted
between the levels of PM2.5 and the total number of daily ED visits. This is described by
the following equation: total number of ED visits = 1.524 + 0.015 × PM2.5 levels (Figure 3).
When we included temperature and humidity in the model’s parameters, the model was
still statistically significant (r square: 0.047; p < 0.001) although the only parameter with
statistical significance was temperature.
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4. Discussion

In our study, PM2.5 levels exceeded the daily limit of 10 µg/m3 during 48.6% of the
study period, with the mean PM2.5 concentration being 30.03 ± 17.47 µg/m3. PM2.5 levels
were higher during the winter compared to autumn, spring, and summer. ED visits were
significantly higher on days when PM2.5 concentrations exceeded the daily limit, or the day
after. Although age and temperature had a significant correlation with ED visits, humidity
did not play a role in the number of daily ED visits. Moreover, high PM2.5 levels were
associated with an increase in URI-related ED visits.

Air pollution has become increasingly prevalent during the last decades, since many
global areas are exposed daily to high levels of air pollutants [14]. While large metropolises
suffer greatly [15], semi-urban and rural areas can also be affected [8]. Research pertaining
to the relationship between air pollution and human health in rural and semi-urban areas
may further highlight the importance of air pollutants on respiratory health.

Despite the fact that the city of Volos is a semi-urban area, high levels of air pollutants
have been previously recorded [10,11]. In accordance with our study, Moustris et al. [10]
reported elevated levels of PM10 pollution in the city of Volos, with PM10 levels regularly
exceeding the daily and annual proposed limits by WHO. In the study by Moustris et al., an
increase in the annual PM10 concentration in the city of Volos resulted in an increase in the
annual hospital admissions for respiratory diseases. However, in our study, we researched
the relationship between daily PM2.5 concentrations and ED visits for respiratory causes,
which further highlights the direct effect of PM2.5 pollution and respiratory health.

PM2.5 production is mainly anthropogenic [14]. Fine particle matter is produced
primarily through fuel and wood combustion, mainly deriving from vehicle and biofuel
emissions [16]. A meta-analysis of PM source apportionment in Europe revealed that traffic,
as well as wood burning during the cold months, were the most important factors in PM
production [16]. In the last decade, the number of Greek households using wood burning
as a means of heating during the winter rapidly increased due to the high petrol prices and
economic crisis [17]. This increase in wood burning has subsequently led to an increase
in fine PM levels, which are significantly higher during the cold months [17]. Likewise,
the present study indicates that PM2.5 levels in the city of Volos are higher during winter
compared to other seasons. This relationship may indicate that the production of PM2.5 by
wood burning may be a significant component of environmental pollution in semi-urban
or rural areas, where pollutant production by industrial processes is less prominent.
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Approximately 4.2 premature million deaths annually can be attributed to PM2.5
pollution, placing fine particle pollution as the fifth most common cause of death world-
wide [18]. Exposure to elevated PM2.5 levels has been associated with increased Out-of-
Hospital Cardiac Arrests (OHCAs), as well as a variety of cardiovascular and respiratory
diseases [19–21]. Interestingly, a meta-analysis by Atkinson et al. [20] demonstrated that
PM2.5 pollution is more strongly associated with mortality due to respiratory causes [20].
Indeed, high PM2.5 levels are associated with increased rates of respiratory infections
and asthma or COPD exacerbations, leading to an increase in ED visits for respiratory
causes [22,23].

According to our findings, in the semi-urban city of Volos, there was a statistically
significant association between PM2.5 levels and ED visits for respiratory causes. These
findings are in accordance with two similar studies conducted in the city of Volos, which
demonstrated that fine particulate matter pollution is associated with increased hospital
admissions for respiratory causes in both adult and pediatric patients [10,11]. As previously
mentioned, high levels of PM2.5 can precipitate a variety of respiratory diseases, such as
respiratory infections and asthma and COPD exacerbations, as well as increased hospital
admissions and mortality due to respiratory causes [20,22]. Specifically, our research team,
using the model developed by the GreenYourAir research group, discovered that pediatric
ED visits in the city of Volos were linearly correlated with PM2.5 levels [11]. In our study,
the same research group discovered that a similar relationship exists in adult patients.
Furthermore, our results revealed a significant correlation between age and ED visits for
respiratory causes. As showcased in previous studies, the effect of PM2.5 on respiratory
diseases seems to be more pronounced in children and adults [7,24] According to previous
studies, the effect of PM2.5 on respiratory-related conditions is more significant in adults
more than 65 years old [7].

Several meteorological factors have been shown to influence the concentration of
PM2.5 and its effect on human health [25,26]. In our study, a decrease in the mean daily
temperature resulted in an increase in daily ED visits while humidity did not have a
statistically significant correlation with ED visits. Similarly, a study by Wang et al. in
28 Chinese cities showcased that low temperatures during winter were correlated with
higher PM2.5 concentrations [25]. The researchers hypothesized that this effect may be
due to the increased coal and wood burning during the cold months. Moreover, low
temperature has been associated with an increased susceptibility to URIs [27], which
may increase respiratory-related ED visits. However, a study in Lima, Peru, showcased
that the effect of PM2.5 concentrations in respiratory and cardiac mortality was more
pronounced when the mean daily temperature was higher than 23.8 ◦C [28]. A similar
relationship between PM10 and respiratory disease was found in a systematic review and
meta-analysis by Chen et al. [29], which found that the effect of air pollution on respiratory
diseases is more significant when the temperature is higher. These conflicting results prove
that more research is necessary in order to accurately understand the complicated effects
of meteorological factors in fine particulate matter concentrations and their effects on
human health. Moreover, while our results did not reveal a significant correlation between
humidity and ED visits, it is important to note that several researchers proved that high
relative humidity may be accompanied by higher PM2.5 and PM10 concentrations, which
may have a negative effect on respiratory-related ED visits [30,31].

In our study, there was a statistically significant association between URI-related ED
visits and PM2.5 levels. The association between PM2.5 levels and respiratory infections has
been proved by numerous studies, which showcase that increased PM2.5 levels lead to in-
creased ED visits and hospital admissions for upper and lower respiratory infections [7,32].
The study by our research team in the city of Volos, also indicated that high daily PM2.5
levels are correlated with increased pediatric ED visits for URI [11]. This effect has been
attributed to increased susceptibility to infections [33] based on experimental animal mod-
els [34,35]. While the exact mechanism remains unknown, it is speculated that PM2.5
impairs the host’s defense of the respiratory system by altering epithelial cell functions
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and immune cell activity [33]. This effect is more pronounced in pediatric and elderly
patients [33].

The association between PM2.5 pollution and chronic respiratory diseases has been
well documented. Both PM2.5 and PM10 may cause COPD exacerbations, leading to
more ED visits for respiratory causes and increased morbidity and mortality in COPD
patients [22,36]. Interestingly, it has been demonstrated that PM2.5 exposure may cause
chronic respiratory dysfunction, creating emphysematous lesions and chronic inflammation,
which in turn may lead to COPD developments [36]. Moreover, PM2.5 pollution can
aggravate the effects of smoking on lung function, increasing the likelihood of COPD [36].
In contrast to the existing literature, no statistically significant association between PM2.5
levels and COPD association was noted in our study. However, this discrepancy may be
attributed to the small number of patients presenting to the ED with respiratory symptoms
due to COPD exacerbation.

PM2.5 pollution may also worsen asthma symptoms, leading to increased ED visits
and hospital admissions for asthma exacerbations [4,37,38]. A meta-analysis by Fan et al.
demonstrated that asthma-related ED visits increased proportionally to PM2.5 levels [4].
The effect was more pronounced in pediatric patients. Moreover, asthma exacerbations
are most likely to occur during spring possibly due to the prevalence of allergens, such
as pollen [37]. The association between PM2.5 pollution and asthma can be attributed to
the increased inflammation of airway epithelial cells and the increased secretion of inflam-
matory cytokines [39,40]. Our study did not reveal a statistically significant association
between PM2.5 levels and asthma-related ED visits. Moreover, our team in a similar study
in pediatric patients did not discover a statistically significant relationship between asthma-
related ED visits and PM2.5 levels. Similarly to COPD cases, this could be explained by the
small number of asthma-related ED visits during our study period.

Limitations

Our study has some limitations that should be acknowledged. Firstly, is it a single-
center study that collected data from a single ED; thus, our results should be interpreted
with caution. Moreover, the diagnoses were made in an emergency setting; therefore, there
may have been some misdiagnoses. It is also important to note that our analysis was
conducted based on the mean PM2.5 levels of each day and may not accurately reflect
patient exposure, since no regional analysis was conducted.

5. Conclusions

In our study, high PM2.5 levels were associated with an increase in adult ED visits for
respiratory causes. PM2.5 pollution was statistically significantly related to the number of
URI-related visits but not COPD or asthma-related visits. Moreover, low temperatures and
increased age increased ED visits for respiratory causes. While the association between fine
particle pollution and respiratory illnesses has been well documented, more studies are
necessary in order to ascertain the pathophysiological mechanisms leading to respiratory
dysfunction, as well as individual factors that may predispose certain patients to PM2.5-
related respiratory symptoms.
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Abstract: Introduction: The most clinically useful concept in asthma is based on the intensity of
treatment required to achieve good asthma control. Biomarkers to guide therapy are needed. Aims:
To investigate the role of circulating levels of soluble urokinase plasminogen activator receptor suPAR
as a marker for asthma severity. Methods: We recruited patients evaluated at the Asthma Clinic,
University of Thessaly, Greece. Asthma severity and control were defined according to the GINA
strategy and Asthma Contro Test (ACT). Anthropometrics, spirometry, fractional exhaled nitric oxide
(FeNO), suPAR, blood cell count, c-reactive protein (CRP), and analyses of kidney and liver function
were obtained. Patients with a history of inflammatory, infectious, or malignant disease or other lung
disease, more than 5 pack years of smoking history, or corticosteroid therapy were excluded. Results:
We evaluated 74 asthma patients (69% female, mean age 57 ± 17 years, mean body mass index (BMI)
29 ± 6 kg/m2). In total, 24%, 13%, 6%, 5%, 29% and 23% of the participants had mild well-controlled,
mild uncontrolled, moderate well-controlled, moderate uncontrolled, severe well-controlled, and
severe uncontrolled asthma, respectively. Overall, 67% had T2-high asthma, 26% received biologics
(15% and 85% received omalizumab and mepolizumab, respectively), and 34% had persistent airway
obstruction. suPAR levels were significantly lower in asthmatics with moderate uncontrolled asthma
than in patients with severe uncontrolled asthma without (2.1 ± 0.4 vs. 3.3 ± 0.7 ng/mL, p = 0.023) or
with biologics (2.1 ± 0.4 vs. 3.6 ± 0.8 ng/mL, p = 0.029). No correlations were found between suPAR
levels and age, BMI, T2 biomarkers, CRP, or spirometric parameters. Conclusions: suPAR levels were
higher in asthmatics with severe disease than in those with moderate uncontrolled asthma.

Keywords: asthma; control; severity; urokinase plasminogen activator receptor

1. Introduction

The soluble urokinase plasminogen activator receptor (suPAR) is the circulating form
of the cell surface receptor urokinase plasminogen activator receptor (uPAR) (CD87), which
is expressed by a plethora of cells ranging from mono- and lymphocytes to endothelial and
smooth muscle cells [1]. suPAR is a novel biomarker playing an important role in many
physiological and pathological processes, including endothelial dysfunction, thrombosis [2],
inflammation [1–4], chemotaxis [1,2], tissue remodeling [1–4], and tumorigenesis [1,2].
suPAR’s high stability in plasma samples makes it an ideal candidate biomarker in patients
with inflammatory, infectious, and malignant diseases [1–7]. Recently, a position statement
on the prognostic role of suPAR in the screening of patients admitted to the emergency
department was issued by the Hellenic Sepsis Study Group.

A remarkable role for suPAR serum levels has been demonstrated in airway diseases.
It has been reported that suPAR can be used to evaluate stable chronic obstructive disease
(COPD) [3] as a predictor of acute exacerbation and in monitoring response to treatment [3].
Moreover, suPAR has a significant role in increased systemic inflammation associated with
coexisting COPD and bronchiectasis [4].

191



J. Pers. Med. 2022, 12, 1776

Evidence has shown that airway inflammation might spread into the circulatory
system and cause systemic inflammatory injuries. In that context, emerging data support
asthma associated with chronic low-grade systemic inflammation, a prothrombotic state,
and premature atherosclerosis, even in clinically stable asthma patients [5]. Asthma is
also characterized by endothelial dysfunction related to airway obstruction [5]. There is
evidence of an abnormal amount of endothelial tissue in asthma and that this tissue and
its progenitor cells behave in a dysfunctional manner [6]. Sputum, biopsy and serum
suPAR levels were elevated in stable asthma patients compared to controls [7]. Moreover,
in asthmatic patients, high suPAR indicated impaired lung function and was shown to
correlate with airway resistance [1]. However, no data on the potential role of circulating
suPAR as a marker for asthma severity and prognosis according to severity have been
reported so far.

Patients with severe asthma are at a particularly high risk of exacerbations, hospitaliza-
tion and death and have severely impaired quality of life. On the other hand, patients with
mild asthma (the silent majority of asthmatics) account for the majority of the morbidity
and healthcare resource utilization associated with asthma [1,8].

The aim of this study was to investigate the effectiveness of suPAR as an indicator of
the severity of asthma.

2. Methods
2.1. Study Design

The recruitment period of the study lasted 6 months. Detailed lung function tests
were performed in severe asthmatic patients and control groups in the following order:
measurement of the fraction of exhaled nitric oxide (FeNO and spirometry) [9]. Severe
asthmatics and controls had a set of standard blood tests analyzed, including suPAR,
blood cell count (white blood cell count, eosinophils %, absolute eosinophil count), C-
reactive protein (CRP), electrolytes (sodium, potassium), and analyses of the kidney (urea,
creatinine) and liver function (aspartate transaminase (AST), alanine transaminase (ALT),
gamma-glutamyl transpeptidase (γGT), and alkaline phospatase (ALP)) at baseline. The
Ethics Committee of the University of Thessaly approved the protocol. Written informed
consent was obtained.

2.2. Participants

All patients were well-defined regarding asthma severity as they were managed by an
experienced pulmonologist in the external Unit of Asthma of the University of Thessaly in
Greece for at least one year prior to recruitment. Exclusion criteria were: any history of
acute (within four weeks of recruitment) or chronic inflammatory, infectious or malignant
disease, COPD and/or other relevant lung diseases causing alternating impairment in lung
function, current smoking or more than 5 pack years of smoking history, hypertension,
diabetes mellitus, angiopathy, renal disorder, or corticosteroid therapy.

2.3. Assessment of the Severity of Asthma

The severity of asthma was assessed according to the level of treatment required to
control symptoms and exacerbations according to GINA 2022 [8]. Mild asthma was defined
as asthma that was well controlled while treated with as-needed inhaled corticosteroids
(ICS)/formoterol or with low-dose ICSs, plus an as-needed short-acting bronchodilator
(SABA) [8]. Moderate asthma was defined as asthma that was well-controlled with a low- or
medium-dose ICS-long-acting bronchodilator (LABA) (with step 3 or step 4 treatment) [8].
Severe asthma was defined as asthma that required high-dose ICS/LABA to prevent it from
becoming uncontrolled or asthma that remained uncontrolled despite this treatment [8].

2.4. Asthma Control Evaluation

Asthma control was assessed according to the level of symptom control [8]. Symptom
control was determined using the Asthma Control Test (ACT) [10] and discriminated as
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well-controlled or uncontrolled [8]. In the ACT, scores range from 5–25. Scores of 20–25
were classified as controlled and 5–19 as not well-controlled [10].

2.5. Fraction of Exhaled Nitric Oxide (FeNO)

The FeNO (MEDISOFT, MEDICAL GRAPHICS CORP, Minnesota, USA) was per-
formed according to recommendations [11]. Recommended cut-off values for normal FeNO
levels were <25 parts per billion (ppb) [11].

2.6. Spirometry

Lung function was measured by means of an electronic spirometer (Spirolab FCC ID:
TUK-MIR045) according to the American Thoracic Society (ATS) guidelines [12]. Persistent
airflow limitation was defined as forced expiratory volume in the first second (FEV1)/forced
vital capacity (FVC) ratio consistently < 70% despite irreversibility in asthma expressed as
an increase in FEV1 ≥ 12% and 200 mL [8].

2.7. Blood Sample Collection

Peripheral venous blood samples were collected in sterile, pro-coagulation tubes and
centrifuged immediately; the resulting serum samples were stored at −80 ◦C until analysis.
Plasma suPAR levels were measured using the suPARnostic AUTO Flex ELISA kit (ViroGates
A/S, Birkerød, Denmark) as described in detail previously [13]. The suPARnostic ELISA
measures the full-length suPAR molecule (D1D2D3) and the cleaved suPAR molecule (D2D3).
CRP was measured using a COBAS 6000 analyzer (Roche Diagnostics, Mannheim, Germany).

2.8. Statistical Analyses

The Pearson correlation method was used for correlation analysis between pairs of
continuous variables. To identify differences between two independent groups, an unpaired
t-test was used. Parametric data comparing three or more groups were analyzed with
one-way ANOVA and Tukey’s multiple comparisons test, while non-parametric data were
analyzed with the Kruskal–Wallis test and Dunn’s multiple comparison test. Pearson’s chi-
squared test was used to determine whether there was a statistically significant difference
between frequencies. A result was considered statistically significant when the p-value was
<0.05. Data were analyzed and visualized using SPSS Statistics v. 23 (Armonk, NY, USA,
IBM Corp.) and GraphPad Prism 8.

3. Results

We evaluated 74 asthma patients. A total of 69% of them were female. The mean age of the
population was 57 ± 17 years. The mean body mass index (BMI) was 29 ± 6 kg/m2 (Table 1).

Overall, 24%, 13%, 6%, 5%, 29% and 23% of the participants had mild well-controlled,
mild uncontrolled, moderate well-controlled, moderate uncontrolled, severe well-controlled,
and severe uncontrolled asthma, respectively.

Furthermore, 67% of the population had T2-high asthma according to the measured T2
high biomarkers (blood eosinophil count ≥ 150 cells/µL and FeNO ≥ 20 ppb). Overall, 26%
received biologics (15% and 85% received omalizumab and mepolizumab, respectively),
while 34% had persistent airway obstruction. The demographic, clinical and spirometric
characteristics of the study population are presented in Table 1. Females had significantly
less symptom control than males (Table 1).

Abbreviations: BMI, body mass index; FeNO, fraction of exhaled nitric oxide; FEV1,
forced expiratory volume in the first second; FVC, forced vital capacity. No significant
differences regarding the measured laboratory parameters (white blood cell count, CRP,
sodium, potassium, urea, creatinine, AST, ALT, γGT, and ALP were detected among
genders. The comparison of serum suPAR levels among groups of asthmatics is presented
in Table 1.
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Table 1. Demographic, clinical and spirometric characteristics of the asthmatics (n = 74).

Parameter Study Population (n = 75) Males (n = 23) Females
(n = 52) p-Value

Age (years) 57 ± 17 52 ± 18 59 ± 16 0.089

BMI (kg/m2) 29 ± 6 28 ± 6 29 ± 6 0.758

T2 high phenotype 50 (67) 19 (83) 31 (60) 0.042

Eosinophils (cells per µL) 199 ± 171 194 ± 130 202 ± 185 0.869

FeNO (ppb) 10 ± 3 13 ± 2 9 ± 5 0.216

Mean FEV1/FVC 74 ± 9 73 ± 7 74 ± 9 0.566

Obstruction in spirometry (FEV1/FVC < 70) 25 (34) 7 (30) 18 (34) 0.354

ACT 20 ± 6 22 ± 2 19 ± 5 0.005

Biologics (yes) 19 (26) 6 (26) 13 (25) 0.585

Note: Data are expressed as mean ± SD or as frequencies (percentages).

suPAR levels were significantly higher in asthmatics with severe uncontrolled asthma
not receiving biologics than in patients with moderate uncontrolled asthma (3.3 ± 0.7 vs.
2.1 ± 0.4 ng/mL, p = 0.023) (Figure 1). Moreover, suPAR levels were significantly lower in
asthmatics with moderate uncontrolled asthma than in patients with severe uncontrolled
asthma without (2.1 ± 0.4 vs. 3.3 ± 0.7 ng/mL, p = 0.023) or with biologics (2.1 ± 0.4 vs.
3.6 ± 0.8 ng/mL, p = 0.029) (Figure 2).

No correlations were found between suPAR levels and age, BMI, T2 biomarkers,
white blood cell count, CRP, electrolytes, parameters of the kidney and liver function, or
spirometric parameters (Supplementary Table S1). The correlation analysis between suPAR
levels and the most important parameters is shown in Figure 3.
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Figure 3. Correlation analysis between suPAR levels and age, body mass index (BMI), T2 biomarkers,
and forced expiratory volume in the first second (FEV1)/ forced vital capacity (FVC). Note: No
correlation was found between suPAR levels and fractional exhaled nitric oxide (FeNO) (r = −0.014,
p = 0.308), eosinophils % (r = −0.037, p = 0.767), eosinophil count (r = −0.016, p = 0.895), age (r = 0.14,
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4. Discussion

This study found that suPAR levels were significantly higher in asthmatics with severe
uncontrolled asthma with or without biologics than in patients with moderate uncontrolled
asthma. No correlations were found between suPAR levels and age, BMI, T2 biomarkers,
white blood cell count, CRP, electrolytes, kidney and liver function parameters, CRP, or
spirometric parameters.

Previous studies have shown that suPAR is associated with disease progression and
severity in multiple diseases. Thus far, few studies have explored suPAR’s role in asthma
outcomes [1]. More specifically, elevated suPAR levels have been associated with hospital
all-cause readmission and all-cause mortality in hospitalized patients with a diagnosis of
asthma made as soon as they were acutely admitted to the emergency department [8]. An-
other study found that suPAR concentrations were increased in a small cohort of asthmatics
with poor disease control compared to patients with well-controlled asthma [1].

In this study, we found no correlation between age and suPAR levels. Nevertheless,
there is evidence that age is a non-modifiable risk factor that correlates with an increase in su-
PAR levels [14]. A previous study in a population of 182 generally healthy individuals aged
74–89 years found that those aged 24–66 years had higher suPAR levels than younger con-
trols: 3.79 ng/mL (95% CI 3.64–3.96 ng/mL) vs. 3.16 ng/mL (95% CI 2.86–3.45 ng/mL) [14].
These levels increased further with advancing age and were similar in women and men.
Aging is associated with systematic cardiac and vascular structure alterations due to im-
munological responses and natural hormonal changes, resulting in a gradual decline in
organ function [14]. However, in our study, we excluded asthmatics with comorbidities
associated with low-grade chronic inflammation processes such as diabetes, heart failure,
and malignant and inflammatory systemic diseases; this could explain the fact that we did
not find any association between age and suPAR levels.

Although obesity is considered a low-grade inflammatory disease, or parainflamma-
tion, in this study, we found no association between suPAR levels and BMI. Limited data
investigate suPAR as an inflammatory biomarker in obesity. More specifically, Kosecik et al.
reported that suPAR has no predictive value for future atherosclerosis in obese children
after investigating 136 participants with a median age of 12.05 years [15].

We found no association between suPAR levels and T2-high biomarkers. A previous
study documented that in patients acutely admitted with asthma, elevated suPAR con-
centrations together with blood eosinophil count < 150 cells/µL at the time of hospital
admission were associated with both 365-day all-cause readmission and mortality, imply-
ing that in asthma, the uPAR pathway associates with non-T2 asthma but is implicated
in neutrophils and T1/T17 T-cells that are thought to be part of the pathogenesis of the
non-T2 asthma endotypes [14,16,17].

Neutrophils are a primary source of circulating suPAR [18]. Studies report the use-
fulness of suPAR in predicting severe outcomes in critical illness related to inflammatory
and infectious diseases [18], along with CRP and leukocytes. In this study, we found no
correlation between suPAR and other inflammatory markers, such as white blood cell
count or CRP, given that we excluded patients with significant comorbidities. In the same
context, no correlation was detected between suPAR and kidney parameters and liver
function parameters. However, there is evidence that suPAR plasma levels were signifi-
cantly higher in patients with chronic kidney disease (7.9 ± 3.82 ng/mL) than in controls
(1.76 ± 0.77 ng/mL, p < 0.001) and correlated with disease severity [19]. Similar to its
prognostic properties in patients with sepsis, serum suPAR concentrations might serve as
an interesting biomarker in cirrhosis and acute liver failure [19].

FEV1 levels are not the only factor taken into account to classify disease severity [16];
they have long been known to be one of the major predictors of mortality among individ-
uals with asthma [16]. However, lung function deficits with magnitudes insufficient to
cause clinically manifest functional impairments found in mild asthma are also related
to molecular pathways that increase susceptibility to the pulmonary effects of exposures.
Furthermore, small airway disease (SAD) is highly prevalent in asthma, even in patients
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with milder disease. Structural alterations at the peribronchiolar level contribute to the
pathogenesis of functional abnormalities observed in patients with asthma [16]. Remodel-
ing can affect small airway wall stiffness, thereby changing their distensibility. Given the
clinical impact of SAD, its presence should not be underestimated or overlooked as part of
the daily management of patients with asthma. SAD is likely to be directly or indirectly
captured by combinations of physiological tests, such as spirometry. Notably, suPAR levels
have been previously linked to impaired lung function and airway resistance [1]. This
study found no correlation between suPAR levels and airway obstruction. Further research
is needed to evaluate any potential correlation between suPAR levels and SAD using more
detailed techniques.

In asthma, a panel of several cytokines, chemokines, and granule proteins induce
airway inflammation and hyperresponsiveness through enhancing innate and type 2 (T2) or
non-T2 immune responses [1,8,16]. Although disease severity-related airway inflammation
is found in asthma, new evidence has documented persistent chronic airway inflammation
and remodeling in mild asthma, except for those with severe asthma, as defined by the
treatment step [8]. Neutrophilic asthma is the lesser-known asthma phenotype and is
characterized by severe refractory disease. Airway neutrophilia is associated with asthma
severity, acute asthma exacerbation, and airflow limitation. However, neutrophils can also
be detected in the airways of mild asthmatics [8,16]. Interestingly, studies suggest that the
inflammation reflected in circulating suPAR concentrations in part stems from neutrophil
activity [9], commonly considered to be non-T2 inflammation [16]. Accordingly, this study
found no correlation between suPAR concentrations and T2 biomarkers such as eosinophils
and FeNO.

Our study’s findings should be interpreted within the context of its limitations. As
such, when considering absolute numbers, our study’s population is small, in a single center
with patients from the same population in terms of geo-ethnicity, limiting our findings’
generalizability. Larger multi-center and multi-nation studies are needed to confirm our
results. However, other factors could not have confounded our findings, given that we
carefully excluded patients with comorbidities associated with high suPAR levels.

5. Conclusions

suPAR levels were higher in asthmatics with severe disease receiving or not receiving
biologics than in those with moderate uncontrolled asthma. suPAR’s high stability in
plasma samples and its noninvasiveness make it an ideal candidate for the management
of asthma and the prediction of worse outcomes. The findings of this study suggested a
prognostic value of suPAR that would translate into clinical practice in asthma patients
and might predict step-up treatment benefits across the spectrum of asthma severity.
Furthermore, the information can be used to develop targeted interventions aimed at the
risks of so-called mild asthma. An important practical implication is that suPAR might be a
useful addition to existing stratification algorithms for identifying patients that particularly
benefit from step-up treatment. This study also indicates that suPAR levels might be
effective for clinical use associated with specific clinical features, inflammatory phenotypes
of asthma, or impaired lung function.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jpm12111776/s1.
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Abstract: Pulmonary embolism (PE) is a rather common cardiovascular disorder constituting one
of the major manifestations of venous thromboembolism (VTE). It is associated with high mortality
and substantial recurrence rates, and its diagnosis may be challenging, especially in patients with
respiratory comorbidities. Therefore, providing a prompt and accurate diagnosis for PE through
developing highly sensitive and specific diagnostic algorithms would be of paramount importance.
There is sound evidence supporting the use of biomarkers to enhance the diagnosis and predict the
recurrence risk in patients with PE. Therefore, several novel biomarkers, such as factor VIII, Ischemia
Modified Albumin, and fibrinogen, as well as several MicroRNAs and microparticles, have been
investigated for the diagnosis of this clinical entity. The present review targets to comprehensively
present the literature regarding the novel diagnostic biomarkers for PE, as well as to discuss the
evidence for their use in daily routine.

Keywords: pulmonary embolism; diagnosis; D-dimers; biomarkers; ischemia modified albumin;
microparticles; microRNAs; Factor VIII

1. Introduction

Pulmonary embolism (PE) is a relatively common cardiovascular disorder that con-
stitutes one of the two major manifestations of venous thromboembolism (VTE). PE may
be associated with high mortality, especially in untreated cases; undiagnosed PE carries
a 30% mortality rate, which falls to 8% when diagnosed [1]. PE diagnosis may be chal-
lenging, especially in patients with respiratory comorbidities [1]. Therefore, it is crucial to
provide a prompt and accurate diagnosis for PE by developing highly sensitive and specific
diagnostic algorithms.

The diagnosis of the disease is based on the individual patient’s clinical probability
for PE combined with laboratory and non-invasive imaging methods, mainly Computed
Tomography Pulmonary Angiography (CTPA), which serves as the gold standard [2]. Since
PE pathophysiology is rather complex, incorporating both thrombotic and inflammatory
components, a plethora of “novel” biomarkers for PE diagnosis is currently under investi-
gation with the ultimate goal to increase diagnostic accuracy, leading to the effective and
appropriate management of this potentially lethal clinical entity.

The purpose of the present narrative review is to discuss some of the novel diagnostic
biomarkers for PE and illustrate the evidence for their use in everyday clinical practice.
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Furthermore, we provide an updated review of the contemporary approaches concerning
D-dimer testing for the diagnosis of PE.

2. Methods

To identify relevant articles for the present literature review, we performed an elec-
tronic search of the PubMed (MEDLINE), Google Scholar, and Scopus databases. We
used the following keywords combined with the Boolean operators “AND” and “OR”, as
appropriate: “Pulmonary Embolism”, “Diagnosis”, “D-dimers”, “Biomarkers”, “Ischemia
Modified Albumin”, “MicroRNAs”, “Fibrinogen”, “Factor VIII”, and “Microparticles”. The
results were limited to those written in English. The last literature search was performed
on 1 March 2022. Three independent investigators (A.G., A.P., M.M) screened the titles and
abstracts to select potentially relevant articles for inclusion. The full text of the selected
articles was thoroughly examined, and the studies presenting original data on PE diagnosis
and different biomarkers were finally included.

3. Fibrinogen

Fibrinogen is a large, complex, fibrous glycoprotein, which is converted into fibrin
during the coagulation cascade, yielding the fibrin clot for hemostasis [3,4]. Moreover,
fibrinogen is produced as an acute phase reactant by the liver in response to inflammation
or ischemia. The cleaving of fibrin by plasmin results in the production of D-dimers, which
represent the expression of fibrin degradation occurring during the fibrinolytic activity of
clot breakdown [5]. Due to its nature as an acute phase reactant, as well as a significant part
of the coagulation cascade, the measurement of fibrinogen levels combined with D-dimer
levels has been proposed as a valuable diagnostic tool for the diagnosis of PE.

A prospective study assessed the D-dimer and fibrinogen levels in 191 outpatients
with suspected PE and observed that patients suffering from PE had a lower fibrinogen and
higher D-dimer/fibrinogen (D/F) ratio versus those without PE [6]. The inverse relation
of D-dimer and fibrinogen is indicative of activated coagulation leading to fibrinogen
consumption and the simultaneous activation of endogenous fibrinolysis, resulting in
D-dimer elevation. Moreover, low fibrinogen levels can be explained by the impaired
fibrinogen synthesis due to liver congestion caused by right ventricular failure in patients
with PE. At the cut-off point of 100% specificity, the true PPV of D/F ratio > 1.04 × 103 was
approximately twice as high when compared with D-dimer > 7000 mg/L (57.6% vs. 29.4%).
As such, the authors supported that a D/F ratio > 1000 is highly specific for acute PE and
might be used as a “rule in” test. [6]. In the same context, Kara et al. [4] demonstrated that
patients with PE had q significantly increased D/F ratio compared to controls. However,
this change was attributed to increased D-dimer levels, since fibrinogen did not differ
between groups. Importantly, the D/F ratio displayed greater specificity than D-dimer
levels alone for PE diagnosis (37% vs. 27%, respectively) [4].

Interestingly, in a large Danish study of 77,608 individuals, high fibrinogen levels
were observed in patients with PE in combination with DVT; fibrinogen levels ≥ 4.6 g/L
were associated with a multivariate-adjusted odds ratio of 2.1 [7]. On the other hand, to
make matters more complicated, in a prospective study of 40 PE patients, one-third of the
patients had a fibrinogen level out of the normal range and the study did not reveal lower
fibrinogen levels in patients with a positive D-dimer test [8].

Another argument that has been raised is whether the D/F ratio may be utilized
for the diagnosis of PE in specific clinical settings, such as Intensive Care Unit (ICU)
patients. Critically ill patients may have elevated D-dimer and low fibrinogen levels due to
several factors, such as infections, malignancies, or severe cardiac or respiratory diseases,
rendering them unreliable for the diagnosis of PE [9,10]. In these instances, the D/F ratio
may be preferable instead. Indeed, Hajsadeghi et al. [10] suggested that the D/F ratio
in ICU patients was significantly higher when PE was present, having almost the same
AUC with D-dimer for diagnosing patients with PE (0.710 vs. 0.714 for D/F ratio and
D-dimers, respectively), while in contrast, the fibrinogen levels did not differ significantly
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(536.73 ± 186.32 vs. 586.33 ± 211.06, p = 0.298). More specifically, a D/F cut-off ratio of
0.233 × 10−3 had the highest accuracy in the diagnosis of PE in an ICU setting (sensitivity
70%, specificity 67.1%) [10].

In conclusion, the utility of the D-dimer/fibrinogen ratio as a diagnostic tool for the
diagnosis of PE, although promising, remains controversial. The data found in the literature
are not conclusive and are derived from small cohorts. One has to take into account that
the aforementioned data lack external validation and cannot be safely applied in clinical
practice before further larger randomized clinical trials confirm their findings [4,6,10].
Table 1 summarized the available data on the use of fibrinogen in the diagnosis of PE.

Table 1. Summary of the available studies on the use of fibrinogen in the diagnosis of PE [4,6,8,10].

Study/YOP Number of Participants Results

Kucher et al., 2003 [6] 191 A D/F ratio of >103 is highly specific for the presence of acute PE
It doubles the diagnostic rate compared with D-dimer testing alone

Kara et al., 2014 [4] 200
D-dimer cutoff of 0.5 mg/mL vs. D/F ratio cutoff of 1.0:
D/F ratio may have a better
specificity than D-dimer level in PE diagnosis

Hajsadeghi et al., 2012 [10] 81

Significantly higher D/F ratio (0.913 ± 0.716 vs. 483 ± 0.440 × 10−3,
p = 0.003) in PE patients than in non-PE patients.
A D/F ratio of 0.417 × 10−3 (AUC = 0.710, p = 0.004) had 70.3%
sensitivity and 61.6% specificity.

Calvo-Romero et al., 2004 [8] 40

Fibrinogen levels similar in patients with a negative vs. positive
D-dimer test
Fibrinogen levels not statistically different in patients with DVT and
PE vs. patients with isolated DVT (trend observed, p = 0.1).

4. Ischemia-Modified Albumin (IMA)

Ischemia-Modified Albumin (IMA) is a molecule formed by the modification of albu-
min by reactive oxygen radicals [11]. Human serum albumins consist of 585 amino acids
and the first 3 amino acids in the N-terminus, Asp-Ala-His, constitute a specific binding
site for transition metals, which is susceptible to degradation. IMA is formed through the
modification of this protein region due to the effect of reactive oxygen radicals produced
by ischemia [12]. Serum IMA levels may increase in several acute conditions, namely, acute
coronary syndrome, cardiac arrest, stroke, and mesenteric ischemia [11,13,14].

Published data from small cohort studies suggest that IMA levels are higher in PE
patients vs. controls, and thus IMA has been proposed as a potential diagnostic biomarker
for PE [15]. Turedi et al. [16] studied 30 PE patients and 30 healthy volunteers and demon-
strated a statistically significant increase in serum IMA levels above 0.540 Absorbance Units
in 97.7% of PE patients. In line with the aforementioned findings, a serum IMA above
0.4 had a sensitivity of 53.8% and specificity of 89.6% for PE, and the IMA levels were
positively correlated with shock index and heart rate but failed to predict RV dysfunction
in an experimental animal study [11]. A consequent study suggested that the IMA levels,
in combination with clinical probability scores, had similar negative predictive value (NPV)
and sensitivity to D-dimer testing [15]. However, IMA had a greater positive predictive
value (PPV) compared to D-dimer (79.4% vs. 69.4%) but was not high enough to confirm
the diagnosis of PE without additional investigation [15].

