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Special Issue “Latest Research in Post-COVID (Long COVID):
Pathological and Treatment Studies of Sequelae
and Complications”

César Fernández-de-las-Peñas

Department of Physical Therapy, Occupational Therapy, Physical Medicine and Rehabilitation, Universidad Rey
Juan Carlos (URJC), 28922 Alcorcón, Madrid, Spain; cesar.fernandez@urjc.es; Tel.: +34-91-488-88-84

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) pathogen pro-
voked the most unprecedented sanitary outbreak of the current century by causing coron-
avirus disease 2019 (COVID-19), which has led to approximately 775 million confirmed
cases and more than 7 million deaths globally [1]. The COVID-19 outbreak has also
prompted one of the most significant explosions of research in the last century, as thou-
sands of papers have been published in a short period of time (four years). In fact, the
extensive literature concerning COVID-19 has concentrated on the management of acute
cases [2] and the prevention of the spread of the virus, e.g., vaccines [3].

Despite every endeavor to fight against COVID-19, the world is now confronted
by another escalating healthcare problem derived from the outbreak: the development
of long-lasting symptoms once the acute SARS-CoV-2 infection has passed. The pres-
ence of long-lasting symptoms after acute infection has been named long-COVID [4] or
post-COVID-19 condition [5]. In fact, more than 100 post-COVID-19 symptoms have
been attributed to SARS-CoV-2 infection [6]. Current data suggest that up to 25–30% of
COVID-19 survivors report long-lasting post-COVID symptoms at one [7,8] and two [9,10]
years after the infection. However, several aspects of this condition remain unknown,
such as its underlying mechanisms, its consequences, and treatment strategies for the
management of these patients.

This Special Issue of Biomedicines, entitled “Latest Research in Post-COVID (Long-
COVID): Pathological and Treatment Studies of Sequelae and Complications”, focused on
these aspects of post-COVID-19 condition, a topic of emerging relevance due to the expected
presence of millions of “long-haulers”. A total of fourteen papers were published in this
Special Issue, with the following topics addressed: (1) the treatment of post-COVID-19
condition; (2) the repercussions of SARS-CoV-2 infection in neonates; (3) risk factors of
severe COVID-19; and (4) the phenotyping of post-COVID pain.

Treatment of Post-COVID-19 Condition

The development of treatment strategies for post-COVID-19 condition is an important
topic. Among the plethora of post-COVID symptoms that a COVID-19 survivor may suffer
from, fatigue and dyspnea are likely the most bothersome. Various studies have reported a
prevalence of post-COVID fatigue ranging from 32% [11] to 42% [12] in the first six months
after infection, and a prevalence of post-COVID dyspnea ranging from 26% to 41% [13].

The meta-analysis conducted by Meléndez-Oliva et al. reported the moderate to large
effects that pulmonary rehabilitation has on post-COVID dyspnea, but not on fatigue,
physical function, quality of life, and depressive symptoms; this was in comparison to
the typical care interventions (n = 34 trials) [14]. Most studies included in this meta-
analysis used exercise and breathing retraining as the main components of pulmonary
rehabilitation [14]. Therefore, a potential explanation for this lack of effect on post-COVID
fatigue could be that the exercise administered was not personalized to each patient and,
accordingly, that the intensity or volume of exercise was not sufficient to reach fatigue
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levels; in addition, breathing retraining exercises are mainly focused on the respiratory,
but not cardiovascular, system. In fact, the systematic review presented by Sánchez-García
et al. found limited evidence that physical therapy interventions related to respiratory
musculature and moderate-intensity exercise led to significant improvements in post-
COVID fatigue and dyspnea [15]. In fact, it seems that intense exercise, e.g., high-intensity
interval training (HIT), moderate-intensity continuous training and strength training,
can effectively enhance skeletal muscle deconditioning in patients with post-COVID-19
condition [16]; however, such exercise programs should be individualized due to the
presence of post-exertional malaise in this population [17].

In addition to rehabilitation, the treatment of post-COVID-19 condition involves the
utilization of other interventions. Among these potential interventions, a study published in
this Special Issue found that the administration of micronized Palmitoylethanolamide plus
Luteolin (CoUltraPEALut) as an adjuvant treatment with olfactory training effectively aids
in the overall recovery of post-COVID olfactory problems (anosmia, hyposmia) [18]. Other
medications, such as nonsteroidal anti-inflammatory drugs (NSAID), have been proposed
for the management of some symptoms of post-COVID-19 condition. The rationale for
applying NSAIDs is based on a reduction in the proinflammatory cytokine response
associated with the infection; however, the early application of NSAIDs, at least in the acute
COVID-19 phase, has been hypothesized to negatively impact the initial antiviral immune
response of the host [19]; however, this hypothesis needs to be further investigated. In this
Special Issue, Gyöngyösi et al. describe an improvement in the clinical symptomatology
associated with a decrease in the presence of cardiac abnormalities (probably due to
ongoing myocardial inflammation) with the prolonged use of NSAIDs in individuals with
post-COVID cardiac symptoms [20].

Neonatal Repercussion of SARS-CoV-2 Infection

The risk of the potential perinatal transmission of SARS-CoV-2 has received particular
attention from the beginning of the outbreak. With the rapid development of COVID-19
vaccines, questions concerning the safety of vaccination during pregnancy have been raised.
Overall, vaccination during pregnancy does not seem to be associated with an increased
risk of adverse pregnancy or perinatal outcomes [21].

However, the risk of the transmission of SARS-CoV-2 infection during pregnancy
remains unclear. In fact, at the beginning of the pandemic, it was documented that SARS-
CoV-2 can result in a high incidence of premature birth, miscarriages or maternal death [22].
This information has changed with further research. Thus, a systematic review published
in this Special Issue investigates the possibility of vertical transmission from mother to
child [23]. This study found that vertical transmission from mother to child during preg-
nancy (i.e., transmission via placenta) is not supported by current data, but that vertical
transmission at the time of delivery or breastfeeding can be exceptionally possible [23].
Other reviews have also been unable to identify any significant association between acute
SARS-CoV-2 infection in early pregnancy (the first 20 weeks of gestation) and adverse fetal,
neonatal or maternal outcomes [24,25]. Nevertheless, Rodriguez-Wallberg et al. warned
of a 44% increase in the rate of miscarriage rate in recent years [24]. Similar results were
also identified by Brandibur et al., who reported that SARS-CoV-2 acute infection during
pregnancy was unlikely to cause congenital digestive malformations; however, these au-
thors observed that the number of gastrointestinal malformations was higher during 2022
(n = 47) than during the 3 years (2017–2020) prior to the COVID-19 outbreak (n = 39) [26].

Risk Factors of Severe COVID-19

The identification of individuals at a higher risk of developing severe COVID-19 has
received particular attention in the literature. In fact, several studies have investigated
whether the presence of deficiencies in gene expression could lead to a higher risk of expe-
riencing the severe form of this condition. For instance, Saengsiwaritt et al. revealed that
subjects carrying the C allele of the transmembrane protease serine-2 (TMPRSS2) rs12329760
polymorphism or the T allele of the surface receptor for S1 of the angiotensin-converting
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enzyme 2 (ACE2) rs2285666 polymorphism exhibit a higher risk of severe COVID-19 [27].
In this Special Issue, Rodríguez Hermosa et al. found that subjects with alpha-1 antitrypsin
deficiency (AATD) are at a higher risk of developing severe COVID-19 [28]. In fact, AATD
levels below 116 mg/dL and the presence of a variant of the serine protein inhibitor-A1
(SERPINA1) gene, which could affect alpha-1 antitrypsin (A1AT) protein, were factors
associated with the severe form of COVID-19 disease [28].

A study involving patients with chronic kidney disease, a vulnerable population,
found that those with a lower estimated glomerular filtration rate and higher levels of
Growth Differentiation Factor-15 (GDF-15) presented a higher risk of mortality associated
with COVID-19 [29].

Phenotyping of Post-COVID Pain

Pain is an important but underestimated post-COVID symptom experienced by
15–20% of subjects after an acute SARS-CoV-2 infection [30,31]. In this Special Issue,
a consensus paper on phenotyping post-COVID pain [32] proposed the application of the
2021 International Association for the Study of Pain (IASP) clinical criteria and grading
system for classifying post-COVID pain symptomatology [33]. This consensus paper de-
scribes how post-COVID pain symptomatology can fulfill any of the phenotypes proposed
by the IASP: nociceptive, neuropathic, nociplastic, and the mixed type [32]. In fact, based
on current data, it seems that some patients suffering from post-COVID-19 condition will
exhibit a pain phenotype with nociplastic characteristics. Nociplastic pain is defined by
the IASP as “pain that arises from altered nociception despite no clear evidence of actual
or threatened tissue damage causing the activation of peripheral nociceptors or evidence
for disease or lesion of the somatosensory system causing the pain” [34]. Based on this
definition, the presence of sensitization appears to be a primary mechanism associated with
this phenotype. Several musculoskeletal chronic pain conditions are associated with pain
sensitization [35]. Thus, nociplastic pain has also been associated with comorbid central-
nervous-associated symptoms, e.g., poor sleep quality, fatigue, and cognitive–emotional
disturbances, which are all present in post-COVID-19 condition.

Others

In this last section, the remaining papers are summarized. Romanowska-Kocejko
et al. observed that the dysregulation of metabolic processes in erythrocytes, in addition to
endothelial and microvascular dysfunction, is associated with the decreased delivery of
intracellular oxygen in patients with post-COVID-19 condition [36]. In accordance with the
hypothesized endothelial problems, another study published in this Special Issue found
that pulmonary embolism, as well as the use of a high-flow nasal cannula and prolonged
hospitalization, is associated with reduced functional capacity and a higher likelihood of ex-
ertional desaturation in patients with post-COVID-19 condition [37]. Thus, the association
of endothelial and microvascular dysfunction with reduced intracellular oxygen delivery
may partly explain this post-COVID fatigue and limited functional capacity [36]. Similarly,
the endothelial disfunction of the brain would explain the presence of post-COVID cogni-
tive symptomatology [38]. In fact, the plethora of cardiovascular post-COVID symptoms
that can be observed has been integrated in the term “vascular long-COVID” [39].

The last paper investigated differences in the immune response between patients
with post-COVID-19 condition and those with interstitial pulmonary disease [40]. The
study revealed a greater depletion of CD4 and natural killer cells in individuals with
interstitial pulmonary disease, as well as an increase in CD8 cells. Furthermore, an increase
in CD4 and CD8 cells, as a accentuating immune response, was observed in patients with
post-COVID-19 condition [40].

As Guest Editor of this Special Issue, I would like to thank the reviewers for their
comments, the authors for their valuable contributions, and the Biomedicines staff for their
collective support and assistance during this process.
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Abstract: Pregnant women are included in the COVID-19 risk groups even if they do not have any
pathology. This requires an analysis of research focused on pregnant women to understand the
impact of SARS-CoV-2 on their condition. There is also a need to know whether there is vertical
mother-to-child transmission, as well as other consequences in case the pregnant woman is infected
and COVID-19 positive. A systematic review was carried out to analyze the existing information on
the complications of a pregnant woman infected with the SARS-CoV-2 coronavirus and the possibility
of vertical transmission from mother to child, registered in the PROSPERO website and searched in
the PubMed, Scopus, CINAHL, and Cochrane Library databases. Finally, 22 articles were included in
the review. The review suggests that vertical transmission from mother to child could be exceptionally
possible at the time of delivery or breastfeeding, but not through the placenta. It is interesting to
point out the good acceptance of vaccination by pregnant women, which may be the reason for the
low infectivity. Further research on pregnant women should be carried out to provide evidence on
vertical mother-to-child transmission and the role of breast milk in relation to SARS-CoV-2.

Keywords: COVID-19; SARS-CoV-2; pregnancy; vertical mother-to-child transmission; breast
milk; vaccination

1. Introduction

COVID-19 is a disease caused by a new, already-known virus, called SARS-CoV-2,
which caused unexplained pneumonia in late December 2019 and resulted in a global
pandemic, which is still present today [1]. Symptoms of the disease can result in a range of
symptoms from the need for admission to intensive care units to no symptoms at all. It
has been evidenced that it does not act with the same effect on all people and that the most
adverse effects appear in those who have some pathology such as respiratory or cardiac
diseases [2].

On 11 March, a global pandemic was declared, which meant a great change in the
economic, social, and health spheres, negatively affecting vulnerable groups in particular.
The people most at risk of developing a serious COVID-19 infection are those over 60 years
of age or those with a pathology such as hypertension [3]. Among the groups at risk
is the population of pregnant women, whose changing anatomical and physiological
status causes alterations that affect their respiratory system, as well as their immune
system, cardiovascular function, and even coagulation. Although the risk of contracting the
infection is the same as in the general population, their status means that the evolution of
the disease may be more severe at the respiratory level [4,5] and may even increase the risk
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of presenting with pre-eclampsia and alterations at the placental level [6–8]. We refer to the
risks that the mother may suffer but also the fetus, as vertical mother-to-child transmission
may occur [9]. Viral infection during pregnancy can seriously harm the fetus, leading to
miscarriage, fetal death, intrauterine growth retardation, or the newborn, such as various
types of sequelae [10].

Therefore, pregnant women need their own analysis of the mechanism of transmission
from mother to fetus, to explore whether or not it really occurs by vertical mother-to-child
transmission and the possible complications that may appear at the time of delivery. It is
also important to analyze some aspects of the pathology produced by the SARS-CoV-2 virus
and whether immunization by vaccination may have had any influence on this possible
vertical mother-to-child transmission, thus producing a document that can help in future
research [11–14].

The aim of this systematic review was to analyze whether vertical mother-to-child
transmission of the SARS-CoV-2 virus occurs in pregnant women in COVID-19 and what
the existing maternal–fetal involvement is.

2. Materials and Methods

2.1. Review Protocol

The methodology used for the elaboration of this report followed the Preferred Report-
ing Items for Systematic reviews and MetaAnalyses (PRISMA) review protocol [15], which
consists of a 27-point checklist of the most representative sections of an original article, as
well as the process of drawing up these guidelines. This systematic review was carried
out following a protocol, available on the web: http://www.crd.york.ac.uk/PROSPERO/
(accessed on 5 August 2022), the registration number of which is ID331580.

2.2. Eligibility Criteria

We considered articles from 1 December 2019 to 1 March 2022 that provided infor-
mation on COVID-19 in pregnant women and the possibility of fetal transmission, with
no restrictions on the language of publication. We accepted any type of article in line
with the topic to be addressed. Two researchers independently assessed all the references
identified in the search. First, we screened the references according to the title and abstract.
Subsequently, articles that met the inclusion criteria in the first phase were read in full text
to determine their final inclusion. In cases where there was disagreement between the two
researchers on the inclusion of a manuscript, a third researcher was consulted.

Data on quality, patient characteristics, interventions, and relevant outcomes were
obtained independently by the authors.

2.3. Sources of Information

The literature search was carried out in the databases Scopus, PubMed, CINAHL,
CINAHL, and Cochrane library. A hand search was conducted using reference lists of stud-
ies to find other relevant studies. The structured language used was obtained using MeSH
terms and Health Sciences (DeCS) descriptors. The descriptors used were “COVID-19”,
“SARS-CoV-2”, “pregnancy”, “fetal transmission”, “complications”, and “outcomes”, and
the Boolean operators used were AND and OR.

2.4. Search Strategy

Table 1 shows the search strategy that was used to carry out this work, together with
the date on which the search was carried out.
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Table 1. Search strategies.

Sources of Information Search String

PUBMED Search: (COVID-19) OR (SARS- CoV-2) AND (pregnancy) AND (fetal transmission) AND
(complications) AND (outcomes). Filters: Full text, publication date 5 years.

SCOPUS Search within (article title, abstract, keywords): (COVID-19) OR (SARS-CoV-2) AND (pregnancy)
AND (fetal transmission) AND (complications) AND (outcomes) AND (Limit-to (DOCTYPE “ar”)).

COCHRANE LIBRARY Search: (COVID-19) OR (SARS- CoV-2) AND (pregnant) AND (outcomes) in title, abstract, keyword.

CINAHL Search: (COVID-19) OR (SARS- CoV-2) AND (pregnant) AND (rct) AND (outcomes) AND (vertical
mother-to-child transmission).

2.5. Risk of Bias in Individual Studies

In order to carry out the methodological evaluation of the articles selected for this
study, the design, methodology, and type of study of each paper were analyzed, with the
aim of selecting the most specific methodological evaluation scale for each case.

Of the 22 articles, 8 were literature reviews, 8 systematic reviews, 2 cohort studies,
3 case studies, and 1 randomized clinical trial.

Articles with a case study design were assessed using the Rating Scale for Single
Participants Designs (SCED). The SCED was constructed including 11 items, of which
10 were used to assess methodological quality and one for the use of statistical analysis.
One point was added for each item present, and a maximum score of 11 points could be
obtained. Between 9 and 10 indicates very good quality; between 6 and 8 indicates good
quality; between 4 and 5 indicates poor quality; and below 4 indicates poor quality. The
cut-off point chosen to select the studies was those that obtained a score of 6 points or more.

Table 2 shows the result obtained after applying the methodological evaluation using
the SCED scale.

Table 2. Methodological assessment according to the SCED scale.

Author Article Numerical Score

Fernandez–Perez et al. [16] SARS-CoV-2: What it is, how it acts, and how it manifests in imaging studies. 8

Yang et al. [17]
Pregnant women with COVID-19 and risk of adverse birth outcomes and
maternal-fetal vertical mother-to-child transmission: A population-based
cohort study in Wuhan, China.

6

Ghema et al. [18] Outcomes of newborns to mother with COVID-19. 6

Resta et al. [19] SARS-CoV-2 and placenta: New insights and perspectives. 8

Saroyo et al. [20] Remdesivir treatment for COVID-19 in pregnant patients with moderate to
severe symptoms: Serial case report. 7

The AMSTAR-2 (A Measurement Tool to Assess Systematic Reviews) methodological
assessment scale was used for the reviews [17]. AMSTAR-2 provides a broad assessment
of quality, incorporating imperfections that may have arisen due to improper conduct
of the review. AMSTAR-2 was constructed to include 16 domains, which present simple
response options: “yes” when the product is positive; “no”, if the standard was not met or
the existing information was too limited to answer; and “partial yes”, in situations where
partial adherence to the standard was given. While not providing an overall rating, four
levels of confidence emerge: high, moderate, low, and critically low.

Table 3 below shows the results obtained after applying the methodological evaluation
using the AMSTAR-2 scale.
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Table 3. Methodological assessment according to the AMSTAR-2 scale.

Author Article Assessment of Overall Confidence

Wang et al. [21] Impact of COVID-19 on pregnancy. High

Diriba et al. [4]

The effect of Coronavirus infection (during
pregnancy and the possibility of vertical
maternal–fetal transmission: A systematic
review.

High

Khedmat et al. [22]
Pregnant women and infants against the
infection risk of COVID-19. A review of
prenatal and postnatal symptoms.

Moderate

Robaina–Castellanos et al. [23]
Congenital and intrapartum SARS-CoV-2
infection in neonates, hypotheses, evidence,
and perspective.

High

Kazemi et al. [24] COVID-19 and cause of pregnancy loss
during the pandemic: A systematic review. Moderate

Ribeiro et al. [25] SARS-CoV-2 infection and placental
pathology infection. Moderate

Aghaamoo, Ghods, and Rahmanian [26] Pregnant women with COVID-19 the
placental involvement and consequences. Moderate

Kant et al. [27] Clinical features and outcome of SARS-CoV-2
infection in neonates: A systematic review. Moderate

Ferrer—-Oliveras et al. [28] Immunological and physiopathological
approach of COVID-19 in pregnancy. Moderate

Barcelos et al. [9] Vertical mother-to-child transmission of
SARS-CoV-2: A systematic review. Moderate

Auriti et al. [29]

Pregnancy and viral infections: Mechanisms
of fetal damage diagnosis and prevention oof
neonatal adverse outcomes from
cytomegalovirus to SARS-CoV-2.

High

Cavalcante et al. [30]

Maternal immune responses and obstetrical
outcomes of pregnant women with
COVID-19 and possible health risks of
offspring.

Moderate

Jamieson and Rasmussen [31] An update on COVID-19 and pregnancy. High

Yoon, Hang, and Ahn [32]
Clinical outcomes of 201 neonates born to
mothers with COVID-19: A systematic
review and meta-analysis.

High

Morrison et al. [33] COVID-19: Can we treat the mother without
harming her baby? Moderate

Ryan et al. [34] Neonates and COVID-19: State of the art
neonatal sepsis series. Moderate

2.6. Selection of Studies

A search was carried out in the different databases using a combination of keywords,
obtaining a total of 434 documents. The selected studies were published between 2020 and
2022. Duplicates were eliminated, leaving a total of 276 items. In the selection of articles
that could be related to the topic to be addressed, the reviewers carried out a selective
reading of the title and abstract of 140 papers. Finally, 22 articles were included in the
present review, resulting in the definitive study list shown in Figure 1.
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Figure 1. Flow chart (PRISMA guidelines).

3. Results

The main characteristics of all the studies included are shown in Table 4.

3.1. Complications in Pregnant Women

Several studies have been carried out involving pregnant women who tested positive
for COVID-19 after a DTAI (Diagnostic Test for Active Infection), in order to study and
learn about the most common complications that occurred in them.

Following data collection, the most common symptoms in pregnant women with
COVID-19 were found to be fever, cough, fatigue, dyspnoea, diarrhea, and malaise [10].
As the most common complications in these women, we found viral pneumonia [4] and
hypertensive disorders such as pre-eclampsia [10].

Yang et al. [9] in their study found a high rate of pregnant women testing positive
for COVID-19 who had to undergo a cesarean section due to respiratory distress and fetal
intrauterine distress.

In the study by Saroyo et al. [20], they identified that the virus can cause pre-eclampsia,
preterm prelabour rupture of membranes, and fetal growth restriction during pregnancy,
resulting in circulatory failure for the mother and sometimes for the fetus.

It has also been observed that the infection of pregnant patients with SARS-CoV-2 may
increase the risk of maternal mortality since a number of cases were found in Iran, in which
they found severe complications in pregnant women, where 1/9 women became ventilator
dependent, 1/9 recovered after a long period of hospitalization, and 7/9 died [26].
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In the study by Saroyo et al. [20], 4/7 women were observed, who during the first
trimester of pregnancy, suffered a miscarriage, and in the second trimester 6/10 pregnant
women with COVID-19 had to be intubated and admitted to the ICU (intensive care unit).

There are several ways to diagnose COVID-19 in pregnant women. Generally, it is
detected in test samples collected from saliva, upper and lower respiratory tract secretion,
urine, and feces, but blood samples can be considered the most important tool for such
diagnosis [12].

It is in blood samples where we can find more exhaustive information about the
damage caused by this virus in pregnant women, such as those described by Ferrer–
Oliveras et al. [28] in their study, in which they refer to the virus-causing deregulation of
the proportion of Th17 cells (T-helper lymphocytes) leading to an increase in T-helper cells.