Despite that the aforementioned data favor a role of IMA in PE diagnosis, they should
be interpreted with caution since they derive from small retrospective cohorts (i.e., patients
were not followed-up for subsequent development of PE). The fact that there is no evidence
about IMA’s role in PE in the last 10 years highlights the need for more studies with
greater sample sizes in order to conclude more reliable results. Furthermore, IMA may be
elevated in many other conditions (e.g., exercise, congestive heart failure), thus performing

201



J. Pers. Med. 2022, 12, 1604

multivariate analysis for possible confounders is crucial. Table 2 summarizes the available
on the use of IMA in the diagnosis of PE.

Table 2. Summary of the available studies on the use of IMA in the diagnosis of PE [12,16].

Study/YOP Number of
Participants Results

Turedi et al.,
2006 [16] 60

Mean IMA levels in PE patients: 0.724 ± 0.122 ABSU
Mean IMA levels in controls: 0.360 ± 0.090 ABSU
Statistically significant difference (p < 0.0005)

Turedi et al.,
2008 [12] 189

Cut-off point of 0.25 ABSU:
Sensitivity = 93% Specificity = 75%
PPV = 79.4%
NPV = 78.6%
For PE diagnosis

5. Factor VIII

Factor VIII (FVIII) is a glycoprotein produced in liver sinusoidal cells and endothelial
cells which is essential in the coagulation cascade [17]. Activated Factor VIII (FVIIIa) is
derived by limited proteolysis, catalyzed by thrombin or activated factor X. FVIIIa increases
the catalytic efficiency of activated factor IX in the activation of factor X. FVIII accelerates,
through Xa, the conversion of prothrombin to thrombin, which converts fibrinogen to
fibrin. Additionally, high FVIII levels may increase the thrombotic risk by decreasing
responsiveness to activated protein C (APC) [18]. Consequently, FVIII plays an important
role in the amplification of the clotting cascade at sites of vascular injury [19]. Studies
indicate a direct relationship between high plasma levels of FVIII and arterial or venous
thrombosis and PE [20–30].

Several studies reported that elevated plasma FVIII levels may represent a significant,
independent risk factor for PE in a quantitative dependent pattern [20,21,23,24,26–31]. In
1995, Koster et al. reported the independent quantitative response association between
FVIII levels and DVT (p < 0.001). In patients with FVIII levels above 1500 IU/L, there was a
dose–response relation of FVIII levels with the risk of thrombosis (OR = 4.8) [20]. Other
investigators also confirmed this independent and quantitative relationship. Rietveld et al.
in 2019 [31], performed a large case–control study that assessed the levels of coagulation
factors in relation to the risk for VTE. Their results showed that FVIII levels, as well as Von
Willebrand Factor levels, had the strongest association of all coagulation factors with VTE,
and this association was found to be independent of BMI, major illness, or CRP levels. The
relative risks were similar for patients with provoked and unprovoked (idiopathic) VTE.
The relative risks were found to be 15.0 (95% CI 8.6–26.1) for PE, 27.8 (95% CI 16.9–45.8)
for DVT, and 43.2 (95% CI 16.6–122.5) for PE with DVT, suggesting that FVIII levels play
different roles in the DVT and PE etiology [31]. Payne et al. also supported the independent
relationship between FVIII levels and VTE [30]. In addition, it has been shown that Von
Willebrand Factor levels correlate with FVIII levels, and this combination elevates, even
more, the risk for VTE [24,30,31]. Interestingly, O’Donnell J et al. reported that elevated
FVIII:C levels following VTE are persistent and independent of the acute phase reaction [23].
This result was further supported by Sane et al. who measured FVIII levels during PE
diagnosis in 63 patients and after a 7-month follow-up period. The levels of FVIII were
higher during PE diagnosis compared with the follow-up levels (167.2% vs. 155.1%) but the
difference was not statistically significant (p = 0.07) [32]. Moreover, Oger et al. demonstrated
a quantitative relationship between FVIII levels and VTE, not only in young adults but
elderly patients (>70 years old) as well [26].

Regarding PE, Erkekol et al. supported the existence of a quantitative correlation
between factor VIII levels and thrombosis, since high plasma levels of FVIII (>168 U/dL)
were found in 53.3% (OR 11.04; 95% CI 3.65–33.35) of isolated PE patients and 55.0%
(OR 11.81; CI 3.49–39.92) of patients with a combined form of PE and DVT compared with
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9.4% in control patients. The risk was not affected after adjustment for other possible risk
factors [27]. Heerink et al. found that the levels of FVIII were higher in patients with PE
when compared with healthy controls, but the population of PE patients in this study was
small (n = 11) [33]. In contrast to the previous results pointing to the specificity of FVIII
levels, Kamphuisen et al. found high FVIII levels (≥150 IU/dL) at the acute phase in both
PE patients and subjects with various etiologic substrates (pneumonia, heart failure, or
malignancy) [25].

While several studies have investigated the possible use of FVIII levels as a biomarker
for the diagnosis of PE, their importance remains unclear. The aforementioned observations
need further confirmation by studies focusing on the potential influence of comorbidities
(such as cancer, heart disease, or lung disease) and the acute phase reactions at the FVIII
plasma level.

6. MicroRNAs

MicroRNAs (miRNAs) are non-coding RNAs with a length of approximately 22 nu-
cleotides that are involved in important cellular pathways such as development, prolif-
eration, and apoptosis [34]. They are present in various body fluids, being remarkably
stable due to carrier-protein binding [35] and consequently, in recent years, they have been
studied as non-invasive biomarkers for various disorders such as cancer, cardiovascular,
and cerebrovascular diseases [36,37]. Various miRNAs have been reported to regulate
several hemostatic factors (fibrinogen, factor XI, etc.), modulate platelet activation and
aggregation, and have been found to be dysregulated in venous thrombosis [38,39].

In 2011, Xiao et al. were the first group that investigated the possibility of identifying
some miRNAs as potential biomarkers for the diagnosis of acute PE. Specifically, they
reported that miRNA-134 was significantly elevated in patients with acute PE when com-
pared with healthy individuals, reporting a sensitivity of 68.8% and specificity of 68.2% [40].
In 2016, Deng et al. [41] published a systematic review and meta-analysis based on three
studies [40,42,43], concluding that, although more research is needed to validate their role
as diagnostic biomarkers for acute PE, miRNAs seem to represent reliable novel biomarker
candidates (pooled sensitivity: 83%, pooled specificity: 85%). Since then, more original
studies have been published [44–46], reporting that various miRNAs are upregulated
during acute PE episodes and can be an additional tool available to the physician. An inter-
esting study reported that miRNA-1233 and miRNA-134 can be potentially used to identify
patients with acute exacerbation of chronic obstructive pulmonary disease complicated by
acute PE [46].

It is important to note that some groups have investigated the possibility of com-
bining various miRNAs with each other and with other established biomarkers such as
D-dimers to increase their diagnostic efficacy [45]. Combining miRNA-27a/b with D-
dimers significantly increases the capacity for diagnosing acute PE [45]. In more detail,
combining miRNA-27a or miRNA-27b with D-dimers resulted in a significant increase in
the area under the receiver operating characteristic (ROC) curve, reaching 0.909 and 0.867,
respectively.

Collectively, these findings support the hypothesis that miRNAs may serve as a novel
biomarker for the diagnosis of acute PE; however, further research in this field has to be
performed, as studies up to this date have limited statistical power and reproducibility.
Table 3 summarizes the available data on the use of miRNAs in the diagnosis of PE.
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Table 3. Summary of the available studies on the use of miRNAs in the diagnosis of PE [40,42–46].

Study/YOP No Subjects/
Sample from

Cut-Off
Value Molecule Results

Xiao J et al.,
2011 [40] 54/plasma 0.003 miRNA-134

miRNA-134 levels were higher in patients with acute PE
compared with healthy individuals, reporting a
sensitivity of 68.8% and specificity of 68.2%
Additionally, used miRNA-134 to differentiate between
acute PE patients and non-PE patients that reported
dyspnea, chest pain, or cough

Zhou X et al.,
2016 [42] 74/plasma 1.66 miRNA-28-3p MiRNA-28-3p was significantly elevated in the plasma of

PE patients.

Kessler et al.,
2016 [43] 42/plasma

0.53
0.63
0.51

miRNA-1233,
miRNA-27a,
miRNA-134

miRNA-1233, miRNA-27a, and miRNA-134 were
significantly higher in the serum of acute PE patients in
comparison to healthy controls
The 1233-miRNA differentiated the acute PE patients
and the NSTEMI, DVT, and chronic pulmonary
hypertension patients

Liu T et al.,
2018 [44] 110/plasma NA miRNA-221

The plasma levels of miRNA-221 were significantly
increased in patients with acute PE when compared with
healthy individuals.
The levels in patients with acute PE were positively
correlated with levels of BNP, troponin I, and D-dimer.

Wang Q et al.,
2018 [45] 148/plasma 0.115,

0.059
miRNA-27a
miRNA-27b

The plasma levels of miRNA-27a and miRNA-27b were
significantly higher in APE patients (p < 0.001) compared
with normal controls.
Combining miRNA-27a/b with D-dimers significantly
increased the capacity for diagnosing acute PE

Peng L et al.,
2020 [46] 52/plasma NA miRNA-1233,

miRNA-134

miRNA-1233 and miRNA-134 have high clinical value in
the early diagnosis of patients of acute exacerbation of
chronic obstructive pulmonary disease combined
with PE
These miRNAs could be used as potential biomarkers for
clinical identification of acute exacerbation of chronic
obstructive pulmonary disease with or without PE
complications.

7. Microparticles

Microparticles (MPs) are small vesicles of <1 micron in size, derived from various cell
types, including platelets, monocytes, endothelial, and cancer cells [5,47]. MPs are formed
from membrane vesicles released from the cell surface by the proteolytic cleavage of the
cytoskeleton. MPs provide procoagulant molecules, especially anionic phospholipids (par-
ticularly phosphatidylserine) and tissue factor (TF) protein, for the assembly of components
of the coagulation cascade [47]. As a result, many studies aimed to investigate the role
of MPs in inflammation, cancer, and other diseases [48]. Due to their involvement in the
formation of thrombi, MPs have been proposed as potential biomarkers for the diagnosis
of VTE and acute PE [48,49].

In a study by Rezania S et al. plasma MP levels were evaluated in PE patients and
healthy volunteers using standard fluorescent polystyrene beads. A relative abundance
of plasma MPs was noted in the PE patients [50]. Furthermore, there was a correlation
between the PE and Platelet-Derived MPs (PDMPs) plasma levels; the PE patients exhibited
higher levels of PDMPs as compared to their healthy counterparts [51]. The association
between acute PE and procoagulant MPs levels was also highlighted by Bal et al. [52].
Specifically, circulating MPs and platelet MPs were significantly elevated in PE patients
compared to healthy controls, but this correlation was not statistically significant when PE
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patients were compared with controls with cardiovascular risk factors such as hypertension
and diabetes [52].

The correlation between MP levels and cardiovascular diseases, such as hypertension
and coronary artery disease, has been previously reported [52,53]. These results highlight
the importance of adjusting the measurement of MPs in patients with cardiac comorbidities
when PE is suspected.

In conclusion, these studies provide evidence in favor of the clinical use of MPs for
diagnosis, but potentially after adjustment for other comorbidities (cancer, cardiovascular
diseases) which may also increase the levels of MPs in patients’ serum.

8. Other Biomarkers and PE

There are several more novel biomarkers that have been proposed as potential biomark-
ers for the diagnosis of PE. Limited data on those biomarkers are available; thus, their use
in clinical practice is still considered questionable.

Endothelial cell-specific molecule 1, or endocan, a soluble dermatan sulfate proteo-
glycan [54], has been associated with PE, predicting the severity of pulmonary artery
occlusion [55,56]. Güzel et al. measured serum endocan levels in 46 PE patients and re-
ported a significant difference in the serum endocan levels between PE patients and healthy
controls 321.93 vs. 192.77 mg/L (p < 0.03) [55]. On the contrary, Mosevoll et al. dispute
the diagnostic value of endocan in PE, showcasing that no difference in endocan levels
between patients with PE and healthy controls was noted in their study [57]. Thus, the use
of endocan as a PE biomarker has to be examined further before definite conclusions can
be drawn.

The soluble urokinase-type plasminogen activator receptor (suPAR) is the soluble form of
the urokinase-type plasminogen activator receptor, which is a glycosyl-phosphatidylinositol
(GPI)-linked membrane protein [58] and an integral part of the fibrinolytic system. SuPAR
has also been related to VTE. The incidence of VTE in 5203 subjects was higher in patients
with high suPAR levels independently of several potential confounding factors (age, sex,
BMI, smoking, systolic blood pressure, cholesterol, HDL, leukocyte count, diabetes, history
of atrial fibrillation, history of cardiovascular disease) during a 15.7-year follow-up [58].
However, suPARs’ role in PE is still unclear and needs further examination before definite
conclusions can be drawn.

C-reactive protein (CRP) is a biomarker of systemic inflammation which has also been
evaluated as a diagnostic marker in PE. CRP levels had a sensitivity of 95.7% [95% confi-
dence interval (CI): 90–100] and an NPV of 98.4% (96–100). CRP < 5 mg/L with a clinical
probability score indicating ‘PE unlikely’, had a sensitivity of 96.7% (90–100), specificity
of 43.0% (37–49), and NPV 99.1% (97–100) [59]. Moreover, lower CRP levels have been
shown to relate to unprovoked (idiopathic) PE [60], and changes in serum high-sensitivity
CRP (Hs-CRP) levels could help in the severity categorization of PE (i.e., massive or minor
PE) patients, as well as outcome prediction [61]. Thus, it has been proposed that CRP
levels could be used to safely exclude PE, either alone or combined with clinical probability
assessment [59,61].

A contemporary working hypothesis suggests that proteomic analysis could be used
to identify potential biomarkers for PE. According to Granholm F et al. [62], the use of
proteomic analysis showed that Complement component 9, Complement factor H, and
Leucine-rich α-2-glycoprotein were increased in patients with PE, whereas Carboxylic
ester hydrolase, Antithrombin-III, Procollagen C-endopeptidase enhancer, Serpin pepti-
dase inhibitor, clade A, member 4, Afamin, and, N-acetylmuramoyl-L-alanine amidase,
among others, were decreased. These findings consider proteins of general inflammation,
atherosclerosis, and hemostasis as possible biomarkers in the diagnosis of PE while further
research is needed to confirm it [62]. In the same context, data acquisition mass spectrom-
etry and antibody microarray studies revealed that serum amyloid A1, calprotectin, and
tenascin-C have promising value in PE diagnosis with acceptable sensitivity and speci-
ficity [63]. Few data support the use of haptoglobin (a hemoglobin-binding protein that
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serves as an acute-phase protein) as a biomarker of PE since its levels are increased in PE
patients; the cut-off of 256.74 mg/L had a sensitivity of 62% and specificity of 83% for PE
diagnosis [64].

9. Cost-Effectiveness Perspectives

Another significant parameter regarding the biomarkers in PE diagnosis is the eval-
uation of cost-effectiveness in health care systems worldwide. In fact, the use of an age-
adjusted D-dimer cutoff of <500 ng/mL up to 50 years, then <age × 10 ng/mL, increases
the cost savings by more than USD 80 million per year for the United States health care
system [65]. Moreover, the D-dimer test and lower-limb compression ultrasonography are
not only cost-effective in the diagnosis of PE but also easily available, thus allowing centers
devoid of CTPAs to screen patients with suspected PE and avoid costly referrals [66]. On the
other hand, novel biomarkers are usually expensive, and in an increasingly cost-conscious
health care environment, regulatory approval will not be a guarantee of clinical adoption.
Researchers must prove that a specific biomarker can change clinical practice and reduce
costs by eliminating time-consuming, expensive, and sometimes ineffective diagnostic
tests.

Table 4 summarizes the available data on the use of novel biomarkers in the diagnosis
of PE, according to our literature search.

Table 4. Summary of the use of novel biomarkers in the diagnosis of PE.

Biomarker Comments

Fibrinogen

• Fibrinogen as a biomarker itself seemed to be unreliable for PE diagnosis.
• D-Dimer/Fibrinogen ratio had promising results, especially for critically ill patients, such as

ICU patients.
• Further larger randomized clinical trials have to confirm these findings.

Ischemia modified
albumin

• IMA levels in combination with clinical probability scores (Geneva and Wells score) seem to
play a role in the diagnosis of PE.

• There is a lack of evidence in the last 10 years and a small number of available studies.

Factor VIII

• The correlation between FVIII and PE has been proven by a few studies over the last three
decades.

• Evidence in favor of specificity of FVIII in PE diagnosis.
• Data supports that FVIII is independent of patients’ comorbidities.
• Other studies report that FVIII is high in various other disease processes.
• Despite the promising evidence in favor of the FVIII in PE diagnosis, its specificity and accuracy

are still questioned.

MicroRNAs

• Several miRNAs (miRNA-1233 and miRNA-134) are upregulated during acute PE episodes,
making them potentially useful in PE diagnosis.

• MiRNA-27a/b in combination with D-dimers significantly increases the capacity for diagnosing
acute PE.

Microparticles

• MPs, especially platelet-derived, were found to be elevated in PE patients. However, MPs also
increase in other cardiovascular diseases.

• This points out the need for adjusting the measurement of MPs in patients with cardiac
comorbidities

10. Conclusions

There is evidence supporting the use of biomarkers to enhance the diagnosis and
predict the recurrence risk in patients with PE. There are several molecules related to both
thrombotic and inflammatory PE-associated processes under investigation. So far, only
D-dimer levels have been widely employed for the diagnosis of PE in daily clinical practice
and have been implemented in international guidelines for PE diagnosis. This review was
conducted in order to shed more light on non-D-dimer biomarkers, such as fibrinogen, IMA,
factor VIII, microRNAs, and microparticles, which are present in the current bibliography,
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even though there are not yet randomized control trials to confirm and advance the existing
evidence. Major caveats that should be addressed before the incorporation of biomarkers
in clinical decision algorithms include the estimation of optimal cut-off values, the need for
adjustment for cofounders (i.e., renal function), and the absence of studies that perform
external validation. Further studies addressing the role of the aforementioned candidate
biomarkers in PE should be designed to elucidate their importance in the diagnostic
algorithm of the disease.
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Abstract: Introduction: Community-acquired pneumonia (CAP) presents high mortality rates and
high healthcare costs worldwide. C-reactive protein (CRP) has been widely used as a biomarker
for the management of CAP. We evaluated the performance of CRP threshold values and ∆CRP as
predictors of CAP survival and length of hospital stay. Methods: A total of 173 adult patients with
CAP were followed for up to 30 days. We measured serum CRP levels on days 1, 4, and 7 (D1, D4,
and D7) of hospitalization, and their variations between different days were calculated (∆CRP). A
multivariate logistic regression model was created with CAP 30-day survival and length of hospital
stay as dependent variables, and absolute CRP values and ∆CRP, age, sex, smoking habit (pack-years),
pO2/FiO2 ratio on D1, WBC on D1, and CURB-65 score as independent variables. Results: A total
of six patients with CAP died (30-day mortality 3.47%). No difference was found in CRP levels and
∆CRP between survivors and non-survivors. Using a cut-off level of 9 mg/dL, the AUC (95% CI)
for the prediction of survival of CRP on D4 and D7 were 0.765 (0.538–0.992) and 0.784 (0.580–0.989),
respectively. A correlation between CRP values on any day and length of hospital stay was found,
with it being stronger for CRPD4 and CRPD7 (p < 0.0001 and p = 0.0024, respectively). A reduction
of CRP > 50% from D1 to D4 was associated with 4.11 fewer days of hospitalization (p = 0.0308).
Conclusions: CRP levels on D4 and D7, but not ∆CRP, could fairly predict CAP survival. A reduction
of CRP > 50% by the fourth day of hospitalization could predict a shorter hospital stay.

Keywords: C-reactive protein (CRP); community-acquired pneumonia (CAP); biomarkers; mortality;
prognosis; length of stay

1. Introduction

Community-acquired pneumonia (CAP) is a major public health problem with a
high mortality rate of approximately 5–15% and a considerable socio-economic burden
worldwide [1,2]. It remains a main reason of hospitalization, death, and high healthcare
costs in developed countries, especially among elderly people [3,4].

CRP is an acute-phase protein predominantly produced in the liver. Responding to
infection or tissue inflammation, the production of CRP is rapidly stimulated by cytokines,
particularly interleukin (IL)-6 [5]. Moreover, CRP is not only a marker, but also a driver of
inflammation by human macrophages [6,7].

In patients with severe CAP, a decrease of less than 25% in CRP levels at the second
day was significantly associated with 30-day all-cause mortality [8]. Additionally, a failure
of CRP to fall by 50% or more at day 4 leads to an increased risk for 30-day mortality and
a need for mechanical ventilation [9]. Conversely, a recent 5-year follow-up cohort study
showed no higher admission levels of CRP in patients with CAP experiencing an adverse
short-term outcome (intensive care unit admission and 30-day mortality) [10]. CRP levels
have been shown to decrease after successful antibiotic treatment, and serial assessment of
CRP aided in the early identification of CAP patients with poor outcomes [11,12].
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The correlation of CRP values with the length of hospital stay has also been evaluated.
In 823 adult patients hospitalized with CAP, a lack of a CRP decline within three days of
hospitalization was associated with a high risk of complications and a prolonged hospital
stay [13]. Similarly, in a study from Sweden, it was demonstrated that hospital-treated CAP
patients with high IL-6 or CRP levels had a longer duration of fever and a longer hospital
stay [14]. A reduced length of hospital stay can result in substantially lower costs [15].

The aim of the present study was to assess the predictive value of CRP levels in
patients with CAP. We hypothesized that serum CRP levels on days 1 (D1), 4 (D4), and
7 (D7) could predict survival and hospital length of stay. We carried out a study in which
we evaluated: (1) serum CRP levels on the first, fourth, and seventh day of CAP; and
(2) ∆CRP, as a prognostic marker of CAP survival (up to D30) and length of hospital stay.
We also evaluated whether CRP in any day measured was associated with the severity of
respiratory failure.

2. Materials and Methods
2.1. Study Design and Population

The study was conducted at the 1st University Department of Respiratory Medicine,
University of Athens, from January 2013 until September 2019. The local ethics committee
approved the study.

Initially, 194 patients with CAP were screened. Patients with hospital-acquired pneu-
monia (HAP), immunocompromised patients (hematologic malignancies, HIV,
neutropenia < 1000 cells/mL, and patients who had received chemotherapy or other
immunosuppressive therapy over the past 2 months) were excluded from the study. Pa-
tients who died within the first 2 days of CAP diagnosis were also excluded from the study.
Moreover, patients who had received antibiotic treatment at least 1 day prior to hospital
admission were not included in the study. Finally, 173 patients with CAP comprised the
study group. The day of CAP diagnosis was defined as D1 and was the day that empirical
antibiotic treatment was started. The following days were termed as D2, D3, etc. CRP
levels were measured on D1, D4, and D7 in all patients included in the study. Patients
were followed until the 30th day after CAP diagnosis and then were considered survivors.
Those who died before D30 were considered non-survivors. Antibiotic treatment was
chosen by the treating physician and was modified according to the susceptibility pattern
of the sputum and/or blood culture in case empirical treatment did not cover the isolated
pathogen. Blood samples were collected on D1, D4, and D7. The samples were centrifuged
at 2500 rpm for 15 min, and the plasma was aliquoted and stored at −80 ◦C until analyzed
in a single batch. Circulating levels of CRP were measured using an immunoturbumet-
ric method with a commercially available kit (Dade Behring). Normal values for CRP
were <0.70 mg/dL.

2.2. Statistical Analysis

Values were expressed as mean (±SD) or median (interquartile range 25–75 percentile)
in the case of a skewed distribution. Comparisons between patient groups were performed
by using the Mann–Whitney U-test method. The difference ∆ was calculated using the
formula: ∆ = D4-D1, D7-D4 and D7-D1, respectively. Therefore, ∆CRP4-1 = CRPD4-CRPD1,
∆CRP7-4 = CRPD7-CRPD4, and ∆CRP7-1 = CRPD7-CRPD1, where ∆ > 0 refers to increasing
values and ∆ ≤ 0 refers to reducing values. The ∆CRP values were classified as increasing
or unchanging/decreasing. A univariate logistic regression analysis followed in order to
define the risk factors for CAP survival and hospital length of stay. A multivariate logistic
regression analysis model was created with CAP survival and hospital stay as dependent
variables, whereas the absolute CRP values on D1, D4, and D7, as well as the changes in
CRP values on days D1, D4, and D7 (∆CRP4-1, ∆CRP7-1, and ∆CRP7-4), were set as the as
independent variables. In order to deal with possible linearity, models were created that
contained only absolute values or only changes, as well as models with absolute values
and changes combined together. In order to control for potential confounding factors, age,
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gender, and CURB-65 score were included in the original model. Results were reported as
ORs, adjusted at 95% CI.

Sensitivity and specificity were calculated. Threshold values that gave the best combi-
nation of sensitivity and specificity were judged by calculating the Youden’s index, i.e., the
maximum difference between sensitivity and specificity [16].

The SPSS statistical package was used. A p-value < 0.05 was considered significant.

3. Results

A total of 173 patients with CAP were eventually included in the study. All of them
were hospitalized in the 1st University Department of Respiratory Medicine, University of
Athens, Greece. A flowchart of the study population is shown in Figure 1. The demographic
characteristics and the CRP values are shown in Table 1.

J. Pers. Med. 2022, 12, x FOR PEER REVIEW 3 of 8 
 

 

the changes in CRP values on days D1, D4, and D7 (ΔCRP4-1, ΔCRP7-1, and ΔCRP7-4), 

were set as the as independent variables. In order to deal with possible linearity, models 

were created that contained only absolute values or only changes, as well as models with 

absolute values and changes combined together. In order to control for potential con-

founding factors, age, gender, and CURB-65 score were included in the original model. 

Results were reported as ORs, adjusted at 95% CI. 

Sensitivity and specificity were calculated. Threshold values that gave the best com-

bination of sensitivity and specificity were judged by calculating the Youden’s index, i.e., 

the maximum difference between sensitivity and specificity [16]. 

The SPSS statistical package was used. A p-value <0.05 was considered significant. 

3. Results 

A total of 173 patients with CAP were eventually included in the study. All of them 

were hospitalized in the 1st University Department of Respiratory Medicine, University 

of Athens, Greece. A flowchart of the study population is shown in Figure 1. The demo-

graphic characteristics and the CRP values are shown in Table 1. 

 

Figure 1. Flowchart of the study participants. 

Table 1. Characteristics of patients with CAP. 

Subjects (n = 173) Survivors (n = 167) Non-Survivors (n = 6) p-Value 

Age 62.6 ± 21.4 82.8 ± 13.7 0.011 

Sex (M/F) 98/69 6/0 0.112 

Smoking (C/Ex/N) 65/47/55 1/4/1 0.115 

CRP D1 11.8 ± 9.1 17.8 ± 12.5 0.216 

CRP D4 6.4 ± 6.2 16.9 ± 13.5 0.054 

CRP D7 4.6 ± 5.8 12.8 ± 10.7 0.059 

Length of stay (days) 14.4 ± 12.1 16.5 ± 9.2 0.397 

pO2/FiO2 268.9 ± 76.2 210.5 ± 68.9 0.074 

                    

                    

                   
             

                                  
            

                            
            

                    
                                      

                          

                                                                        
                   

Figure 1. Flowchart of the study participants.

Table 1. Characteristics of patients with CAP.

Subjects (n = 173) Survivors (n = 167) Non-Survivors (n = 6) p-Value

Age 62.6 ± 21.4 82.8 ± 13.7 0.011

Sex (M/F) 98/69 6/0 0.112

Smoking (C/Ex/N) 65/47/55 1/4/1 0.115

CRP D1 11.8 ± 9.1 17.8 ± 12.5 0.216

CRP D4 6.4 ± 6.2 16.9 ± 13.5 0.054

CRP D7 4.6 ± 5.8 12.8 ± 10.7 0.059

Length of stay (days) 14.4 ± 12.1 16.5 ± 9.2 0.397

pO2/FiO2 268.9 ± 76.2 210.5 ± 68.9 0.074

WBC 12,277 ± 4684 12,688 ± 5008 0.816

CURB-65 score
0.513

(0,1,2,3,4) 7/27/70/50/13 0/0/2/3/1
Data are presented as n, mean ± SD. CRP: C-reactive protein, WBC: white blood cell count, CURB: confusion,
urea, respiratory rate, and blood pressure.
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In 11 patients, a positive sputum culture was found (Klebsiella Pneumoniae: 3, Staphy-
lococcus Aureus: 1, Stenotrophomonas Maltophila: 1, MRSA: 1, Pseudomonas Aeruginosa:
3, other Gram (+) bacteria: 1, and other Gram (−) bacteria: 1). A total of 4 patients had a
positive blood culture (Klebsiella Pneumoniae: 1, Streptococcus Pneumoniae: 1, Proteus
Mirabilis: 1, and other Gram (+) bacteria: 1), while in 4 patients with CAP, a positive urine
antigen for strep pneumonia (n = 3) and for Legionella (n = 1) was detected.

3.1. CAP Survival

CRP values exceeded normal levels in 172 out of 173 patients on D1.
During the study period, six patients with CAP died (3.47%). One death occurred on

D3 of hospitalization, and five non-survivors died between D8 and D23. Non-survivors
were older compared to survivors (p = 0.011). There was no difference in CRP levels
between survivors and non-survivors on any day although non-survivors had higher CRP
levels, especially on D4 and D7.

In the univariate analysis, CRPD4 and CRPD7 were able to predict survival of CAP.
However, this predictive performance was lost in the multivariate analysis.

∆CRP scores were not different between survivors and non-survivors either.
Using as cut-off level the value of 9 mg/dL, the AUC and 95% CI for the prediction of

survival for CRP on D4 and D7 were 0.765 (0.538–0.992) and 0.784 (0.580–0.989), respectively
(Figure 2A,B).
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Moreover, neither a reduction of CRP >50% from D1 to D4, nor a reduction >50% from
D4 to D7 were associated with better survival (p = 0.0688 and 0.362, respectively).

CURB-65 was not associated with mortality (p = 0.512), and the addition of CURB-65
to absolute CRP values (D1, D4, and D7) did not improve its performance.

Using a cut-off value of 3 for CURB-65 (thus <3 and ≥3), the AUC and 95% CI for the
prediction of survival was 0.702 (0.5245–0.8801).

One patient with a positive blood culture died, while no pathogen was isolated in
the cultures of the other five non-survivors. Compared to those with a negative blood
culture, patients with a positive blood culture had significantly higher CRP levels on D1
(p = 0.016), while levels on D4 and D7, although higher, did not reach significance (p = 0.128
and p = 0.077, respectively).

3.2. CAP Hospital Length of Stay

A correlation between CRP values on any day and length of hospital stay was found,
being stronger for CRPD4 and CRPD7 (p < 0.0001 and p = 0.0024, respectively).

Furthermore, a reduction of CRP >50% from D1 to D4 was associated with a shorter
hospital length of stay and corresponded to 4.11 fewer days of hospitalization (p = 0.0308).
A reduction of CRP >50% from D4 to D7 corresponded to 1 fewer hospitalization days,
which was not significant (p = 0.5657).

The CURB-65 score was not associated with hospital length of stay (p = 0.2762).
Additionally, a positive correlation was detected between PaO2/FiO2 and CRPD4 or

CRPD7 (p = 0.0008 and p = 0.0392, respectively).
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4. Discussion

Several biomarkers have been evaluated in an effort to assess the prognosis of patients
with CAP, and these measurements are supplementary to traditional clinical tools.

CRP has been established as a widely used inflammatory biomarker in CAP and has
been evaluated in several studies. It is included in the clinical protocols for CAP of several
hospitals [17], and it is mentioned in the guidelines of lower respiratory tract infections
(LRTIs) [18]. Currently, CRP and PCT are the best available tools to assess the severity of
CAP [18]. When CRP levels remain unremarkable or low at follow-up measurements, a
relevant severe infection is very unlikely [19].

In the present study, we aimed to evaluate the predictive performance of CRP in
survival and hospital length of stay in hospitalized patients with CAP. The choice of D1, D4,
and D7 was arbitrary and was based upon the clinical course of CAP, thus at admittance
(D1), after three days of antibiotic treatment when re-evaluation usually occurs (D4), and
towards the end of antibiotic treatment (D7). We did not find any association between
absolute CRP values measured on D1, D4, and D7 and survival of patients hospitalized
with CAP. Neither did we find any association between ∆CRP and CAP survival. However,
a failure to reduce CRP levels <9 mg/dL on D4 and D7 after the initiation of antibiotic
treatment could fairly predict CAP survival. Moreover, we found that a reduction of
CRP of more than 50% from D1 to D4 could predict a shorter hospital length of stay. The
findings of our study regarding mortality are in contrast to the findings of other studies. A
retrospective study from Denmark, including 814 patients with CAP, showed that absolute
CRP levels and relative decline on the third day of hospitalization were both predictors
of 30-day mortality. Moreover, the highest mortality risk was found in CAP patients
with a level of CRP > 75 mg/L who failed to decline 50% by day 3 [20]. Another study
demonstrated that a failure to present a decline in CRP levels was associated with a poor
prognosis, irrespective of the actual level of CRP [21]. Similarly, according to the German
competence network CAPNETZ, in CAP patients without antimicrobial pre-treatment,
survivors had lower values of CRP, as well as PCT and WBC, compared to non-survivors,
and these biomarkers predicted 28-day mortality exclusively in these patients. However, in
patients with antimicrobial pre-treatment, the values of PCT, WBC, and CRP did not differ
significantly in survivors and non-survivors, indicating that there is an effect of antibiotic
pre-treatment in the levels of inflammatory biomarkers [22]. This discrepancy may be
attributed to the low number of deaths in our study population. Only 6 out of 173 patients
died, and this corresponds to a percentage of 3.47%, which is lower in comparison to other
studies. Moreover, the mean age of survivors was lower in comparison to other studies,
possibly contributing to the low mortality since mortality has been shown to increase
with age [23].

Patients with a positive blood culture had higher CRP levels on D1, indicating that
they constituted a more severely ill population. However, this difference was not observed
in D4 and D7 CRP levels, and most importantly, it did not influence the outcome (death or
survival), demonstrating a less crucial effect after the initiation of antibiotic therapy.

The finding of an association of ∆CRP with hospital length of stay is important. CAP
presents a varying spectrum of severity, and hospital stay increases its cost and morbidity
significantly. We found that, of those patients with CAP in whom CRP decreased from D1
to D4, more than 50% stayed in the hospital for four fewer days. The decision of hospital
discharge was based upon the clinician’s decision and other factors, such as social factors
and comorbidities. However, apart from being statistically significant, four fewer days of
hospital stay are clinically important as they correspond to 30% less hospitalization time
and a much lower cost. A relatively small decrease in the length of hospital stay in CAP
can have a significant cost impact, and even a one-day reduction in length of stay has been
shown to yield substantial cost savings [15,24]. Our findings are compatible with the results
of a prospective observational cohort study in Israel which demonstrated that a greater
decrease in CRP levels between the first and second day of hospitalization was associated
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with a shorter length of hospital stay [25]. Similarly, a failure of CRP to decline by day 3 of
hospitalization has been associated with prolonged hospital stay [13].

There are limitations to this study. First, the decision to admit, as well as to discharge,
the patient with CAP was made by the clinician and was not based on specific, pre-defined
criteria. However, almost 80% of the admitted patients had a CURB-65 score ≥2 and
fewer than 4% had a CURB-65 score of 0, indicating that the more severe patients were
hospitalized. The lack of data regarding comorbidities and past vaccinations that are
known to influence susceptibility to CAP is a major limitation of our study. Third, treating
physicians—although in the same department—may have started antibiotic treatment with
different regimens, as there was no specific protocol for guiding antibiotic therapy, and
therefore, ∆CRP could not be strongly associated with successful treatment. However,
the very low death rate demonstrates that, in the majority of CAP patients, the chosen
antibiotic regimen was successful, but it may also be attributed to the lower mean age of
our study group. Another limitation is the low number of patients with an established
microbiological diagnosis. However, this is common in clinical practice. Moreover, since D1
was defined as the day of hospital admission and initiation of empirical antibiotic treatment,
the time between the onset of patients’ symptoms and hospital admission varied among
patients and may have influenced the absolute CRP values at D1, and that is a limitation.
Eventually, the study was conducted in a single center, and accordingly, this makes the
generalizability of our findings ambiguous. A strength of this study is the relatively high
number of patients, without any lost to follow-up, and the fact that it reflects common
clinical practice, as in a real-life situation. None of the included patients had received
antibiotic treatment prior to hospitalization, and thus, they constituted a homogenous
population of in-patients with CAP.

Undoubtedly, there is need for further research on how to use the information pro-
vided by single biomarker measurements and to corroborate the additive value of these
biomarkers in order to improve clinical decision-making regarding the management and
prognosis of hospitalized patients with CAP in daily practice. In conclusion, we found that
CRP levels on D4 and D7 could fairly predict CAP survival, and a reduction of CRP >50%
by D4 of hospitalization corresponded to four fewer days of length of hospital stay.
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Abstract: Globally, chronic obstructive pulmonary disease (COPD) remains a major cause of morbid-
ity and mortality, having a significant socioeconomic effect. Several molecular mechanisms have been
related to COPD including chronic inflammation, telomere shortening, and epigenetic modifications.
Nowadays, there is an increasing need for novel therapeutic approaches for the management of
COPD. These treatment strategies should be based on finding the source of acute exacerbation of
COPD episodes and estimating the patient’s own risk. The use of biomarkers and the measurement
of their levels in conjunction with COPD exacerbation risk and disease prognosis is considered
an encouraging approach. Many types of COPD biomarkers have been identified which include
blood protein biomarkers, cellular biomarkers, and protease enzymes. They have been isolated
from different sources including peripheral blood, sputum, bronchoalveolar fluid, exhaled air, and
genetic material. However, there is still not an exclusive biomarker that is used for the evaluation of
COPD but rather a combination of them, and this is attributed to disease complexity. In this review,
we summarize the clinical significance of COPD-related biomarkers, their association with disease
outcomes, and COPD patients’ management. Finally, we depict the various samples that are used for
identifying and measuring these biomarkers.

Keywords: biomarkers; chronic obstructive pulmonary disease; exacerbations; lung aging; oxidative
stress

1. Introduction

The pathogenesis of chronic obstructive pulmonary disease (COPD) involves a series of
cellular and molecular processes driven by cytokines, chemokines, growth factors, oxidative
stress, apoptosis, proteases-antiproteases imbalance, chronic tissue damage, and repair,
and the relevant receptors and genetic signals [1]. It has become evident that COPD is not a
single disease entity but comprises a set of distinct phenotypes with different underlying
molecular and genetic pathways [2]. COPD-related research is increasingly focused on the
search for biomarkers of the disease [3]. By definition, a biomarker is “objectively measured
and evaluated as an indicator of normal biological processes, pathogenic processes, or
pharmacologic responses to a therapeutic intervention” [4]. The multifactorial nature of the
pathobiology of COPD implies that a large number of molecules could serve as biomarkers
indicative of different aspects of the disease such as the presence or the extent of pulmonary
damage, lung or systemic inflammation, and comorbidities. Moreover, there is a great
interest in developing biomarkers that could enable the clear delineation and quantification
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of the distinct characteristics and outcomes associated with the various COPD phenotypes.
The development of relevant biomarkers is also essential for the evaluation and discovery
of individualized therapies that would combine improved clinical efficacy with minimal
risk of adverse effects for patients in each of the COPD phenotypes.

Over the last years, a variety of biomarkers have been evaluated in COPD, derived
from various sources including peripheral blood and genetic material [5]. Some of these
tests have been reported to be useful to some degree for diagnostic or therapeutic pur-
poses. However, in most cases, the value of the potential biomarkers in guiding COPD
phenotyping and management is limited [6]. The Evaluation of COPD Longitudinally to
Identify Predictive Surrogate End-points (ECLIPSE) study of 2.164 patients with COPD
has provided valuable information concerning COPD phenotypes and relevant biomarkers
and/or genetic parameters [7]. According to the ECLIPSE study, some potential biomarkers
have been identified, but no single biomarker seems to fulfill all the necessary requirements.
All these findings deserve further prospective validation in other COPD cohorts. Table 1
shows biomarkers currently being under investigation. This review aimed to present the
most important recent findings on potential biomarkers derived from the peripheral blood
and genetic material that can be used clinically to impact patient care in COPD.

Table 1. Biomarkers under investigation for COPD management.

Specimen
Type

Readily Available and
Currently Used

Biomarkers

Extensively Investigated
Biomarkers but Not

Sufficiently Validated

Less Investigated
Biomarkers

Peripheral Blood
(plasma/
serum)

Eosinophils MDA Vitamins A, E, and C
CRP GSH, GSH-Px, SOD GGT

IL-6, TNFα, MCP-1 vWF
Extracellular vesicles

(CD62E+, CD31+)

Exhaled air FeNO Ethane

Sputum

IL-6, IL-8, TNF-α 8-isoprostane
MPO MDA

MMP-8, MMP-9, MMP-12,
neutrophil elastase,

Eosinophil peroxidase
SOD, GSH-Px

Leptin

Exhaled breath condensate
8-isoprostane MDA

H2O2 IL-8

Bronchoalveolar
lavage fluid Glutathione

EGFR, HSA, A1AT, TIMP1,
IL-8 and

Cal-protectin

Urine 8-isoprostane

MDA: Malondialdehyde, GSH: glutathione, GSH-Px: glutathione peroxidase, SOD: superoxide dismutase,
GGT: γ-glutamyltransferase, CRP: C-reactive protein, IL: interleukin, TNF-α: tumor necrosis factor-alpha, MCP-
1: monocyte chemoattractant protein-1, vWF: von Willebrand factor, FeNO: fraction of exhaled nitric oxide,
MPO: myeloperoxidase, MMP: matrix metalloproteinase, EGFR: epidermal growth factor receptor, HSA: human
serum albumin, A1AT: alpha-1-antitrypsin, TIMP1: tissue inhibitor matrix metalloproteinase 1.

2. Complete Blood Count-Based Biomarkers

The phenotype of frequent exacerbators (≥2 per year) is characterized by a persistent
elevation of white blood cell (WBC) count, among other features [8,9]. These patients have
a high risk of hospitalization and poorer prognosis, including increased mortality [10,11].
Additionally, peripheral eosinophil level from a complete blood count (CBC) has been
evaluated as a surrogate marker for corticosteroid responsiveness, and eosinophilic bron-
chitis [12,13]. The analysis of the ECLIPSE cohort has shown that eosinophilic inflammation
(eosinophil counts ≥2% at all visits) was present in 37.4% of patients and was associated
with spirometrically and clinically less severe COPD [14]. More importantly, a higher
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blood eosinophil count appears to indicate a subgroup of COPD patients in which the
use of inhaled corticosteroids (ICS) results in reduced exacerbation frequency [12,15,16].
Furthermore, significant elevations in peripheral eosinophil counts have been associated
with a higher exacerbation rate when ICS is withdrawn [17–19]. In the setting of an acute
exacerbation, peripheral eosinophil counts have been reported as an indicator of patients
that would benefit from systemic corticosteroids [20]. This strategy could spare the use
of corticosteroids in patients without eosinophilia avoiding possible adverse effects and
poorer recovery rates [21,22]. The 2019 treatment guidelines from the Global Initiative for
Chronic Obstructive Lung Disease (GOLD) have recommended blood eosinophil counts
≥300 cells·µL−1 in stable COPD as the diagnostic criterion for initiating therapy with
ICS/long-acting β-agonist (LABA) [23]. However, further prospective validation is neces-
sary to allow the widespread clinical implementation of peripheral blood eosinophils as a
guide for the initiation of inhaled or systemic corticosteroids. The optimal cut-off value
for the definition of significant eosinophilia has not been established yet [24]. Optimal
cut-off values are fundamental for the clinical distinction of patients that would benefit
from inhaled corticosteroid therapy. The realization that eosinophilic inflammation is
significant in a subgroup of patients with COPD has been recently translated in the devel-
opment of interleukin (IL)-5 receptor antagonists (benralizumab and mepolizumab) [25,26].
IL-5 expression is transduced through a cooperative signaling network that promotes
eosinophil precursor maturation and prolongs the survival of eosinophils. Previously the
inhibition of IL-5 has been proved efficacious in reducing severe exacerbations in patients
with severe asthma [27]. In a recent phase III trial, mepolizumab at a dose of 100 mg
was associated with a lower annual rate of moderate or severe exacerbations in patients
with COPD and an eosinophilic phenotype documented by a blood eosinophil count of
at least 150 per cubic millimeter at screening or at least 300 per cubic millimeter during
the previous year [26]. Benralizumab is a human monoclonal antibody that enhances
antibody-dependent cell-mediated cytotoxicity by the blockade of IL-5Rα expressed by
eosinophils and basophils [28]. In COPD patients with higher baseline blood eosinophil
counts the administration of benralizumab resulted in improved lung function and health
status and a trend toward reduction in exacerbations [25]. Based on these encouraging
findings phase III studies have been initiated.

Numerous serum biomarkers have been previously tested for their diagnostic, pheno-
typing, and prognostic ability in cohorts of COPD patients. Most of them are inflammatory
markers, such as C-reactive protein (CRP) and IL-6, the circulating levels of which have
been found elevated in patients with COPD [29–31]. These studies produced a series of
associations most of which are summarized in Table 2. These findings should be taken
into account as they may indicate clinical aspects useful for the integrative assessment
of the COPD patient [32,33]. However, the reported associations are highly variable and
sometimes poorly reproducible and seem inadequate to establish a clear relationship with
relevant clinical outcomes of the disease. Thus, at present no single serum biomarker ex-
hibits performance characteristics that allow a definite clinical translation and therapeutic
guidance in COPD patients [34]. Therefore, the need for well-validated serum/plasma
biomarkers in the COPD population remains.
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Table 2. Summary table of biomarkers in COPD management.

Specimen
Type Biomarker Main Findings First Author [Ref]

Peripheral Blood
(plasma/
serum)

MDA MDA levels were significantly higher in patients with AECOPD
compared to stable COPD

Zinellu E. [35]Vitamins A, E, and C Levels of vitamins A and E, but not C were significantly lower in
patients with AECOPD than stable COPD

GSH, GSH-Px, SOD Decreased levels of these antioxidant biomarkers were found in the
plasma of patients with AECOPD compared to stable COPD

GGT
GGT levels were significantly higher in patients with AECOPD

(adjusted for age, gender, smoking status) compared to stable COPD
and a positive association was reported with CRP

Zinellu E. [36]

IL-6, TNFα, MCP-1
vWF

Elevated serum levels of IL-6, TNFα and MCP-1, depict the systemic
inflammation that occurs in COPD patients

Increased concentration of vWF was reported in the serum of
COPD smokers

Röpcke S. [37]

CRP

Positive association of CRP with morbidity, mortality, and frequency
of exacerbations

Negative association with lung function parameters
Röpcke S. [37]

CRP was used for the confirmation of AECOPD Lacoma A. [38]

CRP was used as a prognostic biomarker and as a marker of
inflammatory response in COPD patients

Increased CRP levels were found in both patients with AECOPD and
stable COPD

CRP had a sensitivity of 72.5% and a specificity of 100% for the
diagnosis of patients with AECOPD

Heidari B. [31]

Extracellular vesicles

CD31+ EVs, suggestive of endothelial cell apoptosis, were elevated in
patients with emphysema

CD62E+ EVs indicative of endothelial activation were elevated in
severe COPD and hyperinflation

Thomashow
M.A. [39]

Higher baseline CD62E+ EVs may indicate COPD patients who are
susceptible to exacerbation Takahashi T [40]

Blood eosinophilia

Peripheral blood eosinophilia (above 0.2 × 109/L) can be used for the
detection of sputum eosinophilia mostly in stable COPD

It is considered a sensitive biomarker for the detection of sputum
eosinophilia in AECOPD (sensitivity 90%, specificity 60%)

Negewo N.A. [13]

Exhaled air

Ethane Elevated levels of ethane are found in exhaled air of COPD patients
and are associated with COPD severity Barnes P.J. [41]

FeNO

Smoking is considered a significant limitation of FeNO use because it
negatively affects its concentration

FeNO is elevated in patients with asthma-like component of COPD
Potential biomarker for estimating treatment response in

COPD patients

Angelis N. [42]

FeNO levels increased at the onset of AECOPD and decreased
with resolution

FeNO had an inverse relationship with FEV1%
Increase of FEV1% following a decrease in FeNO

(sensitivity 74%, specificity 75%)

Koutsokera A. [43]

Sputum

MPO, 8-isoprostane

No significant elevation of MPO and 8-isoprostane was found in
patients with AECOPD Zinellu E. [35]

Increased levels of 8-isoprostane were detected in COPD patients
compared to non-smokers and smokers without COPD

A positive association was observed between 8-isoprostane and
pulmonary function parameters

Comandini A. [44]

MDA, SOD, GSH-Px

Elevated levels of MDA, and reduced SOD and GSH-Px were
observed in the sputum of patients with AECOPD compared to

stable COPD
A positive association was detected among these biomarkers in

induced sputum

Zinellu E. [35]
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Table 2. Cont.

Specimen
Type Biomarker Main Findings First Author [Ref]

Sputum

MMP-8, MMP-9, MMP-12,
neutrophil elastase,

Eosinophil peroxidase

Elevated levels of these biomarkers were found in COPD patients
Barnes P.J. [45]

Comandini A. [44]

IL-6, IL-8, TNF-α, Leptin

Elevated levels of IL-6, IL-8, TNF-a were observed in severe COPD
cases compared to less severe COPD

Increased levels of IL-8 were associated with COPD severity
(predicted FEV1%) progression and AECOPD

Barnes P.J. [45]

IL-6, IL-8, TNF-α Elevated levels of IL-6, IL-8 and TNF-α are observed in patients with
AECOPD compared to stable COPD Koutsokera A. [43]

Exhaled breath
condensate

MDA, H2O2

No difference was observed in the MDA levels in the EBC of patients
with AECOPD and stable COPD

H2O2 was highly elevated in both patients with AECOPD and
stable COPD

Zinellu E. [35]

MDA was elevated in the EBC of COPD patients and was even higher
in patients with an AECOPD

Elevated levels of H2O2 were found in both patients with AECOPD
and stable COPD

Barnes P.J. [41]

8-isoprostane Increased levels of 8-isoprostane were observed in COPD patients Chamitava L. [46]

Koutsokera A. [43]

8-isoprostaglandin F2a
(8-isoprostane)

8-isoprostane was associated with disease severity
Its concentration was found to be higher in COPD patients compared

to smokers without COPD
Barnes P.J. [45]

IL-8 There is an inverse relationship of IL-8 and PFTs at the onset of
an AECOPD Koutsokera A. [43]

Bronchoalveolar
lavage fluid

Glutathione

Reduced glutathione levels were observed in severe AECOPD
compared to stable COPD Zinellu E. [35]

Lower levels of glutathione were observed in frequent AECOPD
compared to stable COPD. Barnes P.J. [41]

EGF-R, HSA, A1AT, TIMP1,
IL-8 and Calprotectin

Low levels of EGF-R, HSA and A1AT were found in the BAL of
COPD patients

Increased concentrations of TIMP1, IL-8 and Calprotectin were
detected in the BAL of COPD patients that were correlated with

airway inflammation

Röpcke S. [37]

Urine 8-isoprostane Increased levels of 8-isoprostane were observed in the urine of
COPD patients Chamitava L. [46]

MDA: Malondialdehyde, AECOPD: acute exacerbation of COPD, GSH: glutathione, GSH-Px: glutathione peroxi-
dase, SOD: superoxide dismutase, GGT: γ-glutamyltransferase, CRP: C-reactive protein, IL: interleukin, TNF-α:
tumor necrosis factor-alpha, MCP-1: monocyte chemoattractant protein-1, vWF: von Willebrand factor, FeNO:
fraction of exhaled nitric oxide, FEV1: forced expiratory volume in one second, MPO: myeloperoxidase, MMP:
matrix metalloproteinase, EBC: exhaled breath condensate, PFTs: pulmonary function tests, EGFR: epidermal
growth factor receptor, HSA: human serum albumin, A1AT: alpha-1-antitrypsin, BAL: bronchoalveolar lavage,
TIMP1: tissue inhibitor matrix metalloproteinase 1, EVs: extracellular vesicles.

COPD phenotype with persistent systemic inflammation has been proposed. This
phenotype is associated with poor prognosis, including increased mortality [8,9]. The
combination of a selective inflammatory panel with BODE index measured at baseline has
been shown to improve the ability to predict 3-year and 8-year mortality [47]. This issue has
been further addressed by the ECLIPSE study by analyzing the levels and the relationship
of a panel of inflammatory markers [WBC count, CRP, IL-6, IL-8, fibrinogen, and tumor
necrosis factor-alpha (TNF-α)] with clinical characteristics and relevant outcomes at 3 years
follow-up [7,8]. According to this analysis, distinct inflammatory patterns seem to emerge.
COPD patients show higher levels of some biomarkers (especially fibrinogen, and IL-6) in
comparison with the control smokers and non-smokers. A subgroup of patients accounting
for 16% of the sample had persistently high levels of inflammatory biomarkers and this was
associated with a greater risk of exacerbations at 1 year regardless of the level of airflow
limitation. Additionally, in smokers without COPD the levels of specific markers (IL-8,
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TNF-α) are increased compared with both patients with COPD and non-smokers without
COPD [7,8]. Finally, plasma CRP, fibrinogen, serum TNFα levels, and immunoglobulin E
(IgE) levels are higher in patients with asthma and COPD overlap (ACO) compared to those
with COPD alone [8,48]. Such findings represent another indication that patients with ACO
may share a specific inflammatory pattern more responsive to corticosteroids and perhaps
with a different prognosis. The data concerning therapeutic efficacy in this phenotype are
limited since randomized controlled clinical trials exclude asthmatic smokers and patients
with possible ACO.

3. Oxidative Stress Biomarkers

Oxidative stress has a significant role in the pathophysiology of COPD. The existence
of an essential equilibrium among the cellular oxidant and antioxidant mechanisms plays
a crucial role in the preservation of the physiological function of the respiratory system.
This disequilibrium of the oxidant-antioxidant mechanism is attributed to the increased
oxidants and decreased antioxidants production which subsequently contributes to COPD
severity [35,46]. Thus, oxidative stress has significant adverse effects like DNA and protein
damage, and lipid destruction. So far, numerous oxidative stress biomarkers including
both oxidants and antioxidants have been examined in COPD cases [36]. Several both
non-invasive [exhaled breath condensate (EBC), sputum] and invasive methods [bron-
choalveolar lavage (BAL), bronchoscopy] have been used for the detection of biomarkers
in the COPD [49]. The most commonly used biological samples for the identification of
biomarkers include the blood, sputum, BAL, and exhaled air [50]. Malondialdehyde (MDA)
and thiobarbituric acid reactive substances (TBARS) are the universal biomarkers used for
the detection of oxidative stress mostly in blood samples [36]. Studies compared the MDA
values in blood samples of stable COPD cases and acute exacerbation of COPD (AECOPD)
cases. The results revealed high MDA values in those with AECOPD [35]. Additionally, the
studies assessed the levels of antioxidant biomarkers like glutathione (GSH), glutathione
peroxidase (GSH-Px), and superoxide dismutase (SOD) and found them at low levels in the
AECOPD patients [35]. Moreover, many studies investigated the concentration of dietary
antioxidants especially vitamin A, E, and C, and found a remarkable reduction of their
levels in the AECOPD [35]. Various oxidative stress biomarkers such as ethane can be
detected at high levels in the exhaled air of COPD individuals. Of interest, ethane is also
associated with COPD intensity [41]. Furthermore, studies examined the levels of the
hydrogen peroxide (H2O2) biomarker which was remarkably elevated in EBC samples of
COPD individuals [35]. High levels of 4-hydroxynonenal (4HNE), MDA, and 8-isoprostane
have been detected in patients with either stable or AECOPD [46]. Notably, 8-isoprostane
has been investigated in several pulmonary samples like exhaled air and sputum. Many
studies found increased 8-isoprostane concentration in the sputum of COPD individuals
and even higher in AECOPD. However, a further increase of 8-isoprostane was observed
in the sputum of smokers compared to that of non-smokers, concluding that smoking
is a significant confounding factor. Publication data revealed that smokers had elevated
8-isoprostane for a period of at least three months following smoking cessation [49]. Thus,
the elevated levels of this compound in ex-smokers indicate an endogenous source of
oxidative stress and simultaneously an ongoing pulmonary inflammation [41]. Similarly,
MDA was studied in both sputum and EBC samples. EBC MDA levels were higher in
AECOPD individuals compared to stable cases, but sputum MDA levels were further
elevated in AECOPD compared to stable COPD cases. Interestingly, only one study has
examined biomarkers in BAL [35]. GSH, the main antioxidant in the respiratory system,
was investigated in BAL of both stable and AECOPD cases and was found to be decreased
in severe AECOPD patients [35]. However, the results regarding blood GSH levels are still
controversial [49].

Moreover, increased γ-glutamyltransferase (GGT), an enzyme that is involved in the
pathway of GSH production and the development of many conditions characterized by
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oxidative stress, was detected in the plasma of COPD patients [36]. A positive link between
GGT and CRP levels, as well as COPD severity, has been reported [35].

4. Age-Related Biomarkers

COPD is a chronic disease that is characterized by accelerated lung aging [51]. Several
pathological mechanisms of accelerated lung aging have been examined in COPD patients
including telomere attrition, epigenetic changes, stem cell exhaustion, cellular senescence,
epigenetic changes, oxidative stress, mitochondrial dysfunction, and genomic instability.
Cellular senescence describes a process in which the presence of stressors such as reactive
oxygen species (ROS) leads cells to a permanent cell arrest state which is correlated with
phenotypic alterations [52]. Cellular senescence is an established lung aging process that is
associated with both functional and structural impairment in COPD patients [53]. Moreover,
cellular senescence occurs in patients with emphysematous lungs and is correlated with
shorter telomeres and reduced anti-aging molecules, indicating accelerated lung aging [52].
Additionally, studies have found increased levels of cellular senescence biomarkers like
p16, p19, and p21, which are tumor suppressors and cyclin kinase inhibitors, in COPD
individuals [53,54]. Sirtuin-1 (SIRT1) is another cellular senescence biomarker that, in
COPD patients is expressed in low concentrations in the respiratory epithelium of the small
airways [53]. Furthermore, smoking contributes to the high levels of senescence biomarkers
like protein p21 and b-galactosidase [53,54].

Stem cell exhaustion is another significant mechanism of aging that contributes to
the COPD pathogenesis [54]. Stem cells can replace and regenerate diseased cells, a prop-
erty which is lost with age leading to age-related disorders [52,54]. In COPD patients the
stem cells which are responsible for the regeneration of respiratory epithelium possess a
diminished capacity of cellular regeneration which subsequently affects the entire cellular
repair process [52]. Concerning the relationship between COPD and other physiological
parameters, it was found that PaO2 has an important association with telomere length in
COPD individuals because these patients have regular incidences of hypoxia, especially
during COPD exacerbations, sleep, and physical activity which induces oxidative stress to
the cells [54]. The length of telomeres has been used as a biomarker of aging and disease
progression in COPD patients. Specifically, studies compared the length of the telomeres in
leukocytes of COPD patients with both a control group and smokers without COPD. The
results revealed shorter telomere length in white blood cells of COPD subjects even after
matching for sex, age, and tobacco exposure [55,56]. However, shorter telomere length
was observed in elderly patients with COPD and smokers without COPD. Moreover, a
few large-scale studies have indicated a moderate association between telomere length
and respiratory function related to forced expiratory volume in one second (FEV1) [57,58].
Recent studies in which many biomarkers of aging were examined in COPD patients,
revealed that telomere length is the sole biomarker related to respiratory function. Addi-
tionally, a link between telomere length and other comorbidities like hypertension, cancer,
diabetes mellitus in COPD subjects has not been established [56]. Systemic inflammation
is another factor that affects the telomere length in COPD. High levels of inflammatory
markers such as IL-6, IL-1β, IL-8, Transforming growth factor-beta (TGF-B) have been
found in the respiratory tract and bloodstream of COPD subjects [56]. Specifically, IL-6 is
considered a pro-inflammatory cytokine involved in aging and low-grade activation of
chronic inflammation [54]. Interestingly, the telomeres length shortening was negatively
associated with the levels of IL-6 in COPD individuals. Thus, inflammation influences
the telomeres length [56]. Studies have also investigated the role of two main age-related
hormonal biomarkers, dehydroepiandrosterone (DHEA) and growth hormone (GH) in the
process of accelerated lung aging. The results revealed a remarkable decrease in DHEA and
GH levels in COPD patients. Additionally, it was shown that a negative association exists
among DHEA, GH, and age in COPD and non-COPD patients. Specifically, it was found
that COPD patients present early biological aging, ranging from 13 to 23 years, compared
to non-COPD patients depending on the variations of DHEA and GH levels. Moreover,
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both DHEA and GH showed an important association with many respiratory parameters
like FEV1 and PaO2 [56]. To sum up, further studies are needed to elucidate the molecular
mechanisms of aging in patients with aging-related diseases like COPD [56].

5. Bronchial Biomarkers

Several non-invasive techniques (exhaled air, induced sputum, EBC) and invasive
diagnostic techniques (BAL, respiratory tissue biopsies) are currently used for the detection
of bronchial biomarkers in COPD patients [42].

Regarding non-invasive methods, induced sputum is used for both the identification
of inflammatory biomarkers and the presence of eosinophilia [42]. The sputum sampling is
collected mostly from the large respiratory airways [45]. The main sputum inflammatory
biomarkers that have been identified include cytokines especially IL-6, IL-8, and TNF-α.
High levels of these cytokines were found in individuals with AECOPD. Moreover, it was
noticed that in patients with COPD exacerbations the level of inflammatory biomarkers has
an inverse relationship with FEV1 [43]. Additionally, high proteases levels, like matrix met-
alloproteinase (MMP)-8, MMP-9, MMP-12, and neutrophil elastase were found in sputum
samples of COPD individuals. Also, elevated proportions of extracellular matrix (ECM)
structural components were identified in the sputum of COPD patients [45]. Eosinophil
peroxidase is used as an indicator of eosinophilia in the sputum samples of COPD patients
and has been found elevated in COPD sputum samples [44]. In the exhaled air method,
the fraction of exhaled nitric oxide (FeNO) was found as the predominant biomarker [42].
The measurement of FeNO concentration is considered difficult and can be influenced by
factors like smoking and ICS. Remarkably, increased FeNO levels have been detected at
the beginning of the AECOPD [43]. Moreover, FeNO has a positive association with FEV1
following COPD treatment, and specifically, the reduction of FeNO levels is associated with
increased FEV1 [43].

BAL performed in COPD patients revealed the presence of numerous inflammatory
biomarkers like myeloperoxidase, eosinophil cationic protein, and IL-8 at increased concen-
trations. Few studies showed increased levels of tryptase and histamine in COPD patients.
Additionally, BAL sample results demonstrated high proteases and low anti-protease
levels [41]. However, BAL has several limitations due to its invasive nature, sampling
method, and other confounding factors like smoking and ICS [41]. Studies that have
compared BAL samples of COPD patients versus healthy smokers, showed decreased
concentrations of certain biomarkers including epidermal growth factor receptor (EGFR),
human serum albumin (HSA), and alpha-1-antitrypsin (A1AT) in the BAL samples of
COPD patients. In contrast, healthy smokers had elevated levels of HSA, A1AT, and MMP3.
Simultaneously, BAL of COPD patients had high levels of IL-8, Tissue inhibitor matrix
metalloproteinase 1 (TIMP1), and calprotectin indicative of respiratory tract neutrophilia.
Interestingly, HSA and A1AT were the dominant biomarkers in BAL samples [37].

As mentioned above, oxidative stress has a dominant role in the pathogenesis of
COPD, with adverse outcomes in the structural components of the cells. Inflammation
of the respiratory system leads to ROS production by certain cells like macrophages,
neutrophils, and epithelial cells. H2O2 and 8-isoprostaglandin F2a (8-isoprostane) are the
two predominant biomarkers of oxidative stress that can be detected in an exhaled breath
at a high concentration [42]. The use of EBC in COPD patients has shown high levels of
both H2O2 and 8-isoprostaglandin F2a. Moreover, both biomarkers are associated with the
intensity of the COPD [45]. The EBC pH is another potential biomarker, but it is still not
well studied [43].

6. Mucine-Producing Pathways

The lining of the respiratory tract has an important mucociliary clearance mecha-
nism which is involved in its protection by various environmental and infectious factors.
Any impairment of this clearance mechanism can lead to mucus build-up and peripheral
airways obstruction [59,60]. Increased mucin production is the main feature involved in
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COPD pathogenesis and has been associated with a high risk of morbidity, mortality, as
well as COPD exacerbations and disease severity [61,62]. Numerous mucin genes have
been identified in the respiratory system of humans. The most abundant are the Mucin
(MUC)5AC and MUC5B [61]. These two mucin genes are responsible for both the com-
position of mucus and its movement along the airways [62]. Specifically, in the airways
of healthy individuals, MUC5B is the predominant mucin gene that is related to mucus
clearance from the airways. Opposed to that, the MUC5AC gene is expressed at low rates
in the airways of healthy patients. Remarkably, a significant increase in the expression of
MUC5AC has been related to inflammatory states and muco-obstructive lung diseases com-
pared to MUC5B [59,61]. Furthermore, several other factors are implicated in the increased
production of mucins such as oxidative stress and smoking. Indeed, smoking augments
mostly the MUC5AC expression and to a slighter degree the expression of MUC5B, in the
respiratory epithelium of smokers compared to the non-smoker’s [59,63]. The mechanism
by which cigarette smoke enhances mucus production still needs further investigation,
although oxidative stress is currently considered the main causative factor [63]. Moreover,
studies showed a positive relationship between disease severity and high MUC5AC lev-
els [59]. The results of pulmonary function tests revealed an inverse relationship among
MUC5AC, and pulmonary function expressed as forced expiratory flow (FEF) 25–75%,
which was not found for the MUC5B mucin gene [59,60]. Interestingly, a marked decrease
in the pulmonary function (i.e., FEV1) with a parallel rise in MUC5AC levels was observed
in smokers compared to ex-smokers with normal MUC5AC levels. Recent publications
showed that ex-smokers with COPD had marginally increased MUC5AC levels which did
not return to normal levels following smoking cessation. Similar reversibility rates were ob-
served for the levels of MUC5B as well. However, early smoking cessation prior to airway
obstruction was found to prevent pulmonary function decline and MUC5AC regulation. In
conclusion, MUC5AC can be used as a potential biomarker for COPD detection, prognosis,
and effectiveness of the treatment [59].

7. Extracellular Vesicles as Biomarkers in COPD

Recent studies have examined the use of extracellular vesicles (EVs) as both diagnos-
tic and prognostic biomarkers in COPD and their potential role in distinguishing COPD
exacerbations from the stable state as well as defining the COPD phenotype [64]. EVs
are membrane particles that are released in systemic circulation by endothelial cells un-
dergoing either apoptosis or activation [40]. Several body fluids have been used for the
isolation of Evs including blood, urine, and BAL [64]. EVs express several endothelial cell
markers which are specific to the stimuli that caused their release. More specifically, EVs
that express CD31+ are related to apoptosis of endothelial cells whereas the expression of
CD62E is related to activation of endothelial cells. Furthermore, the expression of CD51 is
associated with the chronic injury [39]. Studies found that there is a link between CD31+
EVs and decreased diffusing capacity of carbon monoxide (DLCO). In addition, there is a
negative association among EVs expressing CD31+ and FEV1. Increased levels of CD31+
EVs were found in COPD patients and were related to the severity of COPD. Additionally,
CD31+ EVs were related to the emphysematous phenotype of COPD on imaging stud-
ies [39]. In contrast, EVs expressing CD62E+ were increased only in individuals with severe
COPD and were related to lung hyperinflation [39]. Takahashi et al. showed that increased
CD62E+ EVs (E-selectin) were observed in COPD individuals with regular episodes of
AECOPD and those prone to exacerbations [40]. Concerning CD51+ EVs, elevated levels
were detected in COPD individuals. However, no connection was observed between CD51+
or CD62E+ EVs and DLCO [39]. Overall, further research is needed upon the use of EVs as
biomarkers for the diagnosis and management of COPD in the clinical practice [39].

8. Genetic Biomarkers

Mutations in the SERPINA1 gene leading to a1-antithrypsin deficiency represent at
present the only established genetically based phenotype of COPD for which targeted
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therapy exists. Although this genetic condition accounts only for 1–2% of the total COPD
population it may respond positively to replacement therapy with an alpha 1 proteinase
inhibitor [65,66]. Increased susceptibility to smoking-induced emphysema has been asso-
ciated with polymorphisms of the heme oxygenase (HO-1) promoter leading to reduced
HO-1 expression [67,68]. Additionally, susceptibility to emphysema has been recently
linked to a variant (single nucleotide polymorphisms; SNP) of the BICD1 gene [69]. Pa-
tients with ACO are characterized by an enhanced expression of several genes, such as
toll-like receptor 10 (TLR10) which has been previously implicated in the pathogenesis of
the asthma [48]. Other studies on genetic polymorphisms have identified several genes
associated with the pathogenesis of different characteristics of COPD: cholinergic nicotine
receptor alpha 3/5 (CHRNA3/5), iron regulatory binding protein 2 (IREB2), hedgehog-
interacting protein (HHIP), family with sequence similarity 13, member A (FAM13A), and
advanced glycosylation end product-specific receptor (AGER) [70–75]. Previously reported
associations of these genetic variants include: airflow limitation (CHRNA3/5, IREB2,
HHIP), [76] emphysema susceptibility and severity (CHRNA3/5, BICD1), [77] chronic
bronchitis phenotype, [78] exacerbation rate (HHIP) [79] and pulmonary hypertension
pathogenesis [80]. Nevertheless, the majority of these findings comprise suggestive liaisons
and their clinical translation and applicability require replication in additional studies [81].

9. COPD Exacerbation-Related Biomarkers

AECOPD is related to poor health outcomes, increased morbidity, and mortality
rates [82,83]. The diagnostic and therapeutic management of AECOPD is still considered
insufficient due to its heterogeneity and complexity [84]. Currently, the diagnostic approach
of AECOPD is mostly based on the patient’s symptomatology [83,84]. Thus, biomarkers
should be actively investigated to incorporate them in the clinical assessment [83].

Nowadays, inflammatory biomarkers serve as diagnostic and prognostic tools in
patients with AECOPD. Such inflammatory biomarkers that are commonly used include
CRP, procalcitonin (PCT), and fibrinogen. Additionally, biomarkers like serum amyloid
A (SAA), serum surfactant protein-D (SP-D), vascular endothelial growth factor (VEGF),
troponin-T (TNT), 4-HNE, β-thromboglobulin, platelet factor-4 (PF4), and copeptin were
proven beneficial for the assessment of intensity and outcome of AECOPD. Recently, FeNO
was identified as a promising upcoming biomarker [84].

The results of the ECLIPSE study indicated that AECOPD is associated with increased
levels of inflammatory biomarkers including white blood cells, CRP, and fibrinogen during
the first year of follow-up [10,85]. Interestingly, no link has been observed among elevated
levels of IL-6 and acute COPD exacerbations [86]. However, three studies found an in-
creased level of IL-6 in AECOPD, although the statistical significance was not reported
in [87]. The TNF-α biomarker was also found to be elevated during AECOPD [87]. Recent
studies found a positive interdependence between high levels of fibrinogen, CRP, and
leukocytes in patients presenting with COPD exacerbations [38,85,88]. Remarkably, the
ECLIPSE, COPDGene, and the Copenhagen Lung Study found that an increased number
of eosinophils in the blood were associated with COPD exacerbations [83]. Moreover, the
COPDGene cohort study demonstrated a significant association between serious AECOPD
and five biomarkers, the plasminogen activator inhibitor-1 (PAI-1), soluble receptor for ad-
vanced glycation end products (sRAGE), A1AT, brain-derived neurotrophic factor (BDNF),
and C-X-C Motif Chemokine Ligand 5 (CXCL5).

Other biomarkers that have been identified in prior studies include CRP, leukocytes,
eosinophils, ILs, fibrinogen, extracellular adenosine triphosphate (eATP), and extracellular
heat shock protein 70 (eHsp70) [89]. The extracellular ATP (eATP), a key molecule of
the pro-inflammatory cascade pathway associated with respiratory airway diseases, was
investigated in the plasma of COPD patients. High levels of eATP were associated with
the frequency of COPD exacerbations, symptoms severity, and rate of airflow decline [90].
Similar results were reported for the heat shock protein 70, an important pro-inflammatory
molecule having a crucial role in the regulation of immunological pathways [89,90].
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Other studies have examined the connection between the AECOPD and respiratory tis-
sue destruction. The results showed an increased number of circulating structural proteins
of the respiratory extracellular matrix which can be used as diagnostic biomarkers [83,91,92].
In 2017, Noell et al. showed that the combined set of elevated CRP and neutrophil levels
in conjunction with dyspnea can accurately diagnose AECOPD [84]. Additionally, stud-
ies have evaluated the measurement of volatile organic compounds during expiration in
AECOPD cases and considered it as a useful, non-invasive diagnostic tool [83,93].

10. Combination of Biomarkers

Numerous protein biomarkers have been studied in the bloodstream of COPD indi-
viduals aiming to assess the disease outcomes [94]. Specifically, studies have found a link
between biomarkers like the SP-D, CRP, fibrinogen, and high mortality rates in COPD
patients. Nevertheless, no association has been found among SP-D, CRP, fibrinogen, soluble
receptor of activated glycogen end-product (sRAGE), club cell protein 16 (CC-16), and the
degree of FEV1 decline, hospitalizations, and COPD exacerbations [91].