The literature reviewed indicates that most of the cases in which women suffer sponta-
neous abortions as a result of COVID-19 are caused by placental insufficiency related to the
virus [21]. Ferrer–Oliveras et al. [28] shows that this virus induces states of hypercoagula-
bility, leading to thrombotic–hemorrhagic events in pregnant women.

3.2. Fetal/Newborn Complications

To understand the possible complications caused by SARS-CoV-2 at the fetal and
neonatal levels, the placenta must first be studied. In their study of the placenta, Resta
et al. [19] found the SARS-CoV-2 protein in the placental cells of COVID-19-positive preg-
nant women. They also found fibrin deposits and inflammatory infiltrates, which produce
poor vascular perfusion at the maternal level and growth restriction at the fetal level.

Aghaamoo, Ghods, and Rahmanian [26] report that these fibrin deposits and multiviral
infarction in the placenta of pregnant women infected with SARS-CoV-2 may disturb
nutrient transport to the fetus. These factors could cause premature contraction and
premature rupture of the membrane, causing premature delivery [20].

A study by Ghema et al. [18] showed interesting results in 30 newborns born to
COVID-19-positive mothers, with 98% of them being PCR-negative. One of the positives
had pneumonia and one died, because of severe sepsis. Although the two subjects had
different characteristics and outcomes, a study of their respective placentas showed a
similar phenomenon of premature rupture of the membranes. This premature rupture of
the membranes can have major neurological repercussions in the life of these subjects such
as vasculitis or fetal brain injury [30].

Ghema et al. [18] and Crovetto et al. [35] found through their fetal studies other
less frequent complications such as perinatal asphyxia, respiratory failure, multi-organ
dysfunction, brain damage, malformation, intrapartum fetal distress, and even death.
Another complication in children of COVID-19-infected pregnant women, though rare, is a
neonatal inflammatory syndrome whose clinical manifestations are elevated inflammatory
biomarkers, organ dysfunction, and in some cases myocardial dysfunction [33].

Based on the studies reviewed, the clinical presentation of the virus in neonates differs
from that in adulthood, suggesting that the impact of COVID-19 in neonates may be
limited [34]. Short-term outcomes of neonatal infection are positive, but the long-term
impact on neurodevelopment is unknown, and the continuous study of these subjects is
necessary [30].

3.3. Vertical Mother-to-Child Transmission

There is scientific evidence of transplacental transmission of emerging diseases such
as HIV and Ebola [29]. Researchers such as Resta et al. [15] have suggested that this may
also be the situation with SARS-CoV-2. The placenta is a protective barrier against disease
and infection for the fetus and in the case of SARS-CoV-2, it is considered to prevent
transmission of maternal viral infection [34], but it has been observed in the review by
Barcelós et al. [9] that it is a potential locus of infection for SARS-CoV-2.

Despite the millions of confirmed cases of COVID-19 worldwide, only one case has
been found that met the criteria for vertical mother-to-child transmission. A 23-year-old
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pregnant woman, 35 weeks gestational age, was admitted with fever and severe cough
with PCR diagnosis of the virus. She underwent a cesarean section for acute fetal distress
and tested positive for amniotic fluid. Nasopharyngeal and rectal swabs were collected and
found to be positive. In the first days of life, the newborn presented neurological symptoms
and a central nervous system disorder diagnosed by magnetic resonance imaging. The
placental examination was positive for SARS-CoV-2, suggesting vertical mother-to-child
transmission [35].

It has been observed in placental studies that SARS-CoV-2 protein is present, which
could produce serious complications in subjects although when tested for COVID-19 have
been negative, indicating that no intrauterine transmission has occurred [19]. Jamieson
and Rasmussen [31] in their review show that intrauterine transmission is a rare event
and is very unusual. However, some newborns after taking the DTAI (Diagnostic Test for
Active Infection) for COVID-19 were positive, but it was unknown whether the infection
was before, during, or after birth through close contact with an infected person [24].

Khedmat et al. [22] report that in some newborns of positive mothers, high levels of
Immunoglobulin M have been found within 2 h of birth, suggesting that in some cases an
in utero infection with this virus is possible. There are reassuring results which indicate
that vertical mother-to-child transmission rarely affected mortality and had a favorable
evolution [32].

Studies were also conducted on the breast milk of those mothers who were infected, as
breast milk could be a mechanism of transmission to the neonate; however, these indicated
that it was the close contact of the neonate with its mother that caused the infection, as no
evidence of SARS-CoV-2 RNA or protein was found in breast milk [27]. However, studies
suggest that the mechanisms involved in maternal–fetal transmission are unclear and that
transmission is probable, but the incidence is extremely low [33] and most are acquired at
delivery or postpartum [25].
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4. Discussion

Firstly, it is interesting to highlight that the data on the incidence of cesarean surgeries
in pregnant that were positive in the test increased considerably, because they presented
respiratory difficulty and developed pre-eclampsia. Thus, these symptoms produced
a risk for both the woman and the fetus, confirming that there is a direct relationship
between COVID-19 and complications in pregnancy, even if the symptoms presented are
not severe [12,17,20,26].

After delivery, the placenta was studied independently and interesting results were
obtained, as there were findings of altered coagulation factors in the premature rup-
ture of the placenta, a question related to the alteration in coagulation produced by
COVID-19 [12,34,36].

As for vertical mother-to-child transmission, it appears that the placenta continues
to act as a barrier as with other viruses, as there is little likelihood of it occurring. In
the few studies that provide data from fetuses testing positive, it is not known exactly
whether it occurs before, during, or after birth. Breast milk showed no trace of SARS-CoV-2
proteins, so this does not appear to be a mechanism of transmission [22,24,27,31–33].
There are few studies that provide data on the impact of COVID-19 on the fetus, but it
appears to be limited as non-specific infectivity test results have been reported. It would
be interesting to focus on this topic by relating both maternal vaccination and subsequent
breastfeeding as possible protective factors [14,30,34,35,37]. One of the reasons for mother-
to-child transmission is the close contact between positive mothers and newborns during
breastfeeding, so it can be transmitted through breathing. Therefore, they recommend
that all COVID-19-positive mothers practice adequate hand hygiene and pump milk so
that the baby can be fed by a healthy caregiver to prevent transmission of the virus.
Mothers who prefer skin-to-skin contact should consider the consequences of this, and
adopt excellent hand washing and the use of surgical masks to prevent the transfer of
Flügge droplets [9,10,34].

Authors such as Wang et al. [21], Robaina–Castellanos et al. [23], and Crovetto et al. [35]
focused on finding information about the complications that COVID-19 could cause in
pregnant women and at the fetal level, and whether or not there was a possibility of
vertical mother-to-child transmission. It has been observed that pregnant women are
more likely to be susceptible to SARS-CoV-2 infection than women who are not pregnant,
because their immune systems change as a result of pregnancy and respond differently to
SARS-CoV-2 [35,38].

The most common COVID-19-related problems in pregnant women are those affecting
the respiratory system and blood pressure, leading to hypertensive disorders such as pre-
eclampsia [39,40]. Those problems that affect the respiratory system are viral pneumonia
in the first place, requiring urgent admission to the intensive care unit, in addition to the
fact that in pregnancy there is a 20% increase in the demand for oxygen and at the same
time the residual capacity decreases [24]. This respiratory insufficiency can lead to an
interruption of the placental flow and cause a miscarriage [34,36]. This problem not only
affects the mother, but can also have an impact on the fetus, causing serious complications
in its development and nervous system, as seems to be the pattern in adults [29,39,41].

With respect to treatment for infected pregnant women being a challenge compared
to the general population, a study was conducted in which five cases of pregnant women
treated with Remdesivir (RNA polymerase inhibitor) during hospitalization were studied.
All cases showed a shorter duration in hospital with rapid improvement of clinical symp-
toms and no adverse effects. Although the study showed good results, it has not yet been
established as a standardized therapy for treating pregnant women with COVID-19, as its
effectiveness needs to be further studied [12,17,42]. Three COVID-19 vaccines are currently
available, two mRNA vaccines (Pfizer and Moderna) and one adenoviral vector vaccine
(Johnson & Johnson). Although any of the currently licensed vaccines can be administered
to pregnant women, the SEGO (Spanish Society of Gynaecology and Obstetrics) states its
preference for the mRNA vaccine because there are more safety data than for the adenoviral
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vaccine [5,12,43]. Furthermore, the administration of vaccines to a breastfeeding woman
poses no risk to either her or her child as they do not contain live microorganisms and
therefore have no infective capacity [14,30,31].

During the peak of the pandemic, there was an increase in hospitals performing ce-
sarean sections. This was because most pregnant women had respiratory compromise caused
by the infection which would complicate delivery while causing fetal distress, intrauterine
growth restriction, or even death [24,31]. The causative factors of fetal loss in the first weeks
of gestation are mostly due to inflammatory events affecting the placenta [19,26]. This may
cause premature contraction and rupture of the membrane leading to premature delivery
and stillbirth [18,23].

The fact that there are neonates showing damage caused by the virus raises suspicions
of possible vertical transmission from mother to child. Since the beginning of the pandemic,
the vertical mother-to-child transmission of this virus has been debated, with some studies
denying this fact and others not ruling out the idea due to the detection of antibodies in
the umbilical cord blood of newborns [24,27,29,30]. It would be interesting to be able to
perform studies focusing on the analysis of antibodies in cord blood of placental tissue,
amniotic fluid, umbilical cord blood, and neonatal blood in the first 12 h of life, in addition
to a PCR test using a nasopharyngeal swab [34].

There is no antiviral treatment for COVID-19 in newborns and therefore guidelines
for the management of this type of patient should be established, as well as for pregnant
women [44]. Although pregnant women are included in the general adult population by
age, as was the case in previous pandemics, they used to be excluded from these vaccination
programs. However, they are a population group that tends to accept vaccination well,
for themselves and their children, so future studies focusing on this population group
would promote better adherence to vaccination because of possible reluctance to immunize
them against SARS-CoV-2 virus [13,14,45–47], since recent studies show the safety of the
administration of the vaccine against COVID-19, with no adverse effects appearing in
pregnancy after administration, showing the clear risk of non-vaccination during this
period [48–53].

5. Conclusions

Pregnancy increases the risk of severe COVID-19 disease, but the patterns of COVID-19
that affect some people more and others less are not yet known, although adverse fetal
outcomes are more associated with women with severe complications.

The analyzed research concludes that the risk of vertical mother-to-child transmission
of SARS-CoV-2 from mother to fetus is very low, and is considered a rare but possible event,
although more studies focused on this population will be needed to consider it as evidence.
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Abstract: Pain after an acute Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)
infection and coronavirus disease 2019 (COVID-19) condition (post-COVID pain) is becoming a new
healthcare emergency. Precision medicine refers to an evidence-based method of grouping patients
based on their diagnostic/symptom presentation and then tailoring specific treatments accordingly.
Evidence suggests that post-COVID pain can be categorized as nociceptive (i.e., pain attributable to
the activation of the peripheral receptive terminals of primary afferent neurons in response to noxious
chemical, mechanical, or thermal stimuli), neuropathic (i.e., pain associated with a lesion or disease
of the somatosensory nervous system and limited to a “neuroanatomically plausible” distribution of
the system), nociplastic (i.e., pain arising from altered nociception despite no clear evidence of actual
or threatened tissue damage causing the activation of peripheral nociceptors or evidence for disease
or lesion of the somatosensory system causing the pain), or mixed type (when two pain phenotypes
co-exist). Each of these pain phenotypes may require a different treatment approach to maximize
treatment effectiveness. Accordingly, the ability to classify post-COVID pain patients into one of
these phenotypes would likely be critical for producing successful treatment outcomes. The 2021
International Association for the Study of Pain (IASP) clinical criteria and grading system provide a
framework for classifying pain within a precision pain medicine approach. Here we present data
supporting the possibility of grouping patients with post-COVID pain into pain phenotypes, using
the 2021 IASP classification criteria, with a specific focus on nociplastic pain, which is probably the
primary mechanism involved in post-COVID pain. Nociplastic pain, which is usually associated with
comorbid symptomology (e.g., poor sleep quality, fatigue, cognitive–emotional disturbances, etc.)
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and is considered to be more difficult to treat than other pain types, may require a more nuanced
multimodal treatment approach to achieve better treatment outcomes.

Keywords: COVID-19; post-COVID; nociplastic pain; neuropathic pain; musculoskeletal pain; preci-
sion medicine; peripheral sensitization; central sensitization; nociceptive

1. Introduction

The worldwide outbreak induced by the Severe Acute Respiratory Syndrome Coron-
avirus 2 (SARS-CoV-2), the virus responsible for the coronavirus disease 2019 (COVID-19),
has dramatically changed healthcare systems over the last few years. After millions of
infections, healthcare professionals are now confronted with another associated crisis—the
development or persistence of symptoms after the acute phase of SARS-CoV-2 infection,
a condition called long COVID [1] or post-COVID-19 [2]. More than 100 symptoms have
been described, affecting multiple systems, e.g., cardiovascular, neurological, respiratory,
and musculoskeletal [3]. In fact, several meta-analyses have observed that almost 50%
of COVID-19 survivors exhibit a plethora of lingering symptoms lasting for weeks or
months [4–6] and up to one year after infection [7–9]. A recent systematic review investigat-
ing multiple post-COVID symptoms identified that 20% of COVID-19 survivors reported
post-COVID pain at different follow-up periods during the first year after infection [10].
Other studies, which have specifically investigated post-COVID pain symptoms, found
prevalence rates of up to 60% of COVID-19 survivors [11–14]. Accordingly, post-COVID
pain could be underestimated and undertreated if not properly identified and classified.

Precision medicine refers to an evidence-based method of subgrouping patients, based
on diagnostic and symptom presentation, and then tailoring specific treatments to indi-
vidual patient phenotypes based on the prognosis for positive treatment outcomes and
susceptibility to negative outcomes [15]. Three major pain phenotypes have been identified
(i.e., nociceptive, neuropathic, and nociplastic pain). Accordingly, subgrouping patients
with post-COVID pain could result in the most successful treatment outcomes. However,
discrimination between these phenotypes can be challenging, since patients can fit into
more than one phenotype (e.g., mixed-type); since identifying one type (i.e., neuropathic)
does not exclude another (i.e., nociplastic) [16].

Nociplastic pain has been defined by the International Association for the Study of
Pain (IASP) as “pain that arises from altered nociception despite no clear evidence of actual
or threatened tissue damage causing the activation of peripheral nociceptors or evidence for
disease or lesion of the somatosensory system causing the pain”; it was introduced as a third
mechanistic pain descriptor in addition to nociceptive and neuropathic pain [17]. Though
it has become well-established in recently published literature, this definition of nociplastic
pain has also raised questions [18]. One challenge with this definition is that it relies on a
determination of altered pain processing (e.g., pain hypersensitivity). Currently, no gold
standard exists for determining whether an individual patient is experiencing a normal
or heightened pain response. In 2021, the IASP released the first set of clinical criteria and
a grading system for identifying nociplastic pain [19]. These criteria are comprehensive,
robust, properly developed, and have a high potential to be useful for clinicians [20].
Although primarily developed for patients with chronic pain of musculoskeletal origin, the
IASP nociplastic criteria can be also applied to individuals with post-COVID pain.

It should be noted that some individuals who were infected with COVID-19 had a
previous history of chronic pain. It stands to reason that they might respond to the virus
differently and may be more susceptible to long COVID pain than individuals without
previous chronic pain conditions. In such a scenario, premorbid pain could lead to a worse
prognosis of post-COVID pain and represents a risk factor for future development of the
nociplastic pain phenotype. The millions of individuals infected by SARS-COV-2 may
provide a unique opportunity to investigate pain after a viral infection, as the pain features

21



Biomedicines 2022, 10, 2562

may be similar to other previous viral infections (not yet investigated as COVID-19) and,
therefore, knowledge can be transferred between conditions.

Being able to identify individuals with a nociplastic pain phenotype has the potential
to improve precision pain medicine practices in musculoskeletal pain conditions [21]. In
the current narrative review, an international group of experts in chronic pain propose a
clinical rationale for the application of the 2021 IASP clinical criteria to identify nociplastic
pain in the growing population of COVID-19 survivors with post-COVID pain so that
the most effective treatment approaches can be provided. Proper distinction among pain
phenotypes is important because neuropathic and nociplastic pain are considered to be
more difficult to treat than pure nociceptive (e.g., musculoskeletal) pain. In addition, some
treatment approaches for nociceptive pain disorders, which have a high probability for
success with this phenotype, could be ineffective or even exacerbate symptoms in patients
with the other phenotypes, especially those with nociplastic pain. This paper will help
clinicians to potentially classify individuals with post-COVID pain symptoms into one pain
phenotype and will also propose the clinical reasoning for the treatment of post-COVID
pain patients according to the identified pain phenotype.

2. Phenotyping Post-COVID Pain

2.1. Nociceptive Pain

Nociceptive pain is defined as pain attributable to the activation of the peripheral
receptive terminals of primary afferent neurons in response to noxious chemical, mechan-
ical, or thermal stimuli [22]. Clinically, the term nociceptive pain can be used when a
pain response is proportional to the nociceptive input [23]. Current theories propose that
SARS-CoV-2 cytokine- and interleukin-associated storms may lead to the sensitization of
pain pathways [24,25]. Accordingly, it is possible that patients with post-COVID pain can
exhibit nociceptive pain features.

D’Souza et al. observed that the most common type of post-COVID pain described
by patients themselves on social media resembles a musculoskeletal/nociceptive pain
phenotype [26]. In fact, a large cohort study reported that post-COVID pain in previously
hospitalized COVID-19 survivors was of musculoskeletal origin in 45% of subjects at
eight [27] and twelve [28] months after hospitalization. These authors stated that 30% of
COVID-19 survivors with post-COVID pain reported the presence of symptoms solely
in localized body areas (e.g., neck, shoulder, elbow, knee, or hip), another 30% exhibited
pain in the extremities, and 20% in the spine, whereas the remaining 20% had widespread
symptoms [27,28]; however, these authors did not differentiate between pain from muscular
or articular origin.

The presence of post-COVID joint pain has reportedly ranged from 8% to 55% [29]. The
most frequently involved joints are the knee (38%), followed by hand (25%) and shoulder
(19%) [30]. Post-COVID articular pain can be treated with non-steroidal anti-inflammatory
drugs (NSAIDs) and local steroids with good results [31], suggesting that these localized,
post-COVID arthritic pain symptoms exhibit nociceptive features. Nevertheless, it is
important to consider that a large proportion of subjects with post-COVID joint or muscle
pain exhibit generalized/widespread symptoms [32]. This generalized pain pattern may
be related to the hypothesis that local connective tissue damage caused by SARS-CoV-2
in patients with joint hypermobility can lead to widespread symptomatology [33]. In fact,
a widespread pain pattern is indicative of nociplastic pain, which could be present in a
subgroup of joint and musculoskeletal pain patients.

2.2. Neuropathic Pain

The IASP has proposed the following definition of neuropathic pain: 1. a lesion or
disease of the somatosensory nervous system (i.e., central or peripheral nervous system) is
identifiable; 2. pain is limited to a ”neuroanatomically plausible” distribution of the system;
and 3. supported by clinical examination findings as well as imaging and/or laboratory
findings [34]. The neuro-invasive potential associated with SARS-CoV-2 infection, related
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to the high expression of angiotensin-converting enzyme 2 (ACE2) receptors detected in
nervous system cells, including neurons and microglia within the spinal dorsal horn [35],
could explain the development of neuropathic pain in COVID-19 survivors. However, the
exact role of ACE2 receptors in peripheral small-fiber sensory neurons is still unknown [36].

The presence of neuropathic pain has been well-documented in some individuals with
long COVID, e.g., by developing post-herpetic neuralgia, trigeminal neuralgia, or brachial
plexopathy [37]. These types of neuropathic pain sequelae have also been seen in other
viruses such as Epstein–Barr virus, cytomegalovirus, influenza A virus, or Zika [38]. A
cohort study found that 25% of patients with post-COVID pain self-reported neuropathic
pain symptoms [39]. Using the Self-Report Leeds Assessment of Neuropathic Symptoms
(S-LANSS) [40], Herrero-Montes et al. found that 20% of patients with post-COVID pain
fulfilled the criteria (S-LANSS ≥ 12 points) for susceptible neuropathic features [41]. The use
of the S-LANSS and PainDETECT to determine the prevalence of neuropathic features has
produced slightly different results—using the S-LANSS cutoff score of ≥12 points, 26% of
COVID-19 survivors with post-COVID pain exhibited neuropathic features, whereas using
the PainDETECT cutoff score of ≥18 points, just 12% of COVID-19 survivors with post-
COVID pain had neuropathic features [42]. Still, it should be stressed that neuropathic pain
cannot be diagnosed by using self-reported tools only. Instead, per definition, diagnosing
or excluding neuropathic pain requires review of the medical record, history taking, and
clinical examination (and possibly additional diagnostic examination such as imaging).

Several groups have aimed to identify potential serological findings associated with
the presence of neuropathic features in long-COVID patients. Magdy et al. reported higher
serum levels of neurofilament light chain in individuals with persistent neuropathic pain
symptoms after COVID-19 [43]. On the contrary, no serological biomarker at hospital ad-
mission has been associated with development of persistent neuropathic pain after the acute
infection [44]. It is hypothesized that long-lasting increased levels of pro-inflammatory
biomarkers could facilitate the development of neuropathic pain [43] in agreement with
current theories of the SARS-CoV-2 virus [24,25].

It should be noted that none of the abovementioned studies have used objective
tests (e.g., electromyography, imaging, or tissue biopsies) for identifying the presence of a
neuropathic origin of the pain. A recent case series, including seventeen patients with long
COVID, reported that 59% were positive on ≥1 test (e.g., skin biopsy 63%, electrodiagnostic
findings 17%, and autonomic function test 50%), confirming neuropathy [45]. Accordingly,
the real prevalence of pain of neuropathic origin confirmed with objective measures in
individuals with long COVID is still unknown.

2.3. Nociplastic Pain

Central sensitization, defined by the IASP as an increased responsiveness of noci-
ceptive neurons in the central nervous system to their normal or subthreshold afferent
input [46], is thought to be the main underlying mechanism of nociplastic pain [21]. Other
central nervous system-derived symptoms related to neuro-immune alteration, such as fa-
tigue, sleep problems, memory loss, concentration problems, or psychological disturbances,
are also typical of nociplastic pain conditions [47] and are often present in individuals with
long COVID [4–9].

Emerging evidence suggests the presence of central sensitization-associated symptoms
in a subgroup of COVID-19 survivors with post-COVID pain. Oguz-Akarsu et al. found that
almost 60% of COVID-19 survivors reported multiple pain sites and more than two types of
pain symptoms [39]. Ursini et al. observed, through a web-based survey, that 30% of post-
COVID pain patients self-reported symptoms compatible with fibromyalgia syndrome [48].
Goudman et al. showed that 70% of subjects with long COVID exhibited sensitization-
associated symptoms measured by the Central Sensitization Inventory (CSI) [49,50] (total
score ≥ 40/100 points) [51]. Fernández-de-las-Peñas et al. reported a 34% prevalence rate
of sensitization-associated symptoms (CSI ≥ 40 points) in another group of patients with
post-COVID pain [52].
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However, current evidence supporting the presence of central sensitization in post-
COVID pain is based on self-reported data only. No study has included semi-objective
measures of central sensitization, such as quantitative sensory testing or psychophysical
testing (e.g., pain thresholds, temporal summation, or conditioned pain modulation testing
assessing the functioning of the endogenous pain modulation system). Identification of
people with post-COVID pain who exhibit pressure or temperature pain hypersensitivity,
impaired temporal summation, or conditioning pain modulation would help to determine
the presence of central sensitization in this population. Still, impaired temporal summation
or conditioning pain modulation are not specific for patients with nociplastic pain, as
they tend to be impaired in those with neuropathic pain too. However, they potentially
discriminate between nociceptive and nociplastic pain.

A primary feature of nociplastic pain is the presence of regional or widespread pain
symptoms [19]. The presence of regional, including widespread, pain can reach up to
70% of COVID-19 survivors [27,28]. Generalized pain symptoms, combined with central
sensitization-associated symptoms (e.g., higher CSI scores) could help identify nociplastic
pain in the IASP-established criteria. A recent analysis proposed for phenotyping post-
COVID pain supports a model where regional/widespread pain, psychological/emotional
disturbance, and other central sensitization-associated symptoms are interconnected, re-
flecting a nociplastic condition in a subgroup of people with post-COVID pain [53].

3. Clinical Criteria/Grading System for Nociplastic Pain in Post-COVID Pain

This section describes the IASP criteria and clinical reasoning process for determining
a nociplastic pain phenotype in individuals with post-COVID pain [19] and how to differ-
entiate nociplastic pain from the nociceptive, neuropathic, or mixed phenotypes. Because
one patient can fulfill criteria for more than one pain phenotype, it may be most productive
to first determine whether nociceptive pain is the predominant pain type. Then, if a no-
ciceptive pain pattern is rejected, additional criteria can be used to differentiate between
neuropathic and nociplastic pain.

3.1. Step 1—Duration of Pain

An initial requirement for nociplastic pain, according to IASP clinical criteria, is for the
patient to report pain symptoms for at least 3 months. It should be noted that the proposed
definition for post-COVID-19 syndrome includes the presence of symptoms for at least
2 months post-infection: “Post-COVID-19 condition occurs in people with a history of
probable or confirmed SARS-CoV-2 infection, usually 3 months from the onset of COVID-19
with symptoms that last for at least 2 months and cannot be explained by an alternative
diagnosis” [2]. In this first step, two demographic features such as age and sex should be
considered. For instance, fibromyalgia syndrome, a nociplastic pain condition, has a female
predominance. Similarly, female sex has been clearly identified as a risk factor for the
development of long COVID symptomatology [54] and also specifically for post-COVID
pain [27,28]. The role of age as a risk factor for long COVID is not yet clear [54].

3.2. Step 2—Distribution of Pain

To clinically classify nociplastic pain, patients must report a generalized or widespread
pain pattern. Secondary to injury, the nociplastic pain extends beyond a specific area
of the damaged structure [19]. In contrast, a nociceptive pain pattern is discrete and
localized, makes neuroanatomical sense, and can usually be exacerbated with clearly
defined pain triggers (specific movements and activities). Accordingly, a careful assessment
and interpretation of the patient’s pain distribution is needed. Pain drawings can be
used to standardize and optimize the assessment of the individual’s pain distribution in a
reliable and valid way [55]. A recent study using pain drawings illustrated that widespread
symptoms were present in 20% of COVID-19 survivors exhibiting post-COVID pain [56].
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3.3. Step 3—Determine Whether Nociceptive Pain Is Present

Another mandatory criterion is that pain cannot be entirely explained by nociceptive
mechanisms [19]. Hence, if imaging (such as ultrasonography, X-rays, magnetic resonance
imaging (MRI) or computerized tomography (CT) scans) has identified a specific pain
generator (e.g., tissue damage) capable of producing nociceptive input that coincides with
the patient’s self-reported pain pattern, nociplastic pain can be ruled out as a primary
phenotype. If a potential source of nociception is identified that seems likely to be re-
sponsible for the post-COVID pain symptoms, the pain should be classified as primarily
nociceptive. For instance, as previously stated, COVID-19 survivors can develop localized
arthralgias reflecting a potential nociceptive pain mechanism [29–31]. It is important to
note that identification of a source of nociception in post-COVID pain does not exclude the
possibility of concomitant nociplastic or neuropathic pain. This is especially true if pain
persists after the source of nociception (e.g., tissue damage) resolves (e.g., tissue damage
has healed, but pain remains).

3.4. Step 4—Determine Whether Neuropathic Pain Is Present

Similar to nociceptive pain, another mandatory criterion for nociplastic pain states that
symptoms cannot entirely be explained by neuropathic pain mechanisms [19]. This includes
either diagnosing or refuting neuropathic origin [57] as the dominant post-COVID pain
phenotype. According to the IASP definition of neuropathic pain, procedures confirming a
lesion or disease of the somatosensory nervous system are mandatory for diagnosis. As
previously noted, no study has systematically found evidence of somatosensory nervous
system damage in people with post-COVID pain. Development of clinical guidelines for
identifying neuropathic pain in this population is clearly needed.

When a neuropathic mechanism is considered to be primarily responsible for post-
COVID pain, the pain phenotype should be classified as neuropathic. However, there
is a great deal of overlap between neuropathic and nociplastic pain phenotypes, which
can make the determination of primary neuropathic pain difficult. Indeed, sustained
neuropathic pain can result in increased hyperexcitability of peripheral and central nervous
system pain pathways over time [58]. The relationship between neuropathic pain and
nervous system sensitization can provide one explanation for the spreading of the pain
beyond the innervation territory of the lesioned nervous structure (as with carpal tunnel
syndrome) [59], which is consistent with a nociplastic pain phenotype. Thus, it is possible
that post-COVID pain patients can exhibit both neuropathic and nociceptive pain patterns
(as well as nociplastic pain).

3.5. Step 5—Elucidate the Presence of Pain Hypersensitivity

Step 5 involves screening for signs of pain hypersensitivity [19]. This step entails the
clinical examination of hyperalgesic (defined as an exaggerated pain response to painful
stimuli) and allodynic (defined as pain in response to stimuli that normally do not elicit
pain) sensitivity. Nociplastic-related hyperalgesia and allodynia can occur both within
the painful region and outside the painful region. Indeed, in patients with nociplastic
pain, hyperalgesia and allodynia are often widespread. Clinicians can determine signs
of hyperalgesia and/or allodynia with manual palpation or with quantitative sensory
testing methods, including pain responses to static and dynamic mechanical or thermal
stimuli [60,61]. According to the IASP clinical criteria, if the first five steps are positive for
nociplastic pain, a patient can be classified as having “possible nociplastic pain” [19]. If the
patient meets criteria in step 6, then pain can be considered “probably nociplastic pain”.

3.6. Step 6—Check for History of Pain Hypersensitivity

Step 6 involves examining whether the patient with post-COVID pain reports symp-
toms of pain hypersensitivity after the infection, which can be assessed by questioning
patients about their level of sensitivity to different stimuli. Symptoms of hypersensitivity
include pain: when clothing, belts, or jewelry touch or bind one’s skin; a breeze blows on
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exposed skin; the skin is exposed to water during a bath or shower; a handbag hangs on
one’s shoulder; due to pressure on the buttocks while sitting; and during basic activities of
daily living.

3.7. Step 7—Determine Whether Comorbidities Are Present

The final step involves screening for sensitivity to other stimuli, including sensitivity
to sound (phonophobia), light (photophobia), or odors, and the presence of other comorbid
symptoms, including poor sleep quality, fatigue, and cognitive problems [19]. As previ-
ously documented, all these symptoms are frequently present in individuals with long
COVID [4–9] and those without post-COVID pain. The CSI can be useful for assessing
comorbid symptoms [49,50]. More recently, Tran et al. have developed and published a set
of disease-specific PROMs which assess a wide array of post-COVID symptoms that have
been reported by long COVID patients [62].

If all seven criteria are met, post-COVID pain can be classified as “probable nociplastic
pain” [19]. Figure 1 provides a clinical decision-making tree for clinicians who wish to
use the IASP clinical criteria for assessing nociplastic pain in people with long COVID. It
is important to stress that more research is needed to examine the reliability and validity
of the 2021 IASP clinical criteria for nociplastic pain [19] in people with post-COVID
pain and other chronic conditions. In fact, it is possible that some patients with post-
COVID pain will likely be outside of this phenotype classification, as they will not fall
into any of the three categories. In addition, more research is needed to determine the
prognostic value and responsiveness of the IASP clinical criteria for nociplastic pain on key
treatment outcomes such as pain, function, and health-related quality of life. The treatment
responsiveness of the IASP nociplastic criteria [19] in post-COVID pain patients, specifically
targeting underlying mechanisms of nociplastic pain such as central sensitization, should
be examined in randomized clinical trials. No studies have investigated these proposals.

Figure 1. Clinical decision-making tree of the IASP clinical criteria for nociplastic pain applied to
post-COVID pain.
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4. Toward Precision Pain Medicine for Post-COVID Pain?

Current knowledge regarding central nervous system sensitization, arguably the
main underlying mechanism of nociplastic pain, has resulted in a paradigm shift in the
understanding and management of chronic pain conditions [21] and should be directly
applied to post-COVID pain. The IASP has provided the first set of clinical criteria, with
a grading system linked to nociplastic pain as the third mechanistic pain descriptor (in
addition to nociceptive and neuropathic pain) [19]. The application of IASP clinical criteria
in long COVID patients will allow clinicians to provide specific treatments according
to the pain phenotype. Interestingly, a “musculoskeletal pain cycle” has been recently
proposed as a model for guiding therapeutic interventions in chronic musculoskeletal pain
conditions [63]. Identification of the predominant pain phenotype in individuals with
post-COVID pain will permit the development of a “post-COVID pain” model.

A potential pitfall of this process is that clinicians might neglect the individual vari-
ability in one particular pain phenotype. For instance, exercise is a therapeutic strategy
recommended for chronic pain and is being proposed as beneficial for individuals with long
COVID [64]. In fact, evidence supports that programs combining resistance and aerobic
exercises may improve the functional capacity and quality of life (reduce stress or mental
disorders) in patients with post-COVID-19 symptoms [65]. However, underlying pain
mechanisms must be considered in order to optimize the exercise prescription, especially
in people with a nociplastic pain phenotype [66].

This topic is of particular relevance in patients with long COVID, since almost 60%
of patients with long COVID report post-exertional malaise (PEM) similar to patients
with myalgic encephalomyelitis [67]. In such cases, exercise should be provided with
caution, and pacing or other cognitive approaches can be proposed (either in isolation
or in combination with exercise therapy). Further, treatment of comorbid symptoms
that can perpetuate and interact with pain (e.g., sleep disturbances, fatigue, dyspnea, or
autonomic disturbances), especially those with a nociplastic pain phenotype, are essential
for optimizing treatment outcomes [68]. In fact, successful outcomes are less likely if
treatment is solely focused on improving underlying pain mechanisms (i.e., decreasing
central sensitization in the nociplastic post-COVID pain phenotype) without managing
associated factors.

It is noted that all known upcoming and current rehabilitation programs for long
COVID are focused on aerobic exercise and endurance strategies [69]. Identifying pa-
tients with a nociplastic pain phenotype can steer clinicians toward additional treatment
approaches, such as pain neuroscience education, cognitive behavioral techniques, or
self-regulation/mindfulness strategies, in synergy with exercise. In agreement with this
proposal, Bodes-Pardo et al. demonstrated that combining pain neurophysiology education
with therapeutic exercise is more effective than application of therapeutic exercise alone
in another nociplastic pain condition, chronic lower back pain [70]. Accordingly, multi-
modal/multifactorial treatment approaches using a biopsychosocial model, which address
relevant comorbidities and lifestyle factors for each patient, might amplify the rehabilitation
effects for long COVID patients with a nociplastic pain phenotype and produce the most
successful treatment outcomes.

5. Conclusions

Post-COVID pain remains underestimated and most likely undertreated due to lack
of recognition of the phenomenon. Available evidence suggests that nociplastic pain is
present in a subgroup of these patients. Applying the global move towards precision
medicine to post-COVID pain, and the identification of specific pain phenotypes using
the 2021 IASP clinical criteria and grading system [19], could help guide clinical decision
making and aid in the most effective treatment planning. The ability of clinicians to
phenotype patients with post-COVID pain into nociceptive, neuropathic, nociplastic, or
mixed type is important for the following four reasons: (1) proper classification of the pain
phenotypes can help clinicians choose proper therapeutic interventions; (2) neuropathic and
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nociplastic post-COVID pain phenotypes are considered to be more difficult to manage than
the nociceptive pain phenotype; (3) to achieve the best treatment outcomes, long COVID
patients with nociplastic pain could likely respond best to multimodal treatment approaches
to address comorbid symptoms; and (4) the application of mechanism-based treatments
may have better clinical outcomes in future clinical trials. Studies examining the clinimetric
properties of the 2021 IASP clinical criteria and grading system for nociplastic pain in
long COVID patients are needed. Finally, this paper proposes that treatment strategies
to be applied to patients with post-COVID pain should be based on pain phenotype and
that multimodal approaches should be encouraged. Future trials investigating potential
treatment approaches based on the proposed clinical reasoning are now needed.
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Abstract: A cytokine storm drives the pathogenesis of severe COVID-19 infection and several
biomarkers have been linked to mortality. Chronic kidney disease (CKD) emerged as a risk factor
for severe COVID-19. We investigated the association between selected biomarkers and mortality in
77 patients hospitalized for COVID-19, and whether they differ in patients with eGFR higher and
lower than 45 mL/min. The association between patients’ characteristics, plasma biomarkers and
mortality was conducted by univariate logistic regression models and independent predictors of
mortality were then used to create a multivariate prediction model through Cox regression. Patients
with lower eGFR had a significant increase of GDF-15, CD-25 and RAGE, with higher plasma levels
in non-survivors and in patients who needed ventilation. At univariate analysis, low and mid-low
GDF-15 quartiles (<4.45 ng/mL) were associated with lower mortality risk, while mid-high and
high quartiles (>4.45 ng/mL) were associated with higher mortality risk. Independent association
between GDF-15 quartiles and mortality risk was confirmed in the Cox model and adjusted for eGFR,
age, fever and dyspnea (HR 2.28, CI 1.53–3.39, p < 0.0001). The strength of the association between
GDF-15 quartiles and mortality risk increased in patients with lower compared to higher eGFR (HR
2.53, CI 1.34–4.79 versus HR 1.99, CI 1.17–3.39). Our findings may suggest a further investigation of
the effect of GDF-15 signaling pathway inhibition in CKD.

Keywords: CKD; COVID-19; GDF-15; mortality

1. Introduction

By October 2020, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
causing the coronavirus disease 2019 (COVID-19) pandemic, had infected millions of peo-
ple, causing millions of deaths [1]. A key unmet clinical need is the earlier and more
precise identification of subjects at a higher risk of severe disease, exploring the need to
investigate the disease-associated factors to individuate patients with COVID-19 poor prog-
nosis. Besides the disease per se, several comorbidities are associated with the severity of
COVID-19 infection, also implying a need to investigate the potential impact of medications
commonly used [2,3].

Recently, chronic kidney disease (CKD) emerged as one of the strongest risk factors
for severe COVID-19 [4–7]. Indeed, patients with advanced CKD are at an increased risk of
mortality from several causes, led by cardiovascular disease (CVD) and infections [8,9]. It
is very important to underline the relevancy of CKD to the course of COVID-19 disease
since the impairment of renal function is often missed by physicians.

COVID-19 is characterized by a cytokine storm that contributes to the development of
endothelial vascular dysfunction, which can lead to acute respiratory distress syndrome,
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multi-organ failure and finally, death [10]. Several biomarkers are deregulated in the dis-
ease course. An emerging factor is the growth and differentiation factor 15 (GDF-15), which
belongs to the transforming growth factor-beta (TGF-beta) superfamily of proteins. It has
been demonstrated that GDF-15 has a pivotal role in the development and progression of
diseases such as CKD [11], congestive heart failure (CHF) [12] and chronic pulmonary ob-
structive disease (COPD) [13] because of its role as a metabolic regulator [14]. In COVID-19,
GDF-15 activity represents a strong predictor of poor outcomes in critically ill patients act-
ing as a central mediator of inflammation [15]. Due to the role of CKD as a major risk factor
for severe COVID-19, the research interest on the inflammatory response to SARS-CoV-2 in
CKD patients is continuously growing in order to provide clues on the pathogenesis of
COVID-19 and on successful treatments in CKD patients [16]. Furthermore, the association
between GDF-15 and COVID-19 in CKD patients has been poorly investigated.

The present study explores the association between GDF-15 and in-hospital mortality
among CKD patients hospitalized for COVID-19.

2. Methods and Materials

2.1. Study Design and Population

This was a retrospective observational study conducted on patients hospitalized due
to COVID-19 infection and admitted in the ward of Tropical and Infectious Diseases at San
Paolo Hospital in Milan (Italy) from February to September 2020.

2.2. Data Collection

Data on demographics, medical history and clinical status were taken from electronic
clinical charts and recorded on the online database application REDCap; the data, therefore,
was collected from it for the purpose of the present research. Estimated glomerular filtration
rate (eGFR) was assessed by a CKD-EPI formula at hospital admission and patients were
stratified in two groups (eGFR ≥ 45 mL/min/1.73 m2 or eGFR < 45 mL/min/1.73 m2).
Data on mortality and on the length of stay were collected as part of the study protocol.

2.3. Plasma Cytokine Quantification

Peripheral blood samples collected at admission were centrifuged for 15 min at 2.500 rpm.
Plasma was then harvested and stored at −80 ◦C. Plasmatic levels of the following
20 biomarkers were thereafter assessed by Luminex technology and ELISA assay, accord-
ing to the manufacturer’s instructions: GDF-15, CD-25, receptor for advanced glycation
end products (RAGE), interleukine-6 (IL-6), interleukin-7 (IL-7), interleukin-18 (IL-18),
interleukine-6 receptor (IL-6R), tumor necrosis factor alpha TNFa, tumor necrosis factor
receptor 1 (TNFR I), tumor necrosis factor receptor 2 (TNFR II), leukemia inhibitory factor
(LIF), Fas, YKL-40, pentraxin-3 (PTX-3), platelet derived growth factor—AA (PDGF-AA)—
vascular endothelial growth factor (VEGF), a-1-acid glycoprotein (a1-AGP), TNF-related
apoptosis-inducing ligand (TRAIL), kynurenine and tryptophane.

2.4. Statistical Analysis

Categorical variables were reported as rates (%). Continuous variables were reported
as mean ± standard deviation and median [interquartile range], according to the normality
of distribution assessed by the Shapiro-Wilk test. Comparisons between categorical and
continuous variables were performed by Fisher’s exact test and Mann–Whitney U test, re-
spectively. Demographic, clinical and biochemical characteristics at baseline were stratified
according to eGFR (higher-equal vs lower than 45 mL/min/1.73 m2). Plasma biomarkers
were also stratified according to survival and the need of non-invasive ventilation (NIV).
Linear correlation between biomarkers and eGFR was assessed by a Pearson correlation test.

The association between patients’ characteristics, plasma biomarkers and mortality
was first conducted by univariate logistic regression models. Independent predictors
of in-hospital mortality (p < 0.05) were then investigated by Cox proportional hazard
models selected by stepwise procedure. Predictors included at the first step were arbitrarily
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selected based on the significance of their univariate association with mortality (for clinical
characteristics) and with eGFR, NIV and mortality (for biochemical markers). Independency
from basal renal function was tested by a forced inclusion of eGFR into the first step
of model selection. The proportional hazards assumption was checked by Schoenfeld
residuals test for both the single covariates and the whole model. The association between
single GDF-15 quartiles and mortality was investigated by univariate logistic regression
models. Survival curves for GDF-15 quartiles were plotted by the Kaplan-Meier method.
Nonlinear association between GDF-15 and survival was modelled by polynomial splines in
all the patients and in eGFR subgroups. A sensitivity analysis was performed by excluding
outliers for GDF-15. Furthermore, as reduced eGFR at admission might be due to either
CKD (known or unrecognized) or acute kidney injury, the association between GDF-15 and
mortality risk was also assessed in the subset of patients with eGFR < 45 mL/min/1.73 m2

and known CKD reported in their medical history as a sensitivity analysis. The p-value for
significance was set at <0.05.

Analysis was conducted by R package version 4.1.1.

3. Results

Seventy-seven patients aged 79 (70–86) years were enrolled. Patients’ characteristics are
presented in Table 1A,B. In the overall population median, eGFR was 48.4 mL/min/1.73 m2.
Twenty (26%) patients reported a history of CKD with 4 (5%) patients receiving maintenance
hemodialysis. Thirty-three (43%) patients presented eGFR < 45 mL/min/1.73 m2. A
history of cardiovascular disease (CVD) was highly prevalent (49%), including patients
affected by CHF (14%), myocardial infarction (22%) and arrhythmias (19%). Diabetes and
COPD were reported in 25 (32%) and 9 (12%) patients, respectively. The most frequent
symptoms at admission were fever (69%), cough (34%) and dyspnea (56%). Pneumonia and
acute respiratory distress syndrome were documented in 67 (87%) and 36 (47%) patients,
respectively. Forty-two (55%) patients required NIV, while only 2 (3%) were admitted to
an intensive care unit (ICU). The specific treatments most frequently prescribed included
heparin (75%), hydroxychloroquine (74%) and steroids (22%). The median time from
symptom onset to hospitalization was 4 days (IQR 2–8). A 45% in-hospital mortality rate
was observed. Median time from admission to death or dis-charge was 18 (11–35) days.
Patients with eGFR < 45 mL/min/1.73 m2 presented higher prevalence of CKD, diabetes
and higher neutrophil count. Lower eGFR was not associated with any other significant
difference in baseline characteristics, clinical severity and in-hospital mortality rate.

GDF-15, CD-25 and RAGE resulted in the unique plasma biomarkers significantly
associated with eGFR, a need of NIV and mortality out of the 20 tested molecules (Table S1).
Plasma levels of these biomarkers were negatively associated with basal eGFR (Figure 1).
Plasma concentrations of GDF-15, CD-25 and RAGE were significantly higher in deceased
patients and in those receiving NIV (Figure 1).