The COPDGene cohort study showed that both the decrease of lung function and
the progression of emphysema could be most reliably estimated by measuring the level
of a specific panel of biomarkers (sRAGE, CC-16, and fibrinogen). Similarly, the ECLIPSE
study used the same panel of biomarkers combined with SP-D and CRP strengthening,
even more, the estimations [94]. Furthermore, elevated levels of the IL-1α, IL-1β, IL-6, IL-8,
TNF-α cytokines have been found in the serum and sputum of COPD subjects. A positive
association was found between CRP and IL-1β in the blood of COPD patients. Moreover,
IL-1β and IL-6 were negatively associated with FEV1. Additionally, a positive correlation
was observed between the cytokines IL-1β, IL-6, TNF-α, and COPD severity [89].

To sum up, more investigations are needed to find the association between the afore-
mentioned panels of biomarkers and the COPD outcomes [91].

11. Conclusions

Age-related diseases like COPD are increasing in frequency due to population aging.
In the last years, numerous biomarkers have been investigated in COPD patients, although
their significance is not well established. The study of appropriate and ideal biomarkers
is of high importance for the disease diagnosis, prognosis, and treatment effectiveness.
Moreover, COPD prognosis and response to treatment could be assessed by evaluating the
combination of biomarkers in COPD individuals. Many types of biological samples and
diagnostic techniques are used for the detection of these numerous biomarkers in COPD
patients, with each one having its sensitivity.

The recent therapeutic methods for COPD are mostly targeting the patients’ COPD-
related symptoms. For this reason, further research is warranted to develop novel therapies
which could target the underlying pathways that lead to COPD pathogenesis. Furthermore,
the disease heterogeneity among COPD individuals especially at the level of COPD severity,
progression, and patients’ comorbidities as well as clinical status, could set the foundations
for more personalized management of these patients. Specifically, the measurement and
evaluation of each patients’ unique biomarker panel could be a quite convenient approach
in the upcoming years. As a result of this, more effective, and targeted therapies could
be followed.
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Abstract: It is important to identify cases of latent tuberculosis infection (LTBI) who are at risk for
tuberculosis (TB) reactivation. We aimed to evaluate the performance of interferon (IFN)-gamma-
inducible protein 10 (IP-10) as a marker to detect LTBI in patients with inflammatory rheumatic
diseases (IRD). This study comprised 76 consecutive subjects with IRD. Patients with a history of
TB or having active TB were excluded. In all patients, IP-10 level was measured and tuberculin skin
test (TST) and QuantiFERON-TB Gold In-Tube test (QFT-GIT) were performed. Seventy patients
with complete test results were analyzed. Twenty-one (30%) QFT-GIT-positive patients were defined
as having LTBI. IP-10 yielded 2197 pg/mL cut-off point. At this cut-off point, IP-10 showed 89%
specificity with a sensitivity of 91% (AUC: 0.950, 95% CI 0.906–0.994). TST, QFT-GIT, and IP-10 were
positive in 77.1%, 30%, and 44.3% of the patients, respectively. Concordance among the results of
TST, QFT-GIT, and IP-10 tests was evaluated. Agreement was poor between IP-10 and TST (58.6%,
κ = 0.19), whereas it was good between QFT-GIT and IP-10 (84.3%, κ = 0.65). The results of the present
study demonstrated that sensitivity and specificity of released IP-10 were as high as those of QFT-GIT
in indicating LTBI in IRD patient group.

Keywords: latent tuberculosis; inflammatory rheumatoid disease; interferon-inducible protein-10

1. Introduction

Tuberculosis (TB) remains as an important problem all over the world. For a TB-free
world, it is essential to reduce the prevalence of latent Mycobacterium tuberculosis infection
and transition from latent infection to active disease [1]. Increase in immunosuppressive
conditions highlight the need for additional strategies to maintain and improve TB control.

After the introduction of tumor necrosis factor (TNF)-α inhibitors (anti-TNFs) into
inflammatory rheumatic diseases (IRD) treatment, we experienced more severe and more
common TB infections in this group of patients [2,3]. Therefore, it has become obligatory to
identify cases of latent tuberculosis infection (LTBI) prior to anti-TNFs [4].

Tuberculin skin test (TST), which is widely used in the diagnosis of LTBI, has some
drawbacks, including variability in test application and low specificity due to purified
protein derivative (PPD) presenting in non-tuberculous mycobacteria as well as in Bacille
Calmette-Guérin (BCG) strains [5]. Moreover, TST use in IRD patients presents a major
complicating factor: there is a decreased responsiveness of peripheral mononuclear cells,
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leading to a loss in delayed hypersensitivity, which is fundamental for the recognition of
antigens, such as PPD [6].

Interferon (IFN)-gamma release assays (IGRAs) measure in-vitro T cell response to
Mycobacterium TB-specific antigens [7]. Its results are more specific than those of TST,
since mycobacterium TB-specific antigens [Early Secretory Antigenic Target-6 (ESAT-6)
and Culture Filtrate Protein-10 (CFP-10)] that are not present in BCG and most of non-
tuberculous mycobacteria are used during IGRA test on the contrary to PPD [8–10].

There are several unresolved issues on the potential clinical use of IGRAs. One
area of controversy is whether they can be used in immunocompromised patients, in
addition or as an alternative to the TST. The lack of a gold standard for LTBI diagnosis has
complicated the assessment of diagnostic accuracy of IGRAs and the comparison of these
tests with the TST [11]. Other Potential biomarkers to detect LTBI more accurately in IRD
patients are needed. IFN-gamma-inducible protein-10 kDa (IP-10, CXCL10 [C-X-C motif
chemokine 10]) is a pro-inflammatory chemokine involved in trafficking monocytes and
T-cells to inflamed foci. In the studies, IP-10 level have been found to be much higher in the
QuantiFERON-TB Gold in-Tube test (QFT-GIT) supernatants of TB patients as compared to
the healthy individuals and it was thought that TB-specific antigen-stimulated IP-10 could
be a potential biomarker for TB infection [12]. We aimed to evaluate the performance of
IP-10 as a marker to detect LTBI and the agreement among TST or QFT-GIT in patients with
IRD from moderate prevalence setting.

2. Materials and Methods
2.1. Study Population

This cross-sectional study comprised all consecutive subjects with IRD [rheumatoid
arthritis (RA) and ankylosing spondylitis (AS)], who were being treated and followed in
the Istanbul Physical Medicine and Rehabilitation Training and Research Hospital and
referred to our pulmonology clinic to be evaluated in terms of pulmonary diseases during
a six-month period of time. All patients’ BCG status and medications used for IRD were
reviewed and their chest graphs were evaluated. Patients with a history of TB in the past
and the patients considered to have active TB were excluded. All patients were Human
immunodeficiency virus (HIV) (−). This study was approved by Yedikule Chest Diseases
and Thoracic Surgery Training and Research Hospital Ethics Committee (ID:2017/ 73) and
all patients read and signed the informed consent.

Of the patients, 28 were on TNF-α treatment, 12 were on steroid treatment, and 21
were on disease-modifying antirheumatic drugs (DMARD). We assessed BCG vaccination
status based on interviewing past vaccinations and scar inspection. All subjects underwent
a chest radiograph, they were questioned about history of previous TB, and results of
previous TST.

2.2. Performing and Assessing TST

Immediately after blood was drawn, TST was performed by intradermal injection
of 0.1 mL (5TU) of PPD (RT-23-tween80). The transverse diameter of induration was
measured in millimeters 72 h later using the ballpoint pen method by only one examiner
in all patients [13]. In IRD group, TST induration was interpreted according to published
guideline as follows: 0 to 4 mm as negative and ≥5 mm as positive [14]. To maximize the
detection rate for LTBI, two-step TST was performed, with a second TST administered
7–10 days after a negative initial test.

2.3. Whole Blood Stimulation

For the test, 1 mL of whole blood was drawn in each of three vacutainer tubes provided
as part of the QFG-GIT system (Cellestis, Carnegie, Australia), a new generation of QFT
test. These tubes are already pre-coated with saline (negative control), peptides of ESAT-6,
CFP10, and antigen TB 7.7 (antigen stimulated), and PHA (positive mitogen control).
The tubes were mixed and incubated for 20–24 h at 37 ◦C and they were frozen until

236



J. Pers. Med. 2022, 12, 1027

further analysis. This plasma provided the unstimulated, antigen stimulated and mitogen
stimulated supernatant samples.

2.4. IFN-Gamma Level Quantification

IFN-gamma measurement was performed by enzyme-linked immunosorbent assay
(ELISA) using QFG-GIT test according to the manufacturer’s instructions [15]. A result of
≥0.35 IU/mL of IFN-gamma in the TB antigen tube minus the negative control (or nil) tube
was considered a positive result. If the level was less than this and the mitogen control was
positive (≥0.5 IU/mL), a negative result was recorded. If the level in both the TB antigen
and mitogen tube was less than the threshold for positive, or the level in the nil tube was
>8.0 IU/mL, then an indeterminate result was recorded. As there is no gold standard for
the diagnosis of LTBI, and BCG being a routine in our vaccination programme, IRD patients
with a positive QFT-GIT were defined as having LTBI.

2.5. IP-10 Level Quantification

For the quantification of IP-10 level, the RayBio Human IP-10 ELISA kit is used
(RayBiotech, Inc., Norcross, GA, USA). The kit has a microplate with 96 wells pre-coated
with a specific monoclonal antibody for human IP-10. IP-10 supernatant levels were
measured using a sandwich ELISA according to the manufacturer’s instructions [16].

Samples were diluted 1:2. Fifty µL samples from each three QFG-GIT test tubes were
taken and put in the wells. Wells were covered and incubated for 2.5 h at room temperature.
After washing four times, 50 µL prepared biotin antibody was added to each well and
incubated 1 h at room temperature. Washing procedure was repeated. A hundred µL
streptavidin was added to the wells and incubated 45 min at room temperature. After the
washing procedure, 50 µL of TMB One-Step Substrate Reagent was added to each well and
incubate for 30 min at room temperature in the dark. Finally, 100 µL of Stop Solution was
added to each well and read at 450 nm ELISA reader immediately.

2.6. Statistical Analysis

Qualitative measurements were defined in numbers and percentages. Descriptive
analyses were expressed as means and standard deviation (SD) for normally distributed
variables or median values and minimum-maximum for the non-normal distributed vari-
ables. Chi-square or Fisher’s exact test was used to compare frequencies or values of
variables within the TST positive, QFT-GIT and IP-10 groups. We used receiver operating
characteristic (ROC) analysis to examine discriminant validity. The concordance between
TST, QFT-GIT and IP-10 was assessed by computing the Kappa statistics. Statistical analyses
were performed using XLSTAT 2015.2.03 for Windows by Addinsoft. Statistical significance
was at p < 0.05, two-tailed.

3. Results

A total of 70 subjects (51.4% males) with IRD were enrolled in the study. Out of
70 patients, 45 had AS and 25 had RA. The present population was characterized by a
mean age of 47 ± 14 years; the prevalence of BCG was 77.1%. In IRD group, 54 (77.1%)
patients had positive TST, 21 (30%) had positive QFT-GIT. Characteristics of the patients
are demonstrated in Table 1.

3.1. Level of IP-10

TB antigen-stimulated plasma IP-10 level was found to be higher in QFT-GIT(+)
patients (median: 26,060.3 ± 18,626.5 pg/mL, min–max: 165–60,000 pg/mL) as compared
to QFT-GIT(−) patient group (median:1982.7 ± 3607.6 pg/mL, min–max: 0–20,982 pg/mL)
(p < 0.0001). The released plasma IP-10 level was significantly higher in QFT-GIT(+) patients
(median: 3680.5 ± 1954.0 pg/mL, min–max: 110–8899 pg/mL) as compared to QFT-GIT(−)
patient group (median:789.5 ± 1543.7 pg/mL, min–max: 0–8115 pg/mL) (p < 0.0001).
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Table 1. Characteristics of the patients (n = 70).

Type of IRD 1 (n/%)

Ankylosing spondylitis, n/% 45/64.3%

Rheumotoid arthritis, n/% 25/35.7%

Mean age, years ± SD 47 ± 14

Male, n/% 36/51.4%

BCG positivity, n/% 54/77.1%

TST positivity, n/% 54/77.1%

QFT-GIT positivity, n/% 21/30%
1 IRD, inflammatory rheumatic diseases; BCG, Bacillus Calmette–Guérin, TST, tuberculin skin test; QFT-GIT,
QuantiFERON-TB Gold in-Tube test.

3.2. Cut-Off Point Determination for IP-10

IP-10 value in nil tube was extracted from the plasma IP-10 value which was stimulated
by TB antigen. Thus, we calculated the amount of IP-10 produced after stimulation with TB
antigen. This value was called as released IP-10. To determine the diagnostic performance
of TB antigen dependent IP-10, receiver-operator characteristic (ROC) curve analysis was
performed in QFT-GIT(−) and QFT-GIT(+) IRD patients. It yielded 2197 pg/mL cut-off
point. At this cut-off point, IP-10 showed 89% of specificity with a sensitivity of 91%
(AUC: 0.950, 95% CI:0.906–0.994) (Figure 1).
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Figure 1. ROC curve analysis for the released plasma inducible protein-10. The cut-off values were
determined using QFT-GIT(+) and QFT-GIT(−) patients with inflammatory rheumatic diseases.
The area under curve was 0.950 (95% CI 0.906–0.994). (Red line: stimulated IP-10 levels; Black
line: reference).

Using the released IP-10, the results obtained with the cut-off value of ≥2197 pg/mL
were considered positive. According to this cut-off value, IP-10 test was positive in 31
(44.3%) patients with IRD. Demographic and clinical features of the patients are demon-
strated in Table 2.
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Table 2. Associations of demographic, epidemiological and clinical characteristics and therapy with
QuantiFERON-TB Gold intube (QFT-GIT) and tuberculin skin test (TST) and Interferon-Inducible
Protein-10 (IP-10) positive results in subjects with IRD patients.

n TST (+) 1

(n = 54)
p QFT-GIT (+)

(n = 21)
p IP-10 (+)

(n = 31)
p

Gender, n (%)
0.660Female 34 23 (67.6) 8 (23.5) >0.05 9 (26.5) 0.004

Male 36 31 (86.1) 13 (36.1) data 22 (61.1)

Age, years, n (%) 0.03
-

>0.05 0.66
<29 8 7 (87.5) 1 (12.5) 2 (25.0) -

30–49 35 31 (88.6) 10 (28.6) 16 (45.7)
50–69 22 15 (68.2) 10 (45.5) data 11 (50.0)
>70 5 1 (20.0) 0 (0.0) data 2 (40.0)

BCG vaccinated, n (%)
Yes 54 44 (82.4) 0.230 15 (42.9) 0.190 22 (43.1) 0.160
No 16 10 (64.3) 6 (29.4) data 9 (64.3)

Diagnosis, n (%)
RA 25 14 (56.0) 0.020 6 (24.0) 0.410 9 (12.9) 0.290
AS 45 40 (88.8) 15 (33.3) 22 (31.4)

Treatment TNF-α inhibitors, n (%)
Yes 28 20 (71.4) 0.350 5 (25.0) 0.700 9 (12.9) 0.090
No 42 34 (80.9) 16 (38.0) 22 (52.3)

Steroid, n (%)
Yes 12 8 (75) 0.45 5 (62.5) 0.25 6 (50) 0.52
No 58 46 (85.2) 16 (27.6) 25(43.1)

1 TST assessment limit according to ≥5 mm. TST, tuberculin skin test; QFT-GIT, QuantiFERON-TB Gold In-Tube
test; IP-10, interferon-gamma-inducible protein 10; BCG, Bacillus Calmette–Guérin; RA, rheumatoid arthritis; AS,
ankylosing spondylitis; TNF, tumor necrosis factor.

Tuberculin skin test positivity was significantly higher in AS patients versus RA
patients and IP-10 positivity was significantly higher in male versus female patients. No
difference was determined between the patients with and without BCG vaccination, as well
as the patients received and not received TNF-α inhibitor therapy, in terms of positivity
of the tests (TST, QFT-GIT, IP-10). Likewise, it was observed that steroid use has no
statistically significant effect on test results. TST positivity decreased with older age
(p = 0.03). Contrary to TST, QFT-GIT and IP-10 positivity increased with age, but this
increment was not statistically significant.

Concordance between the results of TST, QFT-GIT and IP-10 tests is demonstrated in
Table 3. According to the TST threshold taken as ≥5 mm, agreement between QFT-GIT
and TST was poor (55.7%, κ = 0.24), and it was also poor between IP-10 and TST (58.6%,
κ = 0.19). The agreement was good between QFT-GIT and IP-10 (84.3%, κ = 0.65).

Table 3. Concordance among latent tuberculosis infection tests.

Tests Test Results Kappa Value

−/− +/− −/+ +/+
TST/QFT-GIT 16 33 0 21 0.24

TST/IP-10 12 27 4 27 0.19
QFT-GIT/IP-10 38 1 11 20 0.65

TST: Tuberculin skin test, QFT-GIT: QuantiFERON-TB Gold In-Tube test, IP-10: Interferon-gamma-inducible
protein 10. TST assessment limit according to ≥5 mm.

TST induration was observed in IRD patients with TST(+)/QFT-GIT(+) results
(16.09 ± 4.35 mm); and with TST(+)/QFT-GIT(−) results (14.09 ± 4.20 mm) (p = 0.123).
Likewise, the diameter of TST induration was found to be 16.11 ± 4.37 mm in TST(+)/IP-
10(+) IRD patients and 13.18 ± 4.53 mm in TST(+)/IP-10(−) patients (p = 0.06).
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4. Discussion

We aimed to evaluate the performance of IP-10 as a marker to detect LTBI and the
concordance among TST or QFT-GIT in patients with IRD. The results revealed good
agreement between QFT-GIT and IP-10 but poor agreement between TST and either QFT-
GIT or IP-10.

It has been demonstrated that TST had poor performance and gave false negative
results in the diagnosis of LTBI in immunocompromised patient group including those with
IRD [6]. In a study that evaluated TST response between RA patients and healthy controls,
TST was found to be negative independent from duration and activity of disease in 76.6% of
the patients with RA, whereas it was negative in 26% of the control group [17]. In the present
study, TST positivity was found to be 77% in IRD patient group (86.1% in males, 67.6% in
females). BCG scar was present in 82.4% of the patients. In a large-scale study performed in
normal population living in a tuberculosis endemic country, TST positivity (TST ≥ 10 mm)
was found to be 69.3%. At least one BCG scar was detected in 91.2% of the cases and it was
demonstrated that TST positivity is higher in male gender (70% vs. 55%) [18]. Similarity
of these results with the results of present study suggests that TST responsiveness is not
poor at all in our study group. Since there is no gold standard in the diagnosis of LTBI,
all studies on IRD patient group in the literature are based on evaluating and comparing
TST and new-generation IGRA tests and investigating agreement between these tests. In
the IRD patient group, IGRA positivity was reported to be 13–44%, whereas TST positivity
was reported to be 1–61%. Different inflammatory diseases of the patients in the study
populations and different immunosuppressive medications that they have been receiving
and also different BCG vaccination status in their own populations make the interpretation
of outcomes difficult [19]. In a large meta-analysis, the sensitivity and specificity of IGRA
tests were found to be 76% and 98%, respectively. It has been stated that IGRA tests have
excellent specificity that is not influenced by BCG vaccination but that data from pediatric
and immunocompromised patients are limited [8]. In the studies conducted in IRD patient
group, the agreement between TST and IGRA was found to be good in the countries where
the rate of BCG vaccination is low, whereas it was found to be poor in the countries where
the rate of vaccination is high [10,20]. In the present study, the agreement between TST and
QFT-GIT was poor (kappa = 0.24).

An important IGRA-related disadvantage is high indeterminate test results in im-
munocompromised patients. It was reported as 13–38.2% depending on the patient group
and it was emphasized that this was accompanied by immunosuppressive therapy and
particularly peripheral lymphocytopenia [21,22]. This is different in the IRD patient group;
it was reported that indeterminate IGRA results were not prevalent in IRD patients and
were seen by less than 5% [19]. The prevalence of indeterminate test results was reported
to be 1.2% in an IRD patient group consisted of 398 patients [11]. Among 70 patients in our
study, there was no patient with indeterminate IGRA result.

In 2006, QFT-GIT supernatants were screened for cytokines and chemokines that could
be the markers of M. tuberculosis antigen-specific cell-mediated immune response. It was
demonstrated that IP-10 was overexpressed in the patients with active tuberculosis but
there was no expression in unexposed controls. This suggested that IP-10 might be an
alternative marker to IFN-γ and may lead to development of IGRA tests [23]. Studies were
performed to investigate diagnostic performance of IP-10 in tuberculosis and they have
been frequently compared with IGRA tests. Studies that compared the results of IP-10
and QFT-GIT one-to-one in indicating active TB reported comparable rates of positivity
(74–91% vs. 79–100%) [12,24,25]. Consistency between the two tests was investigated in
only two of these studies and was found good. Specificity was found to be 98% for IP-10
and 100% for QFT-GIT in unexposed healthy controls in Italy and Denmark and no cross-
reaction was observed with BCG [26]. IP-10 was found to be 55% positive and QFT-GIT
was found to be 48% positive in an Indian population without symptom or contact with
tuberculosis and it was interpreted in the way that the test could reflect the prevalence of
LTBI [27]. In a multicenter study conducted in Europe in the patients with non-tuberculosis
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disease, IP-10 was 35% positive and QFT-GIT test was 27% positive and increase in the
positivity of IP-10 was interpreted in the way that IP-10 might have superior sensitivity or
impaired specificity as compared to QFT-GIT [25]. Obtaining similar results in the present
study (IP-10 31% positive, QFT-GIT 21% positive) suggested that sensitivity of IP-10 might
be considered to be superior. Also, a few recent studies showed that IP-10 might help to
differentiate healthy controls, LTBI, and active TB from each other, but it did not reach
sufficient sensitivity and specificity [28,29].

Making accurate diagnosis of LTBI is important for the treatment and follow-up
in immunocompromised patients, who have high risk of progression to active TB. In
a novel randomized controlled study, the occurrence of tuberculosis was evaluated in
patients receiving TNF-α inhibitors and exposure to TNF-α inhibitors was associated with
a statistically significant threefold increase in the risk of TB. These findings confirm that
appropriate screening with TST/IGRA test should be performed before starting treatment
with TNF-α inhibitors [30]. Murdaca et al. also pointed to the negative TST should be
interpreted with caution in any patient who is under treatment with an immunosuppressive
agent as they ae more likely to have false-negative TST results, IGRAs for the LTBI have
recently been proven to be more spesifiic for LTBI than the TST in immunocomponent
subjects as an expert opinion [31].

Unfortunately, both TST and IGRA tests may give false negative outcomes in such
patients. In a study conducted with IP-10 in HIV(+) patient group, it was reported that
IP-10 is slightly better than QFT-GIT in demonstrating active TB and is influenced less by
CD4 cell count [25]. In another study by Villar-Hernandez et al., using IP-10 and IFN-γ
together led to higher detection rate of LTBI in patients with inflammatory rheumatic
diseases without being affected by immunosuppressive treatment [32].

A study, which evaluated IP-10 in the diagnosis of LTBI in RA patients receiving
immunosuppressive therapy, reported significantly higher IP-10 level in TST(+) patients;
similar results were obtained in the present study. In the same study, it was demonstrated
that baseline unstimulated IP-10 level was high but decreased after treatment in the patient
that developed active TB [33]. Serum IP-10 measurement appears to be one of the most
promising tests that might contribute to the diagnosis of LTBI.

The most striking problem in the comparison of studies that are conducted with IP-10
as a new diagnostic marker is associated with technical aspects of the measures used
to detect IP-10. The use of different brand kits in the studies, measuring the samples at
different dilutions, wide range of measures, and taking different cut-off values in the studies
have been specified as the main problems [34]. Detecting cut-off value using released IP-10
narrowed the range of measure in our study. Limitations of the present study, as in the
similar studies, include the facts that study population is small, since it is a specific patient
group, and patients have been receiving different therapies. However, the limited number
of studies investigating IP-10 in a specific patient group makes the present study critical.

In conclusion, the results of the present study demonstrated that IP-10 is as comparable
as QFT-GIT in the diagnosis of LTBI in IRD patient group. It suggests that IP-10 assay could
be an alternative biomarker for diagnosis of LTBI in countries where the BCG vaccine is
routinely administered.
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Abstract: The purpose of the study was to analyze the relationship between the high-sensitivity
troponin T levels in patients with confirmed influenza virus infection and its severity determined
by mortality during the care process. In addition, a high-sensitivity troponin T cut-off value was
sought to allow us to a safe discharge from the emergency department. An analytical retrospective
observational study was designed in which high-sensitivity troponin T is determined as an exposure
factor, patients are followed until the resolution of the clinical picture, and the frequency of mortality
is analyzed. We included patients ≥ 16 years old with confirmed influenza virus infection and
determination of high-sensitivity troponin T. One hundred twenty-eight patients were included
(96.9% survivors, 3.1% deceased). Mean and median blood levels of high-sensitivity troponin T of
survivors were 26.2 ± 58.3 ng/L and 14.5 ng/L (IQR 16 ng/L), respectively, and were statistically
different when compared with those of the deceased patients, 120.5 ± 170.1 ng/L and 40.5 ng/L
(IQR 266.5 ng/L), respectively, p = 0.012. The Youden index using mortality as the reference method
was 0.76, and the cut-off value associated with this index was 24 ng/L (sensitivity 100%, specificity
76%, NPV 100%, PPV 4%) with AUC of 88,8% (95% CI: 79.8–92.2%), p < 0.001. We conclude that
high-sensitivity troponin T levels in confirmed virus influenza infection are a good predictor of
mortality in our population, and this predictor is useful for safely discharging patients from the
emergency department.

Keywords: influenza; human; troponin; biomarkers; SARS-CoV-2; cardiovascular infections; virus
diseases; usTnT

1. Introduction

Influenza virus infection (IVI) is a substantial global public health problem that causes
significant morbidity and mortality. Annual epidemics are estimated to infect 5–10% of the

245



J. Pers. Med. 2022, 12, 520

world’s population, causing 3–5 million severe cases and more than 650,000 deaths [1,2]. In
the 2019–2020 season, the impact of the flu epidemic in Spain caused 27,700 hospitalizations
with confirmed influenza infection, 1800 patients in the intensive care unit (ICU) services,
and 3900 deaths [3].

Although IVI is a usually self-limited pathology that normally infects only the upper
respiratory tract, sometimes in relation to its aggressiveness and the characteristics of
the host, it can have a complexity and severity that make it difficult for us to predict the
evolution upon arrival at health services. In addition, the appearance of the SARS-CoV-2
virus has produced a significant distortion, with a drastic decrease in the incidence of IVI.
In the 2020–2021 season by the date of 2 May 2021, 15 IVIs had been reported in Spain, 2
from sentinel samples and 13 nonsentinel samples [4]. We do not know if in the future the
influenza virus will disappear in its fight with other viruses in the same ecological niche or
will rebound and be a promoter of other infections, but the European Center for Disease
Prevention and Control and the World Health Organization (WHO) propose establishing
sentinel surveillance systems for influenza, COVID-19 and any other respiratory virus or
emerging etiological agent in the future [5].

A growing body of evidence says that infectious diseases cause cardiovascular com-
plications in the short and medium term. There is increasing evidence of the relationship
between bacterial pneumonia or COVID-19 infection and important cardiovascular com-
plications with increased biomarkers [6–8]. IVI is not an exception, increasing deaths
from cardiovascular problems during influenza epidemics and triggering or aggravating
episodes of arrhythmias, acute coronary syndrome, acute myocarditis, or acute heart fail-
ure [9]. During the last century, the healthcare community has observed cardiovascular
complications in patients with IVI. The first reference to the increase in cardiovascular
morbidity and mortality during IVI epidemics was described in 1932 by Dr. Selwyn D.
Collins [10].

Several large epidemiological studies in Russia, the United States, the United Kingdom,
and Hong Kong have revealed a temporal association between influenza virus circulation
and increased deaths from ischemic heart disease [11]. In 2015 a meta-analysis deter-
mined that a recent diagnosis of IVI doubled the risk of developing an acute coronary
syndrome [12], and this risk was found to be able to increase up to 6 times in the seven
days after IVI confirmation [13]. There is increasing evidence that a recent flu infection is
associated with an increased risk of developing acute coronary syndrome, heart failure,
myocarditis, and arrhythmias, increasing hospital admissions and mortality [12–14]. In a
study of 600 patients with confirmed IVI, 86% of the events associated with acute cardiac
injury occurred during the three days after flu laboratory ratification [15]. In short, IVI can
predispose to suffering a coronary event in the following days. IVI can also cause other
cardiovascular complications, multiplying 3–5 times the risk of heart failure, acute lung
edema, and arrhythmias, especially in the first three days of infection [16].

A recent systematic review that analyzed 14 articles that evaluated the elevation of
any type of troponin (conventional T and I; ultrasensitive T and I) in patients with IVI
concluded that troponin elevation is a rare phenomenon but that when it occurs it increases
the risk of death [10].

Searching for a safe cut-off point would decant the patients who could potentially be
discharged from the emergency department, with the potential financial savings for the
health system in a disease with a large absolute number of seasonal infections.

Therefore, we propose a study whose objective is to determine the prognostic capacity
of hsTnT to detect mortality in patients with confirmed IVI, searching for a cut-off point
that optimizes the sensitivity and negative predictive value (NPV) of the diagnostic test.

2. Materials and Methods
2.1. Enrolled Patients’ Characteristics

An analytical retrospective observational study was designed in a 145-bed hospital
in northern Spain, covering a population of 104,800 people. Subjects ≥ 16 years of age
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with confirmed IVI and determination of usTnT in the emergency room were included and
were followed up until resolution of the condition. The patient inclusion period was from 1
January 2009 to 31 December 2020.

Demographic variables; comorbidity; clinical characteristics; and laboratory values
including biomarkers, radiological data, and evolution data were collected.

2.2. Diagnostic

The outcome predictor variable was the blood determination of hsTnT (measured in
ng/L) and mortality during the care process as a dependent variable.

For the diagnosis of IVI, oropharyngeal samples were collected with swabs, which
were analyzed by a rapid diagnostic test that uses an immunochromatographic analysis for
the qualitative detection of influenza nucleoprotein antigens and/or molecular biological
diagnosis by genomic amplification techniques by polymerase chain reaction (RT-PCR)
methods. We consider IVI confirmed by the positivity of either of the two methods due to
their high specificity.

hsTnT measurement was performed within the first hour of the patient’s arrival at
the emergency department. Electrochemiluminescent immunoassay technique was used
to determine hsTnT (Roche Elecsys Diagnostics GMBH autoanalyzer, Sandhofer Strasse
116, D-68305 Mannheim, Germany). For the rest of the biomarkers, immunoturbidimetric
tests for C-reactive protein and electrochemiluminescent immunoassay for NT-proBNP
were used.

2.3. Statistical Analysis

For the statistical analysis, the categorical variables were described as absolute value
and percentage, and the continuous variables were described by their mean, standard
deviations, medians, and interquartile ranges. To assess the differences between the levels
of hsTnT and the rest of the quantitative variables in patients with IVI, an analysis was
performed between the surviving and nonsurviving groups for each of the variables using
the Mann–Whitney U test. To evaluate differences between groups for qualitative variables,
the chi-square test or Fisher’s test was used.

For the analysis of hsTnT as a predictor of mortality, the ideal cut-off point was
calculated by optimizing the product of sensitivity by specificity, maximizing the Youden
index, and using mortality as the reference method, representing the receiver operating
characteristic (ROC) curve and area under the curve (AUC).

Values of p < 0.05 were considered statistically significant. The analysis was performed
with SPSS for Windows, version 25 (IBM Corp. Released 2017. IBM SPSS Statistics for
Windows, Version 25.0. Armonk, NY, USA: IBM Corp.), and MedCalc for the diagnostic
utility (MedCalc Statistical Software version 19.6 (MedCalc Software bv, Ostend, Belgium;
https://www.medcalc.org; accessed on 22 February 2022)

2.4. Bioethical Statement

This study was designed following the ethical principles of the Declaration of Helsinki.
It was positively evaluated and certified by the Cantabria Clinical Research Ethics Commit-
tee (CEIm 2020.082 certificate) and by the Laredo Hospital Teaching Commission.

3. Results

During the study period, 489,825 patients were assisted in the emergency department.
Of these patients, 1411 patients were diagnosed with flu syndrome. In 920 patients, IVI was
confirmed by immunochromatographic analysis and/or genomic amplification techniques.
One hundred twenty-eight patients ≥16 years with confirmed IVI and determination of
hsTnT were included in the study (Figure 1).
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Figure 1. Patients included in the study.

The mean age was 68.8 ± 15.7 years, and 37.1% were women. In the study population,
19.5% had a history of ischemic heart disease, 11.7% had a history of heart failure, 20.3%
had chronic obstructive pulmonary disease, and 19.4% had chronic renal failure. The
proportion of patients admitted was 67.2%, 65.6% in the conventional ward and 1.6% in
the ICU. Of the patients, 3.1% died, with a mean survival of 5.5 days (SD 4.5). The general
characteristics of the sample are shown in the Table 1
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Table 1. General characteristics of the sample.

Chart. General Characteristics of the Sample.
SURVIVORS (n = 124) DECEASED (n = 4) p-Value

n % n %
SOCIODEMOGRAPHIC VARIABLES

Age (years) [mean (SD)] 68.2 15.7 85.8 4.9 0.008

Female sex 46 37.1 3 75 0.156
ASSOCIATED COMORBIDITY

Active smoker (n = 19) 19 15.3 0 0 0.822

Essential hypertension (n = 79) 76 61.3 3 75 0.504

DM-1 (n = 2) 2 1.6 0 0 0.936

DM-2 (n = 28) 28 22.6 0 0 0.546

Dyslipidemia (n = 57) 56 45.2 1 25 0.396

Heart failure (n = 15) 14 11.3 1 25 0.396

Ischemic heart disease (n = 25) 25 20.2 0 0 0.414

Cardiac arrhythmia (n = 22) 21 16.9 1 25 0.534

Asthma (n = 14) 12 9.7 2 50 0.059

COPD (n = 26) 25 20.2 1 25 0.813

Chronic Kidney Disease (n = 12) 11 8.9 1 25 0.329

Chronic liver disease (n = 12) 11 8.9 1 25 0.546

Cognitive dysfunction (n = 7) 5 4 2 50 0.015

Neoplasia (n = 11) 10 8.1 1 25 0.305
CLINICAL PRESENTING VARIABLES

Dyspneic feeling (n = 65) 61 49.2 4 100 0.062

Body temperature (ºC) [mean (SD)] (n = 125) 37.1 0.9 36.8 0.4 0.487

HR (bpm) [median (IQR)] (n = 124) 88 28.3 71 7.3 0.035

RF (rpm) [median (IQR)] (n = 67) 15 6 14.5 2.5 0.716

TAS (mmHg) [median (IQR)] (n = 126) 136 37.3 140 37.3 0.765

DBP (mmHg) [median (IQR)] (n = 126) 75 17.3 78.5 22.3 0.440

Pulse oximetry (n = 119) 96 4 86.5 4 0.002
ANALYTICAL VARIABLES

Leukocytes x103/µL [median (IQR)] (n = 127) 8000 4100 7250 4575 0.310

Neutrophils x103/µL [median (IQR)] (n = 125) 5450 3825 5400 1800 0.904

Lymphocytes x103/µL [median (IQR)] (n = 125) 900 900 800 700 0.784

Hematocrit % [median (IQR)] (n = 127) 41 6.2 41.3 11.3 0.836

Hemoglobin g/dL [median (IQR)] (n = 127) 13.6 1.9 13.7 4 0.820

Platelets x103/µL [median (IQR)] (n = 126) 176 74 140 99 0.300

Glucose mg/dL [median (IQR)] (n = 127) 126 73 144.5 64 0.945

Urea mg/dL [median (IQR)] (n = 127) 41 26 38.5 17.8 0.709

Creatinine mg/dL [median (IQR)] (n = 126) 0.91 0.33 1.17 0.78 0.337

Sodium mEq/L [median (IQR)] (n = 124) 136 4 139 3 0.214

Potassium mEq/L [median (IQR)] (n = 120) 4.2 0.7 4.2 0.8 0.372

Bilirubin mg/dL [median (IQR)] (n = 56) 0.4 0.4 0.5 0.2 0.941

Prothrombin time % [median (IQR)] (n = 119) 88 30 64 75 0.272
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Table 1. Cont.