Patients with an age > 75 years (p = 0.005), fever (p = 0.005), dyspnea (p = 0.003) and
P/F < 300 (p = 0.034) were significantly associated with mortality at univariate analy-
sis. Survival curves stratified according to GDF-15 quartiles are presented in Figure 2.
In a multivariate Cox regression model, each increase in GDF-15 quartiles was associ-
ated with a 128% increased mortality risk [HR 2.28 (1.53–3.39, 95% CI), p < 0.001] in-
dependent from basal eGFR and the aforementioned predictors (Table 2). CD-25 and
RAGE were excluded from the model by a stepwise selection procedure. Stronger asso-
ciation between GDF-15 and mortality was descriptively observed among patients with
eGFR < 45 mL/min/1.73 m2 [HR 2.54 (1.34–4.79), 95% CI] compared with a higher eGFR
strata [HR 1.99 (1.17–3.39, 95% CI)]. Results were unchanged in the sensitivity analysis after
the exclusion of 8 outlying observations for GDF-15 (Table S2) and dialysis patients (Table S3).
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Table 1. (A) Patients characteristics. Demographics and comorbidities. (B) Patients’ characteristics.
Clinical findings.

(A)

Characteristic
All Patients eGFR ≥ 45 mL/min eGFR < 45 mL/min p

(n = 77) (n = 44) (n = 33)

Sex. male 40 (52) 25 (57) 15 (46) 0.36
Age (years) 79 {70–86} 78 {69–86} 79 {73–86} 0.45

Ethnicity
Caucasian 72 (94) 42 (96) 30 (91) 0.65

Middle east 1 (1) 0 (0) 1 (3) 0.43
Latin American 3 (4) 2 (5) 1 (3) 1.00

East Asian 1 (1) 0 (0) 1 (3) 0.43
BMI (Kg/m2) 25.9 ± 5.1 26.9 ± 5.3 23.9 ± 4.3 0.33

Medical history
Hypertension 51 (66) 25 (57) 26 (79) 0.05

Cardio-vascular disease 38 (49) 20 (46) 18 (55) 0.49
Myocardial infarction 17 (22) 9 (21) 8 (24) 0.78

Heart failure 11 (14) 6 (14) 5 (15) 1.00
Arrythmias 15 (19) 9 (21) 6 (18) 1.00

Valvulopathies 4 (5) 3 (7) 1 (3) 0.63
Vascular disease 16 (21) 6 (14) 10 (30) 0.09

Cerebrovascular disease 8 (10) 7 (16) 1 (3) 0.13
Dementia 17 (22) 8 (18) 9 (27) 0.41

COPD 9 (12) 6 (14) 3 (9) 0.72
Asthma 1 (1) 1 (2) 0 (0) 1.00
Cancer 9 (12) 5 (11) 4 (12) 1.00
CKD 20 (26) 2 (5) 18 (55) <0.001

Maintenance hemodialysis 4 (5) 0 (0) 4 (12) 0.03
Rheumatologic disease 2 (3) 1 (2) 1 (3) 1.00

Diabetes mellitus 25 (32) 10 (23) 15 (46) 0.05
Chronic liver disease 4 (5) 2 (5) 2 (6) 1.00

Age-adjusted CCI 3 {3–4} 3 {2–4} 3 {3–4} 0.58

(B)

Characteristic
All Patients eGFR ≥ 45 mL/min eGFR < 45 mL/min p

(n = 77) (n = 44) (n = 33)

Laboratory findings
Hemoglobin (g/dL) 12.0 {11.2–13.3} 12.5 {11.4–13.8} 11.6 {10.7–12.6} 0.07

White blood cells (×103/uL) 7.00 {5.42–9.71} 6.69 {4.93–9.03} 7.58 {6.01–10.22} 0.13
Neutrophils (×103/uL) 4.93 {3.93–7.51} 4.67 {3.60–6.35} 5.87 {4.15–9.14} 0.05

Lymphocytes (×103/uL) 1.04 {0.64–1.34} 1.05 {0.64–1.49} 1.01 {0.67–1.21} 0.61
N/L ratio 5.16 {3.12–9.81} 4.28 {2.89–8.20} 6.73 {3.77–11.47} 0.07

Platelets (×103/uL) 204 {162–304} 222 {170–299} 192 {151–306} 0.52
C reactive protein (mg/L) 69 {27–99} 68 {27–102} 73 {27–98} 0.94

Procalcitonin (ng/mL) 0.13 {0.07–1.21} 0.11 {0.05–0.61} 0.21 {0.08–4.00} 0.315
Creatinine (mg/dL) 1.3 {1.0–2.2} 1.1 {0.7–1.2} 2.3 {1.6–3.8} <0.001

Symptoms
Fever 53 (69) 31 (71) 22 (67) 0.81

Anosmia/Disgeusia 3 (4) 2 (5) 1 (3) 1.00
Arthromyalgias 2 (3) 2 (5) 0 (0) 0.50

Cough 26 (34) 13 (30) 13 (39) 0.47
Dyspnoea 43 (56) 22 (50) 21 (64) 0.26

Abdominal pain 4 (5) 2 (5) 2 (6) 1.00
Nausea/vomiting 2 (3) 2 (5) 0 (0) 0.50

Diarrhea 3 (4) 2 (5) 1 (3) 1.00
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Table 1. Cont.

Pneumonia on X-ray 67 (87) 38 (86) 29 (88) 1.00
P/F at admission 302 ± 99 297 ± 114 309 ± 77 0.96

SpO2 at admission 96 {91–97} 96 {90–97} 95 {93–97} 0.79
ARDS 36 (47) 19 (43) 17 (52) 0.50

Time (days)
Symptoms −→ admission 4 {2–8} 4 {2–9} 5 {3–7} 0.88

Symptoms −→ Discharge/death 18 {11–35} 18 {11–29} 17 {11–52} 0.51
Admission −→ Discharge/death 12 {6–25} 10 {6–20} 16 {7–35} 0.07

Therapy
Lopinavir/Ritonavir 10 (13) 6 (14) 4 (12) 1.00
Hydroxychloroquine 57 (74) 32 (73) 25 (76) 0.80

Remdesevir 1 (1) 1 (2) 0 (0) 1.00
Steroids 17 (22) 7 (16) 10 (30) 0.17
Heparin 58 (75) 33 (75) 25 (76) 1.00

Biological 10 (13) 4 (9) 6 (18) 0.31

Need for intensive care 2 (3) 1 (2) 1 (3) 1.00
Need for ventilation 42 (55) 25 (57) 17 (52) 0.65

Survivors 42 (55) 25 (57) 17 (52) 0.65

Abbreviations: BMI, body mass index; CCI, Charlson comorbidity index; CKD, chronic kidney disease; COPD,
chronic obstructive pulmonary disease. Abbreviations: ARDS, acute respiratory distress syndrome; N/L ratio,
neutrophil to lymphocyte ratio; P/F, ratio of arterial oxygen partial pressure to fractional inspired oxygen; SpO2,
peripheral capillary oxygen saturation.

 

Figure 1. Association between GDF-15, CD-25 and RAGE with eGFR, ventilation and mortality.
Abbreviations: eGFR, estimated glomerular filtration rate; GDF-15, growth and differentiation factor
15; RAGE, receptor for advanced glycation end products; S, survivors; NS, non survivors; NV, non-
ventilated; V, ventilated; <45, eGFR < 45 mL/min/1.73 m2; >45 mL/min, eGFR > 45 mL/min/1.73 m2;
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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Table 2. Multivariate Cox regression model for survival in all patients, stratified by eGFR. Abbrevia-
tions: eGFR, estimated glomerular filtration rate; GDF-15, growth and differentiation factor 15; P/F,
ratio of arterial oxygen partial pressure to fractional inspired oxygen.

Variable
All Patients eGFR ≥ 45 mL/min eGFR < 45 mL/min

HR (95% CI) p HR (95% CI) p HR (95% CI) p

eGFR < 45 mL/min 0.58 (0.28–1.19) 0.14 - - - -

Age ≥ 75 years 2.79 (1.19–6.59) 0.02 2.31 (0.75–7.09) 0.14 3.61
(0.95–13.79) 0.06

Fever 3.75
(1.38–10.17) 0.009 2.83

(0.63–12.74) 0.18 4.78
(1.17–19.56) 0.03

Dyspnea 1.78 (0.81–3.94) 0.15 2.22 (0.76–6.51) 0.15 1.21 (0.37–3.95) 0.75

P/F < 300 1.67 (0.82–3.41) 0.16 1.82 (0.65–5.09) 0.25 1.64 (0.56–4.77) 0.36

GDF-15. quartiles 2.28 (1.53–3.39) <0.001 1.99 (1.17–3.39) 0.01 2.53 (1.34–4.79) 0.004

 

Figure 2. Association between GDF-15 quartiles and survival.

Univariate polynomial splines revealed a nonlinear association between GDF-15 and
survival (Figure 3A). At univariate analysis, first and second GDF-15 quartiles were singularly
associated with a lower mortality risk [HR 0.33 (0.12–0.95, 95% CI) and HR 0.14 (0.03–0.57,
95% CI), respectively] (Figure 3B). On the other hand, third and fourth GDF-15 quartiles
were singularly associated with an increased mortality risk [HR 2.13 (1.09–4.31, 95% CI) and
3.4 (1.74–6.64, 95% CI), respectively]. Protective and harmful associations between GDF-15 and
mortality were observed for circulating levels below and beyond the median (4.45 ng/mL),
respectively, after adjustment for age, fever, dyspnea, P/F and eGFR (Figure 4A). Both the
protective and the harmful associations between GDF-15 and mortality were descriptively
more pronounced among patients with eGFR < 45 mL/min/1.73 m2 (Figure 4B). The trend was
confirmed after the exclusion of GDF-15 outliers (Figure 4C,D). In the subset of patients with
eGFR < 45 mL/min/1.73 m2 and known CKD reported in their medical history (18 patients,
10 of whom died), we found a linear and positive association between GDF-15 and mortality
risk in the univariate Cox regression [HR 1.13 (1.01–1.27, 95% CI) for every 1 ng/mL increase
in GDF-15 level], although the small sample size and low number of events did not allow us
to investigate this association in multivariate models.
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Figure 3. Univariate association between GDF-15 and mortality risk. (A) Cubic spline analysis
revealing nonlinear association between GDF-15 and mortality risk: the solid line represents the HR
according to GDF-15 level, the gray area represents the 95% CI, ticks in the lower part of the figure
represent each observation. (B) Univariate association between GDF-15 quartiles and mortality risk;
each quartile was compared with 3 other quartiles as a whole comparator.

 

Figure 4. Non-linear association between continuous GDF-15 and mortality risk, adjusted for eGFR,
age, fever, dyspnea and P/F. The solid line represents HR according to GDF-15 level. The colored area
represents 95% CI, ticks in the lower part of the figure represent each observation. (A) All patients of
the whole study cohort. (B) Patients stratified according to eGFR strata. (C) All patients, excluding
outliers for GDF-15. (D) Patients stratified by eGFR, excluding outliers for GDF-15.
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4. Discussion

Since the initial description of COVID-19 at the end of 2019 [17,18], over 250 million
confirmed cases of COVID-19 have been reported to date, with more than 6 million deaths
worldwide (World Health Organization, April 2022). While the majority of patients develop
mild to moderate COVID-19, severe disease has been shown to occur in about 10–15% of
infected individuals with a critical disease [19].

Several clinical and epidemiological factors have been associated with the develop-
ment of severe COVID-19 and include older age, obesity and dysmetabolic co-morbidity,
hypertension and immune depression [1–3]; however, a detailed profile of the pathogenetic
pathways associated with the worst disease outcome is still largely elusive.

Among clinical factors associated with disease severity, CKD retains a high impact on
the poor outcomes of COVID–19, underlining the importance of identifying strategies to
prevent SARS-CoV-2 infection in CKD [20]. Undoubtedly, infections, sepsis and bacteremia
represent major causes of morbidity and mortality in renal patients [21]. Moreover, infec-
tions in CKD patients cause a longer duration of hospitalization and a higher mortality rate
from pneumonia [22,23]. Therefore, the choice of renal replacement treatment in advanced
CKD patients, with techniques able to efficiently remove uremic toxins and reduce infection
risk [24], remains important.

Indeed, a condition known as cytokine release syndrome has been described as a hall-
mark of aggressive COVID-19 that consists of the uncontrolled release of both pro- and
anti-inflammatory cytokines, and that in turn is associated with tissue damage and dys-
functional and delayed immune response [25]. In the early phase of the pandemic, several
biomarkers of the importance in dictating COVID-19 severity were first identified in case
series of patients hospitalized with COVID-19 [2–4]. Furthermore, numerous inflammatory
and cardiovascular biomarkers were assessed in association with outcome and were identified
as particularly strong prognostic markers [26].

Because CKD has been associated with COVID-19 severity, we hereby sought to
investigate the clinical role of several biomarkers in COVID-19 outcomes in the setting of
CKD patients hospitalized for COVID-19.

Our bio-bank study of unselected, consecutive patients hospitalized with COVID-19
provides important insights to these associations, given that our design alleviates the risk of
selection bias. Interestingly, GDF-15 was the only cytokine to be retained in the regression
model for predicting mortality risk in patients with eGFR < 45 mL/min/1.73 m2.

GDF-15 is a member of the TGF-beta superfamily and patrols immunotolerance dur-
ing pregnancy, as witnessed by its high placental expression [27]. GDF-15 is secreted as a
25 kDa dimer [28] in several other organs, including the kidney, lungs, heart, brain, lymph
nodes, bladder and prostate [27,29], where it is endowed with the potential to mediate
immune response, inflammation tissue tolerance, energy homeostasis and body weight
regulation [30]. Notably, multiple cell lines participate in GDF-15 synthesis as macrophages,
endothelial cells, epithelial cells, vascular smooth muscle cells, adipocytes and cardiomy-
ocytes [15]. Although GDF-15 expression is mainly quiescent outside of reproductive
organs, it increases in several conditions of tissue damage triggered by inflammatory and
oxidative stimuli [31–33]. GDF-15 has been postulated to enhance the ability of tissues
to control the inflammatory insult through metabolic adaptation [34] as well as control
immune cell infiltration [27]. However, GDF-15 was also associated with the severity
and progression of acute-as-chronic diseases involving renal [11], cardiovascular [35,36],
respiratory [13] and immune systems [37] in humans.

Renal expression of GDF-15 was documented in tubular cells, where it is hypothesized
to enhance the protective response against renal damage [11,38]. However, observational
studies reported a direct association between GDF-15 and an increased risk of incident
CKD [39] and CKD progression [11]. GDF-15 resulted in an independent predictor of
mortality in stage-3 CKD [40,41], as well as in dialysis patients [42]. Furthermore, GDF-
15 emerged as a promising risk factor in cardiorenal syndrome. GDF-15 was associated
with the risk of CHF in renal patients and predicted mortality in CHF [40,43]. Interestingly,
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although GDF-15 is expressed in cardiomyocytes, the majority of circulating GDF-15 in
patients with CHF was postulated to be of renal origin, secondary to kidney injury induced
by venous congestion. Nonetheless, pulmonary epithelial and endothelial cells express
GDF-15 under stimulation by hypoxia [44], cigarette smoking [45] and shear stress [46].
In vitro and animal models recently identified GDF-15 as an amplifier of lung inflammation
during viral infections [47], therefore representing a major pathogenetic mechanism of
susceptibility and disease severity in patients with already damaged airways.

COVID-19 represents a peculiar condition of systemic inflammation with multi-organ
involvement, including pulmonary, cardiac and renal damage, which is often responsible for
life threatening implications [48]. GDF-15 integrates information on cellular oxygenation,
inflammatory response and cardio-renal dysfunction, which are all key mechanisms in
COVID-19 pathophysiology, suggesting GDF-15 as an ideal candidate as a prognostic
marker in COVID-19.

GDF-15 has been associated with poorer respiratory function, disease severity and
mortality among hospitalized patients hospitalized due to SARS-CoV-2 infection [30,49,50].
However, the association of GDF-15 with disease severity and mortality is mainly unex-
plored in renal patients. To date, a unique study by Gisby et al. identified GDF-15 as
a relevant biomarker of COVID-19 severity among 55 dialysis patients out of 203 tested
molecules [51].

To our knowledge, this is the first study designed to investigate GDF-15 prognostic
value in non-dialysis renal patients hospitalized for COVID-19. In agreement with the
aforementioned data, higher GDF-15 levels were associated with disease severity and
mortality independently from traditional risk factors. Nonetheless, the present study
first documented a trend toward a protective association between GDF-15 < 4.45 ng/mL
and survival. Notably, the strength of association was descriptively more pronounced in
patients with basal eGFR < 45 mL/min/1.72 m2.

GDF-15 was herein inversely associated with renal function, being significantly higher
in patients with eGFR < 45 mL/min/1.72 m2. The reasons for increased levels in the
presence of reduced eGFR are debated. The low molecular weight hampers the plausibility
of reduced clearance, suggesting increased renal synthesis and/or altered half-life as
mechanisms responsible for its higher circulating levels in CKD [38]. Notably, present data
suggests that the predictability of mortality risk in COVID-19 patients by GDF-15 could be
stronger in the presence of eGFR < 45 mL/min/1.73 m2.

In the present study, GDF-15 emerged as the only biomarker independently associated
with poor outcomes in non-dialysis renal patients affected by SARS-CoV-2 infection, out of
the other 19 molecules responsive to inflammatory stimuli. Notably, the panel of cytokines,
chemokines and uremic toxins that were investigated was built according to the literature
review on the more promising biomarkers dysregulated in the course of COVID-19 and/or
renal disease [52–59].

Present data needs to be taken cautiously due to several limitations: small sample size,
the absence of pre-specified power calculation, the monocentric design and the advanced
age of the enrolled population, which limits the generalizability of the results. Furthermore,
a discrepancy between median values of eGFR in the whole cohort and the low prevalence
of reported CKD make the baseline eGFR more susceptible to acute disease in addition
to chronic renal damage. No data were available for discriminating contribution of renal,
cardiac and pulmonary synthesis to GDF-15 circulating levels. The generalizability of the
study deserves caution. The population enrolled had several differences compared with
those usually reported in COVID-19 studies due to older age, lower BMI, absence of an
invasive ventilation requirement and a low rate of steroid administration. Eventual, but
not ascertained, limited life support might have influenced the value of prognostic markers
in the present study.

Taken together, these findings show that along with significant changes in inflamma-
tory and cardiovascular biomarkers during SARS-CoV-2 infection, GDF-15 may represent a
clinically useful risk stratification tool that provides important pathophysiological insights
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and prognostic information in CKD patients hospitalized with COVID-19. Specially de-
signed studies are advocated to explore GDF-15 as the ideal candidate prognostic marker
in the context of inflammatory diseases with pulmonary and cardio-renal involvement.
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and in subgroups stratified according to eGFR, excluding maintenance hemodialysis patients.
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Abstract: Background: Epidemiologic studies have reported that the geographical distribution of
the prevalence of allelic variants of serine protein inhibitor-A1 (SERPINA1) and severe cases of
COVID-19 were similar. Methods: A multicenter, cross-sectional, observational study to evaluate
the frequency of alpha-1 antitrypsin deficiency (AATD) in patients with COVID-19 and whether it
was associated with having suffered severe COVID-19. Results: 2022 patients who had laboratory-
confirmed SARS-CoV-2 infection. Mutations associated with AATD were more frequent in severe
COVID versus non-severe (23% vs. 18.8%, p = 0.022). The frequency of Pi*Z was 37.8/1000 in severe
COVID versus 17.5/1000 in non-severe, p = 0.001. Having an A1AT level below 116 was more
frequent in severe COVID versus non-severe (29.5% vs. 23.1, p = 0.003). Factors associated with a
higher likelihood of severe COVID-19 were being male, older, smoking, age-associated comorbidities,
and having an A1AT level below 116 mg/dL [OR 1.398, p = 0.003], and a variant of the SERPINA1
gene that could affect A1AT protein [OR 1.294, p = 0.022]. Conclusions: These observations suggest
that patients with AATD should be considered at a higher risk of developing severe COVID-19.
Further studies are needed on the role of A1AT in the prognosis of SARS-CoV-2 infection and its
possible therapeutic role.

Keywords: SARS-CoV-2 infection; severe COVID-19; alpha-1 antitrypsin deficiency; genetic mutations

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has resulted in a
pandemic, with more than 6 million deaths [1]. There are remarkably different infection
and mortality rates for SARS-CoV-2 between different countries [2]. Moreover, there are
remarkably interindividual differences in the clinical severity of coronavirus disease 2019
(COVID-19) that cannot be completely explained by environmental factors, comorbidities,
and age-related fragility [3]. On the basis of these observations and the susceptibility
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of hosts, it could be argued that genetic differences among populations, ethnicities, and
individuals may contribute to the different epidemiological and clinical manifestations of
COVID-19 [4]. Recent studies have investigated genetic susceptibility to SARS-CoV-2 and
reported that approximately 20% of life-threatening COVID-19 cases are associated with
genetic errors and gene loci, most of which are involved in immune signaling pathways [5].

In-hospital COVID-19 patient, studies have described a proinflammatory syndrome
with a disproportionately high rate of progression to acute respiratory distress syndrome [2].
Recent data indicates that the COVID-19 cytokinemia is distinct in critical care presen-
tations, showing marked differences in the balance between proinflammatory and anti-
inflammatory cytokines and a blunted alpha-1 antitrypsin (A1AT) acute phase response.
Cytokine ratios, such as high IL-6:A1AT levels, are related to worse prognosis in COVID-19
patients [2].

Alpha-1 antitrypsin deficiency (AATD) is the most common inherited disorder in
adults; it is often under-diagnosed [6] and characterized by reduced plasma levels or the
abnormal functioning of A1AT, a human blood serine protease inhibitor, which is encoded
by the serine protein inhibitor-A1 (SERPINA1) gene. Recent studies confirmed a correlation
between the COVID-19 pandemic and the prevalence of AATD in the same geographical
areas [7].

A1AT is a tissue protector, as well as an antiviral and anti-inflammatory molecule. In-
deed, A1AT has several biological functions that may antagonize SARS-CoV-2 infection and
pathophysiologic processes resulting in cellular entry. Recent studies have demonstrated
that A1AT is an inhibitor of SARS-CoV-2 infection and two of the most important proteases
in the pathophysiology of COVID-19: transmembrane serine protease 2 and the disintegrin
and metalloproteinase 17, as was well as an inhibitor of inflammatory molecules, such as
IL-8, TNF-α, and neutrophil elastase [8,9]. Other potential A1AT protective mechanisms
of action are the inhibitory effect on thrombin and delayed thrombus formation [10] and
decreased oxidative stress, inflammation, and cell wall deterioration [11].

Therefore, we focused on the possible role of AATD as a risk factor for severe COVID-
19 progression. A poor prognosis for COVID-19 patients may be related to A1AT levels. In
our study, we examined the presence of genetic mutations associated with AATD and A1AT
levels in patients who had suffered a SARS-CoV-2 infection in order to assess whether
AATD was associated with having suffered severe COVID-19.

2. Materials and Methods

COVID-AATD is a multicenter, cross-sectional, observational study conducted from
1 May 2021 to 1 September 2022. The sample population was adults who had laboratory
confirmed SARS-CoV-2 infection and were treated by a pneumology department. Par-
ticipants were enrolled consecutively at 9 centers in the inpatient ward or in follow-up
consultation after discharge. There were no exclusion criteria, except for patients’ or fami-
lies’ explicit refusal to participate. The study was performed according to the Declaration
of Helsinki and its amendments. All patients gave written informed consent. The study
was approved by the Research Ethics Committee at Hospital Clínico San Carlos, Madrid,
Spain (internal code 20/809-E). The personal data of the patients was kept under strict
confidentiality in compliance with the provisions of Spanish Organic Law 3/2018, of De-
cember 5, on the Protection of Personal Data and Guarantee of Digital Rights (LOPDGDD)
and its development regulations, and in accordance with the provisions of Regulation (EU)
2016/679 of the European Parliament and of the Council of 27 April 2016, regarding the
protection of natural persons with regard to the processing of personal data and the free
circulation of these data.

A retrospective review was performed through the analysis of electronic medical
records where SARS-CoV-2 infection clinical data were collected. Patients were defined as
suffering severe COVID-19 if they had been treated with high-flow nasal cannula (HFNC)
oxygenation, non-invasive ventilation therapy, or were admitted to the intensive care unit
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at any stage of the disease according to the WHO Clinical Progression Scale [12], or if they
died as a result of COVID-19.

The data collected during the only visit were concurrent. The information collected was
clinical data (demographic data, smoking status, comorbidities). Allele-specific genotyping
testing was carried out in all patients using the Progenika A1AT Genotyping Test. The
test allows the identification of the 14 most frequent deficiency variants of the SERPINA1
gene: PI*S, PI*Z, PI*I, PI*Mprocida, PI*Mmalton, PI*Siiyama, PI*Q0granite falls, PI*Q0west,
PI*Q0bellingham, PI*F, PI*Plowell, PI*Q0mattawa, PI*Q0clayton, and PI*Mheerlen. SER-
PINA1 gene sequencing was performed in the cases where none of the 14 mutations were
found and the A1AT serum level was <60 mg/dL. The test is CE marked and United States
Food and Drug Administration approved. The test is intended for use with genomic DNA
extracted from human whole blood samples collected in K3-ethylenediaminetetraacetic
acid (EDTA) tubes or as dried blood spots (DBS), or from human buccal swab samples [13].
The biological samples related to the study were numbered with a code to guarantee the
confidentiality of the sample and the associated clinical data. There were no data in the
database that could be used to identify patients. The patients signed a written informed
consent authorizing the genetic study to be carried out according to Spanish legislation.

In the clinical stability phase, serum A1AT levels were analyzed using nephelometric
and C-reactive protein (CRP) in plasma as a potential confounder by the immunoneph-
elometry method. Although the lower limit of normal A1AT by nephelometry is 90 mg/dL,
the use of a higher than normal cut-off value was established as a threshold value to study
the possible presence of a deficient allele. The variability of A1AT levels has been de-
scribed for different AATD genotypes and how it may be influenced by increased systemic
inflammation [14].

Statistical Analysis

Descriptive statistics are reported as mean (standard deviation [SD]) or median (in-
terquartile range [IQR]). Differences between the non-severe and severe COVID-19 groups
were analyzed for statistical significance using the chi-square or Fisher’s exact test for
categorical variables and the two-sample t-test or Wilcoxon rank sum test for continuous
variables, as applicable. Adjustment variables (patient characteristics, genotyping test,
and serum A1AT levels) with a p-value < 0.05 in the univariate analysis were included
in the simple logistic regression analysis. Statistical significance was assumed as p < 0.05.
All analyses were performed with Stata software version 17 (Stata Corp LLC, College
Station, TX, USA). The study size was determined by the number of patients referred to the
follow-up clinic in a pneumology department during the enrolment period.

3. Results

3.1. Characteristics of the Study Population

In total, 2022 patients were included in the analysis. Table 1 describes the sociodemo-
graphic and clinical characteristics of the enrolled patients. An amount of 43.2% had severe
COVID-19 infection and six (0.3%) deaths occurred. The mean (SD) age of the overall
COVID-19 cohort was 60.3 ± 14 years; 59.9% were men and 45.6% of patients were current
or former smokers. Comorbidities were common in the study population.

A1AT serum levels were available in 1691 (83.6%) cases, with a mean value of 132.1
(28.8) mg/dL. There were 390 (19.9%) carrying frequent mutations (S or Z), and 14 (0.7%)
carrying rare alleles. In total, 67 samples were not processed due to the poor quality of the
sample or due to errors recording the identification code on the web. The prevalence of
the frequent allele combinations in this selected population was as follows: MS 16.3%, MZ
2.1%, SS 1.1%, SZ 0.3%, and ZZ 0.2%. Considered globally, 2.5% were Z carriers and 17.6%
S carriers.
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Table 1. Characteristics of the study population.

Enrolled Patients n = 2022

Age, years, median (IQR) 61.2 (51–71)

Gender (male), n % 59.9

� Smoking status, (%)
Current smoker 5.9
Former smoker 39.7
Never smoked 54.4
� IPA, median (IQR) 25 (12–40)

Body mass index, kg/m2, median (IQR) 29.2 (26.1–33)

Pulmonary comorbidity, n (%) 427 (21.1)
� COPD, n (%) 122 (6)
� Asthma, n (%) 186 (9.2)
� AOS, n (%) 151 (7.5)
� ILD, n (%) 23 (1.1)

Home oxygen therapy, n (%) 25 (1.2)

Comorbidities
� Diabetes mellitus, n (%) 385 (19.1)
� Hypertension, n (%) 795 (39.4)
� Dyslipemia, n (%) 677 (33.5)
� Coronary artery disease, n (%) 226 (11.2)
� Nephropatia, n (%) 90 (4.5)
� Hepatopathy, n (%) 80 (4)
� Immunosuppression, n (%) 63 (3.1)
� History of cancer, n (%) 147 (7.3)

Bilateral pneumonia, n (%) 1533 (76.3)

Inpatient, n (%) 1592 (78.8)

Hospitalization day, median (IQR) 9 (3–17)

ICU/UCIR, n (%) 507 (25.1)

High flow oxygen or NIV/CPAP, n (%) 872 (43.2)

Deaths, n (%) 6 (0.3)

A1AT mg/dL, median (IQR) 129 (116–148)
� ≥116, (%) 74
� <116 y ≥ 60, (%) 25.6
� <60, (%) 0.4

CRP level, m (SD) 0.90 (0.29–4.42)

Genotyping Test, n (%)

� Absence mutations 1551 (79.3)
� MI 6 (0.3)
� MS 318 (16.3)
� MZ 41 (2.1)
� MM malton 2 (0.1)
� MP lowell 5 (0.3)
� MM procida 1 (0.1)
� SS 22 (1.1)
� SZ 5 (0.3)
� ZZ 4 (0.2)

Abbreviations: IPA: Pack-years; COPD: chronic obstructive pulmonary disease, ILD: diffuse interstitial lung
disease, AOS: sleep apnea syndrome, ICU: intensive care unit, UCRI: intermediate respiratory care unit;
NIV/CPAP: non-invasive ventilation/continuous positive airway pressure; A1AT: alpha-1 antitrypsin; CRP:
C-reactive protein.
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3.2. Characteristics According to the Presence of Genetic Mutations Associated with AATD

Patients with variants of the SERPINA1 gene that could affect A1AT protein activity
or expression were older than patients without mutations (mean [SD] age: 61.8 [14.1]
versus 60 [13.9] years; p = 0.021) and current smokers were more prevalent (7.9% versus
5.3%; p = 0.004). There were no differences in respiratory or non-respiratory comorbidities,
Table 2. The frequency of severe COVID was also higher in patients positive for A1AT
genotyping testing (48.8% vs. 42.4%; p = 0.022). A1AT serum levels were significantly lower
in patients with mutations associated with AATD (106.3 [24] versus 138.8 [25.8]; p < 0.001).

Table 2. Characteristics of enrolled patients according A1AT genotyping test.

Enrolled Patients with Genotyping Test
n = 1955

Absence Mutations
n = 1551 (79.3%)

Presence Mutations
n = 404 (20.7%)

p

Age, years, m (SD) 60 (13.9) 61.8 (14.1) 0.021

Gender (male), n % 921 (59.4) 255 (63.1) 0.176

� Smoking status, n (%)
Current smoker 82 (5.3) 32 (7.9) 0.044
Former smoker 596 (38.7) 173 (43.3) 0.099
� IPA, median (IQR) 22.7 (10–40) 25 (15–40) 0.039

Body mass index, kg/m2, median (IQR) 29.2 (26.1–33) 29.39 (26–33.3) 0.618

� Pulmonary comorbidity, n (%) 333 (21.5) 84 (20.8) 0.785
COPD, n (%) 91 (5.9) 27 (6.7) 0.534
Asthma, n (%) 144 (9.3) 35 (8.7) 0.702
ILD, n (%) 17 (1.1) 4 (1) 1.000

Home oxygen therapy, n (%) 16 (1) 9 (2.2) 0.056

� Comorbidities, n (%)
Diabetes mellitus 291 (18.8) 84 (20.9) 0.333
Hypertension 611 (39.4) 165 (40.9) 0.578
Dyslipemia 495 (32) 159 (39.5) 0.005
Coronary artery disease 179 (11.6) 45 (11.2) 0.839
Nephropatia 69 (4.5) 19 (4.7) 0.789
Hepatopathy 66 (4.3) 14 (3.5) 0.461
Immunosuppression 41 (2.6) 18 (4.5) 0.057
History of cancer 105 (6.8) 36 (8.9) 0.136

Bilateral pneumonia, n (%) 1165 (75.6) 328 (81.8) 0.009

Inpatient, n (%) 1211 (78,1) 342 (84,9) 0.003

Hospitalization day, m (SD) 8 (3–16) 11 (4–20) <0.001

ICU/UCIR, n (%) 368 (23.7) 120 (29.8) 0.013

High flow oxygen or NIV/CPAP, n (%) 649 (41.9) 193 (48) 0.028

Severe COVID-19, n (%) 656 (42.4) 196 (48.8) 0.022

Deaths, n (%) 4 (0.3) 2 (0.5) 0.610

A1AT mg/dL, m (SD) 138.8 (25.8) 106.3 (24) <0.001
� ≥116, n (%) 1153 (86.2) 91 (26.6) <0.001
� <116, n (%) 184 (13.8) 251 (73.4)

Abbreviations: IPA: pack-years; COPD: chronic obstructive pulmonary disease, ILD: diffuse interstitial lung
disease, AOS: sleep apnea syndrome, ICU: intensive care unit, UCRI: intermediate respiratory care unit;
NIV/CPAP: non-invasive ventilation/continuous positive airway pressure; A1AT: alpha-1 antitrypsin; CRP:
C-reactive protein.
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3.3. Characteristics According to A1AT Levels

There were 440 (26%) patients with A1AT serum levels below 116 mg/dL, Table 3.
The frequency of severe COVID was higher in patients with A1AT serum levels below 116
mg/dL compared with those above or equal to 116 mg/dL (51.9% versus 43.9%, p = 0.003),
Figure 1.

Table 3. Characteristics of patients, according A1AT level (≥116 mg/dL versus <116 mg/dL).

Enrolled Patients with A1AT Level
n = 1691

A1AT ≥ 116 mg/dL
n = 1251 (74%)

A1AT < 116 mg/dL
n = 440 (26%)

p

Age, years, m (SD) 61 (14) 60.2 (13.2) 0.288

Gender (male), n % 744 (59.5) 279 (63.4) 0.151

� Smoking status, n (%)
Current smoker 62 (5) 33 (7.5) 0.047
Former smoker 488 (39.2) 185 (42) 0.289
� IPA, median (IQR) 25 (11.4–40) 25 (15–40) 0.464

Body mass index, kg/m2, median (IQR) 29.3 (26.2–33.2) 29.6 (26.2–33.2) 0.455

Pulmonary comorbidity, n (%) 268 (21.4) 91 (20.7) 0.744
� COPD, n (%) 78 (6.2) 30 (6.8) 0.670
� Asthma, n (%) 117 (9.4) 35 (8) 0.380
� ILD, n (%) 10 (0.8) 6 (1.4) 0.389

Home oxygen therapy, n (%) 15 (1.2) 10 (2.3) 0.109

Comorbidities, n (%)
� Diabetes_mellitus 251 (20.1) 85 (19.3) 0.731
� Hypertension 535 (42.8) 158 (35.9) 0.011
� Dyslipemia 435 (34.9) 160 (36.4) 0.569
� Coronary artery disease 159 (12.7) 38 (8.7) 0.022
� Nephropatia 56 (4.5) 16 (3.6) 0.449
� Hepatopathy 55 (4.1) 17 (3.9) 0.622
� Immunosuppression 28 (2.2) 12 (2.7) 0.561
� History of cancer 91 (7.3) 27 (6.1) 0.418

Bilateral pneumonia, n (%) 926 (74.4) 362 (83) <0.001

Inpatient, n (%) 973 (77.8) 372 (84.5) 0.003

Hospitalization day, m (SD) 8 (3–16.2) 11 (5–19.7) <0.001

ICU/UCIR, n (%) 296 (23.7) 135 (30.7) 0.004

High flow oxygen or NIV/CPAP, n (%) 539 (43.2) 224 (51) 0.005

Deaths, n (%) 4 (0.3) 2 (0.5) 0.654

Genotyping Test, n (%)
� Absence mutations 1153 (92.7) 184 (42.3)
� MI 2 (0.2) 4 (0.9)
� MS 87 (7) 78 (40.9)
� MZ 0 37 (8.5)
� MM malton 0 2 (0.5)
� MP lowell 2 (0.2) 3 (0.7)
� MM procida 0 1 (0.2)
� SS 0 18 (4.1)
� SZ 0 4 (0.9)
� ZZ 0 4 (0.9)

A1AT mg/dL, m (SD) 143.4 (23.6) 99.8 (13.8) <0.001

CRP_nivel, m (SD) 0.95 (0.29–5) 1 (0.20–6.25) 0.436

Abbreviations: IPA: pack-years; COPD: chronic obstructive pulmonary disease, ILD: diffuse interstitial lung
disease, AOS: sleep apnea syndrome, ICU: intensive care unit, UCRI: intermediate respiratory care unit;
NIV/CPAP: non-invasive ventilation/continuous positive airway pressure; A1AT: alpha-1 antitrypsin; CRP:
C-reactive protein.
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Figure 1. Distribution of COVID-19 severity by serum AAT levels.

3.4. Characteristics According to COVID-19 Severity

There were 872 (43.2) patients defined as suffering severe COVID-19. Cases with
severe COVID were older than patients with non-severe COVID (mean [SD] age: 62.8 [12.8]
versus 58.9 [14.7] years; p < 0.001) and being male was more frequent (67.4% versus 54.3%,
p < 0.001), Table 4. Having A1AT levels below 116 was more frequent in cases with severe
COVID versus non-severe COVID (29.5% versus 23.1, p = 0.003). Cases carrying mutations
associated with AATD were more frequent in severe COVID versus non-severe COVID
(23% versus 18.8%, p = 0.022), Figure 2.

Table 4. Characteristics of patients, according to severity of COVID-19.

n = 2217
Non-Severe COVID-19
n = 1145 (56.8)

Severe COVID-19
n = 872 (43.2)

p-Value

Age, years, m (SD) 58.9 (14.7) 62.2 (12.8) <0.001

Gender (male), n % 54.3 67.4 <0.001

Smoking status, n (%)
� Current smoker 83 (7.3) 37 (4.3) 0.005
� Former smoker 393 (34.7) 400 (46.1) <0.001
IPA, median (IQR) 20 (10–40) 25 (15-40) <0.001

Body mass index, kg/m2, m (SD) 29 (25.7–33.3) 29.4 (26.7–32.6) 0.140

Pulmonary comorbidity, n (%) 243 (21.2) 183 (21) 0.897
� COPD, n (%) 65 (5.7) 57 (6.5) 0.418
� Asthma, n (%) 117 (10.2) 69 (7.9) 0.076
� ILD 13 (1.1) 10 (1.2) 0.978

Home oxygen therapy, n (%) 9 (0.8) 15 (1.7) 0.055

� Comorbidities, n (%)
Diabetes_mellitus 174 (15.2) 210 (24.1) <0.001
Hypertension 402 (35.1) 391 (44.8) <0.001
Dyslipemia 301 (26.3) 374 (42.9) <0.001
Coronary artery disease 98 (8.6) 127 (14.6) <0.001
Nephropathy 45 (3.9) 45 (5.2) 0.188
Hepatopathy 39 (3.4) 41 (4.8) 0.135
Immunosuppression 34 (3) 29 (3.3) 0.649
History of cancer 72 (6.3) 75 (8.6) 0.048
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Table 4. Cont.

n = 2217
Non-Severe COVID-19
n = 1145 (56.8)

Severe COVID-19
n = 872 (43.2)

p-Value

AAT mg/dL, m (SD) 131.9 (31.1) 132.2 (26.6)
� ≥116, n (%) 704 (76.9) 544 (70.5) 0.859
� <116 y ≥ 60, n (%) 209 (22.8) 223 (28.9) 0.006
� <60, n (%) 2 (0.2) 5 (0.6)

A1AT mg/dL, %
0.003� Level ≥ 116, n (%) 704 (76.9) 544 (70.5)

� Level < 116, n (%) 211 (18.4) 228 (29.5)

A1AT genotyping test, n (%)

0.022

� Absence mutations 892 (81.2) 656 (77)
� Presence mutations (%) 206 (18.8) 196 (23)
MI, n (%) 3 (0.3) 3 (0.4)
MS, n (%) 166 (15.1) 150 (17.6)
MZ, n (%) 14 (1.3) 27 (3.2)
MM malton 2 (0.2) 0
MP lowell 4 (0.4) 1 (0.1)
MM procida 1 (0.1) 0
SS 13 (1.2) 9 (1.1)
SZ 2 (0.2) 3 (0.4)
ZZ 1 (0.1) 3 (0.4)

Abbreviations: IPA: pack-years; COPD: chronic obstructive pulmonary disease, ILD: diffuse interstitial
lung disease, AOS: sleep apnea syndrome, ICU: intensive care unit, UCRI: intermediate respiratory care
unit; NIV/CPAP: non-invasive ventilation/continuous positive airway pressure; A1AT: alpha-1 antitrypsin;
CRP: C-reactive protein.

Figure 2. Distribution of the severity of COVID-19 in population with AAT levels < 116 mg/dL and
in population with deficiency-related mutations.

3.5. Factors Related to COVID-19 Severity

In the simple logistic regression analysis, the factors associated with a greater likeli-
hood of having suffered severe COVID-19 were being older, being a male, being a former
smoker, having cardiovascular comorbidities and a history of cancer, having A1AT levels
below 116 mg/dL [OR 1.398 (CI95%: 1.124–1.739), p = 0.003], and having a mutation
associated with AATD [OR 1.294 (CI95%: 1.038–1.612), p = 0.022], Table 5.
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Table 5. Clinical associations with a severe COVID-19 disease.

OR (95% CI) p-Value

Age 1.017 (1.011–1.024) <0.001
Gender (female) 0.573 (0.477–0.689) <0.001
Diabetes_mellitus 1.773 (1.417–2.218) <0.001
Hypertension 1.500 (1.253–1.797) <0.001
Dyslipemia 2.105 (1.744–2.540) <0.001
Coronary artery disease 1.820 (1.376–2.408) <0.001
History of cancer 1.401 (1.001–1.961) 0.049
Current smoker 0.568 (0.381–0.846) 0.005
Former smoker 1.611 (1.344–1.930) <0.001
A1AT level < 116 mg/dL 1.398 (1.124–1.739) 0.003
Presence mutations 1.294 (1.038–1.612) 0.022

4. Discussion

This multicenter observational study investigates the association between AATD and
the severity of COVID-19 in patients with a SARS-CoV-2 infection that were treated by
pneumology departments in Spain. This analysis demonstrates that, having mutations,
variants of the SERPINA1 gene that could affect A1AT protein activity or expression and
that having decreased A1AT levels was significantly associated with a higher likelihood
of suffering from a severe COVID-19 case. This is consistent with data that suggested
that AATD might explain the high COVID-19 mortality in countries with a high AATD
prevalence. During the COVID-19 pandemic, several epidemiologic studies have reported
that the geographical distributions of the prevalence of SERPINA1 allelic variants and
severe cases of COVID-19 were similar, although confounding factors should be considered
in these analyses, such as the different control measures established by governments,
SARS-CoV-2 vaccination, socioeconomic status, and population health [3,7,15]. Other
observational studies in patients with AATD also found a higher frequency of SARS-CoV-2
infection and a higher risk for symptomatic SARS-CoV-2 infection in patients with severe
AATD with lung disease [16,17]. Recently, an EARCO ERS Clinical Research Collaboration
analysis that investigated the impact of COVID-19 on patients with severe AATD (PiZZ,
PiSZ, or rare variants with an equivalent serum A1AT level < 60 mg/dL) [18] showed that
while a poor outcome was more frequent in PiZZ compared with PiSZ, this did not reach
statistical significance; non-respiratory comorbidities were more strongly associated with
a poor outcome than genotype, baseline FEV1, or oxygen saturation. However, it should
be noted that in this cohort of patients with AATD, although 88% were diagnosed with
COVID-19 with a positive PCR, only 31% required hospitalization. In addition, an analysis
of a community-based cohort with > 500,000 participants that assessed the association
between AATD and COVID-19 in the United Kingdom Biobank showed that the most
common and mild AATD genotypes were not associated with increased SARS-CoV-2
infection rates or increased SARS-CoV-2 fatalities, although it must be noted that there were
very few cases of severe AATD in this study [19]. In our population of patients with SARS-
CoV-2 pneumonia, the frequency of Pi*S was 176/1000 and Pi*Z 25/1000. These figures are
high in relation to the estimated prevalence in Spain [20], with a mean SZ prevalence of
278/1000, Pi*Z 17/1000, and Pi*S 104/1000. This higher frequency of mutations related
to severe impairment (ZZ, SZ) found in our cohort could support our hypothesis that a
poor prognosis for COVID-19 patients may be related to the presence of genetic mutations
associated with AATD. A large proportion of patients in our cohort required supportive
therapies and intensive care for COVID-19, which could be explained by the fact that
patients with more severe COVID-19 are usually referred to the pneumology follow-up
clinic because they are at higher risk of developing complications [21]. Indeed, our data
showed that cases carrying mutations associated with AATD were more frequent in severe
COVID versus non-severe COVID (23% vs. 18.8%, p = 0.022). The frequency of Pi*Z was
37.8/1000 in severe COVID versus 17.5/1000 in non-severe COVID, p = 0.001. The presence
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of genetic mutations associated with AATD was found to be a predictor factor associated
with a higher likelihood of suffering a severe COVID-19 case [OR 1.294 (CI95%: 1.038–1.612),
p = 0.022], which was consistent with studies that confirmed a correlation between the
frequency of Pi*Z and Pi*S alleles and mortality rates due to COVID-19 [7]. Furthermore,
recent studies have investigated genetic susceptibility to SARS-CoV-2 and reported that
approximately 20% of life-threatening COVID-19 cases were associated with genetic errors
and gene loci, most of which are involved in two immune signaling pathways [5,22]. Thus,
we could hypothesize that upon exposure to the same virus, while some individuals show
asymptomatic or mild illness, plausibly due to effective immune reactions, severe COVID-19
patients may reflect dysfunctional immune reactions that lead to increased lung injury.