Chart. General Characteristics of the Sample.
SURVIVORS (n = 124) DECEASED (n = 4) p-Value

n % n %
Arterial pH [median (IQR)] (n = 100) 7.45 0.06 7.41 0.07 0.085

pO2 mmHg [median (IQR)] (n = 99) 62 16 53.5 8.5 0.052

pCO2 mmHg [median (IQR)] (n = 100) 36.5 9 40.5 8 0.149
BIOMARKERS

CRP mg/dL [median (IQR)] (n = 124) 3.8 8.4 1.9 1.1 0.095

Lactate mg/dL [median (IQR)] (n = 22) 14 10 13 0 0.909

NT-proBNP ng/L [median (IQR)] (n = 71) 575 2186 3481 4408 0.077

hsTnT ng/L [median (IQR)] (n = 128) 14.5 16 40.5 266.5 0.012
RADIOLOGICAL CHARACTERISTICS

Chest X-ray performed (n = 124) 120 96.8 4 100 0.936

Parenchymal condensation/infiltrate (n = 27) 27 21.8 0 0 0.383

Pleural effusion (n = 3) 2 1.6 1 25 0.009
EVOLUTION VARIABLES

Entrance to conventional ward (n = 88) 84 67.7 4 100 0.391

Admission to intensive care unit (n = 2) 2 1.6 0 0 0.936

Days of survival in deceased [mean (SD)] - - 7.3 5.6 -

bpm: beats per minute; brpm: breaths per minute; COPD: chronic obstructive pulmonary disease; CRP: C-reactive
protein; DBP: diastolic blood pressure; DM: diabetes mellitus; hsTnT: high-sensitivity troponin T; IQR: interquartile
range; NT-proBNP: Amino-terminal fragment of brain natriuretic peptide; Rx: X-rays; SD: standard deviation;
TAS: systolic blood pressure.

The mean value of hsTnT in the surviving patients was 26.2 ± 58.3 ng/L, and the
median was 14.5 ng/L (IQR 16). In the deceased, the mean was 120.5 ± 170.1 ng/L and
median was 40.5 ng/L (IQR 266.5), p = 0.012 (Figure 2).

Figure 2. Box plot showing high-sensitivity troponin T values (ng/L) of survivors (n = 124) and
nonsurvivors (n = 4) due to influenza virus infection confirmed by rapid immunochromatographic
diagnosis and/or molecular biological diagnosis by techniques. of genomic amplification by poly-
merase chain reaction methods. Data are presented as medians with 25th and 75th percentiles (boxes)
and 95th and 5th percentiles (whiskers).
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The Youden index was 0.76, and the cut-off point associated with this index was
24 ng/L (sensitivity 100%, specificity 76%, NPV 100%, positive predictive value (PPV) 4%)
with area under the ROC curve (AUC) of 88.8% (95% CI: 79.8–92.2%), p < 0.001 (Figure 3).

Figure 3. ROC curve plot for ultrasensitive troponin T as a function of mortality. AUC: area under
the curve. ROC: receiver operating characteristic.

4. Discussion

The main complications of IVI are respiratory (primary influenza pneumonia or viral
pneumonia superinfected by bacteria), but when it comes to extrapulmonary complica-
tions, a systematic review of 218 articles found that acute myocarditis and acute coronary
syndrome were among the most frequent clinical entities [11,17].

On the other hand, troponin is a globular protein widely used for the early detection of
acute coronary syndrome when its values are higher than the 99th percentile of the normal
reference population, but it also increases in situations of heart failure, myocarditis, and
arrhythmias [18,19].

At this point, we have to consider the reasons why a clinician requests the determi-
nation of a cardiac biomarker in a patient with influenza syndrome. Possibly it is because
we assume that the patient is seriously ill and therefore we suspect that the patient is
developing silent acute myocardial damage or some complication secondary to infection,
such as myocarditis due to direct myocardial injury or due to substances that decrease
contractility, myocardial ischemia due to an imbalance between demands and oxygen
supply, ischemia due to plaque instability due to transient loss of anticoagulant properties
of the endothelium when infiltrated by components of the mononuclear phagocyte system,
arrhythmias due to increased sympathetic–adrenal activity, catecholaminergic coronary
spasm, etc. We could also conjecture that troponin is requested in polypathological patients
due to suspicion of atypical presentation of coronary syndrome or suspicion of pathology
where troponin is useful as a prognostic tool, such as in pulmonary thromboembolic disease.
Whatever the etiopathogenic mechanism, any of these fatal complications of IVI cause an
increase in hsTnT in peripheral blood.

The elevation of troponin in IVI is not described as frequent, but when it occurs, it
worsens the prognosis, increasing the risk of death [20].

The body of evidence in this regard is increasing. A study of 1131 patients with
IVI found an increase in TnI by 2.9%, with 26.6% of this subgroup dying [21]. A recent
retrospective study on 264 patients with IVI confirmed by RT-PCR that stratified patients
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with IVI according to normality of hsTnT found that hsTnT values were significantly
higher in patients who died within 30 days of diagnosis compared to those who survived
(p < 0.01) [22]. Lippi et al. determined that troponin elevation as an indicator of complicated
IVI is a relatively rare phenomenon in patients with IVI, being more likely in elderly patients
with significant comorbidities [20]. These results go in the same direction as our study,
where we found statistically significant differences in the blood levels of hsTnT between
deceased and survivors with IVI (p = 0.012).

Therefore, in this context in which acute cardiovascular symptoms are a potential
wake-up call to indicate a complication due to severe IVI, hsTnT is postulated as a valuable
prognostic tool to detect bad evolution. However, one aspect that has not been studied
much is the ability of hsTnT to detect patients with confirmed IVI who can be safely
discharged from the emergency department. Pizzini et al., with a mortality of 3.8% and
using hsTnT with a cut-off point of 46.4 ng/L, achieved an NPV of 89% to rule out acute
cardiac events (acute coronary syndrome, acute heart failure, or arrhythmia) in patients
with confirmed IVI [22].

In our sample, whose mortality is 3.1%, using the proposed cut-off point of 24 ng/L
to safely discharge patients with confirmed IVI (NPV of 100% with AUC of 88.8% to
detect mortality), we would have been able to avoid 52 admissions, that is, 60.5% of them
(52/86), reducing the therapeutic effort in the emergency department and the pressure on
hospitalization wards. Furthermore, no patient below the cut-off point died or required
intensive care unit assistance.

If we take into account the RAE-CMBD (Specialized Health Care Activity Register)
data from the annual report of the National Health System, the average cost per admission
in Spain is EUR 4,741.94. During the 10 years of the study, 558 patients were admitted (545
in a conventional ward and 13 in an intensive care unit). Therefore, if we apply our model,
338 patients would not have been admitted, with the potential saving in direct costs being
EUR 1,602,775.7 [23].

Elevated baseline troponin levels are detected in the elderly, heart disease, diabetics,
or patients with chronic renal failure, which may act as a confounder. In our sample, the
group of patients who died were significantly older. However, we do not think that these
baseline differences invalidate our results, because we did not find statistically significant
differences in other comorbidities. Furthermore, the main objective of our study was to
detect patients with potentially severe IVI upon arrival at the hospital, regardless of the
etiology being that the troponin increased acutely or that the elevation was in a patient
who already had chronically high troponin levels. This idea is supported by studies that
confirm that hospital mortality in patients with IVI is significantly higher in both acutely
and chronically elevated hsTnT patients [24].

The limitations of the study are fundamentally those derived from a retrospective
single-center study that requires the clinician’s request for hsTnT as an inclusion criterion,
which could lead to a selection bias. Due to the type of study, it was not possible to carry
out further determinations of hsTnT or cardiological evaluation. Nor was the time elapsed
from the onset of flu-like symptoms to attendance at the emergency department recorded.

We are also aware that age and chronic heart and kidney disease history are potential
confounders that may require different cut-off points to avoid interference. Given the small
number of ominous events, future studies aimed at consolidating these results will be
useful.

Near the end of World War, I an unknown disease ravaged the world’s population,
especially the elderly, diabetics, and pregnant and lactating women [25]. The autopsies
detected pneumonia and myocarditis. It was the Influenza A virus. We are currently
facing another pandemic situation with COVID-19. Both SARS-CoV-2 and influenza are
similar in clinical presentation, transmission mechanisms, and vulnerable risk groups and
generate similar pulmonary and extrapulmonary complications. In addition, patients with
coinfection with IVI and SARS-CoV-2 are more likely to suffer cardiac lesions and earlier
cytokine storm [26,27].
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The European Center for Disease Prevention and Control and the WHO propose
establishing sentinel surveillance systems for influenza and COVID-19 because we do
not know what will happen in the near future. A possible scenario would be the coex-
istence of both viruses, one being a facilitator of the other and both being facilitators of
pneumotropic bacteria.

So, in this turbulent period from the microbiological point of view of fighting viruses
in health systems, as important as preventive measures with vaccination campaigns aimed
at vulnerable groups are, it will also be important to find tools that, once the disease is
acquired, allow clinicians to discriminate between stable patients who will have a good
evolution and will be able to leave the care area quickly, especially at times of pressure on
the health system.

5. Conclusions

Therefore, we conclude, first of all, that in our sample the elevation of hsTnT at the
time of IVI diagnosis in the emergency department is significantly associated with increased
mortality during the care process.

Secondly, in our sample, the proposed cut-off point of 24 ng/L would allow the safe
discharge of patients with IVI confirmed by immunochromatographic analysis and/or
genomic amplification techniques, helping to reduce the therapeutic effort and stress on
the system.

Thirdly, the retrospective application of our model suggests important economic
savings for the health system in the direct cost of care, due to the high percentage of
admissions avoided (60.5%), while allowing safe discharge planning from the emergency
service for patients with IVI.

hsTnT could be one more block on the retaining wall that we will be forced to de-
velop against viral infections. Paraphrasing Miguel de Cervantes, we can say that in this
unpredictable time in which we are living, “being prepared will be half a victory”.
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Abstract: The present work investigated the dynamic changes in stressed volume (Vs) and other
determinants of venous return using a porcine model of hyperdynamic septic shock. Septicemia was
induced in 10 anesthetized swine, and fluid challenges were started after the diagnosis of sepsis-
induced arterial hypotension and/or tissue hypoperfusion. Norepinephrine infusion targeting a
mean arterial pressure (MAP) of 65 mmHg was started after three consecutive fluid challenges. After
septic shock was confirmed, norepinephrine infusion was discontinued, and the animals were left
untreated until cardiac arrest occurred. Baseline Vs decreased by 7% for each mmHg decrease in
MAP during progression of septic shock. Mean circulatory filling pressure (Pmcf) analogue (Pmca),
right atrial pressure, resistance to venous return, and efficiency of the heart decreased with time
(p < 0.001 for all). Fluid challenges did not improve hemodynamics, but noradrenaline increased
Vs from 107 mL to 257 mL (140%) and MAP from 45 mmHg to 66 mmHg (47%). Baseline Pmca
and post-cardiac arrest Pmcf did not differ significantly (14.3 ± 1.23 mmHg vs. 14.75 ± 1.5 mmHg,
p = 0.24), but the difference between pre-arrest Pmca and post-cardiac arrest Pmcf was statistically
significant (9.5 ± 0.57 mmHg vs. 14.75 ± 1.5 mmHg, p < 0.001). In conclusion, the baseline Vs
decreased by 7% for each mmHg decrease in MAP during progression of hyperdynamic septic shock.
Significant changes were also observed in other determinants of venous return. A new physiological
intravascular volume existing at zero transmural distending pressure was identified, termed as the
rest volume (Vr).

Keywords: septic shock; venous return; mean circulatory filling pressure; stressed volume;
unstressed volume; rest volume; cardiovascular dynamics; hemodynamics; anesthesiology; intensive
care medicine

1. Introduction

The traditional management of shock focuses on the regulation of left ventricular
cardiac output (CO). However, it is the venous return theory that provides an understanding
of the circulation, emphasizing that CO is associated with, and regulated by, the amount
of blood returning to the heart. In general, venous return occurs because of a pressure
gradient between the periphery and the right atrium. As a matter of fact, not all the blood
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leaving the venous system returns to the heart at the same time because the largest quantity
remains within the veins to regulate venous return [1]; therefore, approximately 30% of the
total blood volume (TBV) represents stressed volume (Vs, i.e., the volume in blood vessels
when transmural distending pressure (Ptm) is above zero), while the remaining 70% is
unstressed volume (Vu), i.e., the volume in blood vessels when Ptm equals zero.

The modification of the venous system that occurs in sepsis is poorly understood.
Experimental studies have indicated a diverse pathophysiology with biphasic hemody-
namic responses and/or hyperdynamic hypotensive circulatory states [2–4], suggesting
a disproportionate impairment in peripheral vasoregulation [5]. Sepsis increases venous
capacitance and decreases systemic vascular resistance (SVR), leading to cardiovascular
compromise and tissue hypoperfusion. In septic shock, the TBV status is unchanged,
but the progressive vasodilation shifts a portion of the Vs to Vu, which decreases mean
circulatory filling pressure (Pmcf) and venous return [6].

The use of the Vs:Vu ratio introduced novel strategies for fluid resuscitation and
vasopressor administration. Nevertheless, the current recommendations on sepsis and
septic shock have failed to reach hemodynamic goals [7]. After decades of research, it seems
that the optimal management requires a basic understanding of the underlying evolving
pathophysiology and an individualized, physiology-guided strategy [8]. An important
asset to this would be the comprehension of Vs:Vu ratio changes during progression of the
condition. In the present study, we aimed to elucidate this topic in greater detail. To this
end, we investigated the dynamic changes in Vs and other determinants of venous return
during progression and resuscitation of hyperdynamic septic shock in an experimental
swine model.

2. Materials and Methods
2.1. Extrapolation Model of Calculation of Stressed Volume

An extrapolation model was created to assess circulatory volumes in steady-state and
pathophysiological conditions using 20-kg Landrace–Large White swine. As the animals’
baseline hemodynamics closely resemble human hemodynamics [9,10], we accepted that
30% of their TBV represents Vs and the remaining 70% is Vu [11–14]. The TBV of the
Landrace–Large White swine is 7% of the total body weight, i.e., 1400 mL for a 20 kg animal,
and therefore, their baseline Vs is 420 mL.

We have recently shown that the blood volume that has to be removed from the 20-kg
swine to induce cardiac arrest is ≈860 mL [15]. This volume includes the Vs and the Vu that
converts to Vs during hemorrhage [14,16]. Considering that the Vs is 420 mL, the blood
volume mobilized from the splanchnic and other compliant veins to maintain Ptm > 0, and
thus Vs and venous return, in the 20-kg swine during hemorrhage is 440 mL [15]. Although
in severe hypovolemia the homeostatic mechanisms involved in hemodynamics and CO
regulation may empty the splanchnic reservoir [17], the remaining 540 mL of the 1400 mL
of blood in our animals was volume that was not mobilized from the venous pool, probably
due to depletion of sympathoadrenal system reserves or splanchnic sequestration, or
mobilization could have occurred only with the use of exogenous vasopressor. This volume
can be characterized as the “rest volume” (Vr), i.e., the volume that cannot be mobilized
without the use of an external vasopressor or without decreasing arterial and/or venous
resistance. The Vs and the Vu (i.e., the volume that can be converted to Vs or Vr) constitute
the potential total circulating blood volume (Vc). In our model, the following apply:

Total blood volume (mL) = Vc + Vr = (Vs + Vu) + Vr (1)

and
Steady state: Vs = 420 mL, Vu = 440 mL, Vr = 540 mL (TBV = 1400 mL).
During hemorrhage: Vs = 420 mL + 440 mL from Vu (to maintain Ptm > 0), Vr = 540 mL.
Hypovolemic cardiac arrest: 860 mL removed and Vr = 540 mL (Ptm ≈ 0).
In summary, in the hemorrhagic model, the Vs (420 mL in the 20-kg swine with TBV

1400 mL) was related to a MAP of 88.4 mmHg, while the Vr (540 mL) was the blood vol-
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ume at MAP 30 mmHg (cardiac arrest) [15]. The Vs, Vu, and Vr during hemorrhage are
depicted in Figure S1. The extrapolation of the aforementioned baseline data from the
hemorrhagic model to animals of the same age, weight, TBV, and baseline hemodynam-
ics [9,15] allows the study of circulatory volumes in other experimental conditions using
linear regression analysis.

2.2. Experimental Model
2.2.1. Ethics Approval

Taking into consideration the principles of 3R, i.e., Replacement, Reduction, and Re-
finement, which represent a responsible approach for performing more humane animal
research [18], we conducted a post hoc analysis of high-quality hemodynamic data derived
from a previous study investigating resuscitation in hyperdynamic septic shock [9]. The
original protocol was approved by the General Directorate of Veterinary Services (license
No. 26, 10 January 2012) according to the national legislation regarding ethical and ex-
perimental procedures. These procedures conformed to the guidelines from Directive
2010/63/EU of the European Parliament on the protection of animals used for scientific
purposes or the current National Institutes of Health guidelines. The manuscript adheres to
the applicable ARRIVE 2.0 and Minimum Quality Threshold in Pre-Clinical Sepsis Studies
(MQTiPSS) guidelines [19,20].

2.2.2. Study Objectives

The primary objective was to assess the dynamic changes in Vs and other determinants
of venous return during progression and resuscitation of hyperdynamic septic shock.
Secondary objective was to measure Pmcf after sepsis-induced cardiac arrest.

2.2.3. Origin and Source of the Animals

This analysis included 10 healthy female Landrace–Large White piglets aged 19–21 weeks
with average weight of 20 ± 1 kg, all purchased from the same breeder (Validakis, Koropi,
Greece). One week prior to the experiments, the animals were transported to the research
facility (Experimental-Research Center Elpen, European Ref Number EL 09 BIO 03) and
were acclimatized to laboratory conditions, as previously described [10]. The day before the
experimentation, the animals were fasted, but access to water was ad libitum. All animals
received anesthetic and surgical procedures in compliance with the Guide for the Care and
Use of Laboratory Animals [21].

2.2.4. Animal Preparation

The animals were premedicated with intramuscular ketamine hydrochloride (Merial,
Lyon, France), 10 mg·kg−1, midazolam (Roche, Athens, Greece), 0.5 mg·kg−1, and atropine
sulphate (Demo, Athens, Greece), 0.05 mg·kg−1, and were subsequently transported to
the operation research facility. Intravascular access was obtained through the auricular
veins, and induction of anesthesia was achieved with an intravenous bolus dose of propofol
(Diprivan 1% w/v; AstraZeneca, Luton, United Kingdom), 2 mg·kg−1, and fentanyl (Janssen
Pharmaceutica, Beerse, Belgium), 2 µg·kg−1. While breathing spontaneously, the animals
were intubated with a size 6.0 mm cuffed endotracheal tube, which was secured on the
lower jaw. Successful intubation was ascertained by auscultation of both lungs while
ventilated with a self-inflating bag.

The animals were then immobilized in the supine position on the operating table and
were volume-controlled ventilated (tidal volume 10 mg·kg−1, inspiratory-to-expiratory
time ratio 1:2, positive end-expiratory pressure 0 cm H20, fraction of inspired oxygen 0.21;
Siare Alpha-Delta Lung Ventilator; Siare s.r.l. Hospital Supplies, Bologna, Italy) [22]. Ad-
ditional amounts of 1 mg·kg−1 propofol, 0.15 mg·kg−1 cis-atracurium, and 4 µg·kg−1

fentanyl were administered intravenously to ascertain synchrony with the ventilator.
Amounts of propofol 0.1 mg·kg−1·min−1, cis-atracurium 20 µg·kg−1·min−1, and fentanyl
0.6 µg·kg−1·min−1 were administered to maintain adequate anesthetic depth, assessed by
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the jaw tone, throughout the study [9,10,22]. Normocapnia was achieved using continuous
monitoring of end-tidal carbon dioxide (ETCO2, Tonocap TC-200-22-01; Engstrom Division,
Instrumentarium Corp, Helsinki, Finland), and the respiratory rate was adjusted to main-
tain ETCO2 35–40 mmHg. Pulse oximetry was monitored throughout the experiment. Body
temperature was monitored by a rectal temperature probe and was maintained between
38.5 ◦C and 39.5 ◦C with a heating blanket [22].

Electrocardiographic monitoring was used using leads I, II, III, aVR, aVL, and aVF,
which were connected to a monitor (Mennen Medical, Envoy; Papapostolou, Athens,
Greece) that electronically calculated the heart rate. For measurement of the aortic pressures,
an arterial catheter (model 6523, USCI CR, Bart; Papapostolou, Athens, Greece) was inserted
and moved forward into the descending aorta after surgical preparation of the right internal
carotid artery. A FloTrac sensor kit was connected to the arterial line and coupled to a
Vigileo monitor (FloTrac/Vigileo; Edwards Lifescience, Irvine, CA, USA). Then, the internal
jugular vein was cannulated, and a Swan–Ganz catheter (Opticath 5.5F, 75 cm; Abbott,
Ladakis, Athens, Greece) was inserted into the right atrium. Intravascular catheters were
zeroed to ambient pressure at the phlebostatic axis, and measurements initiated after
the systems’ dynamic response was confirmed with fast-flush tests. These allowed the
recording of systolic (SAP), diastolic (DAP), and mean (MAP) arterial pressure, and CO,
SVR, and right atrial pressure (PRA). Arterial blood gases were measured on a blood
gas analyzer (IRMA SL Blood Analysis System, Part 436301; Diametrics Medical Inc.,
Roseville, MN, USA). Baseline data were collected after allowing each animal to stabilize
for 30 min.

2.2.5. Preparation of Bacterial Suspensions

We used bacterial suspensions in normal saline with a concentration of approximately
1 × 108 cfu·mL−1 and therefore 0.5 McFarland turbidity [9]. The strains (lipopolysaccharide
Escherichia coli (E. coli) ATCC 25922) were derived from the Microbiology Laboratory of the
Aretaieion University Hospital in Athens, Greece, and stored at −70 ◦C in 50% glycerol
solution. Each vial contained 5 × 108 cfu·mL−1 bacteria in logarithmic phase. Two days
prior to the experimental procedure, the vials were allowed to defrost at room temperature
and then cultured in blood agar plates. They were incubated at 37 ◦C for 14 h and then
recultured every 14 h. At the middle of the logarithmic phase, the colonies were skimmed
from the surface and suspended in 12.5 mL of sterile normal saline that was equally
divided into four tubes (3.125 mL each). The 12.5 mL were removed from a sterile normal
saline bottle of 100 mL. In each tube, we created a bacterial suspension with a turbidity of
4 McFarland. Then, the suspensions were reinfused back in the 100 mL bottle of normal
saline. After vigorous shaking (vortex) we removed 3 mL from the 100 mL and counted the
turbidity. If it was 0.5 McFarland, the suspension was accepted. The turbidity was measured
with a spectrophotometer at a wavelength of 580 nm (Densicheck Plus Biomerieux). The
suspensions were stored at 4 ◦C for 6–8 h and were left at room temperature 30 min prior
to the infusion.

2.2.6. Experimental Procedure

After baseline data were collected, septicemia was induced by an intravenous infusion
of a bolus of 20 mL of bacterial suspension over two minutes, followed by a continuous infu-
sion (1 mL·kg−1·h−1; 1 mL = 108 cfu) during the rest of the experiment (Figure 1) [9]. Hemo-
dynamic measurements were obtained every one hour after inoculation and sepsis was
documented by the presence of systemic manifestations. The definitions of sepsis and septic
shock were based on the 2012 Surviving Sepsis Campaign Guidelines, and septic shock was
defined as sepsis-induced hypotension persisting despite adequate fluid resuscitation [23].
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Figure 1. Experimental protocol outline.

Fluid challenges of 10 mL·kg−1 isotonic sodium chloride were started with the diagnosis of
sepsis-induced arterial hypotension and/or tissue hypoperfusion (lactate > 1 mmol·L−1) [23].
Particular attention was paid to infuse the fluid challenges over 20–30 min and not
faster in order to prevent an artificial stress response [9]. Norepinephrine infusion of
0.01–3 µg·kg−1·min−1 targeting a MAP of 65 mmHg was started after three consecutive
fluid challenges without improvement in MAP. When MAP ≥ 65 mmHg, septic shock
was confirmed and norepinephrine infusion was discontinued [9,23]. No other fluids,
vasopressors, or inotropes were used, and no other adjustments were performed despite
further deterioration, and all animals were left untreated until cardiac arrest occurred.

2.2.7. Calculation of Baseline Mean Circulatory Filling Pressure Analogue and
Related Variables

Mean circulatory filling pressure analog (Pmca) was calculated from running hemody-
namic data to assess the effective circulating volume and the driving pressure for venous re-
turn. The methods of the Pmca algorithm have been described in detail before [24–28]. Briefly,
based on a Guytonian model of the systemic circulation [CO = VR = (Pmcf − PRA)/RVR],
an analogue of Pmcf can be derived using the mathematical model Pmca = (a × PRA) +
(b × MAP) + (c × CO), where PRA is right atrial pressure and RVR is resistance to venous
return [29,30]. In this formula, a and b are dimensionless constants (a + b = 1). Assuming a
veno-arterial compliance ratio of 24:1, a = 0.96 and b = 0.04, reflecting the contribution of
venous and arterial compartments, and c resembles arteriovenous resistance and is based
on a formula including age, height, and weight [27,30,31]:

c =
0.038 (94.17 + 0.193 × age)

4.5
(
0.99age−15

)
0.007184 ·

(
height0.725

) (
weight0.425

) (2)

In addition, the following variables were determined: (1) pressure gradient for
venous return (PGVR) was defined as the pressure difference between Pmca and PRA
[PGVR = Pmca − PRA]; (2) resistance to venous return was defined as the ratio of the pres-
sure difference between Pmca and PRA and CO [RVR = (Pmca − PRA)/CO], a formula
that is used to describe venous return during transient states of imbalances (Pmca is the
average pressure in the systemic circulation, and RVR is the resistance encountered by the
heart) [32,33]; and (3) efficiency of the heart (Eh) was defined as the ratio of the pressure
difference between Pmca and PRA and Pmca [Eh = (Pmca – PRA)/Pmca]. This equation
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was proposed for the measurement of heart performance. During the cardiac stop ejection,
PRA is equal to the Pmca, and Eh approaches zero [27,34].

2.2.8. Analysis of the Dynamic Changes in Stressed Volume during Progression of
Septic Shock

So as to assess Vs during septic shock, we used our extrapolation model in swine of
the same age, weight, TBV, and baseline hemodynamics. The baseline Vs value and the
hourly MAP values during progression of hyperdynamic septic shock were separately
determined on a line plot. Using extrapolation lines and linear regression of MAP − Vs
relationship, we estimated the hourly decrease in Vs considering that the total volume
status was unchanged.

2.2.9. Calculation of Mean Circulatory Filling Pressure during Cardiac Arrest

Significant changes in vasomotor tone occur after the onset of cardiac arrest. The arte-
rial pressure falls and the venous pressure rises until they almost reach equilibrium [35,36].
Thus, the measurement of Pmcf must be made within the first few seconds after ar-
rest [35,37]. However, the hypotension-induced baroreflex withdrawal maintains an ante-
grade and pulmonary blood flow that may continue for more than 30–60 s [37]. As Pmcf
may vary among individuals, the maximum flow could be better assessed if the time of
arrest is more than 20 s [14,38]. Therefore, we initially measured Pmcf using the equilibrium
mean PRA between 5 and 7.5 s after the onset of cardiac arrest, before the reflex response
had significantly altered the measured plateau pressure [36,39,40]. Then, we continued
measuring Pmcf every 10 s until 1 min post-cardiac arrest, provided that the measured
plateau pressure was not significantly altered. In this study, Pmcf was measured at six time
points (5–7.5 s, 15–17.5 s, 25–27.5 s, 35–37.5 s, 45–47.5 s, and 55–57.5 s post-cardiac arrest).

As arteries are much less compliant than veins, transfer of the remaining arterial
volume sufficient to equalize pressures throughout the vasculature could not significantly
increase Pmcf or affect measurements in our study [39]. In this context, a plateau was
considered adequate to allow accurate measurement if mean PRA rose by less than one
mmHg over the period from 5 to 7.5 s after the onset of cardiac arrest [39]. In the present
study, all animals had adequate plateau and were included for further analysis.

2.2.10. Statistical Analysis

Statistical analysis was performed using R v4.1. Pearson’s method was used to corre-
late hemodynamic measurements with Pmca at baseline. Repeated-measures ANOVA was
used to assess differences between groups. Linear mixed effects (LME) models were used
when needed to assess coefficients additionally to p-values. The different subjects (swine)
were included as random factor. p-values less than 0.05 were deemed significant.

3. Results
3.1. Progression of Sepsis and Septic Shock

Sepsis progressively evolved with time, and hyperdynamic septic shock was evident
after the second hour from induction of septicemia. The progression of sepsis had a
significant effect on hemodynamic (Table 1) and metabolic variables (Table S1).
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Table 1. Hemodynamic changes in animals during progression of sepsis and septic shock.

Baseline 1 h 2 h 3 h 4 h 5 h 6 h p-Value

Heart rate (beat·min−1) 127.2 (14.23) 137.4 (12.19) 137 (19.09) 134.6 (18.63) 142.7
(18.03)

123.5
(14.94)

129.1
(15.56) 0.135

MAP (mmHg) 88.4 (20.94) 78.8 (20.35) 59.6 (13.50) 48.6 (13.81) 48.6 (15.94) 42.7 (12.26) 33.2 (3.36) <0.001
CO (L·min−1) 6.4 (0.34) 6.9 (0.22) 7.4 (0.25) 8 (0.11) 8.6 (0.19) 8.7 (0.41) 10.1 (0.53) <0.001

SVR (dynes·sec·cm−5) 1012.7 (61.24) 827.5 (42.79) 585.3 (18.06) 443.4 (11.99) 416.2
(14.16)

346.2
(16.98)

244.6
(17.78) <0.001

PRA (mmHg) 7.3 (1.16) 6.6 (0.84) 5.5 (0.71) 4.1 (0.74) 4 (0.67) 4.9 (0.32) 2.4 (0.52) <0.001
Pmca (mmHg) 14.3 (1.23) 13.5 (0.85) 11.9 (0.74) 10.5 (0.71) 10.8 (0.64) 11.5 (0.38) 9.5 (0.57) <0.001
PGVR (mmHg) 6.9 (0.16) 6.9 (0.11) 6.4 (0.18) 6.4 (0.08) 6.8 (0.12) 6.6 (0.24) 7.1 (0.3) 0.934

RVR (mmHg·min·L−1) 1.1 (0.03) 1 (0.02) 0.87 (0.01) 0.8 (0.01) 0.79 (0.01) 0.75 (0.01) 0.7 (0.01) <0.001
Eh 0.49 (0.04) 0.52 (0.03) 0.54 (0.03) 0.61 (0.04) 0.63 (0.04) 0.57 (0.02) 0.75 (0.04) <0.001

Vs (mL) 420 350 214 136 136 93 ≈0 <0.001

Values are expressed as mean (SD). MAP, mean arterial pressure; CO, cardiac output; SVR, systemic vascular
resistance; PRA, right atrial pressure; Pmca, mean circulatory filling pressure analog; PGVR, pressure gradient for
venous return; RVR, resistance to venous return; Eh, efficiency of the heart.

3.2. Dynamic Changes in Stressed Volume during Progression of Septic Shock

The dynamic changes in Vs during progression of septic shock are depicted in Figure 2.
A 7% decrease in Vs was observed for each mmHg decrease in MAP during progression of
sepsis and septic shock (Figure 3).
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Figure 3. Three-dimensional surface plot showing the functional relationship between stressed
volume, mean arterial pressure, and cardiac output during progression of hyperdynamic septic
shock. The decrease in stressed volume was the result of progressive vasodilation and was not
affected by changes in cardiac output, which increased in an effort to maintain tissue perfusion
during progression of shock. Vs, stressed volume; MAP, mean arterial pressure; CO, cardiac output.

3.3. Changes in Mean Circulatory Filling Pressure Analogue and Other Determinants of Venous
Return during Septic Shock

Mean circulatory filling pressure analogue decreased with time (p < 0.001), along with
PRA (p < 0.001) and RVR (p < 0.001). The PGVR also decreased, but the difference between
time points was not statistically significant (p = 0.934). In addition, a statistically significant
decrease in Eh was observed with time (p < 0.001).

3.4. Effects of Fluid Challenges and Noradrenaline on Determinants of Venous Return

In total, 30 mL·kg−1 were administered within the first three hours from diagnosis
of septic shock. The infusion of the first 50 mL of isotonic sodium chloride increased
MAP from 61 mmHg to 64 mmHg (5%) and Vs from 221 mL to 243 mL (10%). However,
neither this nor the subsequent amount of isotonic sodium chloride significantly affected
hemodynamics, implying an increase in Vu and Vr (Table 2, Figure 4).

Table 2. Effect of fluid challenges on hemodynamic variables.

2 h (100 mL) 3 h (300 mL) 4 h (200 mL)

Before After Before After Before After p-Value

Heart rate
(beat·min−1) 140 (15) 126 (7) 138 (4) 137 (6) 148 (12) 148 (9) 1

MAP (mmHg) 61 (11) 64 (6) 46 (5) 46 (6) 45 (7) 45 (4) 1
CO (L·min−1) 7.1 (2) 7.3 (2) 7.9 (2) 8 (2) 8.5 (2) 8.6 (2) 0.79

SVR (dynes·sec·cm−5) 629 (14) 642 (8) 424 (16) 420 (11) 386 (24) 381 (17) 0.98
PRA (mmHg) 5.2 (0.2) 5.4 (0.5) 4.1 (0.3) 4 (0.2) 4 (0.4) 4 (0.5) 1

Pmca (mmHg) 11.6 (0.4) 12 (0.3) 10.4 (0.8) 10.3 (0.2) 10.6 (0.3) 10.6 (0.3) 1
PGVR (mmHg) 6.4 (0.5) 6.6 (0.2) 6.3 (0.2) 6.3 (0.3) 6.6 (0.3) 6.6 (0.1) 1

RVR (mmHg·min·L−1) 0.9 (0.1) 0.9 (0.2) 0.8 (0.2) 0.8 (0.3) 0.8 (0.2) 0.8 (0.2) 1
Eh 0.55 (0.02) 0.55 (0.03) 0.61 (0.01) 0.61 (0.01) 0.62 (0.01) 0.62 (0.01) 1

Vs (mL) 221 243 119 119 119 119 0.962

Values are expressed as mean (SD). MAP, mean arterial pressure; CO, cardiac output; SVR, systemic vascular
resistance; PRA, right atrial pressure; Pmca, mean circulatory filling pressure analog; PGVR, pressure gradient for
venous return; RVR, resistance to venous return; Eh, efficiency of the heart.

262



J. Pers. Med. 2022, 12, 724

J. Pers. Med. 2022, 12, 724 8 of 16 
 

 

shock. The decrease in stressed volume was the result of progressive vasodilation and was not 

affected by changes in cardiac output, which increased in an effort to maintain tissue perfusion 

during progression of shock. Vs, stressed volume; MAP, mean arterial pressure; CO, cardiac output. 

3.3. Changes in Mean Circulatory Filling Pressure Analogue and Other Determinants of Venous 

Return during Septic Shock 

Mean circulatory filling pressure analogue decreased with time (p < 0.001), along with 

PRA (p < 0.001) and RVR (p < 0.001). The PGVR also decreased, but the difference between 

time points was not statistically significant (p = 0.934). In addition, a statistically significant 

decrease in Eh was observed with time (p < 0.001). 

3.4. Effects of Fluid Challenges and Noradrenaline on Determinants of Venous Return 

In total, 30 mL·kg−1 were administered within the first three hours from diagnosis of 

septic shock. The infusion of the first 50 mL of isotonic sodium chloride increased MAP 

from 61 mmHg to 64 mmHg (5%) and Vs from 221 mL to 243 mL (10%). However, neither 

this nor the subsequent amount of isotonic sodium chloride significantly affected 

hemodynamics, implying an increase in Vu and Vr (Table 2, Figure 4). 

Table 2. Effect of fluid challenges on hemodynamic variables. 

 
2 h (100 mL) 3 h (300 mL) 4 h (200 mL)  

Before After Before After Before After p-Value  

Heart rate (beat·min−1) 140 (15) 126 (7) 138 (4) 137 (6) 148 (12) 148 (9) 1 

MAP (mmHg) 61 (11) 64 (6) 46 (5) 46 (6) 45 (7) 45 (4) 1 

CO (L·min−1) 7.1 (2) 7.3 (2) 7.9 (2) 8 (2) 8.5 (2) 8.6 (2) 0.79 

SVR (dynes·sec·cm−5) 629 (14) 642 (8) 424 (16) 420 (11) 386 (24) 381 (17) 0.98 

PRA (mmHg) 5.2 (0.2) 5.4 (0.5) 4.1 (0.3) 4 (0.2) 4 (0.4) 4 (0.5) 1 

Pmca (mmHg) 11.6 (0.4) 12 (0.3) 10.4 (0.8) 10.3 (0.2) 10.6 (0.3) 10.6 (0.3) 1 

PGVR (mmHg) 6.4 (0.5) 6.6 (0.2) 6.3 (0.2) 6.3 (0.3) 6.6 (0.3) 6.6 (0.1) 1 

RVR (mmHg·min·L−1) 0.9 (0.1) 0.9 (0.2) 0.8 (0.2) 0.8 (0.3) 0.8 (0.2) 0.8 (0.2) 1 

Eh 0.55 (0.02) 0.55 (0.03) 0.61 (0.01) 0.61 (0.01) 0.62 (0.01) 0.62 (0.01) 1 

Vs (ml) 221 243 119 119 119 119 0.962 

Values are expressed as mean (SD). MAP, mean arterial pressure; CO, cardiac output; SVR, systemic 

vascular resistance; PRA, right atrial pressure; Pmca, mean circulatory filling pressure analog; PGVR, 

pressure gradient for venous return; RVR, resistance to venous return; Eh, efficiency of the heart. 