Regarding information on risk factors for the development of SARS-CoV-2 pneumonia
and a severe disease course, our study supports many of the findings from previous reports
indicating that the epidemiology of COVID-19 shows a diverse pattern across people who
are different in age, sex, ethnicity, and particularly among those with pre-existing medical
conditions [3,23–25]. In our cohort, being male, being older, having a history of smoking,
and having age-associated comorbidities significantly contributes to the severity of acute
COVID-19. However, it should be noted that in our analysis, patients with the presence of
genetic mutations associated with AATD or A1AT levels below 116 mg/dL do not have
a higher prevalence of hypertension, diabetes, heart disease, chronic kidney disease, or
chronic obstructive pulmonary disease. However, there are other potential factors, such
as the dominant COVID strain at the time of infection, as this is not an assessment that is
performed in daily clinical practice, or vaccination status against SARS-CoV-2; however,
vaccination coverage in adults in Spain was very high with more than 85% are vaccinated.

Several studies have focused on the possibility of shared pathogenic pathways be-
tween AATD and SARS-CoV-2 infection. Indeed, A1AT has several biological functions
that may antagonize SARS-CoV-2 infection and pathophysiological processes. Alpha-1-
antitrypsin is a tissue protector with antiviral and anti-inflammatory properties [26,27]. The
main function of A1AT is inactivating proteolytic enzymes [28], which are released in pul-
monary tissue. Furthermore, a protective role for A1AT has been described for several viral
infections. A1AT levels may be relevant to the development of viral diseases as rhinovirus
infection, human immunodeficiency virus, hepatitis B and C, and complications [29–31].

The relationship between a worse prognosis of SARS-CoV-2 infection and lower levels
of AAT could be explained by the possible protective role of A1AT against COVID-19.
A1AT reduces transmembrane serine protease 2 activity [27], protection against acute lung
injury [32], and strong anti-inflammatory properties [10]. In relation to the potential A1AT
protective mechanisms of action, our analysis showed that having A1AT levels below 116
was more frequent in cases with severe COVID versus non-severe COVID (29.5% versus
23.1, p = 0.003), and the presence of A1AT levels below 116mg/dL was identified as a
predictor factor associated with a higher likelihood of suffering a severe COVID-19 case,
which was consistent with studies that demonstrated the COVID-19 cytokinemia is distinct
from that of other types of pneumonia. In these studies, the production and sialylation of
A1AT are increased in COVID-19, but this anti-inflammatory response is overwhelmed in
severe illness, with the IL-6: A1AT ratio being markedly higher in patients requiring ICU
admission. In critically unwell patients with COVID-19, increases in IL-6: A1AT predicted a
prolonged ICU stay and mortality, whereas improvement in IL-6:A1AT was associated with
clinical resolution [2]. In this regard, supplementation of the acute A1AT response with
exogenous A1AT may merit consideration, as it has been shown to modulate the production
and activity of the key proinflammatory cytokines described in [28,33] while preserving
the production of IL-10 [34]. Indeed, it has recently been reported that abrupt cessation of
A1AT augmentation therapy for patients with AATD resulted in marked increases in levels
of these specific proinflammatory cytokines, a loss of IL-10, and subsequent progression to
respiratory failure [35].

Our study has several limitations. First, COVID-AATD is a cross-sectional, observa-
tional study in patients treated by pneumology departments and this may carry some bias.
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Patients with more severe COVID-19 are controlled mainly by pulmonologists, which may
result in overestimates since it is more likely the most unwell patients are selected. On the
other hand, most cases were included at the follow-up consultation after discharge, and
very few were during hospitalization for COVID-19, which results in underestimated fatal
COVID cases, despite the fact that the sample size is quite large and stratified by COVID
infection severity. Second, the multiplex system studies the 14 most frequent mutations
that include more than 99% of the deficient variants observed in the world. Therefore,
the identification of Pi*M is achieved through exclusion, since the absence of any of these
14 alleles suggests with more than 99% probability that it is an M. However, when none of
the 14 mutations were found and the A1AT serum level was <60 mg/dL, SERPINA1 gene
sequencing was performed, which did not occur in our study. Third, although the lower
limit of normal A1AT by nephelometry is 90 mg/dL, we established an above-normal
cut-off value in our analysis on the basis that deficient mutations can be detected above this
level and may also be influenced by increased systemic inflammation [36]. Consequently,
the use of an above-normal cut-off value could be argued as a threshold value to screen
for the possible presence of a deficient allele. Fourth, in the logistic regression analysis,
other variables are not considered such as vaccines and specific therapies that could impact
association estimates.

5. Conclusions

Our study identifies the presence of mutations associated with A1AT and that have
A1AT levels below 116 as predictors associated with an increased likelihood of severe
COVID-19. These observations suggest that patients with AATD should be considered at a
higher risk of developing severe COVID-19. These findings highlight the need for further
studies on the role of the A1AT in the pathogenesis and prognosis of SARS-CoV-2 infection
and a potential therapeutic role.
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Abstract: Impaired functional capacity is one of the most commonly reported consequences among
post-COVID-19 patients. This study aimed to analyse the clinical variables related to functional
capacity and exertional desaturation in post-COVID-19 patients at the time of hospital discharge. A
cross-sectional study was conducted on patients recovering from COVID-19 pneumonia. The main
outcomes measures were functional capacity, assessed using the 1 min sit-to-stand test (1 min STST),
and exertional desaturation, defined as a drop of ≥4% in the arterial oxygen saturation. Factors
used to characterise the participant outcomes included the use of a high-flow nasal cannula (HFNC),
prolonged hospitalisation, occurrence of pulmonary embolism during hospitalisation, and underlying
comorbidities. A total of 381 participants (mean age = 53.7 ± 13.2 years, 65.6% men) were included.
Participants completed a mean of 16.9 ± 6.2 repetitions in the 1 min STST. Exertional desaturation
was observed in 51% of the patients. Higher odds of exertional desaturation were found in the
participants who used a HFNC (OR = 3.6; 95%CI: 1.6 to 7.8), were admitted in the hospital >10 days
(OR = 4.2; 95%CI: 2.6 to 6.8), and had a pulmonary embolism (OR = 3.5; 95%CI: 2.2. to 5.3). Use of a
HFNC (β = −3.4; 95%CI: −5.3 to −1.44), a hospital stay >10 days (β = −2.2; 95%CI: −3.4 to −0.9),
and a history of pulmonary embolism (β = −1.4; 95%CI: −2.6 to −0.2) were also negatively associated
with the 1 min STST. Most post-COVID-19 patients exhibited reduced functional capacity at the time
of hospital discharge, and approximately half had exertional desaturation after the 1 min STST. The
use of a HFNC, prolonged hospitalisation and pulmonary embolism were the main clinical variables
associated with worse a 1 min STST performance and a higher likelihood of exertional desaturation.

Keywords: COVID-19; SARS-CoV-2; coronavirus disease 2019; exercise capacity; rehabilitation

1. Introduction

The coronavirus disease (COVID-19) has been a challenge for health systems across
the world, affecting more than 670 million people, with more than 6.8 million deaths by
May 2023 [1]. Although the majority of people infected by the severe acute respiratory
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syndrome coronavirus 2 (SARS-CoV-2) developed asymptomatic or mild disease, about 20%
developed severe disease requiring hospitalisation, and close to 6% required critical care
in an intensive care unit [2]. Among the severe cases, pulmonary embolism is a frequent
complication associated with the clinical worsening of COVID-19 [3]. In addition, some
cases may require respiratory support (e.g., a high-flow nasal cannula (HFNC)) for the
treatment of acute hypoxemic respiratory failure [4]. Thus, prolonged hospitalisation due
to COVID-19 complications may lead to worse outcomes at discharge. Although COVID-19
is primarily a respiratory disease, it can affect multiple systems, such as the cardiovascular
or neurological, leaving a vast number of sequelae that impact the patient’s quality of life
and the ability to return to work [5–8]. Among the most reported sequelae are fatigue,
dyspnoea, and impairment of functional capacity [6,9].

Due to the functional limitations that COVID-19 generates in a significant part of
the population, different national health systems have developed follow-up programmes
focused on imaging, lung function, symptoms, and functional capacity [10–12]. One of
the pillars of the follow-up and intervention programmes is the evaluation of functional
capacity [13], which can be assessed with laboratory tests, such as the cardiopulmonary
exercise test (CPET) or field tests, such as the six-minute walk test (6MWT) or the 1 min
sit-to-stand test (1 min STST) [14–18].

The 6MWT is the most commonly used test for respiratory, cardiological, metabolic,
or neurological diseases [14]. This test has been widely demonstrated to be helpful in
assessing functional capacity and can be performed in low-resource contexts [14]. However,
to provide specific information about functional or exercise capacity, a test should be
chosen according to the characteristics of each subject, the setting, and the physiologically
expected answer [19]. The 6MWT requires a 30 m corridor (at least 20 m), which is often
unavailable in hospitals or rehabilitation centers and even less at home [14]. The 1 min STST
has the advantage of requiring a small space compared to the 6MWT, and less sophisticated
equipment as compared with tests using treadmills or cycle ergometers; as such it may be
an alternative to evaluate functional capacity when the 6MWT cannot be performed [16].
The 1 min STST has significantly correlated with the 6MWT in patients with different
diseases, including post-COVID-19, chronic obstructive pulmonary disease (COPD), and
pulmonary hypertension (PH) patients [16,20,21].

Functional capacity assessments are widely used in intervention programmes such as
pulmonary rehabilitation [22–24]. Due to the high number of patients left with sequelae and
the recommendation to evaluate functional capacity according to the guidelines recommen-
dations [12,25], it is necessary to determine which clinical variables may affect the results
of functional evaluations and to identify the people with an increased risk of having a poor
result. Therefore, our objective was to analyse the clinical variables related to functional
capacity and exertional desaturation in post-COVID-19 patients at hospital discharge.

2. Materials and Methods

2.1. Design and Participants

We conducted a cross-sectional study in patients recovering from COVID-19 pneu-
monia once they were discharged from the Hospital de la Baxada between April 2021 and
March 2022. Ethics committee approval was obtained, and all patients signed the informed
consent. This study followed the recommendations of the STrengthening the Reporting of
OBservational studies in Epidemiology guidelines (STROBE) [26].

The inclusion criteria were as follows: patients older than 18 years, and a diagnostic of
COVID-19 by positive PCR assay findings for nasal and pharyngeal swab specimens. In ad-
dition, the exclusion criteria were the presence of locomotor or cognitive impairment before
the infection, refusal to participate, and any pre-existing condition, such as orthopaedic or
neurological conditions, that limited the ability to perform the 1 min STST.
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2.2. Measurements

Demographic characteristics, medical history, exposure history, and underlying comor-
bidities were collected at discharge. The main outcome measure was functional capacity,
assessed through the 1 min STST at hospital discharge. All tests were conducted in the
same room, with only the presence of the evaluator and the patient, to avoid distractions.

The 1 min STST was performed with a standard height chair (46 cm) without armrests,
positioned against a wall. Participants were not allowed to use their hands/arms to push
the chair’s seat or their body. Participants were instructed to complete as many sit-and-
stand cycles as possible in 60 s at a self-paced speed [25]. We used the reference values
based on the healthy adult population previously reported by Strassmann et al. [27].

A finger oximeter was used to record the oxygen saturation (SpO2) and heart rate (HR).
A drop of ≥4% in the arterial oxygen saturation was considered clinically significant [28].
The evaluator had previous experience (5 years) in performing field tests to assess physical
capacity, including the 6MWT and 1 min STST. The 6MWT was performed following
the recommendations of the European Respiratory Society/American Thoracic Society
(ERS/ATS) clinical guidelines [14]. The 1 min STST was performed only once to avoid a
learning effect [29].

The clinical variables were as follows: (1) Use of a HFNC during hospitalisation;
(2) prolonged hospitalisation. Based on previous studies in patients with COVID-19, length
of stay >10 days was established as the cut-off point for defining a prolonged hospital
stay [18,30]; (3) pulmonary embolism during hospitalisation; (4) history of underlying
comorbidities (diabetes, hypertension, or chronic respiratory disease) at the time of hospi-
talization; (5) obesity (i.e., body mass index ≥ 30 kg/m2)

2.3. Statistics

All statistical analyses were performed with SPSS software (v. 22.00 for Windows,
Chicago, IL, USA). The normality of the data distribution was assessed using the Shapiro–
Wilk test. Data were described as the mean ± standard deviation, frequency, and per-
centages. To evaluate the associations of each of the clinical variables with the exertional
desaturation after the 1 min STST (outcome), binary logistic regression analysis adjusted for
sex and age (covariates) was performed. Data were presented as the odds ratio (OR) with
95% confidence intervals (95%CI). The effect sizes of the OR were characterised as small,
moderate, or large and were established by an OR of 1.68, 3.47, and 6.71, respectively [31].
The sample size was pragmatic and depended on the ability of the clinical staff to recruit
the participants continuously and to collect the data.

To evaluate the associations of each of the clinical variables with the number of
repetitions in the 1 min STST (outcome), a simple linear regression analysis adjusted for
sex and age (covariates) was performed. Data were presented as the regression coefficient
(β), with 95%CI. The level of statistical significance was set at p < 0.05.

3. Results

A total of 381 participants (mean age = 53.7 ± 13.2 years, 65.6% men) were included
in the study (Table 1). The mean number of repetitions in the 1 min STST was 16.9 ± 6.2.
Moreover, 78.4% of the cases obtained results below the lower limit of normality (per-
centile 2.5), according to the reference values. A total of 51.1% of the patients presented
exertional desaturation after the 1 min STST. Table 2 shows the adjusted models for the
association between the clinical variables and exertional desaturation after the 1 min STST.
Participants with a history of HFNC (OR = 3.6; 95%CI = 1.6 to 7.8), hospital stay >10
days (OR = 4.2; 95%CI = 2.6 to 6.8), and pulmonary embolism (OR = 3.5; 95%CI = 2.2.
to 5.3) had a significantly higher risk of exertional desaturation, with a moderate effect
size. Table 3 shows the adjusted models for the association between the clinical variables
and functional capacity. Use of a HFNC (β = −3.4; 95%CI = −5.3 to −1.44]), hospital stay
>10 days (β = −2.2; 95%CI = −3.4 to −0.9) and a history of pulmonary embolism (β = −1.4;
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95%CI = −2.6 to −0.2) were negatively associated with the number of repetitions in the
1 min STST.

Table 1. Clinical characteristics of patients (n = 381).

Characteristics Value

Age (years) 53.7 ± 13.2

Sex male n (%) 250 (65.6)

BMI (kg/m2) 31.3 ± 6.3

HFNC therapy, n (%) 39 (10.3)

Hospital stay (days) 9.5 ± 6.6

Hospital stay >10 days, n (%) 124 (32.5)

Pulmonary embolism, n (%) 161 (42.2)

Diabetes, n (%) 90 (23.6)

Hypertension, n (%) 141 (37.0)

Chronic respiratory disease, n (%) 21 (5.5)

Obesity, n (%) 200 (52.4)

1 min STST (repetitions) 16.9 ± 6.2

Repetitions < 2.5th percentile, n (%) 299 (78.4)

Exertional desaturation, n (%) 195 (51.1)
Data are presented as mean ± standard deviation or n (%). Abbreviations: BMI = Body mass index; HFNC = High-
flow nasal cannula; 1 min STST = 1 min sit-to-stand test.

Table 2. Associations between clinical variables and exertional desaturation after 1 min STST in
post-COVID-19 patients.

Clinical Variables Category Adjusted OR [95%CI] a

HFNC therapy Yes vs. No 3.6 [1.6 to 7.8]

Hospital stay > 10 days Yes vs. No 4.2 [2.6 to 6.8]

Pulmonary embolism Yes vs. No 3.5 [2.2. to 5.3]

Diabetes Yes vs. No 1.0 [0.6 to 1.6]

Hypertension Yes vs. No 1.1 [0.7 to 1.8]

Chronic respiratory disease Yes vs. No 0.9 [0.4 to 2.1]

Obesity Yes vs. No 1.6 [1.1 to 2.4]

Abbreviations: CI = confidence interval; HFNC = High-flow nasal cannula. a Adjusted for sex and age.

Table 3. Associations between clinical variables and number of repetitions in the 1 min STST in
post-COVID-19 patients.

Clinical Variables Category Adjusted β [95%CI] a

HFNC therapy Yes vs. No −3.4 [−5.3 to −1.44]

Hospital stay > 10 days Yes vs. No −2.2 [−3.4 to −0.9]

Pulmonary embolism Yes vs. No −1.4 [−2.6 to −0.2]

Diabetes Yes vs. No −0.3 [−1.7 to 1.2]

Hypertension Yes vs. No −0.4 [−1.7 to 0.9]

Chronic respiratory disease Yes vs. No −1.7 [−4.3 to 0.9]

Obesity Yes vs. No 0.4 [−0.9 to 1.6]
Abbreviations: CI = confidence interval; HFNC = High-flow nasal cannula. a Adjusted for sex and age.
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4. Discussion

At hospital discharge, most patients that had recovered from acute COVID-19 infection
had decreased functional capacity, and approximately half had exertional desaturation.
The patients with a history of HFNC, prolonged hospitalisation, and pulmonary embolism,
had worse 1 min STST performance and a higher likelihood of exertional desaturation.
We found that almost 80% of the patients had a functional capacity lower than the 2.5th
percentile of the reference values used. Our results were in line with other reports that
showed a great affectation in the functional capacity of post-COVID-19 patients [18,24].

Our findings showed that hospitalisation for more than ten days and using respiratory
support (through the HFNC) increased the risk of exertional desaturation. These were not
unexpected since the most severe patients require ventilatory support and consequently
spend more days hospitalised in critical units [32,33]. Nevertheless, the literature has
shown that impaired functional capacity is not necessarily related to the severity of the
disease [34]; damage caused by the virus or generated by ventilatory dependence must
also be considered together with the harmful effects of prolonged rest [33].

The patients who had a pulmonary embolism during hospitalisation had an OR of
3.5 to develop exertional desaturation. This aligned with a recent study that found that
29% (24/84) of patients with COVID-19 had a pulmonary embolism; the authors reported a
lower level of peripheral oxygen saturation (86.8% vs. 88.6% p = 0.016) and longer time
of hospitalisation (p < 0.01) in patients with a pulmonary embolism compared with the
no-pulmonary embolism cases [35]. These findings were related to structural damage, as in
87% of patients, the pulmonary embolism was found in the lung parenchyma affected by
COVID-19 pneumonia, with a worse chest tomography severity score and a greater number
of lung lobar involvement compared with the non-pulmonary embolism patients [35].

The pathogenesis of COVID-19 associated with pulmonary embolism is unclear [35].
However, it has been reported that some patients with COVID-19 showed pulmonary
vascular compromise [36]. On the other hand, some studies have reported vascular com-
promise in areas of pulmonary opacities, which could indicate an inflammatory response
with vascular involvement leading to thrombosis [37,38].

The use of the 1 min STST proved to be a good tool to assess functional capacity and
exertional desaturation in the post-COVID-19 patients, which, given its advantages in
terms of low space and equipment requirements, could be applied in different settings
(e.g., in the office or in telehealth) to identify cases with major functional limitations, and to
guide rehabilitation teams in decision making (e.g., exercise prescription) [39]. In fact, the
30 s sit-stand test, as a variant of the sit-to-stand test, has been shown to be a viable and safe
option for telehealth assessment and is associated with persistent post-COVID-19 sequelae
(e.g., fatigue, dyspnoea, and pain) in non-hospitalised patients [40]. Although there are
no protocols comparing the 1 min STST or the 30s STST in patients with COVID-19, there
are studies that compare them in COPD showing that the 1 min STST was even better
associated with important clinical outcomes such as functional exercise capacity, functional
status, and physical activity in daily life [41]. Consequently, healthcare professionals may
use this method (as well as the 1 min STST) when face-to-face assessment of physical
COVID-19 sequelae is not feasible due to geographical and socio-economic constraints.

On the other hand, this assessment should be complemented by evaluating other
relevant health indicators in post-COVID-19 patients, such as pulmonary function [8],
social factors [42], comorbidity burden [43], performance in activities of daily living [44],
and persistent symptoms such as dyspnea and fatigue [40]. In addition, it should be noted
that there were several factors, both from the patients’ and the testing centre’s perspective,
that influenced the patients’ physical capacity. For example, advanced age and frailty were
strongly associated with reduced functional capacity in COVID-19 survivors [45,46]. These
factors can affect muscle strength (older people take longer to regain muscle strength),
mobility, endurance, and balance, which may affect independence and quality of life [47].
Therefore, physical function tests such as the short physical performance battery are
recommended for this population [48]. Also, cognitive status, which may be impaired in
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post-ICU patients due to medication use and/or the presence of delirium [13], may have
limited the assessment of physical capacity by using a test that required the following of
instructions [14]. Therefore, the characteristics of each individual must be considered when
selecting the appropriate test.

Our assessment was mainly based on evaluating physical capacity. However, the
long-term effects on physical capacity are closely associated with lung damage, which
can be measured through the lung function test and imaging evaluations. The existing
literature indicates that approximately 50% of patients exhibit residual lung function
abnormalities three months after hospital discharge [49], which is higher in the post-ICU
patients [50]. We did not perform lung function evaluation, since clinical guidelines suggest
an evaluation between 8- and 12-weeks post discharge [12], since the lung function would
reflect the exaggerated inflammatory response of the host to viral pneumonia with severe
gas exchange impairment and excessive stress and strain on the lung parenchyma [50,51]
more than the actual lung function of the patients.

Strengths and Limitations

The strengths of our study included the relatively large sample size and the use of
a validated tool to assess the main outcome. In contrast, this study had some limitations.
First, due to the nature of the cross-sectional analysis, we could not establish a causal
relationship between the clinical variables and outcomes. Therefore, the results should
be interpreted with caution. In addition, we could not rule out selection bias due to the
nature of convenience sampling. Also, the absence of radiological images as well as the
underreporting of comorbidities in each patient’s medical history may have underestimated
the true strength of the association of these variables with the outcomes. On the other
hand, information on the level of physical activity prior to hospitalisation was unavailable.
Therefore, residual confounding bias was possible due to a lack of adjustment for physical
activity variables. Finally, the results were compared with international reference values
since they are unavailable for our country.