On the contrary, noradrenaline increased Vs from 107 mL to 257 mL (140%) and MAP 

from 45 mmHg to 66 mmHg (47%). In addition, most systemic hemodynamic variables 

and determinants of venous return significantly improved after the onset of noradrenaline 

infusion (Table 3, Figure 4). 

 

Figure 4. Effect of fluid challenge and noradrenaline on stressed volume. After infusion of 50 mL of 

isotonic sodium chloride, MAP increased from 61 mmHg to 64 mmHg and Vs increased from 221 

Figure 4. Effect of fluid challenge and noradrenaline on stressed volume. After infusion of 50 mL
of isotonic sodium chloride, MAP increased from 61 mmHg to 64 mmHg and Vs increased from
221 mL to 243 mL (VFL). After noradrenaline infusion, MAP increased from 45 mmHg to 66 mmHg
and Vs increased from 107 mL (Vs’) to 257 mL (VNOR). MAP, mean arterial pressure; Vs, stressed
volume before fluid infusion; VFL, stressed volume after fluid infusion; Vs’, stressed volume before
noradrenaline infusion; VNOR, stressed volume after noradrenaline infusion.

On the contrary, noradrenaline increased Vs from 107 mL to 257 mL (140%) and MAP
from 45 mmHg to 66 mmHg (47%). In addition, most systemic hemodynamic variables
and determinants of venous return significantly improved after the onset of noradrenaline
infusion (Table 3, Figure 4).

Table 3. Effect of noradrenaline on hemodynamic variables.

Before After p-Value

Heart rate (beat·min−1) 147 (8) 119 (9) <0.001
MAP (mmHg) 45 (5) 66 (1) <0.001
CO (L·min−1) 8 (2) 8.6 (2) 0.510

SVR (dynes·sec·cm−5) 410 (11) 572 (9) <0.001
PRA (mmHg) 4 (0.2) 4.5 (0.1) <0.001

Pmca (mmHg) 10.3 (0.3) 11.9 (0.2) <0.001
PGVR (mmHg) 6.3 (0.1) 7.4 (0.1) <0.001

RVR (mmHg·min·L−1) 0.8 (0.2) 0.9 (0.1) 0.174
Eh 0.61 (0.01) 0.62 (0.01) 0.826

Vs (mL) 107 257 <0.001
Values are expressed as mean (SD). MAP, mean arterial pressure; CO, cardiac output; SVR, systemic vascular
resistance; PRA, right atrial pressure; Pmca, mean circulatory filling pressure analog; PGVR, pressure gradient for
venous return; RVR, resistance to venous return; Eh, efficiency of the heart.

3.5. Measurement of Mean Circulatory Filling Pressure after Cardiac Arrest

Post-cardiac arrest Pmcf was 14.75 ± 1.5 mmHg. The change in Pmcf during the first
minute after cardiac arrest is depicted in Table S2. Baseline Pmca and post-cardiac arrest
Pmcf did not differ significantly (14.3 ± 1.23 mmHg vs. 14.75 ± 1.5 mmHg, p = 0.24),
but the difference between pre-arrest Pmca and post-cardiac arrest Pmcf was statistically
significant (9.5 ± 0.57 mmHg vs. 14.75 ± 1.5 mmHg, p < 0.001).

4. Discussion

The aim of this experimental study was to investigate the dynamic changes in Vs and
other determinants of venous return during progression and resuscitation of hyperdynamic
septic shock in a swine model that closely resembles human hemodynamics. The main find-
ings of the present analysis are: (1) the baseline Vs was estimated at 420 mL and decreased
by 7% for each mmHg decrease in MAP during progression of septic shock; (2) we revealed
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a new physiological volume existing at Ptm ≈ 0, the Vr, which has important physiological
significance and cannot be mobilized without the use of an external vasopressor or without
decreasing arterial and/or venous resistance; (3) during septic shock, Pmca, PRA, RVR, and
Eh significantly decreased with time, while PGVR also decreased but did not reach statistical
significance; (4) fluid challenges (in total 30 mL·kg−1) did not improve systemic param-
eters or determinants of venous return, while the infusion of noradrenaline significantly
improved hemodynamics except for CO, Eh, and RVR; and (5) post-cardiac arrest Pmcf did
not differ significantly from baseline Pmca, but the difference between pre-arrest Pmca
and post-cardiac arrest Pmcf was statistically significant. The present study investigated
for the first time the dynamic changes in intravascular volumes and venous return during
progression of sepsis to hyperdynamic septic shock and cardiac arrest, providing novel
insights into the evolution of cardiovascular dynamics during the condition.

4.1. Estimation and Dynamic Changes in Stressed Volume

The evidence on Vs estimation in healthy state and sepsis is limited. Ogilvie et al.
reported mean Vs values of 812 mL (43% of TBV), 952 mL (50% of TBV), and 1148 mL (60%
of TBV) for three different ways of inducing circulatory arrest [37]. A model-based compu-
tation method of Vs from a preload reduction maneuver reported an average Vs of 486 mL
(22.4% of TBV) in swine [41]. Studies in dogs using the capacity vessel pressure–volume
relationship demonstrated Vs ranging between 322–653 mL (15–45% of TBV) [42–44]. In
humans, Vs was determined by extrapolating the mean systemic filling pressure (Pmsf,
i.e., Pmcf excluding the cardiopulmonary compartment)–volume curve to zero pressure
intercept after inspiratory holds and arm stop-flow maneuvers and was estimated to be
1265 mL (≈30% of the predicted TBV) [45]. In another study with postoperative cardiac
surgery patients, Vs was estimated with inspiratory hold maneuvers at 1677 mL (26% of
TBV) [46]. The differences in Vs can be explained by the physiological characteristics of
species and the method used for its estimation.

In the present experimental study, Vs was estimated at 420 mL and had decreased by
17% after 60 min from the onset of sepsis (no fluid challenges up to this time point), and
by 50% after 120 min from the onset of sepsis (100 mL of isotonic sodium chloride had
been infused but did not affect Vs). Murphy et al. used a three-chambered cardiovascular
system model to identify Vs in swine and reported that it decreased by 29% after 30–40 min
from the infusion of E. coli endotoxin [47]. However, 500 mL of saline solution had been
administered before endotoxin infusion. Additionally, in a canine model of E. coli endotoxin
shock, Uemura et al. reported a decrease in Vs of 50% after the end of 60 min endotoxin
infusion [48]. In either case, it is important to remember that Vs and Vu are virtual values,
not separated, and they change their names and function depending on Ptm at every
moment [11]. Nevertheless, the aforementioned data suggest that research on the dynamic
changes in Vs may lead to distinct shock phenotypes requiring distinct hemodynamic
management. Considering the close resemblance between the Landrace–Large White swine
and human hemodynamics, this species seems suitable for studying venous return and its
determinants in steady and shock states [9,15,49,50].

4.2. Conceptual Approach and Characteristics of Rest Volume

One of the most significant findings to emerge from this study is the identification
of Vr as the volume that cannot be mobilized/converted without the use of an external
vasopressor or without decreasing arterial and/or venous resistance, e.g., by decreasing the
dose of pure α-adrenergic agonists, such as phenylephrine. The utilization of Vr in research
and clinical practice is extremely intriguing and helpful. Brengelmann has proposed the
same term for the volume (Vu) beyond which further addition (in volume) would result in
stretching of the vessel walls (distending volume or Vs) [51]. However, our analyses show
that Vr is different from Vu, although they both exist at Ptm ≈ 0. In normal conditions, Vu
can be mobilized, if required, but Vr cannot be without external intervention. In particular,
Vr seems to have dual main functions at the steady state, i.e., to prevent an increase in
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venous resistance and maintain critical closing pressure, which is the pressure below which
small vessels collapse and effective capillary blood flow ceases. As critical closing pressure
is related to vascular tone, the Vr exerts the peripheral venous pressure required to sustain
a vasomotor reflex, resulting in the maintenance of critical closing pressure [52,53]. Indeed,
there is evidence showing that profound arterial hypotension during prolonged septic
shock may be associated with a drastic increase in venous resistance, especially within the
distal part of the splanchnic vasculature [11,54,55]. The aforementioned characteristics of Vr
mandate that it should not be iatrogenically deranged or should be only minimally affected,
even in patients with shock. A severe derangement of Vr could explain the devastating
effects of exogenous adrenergic agonists, especially when administered in hypovolemic
individuals and/or at high doses.

In our animals, the evolving vasoplegia decreased Vs until cardiac arrest occurred
(Vs = 0 mL, Vu = 860 mL, Vr = 540 mL). In severe septic shock with low Vs, the use of
exogenous vasopressors may not be sufficient to completely convert the increased amount
of Vu (baseline Vu plus the converted part of Vs) to Vs, implying an increase in Vr (baseline
Vr plus part of Vu that is not converted to Vs) and thus a lower Vc. In such a case, increasing
vasopressor doses will result in arterial vasoconstriction, increased exit resistance from the
arterial compartment, and decreased capillary perfusion [11,56]. In clinical practice, this
may be the appropriate time along the pathophysiologic continuum of sepsis/septic shock
at which fluid infusion will improve Vs, CO, and tissue perfusion.

Based on the aforementioned characteristics of Vr, a drug that stimulates both the α-
and β-adrenergic receptors is expected to more effectively maintain systemic hemodynam-
ics than one that activates either α- or β-adrenergic receptors [17]. Indeed, administration
of norepinephrine causes arterial and venous constriction and dilatation of the splanchnic
vasculature (decreasing splanchnic sequestration at low to moderate doses), which enhance
the conversion of Vu to Vs and facilitate flow through the splanchnic system [11,57], and
therefore can improve venous return in patients with septic shock [58].

4.3. Dynamic Changes in Mean Circulatory Filling Pressure and Other Determinants of
Venous Return

Accurate data on Pmcf in septic patients are also scarce. A meta-analysis investi-
gating the effects of vasopressor-induced hemodynamic changes in adults with shock
reported that vasopressor infusion increased Pmsf analogue (Pmsa) from 16 ± 3.3 mmHg to
18 ± 3.4 mmHg, but had variable effects on central venous pressure, Eh, and CO [59]. Guar-
racino et al. estimated Pmsa in septic shock patients at admission and after resuscitation
with fluid and norepinephrine at 13.0 ± 1.4 mmHg and 15.2 ± 1.8 mmHg, respectively, with
a PGVR of 6.2 ± 0.8 mmHg [60]. In both Guarracino’s study and our own, fluid resuscitation
probably caused hemodilution that decreased and/or prevented an increase in RVR [61–65].
In another study using inspiratory hold maneuvers in septic patients, Pmsf was found to
be 26–33 mmHg, depending on the rate of norepinephrine infusion [57]. In the latter study,
however, inspiratory holds may have overestimated zero-flow measurements [33]. Of
note, Lee et al. investigated the hemodynamic changes in splenectomized dogs after E. coli
endotoxin infusion and reported an increase in CO concomitantly with a decrease in MAP
and Pmsa; however, volume loading (20 mL·kg−1) significantly increased Pmsa above
baseline values [31]. The improvement in Pmsa can be explained by the pre-endotoxin
splenectomy, which prevents volume loss in canine models [65,66]. In the present study,
only the first 50 mL of isotonic sodium chloride had a slight effect on MAP, CO, Pmca, and
PGVR (RVR and Eh did not change), but neither these nor the total amount of administered
fluids (30 mL·kg−1) significantly improved hemodynamics. In addition, post-cardiac arrest
Pmcf was 14.75 ± 1.5 mmHg in our animals, which was similar to their baseline Pmca,
but significantly higher than the Pmca value before the onset of cardiac arrest, implying
an increase in Vu and Vr. In humans, Pmcf measured one minute after death from sep-
tic shock was 12.7 ± 5.7 mmHg [67], which is similar to our post-cardiac arrest value.
Despite the reported inadequacies in calculating Pmca [37], our findings support its use
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as a functional hemodynamic monitoring variable to track changes in Pmcf over time,
coupling it with other functional hemodynamic parameters in the normal state and septic
shock [31,68]. Most especially, the difference between the pre-arrest Pmca and post-cardiac
arrest (equilibrium) Pmcf in the present study further strengthens the importance of Vr
and its characteristics in the healthy state and disease state, as previously discussed in
this section.

4.4. Clinical Implications

Although the clinical and pathophysiological understanding of septic shock has pro-
gressed in the previous decades, many questions still exist. Fluid resuscitation in septic
shock is an effective intervention to increase venous return; however, timely fluid resusci-
tation is critical, and many patients do not respond to treatment [69–71]. Administration
of fluids is based on the available static and dynamic methods, yet it may also result
in overtreatment and organ injury. On the other hand, vasopressor administration can
improve systemic hemodynamics, but may not always improve tissue perfusion and may
result in adverse effects as well.

The present study revealed the hourly decrease in Vs during hyperdynamic septic
shock, which increases our understanding of sepsis-induced vasoplegia. As the currently
available methods for assessing fluid responsiveness have limitations [72–75], the use of
Vs may further support the assessment of the procedure in patients with septic shock.
Moreover, our findings can aid in the decision to start vasopressor support according to
the decrease in vasomotor tone, a common characteristic of sepsis-related hypotension.
Assessment of Vs can be also helpful in starting vasopressors simultaneously with fluids or
following a very limited fluid resuscitation, which can improve Pmcf/Pmca, venous return,
and CO, and decrease net fluid balance, incidence of complications, and mortality [76–80].

In addition, our analysis identified a new circulatory volume, the Vr. This volume
cannot be mobilized/converted without the use of an external vasopressor or without
decreasing arterial and/or venous resistance. The Vr seems to have a dual function, i.e.,
to prevent an increase in venous resistance and maintain critical closing pressure. These
findings suggest that fluid management and administration of vasopressors in patients
with shock should be considered only if they do not affect or minimally affect the Vr. The Vr
seems extremely important for maintaining hemodynamic homeostasis both in the steady
state and disease state.

The present study provides a deeper physiological understanding of hyperdynamic
septic shock and new information on how to optimize fluid administration and the use of
vasoactive drugs within an individualized treatment strategy. Furthermore, our findings
may help in identifying novel phenotypes of septic shock patients.

4.5. Strengths and Limitations

The major strength of this experimental study was the resemblance of the hemody-
namic and biochemical/metabolic changes during hyperdynamic septic shock between
Landrace–Large White swine and humans [9,81]. We acknowledge that this experiment
was performed on 10 healthy normovolemic swine and that the use of anesthetics may
have affected their response to stress. Nevertheless, the hemodynamic changes during the
progression of septic shock were robust. In addition, the present post hoc analysis included
only female Landrace–Large White piglets. Furthermore, we did not address the effect of
pulsatility on Pmca. However, the oscillations in PRA during the cardiac cycle and vascular
buffering minimize this effect [32,33].

5. Conclusions

The baseline Vs was estimated at 420 mL and decreased by 7% for each mmHg decrease
in MAP during progression of hyperdynamic septic shock. Significant changes were also
observed in other determinants of venous return. A new physiological intravascular volume
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existing at Ptm ≈ 0 was identified, termed as Vr, which cannot be mobilized/converted
without vasopressor support or without decreasing arterial and/or venous resistance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/xxx/s1. Figure S1: Total blood volume in a 20-kg swine; Table S1: Metabolic
changes in animals during progression of sepsis and septic shock; Table S2: Mean circulatory filling
pressure after cardiac arrest.
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Abstract: Patients undergoing one-lung ventilation (OLV) in the supine position face an increased risk
of intraoperative hypoxia compared with those in the lateral decubitus position. We hypothesized
that iloprost (ILO) inhalation improves arterial oxygenation and lung mechanics. Sixty-four patients
were enrolled and allocated to either the ILO or control group (n = 32 each), to whom ILO or normal
saline was administered. The partial pressure of the arterial oxygen/fraction of inspired oxygen
(PaO2/FiO2) ratio, dynamic compliance, alveolar dead space, and hemodynamic variables were
assessed 20 min after anesthesia induction with both lungs ventilated (T1) and 20 min after drug
nebulization in OLV (T2). A linear mixed model adjusted for group and time was used to analyze
repeated variables. While the alveolar dead space remained unchanged in the ILO group, it increased
at T2 in the control group (n = 30 each) (p = 0.002). No significant differences were observed in the
heart rate, mean blood pressure, PaO2/FiO2 ratio, or dynamic compliance in either group. Selective
ILO nebulization was inadequate to enhance oxygenation parameters during OLV in the supine
position. However, it favorably affected alveolar ventilation during OLV in supine-positioned patients
without adverse hemodynamic effects.

Keywords: one-lung ventilation; supine position; iloprost; oxygenation; lung mechanics

1. Introduction

One-lung ventilation (OLV) is an essential part of thoracic anesthesia which allows
access to the surgical field [1]. However, inevitable development of intrapulmonary shunt
during OLV makes the maintenance of adequate oxygenation a major issue for this ven-
tilation technique [2]. Arterial oxygenation during OLV is affected by the distribution of
pulmonary perfusion to the ventilated and non-ventilated lungs [3]. Hypoxemia induced
by collapse of one lung activates hypoxic pulmonary vasoconstriction, which reduces
intrapulmonary shunt by redirecting pulmonary perfusion to the well-ventilated lung [4].

Along with hypoxic pulmonary vasoconstriction, body position may further affect
the distribution of pulmonary perfusion [3]. Most thoracic surgeries are performed in the
lateral decubitus position, and gravity induces better perfusion of the lower, ventilated lung
than that of the upper, non-ventilated lung [3]. However, surgeries involving the anterior
mediastinum often require OLV in the supine position, in which favorable gravitational
modulation of pulmonary perfusion cannot be anticipated [5]. Hence, patients scheduled
for these surgeries face an increased risk of hypoxemia during OLV [6].

Iloprost (ILO) is a prostacyclin analogue, and inhalation of the drug induces vasodi-
lation in the well-ventilated areas of the lung with little effect on systemic circulation [7].
Hence, recent studies have investigated the capability of ILO as a potential rescue drug for
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hypoxia during OLV, and demonstrated that selective ILO nebulization to the ventilated
lung improved arterial oxygenation and lung mechanics in pulmonary resections [8–10].
However, whether ILO would provide similar effects during OLV in the supine position is
not known. Hence, we hypothesized that ILO would improve arterial oxygenation and lung
mechanics in patients scheduled for anterior mediastinal mass excision and investigated
the effects of ILO in this cohort.

2. Materials and Methods
2.1. Study Population

This prospective, randomized, controlled study included patients scheduled for video-
assisted thoracoscopic anterior mediastinal mass excision between July 2021 and March
2022 and adhered to the Consolidated Standards of Reporting Trials (CONSORT) guidelines.
The study was approved by the Institutional Review Board of Severance Hospital, Yonsei
University Health System, Seoul, Korea (IRB, no. 4-2021-0694) and was registered at
Clinicaltrials.gov (NCT 04927039). After IRB approval, written informed consent was
obtained from all participants involved in the study, and the study methods were performed
in accordance with the relevant guidelines and regulations. The inclusion criteria were as
follows: (1) scheduled for video-assisted thoracoscopic mediastinal mass excision requiring
OLV, (2) aged between 20 and 80 years, and (3) American Society of Anesthesiologists
physical status class between II and III. The exclusion criteria included morbid obesity,
heart failure (New York Heart Association class III or IV), arrhythmia, and severe hepatic,
renal or pulmonary diseases.

2.2. Anesthetic Management

Anesthesia was induced using propofol (1.0–2.0 mg/kg), remifentanil (0.5–1.0 µg/kg),
and rocuronium (0.8–1.0 mg/kg). Patients were intubated with left-sided double-lumen
endobronchial tubes (DLT) (VentiBroncTM Anchor; Flexicare Medical Ltd., Mountain Ash,
UK). A fiberoptic bronchoscope was used to confirm the correct position of the DLT be-
fore the OLV was provided. The radial artery was cannulated for continuous pressure
monitoring and arterial blood gas analysis. Mechanical ventilation was provided using
autoflow pressure-controlled ventilation mode (Primus®; Dräger Medical, Lubeck, Ger-
many). The fraction of inspired oxygen (FiO2) was set at 0.6. The tidal volume was adjusted
to 6 mL/kg, and a positive end-expiratory pressure (PEEP) of 5 mm Hg was applied.
The respiratory rate was adjusted to maintain the end-tidal carbon dioxide (etCO2) at
the range of 35–40 mmHg. Anesthesia was maintained with 1.0–2.0 vol% sevoflurane
and 0.1–0.3 µg/kg/min remifentanil, and the depth of anesthesia was assessed using a
Sedline® brain function monitor (Masimo, Irvine, CA, USA). The rate of intravenous fluid
administration was set at a rate of 3 mL/kg/h, and additional fluid was administered to
compensate for intraoperative blood loss.

After anesthesia induction, OLV was initiated. Carbon dioxide (CO2) insufflation
was initiated on the operating side of the thorax by the surgeon with a pressure limit of
10 mmHg and a flow rate of 4 L/min. Vasoactive drugs, such as phenylephrine, were
administered if systolic blood pressure (SBP) fell below 80 mmHg. In cases of desaturation
(saturation of percutaneous oxygen [SpO2] < 95%), the FiO2 level increased by 0.2 up to 1.0.

2.3. Study Design and Outcome Measurements

All enrolled patients were randomly allocated to either the ILO or the control group
using a randomized sequence, and surgeons and anesthesiologists were blinded to the
group allocation. After the initiation of OLV, ILO (20 µg (2 mL, Ventavis®; Bayer AG,
Leverkusen, Germany) was administered to the ILO group. ILO was mixed with normal
saline (3 mL) and aerosolized using an ultrasonic nebulizer (Aerogen® Pro; Aerogen Ltd.,
Galway, Ireland), which was connected to the inspiratory limb of the ventilator system. A
comparable volume (5 mL) of normal saline was nebulized to the control group in the same
manner. The medications were nebulized for 20 min.
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The study time points were as follows: (1) 20 min after anaesthesiainduction with both
lungs ventilated (T1) and (2) 20 min after ILO or normal saline nebulization in OLV (T2). Res-
piratory and hemodynamic parameters were recorded and arterial blood samples were col-
lected during each study period. Respiratory parameters included FiO2, etCO2, partial pres-
sure of arterial oxygen (PaO2), the ratio of PaO2 to FiO2 (PaO2/FiO2), alveolar dead space,
and dynamic compliance. A blood gas analyzer (GEM® Premier 4000; Instrumentation Lab-
oratory, Lexington, MA, USA) was used to obtain PaO2 and the partial pressure of arterial
carbon dioxide (PaCO2). Dead space ventilation was calculated according to the Hardman
and Aitkenhead equation as follows: (1.135 × (PaCO2 − etCO2)/PaCO2 − 0.005) [11]. Dy-
namic compliance was calculated using the following equation: (tidal volume/(plateau
airway pressure-PEEP)). Hemodynamic parameters included the heart rate and arterial
blood pressure. The incidence of intraoperative hypotension (SBP < 80 mmHg) and hy-
poxia (SpO2 < 90%) after the initiation of drug administration was recorded.

2.4. Statistical Analysis

The primary outcome was the change in PaO2/FiO2 at 20 min at T2, and the secondary
outcome was the change in other respiratory mechanics such as alveolar dead space and
dynamic compliance. Considering the results of a previous study in which the difference
in PaO2/FiO2 ratio was 30 mmHg with a standard deviation of 30 mmHg between patients
who inhaled ILO and those who did not [9], a sample size of 27 participants per group was
needed to achieve a power of 0.95 and an alpha level of 0.05. Assuming a 20% dropout rate,
32 patients were enrolled in each group.

The student’s t-test was used to analyze continuous variables, and the Wilcoxon
signed-rank test was used to analyze variables which did not meet normality. To compare
categorical variables between the groups, chi-square test or Fisher’s exact test was used.
Repeated variables were analyzed using a linear mixed model with group and time and
the interaction between groups and time as a fixed effect. Post hoc analysis with Bonferroni
correction for within-group comparisons versus T1 and between-group comparisons versus
T2 was performed for multiple comparisons. The results are expressed as mean ± standard
deviation, median (interquartile range), or number (percentage). SPSS 25.0 software (IBM
Corp., Armonk, NY, USA) was used for the statistical analyses, and p < 0.05 was considered
statistically significant.

3. Results

Sixty-four patients scheduled for video-assisted thoracoscopic mediastinal mass exci-
sion were enrolled in this study (Figure 1). Two patients in the ILO group were excluded
because of patient refusal, and two in the control group were excluded as the measurement
protocol could not be properly executed owing to the short operation time. Hence, the data
of 30 patients in each group were analyzed.

Intergroup comparisons of the preoperative variables between the two groups are
shown in Table 1. Age, sex, height, weight, body mass index, and ASA classification were
similar between groups. The incidence of hypertension and diabetes mellitus, history
of cigarette smoking, incidence of pulmonary abnormalities according to preoperative
computed tomography, and variables derived from preoperative spirometry were also
comparable between the groups, except for FEV1.

Intraoperative data are presented in Table 2. All variables, including the side of
the operation, anesthesia time, operation time, OLV time, incidence of intraoperative
hypotension, hypoxia, fluid intake, urine output, and estimated blood loss during surgery,
were comparable between the two groups, with the exception of the incidence of FiO2
elevation, which was more frequent in the control group (p = 0.006).

Data regarding hemodynamics and lung mechanics are presented in Table 3. No
clinically relevant differences were observed between the two groups at T1. At T2, PaO2,
PaO2/FiO2 ratio, and dynamic compliance of the two groups were significantly decreased
compared to those at T1; however, no statistical significance was observed in the linear
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mixed-model analysis adjusted for group and time. Changes in heart rate, mean blood
pressure, and etCO2 were insignificant in both groups. While PaCO2 and alveolar dead
space remained unchanged in the ILO group, those of the control group were significantly
increased at T2 (p = 0.04 and 0.002, respectively).
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Table 1. Preoperative data.

Control Group (n = 30) ILO Group (n = 30) p-Value

Age (yrs) 50 ± 12 53 ± 14 0.374
Women (n) 15 (50) 16 (53) 0.796
Height (cm) 164.4 ± 9.2 164.2 ± 11.1 0.923
Weight (kg) 67.9 ± 12.3 66.6 ± 13.9 0.705

Body mass index (kg/m2) 24.9 ± 3.0 24.5 ± 3.4 0.622
ASA classification 2/3 (n) 28 (93)/2 (7) 26 (87)/4 (13) 0.389

Hypertension (n) 10 (33) 12 (40) 0.592
Diabetes mellitus (n) 2 (7) 5 (17) 0.228

Smoking history
Ex-smoker or current smoker (n) 9 (30) 14 (47) 0.184

Smoking index (pack × years) 0 [0–11] 0 [0–10] 0.412
Preoperative chest CT

Atelectasis (n) 1 (3) 4 (13) 0.161
Bronchiectasis (n) 1 (3) 3 (10) 0.301
Emphysema (n) 0 (0) 2 (7) 0.150

Bronchitis (n) 3 (10) 1 (3) 0.301
Preoperative spirometry

FEV1 (L) 2.9 ± 0.8 2.6 ± 1.1 * 0.037
FEV1 (% predicted) 92 [85–96] 83 [75–94] 0.368

FVC (L) 3.6 ± 1.0 3.4 ± 1.2 0.569
FVC (% predicted) 89 [83–98] 88 [77–97] 0.276

FEV1/FVC (%) 81 [76–84] 77 [72–81] 0.069
Data presented as mean ± standard deviation, number (%), or median [interquartile range]. ASA, American
Society of Anesthesiologists; CT, computed tomography; FEV1, forced expiratory volume in 1 s; FVC, forced vital
capacity. * p <0.05 vs. control group.
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Table 2. Intraoperative data.

Control Group (n = 30) ILO Group (n = 30) p-Value

Approach direction (right/left) (n) 16 (53)/14 (47) 15 (50)/15 (50) 0.796
Anesthesia time (min) 109 ± 32 116 ± 38 0.480
Operation time (min) 70 ± 29 76 ± 35 0.481

OLV time (min) 51 [42–66] 49 [40–61] 0.812
FiO2 elevation (n) 9 (30) 1 (3) * 0.006

Hypoxia (n) 1 (3) 1 (3) 1.000
Hypotension (n) 14 (47) 13 (43) 0.795
Intake fluid (mL) 702 ± 259 700 ± 302 0.982

Urine output (mL) 25 ± 45 43 ± 71 0.254
Estimated blood loss (mL) 35 ± 20 34 ± 18 0.738

Data are presented as the mean ± standard deviation, number (%), or median (interquartile range). ILO,
iloprost; OLV, one-lung ventilation; FiO2, fraction of inspired oxygen; SpO2, oxygen saturation (pulse oximetry);
hypotensive event defined as the incidence of systolic blood pressure < 80 mmHg; hypoxic event defined as the
incidence of SpO2 < 90% requiring anesthetic intervention. * p < 0.05 vs. control group.

Table 3. Effects of iloprost on hemodynamics and lung mechanics.

Control Group (n = 30) ILO Group (n = 30) p-Value

Heart rate (beat/min) 0.83
T1 72 ± 10 78 ± 14
T2 74 ± 14 81 ± 12

Mean blood pressure (mmHg) 0.95
T1 77 ± 11 80 ± 11
T2 81 ± 12 85 ± 13

PaO2 (mmHg) 0.77
T1 253 ± 66 255 ± 68
T2 108 ± 37 * 115 ± 45 *

PaO2/FiO2 ratio (mmHg) 0.29
T1 422 ± 111 425 ± 113
T2 156 ± 42 * 190 ± 75 *

EtCO2 (mmHg) 0.49
T1 39 ± 5 40 ± 4
T2 40 ± 3 42 ± 5

PaCO2 (mmHg) 0.04
T1 43 ± 5 45 ± 5
T2 48 ± 5 * 47 ± 6

Alveolar dead space 0.002
T1 12 ± 12 12 ± 9
T2 19 ± 6 * 11 ± 5

Dynamic compliance (mL/cmH2O) 0.41
T1 28 ± 5 27 ± 6
T2 16 ± 3 * 16 ± 5 *

Data are presented as the mean ± standard deviation. ILO, iloprost; T1, 20 min after initiation of two-lung
ventilation; T2, 20 min after iloprost or saline administration; PaO2, partial pressure of arterial oxygen; PaO2/FiO2
ratio, ratio of PaO2 to fraction of inspired oxygen; EtCO2, end-tidal carbon dioxide; PaCO2, partial pressure of
arterial carbon dioxide. p values in the rightmost column represent p group × time. * p < 0.05 vs. T1.

4. Discussion

In this study, we demonstrated that selective nebulization of ILO favorably affected
alveolar ventilation in patients who underwent OLV in the supine position, with a significant
difference in alveolar dead space observed between the ILO and control groups. However,
ILO nebulization did not lead to a significant improvement in arterial oxygenation.

Inhaled ILO selectively dilates pulmonary terminal capillaries surrounded by alveoli,
resulting in increased pulmonary blood flow in the well-ventilated areas of the lung [12].
Hence, the effects of ILO were recently investigated by anesthesiologists as a potential
rescue drug for hypoxia during OLV in thoracic surgery [8–10]. Indeed, previous studies
indicated that the selective ILO administration to the ventilated lung during OLV induced
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a decrease in ventilation/perfusion (V/Q) mismatch and improved oxygenation [8–10].
Yet these results were confined to patients who underwent pulmonary resection, which is
performed in the lateral decubitus position. As the lateral position itself improves the V/Q
match in OLV owing to gravitational forces reducing the shunt of the upper non-ventilated
lung [3], it is reasonable to assume that patient positioning significantly contributed to
enhanced lung mechanics and arterial oxygenation in these studies. However, it is not
yet clear whether ILO would still demonstrate similar favorable effects in the OLV of
supine-positioned patients, in whom favorable modulation of perfusion by gravity cannot
be anticipated [5].

Our results indicate that ILO positively affected alveolar ventilation in the supine
position, which is consistent with the results of previous studies [9,10]. While the etCO2 of
the two groups remained unchanged since we adjusted the respiratory rate to maintain the
parameter at its target range throughout the measurement periods, significant increases
were observed in PaCO2 of the control group, leading to an increase in the alveolar dead
space. In contrast, no significant change in the alveolar dead space was observed within
the ILO group, indicating ameliorated alveolar ventilation induced by ILO.

Nonetheless, we did not observe a significant improvement in PaO2 or the PaO2/FiO2
ratio in the ILO group. Indeed, some studies reported that ILO inhalation produced
similar results in patients with pulmonary hypertension secondary to chronic obstructive
pulmonary disease [13,14]. However, we speculate that in those studies, non-selective
administration of ILO to patients with severe cardiopulmonary diseases may have induced
vasodilation not only in well-ventilated areas but also in poorly ventilated areas of the lung,
which would have aggravated the V/Q mismatch. However, most of our patients were
classified as ASA II without severe cardiopulmonary diseases, and since we selectively
administered ILO to the ventilated lung with the aid of a double-lumen endobronchial
tube, unintended vasodilation of poorly ventilated areas of the lung seems unlikely. Rather,
with gravity affecting both lungs equally in the supine position, we presume that the
pharmacological vasodilation confined to the ventilated lung was inadequate to decrease
the shunt induced in the non-ventilated lung. Nonetheless, it is notable that the number
of patients who required FiO2 elevation, which was triggered when SpO2 fell below 95%,
significantly differed between the two groups (one in the ILO group and nine in the control
group), implying that ILO may have contributed to oxygenation. Given that the majority of
our patients exhibited normal pulmonary function and successfully endured OLV without
experiencing severe hypoxia, studies involving morbid patients with pulmonary diseases
undergoing OLV in the supine position are warranted to further elucidate the impact of
ILO on arterial oxygenation.

Evidence indicates that ILO administration may be associated with systemic vasodilation
and inhibition of platelet aggregation [15]. Indeed, we frequently observed hypotension during
OLV in both groups. However, the incidence was comparable between the groups, indicating
that short-term ILO nebulization was not significantly associated with intraoperative hypoten-
sion. Considering that CO2 was routinely insufflated in all cases to achieve a clear surgical
view, we presume that induction of capnothorax may have contributed to the comparably high
incidence of hypotension [16,17]. With regard to platelet function, the estimated blood loss was
minor, and no significant difference was observed between the two groups, implying platelet
inhibition induced by ILO to be negligible. Comprehensively, a short-term ILO nebulization
seems less likely to be associated with intraoperative adverse events.

The limitations of the study are as follows: owing to the short operative time, the
baseline measurement (T1) was inevitably performed during two-lung ventilation. The
effects of ILO on arterial oxygenation may have been more clearly elucidated if all parame-
ters could be measured during the OLV. However, pursuing such a measurement protocol
would otherwise have compelled undesirable elongation of anesthesia time since mediasti-
nal mass excision in our institution generally requires less than 50 min of OLV. In addition,
we could not measure pulmonary shunts because pulmonary artery catheterization is not
routinely performed during mediastinal mass excision.
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5. Conclusions

In conclusion, selective ILO nebulization was inadequate to enhance the PaO2/FiO2
ratio in healthy, supine-positioned patients. Nonetheless, it positively affected alveolar
ventilation without adverse hemodynamic effects and decreased the requirement for FiO2
elevation during OLV. Whether ILO ameliorates arterial oxygenation in morbid patients
remains to be proven in future studies.
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Abstract: Background: Nitric oxide (NO) is considered a means of detecting airway hyperrespon-
siveness, since even non-asthmatic patients experiencing bronchospasm intraoperatively or postop-
eratively display higher levels of exhaled NO. It can also be used as a non-invasive biomarker of
lung inflammation and injury. This prospective, single-blind, randomized study aimed to evaluate
the impact of two different anesthesia maintenance techniques on fractional exhaled nitric oxide
(FeNO) in patients without respiratory disease undergoing total thyroidectomy under general anes-
thesia. Methods: Sixty patients without respiratory disease, atopy or known allergies undergoing
total thyroidectomy were randomly allocated to receive either inhalational anesthesia maintenance
with sevoflurane at a concentration that maintained Bispectral Index (BIS) values between 40 and
50 intraoperatively or intravenous anesthesia maintenance with propofol 1% targeting the same BIS
values. FeNO was measured immediately preoperatively (baseline), postoperatively in the Postanes-
thesia Care Unit and at 24 h post-extubation with a portable device. Other variables measured were
eosinophil blood count preoperatively and postoperatively and respiratory parameters intraopera-
tively. Results: Patients in both groups presented lower than baseline values of FeNO measurements
postoperatively, which returned to baseline measurements at 24 h post-extubation. In the peripheral
blood, a decrease in the percentage of eosinophils was demonstrated, which was significant only
in the propofol group. Respiratory lung mechanics were better maintained in the propofol group
as compared to the sevoflurane group. None of the patients suffered intraoperative bronchospasm.
Conclusions: Both propofol and sevoflurane lead to the temporary inhibition of NO exhalation. They
also seem to attenuate systemic hypersensitivity response by reducing the eosinophil count in the
peripheral blood, with propofol displaying a more pronounced effect and ensuring a more favorable
mechanical ventilation profile as compared to sevoflurane. The attenuation of NO exhalation by both
agents may be one of the underlying mechanisms in the reduction in airway hyperreactivity. The
clinical significance of this fluctuation remains to be studied in patients with respiratory disease.

Keywords: fractional exhaled NO; sevoflurane; propofol; eosinophil blood count; thyroidectomy

1. Introduction

Nitric oxide (NO) is a free radical in gas state, which plays an important role in a
variety of processes relevant to respiratory physiology. The generation of NO follows both
enzymatic and non-enzymatic pathways [1]. NO enzymatic production is catalyzed by
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three distinct isoforms of NO synthase: (i) neuronal NOS-1 (nNOS), mainly expressed
in central and peripheral neurons, (ii) inducible NOS-2 (iNOS), expressed by many cell
types as response to cytokines and other agents, and (iii) endothelial NOS-3 (eNOS), mostly
expressed by endothelial cells. Non-enzymatic pathways, which are not clearly understood,
produce NO through the reduction of NO3 (nitrate) to NO2 (nitrite) [2]. An imbalance
between iNOS and its constitutive isoforms (nNOS and eNOS) has been implicated in
the pathophysiology of many cardiopulmonary diseases, since it can lead to excessive
NO synthesis [3]. While physiological levels of NO possess anti-inflammatory properties,
when increased due to the aforementioned upregulation of iNOS, NO becomes a pro-
inflammatory mediator [2,4]. In fact, high concentrations of NO can be transformed into
peroxynitrite radicals in the presence of oxygen-derived free radicals and play a significant
role in the cellular damage associated with overproduction of NO [5].

Airways of patients with bronchial hyperreactivity may respond in an exaggerated
way to a variety of stimuli, while airway instrumentation in such patients may lead to
life-threatening bronchospasm, adding to the burden of morbidity this population may
suffer in case they undergo general anesthesia for a surgical or diagnostic procedure [6].
Fractional exhaled NO (FeNO) has been used in the diagnosis of asthma, especially of
the eosinophilic phenotype, and has also proved useful in guiding treatment of asthmatic
individuals [7,8]. Additionally, non-asthmatic patients experiencing bronchospasm intra-
operatively or postoperatively display higher levels of exhaled NO, a fact suggesting that
the upregulation of the production of NO may play a role in airway hyperreactivity [9].
Increased levels of FeNO have also been found to correlate with sputum eosinophilia and
eosinophilia in bronchoalveolar lavage fluid [10,11]. Furthermore, an increase in exhaled
NO concentration has been used as an early marker of lung inflammation and injury in
models of sepsis or acute lung injury induced by toxins [12,13]. Therefore, exhaled NO
can be considered an efficient method for the prediction of airway hyperresponsiveness
perioperatively, even in patients without known respiratory disease [14]. Additionally, it
may be considered as an invaluable non-invasive biomarker reflecting early airway injury
and inflammation.

Propofol, an intravenous anesthetic agent, can modify NO production by inhibiting
the inducible production of NO in lipopolysaccharide-stimulated macrophages [15,16].
It has also been shown to exert protective effects in acute lung injury in experimental
models [17,18]. There is also evidence that some intravenous anesthetics can influence
chemotaxis of eosinophils in vitro [19]. Similarly, volatile anesthetics have been shown to
attenuate the expression of inflammatory mediators and to alleviate bronchial hyperrespon-
siveness [20]. Sevoflurane-borne protection could also be mediated via the suppression of
the iNOS/NO pathway, as decreased levels of NO metabolites have been demonstrated in
plasma or lung perfusate of sevoflurane-pretreated rat models [20,21].

The variation of exhaled NO and eosinophils in surgical patients undergoing anes-
thesia has not been studied before. We hypothesized that there is a different effect of
intravenous and inhalational techniques on the potential for airway hyperresponsiveness
perioperatively, as this can be assessed by the measurement of exhaled NO and eosinophil
blood count. If this is the case, it could also affect the selection of anesthetic maintenance
techniques for patients with known hyperreactive airways. Therefore, the aim of the present
study was to investigate the differential impact of two general anesthesia maintenance
techniques on the exhaled NO and eosinophil blood count of patients without respiratory
disease or airway hyperreactivity.

2. Materials and Methods
2.1. Study Population

This is a prospective, single-blind, randomized, pragmatic trial, conducted between
May 2014 and April 2018 in Aretaieion University Hospital, Athens, Greece. The proto-
col of the study was registered on www.clinicaltrials.gov (NCT02065635) (accessed on
30 April 2022). The study took place in compliance with the Helsinki Declaration, and its
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design was in accordance with the Consolidated Standards of Reporting Clinical Trials [22].
The study protocol was approved by the Ethics Committee of Aretaieion University Hos-
pital, Aretaieion Hospital, National and Kapodistrian University of Athens, Chairperson
Professor Ioannis Vasileiou on 19 December 2013 (B-19/19-12-2013).

After evaluating all eligible patients that were scheduled for thyroidectomy during
this period, 60 patients were enrolled. Inclusion criteria were: age 18–75 years, all sexes,
American Society of Anesthesiologists (ASA) physical status I-III, total thyroidectomy.
Indications for thyroidectomy were: thyroid nodules, hyperthyroidism, substernal goiter,
differentiated (papillary or follicular) thyroid cancer and medullary thyroid cancer. None of
the patients presented with either clinical or radiological evidence for tracheomalacia. All
patients were operated on by the same experienced surgeon and managed by the same anes-
thesiologist to avoid confounding. Exclusion criteria were: refusal or inability to consent
due to language barriers or cognitive dysfunction, smoking, history of atopy, allergy, airway
hyperresponsiveness or other respiratory disease, such as asthma and chronic obstructive
pulmonary disease, contraindication to the administration of paracetamol, parecoxib or
tramadol and treatment with nitrate medication. Informed consent for participation in the
study was obtained at the preanesthetic visit.

Patients were randomized by a computer-generated list of random numbers (www.
randomizer.org (accessed on 30 April 2022)) into two groups of different maintenance tech-
niques: either inhalational anesthesia with sevoflurane (sevoflurane group) or continuous
intravenous infusion of propofol 1% (propofol group).

2.2. Study Design and Anesthetic Management

On the operation day, patients undertook a fractional exhaled NO measurement using
a portable analyzer of Nitric Oxide (NObreath®, Bedfont® Scientific Ltd., Maidstone, UK)
during the preanesthetic visit (T0). Patients had avoided the use of coffee during the last
12 h [23]. The NO measurement had to be performed at expiratory rates of 50 mL/s for 12 s
and was expressed at parts per billion (ppb). If the patient exhaled outside the exhalation
guidelines, the test failed. We complied with the American Thoracic Society suggestion
for performance of two sequential measurements and calculation of their mean value for
each patient [24]. Measurements with this portable analyzer have proven to be reliable in
comparison to measurements performed with stationary analyzers [25].

On arrival to the operating room, standard monitoring (consisting of five-lead electro-
cardiography, pulse oximetry and non-invasive blood pressure measurement), peripheral
nerve stimulator and Bispectral Index monitor (BIS) were applied. Additionally, intra-
venous access was secured and the first blood sample for eosinophil and polymorphonu-
clear leukocyte count was collected. All patients were premedicated with midazolam
0.02 mg/kg IV and received metoclopramide 10 mg and ranitidine 50 mg IV before induc-
tion. Anesthesia was induced with the same regimen in both groups: fentanyl 2 mcg/kg,
propofol 2.5 mg/kg and rocuronium 0.8 mg/kg. When the BIS value was below 50 and
the train of four (TOF) ratio was 0, direct laryngoscopy was performed, and the airway
was secured with a flexible cuffed endotracheal tube of the appropriate size. Subsequently,
capnography was applied, and the sevoflurane group was also monitored for minimum
alveolar concentration (MAC). All patients were ventilated with protective lung ventilation
with FiO2: 0.4 on air mixture, a tidal volume of 6–8 mL/kg of the ideal body weight and
a positive end-expiratory pressure (PEEP) of 5 cm H2O. Partial pressure of end tidal CO2
(ETCO2) was maintained between 35–45 mmHg, while peak inspiratory pressure (Ppeak),
plateau pressure (Ppl) and compliance were monitored.

Anesthesia maintenance was achieved either with a continuous infusion of propofol 1%
(propofol group) or with sevoflurane (sevoflurane group) aiming at maintaining BIS values
between 40 and 50. Muscle relaxation was maintained with bolus doses of rocuronium
0.3 mg/kg in order to maintain a TOF ratio < 3. The analgesic regimen consisted of fentanyl
3–5 mcg/kg/h, paracetamol 1 g, parecoxib 40 mg and tramadol 1 mg/kg intravenously.
Intravenous ondansetron 4 mg was administered for postoperative nausea and vomiting
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prophylaxis approximately 30 min before recovery. Maintenance fluids were infused at a
rate of 1 mL/kg/h.

During the operation, all parameters, such as heart rate (HR), systolic blood pressure
(SBP), diastolic blood pressure (DBP), mean blood pressure (MAP), O2 saturation (SpO2),
ETCO2, Ppeak, Ppl, PEEP, compliance, MAC and BIS, were recorded every 10 min.

On surgery completion, propofol infusion or sevoflurane inhalation were discontinued,
residual muscle blockade was reversed with sugammadex 2 mg/kg and patients were
extubated when spontaneous breathing was resumed, the TOF ratio was >90%, and there
was response to verbal commands.

Patients were transferred to the Post Anesthesia Care Unit (PACU), where the second
blood sample for eosinophil and polymorphonuclear leukocyte count was collected. When
patients scored >8 on the modified Aldrete score, the second measurement of exhaled
NO was performed (T1). As soon as patients scored >9 on the modified Aldrete score,
with no postoperative nausea and vomiting, and a score < 3 on the pain Numeric Rating
Scale (graded from 0: no pain to 10: worst pain imaginable), they were discharged from
the PACU.

While on the ward, patients received paracetamol 1 g every 8 h, one dose of parecoxib
(40 mg) and 1 mg/kg tramadol as rescue analgesia for acute pain.

At 24 h after the patients’ extubation, a third measurement of exhaled NO was per-
formed (T2).

2.3. Study Endpoints

The primary endpoint of the study was to assess the alteration, if any, from the
preoperative FeNO measurement (T0) to the immediate postoperative FeNO measurement
(T1) in each group. Secondary outcomes of the study were the measurement of FeNO at
24 h after extubation (T2) in each group, the variation of eosinophil and polymorphonuclear
leukocyte blood count immediately postoperatively in each group and the variation of
Ppeak, Ppl and compliance in each group.

2.4. Statistical Analysis

Prior to this study, we conducted a pilot study on 10 patients per group in order
to estimate the needed sample size for the detection of a significant fluctuation in the
measurements of exhaled NO from the preoperative to the postoperative status. We
demonstrated a mean drop of 5.5 ppb in the exhaled NO in the 10 patients of the propofol
group and a mean drop of 5.3 ppb in the 10 patients of the sevoflurane group from the
preoperative to the postoperative period. Therefore, by considering an average change of
5.4 ppb from the preoperative to the postoperative period to be clinically meaningful, and by
hypothesizing a standard deviation (SD) of change of 10 ppb, we calculated that 29 patients
should be included in each group in order to detect such a change with a power of 0.80 and
an alpha error of 0.05. We enrolled 30 patients in each group to allow for drop-outs. The
Kolmogorov–Smirnoff test was used to test the normality of distributions of the investigated
parameters. Comparisons of numeric data between the two groups were performed with
the unpaired t-test or the Mann–Whitney U-test for independent samples, depending on
whether the variables followed a normal or non-normal distribution. The chi-square test or
Fisher’s exact test, as appropriate, was used for comparisons of categorical data. Exhaled
NO fluctuation in the two groups was analyzed by ANOVA for repeated measures and
eosinophil and polymorphonuclear leukocyte variation within groups with the Wilcoxon
signed rank test. Serial data (HR, SBP, DBP, MAP, SpO2, ETCO2, Ppeak, Ppl and compliance)
were analyzed and compared between the two groups with a two-step summary measures
technique [26]. Since there was variation in surgical times among patients, it was not
deemed appropriate to compare mean values at every particular timepoint. In contrast,
the area under the curve for values plotted against time was calculated for each patient,
which was then divided by the number of recording points to provide one standardized
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value. Standardized data were then compared by intergroup analysis using unpaired t-test
or Mann–Whitney U-test, as appropriate.

Data were expressed in terms of mean ± standard deviation (SD) or as median
(25th–75th percentiles), depending on the normality of distributions for numeric variables
and as number for categorical variables. For all statistical procedures, a value of p < 0.05 was
considered statistically significant. Data were analyzed with IBM SPSS® V21.0 for Windows
(IBM Corp. Released 2012. IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY,
USA: IBM Corp.).

3. Results

Seventy-one patients were scheduled for total thyroidectomy with the same surgeon
between May 2014 and April 2018. Sixty-two of them met the inclusion criteria, and two of
them declined participation in the study. Therefore, 60 patients were enrolled. One patient
in the propofol group was complicated by recurrent laryngeal nerve damage and was
unable to perform the FeNO measurement at T1 and T2. Two patients in the sevoflurane
group were unable to cooperate in order to perform the FeNO measurement at T1 (both
of them) and at T2 (one of them). Central, lateral or bilateral lymph node dissection
was not indicated in any of the patients with malignant conditions. The flowchart of
the study including patient enrollment, allocation and analysis is presented in Figure 1.
Patients’ demographics, surgery and anesthesia duration as well as baseline hemodynamic
parameters were similar in the two groups (Table 1).

Table 1. Demographic and baseline hemodynamic characteristics of the two groups.

Variables Propofol Group
(n = 30)

Sevoflurane Group
(n = 30)

p Value, Group
Comparison

Sex (M/F) 5/25 4/26 1.000

ASA (I/II/III) 28/2/0 25/5/0 0.424

Age (years), mean ± SD 48.8 ± 12.0 49.3 ± 12.2 0.88

Weight (kg), mean ± SD 70.2 ± 13.9 76.1 ± 13.1 0.097

Height (cm), mean ± SD 164.7 ± 5.4 164.8 ± 5.9 0.910

Smoking status
(non-smoker/ex-smoker/smoker) 30/0/0 26/4/0 0.117

Indication for surgery; Thyroid
nodule/Hyperthyroidism/Substernal

goiter/Thyroid cancer
8/6/11/5 12/1/9/8 0.153

Duration of surgery (min), median [IQR] 95.0 [75.0–105.0] 90.0 [75.0–105.0] 0.542

Duration of anesthesia, (min), median [IQR] 110.0 [90.0–130.0] 110.0 [100.0–120.0] 0.591

Baseline SBP (mmHg), mean ± SD 135.2 ± 21.1 137.1 ± 19.5 0.714

Baseline DBP (mmHg), mean ± SD 77.6 ± 8.1 74.2 ± 8.1 0.111

Baseline MAP (mmHg), mean ± SD 96.2 ± 11.3 93.7 ± 12.1 0.413

Baseline HR (bpm), mean ± SD 76.0 ± 8.7 78.6 ± 9.7 0.268

Abbreviations: SD, standard deviation; IQR, interquartile range; n, number; SBP, systolic arterial pressure; DBP,
diastolic arterial pressure; MAP, mean arterial pressure; HR, heart rate.

Both propofol and sevoflurane groups displayed decreased NO exhalation postopera-
tively (T1) in comparison to baseline values (T0) (7.93 ± 0.70 vs. 12.86 ± 1.19 ppb, p < 0.001
for the propofol group and 9.39 ± 2.45 vs. 14.13 ± 3.31 ppb, p < 0.001 for the sevoflurane
group). Twenty-four hours postoperatively (T2), exhaled NO was no longer different from
baseline in both the propofol and sevoflurane groups (12.83 ± 1.20 vs. 12.86 ± 1.19 ppb,
p = 0.964 for the propofol group and 13.85 ± 2.85 vs. 14.13 ± 3.31 ppb, p = 0.535 for the
sevoflurane group) (Figure 2).

283



J. Pers. Med. 2022, 12, 1455
J. Pers. Med. 2022, 12, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 1. Study Flow Diagram. 

Both propofol and sevoflurane groups displayed decreased NO exhalation postoper-
atively (T1) in comparison to baseline values (T0) (7.93 ± 0.70 vs. 12.86 ± 1.19 ppb, p < 0.001 
for the propofol group and 9.39 ± 2.45 vs. 14.13 ± 3.31 ppb, p < 0.001 for the sevoflurane 
group). Twenty-four hours postoperatively (T2), exhaled NO was no longer different from 
baseline in both the propofol and sevoflurane groups (12.83 ± 1.20 vs. 12.86 ± 1.19 ppb, p 
= 0.964 for the propofol group and 13.85 ± 2.85 vs. 14.13 ± 3.31 ppb, p = 0.535 for the sevoflu-
rane group) (Figure 2). 

Figure 1. Study Flow Diagram.

In the peripheral blood, a significant decrease in the eosinophil count was demonstrated
in the propofol group postoperatively in comparison to baseline values (93.0 [63.7–129.7] vs.
128.0 [76.7–179.7] 103/µL, p < 0.001). There was no significant difference in the eosinophil
blood count postoperatively in comparison to baseline values in the sevoflurane group
(136.0 [75.0–267.0] vs. 157.0 [62.0–267.0] 103/µL, p = 0.746) (Figure 3).

Additionally, there was a significant increase in the polymorphonuclear blood count
postoperatively in comparison to baseline in both the propofol and sevoflurane groups
(5023.0 [3740.2–6465.2] vs. 3743.0 [2940.2–4707.2] 103/µL, p < 0.001 for the propofol group
and 6863.0 [4665.5–10314.5] vs. 3705.0 [2842.0–5656.0] 103/µL, p < 0.001 for the sevoflurane
group) (Figure 4).
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Figure 2. Exhaled NO fluctuation in the propofol and sevoflurane maintenance groups; * p < 0.05 in
comparison to baseline (T0).
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Figure 3. Box plots of eosinophil blood count in peripheral blood in the propofol and sevoflurane
group preoperatively and postoperatively. Propofol maintenance caused a significant decrease in
the eosinophil blood count (p < 0.001), while sevoflurane maintenance did not have a statistically
significant effect (p = 0.746). The box plots depict the median and the interquartile range and the
whiskers depict the 10th and 90th percentiles; * p < 0.05 in comparison to the preoperative status.

The propofol group presented with lower standardized Ppeak and Ppl over time
versus the sevoflurane group (16.6 ± 4.3 vs. 18.8 ± 3.4 cm H2O, p = 0.032 and 14.6 ± 4.2 vs.
16.6 ± 3.4 cm H2O, p = 0.054, respectively) and higher standardized compliance over
time (42.4 [35.0–52.9] vs. 33.0 [30.0–41.5] mL/cm H2O, p = 0.027) (Table 2). Additionally,
the propofol group had lower standardized heart rate over time versus the sevoflurane
group (71.6 ± 7.7 vs. 76.6 ± 8.3 bpm, p = 0.019) and higher standardized DBP and MAP
over time versus the sevoflurane group (76.8 ± 8.9 vs. 68.4 ± 8.8 mmHg, p < 0.001 and
93.2 ± 10.1 vs. 86.2 ± 9.2 mmHg, p = 0.007, respectively). Finally, the propofol group
had lower standardized BIS values over time versus the sevoflurane group (45.2 ± 3.8 vs.
47.2 ± 2.6, p = 0.019). No differences between the two groups for standardized values of
SBP, ETCO2 and SpO2 were demonstrated (Table 2).

285



J. Pers. Med. 2022, 12, 1455

J. Pers. Med. 2022, 12, x FOR PEER REVIEW 8 of 15 
 

 

and 6863.0 [4665.5.–10314.5] vs. 3705.0 [2842.0–5656.0] 103/μL, p < 0.001 for the sevoflurane 
group) (Figure 4). 

 
Figure 4. Box plots of polymorphonuclear blood count in peripheral blood in the propofol and 
sevoflurane group, preoperatively and postoperatively. Both propofol and sevoflurane mainte-
nance caused a significant increase in the polymorphonuclear blood count (p < 0.001, respectively). 
The box plots depict the median and the interquartile range, and the whiskers depict the 10th and 
90th percentiles; * p < 0.05 in comparison to the preoperative status. 

The propofol group presented with lower standardized Ppeak and Ppl over time ver-
sus the sevoflurane group (16.6 ± 4.3 vs. 18.8 ± 3.4 cm H2O, p = 0.032 and 14.6 ± 4.2 vs. 16.6 
± 3.4 cm H2O, p = 0.054, respectively) and higher standardized compliance over time (42.4 
[35.0–52.9] vs. 33.0 [30.0–41.5] mL/cm H2O, p = 0.027) (Table 2). Additionally, the propofol 
group had lower standardized heart rate over time versus the sevoflurane group (71.6 ± 
7.7 vs. 76.6±8.3 bpm, p = 0.019) and higher standardized DBP and MAP over time versus 
the sevoflurane group (76.8 ± 8.9 vs. 68.4 ± 8.8 mmHg, p < 0.001 and 93.2 ± 10.1 vs. 86.2 ± 
9.2 mmHg, p = 0.007, respectively). Finally, the propofol group had lower standardized 
BIS values over time versus the sevoflurane group (45.2 ± 3.8 vs. 47.2 ± 2.6, p = 0.019). No 
differences between the two groups for standardized values of SBP, ETCO2 and SpO2 
were demonstrated (Table 2). 

Table 2. Standardized values for serial variables and comparisons between the two groups. * sig-
nificant difference between groups. 

Variables Propofol Group (n = 30) Sevoflurane Group (n = 30) p Value, Group Comparison 
Standardized SBP over time (mmHg), mean ± SD 123.4 ± 14.3 119.6 ± 11.2 0.260 
Standardized DBP over time (mmHg), mean ± SD 76.8 ± 8.9 68.4 ± 8.8 * 0.001 
Standardized MAP over time (mmHg), mean ± SD 93.2 ± 10.1 86.2 ± 9.2 * 0.007 

Standardized HR over time (bpm), mean ± SD 71.6 ± 7.7 76.6 ± 8.3 * 0.019 
Standardized BIS over time, mean ± SD 45.2 ± 3.8 47.2 ± 2.6 * 0.019 

Standardized SaO2 over time (%), mean ± SD 98.7 ± 0.5 98.6 ± 0.6 0.301 
Standardized ETCO2 over time (mmHg), mean ± SD 36.4 ± 2.9 36.5 ± 3.8 0.925 
Standardized Ppeak over time (cm H2O), mean ± SD 16.6 ± 4.3 18.8 ± 3.4 * 0.032 

Standardized Ppl over time (cm H2O), mean ± SD 14.6 ± 4.2 16.6 ± 3.4 0.054 
Standardized compliance over time (mL/cm H2O), median 

[IQR] 
42.4 [35.0–52.9] 33.0 [30.0–41.5] * 0.027 

abbreviations: SD, standard deviation; IQR, interquartile range; SBP, systolic arterial pressure; DBP, 
diastolic arterial pressure; MAP, mean arterial pressure; HR, heart rate; Ppl, plateau pressure; bold 
is for significant differences. 

None of the patients suffered allergic or anaphylactic reaction or bronchospasm, nor 
was any patient treated with exogenous nitric donors, such as nitroglycerin. 
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Table 2. Standardized values for serial variables and comparisons between the two groups. * signifi-
cant difference between groups.

Variables Propofol Group
(n = 30)

Sevoflurane Group
(n = 30)

p Value, Group
Comparison

Standardized SBP over time (mmHg), mean ± SD 123.4 ± 14.3 119.6 ± 11.2 0.260

Standardized DBP over time (mmHg), mean ± SD 76.8 ± 8.9 68.4 ± 8.8 * 0.001

Standardized MAP over time (mmHg), mean ± SD 93.2 ± 10.1 86.2 ± 9.2 * 0.007

Standardized HR over time (bpm), mean ± SD 71.6 ± 7.7 76.6 ± 8.3 * 0.019

Standardized BIS over time, mean ± SD 45.2 ± 3.8 47.2 ± 2.6 * 0.019

Standardized SaO2 over time (%), mean ± SD 98.7 ± 0.5 98.6 ± 0.6 0.301

Standardized ETCO2 over time (mmHg), mean ± SD 36.4 ± 2.9 36.5 ± 3.8 0.925

Standardized Ppeak over time (cm H2O), mean ± SD 16.6 ± 4.3 18.8 ± 3.4 * 0.032

Standardized Ppl over time (cm H2O), mean ± SD 14.6 ± 4.2 16.6 ± 3.4 0.054

Standardized compliance over time (mL/cm H2O),
median [IQR] 42.4 [35.0–52.9] 33.0 [30.0–41.5] * 0.027

abbreviations: SD, standard deviation; IQR, interquartile range; SBP, systolic arterial pressure; DBP, diastolic arte-
rial pressure; MAP, mean arterial pressure; HR, heart rate; Ppl, plateau pressure; bold is for significant differences.

None of the patients suffered allergic or anaphylactic reaction or bronchospasm, nor
was any patient treated with exogenous nitric donors, such as nitroglycerin.

4. Discussion

According to the main results of this randomized controlled trial, anesthesia main-
tenance with either propofol or sevoflurane caused a significant reduction in immediate
postoperative FeNO levels in adult patients subjected to thyroidectomy. This decrease
was accompanied by a decrease in the postoperative eosinophil blood count as compared
to the preoperative status, which, however, was significant only in the propofol group.
Finally, respiratory lung mechanics seem to be better maintained in the propofol group as
compared to the sevoflurane group, with the preservation of higher lung compliance and
lower Ppeak and Pplateau over time in the former group.

We are not aware of other studies in the literature comparing the two modes of
anesthetic maintenance as to NO exhalation in humans, which prompted us to undertake
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the current protocol. We selected only thyroidectomy patients in our study, where the
operation was performed by the same experienced surgeon, mainly so that there would
be consistency in both the surgeon and type of surgery and, as a result, manipulations
and surgical stress would be similar for all patients, and secondly, because abdominal
walls are not manipulated at all during thyroidectomy, and therefore, the postoperative
measurement of exhaled NO would be literally painless for patients.

Since the early 1990s, when NO was first detected in exhaled breathing of all humans,
its actions in the airway and the lungs have been constantly studied, as they reflect its
versatile role as a bronchodilator, vasodilator, neurotransmitter and inflammatory response
mediator [27]. In the early years, chemiluminescent analyzers were used in order to detect
exhaled NO [27]. It was already at that time that FeNO was noted to be higher in asthmatic
patients and to decrease in response to treatment with corticosteroids [28,29]. Currently,
chemiluminescent analyzers are used mostly for laboratory analyses due to their greater
size and weight, and electrochemical sensors have replaced them in clinical practice for the
detection and reliable measurement of exhaled NO [30]. NObreath (Bedfont® Scientific Ltd.,
Maidstone, UK), which we used in our study, is a portable, low-weight (≈400 g) analyzer
with an electrochemical sensor, with FeNO measurement ranges from 5 to 500 ppb [31].

Even if FeNO does not seem to have the strength to confirm or rule out a diagnosis
of asthma, as it can be elevated in non-asthma conditions or not elevated in some asthma
phenotypes, it remains a useful tool for monitoring airway hyperresponsiveness and
inflammation [24,32,33]. Particularly, when the FeNO level is co-evaluated with blood
eosinophil count measurement, it has important specificity and sensitivity in predicting
airway eosinophilia in asthma [34]. In addition, the measurement of FeNO, in combination
with other risk assessment tools during the preanesthetic evaluation of patients with
respiratory disease, might make the risk of perioperative and postoperative complications
more predictable [35].

The significant reduction in NO exhalation in the propofol group in our study is in
accordance with other studies reported in the literature, with, however, the vast majority
of them dealing with NO measurement in the systemic circulation. Propofol, a safe and
effective intravenous anesthetic routinely used for the induction and maintenance of
anesthesia, also has a number of non-anesthetic effects related to NO activity. It displays
an antioxidant potential by being able to directly scavenge hydroxyl chloride, superoxide,
hydrogen peroxide and hydroxyl radicals and protect a variety of tissues from oxidant-
related injury [36]. The antioxidant properties of propofol could be due to the fact that its
chemical structure contains a phenolic hydroxyl group, which chemically resembles the
antioxidant α-tocopherol [37]. Propofol can also protect macrophages from NO-induced
cell death [38]. It has been shown that propofol enhances the activity of constitutive
NO synthase (cNOS), but on the other hand, it inhibits the inducible production of NO
both in vitro in experiments using whole blood from healthy volunteers and in surgical
patients [39]. Propofol has also been found to have a direct inhibitory effect on iNOS
expression in lipopolysaccharide-activated macrophages, thus downregulating the levels
of NO production in macrophages [15,16]. Consequently, propofol may modify the excess
production of NO and decrease the production of free radicals. These antioxidant and
immunomodulating effects of propofol could contribute to the reduction in oxidative-
related stress and inflammation in surgical patients [39].

Therefore, the reduction in FeNO levels in the propofol group in our study could be
attributed to the direct action of propofol on the synthesis of iNOS isoform or to the inhibi-
tion of the release of inflammatory mediators from lung parenchyma, in accordance with
the aforementioned findings. In fact, a reduction in the levels of such mediators by propofol
has been demonstrated in in vivo experimental models, which have also demonstrated the
protective effects of propofol on endotoxin-induced acute lung injury [17,18]. In fact, in a
study by Chu et al., the attenuation by propofol of an endotoxin-induced increase in pro-
inflammatory cytokines abrogated the microvascular leakage of protein and water in the
lungs, thus preserving endothelial integrity [17]. In the same study, propofol significantly
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decreased exhaled NO and protein concentration in the bronchoalveolar lavage fluid, with
its effects more evident in high doses. It was postulated by the authors that the protective
action of propofol on endotoxin-induced acute lung injury could be mediated by the reduc-
tion in NO production. In a study by Gao et al., the early administration of propofol in rats
subjected to endotoxin-induced acute lung injury resulted in reduced concentrations of
nitrite/nitrate in the bronchoalveolar lavage fluid and attenuated iNOS expression in lung
tissue [18]. In another study, propofol was able to reverse the oleic-acid-induced endothelial
damage and subsequent inflammation and injury of lung parenchyma in conscious rats [40].
The authors suggested that NO production was involved in the oleic-acid-induced acute
lung injury, since, in their study, an increase in exhaled NO and iNOS upregulation was
noted in rats not treated with propofol, and these changes were reversed in propofol-treated
animals. It could therefore be postulated that a similar pathophysiological mechanism
of the suppression of the iNOS-NO-dependent pathway in the human lung parenchyma
may underlie the decrease in FeNO levels by propofol, thus reducing the potential for
inflammatory perturbation of the airway.

In our study, we also demonstrated a significant reduction in FeNO in the sevoflurane
group. This is compatible with previous experimental studies investigating the effect
of sevoflurane in several models of acute lung injury. In an experimental rat model of
sepsis, pretreatment with sevoflurane attenuated sepsis-induced inflammatory response
through a reduction in chemotactic cytokine levels and mitigated lipid peroxidation and
oxidative stress [20]. It has already been shown that the induction of the expression of
iNOS and, subsequently, overproduction of NO is implicated in the pathogenesis of acute
lung injury in animals with endotoxemia [13,41,42]. In the Bedirli study, plasma NO levels
were significantly reduced in comparison to the control group, prompting the authors to
attribute decreased expression of inflammatory mediators in the sevoflurane group to the
inhibition of intracellular NO-related signal transmission pathway [20]. Additionally, in
an isolated buffer-perfused rat lung model, pretreatment with sevoflurane protected the
lung against ischemia-reperfusion-induced injury, decreasing vascular permeability and
reducing the production of NO metabolites in the perfusate [21]. This reduction indicates
that the protective effects of sevoflurane against ischemia-reperfusion lung injury may be
mediated through the inhibition of NO release. Both sevoflurane and isoflurane might
share common pathways involving NO in the alleviation of acute lung injury, since, in an
endotoxin-induced acute lung injury in rats, the proadministration of isoflurane resulted
in the decreased pulmonary accumulation of proinflammatory cytokines, pulmonary ni-
trite/nitrate levels and significantly reduced iNOS gene expression in lung tissue [43]. It
seems, therefore, that lung anti-inflammatory protection afforded by volatile anesthetics
could be partially mediated through the inhibition of iNOS/NO pathway activation. Con-
sequently, according to our results, sevoflurane seems to suppress the iNOS-dependent
NO production in the human lung in a way similar to propofol, reducing the potential
for inflammation.

In our study, polymorphonuclear blood count was increased in both groups. We
consider that this response might be due to the effect of the surgical procedure. It is al-
ready known that immune responses after anesthesia and surgery are characterized by
neutrophilia and that the surgical procedure plays a more important role than anesthesia
per se in this response [44]. However, we demonstrated a significant decrease in eosinophil
blood count postoperatively only in the propofol group. Eosinophils, after their release into
the circulation, translocate into submucosal tissues, thus forming part of the immunological
response at body surfaces, producing cytokines that influence acute and chronic inflamma-
tory responses. The significant decrease in eosinophils in the propofol group is compatible
with previous studies. Specifically, in a study examining the effect of various anesthetic
agents on the chemotaxis of eosinophils in vitro, although the inhibition of eosinophilic
chemotaxis was demonstrated only for thiopental and etomidate, the authors concluded
that a similar effect for propofol could not be ruled out but could not be demonstrated
due to the small power of the study [19]. Actually, in another study investigating a mouse
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model of allergic asthma, propofol significantly decreased the eosinophil count and the
levels of proinflammatory mediators in the bronchoalveolar lavage fluid, attenuating infil-
trating inflammatory cells and mucus production in histological samples [45]. The different
response of eosinophils between propofol and sevoflurane anesthesia could be due to the
different effect propofol and sevoflurane have on interleukin 10 (IL-10), whose role in the
inflammatory response of the airway is a great significance. Il-10 has been found to be a
strong inhibitor of eosinophil recruitment in mucosal tissue, contributing to the protection
or resolution of airway inflammation in conditions such as asthma and chronic obstructive
pulmonary disease [46–48]. In fact, the administration of propofol has been associated with
reduced proinflammatory IL-6 levels and enhanced anti-inflammatory IL-10 generation as
compared to sevoflurane, suggesting a more favorable anti-inflammatory effect of intra-
venous anesthesia in comparison to an inhalational technique [49]. This is obvious even in
operations that require one-lung ventilation, which is a well-known factor to exert great
stress on pulmonary function and homeostasis via the upregulation of proinflammatory
cytokine expression either in systemic circulation or in the epithelial lining fluid [50,51]. In
fact, there are several studies demonstrating that propofol anesthesia can more effectively
suppress the perioperative inflammatory response as compared to inhalational techniques
in operations involving one-lung ventilation [50–52].

An additional finding of our study was the more favorable respiratory profile and
better preservation of lung mechanics in the propofol group, with demonstration of better
compliance maintenance and favorable Ppeak and Ppl over time in comparison to the
sevoflurane group. Sevoflurane has long been perceived as the preferable inhalational
agent for anesthesia maintenance in patients suffering from asthma due to its favorable
bronchodilatory effect [6]. However, when its use was studied in asthmatic children, the
results were controversial [53], while on the other hand, propofol is also considered safe
for asthmatic patients and has been shown to decrease airway resistance in patients with
already hyperreactive airways [54,55]. It appears, therefore, that the expected increase in
lung compliance due to bronchodilation caused by volatile anesthetics has perhaps been
overestimated. In fact, animal experiments have shown that inhaled anesthetics inhibit the
generation of lung surfactant by type II endothelial cells or reduce the efficacy of surfac-
tant activity, thereby decreasing lung compliance [56]. Our finding of better respiratory
mechanics over time with propofol maintenance are in accordance with an experimental
study where sevoflurane maintenance resulted in significantly higher airway pressures
than propofol during laparoscopy in a porcine model [57]. The protective effect of propofol
against bronchoconstriction and increased respiratory resistance is perhaps mediated via
the initiation of an anticholinergic mechanism during mechanical ventilation and resulting
direct airway smooth muscle relaxant action, a fact that has been demonstrated in in vitro,
experimental and human studies [58–60]. In fact, propofol anesthesia has been shown to de-
crease airway resistance even when no previous bronchoconstriction was present and was
also associated with central airway dilatation observed at lung histology in a rat study [59].
The mechanism of the bronchodilatory effect of propofol remains to be elucidated, be-
ing perhaps associated with the inhibition of voltage-dependent calcium channels [61].
Propofol has also been shown to provide a dose-dependent relaxing effect in the chest
wall muscles, affording an additional favorable effect on chest wall resistance [62–64]. A
more potent muscle-relaxing effect of propofol versus sevoflurane at the same depth of
anesthesia and a stronger relaxant action on airway muscles might account for its favorable
effect on peak inspiratory pressures in our study.