5. Conclusions

Most post-COVID-19 patients experienced a decrease in functional capacity at the time
of hospital discharge, and approximately half of them exhibited exertional desaturation
after the 1 min STS. The use of a HFNC, prolonged hospitalization, and the occurrence of a
pulmonary embolism during hospitalisation were the main clinical variables associated
with poorer performance in the 1 min STST performance and with a higher likelihood of
exertional desaturation. Future studies should assess the energy expenditure and oxygen
consumption to determine if, from a metabolic standpoint, the 1 min STST behaves similarly
to the 6MWT in post-COVID-19 patients. Clinical guidelines should incorporate this type of
field test to facilitate the evaluation of physical capacity and exercise-induced desaturation,
with a focus on patients with a history of HFNC use, prolonged hospitalisation, and
pulmonary embolism.
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Abstract: Post-Covid Olfactory Dysfunction (PCOD) is characterized by olfactory abnormalities, hy-
posmia, and anosmia, which are among the most often enduring symptoms in individuals who have
recovered from SARS-CoV-2 infection. This disorder has been reported to persist in subsets of patients
well after 12 months following infection, significantly affecting their quality of life. Despite the high
prevalence of PCOD among patients who suffered from SARS-CoV-2 infection, specific therapeutic
strategies are still limited. Among these, emerging evidence seems to indicate the administration of
CoUltraPEALut, a combination of micronized Palmitoylethanolamide (PEA), an endogenous fatty
acid amide, and Luteolin, a natural antioxidant flavonoid, as a viable therapy, especially when given
as an adjuvant to olfactory training. Based on the above, a systematic review and a meta-analysis
of the literature were conducted, with the aim of evaluating the efficacy of CoUltraPEALut as an
addition to olfactory training (OT), in treating PCOD symptoms. Pubmed (MEDLINE), Embase
(OVID), and Web of Science scientific databases were screened from the inception until 31 May 2023,
and a total of 407 articles were recovered; only five of these studies (441 total patients between
treated and control groups) were included in the systematic review. CoUltraPEALut demonstrated
significant efficacy in the overall recovery of the olfactory function, compared to the conventional
therapy, suggesting that it could represent a possible future adjuvant treatment for PCOD.

Keywords: palmitoylethanolamide (PEA); Luteolin; CoUltraPEALut; SARS-CoV-2; COVID-19;
Post-Covid Olfactory Dysfunction (PCOD); respiratory disorders

1. Introduction

N-acetylethanolamines (NAEs) are a family of endogenous lipid molecules that include
palmitoylethanolamide (PEA) [1,2].

PEA is produced “on demand” by our body, in response to stressful conditions or
inflammatory stimuli, thus denoting its key role in maintaining cellular homeostasis [3].
Even though it is speculated that PEA can interact via binding to certain nuclear receptors
like PPAR, and in particular to PPAR-α, as well as to a cannabinoid-type receptor GPR55,
the mechanism of action of PEA is not yet completely understood [4]. Although PEA has
been shown to have powerful protective activities by Autacoid Local Injury Antagonism
(ALIA) mechanism [5], one of its main problems is its poor bioavailability [2]. Concerning
this, pharmaceutical micronization processes have proven to be very advantageous for
dissolution enhancement of poorly water-soluble drugs [6]. PEA-um, as a new formulation
of PEA, has been shown to be effective in reducing inflammatory processes [2].
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The conjugation of PEA with antioxidant molecules may increase its efficacy and
provide stronger pharmacological effects. In fact, PEA lacks a direct antioxidant ability
for preventing the generation of free radicals and mitigating the damage that free radicals
cause to DNA, lipids, and proteins.

In recent years, scientific interest in flavonoids has increased enormously; in fact,
considering their biological effects, these precious natural molecules can be a valuable
support against several diseases, providing beneficial effects for human health. In particular,
Luteolin occurs naturally in many vegetables and fruits, and its therapeutic effects on
various pathologies were demonstrated by much scientific evidence. Due to its biological
characteristics, it has potent anti-inflammatory, anti-diabetic, antioxidant, and anticancer
effects, which improve patient clinical outcomes in many pathological settings.

The pharmaceutical formulation combining PEA with Luteolin, known as CoUl-
traPEALut, has been shown to have neuroprotective and neuroregenerative properties
following traumatic brain injury (TBI) or MPTP-induced Parkinson’s disease [7].

These beneficial effects on human health would suggest the use of CoUltraPEALut
also in different clinical pictures.

Over the past three years, most clinical efforts have been directed toward the COVID-
19 pandemic, which has constituted one of the worst global public health emergencies.

Although the rapid development of vaccines has mitigated the impact of COVID-19
on severe clinical outcomes and mortality rate, the search for pharmacological strategies
effective in moderating the long COVID-19 syndrome remains an unsolved clinical chal-
lenge. The most typical symptoms of post-COVID-19 syndrome include fatigue, headache,
dyspnea, hoarseness of voice, and myalgia, and the presence of comorbidities may worsen
long-term illnesses [8]. In this scenario, many COVID-19 patients exhibited olfactory
dysfunction, now identified as Post-Covid Olfactory Dysfunction (PCOD), which is a ma-
jor concern following infection [9]. Both peripheral and central mechanisms have been
suggested as possibly involved in the occurrence of PCOD [10]. As far as a peripheral
mechanism is concerned, SARS-CoV-2 is known to have a marked tropism for respiratory
epithelial cells, particularly for sustentacular cells, because of the high expression rate on
these cells of ACE-2 receptors [11]. On the other hand, there is evidence showing that
SARS-CoV-2 has only marginal affinity for olfactory sensory neurons, namely the medi-
ators of the olfactory perceptions [12]. However, it has been proposed that an extensive
damage of the respiratory epithelium may result in long-term reduction of the olfactory
functionality. Recent evidence seems to support this hypothesis, in that a primary damage
of sustentacular cells may disrupt homeostasis of nearby olfactory sensory neurons, thus
inducing a marked and sustained alteration in the gene expression of olfactory sensory
neurons [13].

On the other hand, it has been suggested that several neurological signs in SARS-
CoV-2 patients may be due to the diffusion of the infectious virion, or of inflammatory
mediators, from the cribriform plate up to the olfactory bulb via paracellular or transcellu-
lar pathways [10]. However, only fragmentary information is presently available on the
involvement of the olfactory bulbs during SARS-CoV-2 infection. Evidence from COVID-19
autopsy reports has been provided, showing marked inflammation in the olfactory bulbs,
along with significantly increased SARS-CoV-2 RNA levels in the olfactory bulbs compared
to other cerebral regions [14,15]. Furthermore, some studies, using MRI techniques, discov-
ered morphological changes (mainly a decreased volume) in the olfactory bulb and in the
related cortical areas [16,17].

Considering these assumptions, our review question focuses on whether CoUltra-
PEALut could improve olfactory loss following COVID-19 infection.

Therefore, by investigating PubMed (MEDLINE), Embase (OVID), and Web of Sci-
ence scientific databases, this systematic review and meta-analysis aimed to assess the
efficacy of CoUltraPEALut in improving olfactory dysfunction-related outcomes in long
COVID-19 patients.
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2. Methods

2.1. Search Strategy

We performed the literature search by using PubMed (MEDLINE), Embase (OVID),
and Web of Science bibliographic databases. We used the Preferred Reporting Items for
Systematic Review and Meta-analysis Protocols (PRISMA-P) guidelines in order to report
a detailed search strategy of the articles. Based on the qualifying requirements listed in
Table 1 and taking into account only English-language literature, APC and AA conducted
the bibliographic search.

Table 1. Description of inclusion and exclusion criteria employed for the literature search.

Inclusion Criteria Exclusion Criteria

Clinical Trials or Randomized Controlled Trials evaluating CoUltraPEALut
formulation (Glialia®, Epitech Group SpA, Saccolongo, Italy) in long COVID-19

olfactory dysfuction.

Observational studies, case-control studies, case reports, cross-sectional studies,
cohort studies, editorials, letters, reviews, guidelines, abstracts and paper
conferences, systematic reviews and meta-analyses, and ongoing studies.

Articles not written in English.

The search strategy was developed, and the study was supervised by two content
experts (MC and EE).

We searched for a period comprising from 2020 to 2023, no geographic exclusion
criteria were imposed. Terms related to CoUltraPEALut in the context of long COVID-19
were explored in PubMed (MEDLINE), Embase (OVID), and Web of Science databases by
using specific keywords summarized in Table 2.

Table 2. Keyword combinations used during the search strategy.

CoUltra PEALut Long COVID-19

Palmitoylethanolamide, PEA, Luteolin, CoUltra PEALut, Co-Ultra PEALut,
um-PEA-LUT, PEA-LUT, Glialia.

COVID-19, COVID19, COVID-19 Virus, COVID-19 Viruses,
COVID-2019, SARS-CoV-2, SARS-CoV-2 Infection, Coronavirus, Coronaviruses,

long COVID-19, long COVID-19 syndrome, long COVID-19 syndromes, post
COVID-19, post COVID-19 syndrome, post COVID-19 syndromes, COVID-19

syndrome, COVID-19 syndromes, COVID-19 olfactory loss, COVID-19 olfactory
dysfunction, COVID-19 olfaction, long-haul COVID syndrome, post-acute

sequelae of SARS-CoV-2 infection (PASC).

2.2. Study Selection

We first performed our search using PubMed (MEDLINE), Embase (OVID), and Web of
Science databases and then we excluded duplicates. After this step, the titles and abstracts
of all findings found were then separately examined by the two review authors (APC and
AA) to weed out any records that were not pertinent. After that, we carefully examined the
full-text articles to select those that met the requirements for eligibility. The involvement of
a third review author (EE) helped to reconcile differing viewpoints.

The included studies’ data were extracted by two authors (APC and AA). We collected
the following information from the five included studies: title, author(s), publication year, study
catchment area (i.e., geographic zone), study participants, and associated clinical outcomes.

2.3. Assessment of Risk of Bias

Using the Cochrane Risk of Bias 2.0 (RoB2) tool, two reviewers (APC and AA) inde-
pendently evaluated the quality of the eligible records.

Specifically, they evaluated the risk of bias on five domains: randomization process
(D1), deviations from the intended interventions (D2), missing outcome data (D3), mea-
surement of the outcome (D4), and selection of the reported result (D5).

This assessment led to the classification of the study’s value as low, medium, or high.
A third review author (EE), who assisted in attaining consensus, was brought in to help
settle differences in score allocations. None of the papers were deemed to be at a high risk
of bias after the authors’ evaluations.
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2.4. Data Synthesis Methods for Meta-Analysis

For statistical analysis in the meta-analysis, we employed an odds ratio (OR) measure
and the random-effects model with the Mantel–Haenszel approach. We successfully com-
bined estimates of the variant effect (OR) and its corresponding 95% confidence interval
(CI). The forest plots were graphically examined to determine the heterogeneity, which
was then measured using the I2 statistic [18,19]. The meta-analysis of the pooled data was
carried out using Review Manager (RevMan Version 5.4., The Nordic Cochrane Centre,
The Cochrane Collaboration: Copenhagen, Denmark, 2014).

3. Results and Discussion

3.1. Findings from Systematic Search

Using the PRISMA-P flowchart, we show the entire screening procedure in Figure 1.
By combining the search terms listed in Table 2, we were able to find 407 records in the
PubMed (MEDLINE), Embase (OVID), and Web of Science databases. After removing the
duplicates, we had 273 records left, which we next examined for eligibility considering the
title and abstract. Because their title and abstract were not pertinent to our review topic,
we disregarded 250 publications in this phase.

After checking 23 articles’ entire texts for eligibility, we eliminated 18 records since
they did not meet the inclusion and exclusion requirements. As illustrated by the PRISMA
Flowchart presented in Figure 1, we finally included five studies in our systematic review
that assessed the effectiveness of CoUltraPEALut in PCOD. We also performed a meta-
analysis to determine if CoUltraPEALut was successful in treating PCOD patients.

Figure 1. PRISMA flow diagram. The picture outlines each phase of the search strategy and screening
procedure, which was carried out in accordance with PRISMA-P guidelines.
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Only three records that examined the effects of CoUltraPEALut on olfactory dysfunction
(measured by Sniffin’ Sticks and reported as TDI score) compared to a control group were
chosen for this purpose from the five studies that were included in the systematic review.

3.2. Evaluation of Included Studies in the Systematic Review

Olfactory dysfunction was evaluated in each included trial using the Sniffin’ Stick
score (TDI score) between the control group and treatment group both at T0 (baseline) and
T1 (endpoint). Overall, in each study (summarized in Table 3), CoUltraPEALut treatment
plus olfactory training (OT) considerably increased the TDI score values compared to the
control group improvement, indicating a stronger recovery of olfactory function.

Twelve people, ranging in age from 18 to 90, were included in the study of D’Ascanio et al.
Patients had a documented history of COVID-19 and anosmia or hyposmia that persisted
for at least 90 days following a negative COVID-19 nasopharyngeal swab result. Subjective
reports at T0, the beginning of the trial, indicated persistent smell problems. The evaluation
at T1 (30 days following the trial’s completion), which included OT sessions and adherence
to the treatment group’s supplement regimen, was conducted on all study participants [20].
Treatment combining olfactory rehabilitation with oral PEA and luteolin supplementation
has been associated with increased olfactory function recovery (evaluated by Sniffin’ Sticks),
particularly pronounced in individuals with chronic olfactory impairment [20].

De Luca et al. included 69 patients with a verified history of COVID-19, including
43 women and 26 men, ages 18 to 80, with anosmia/hyposmia that persisted for at least
180 days (six months) following a negative COVID-19 nasopharyngeal swab. They were
assigned to three groups: (1) individuals with prior OT received a daily PEA-LUT oral
supplement and continued OT; (2) Training-Naïve 1 (PEA-LUT plus OT) patients consumed
one sublingual sachet of PEA-LUT per day and performed OT three times a day; and
(3) patients consumed one sublingual sachet of PEA-LUT per day and underwent no
additional intervention [21].

Overall, the treatment using oral PEA-LUT and olfactory training improved olfactory
dysfunction in individuals with protracted COVID and chronic olfactory loss [21] as
evidenced by improvement in TDI score and an improved perception of smells through the
administration of a questionnaire that contained 52 different odors.

With 185 patients, ranging in age from 18 to 80, who had verified COVID-19 histo-
ries and anosmia or hyposmia that persisted for more than 180 days (six months) after a
later negative COVID-19 nasopharyngeal swab, Di Stadio et al. conducted a multicenter
double-blinded randomized clinical study. These are the two study groups’ definitions:
(2) Conventional therapy (control group): daily treatment with placebo and OT; (1) Inter-
vention therapy (intervention group): daily treatment with PEA-LUT oral supplement [22].

In a different study, Di Stadio and colleagues recruited a different group of patients
with the same long covid condition, aged 18 to 60 years with a confirmed history of COVID-
19 and anosmia/hyposmia persisting ≥180 days after a negative COVID-19 nasopharyngeal
swab. The COVID-19 group subjects were treated using um-PEA-LUT plus OT [23].

In addition, the most recent work of Stadio et al. evaluated once again the efficacy
of CoUltraPEALut and OT compared to OT alone for the treatment of smell disorders in
another Italian region, thus confirming in another set of analyses the advantages of PEA
and Lut combination on the quality smell disorders in the post-COVID population [24]. The
research comprised a total of 130 patients; 94 patients (49 women and 45 men, average age
36.7 ± 11.8) were placed in the treatment group, while 36 patients (21 women and 15 men,
average age 50.5 ± 12.7) were placed in the control group. Patients in the therapy group
had smell alteration lasting 8.8 ± 3.7 months on average, compared to 8.5 ± 2 months for
patients in the control group [24]. Nevertheless, the authors cautioned that their findings
on parosmia are constrained and that the difference in average ages between the groups has
affected their interpretation of the data. This discovery was verified by the identification of
age and sniffing score at T0 as components that influenced the parosmia resolution. In fact,
the control group comprised younger patients than the treatment group, who might have
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benefited from spontaneous recovery, which is less likely in patients over 40. Therefore, it
was noted that more research comparing patients of the same age is required to determine
whether the PEA-Lut combination is effective in treating qualitative smell changes.

Table 3. Summary of the studies included in the systematic review that assessed the effectiveness of
CoUltraPEALut for olfactory dysfunction.

First Author and Year
of Publication

Number of Patients Included
CoUltraPEALut Dosage

Regimen
Main Results Reference

D’Ascanio et al.,
2021

Total n: 12 patients with PCOD

- Treatment group (OT +
umPEA-LUT), n: 7

- Control group (OT + Placebo),
n: 5

umPEA-LUT (PEA 700 mg
and Luteolin 70 mg) once
a day, for 30 consecutive

days

Patients which received
umPEA-LUT in combination

to OT had a significant
improvement in TDI scores,
evaluated with the Sniffin’
Sticks identification test,
compared to the Control

group.

[20]

De Luca et al.,
2022

Total n: 69 patients with PCOD

- Previously trained group:
individuals previously exposed
to OT (OT + umPEA-LUT), n: 10

- Training-Naïve 1: individuals
not previously exposed to OT
(OT + umPEA-LUT) n: 43

- Training-Naïve 2: individuals
not previously exposed to OT
(umPEA-LUT without OT), n: 16

umPEA-LUT (PEA 700 mg
and Luteolin 70 mg) once
a day, for 90 consecutive

days

Treatment with umPEA-LUT
was associated with an

improvement in PCOD and
mental clouding symptoms.

The effects were more
pronounced when combining

PEA-LUT and OT.

[21]

Di Stadio et al., 2022

Total n: 185 patients with PCOD

- Treatment group (OT +
umPEA-LUT), n: 130

- Control group (OT + Placebo),
n: 55

umPEA-LUT (PEA 700 mg
and Luteolin 70 mg) once
a day, for 90 consecutive

days

Patients receiving
umPEA-LUT showed a

significantly greater
improvement in TDI scores in
comparison to patients in the

control group.

[22]

Di Stadio et al., 2023

Total n: 130 patients with PCOD
reporting parosmia as a symptom

- Treatment group (OT +
umPEA-LUT), n: 94

- Control group (OT + Placebo),
n: 36

umPEA-LUT (PEA 700 mg
and Luteolin 70 mg) once
a day, for 90 consecutive

days

umPEA-LUT in combination
with OT shows significant

efficacy compared to OT alone,
in treating quantitative

olfactory alterations, measured
as TDI scores. No significant

effects on qualitative
alterations (parosmia) were

observed between the groups.

[24]

Di Stadio et al., 2023
Total n: 45 with PCOD

- PCOD group (OT +
umPEA-LUT), n: 45

(umPEA-LUT) PEA
700 mg and Luteolin
70 mg once a day, for
90 consecutive days

PCOD patients at the end of
the umPEA-LUT treatment
period showed significantly

higher TDI scores compared to
the baseline scores.

[23]

3.3. Meta-Analysis

The inclusion criteria (quantitative comparison of TDI score between treated patients
and controls) were only met by three records from the screening method used to identify
trials eligible for meta-analysis.

Although there was significant heterogeneity (I2 = 89%), the total OR was 3.07 (95%
CI: 2.22–3.92) and the test for overall effect was p < 0.00001.

In addition, as can be seen in the forest plot (Figure 2), the ORs of each single study vary
from 1.80 to 7.90. This outcome had a strong statistical significance, showing the significant
increased rate of olfactory recovery after CoUltraPEALut administration associated with
OT, compared to control subjected only to OT.
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Figure 2. Forest plot of the studies analyzed in the quantitative synthesis [20,22,24]. By subtracting
the value at endpoint with the value at baseline and calculating the combined SD, the forest plot
shows how the TDI score improved in treated patients and control individuals. The impact estimate
(ORs) is displayed as squares, with the size of each green square reflecting the weight assigned to
each research in the meta-analysis. The 95% confidence intervals (CIs) for each effect estimate are
shown as horizontal lines. The black diamond’s width, which indicates the total 95% CI, represents
the overall effect of intervention. A measurement of heterogeneity is the I2 statistic. Effect size OR:
3.07 [2.22, 3.92]; p < 0.00001.

Furthermore, to emphasize how different statistical approaches impact the outcome,
we choose to present the same data using the random-effect model due to the significant
degree of heterogeneity detected in the previous analysis (Figure 3).

The employment of the random-effect model revealed the same degree of heterogene-
ity (I2 = 89%), while the total OR was greater, reaching a value of 4.28 although with an
extended 95% CI: −0.04, 8.60 while the test for overall effect was less significant showing a
p = 0.05.

Figure 3. Forest plot of the studies analyzed in the quantitative synthesis [20,22,24]. By subtracting
the value at endpoint with the value at baseline and calculating the combined SD, the forest plot
shows how the TDI score improved in treated patients and control individuals. The impact estimate
(ORs) is displayed as squares, with the size of each green square reflecting the weight assigned to
each research in the meta-analysis. The 95% confidence intervals (CIs) for each effect estimate are
shown as horizontal lines. The black diamond’s width, which indicates the total 95% CI, represents
the overall effect of intervention. A measurement of heterogeneity is the I2 statistic. Effect size OR:
4.28 [−0.04, 8.60]; p = 0.05.
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3.4. Discussion

Olfactory impairment or loss is one of the most common chemosensory dysfunctions
associated with COVID-19 infection [25,26]. Its prevalence during the acute phase of
the disease varies considerably among series, according to whether any degree of smell
impairment is considered (i.e., hyposmia or only true anosmia), olfactory impairment is
selectively evaluated, and not least the method used for olfactory loss detection [27]. Studies
on the olfactory system show that SARS-CoV-2 can spread to the olfactory bulb and other
parts of the central nervous system after entering the olfactory neuroepithelium [28]. SARS-
CoV-2 is capable of persisting in patients’ olfactory bulbs even after they have recovered
from an acute infection, leading to persistent olfactory impairments [29].

According to research, brain inflammation may be a frequent mediator of symptoms
in patients with altered smell, who may also experience headache or brain fog [30,31].
Additionally, in the long COVID-19 research field, studies using MRI have shown that
SARS-CoV-2 infection caused inflammatory changes to the olfactory bulbs [16].

Here, we focused on the improvement of clinical outcomes in PCOD patients following
the administration of CoUltraPEALut, through a systematic search of different scientific
databases, with the aim of investigating its beneficial effects in long COVID-19 patients.

By lessening the degree of neuroinflammation brought on by SARS-CoV-2, CoUltra-
PEALut treatment could enhance regeneration during olfactory training [32].

In fact, it was widely recognized that PEA has been shown to shift microglia’s polar-
ization to a protective M2 phenotype, boosting brain regeneration and potentially favoring
smell restoration [33]. Likewise, by preventing pro-inflammatory microglia from polarizing,
luteolin prevents the deterioration of brain cells [34].

In accordance, our review including five studies and a total of 441 subjects (match-
ing treated and control groups) showed persisting abnormalities of their sense of smell
(hyposmia or anosmia) post COVID-19 infection. To solve olfactory dysfunction, in all
these recent studies, including clinical trials and longitudinal study, the treatments with
CoUltraPEALut, OT alone, or their combination, were compared.