Our study has a few limitations. First, we measured eosinophil blood count and not
sputum eosinophil in our set of patients. Sputum eosinophil count has been long regarded
as the most reliable indicator of eosinophilic airway inflammation. However, evolving
evidence shows that eosinophil blood count seems to be equally reliable in predicting both
eosinophilic airway inflammation and sputum eosinophil count [65]. It is important to
note that the measurement of blood eosinophil count provides an easy sampling technique
compared to the induction of sputum, particularly in the immediate postoperative period,
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because the latter would not only pose a risk of postoperative hemorrhage due to induced
coughing but also create discomfort to the patient. Secondly, we can only make speculations
about the aforementioned differential release of proinflammatory and anti-inflammatory
cytokines between the two modes of anesthesia maintenance and the impact that these
might have had on airway inflammation, because these were not measured in the current
study. A further limitation is the fact that we did not evaluate the postoperative respiratory
function of our patients via spirometry to confirm whether the aforementioned effects of
the two anesthetic regimes on respiratory mechanics were sustained into the postoperative
period. In addition, we did not correlate the preoperative volume of the thyroid gland with
postoperative measurements of FeNO. Finally, we only enrolled patients without respira-
tory disease or airway hyperresponsiveness in our study, so it remains to be determined if
our findings can be applied in those populations.

5. Conclusions

In conclusion, under the current study design, both propofol and sevoflurane main-
tenance techniques during thyroidectomy seem to decrease postoperative FeNO levels,
with propofol additionally exerting a significant decrease in postoperative eosinophil blood
count and providing a more favorable respiratory profile for the whole duration of the
operation as compared to sevoflurane. The ease of measurement of FeNO by a portable
device such as NObreath both for the anesthesiologist and the patient even in busy settings
combined with its low cost could make it a useful tool in perianesthetic patient evaluation.
According to our results, it appears that intravenous techniques may offer advantages in
terms of the suppression of perioperative inflammatory perturbation in the local milieu
of the airway as compared to inhalational techniques. Whether these findings can be
extrapolated to patients with respiratory comorbidities or patients suffering from asthma
or other forms of airway inflammation and hyperresponsiveness remains to be elucidated
in future studies encompassing such patient populations.
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Abstract: Background: Mechanical ventilation brings the risk of ventilator-induced lung injury, which
can lead to pulmonary fibrosis and prolonged mechanical ventilation. Methods: A retrospective
analysis of patients with acute respiratory distress syndrome (ARDS) who received open lung biopsy
between March 2006 and December 2019. Results: A total of 68 ARDS patients receiving open lung
biopsy with diffuse alveolar damage (DAD; the hallmark pathology of ARDS) were analyzed and
stratified into non-fibrosis (n = 56) and fibrosis groups (n = 12). The duration of ventilator usage and
time spent in the intensive care unit and hospital stay were all significantly higher in the fibrosis
group. Hospital mortality was higher in the fibrosis than in the non-fibrosis group (67% vs. 57%,
p = 0.748). A multivariable logistic regression model demonstrated that mechanical power at ARDS
diagnosis and ARDS duration before biopsy were independently associated with histological fibrosis
at open lung biopsy (odds ratio 1.493 (95% CI 1.014–2.200), p = 0.042; odds ratio 1.160 (95% CI
1.052–1.278), p = 0.003, respectively). Conclusions: Our findings indicate that prompt action aimed
at staving off injurious mechanical stretching of lung parenchyma and subsequent progression to
fibrosis may have a positive effect on clinical outcomes.

Keywords: mechanical ventilation; acute respiratory distress syndrome; open lung biopsy; histology;
diffuse alveolar damage; pulmonary fibrosis; idiopathic pulmonary fibrosis; outcomes

1. Introduction

Acute respiratory distress syndrome (ARDS) is a heterogeneous syndrome with com-
plex pathophysiologic mechanisms characterized by severe hypoxemia and high mortal-
ity [1]. The pathogenesis of ARDS includes an exudative phase, a proliferative phase,
and a fibrotic phase. Alveolar type II cell hyperplasia occurs after the initial exudative
phase, resulting in the formation of resident fibroblasts and extracellular matrix. As disease
progresses to the fibrotic phase, extensive basement membrane damage and inadequate
or delayed reepithelialization can lead to the development of interstitial and intraalveolar
fibrosis, which often requires prolonged mechanical ventilator support [2].
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The typical histological hallmark of ARDS is diffuse alveolar damage (DAD) mani-
festing as hyaline membrane formation, lung edema, inflammation, and hemorrhage [3].
Roughly only half of the patients diagnosed with ARDS based on current criteria present
evidence of DAD upon open lung biopsy (OLB) or autopsy [4–7]. Note, however, that not
all ARDS patients progress to the fibrotic phase, as any imbalance in profibrotic or antifi-
brotic mediators could affect progression to the fibroproliferative phase [8]. In patients
with ARDS, pulmonary fibrosis often leads to prolonged mechanical ventilation and poor
clinical outcomes [9,10].

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive fibrotic interstitial pneu-
monia with unknown etiology and poor prognosis. It is characterized by deterioration
of the lung parenchyma structure and respiratory function [11]. Acute exacerbation of
idiopathic pulmonary fibrosis (AE-IPF) has been defined as an acute clinically significant
respiratory deterioration of unidentifiable cause, commonly leading to acute hypoxemia
respiratory failure requiring mechanical ventilation [12]. The typical histological features
of AE-IPF are DAD and/or organizing pneumonia superimposed on the usual interstitial
pneumonia (UIP) pattern (i.e., acute lung injury occurring in an IPF/UIP lung), such that it
shares many of the pathological features of ARDS [13,14].

A lung-protective ventilation strategy remains the cornerstone of treatment for ARDS
patients and has been positively correlated with improved survival [2]; however, it brings
with it the risk of ventilator-induced lung injury (VILI) and subsequent lung fibrosis [15].
Researchers have yet to establish optimal ventilator settings for patients with pulmonary
fibrosis. Our objective in this study was to examine the association between serial changes
in ventilator settings and histological fibrosis in ARDS patients with DAD based on OLB
and compare clinical outcomes between fibrosis and non-fibrosis groups.

2. Materials and Methods
2.1. Study Design and Patients

This retrospective study was based on analysis of all ARDS patients who underwent
OLB at Chang Gung Memorial Hospital (CGMH) in Taiwan between March 2006 and
December 2019. CGMH is a tertiary care referral center with a 3700-bed general ward and
278-bed adult intensive care unit (ICU). The exclusion criteria included age of <20 years
and histological findings not indicative of DAD.

At our institution, the decision to perform OLB was made by the treating intensivist in
cases where the etiology of ARDS was unknown and the patient presented rapid pulmonary
infiltration following a complete microbiologic examination including bronchoalveolar
lavage. Surgical procedures were performed by a chest surgeon in an operating room or
at the bedside in the ICU. Informed consent was obtained from the family prior to OLB.
Under general anesthesia and mechanical ventilator support with adequate oxygenation,
video-assisted thoracoscopic surgery or a 5-cm thoracotomy was used to secure the ori-
gins using an endoscopic stapler-cutter. The biopsy site was a new or progressive lesion
identified via high-resolution computed tomography (HRCT) or chest X-ray. Every tissue
specimen was examined by pathologists. The local Institutional Review Board for Human
Research approved this study (CGMH IRB No. 202000760A3 and 202100595A3), and the
need for informed consent was waived due to the retrospective nature of the study.

2.2. Definitions

ARDS was defined in accordance with the Berlin criteria [7]. Dynamic driving pressure
(∆P) was calculated as peak inspiratory pressure (Ppeak) minus positive end-expiratory
pressure (PEEP) [16]. Mechanical power (MP) was calculated using the following equa-
tion [17,18]: MP (Joules/minutes) (J/min) = 0.098 × tidal volume (VT) × respiratory rate
(RR) × (Ppeak–1/2 × ∆P).

Ppeak is equivalent to plateau pressure in pressure-controlled ventilation, and Ppeak
was used as a surrogate for plateau pressure to calculate MP if not specified [17]. Ventilator-
free days was defined as the number of days between day 1 and day 28 or day 90 in which
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the patient breathed without assistance for at least 48 consecutive hours. Patients who did
not survive to 28 days or 90 days were assigned zero ventilator-free days. Patients were
stratified into the non-fibrosis group (DAD with exudative or proliferative phase) or the
fibrosis group (DAD with fibrotic phase or chronic feature of honeycomb fibrosis).

2.3. Data Collections

Demographic data, comorbidities, and the etiologies of ARDS were recorded from
hospital charts. The dates of hospital and ICU admission, mechanical ventilator initiation
and liberation, date of ARDS diagnosis and OLB, ICU and hospital discharge, and time
of death were collected. Arterial blood gas and mechanical ventilator settings parameters
were recorded at approximately 10 a.m. daily after ARDS onset.

2.4. Histological Diagnosis

Based on analysis of hematoxylin- and eosin-stained lung tissue slices, a diagnosis
of DAD (with or without fibrosis) was made independently by at least two pathologists
who were blinded to the patients’ clinical information. Any discrepancies were discussed
by the pathologists with the aim of reaching a final consensus as to histological diagno-
sis. The presence of DAD indicated hyaline membrane formation, intra-alveolar edema,
alveolar type I cell necrosis, alveolar type II cell proliferation, the interstitial proliferation
of myofibroblasts and fibroblasts, or organizing interstitial fibrosis [3]. AE-IPF represents
DAD and/or organizing pneumonia superimposed on the UIP pattern [13,14]. We defined
fibrosis as the manifestation of collagenous fibrosis or chronic appearance of microcystic
honeycombing, or both [19].

2.5. Statistical Analysis

Continuous variables are presented as mean ± standard deviation or median (in-
terquartile range), and categorical variables are reported as numbers (percentages). A stu-
dent’s t-test or the Mann–Whitney U test were used to compare continuous variables among
groups. Categorical variables were tested using the chi-square test for equal proportions or
the Fisher’s exact test. Risk factors associated with histological fibrosis at OLB day were
initially analyzed using univariate analysis, followed by a multivariable logistic regression
model with stepwise selection. The results are presented using odds ratios and 95% con-
fidence intervals (CIs). All statistical analysis was performed using SPSS 26.0 statistical
software, and statistical significance was considered when the 2-sided p value was less
than 0.05.

3. Results
3.1. Study Populations

This study identified 89 ARDS patients who underwent OLB within the study period
and screened for inclusion and exclusion criteria. All ARDS patients were deeply sedated
and paralyzed during the initial phase, including the day of OLB, and most cases received
pressure-controlled ventilation until attempts at weaning from the mechanical ventilator.
After excluding 21 patients who did not fulfill the histological DAD, 68 patients with
histological DAD were analyzed (Figure 1). Based on the histological findings, 56 patients
were assigned to the non-fibrosis group, and 12 patients were assigned to the fibrosis group.
In the fibrosis group, 7 patients had DAD with the fibrotic phase and 5 patients presenting
the AE-IPF.
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Figure 1. Flow chart of ARDS patients receiving open lung biopsy. ARDS: acute respiratory distress 
syndrome; DAD: diffuse alveolar damage; AE-IPF: acute exacerbation of idiopathic pulmonary fi-
brosis. 

3.2. Histological Findings 
Compared to normal lung tissue (Figure 2A), DAD in the initial stage was character-

ized by the formation of hyaline membrane (Figure 2B) and in the later stage by interstitial 
fibrosis (Figure 2C). The term honeycomb fibrosis refers to the typical appearance of cysts 
in scarred lung tissue (i.e., UIP pattern) (Figure 2D). Organizing pneumonia was deemed 
indicative of acute exacerbation of UIP (Figure 2E). 

 
Figure 2. Human lung tissues samples from enrolled patients stained using hematoxylin and eosin. 
(A) Normal lung tissue defined as thin alveolar capillary membrane with clear alveolar space; (B) 
diffuse alveolar damage in which alveolar surfaces are lined with hyaline membranes; (C) lung tis-
sue showing distinct indications of interstitial fibrosis; (D) UIP showing honeycomb fibrosis; (E) 
organizing pneumonia indicating acute exacerbation of UIP. 4X magnification. UIP: usual intersti-
tial pneumonia. 

Figure 1. Flow chart of ARDS patients receiving open lung biopsy. ARDS: acute respiratory distress
syndrome; DAD: diffuse alveolar damage; AE-IPF: acute exacerbation of idiopathic pulmonary fibrosis.

3.2. Histological Findings

Compared to normal lung tissue (Figure 2A), DAD in the initial stage was character-
ized by the formation of hyaline membrane (Figure 2B) and in the later stage by interstitial
fibrosis (Figure 2C). The term honeycomb fibrosis refers to the typical appearance of cysts
in scarred lung tissue (i.e., UIP pattern) (Figure 2D). Organizing pneumonia was deemed
indicative of acute exacerbation of UIP (Figure 2E).
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Figure 2. Human lung tissues samples from enrolled patients stained using hematoxylin and eosin.
(A) Normal lung tissue defined as thin alveolar capillary membrane with clear alveolar space;
(B) diffuse alveolar damage in which alveolar surfaces are lined with hyaline membranes; (C) lung
tissue showing distinct indications of interstitial fibrosis; (D) UIP showing honeycomb fibrosis;
(E) organizing pneumonia indicating acute exacerbation of UIP. 4X magnification. UIP: usual intersti-
tial pneumonia.
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3.3. Baseline Characteristics and Clinical Variables: Non-Fibrosis and Fibrosis Groups

As shown in Table 1, we observed no significant difference between non-fibrosis and
fibrosis groups in terms of age, gender, body weight, body mass index, or comorbidities.
In both groups, most of the ARDS cases were attributable to pulmonary causes (n = 58,
85%). The median interval between ARDS diagnosis and biopsy was significantly longer
in the fibrosis group than the non-fibrosis group (18 (9–30) vs. 8 (5–12) days, p = 0.024).
In terms of ventilator settings at the time of ARDS diagnosis, MP, Ppeak, and dynamic
∆P levels were significantly higher in the fibrosis group than in the non-fibrosis group
(all p < 0.05). On the day of biopsy, Ppeak and dynamic ∆P values remained significantly
higher in the fibrosis group than in the non-fibrosis group, and dynamic compliance was
significantly lower (all p < 0.05).

Table 1. Background characteristics and clinical variables: non-fibrosis and fibrosis on histologi-
cal findings.

Characteristics All
(n = 68)

Non-Fibrosis
(n = 56)

Fibrosis
(n = 12) p

Age (years) 60.4 ± 16 59.4 ± 14.8 65.3 ± 20.8 0.255
Male (gender) 39 (57%) 31 (55%) 8 (67%) 0.472
Body weight (kg) 60.7 ± 11.7 61.0 ± 12.3 58.4 ± 6.1 0.566
Body mass index (kg/m2) 23.7 ± 3.8 23.8 ± 3.9 22.8 ± 3.3 0.488
Comorbidities

Diabetes mellitus 12 (18%) 9 (16%) 3 (25%) 0.432
Hypertension 20 (29%) 18 (32%) 2 (17%) 0.486
Chronic lung diseases 7 (10%) 6 (11%) 1 (8%) 1.0
Immunocompromised 18 (27%) 16 (29%) 2 (17%) 0.494

ARDS etiologies
Pulmonary causes 58 (85%) 47 (84%) 11 (92%) 0.678
Extrapulmonary causes 10 (15%) 9 (16%) 1 (8%) 0.678

PaO2/FiO2 at day of ARDS
diagnosis (mmHg) 135 (61–204) 136 (61–213) 118 (58–187) 0.613

Ventilator settings at day of ARDS diagnosis
Mechanical power (J/min) 24.6 ± 9 23.5 ± 8.2 29.9 ± 10.8 0.023
Tidal volume (mL/kg PBW) 8.6 ± 1.9 8.7 ± 2 8.4 ± 1.6 0.764
PEEP (cm H2O) 10.9 ± 2.4 11 ± 2.5 11 ± 2.1 0.566
Peak inspiratory pressure (cm H2O) 31.7 ± 5.6 31.1 ± 4.9 36.1 ± 5.3 0.004
Mean airway pressure (cm H2O) 17.6 ± 3.5 17.5 ± 3.4 18.5 ± 4 0.345
Dynamic driving pressure (cm H2O) 20.9 ± 5.2 20.2 ± 4.4 24 ± 7.5 0.021
Total respiratory rate (breaths/min) 24.9 ±5 24.3 ± 4.9 27.3 ± 5.2 0.088
Dynamic compliance (mL/cm H2O) 24.8 ± 10.5 24.8 ± 8.9 24.8 ± 16.5 0.989

Day from ARDS diagnosis to biopsy 8 (5–14) 8 (5–12) 18 (9–30) 0.024
PaO2/FiO2 at biopsy day (mmHg) 139 (104–194) 137 (103–199) 141 (98–191) 0.867
Ventilator settings at biopsy day

Mechanical power (J/min) 23.8 ± 7.7 23.1 ± 6.9 27 ± 10.3 0.12
Tidal volume (mL/kg PBW) 7.7 ± 1.8 7.7 ± 1.7 7.6 ± 2.3 0.961
PEEP (cm H2O) 12.3 ± 2.6 12.5 ± 2.5 11.3 ± 2.6 0.191
Peak inspiratory pressure (cm H2O) 34.4 ± 6.9 33.6 ± 6.2 38.2 ± 9.1 0.037
Mean airway pressure (cm H2O) 19.3 ± 3.8 19.4 ± 3.6 18.8 ± 5.1 0.567
Dynamic driving pressure (cm H2O) 22.1 ± 6.8 21.1 ± 6.0 26.8 ± 8.2 0.007
Total respiratory rate (breaths/min) 25.2 ± 5 24.9 ± 4.7 26.3 ± 6.5 0.373
Dynamic compliance (mL/cm H2O) 20.5 ± 7.6 21.3 ± 7.6 17.1 ± 6.7 0.017

Hospital mortality, n (%) 40 (59%) 32 (57%) 8 (67%) 0.748
Duration of mechanical
ventilator (days) 22 (15–34) 21 (14–32) 35 (24–74) 0.028
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Table 1. Cont.

Characteristics All
(n = 68)

Non-Fibrosis
(n = 56)

Fibrosis
(n = 12) p

Length of ICU stay (days) 27 (17–37) 25 (16–34) 51 (32–80) 0.001
Length of hospital stay (days) 34 (22–56) 31 (20–46) 55 (32–81) 0.004
Ventilator-free days at day 28 0 (0–5) 0 (0–11) 0 (0–0) 0.036
ICU-free days at day 28 0 (0–7) 0 (0–8) 0 (0–0) 0.036
ICU-free days at day 60 0 (0–35) 0 (0–40) 0 (0–0) 0.008
Hospital-free days at day 90 51 (29–66) 54 (16–34) 25 (2–54) 0.01

Data is presented as mean ± standard deviation, count or median (interquartile range). ARDS: acute respiratory
distress syndrome; PaO2: partial pressure of oxygen in arterial blood; FiO2: fraction of inspired oxygen; PBW:
predicted body weight; PEEP: positive end-expiratory pressure; ICU: intensive care unit.

The overall hospital mortality rate was 59%, and the mortality was relatively higher in
the fibrosis group than in the non-fibrosis group (67% vs. 57%, p = 0.748). The duration of
mechanical ventilation, length of ICU stay, and length of hospital stay were significantly
higher in the fibrosis group than in the non-fibrosis group (all p < 0.05).

3.4. Baseline Characteristics and Clinical Variables: DAD with a Fibrotic Phase and
AE-IPF Groups

As shown in Table 2, the patients in the AE-IPF group were older than those in the
DAD with a fibrotic phase group. There were no significant differences between the
two groups in terms of age, gender, body weight, body mass index, or comorbidities.
In terms of ventilator settings at ARDS diagnosis, we observed no significant differences
between the two groups. The median interval between ARDS diagnosis and biopsy was
longer in the DAD with a fibrotic phase group than the AE-IPF group (28 (17–53) vs.
7 (4–21) days). On the day of biopsy, patients in the AE-IPF group received higher MP,
higher VT, higher Ppeak, higher mean airway pressure, higher dynamic ∆P, and higher RR
than patients in the DAD with a fibrotic phase group, although the difference did not reach
the level of significance (Table 2 and Figure 3). Dynamic compliance was similar between
the two groups on the day of biopsy.

Table 2. Background characteristics and clinical variables: DAD with a fibrotic phase and AE-IPF on
histological findings.

Characteristics DAD with a Fibrotic
Phase (n = 7) AE-IPF (n = 5) p

Age (years) 59.3 ± 25.5 73.6 ± 8.36 0.204
Male (gender) 5 (71%) 3 (60%) 0.769
Body weight (kg) 60.5 ± 8.1 56.4 ± 3.2 0.379
Body mass index (kg/m2) 23.4 ± 4.4 22.1 ± 1.7 0.657
Comorbidities

Diabetes mellitus 1 (14%) 2 (40%) 0.31
Hypertension 1 (14%) 1 (20%) 0.793
Chronic lung diseases 1 (14%) 0 (0%) 0.377
Immunocompromised 2 (29%) 0 (0%) 0.19

ARDS etiologies
Pulmonary causes 6 (86%) 5 (100%) 1.0
Extrapulmonary causes 1 (14%) 0 (0%) 1.0

PaO2/FiO2 at day of ARDS
diagnosis (mmHg) 68 (39–138) 136 (118–176) 0.794

Ventilator settings at day of ARDS diagnosis
Mechanical power (J/min) 30 ± 8.7 30 ± 14 0.987
Tidal volume (mL/kg PBW) 8.9 ± 1.9 7.8 ± 1.1 0.434
PEEP (cm H2O) 10.6 ± 2.2 10.4 ± 2.2 0.897
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Table 2. Cont.

Characteristics DAD with a Fibrotic
Phase (n = 7) AE-IPF (n = 5) p

Peak inspiratory pressure (cm H2O) 34.6 ± 5.6 34.4 ± 5.7 0.971
Mean airway pressure (cm H2O) 18.6 ± 4.1 18.4 ± 4.4 0.946
Dynamic driving pressure (cm H2O) 24 ± 5.2 24 ± 10.7 1.0
Total respiratory rate (breaths/min) 27.1 ± 4.6 27.6 ± 6.6 0.889
Dynamic compliance (mL/cm H2O) 21.2 (15–24.6) 15.9 (14.1–49) 0.755

Day from ARDS diagnosis to biopsy 28 (17–53) 7 (4–21) 0.242
PaO2/FiO2 at biopsy day (mmHg) 168 (95–192) 106 (89–141) 0.546
Ventilator settings at biopsy day

Mechanical power (J/min) 25.2 ± 11.4 29.4 ± 9.2 0.851
Tidal volume (mL/kg PBW) 6.8 ± 2.7 8.8 ± 1.3 0.301
PEEP (cm H2O) 11 ± 3.2 11.8 ± 1.8 0.394
Peak inspiratory pressure (cm H2O) 37.4 ± 10 39.2 ± 8.8 0.757
Mean airway pressure (cm H2O) 17.7 ± 5.3 20.4 ± 4.9 0.628
Dynamic driving pressure (cm H2O) 26.4 ± 8.8 27.4 ± 8.3 0.663
Total respiratory rate (breaths/min) 25.3 ± 3.8 27.8 ± 9.5 0.537
Dynamic compliance (mL/ cm H2O) 15.8 (11.7–18.6) 15.2 (10.1–27.6) 0.876

Data is presented as mean ± standard deviation, count, or median (interquartile range). DAD: diffuse alveolar
damage; AE-IPF: acute exacerbation of idiopathic pulmonary fibrosis; ARDS: acute respiratory distress syndrome;
PaO2: partial pressure of oxygen in arterial blood; FiO2: fraction of inspired oxygen; PBW: predicted body weight;
PEEP: positive end-expiratory pressure.
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Figure 3. Serial changes in the ventilatory variables of (A) MP (B) VT/PBW (C) PEEP (D) Ppeak
(E) Dynamic ∆P (F) RR between ARDS diagnosis and open lung biopsy of patients in the DAD with a
fibrotic phase and AE-IPF groups. ARDS: acute respiratory distress syndrome; DAD: diffuse alveolar
damage; AE-IPF: acute exacerbation of idiopathic pulmonary fibrosis; MP: mechanical power; VT:
tidal volume; PBW: predicted body weight; PEEP: positive end-expiratory pressure; Ppeak: peak
inspiratory pressure; ∆P: driving pressure; RR: respiratory rate; bpm: beats per minute.
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3.5. Clinical Outcomes: DAD with a Fibrotic Phase and AE-IPF

As shown in Table 3 and Figure 4, 90-day hospital mortality was higher in the AE-IPF
group than in the DAD with a fibrotic phase group (80% vs. 57%, p = 0.242). The duration
of mechanical ventilation, length of ICU stay, and length of hospital stay were higher in the
DAD with a fibrotic phase group than the AE-IPF group. The number of ventilator-free
days at day 90, and ICU-free days at day 60 were also higher in the DAD with a fibrotic
phase group than the AE-IPF group.

Table 3. Clinical outcomes as a function of DAD with a fibrotic phase and AE-IPF on histological findings.

Outcomes DAD with Fibrotic Phase (n = 7) AE-IPF (n = 5) p

90-day hospital mortality, n (%) 4 (57%) 4 (80%) 0.242
Other outcomes

Duration of mechanical ventilator (days) 46 (22–75) 42 (24–66) 0.84
Length of ICU stay (days) 72 (37–81) 48 (24–78) 0.319
Length of hospital stay (days) 82 (53–93) 57 (27–98) 0.364
Ventilator-free days at day 90 14 (0–23) 0 (0–0) 0.224
ICU-free days at day 60 1 (0–0) 0 (0–0) 0.424

Data is presented as a count or median (interquartile range). DAD: diffuse alveolar damage; AE-IPF: acute
exacerbation of idiopathic pulmonary fibrosis; ICU: intensive care unit.
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Figure 4. Kaplan–Meier 90-day survival curves of patients with acute respiratory distress syndrome
undergoing open lung biopsy, as stratified by DAD with a fibrotic phase and AE-IPF. DAD: diffuse
alveolar damage; AE-IPF: acute exacerbation of idiopathic pulmonary fibrosis.

3.6. Factors Associated with Histological Fibrosis at OLB

After adjusting for significant confounding variables, a multivariable logistic regres-
sion model revealed that patients who had higher MP at ARDS diagnosis and had a longer
ARDS duration before biopsy were significantly associated with histological fibrosis at OLB
(odds ratio 1.493 (95% CI 1.014–2.200), p = 0.042 and odds ratio 1.160 (95% CI 1.052–1.278),
p = 0.003, respectively) (Table 4).
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Table 4. Factors associated with histological fibrosis at open lung biopsy using a multivariable logistic
regression model.

Characteristics Odds Ratio (95% CI) p

MP at day of ARDS diagnosis (J/min) 1.493 (1.014–2.200) 0.042
ARDS duration before biopsy (days) 1.160 (1.052–1.278) 0.003

CI: confidence interval; MP: mechanical power; ARDS: acute respiratory distress syndrome. The multivariable
analysis model included continuous variables (age, body weight, body mass index, ventilatory variables at day
of ARDS diagnosis, and day from ARDS diagnosis to biopsy) and categorical variables (gender, comorbidities,
and ARDS etiologies). For the continuous variables, the odds ratio means that the risk of histological fibrosis at
open lung biopsy increases or decreases per unit increase in these variables.

4. Discussion

The primary insight in this study was the fact that ARDS patients with histological
DAD and fibrosis based on OLB received significantly higher airway pressures, and had
significantly longer durations of mechanical ventilator use and longer ICU and hospital
stays. Hospital mortality was higher in the fibrosis group than in the non-fibrosis group.
In the fibrosis group, patients with AE-IPF received higher ventilator load and had higher
hospital mortality than those in the DAD with a fibrotic phase group.

DAD is the pathological hallmark of ARDS. In the current study, we enrolled only
ARDS patients with histological evidence of DAD using data from OLB, unlike previous
studies that included ARDS patients with and without DAD using data from OLB or
autopsy [6,20,21]. The pathogenesis or the time course of lung damage in ARDS proceeds
through an exudative phase (for roughly the first week after ARDS onset), proliferative
phase (between the first and third weeks following ARDS onset), and fibrotic phase (beyond
3 or 4 weeks after ARDS onset) [2,22]. In the current study, the median duration from
ARDS diagnosis to OLB was 28 days in the DAD with a fibrotic phase group. Some of
the patients had progressed to DAD with a fibrotic phase within 3 weeks of ARDS onset.
This indicates that the diagnosis of ARDS depends on clinical criteria, and that the onset of
lung damage and histological fibrosis may begin before all the criteria for clinical diagnosis
of ARDS are met [19]. Patients in the fibrosis group had significantly longer ARDS duration
before biopsy (i.e., could have a longer duration of lung damage) than patients in the non-
fibrosis group. In a multivariable logistic regression model, longer ARDS durations before
biopsy were independently associated with histological fibrosis at OLB. This indicates that
mechanical ventilation, histological fibrosis at OLB, and clinical outcomes of ARDS patients
were related to the onset of lung damage.

The causes of pulmonary fibrosis during ARDS progression are multifactorial (e.g.,
inflammation and VILI) [9,15]. The course and onset of lung fibrosis can be traced to
persistent injury and repair in response to mechanical strain and stress on epithelial cell
resulting from volutrauma and atelectrauma, which subsequently triggers the fibroprolifer-
ative cascade [15,23]. The mechanical force could cause numerous intracellular mediators
directly or indirectly released into the lung, which induces further lung damage and the
subsequent development of lung fibrosis [15]. The extent of the ventilator load needed to
cause pulmonary fibrosis was unknown. However, mechanical ventilation, histological
fibrosis at OLB, and the clinical outcomes of ARDS patients could be directly related to the
onset of lung fibrosis. MP refers to the energy delivered by a ventilator to the respiratory
system per unit of time, as determined by volume, pressure, flow, and RR. Researchers
have established that MP is of higher predictive value than individual ventilator parame-
ters in assessing the risk of VILI [17,18]. Excessive MP has been shown to promote VILI
and appears to be strongly correlated with histology (DAD score) and the expression of
interleukin-6, a marker of inflammation [24]. Driving pressure is inversely proportional
to lung compliance and aerated remaining functional lung size and has been linked to
mortality in ARDS patients [16,25].

Few studies have examined the correlation between serial changes in ventilator settings
and the development of histological fibrosis in ARDS patients. Serial changes in the
ventilator settings may reflect the severity of nonresolving lung damage. In the current
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study, the MP and airway pressures (Ppeak and dynamic ∆P) received by the fibrosis group
were significantly higher than those received by the non-fibrosis group at ARDS diagnosis.
Thus, it is likely that the formation of lung fibrosis can be attributed at least in part to
energy load (i.e., MP). In a multivariable logistic regression model, higher MP at ARDS
diagnosis was independently associated with histological fibrosis at OLB. Compliance of
the respiratory system was associated with the severity of lung injury, duration of ARDS,
extent of lung fibrosis, and clinical outcomes [19]. Dynamic compliance in the fibrosis
group was significantly lower and dropped more rapidly than in the non-fibrosis group
on biopsy day. This may be due to the presence of fibrosis and a longer interval between
ARDS diagnosis and OLB in the fibrosis group.

IPF is a form of chronic fibrosing interstitial pneumonia characterized by a progres-
sive decline in lung function with radiological and/or histopathological indications of
UIP [11,26]. Note, however, that UIP is not synonymous with IPF. The UIP pattern of fibro-
sis has also been linked to other conditions, such as connective tissue disease (mostly
rheumatoid arthritis), drug toxicity, chronic hypersensitivity pneumonitis, asbestosis,
and Hermansky–Pudlak syndrome [26,27]. AE-IPF and ARDS are quite similar in terms
of DAD, lung inflammation, and respiratory mechanics. AE-IPF can lead to severe acute
hypoxemic respiratory failure, requiring mechanical ventilator support. Patients with
AE-IPF face a higher risk of mortality (may reach 95%) [14], which may be related to the
fact that IPF patients tend to be older. In our study, 5 of the 12 patients in the fibrosis group
presented histological findings indicative of UIP, and none of these patients presented with
connective tissue disease, drug toxicity, or asbestosis. A pathologist and radiologist agreed
that the cause of respiratory failure in this group was primarily AE-IPF. Patients in the
AE-IPF group were older than those in the DAD with a fibrotic phase group (mean age
73.6 vs. 59.3 years), and the mortality was higher than DAD with a fibrotic phase group
(80% vs. 57%).

Impaired lung mechanics due to structural, biochemical, and anatomical aberrations
render fibrotic lungs susceptible to VILI [28]. At present, there is no solid evidence indicat-
ing the optimal and personalized ventilator settings for fibrotic lungs, including AE-IPF;
some concepts can be derived from the evidence regarding ARDS because both share some
common features. A “lung resting strategy” to avoid high PEEP during expiration and
thereby prevent further lung injury has been posited as an alternative to the “open lung
approach” (for ARDS cases presenting only DAD) for patients with pulmonary fibrosis
and UIP, due to the fact that the presence of fibrotic tissue renders the lung structure highly
fragile and prone to VILI (i.e., the “squishy ball lung” concept) [28]. In our study, patients
in the DAD with a fibrotic phase and AE-IPF groups received similar ventilator settings
except for VT at ARDS diagnosis. However, patients in the AE-IPF group received a higher
energy load (i.e., MP), higher VT, and higher airway pressures than in the DAD with a
fibrotic phase group on the biopsy day. This indicates that intensivists may not recognize
the disease status well and apply lung-protective ventilation at ARDS onset promptly;
however, as disease progression, patients in the AE-IPF group received a higher ventilator
load than those in the DAD with a fibrotic phase group on biopsy day due to underlying
chronic fibrotic lungs, which contributed to a higher risk of VILI.

The strength of our study was that we investigated pulmonary fibrosis based on
histological fibrosis from OLB. Previous studies examining the effect of pulmonary fibrosis
on clinical outcomes in ARDS patients reported a link between HRCT scores indicative
of fibroproliferative changes and clinical outcomes/mortality [10,29]. Nonetheless, thin-
section CT scanning, including inspiratory, expiratory, and prone sequences, is the most
important tool by which to evaluate pulmonary fibrosis. Serial images and quantitative
estimates are also essential for differentiating fibrosis progression [27]. Overall, imaging
alone cannot be relied upon to confirm destruction of the lung parenchyma, delineate
active fibroproliferation, or assess the degree of lung fibrosis [8]. At present, there is no
definitive biomarker for DAD, and HRCT findings are insufficient to differentiate DAD
from DAD with organizing pneumonia, which was indicative of acute exacerbation of
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UIP [30]. The only way to confirm the presence of DAD is to obtain lung tissues via OLB or
autopsy [20]. Unfortunately, cases that end in autopsy are very likely to be more severe
than live cases, and autopsy series are unable to differentiate clinical outcomes or effects on
mortality [19,20]. In the current study, we investigated the effect of pulmonary fibrosis on
clinical outcomes by enrolling ARDS patients with histological DAD and fibrosis who had
undergone OLB.

This retrospective study was hindered by a number of limitations. First, all patients
were from a single tertiary care referral center over a long enrollment period. Furthermore,
we focused on only cases of ARDS that had undergone OLB who fulfilled the histological
DAD with fibrosis (i.e., fibrotic phase or AE-IPF) or not, which limited the number of
recruited patients. Note that we opted not to exclude the 5 patients with chronic fibrosis
(i.e., UIP pattern) from the fibrosis group (n = 12), similar to that of a previous ARDS study
based on autopsies in which half of the fibrosis group (15 of 30 patients) also presented
with chronic microcystic honeycombing [19]. Besides, we further divided the fibrosis group
into the DAD with a fibrotic phase or the AE-IPF group and compared clinical outcomes.
Second, the causes of pulmonary fibrosis are complex and multifactorial, and the exact
causal relationship between mechanical ventilation and pulmonary fibrosis was difficult to
determine due to the retrospective nature of the study. It is important to emphasize that
mechanical ventilation, histological fibrosis at OLB, and clinical outcomes of ARDS patients
could be directly related to the onset of lung damage and fibrosis. Third, compliance
with lung-protective ventilation with lower tidal volumes tends to decrease in real-world
clinical practice [1]. Our study was conducted over a long study period from 2006 to 2019
with retrospective analysis, and there was no standard protocol for the ventilator settings
among the enrolled ICUs. Therefore, the ARDS patients included in this study received
a relatively high VT than 6 mL/kg PBW of the current guidelines [2], which may make
external validation to other ARDS cohorts difficult to perform and may have influenced the
clinical outcomes. Finally, corticosteroids have anti-inflammatory and antifibrosis effects;
however, we opted not to address the use of steroid therapy, due to a lack of evidence
pertaining to the benefits of steroid treatment for persistent ARDS and fibrotic lungs.

5. Conclusions

Our findings revealed that ARDS patients with histological DAD and fibrosis received
significantly higher airway pressures, underwent mechanical ventilation for a longer
duration, and remained in the ICU and hospital for a longer period. Hospital mortality was
higher in the fibrosis group than in the non-fibrosis group. In the fibrosis group, patients
with AE-IPF received a higher ventilator load and faced higher mortality than those in
DAD with a fibrotic phase.

Implementing optimal ventilator settings as early as possible may be necessary to
reduce the risk of VILI and pulmonary fibrosis. Further large-scale studies are required
to identify the mechanisms by which mechanical ventilation induces pulmonary fibrosis,
and define safety standards aimed at minimizing the risk of VILI and fibrosis.
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