In every systematically searched clinical study, olfactory recovery was better when
oral CoUltraPEALut supplementation was paired with OT than OT alone. In particular, the
goal of this multimodal strategy was to lessen neuroinflammation in the olfactory system
and foster a regenerative environment that could promote olfactory healing.

Taken as a whole, these clinical trials imply that CoUltraPEALut should be taken for
at least 30 days to demonstrate statistically meaningful benefit, and extended follow-ups of
at least 60–90 days seem to show even greater consistency.

Moreover, the combination of three studies in meta-analysis resulted in a total of
327 patients. The meta-analysis carried out statically confirmed the significant increase in
olfactory recovery in CoUltraPEALut plus OT treated patients compared to OT patients
(OR: 3.07; 95% CI: 2.22–3.92; test for overall effect p < 0.00001). Even if with a less statical
significance when the random-effect model was employed (OR: 4.28; 95% CI: −0.04, 8.60;
test for overall effect p = 0.05).

Our findings are consistent with current research trends in the PCOD field. Indeed,
the combination of PEA-LUT and OT was noted in a 2022 Cochrane review on treatments
for smell disorders caused by SARS-CoV-2 infection [35], although no statistical validation
was performed.

Nevertheless, despite the high PCOD prevalence, therapeutic chances are presently
limited. As stated, the most employed therapeutic approach is OT, a non-pharmacological
procedure based on the repeated exposure of the affected subject to known odorants, usually
twice a day for 12 weeks [36]. This approach proved effective in reverting olfactory dysfunctions
consequent to viral infections and, more recently, in COVID-19 infection [37,38]. In this regard,
a trial conducted by Denis et al. on 548 patients showed how OT, conducted for a mean
period of 27.7 days, induced a significant improvement in 64.2% of patients (352/548) [39].
Unfortunately, there are still existing limitations to the use OT for the therapy of PCOD, the
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main ones being the high patient compliance needed and the length of the training periods
needed in order to produce significant therapeutic results.

Therefore, combined approaches of OT and pharmacological treatments have been
proposed. To date, only a limited number of randomized clinical trials have demonstrated
promising therapeutic strategies. This lack of specific medications for the treatment of
PCOD likely reflects the gaps in the knowledge concerning the pathogenesis of long-term
olfactory damage in COVID-19 patients.

Both oral and intranasal corticosteroids have been among the first substances tested as
a potential therapy for PCOD, with some evidence, to date, supporting their efficacy.

As an example, a pilot study by Le Bon et al. showed that OT in combination with short-
term oral steroids (10 days) was associated with a greater improvement in the olfactory
score than OT alone [40]. Different molecules have been included as potential candidates
in PCOD therapeutic regimen like Omega-3 supplements, topical Vitamin A, Alpha-lipoic
acid, and theophylline, among others; however, evidence available is mostly limited and
from non-randomised studies [41].

Thus, among the potential compounds studied, CoUltraPEALut is one of the few that
has demonstrated promising efficacy.

To date, based on the most recent estimates of the World Health Organization (WHO)
on the global spread of the COVID-19 pandemic, the above rates translate into tens of
millions of subjects who either experienced or are presently experiencing different degrees
of smell impairments and related quality of life deterioration [42,43].

In particular, PCOD has been reported at 12–24 months after COVID-19 remission
in 3–25% of patients initially complaining of olfactory symptoms [44], thus constituting a
real clinical challenge. As stated, from a clinical perspective, patients affected from PCOD
complain of both quantitative (hyposmia and anosmia) and qualitative olfactory alterations.
The latter includes parosmia, i.e., a distortion in smell perception, and phantosmia, i.e.,
olfactory hallucinations, among the main ones.

In addition, it is important to underline that olfactory disorders may cause several
daily life problems, such as altered social relations, decreased capacity for danger avoid-
ance, abnormalities in food intake (either increased or decreased), and reduced working
efficiency [45]. Moreover, chemosensory dysfunctions have been reported to be related to
higher rates of depression and mood disorders [45].

Therefore, the validation of CoUltraPEALut in large-scale studies, as well as the future
search of new care options represent an essential need to facilitate the full recovery of
PCOD patients.

Despite that our work collected all the evidence published to date about the topic,
several limitations persist. The small sample size, which is subject to underpowered
analysis, is the main drawback. In addition, the baseline features of individuals can
also vary, with noticeable variations in the degree and length of olfactory impairment at
baseline. Additionally, we did not take into consideration co-factors like smoking history,
other comorbidities like hypertension, cardiovascular diseases, obesity, diabetes, thyroid
disorders, allergy, and psychiatric conditions, that can have a negative impact on the health
condition and indirectly affect the physiological function of nasal mucosa. Furthermore,
the pharmacological effect of CoUltraPEALut when administered in the presence of more
complex clinical pictures that include chronic conditions and related symptoms together
with PCOD is not known.

Moreover, the recovery of olfactory functions may require more time in the treatment
group, despite improvements, and it is unclear whether adherence to the regimen and
recovery would be sustained with a longer course of therapy due to the study’s limited
follow-up, which ranges from 30 to 90 days.

Finally, the absence of placebo control can determine a different interpretation of conclusive
findings and the reliability and validity of olfactory assessments can affect results.
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Furthermore, the five studies included analyzed the efficacy of CoUltraPEALut in
different Italian populations. The data, therefore, related to individuals who are probably
of Italian nationality, remain a contributing factor limiting the geographical heterogeneity.

More research in larger populations is required to corroborate our early findings,
determining the best time and dose regimes, and assessing the potential anti-inflammatory
impact of CoUltraPEALut studying its pharmacokinetics, or its synergic activity with other
therapies.

4. Conclusions and Future Perspectives

Overall, this systematic review and meta-analysis highlighted the significant benefits
on olfactory dysfunction from COVID-19 following the administration of CoUltraPEALut,
which are particularly advantageous in increasing the Sniffin’ Sticks test score. As far
as we know, this is the first meta-analysis that probed the efficacy of CoUltraPEALut in
long COVID-19 symptoms. However, despite the promising evidence, it is important to
underline that there is a need for further large-scale clinical trials to further confirm these
positive outcomes, and to better understand the mechanism of action of CoUltraPEALut
underlying olfactory recovery.

Certainly, future well-designed clinical trials will be able to answer these questions,
providing more details regarding the possible action of CoUltraPEALut on peripheral and
central mechanisms involved in the occurrence of PCOD as well as on the modulation of
inflammatory or neuroinflammatory pathways impacting olfactory bulbs. The collected
data will be able to support not only the use of CoUltraPEALut in this peculiar picture
of persistent symptoms linked to the previous SARS-CoV-2 infection but also in different
clinical settings.
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Abstract: Background: This systematic review and meta-analysis examines how pulmonary re-
habilitation impacts in patients suffering from subacute and long COVID-19 infections, gauging
enhancements in of dyspnea, physical function, quality of life, psychological state (anxiety and
depression), and fatigue. Methods: Three electronic databases (PubMed, Web of Science, Cochrane
Library) were systematically searched for full-text articles published from inception to January 2023.
Randomized, quasi-experimental, and observational studies were included, with adults diagnosed
with subacute or long COVID-19 who received pulmonary rehabilitation as intervention. Outcomes
related to dyspnea, physical function, quality of life, fatigue, and psychological status were included.
Risk of bias was assessed with Cochrane Risk of Bias Tool for Randomized Controlled Trials and
Risk of bias in non-randomized studies of intervention. The review was registered before starting in
PROSPERO (CRD: 42022373075). Results: Thirty-four studies were included, involving 1970 patients
with subacute and long COVID-19. The meta-analysis demonstrated moderate to large effects on
dyspnea, physical function, quality of life, and depressive symptoms compared to usual care inter-
vention. No significant differences were found in fatigue compared to usual care, nor in anxiety levels
after pulmonary rehabilitation intervention. Conclusions: Pulmonary rehabilitation has the potential
to improve health outcomes in patients with subacute and long COVID-19. However, due to the high
risk of bias of included studies, conclusions should be taken with caution.
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1. Introduction

COVID-19 is a disease caused by infection with the highly contagious SARS-CoV-2
virus, whose main condition falls on the respiratory system, with symptoms such as
dyspnea, fibrosis, and pulmonary edema, but which also presents a wide variety of comor-
bidities such as musculoskeletal pain, fatigue and muscle weakness, cardiovascular and
cerebrovascular diseases, and psychological conditions such as depression and anxiety,
deteriorating seriously, in most cases, the quality of life [1,2].

Currently, it can be argued that the severity of COVID-19 has decreased in many coun-
tries, possibly due to the wide vaccination coverage carried out worldwide and effective
treatment [3]. However, many patients affected by COVID-19 continue to experience symp-
toms after the acute phase, such as breathlessness, fatigue, neuropsychological symptoms,
cough, and musculoskeletal pain [4,5]. This post-acute syndrome is known as long COVID
(LC), and it is defined by WHO as “the continuation or development of new symptoms
three months after the initial SARS-CoV-2 infection” [6].

Pulmonary rehabilitation (PR) is a very effective exercise-based therapeutic strategy to
improve functional capacity, dyspnea, and health-related quality of life in patients with
chronic obstructive disease [7].

PR has been shown to improve the physical and psychological well-being of patients
with COVID-19 [8]. This is achieved through aerobic endurance and resistance training,
which help increase muscle mass and strength, especially in peripheral muscles [9,10]. In
addition, PR can incorporate thoracic mobility exercises to improve lung expansion.

Previous studies [11,12] have reported that supervised PR programs are safe and
effective in improving exercise capacity, lung function, exertional dyspnea, psychological
well-being, and quality of life in patients with COVID-19. In addition, PR has been shown
to significantly reduce the frequency and duration of hospital stays in individuals with
restrictive lung disease [13].

Furthermore, several systematic reviews have recently been published showing that
also leads to enhancements in both physical and pulmonary capabilities among patients
with acute and subacute COVID-19 [14–18].

The main objective of this systematic review with meta-analysis is to provide an
update about the efficacy of PR in patients with subacute and long COVID-19 (LC), and its
effects on dyspnea, physical function, quality of life, psychological outcomes, and fatigue.

2. Materials and Methods

This systematic review was conducted by the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) [19] and was registered before starting in PROS-
PERO (CRD42022373075).

2.1. Search Strategy

The literature search strategy involved structured searches of PubMed, Web of Science
and Cochrane Library for relevant articles published from inception to January 2023.
Reference lists of studies were reviewed for potential additional references not identified in
the primary search, and the authors were contacted for further information if necessary. No
language filters were applied to retrieve all potentially eligible studies, as recommended by
international criteria [20].

The search terms combined medical subject headings (MeSH terms) and non-MeSH
terms, adding a Boolean operator (OR and/or AND) to combine them. MeSH terms used
were some such as “Rehabilitation”, “Exercise”, or “COVID-19” among other non-MeSH
term such as “Pulmonary Rehabilitation”, “Long-Covid”, or “Post-acute COVID-19”. The
complete search strategy can be found in Appendix A, which shows the PubMed search
strategy, which was adjusted for other databases if necessary.
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2.2. Eligibility Criteria

The study population includes studies with adults (18 years or older) diagnosed
with sub-acute or long COVID-19 (LC), being patients with symptoms persisting for less
than three months considered sub-acute and those with symptoms lasting more than three
months considered LC [6]. Studies with acute patients, with positive testing, were excluded.

The intervention consisted of PR, defined as “interventions based on, but not limited
to, exercise training, education and behavior change designed to improve physical and
psychological conditions of people with respiratory diseases” [21]. Both strategies, face-to-
face and telerehabilitation, were included as PR.

Outcomes related to dyspnea, physical function, quality of life, fatigue, and psycho-
logical status were included.

Randomized controlled trials (RCTs), non-randomized controlled trials (quasi-experimental
studies), and observational studies were eligible for inclusion in the review if they met the
inclusion criteria.

2.3. Inclusion Procedure

Titles and abstracts were screened manually and independently by two authors (Oliver
Martínez-Pozas, Erika Meléndez-Oliva) and any disagreements between reviewers were
resolved by consensus or, if needed, by a third member (Eleuterio A. Sánchez-Romero).
Articles were excluded if they: included patients with positive COVID-19 (acute phase)
or hospitalized patients, or included patients who did not receive PR. To minimize the
risk of investigator bias, all investigators had to agree on whether each study met all the
eligibility criteria. The inclusion procedure included a first phase based on the study’s title,
abstract, and keywords. Subsequently, the studies were evaluated in their entirety to assess
their potential eligibility according to inclusion criteria. The data were extracted by two
researchers (Oliver Martínez-Pozas and Erika Meléndez-Oliva) and the data described in
the Results section were extracted using a structured protocol that ensured that the most
relevant information was obtained from each [22].

2.4. Risk of Bias Assessment

Two independent reviewers assessed the risk of bias in included studies (Oliver
Martínez-Pozas, Erika Meléndez-Oliva) and disagreements were resolved through con-
sensus and/or mediation by a third reviewer (Eleuterio A. Sánchez-Romero). The risk of
bias of RCTs was evaluated using the “Revised Cochrane Risk of Bias Tool for Randomized
Controlled Trials (RoB 2.0)” which contains five domains: bias arising from the random-
ization process, bias due to deviation from intended interventions, bias due to missing
outcome data, bias in the measurement of the outcome, and bias in the selection of the
reported result [23]. Each domain was scored as “low risk”, “some concerns”, and “high
risk”, and each study was classified into one of three categories as “high risk of bias”,
“some concerns”, or “low risk of bias” [23].

Risk of bias in non-randomized controlled trials was evaluated using the “Risk of bias
in non-Randomized studies of intervention” (ROBINS-I) which evaluates domains such
as confounding factors, selection of participants, classification of interventions, deviations
from the intended interventions, missing data, measurements of outcomes, and selection
of the reported results [24]. Each study was classified into five categories as “low risk
of bias”, “moderate risk of bias”, “serious risk of bias”, “critical risk of bias”, or “no
information” [24].

2.5. Data Analysis

For the statistical analysis, the program R version 4.1.3 (R Foundation for Statistical
Computing, Institute for Statistics and Mathematics, Welthandelsplatz 1, 1020 Vienna, Aus-
tria) was used. Meta-analysis was conducted using the metafor and meta r packages [25,26].
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In the articles in which the results were shown with median and with maximum and
minimum or interquartile range, these were transformed into mean and standard deviation
using the appropriate formulas [27,28].

In the RCTs, a meta-analysis of pre-post-intervention change was performed, analyzing
the level of significance between the treatment and control groups using the standardized
mean difference (SMD). Since no study reported the pre–post intervention mean ± standard
deviation of change, these were calculated using the following formulas [29]:

Meanchange = Meanfinal − Meanbaseline (1)

SDchange =
√

SD2baseline + SD2 f inal − (2·r·SDbaseline·SD f inal) (2)

In the formulas, SD is the standard deviation and “r” is the pre–post intervention
correlation coefficient which, since the standard deviation of the change was not reported,
was assigned a value of 0.7 in order to obtain a conservative estimate, [30] as has been done
in other works [31–35].

In the study by Jimeno-Almanzán 2022 [36] in which, for the quality-of-life outcome,
three interventions are reported against the control, these were sequentially combined
using the appropriate formulas [29].

In observational studies, a single group meta-analysis was performed with the mean
change pre-post intervention in each study.

In both cases a random effects model was applied given the heterogeneity between the
studies. Heterogeneity was tested by estimating the between-study variance τ2 (calculated
with the DerSimonian–Laird estimator with Hartung–Knapp correction) using the Cochran
Q test as well as the I2 estimator. The latter being defined as not important (<30%), moderate
(30–50%), large (50–75%), and important (>75%) heterogeneity.

Effect sizes were calculated in RCTs with Hedge’s g being defined as small (<0.2),
moderate (0.2–0.8), and large (>0.8).

Heterogeneity was assessed by detecting those outlier studies with absolute values in
the standardized residuals greater than 3. In addition, a sensitivity analysis was performed
using the leave-one-out method. The contribution of individual studies to heterogeneity
was assessed using a Baujat plot showing the contribution of each study to heterogeneity
calculated with Cochran’s Q test versus its influence on the overall effect of the meta-
analysis [37]. Subgroup meta-analyses were also performed to explore the heterogeneity
detected based on the type of test used in each of the outcome variables.

Finally, publication bias was analyzed using trim and fill funnel plots and a Begg and
Egger’s test [38].

3. Results

Database searching reported 3541 articles among different databases. After screening
for title and abstract and removing duplicates, 51 studies were assessed for eligibility. Nine
studies were excluded due to population (included patients with acute COVID-19, still
testing positive in COVID-19 test), two were excluded due to intervention (robot devices,
ventilation therapy), one study was excluded due to outcomes (salivary biomarkers), and
five due to study design (congress abstract, protocol). Finally, 34 studies were included for
qualitative analysis in the present review (20 RCTs and 14 observational studies) [36,39–71].
For quantitative analysis, 26 studies were included. The flowchart of included studies
can be found in Figure 1. In addition, PRISMA Checklist can be found in Supplementary
Materials (Table S1).

3.1. Characteristics of the Included Studies

The present systematic review included 34 studies, with a total of 1970 adults. All
participants were adults diagnosed with sub-acute COVID-19 (n = 18 studies) or LC
(n = 16 studies). The number of patients for studies varied from 23 to 150. The average age
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of patients varied from 32 to 82 years. The characteristics of the included, including data
from overall population analyzed, are shown in Table 1.

Figure 1. PRISMA 2020 Flowchart.

Table 1. Characteristics of included studies.

Author
(Year)

Study Design Population Sample Size Intervention
Control
Group

Outcomes Results

Studies with Subacute COVID-19 Patients

Abodonya
et al. (2021)

[39]
RCT

Adults with
subacute

COVID-19

n = 42
Int: n = 21

(19% F), Age:
48.3 ± 8.5

Con: n = 21
(23.8% F) Age:

47.8 ± 9.2

Duration
2 weeks.

Intervention
Breathing
exercises.

Usual care

Dyspnea (DS-12)
Quality of life

(EQ-5D)
Physical function

(6MWT)

Intra-group analysis found
statistically differences in

intervention group in dyspnea
(p = 0.001), quality of life

(p < 0.001) and 6MWT (p < 0.001).
Between group comparison,
intervention group reported

statistically significant differences
compared to control in all

outcomes with medium-large
size effects.

Barhagi et al.
(2021) [40] RCT

Adults with
subacute

COVID-19

n = 80
(38.75% F)
Int: n = 40,

Age:
57.1 ± 18.7
Con: n = 40

Age:
58 ± 17.13

Duration
Three days.

Intervention
Breathing
exercises.

Usual care Dyspnea (MBS)

After end of treatment,
intervention group improved

dyspnea with statistically
differences compared to usual

care (p = 0.007).
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Fereydounnia
et al. (2022)

[41]
RCT

Adults with
subacute

COVID-19

n = 50
(42% F)

Int: n = 25,
Age:

49.44 ± 14.78
Con: n = 25,

Age:
45 ± 12.75

Duration
1 week.

Intervention
Myofascial
release and
breathing
exercises.

Breathing
exercises

Dyspnea (MBS)
Physical function

(6MWT)
Fatigue (Borg)

Intervention group improved
dyspnea with statistically

differences at the end of the
treatment compared to control

(p < 0.01).
No statistically differences were

found in terms of physical
function (p = 0.033) or fatigue

(p = 0.034) improvement
compared to control.

González-
Gerez et al.
(2021) [42]

RCT
Adults with

subacute
COVID-19

n = 38
Int: n = 19

(47.4% F), Age:
40.79 ± 9.84
Con: n = 19

(42.1% F), Age:
40.32 ± 12.53

Duration
1 week.

Intervention
Breathing
exercises.

Telerehabilita-
tion.

Usual care

Physical function
(6MWT; 30STS)

Dyspnea (MD12;
BS)

Statistically differences were
found in terms of improving

dyspnea (p < 0.001) and physical
function (p = 0.001), in

intervention, with no differences
in control group.

Between group analysis found
statistically differences favoring

intervention compared to control
improving dyspnea (p < 0.001)

and physical function (p = 0.001).

Hayden
et al. (2021)

[43]
Observational

Adults with
subacute

COVID-19

n = 108
(45.4% F)

Age:
55.6 ± 10.1

Duration
3 weeks.

Intervention
Aerobic and

strength
training.

Nutritional,
psychological,
and physical

therapy
support were

included.

No control

Dyspnea
(NRS/mMRC)

Physical function
(6MWT)

Quality of life
(EQ-5D)

Fatigue (BFI)
Depression and
Anxiety (PHQ-9,

GAD-7)

Dyspnea improved at rest
(p < 0.001) and on exertion
(p < 0.001) after treatment.

Physical function improved after
treatment (p < 0.001).

Quality of life, fatigue, anxiety,
and depression improved after

treatment (p < 0.001)

Hockele
et al. (2022)

[44]
Observational

Adults with
subacute

COVID-19

n = 29
(51.7% F)

Age:
54.4 ± 14.6

Duration
6–8 weeks.

Intervention
Aerobic and

strength
training.

No control

Physical function
(6MWT, TUG)

Dyspnea
(mMRC)

Physical function improved after
treatment with statistically

significant differences compared
to baseline in 6MWT (p < 0.001)
and TUG (p = 0.023). Dyspnea
improved after treatment with

differences compared to baseline
(p = 0.003).

Li et al.
(2021) [45] RCT

Adults with
subacute

COVID-19

n = 119
(55.46% F)
Int: n = 59,

Age:
49.17 ± 10.75
Con: n = 60,

Age:
52.03 ± 11.10

Duration
6 weeks.
6 months
follow-up.

Intervention
Aerobic,

strength and
breathing
exercises.

Telerehabilita-
tion.

Usual care

Physical function
(6 MWT)
Dyspnea
(mMRC)

Quality of life
(SF-12)

Intervention group improved
physical function after treatment
(p < 0.001) and at follow-up with
statistically differences (p < 0.001).

Perceived dyspnea improved
after treatment with differences
compared to control (p = 0.001)

but without differences at
follow-up (p = 0.162).

Physical component of SF-12
improved with differences after

treatment (p = 0.004) and at
follow-up (p = 0.045). However,

mental component found no
differences at any point (p = 0.116;

p = 0.164).
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Liu et al.
(2020) [46] RCT

Adults with
subacute

COVID-19

n = 72
Int: n = 36

(33.3% F), Age:
69.4 ± 8

Con: n = 36
(30.6% F)

Age: 68.9 ± 7.6

Duration
6 weeks.

Intervention
Breathing
exercises.

Usual care

Physical function
(6MWT)

Quality of life
(SF-36)

Anxiety and
Depression
(SDS, SAS)

Physical function improved with
statistically differences in

intervention group compared
with baseline (p < 0.05), without

statistically improvements in
control group. Intervention

group improved with statistically
differences compared to control

group (p < 0.05).
Quality of life improved with

statistically differences compared
to baseline in intervention group

(p < 0.05) and not on control
group. Between group analysis
found that intervention group

improved with statistically
differences in all items of SF-36

compared to control group
(p < 0.05).

Anxiety improved with
statistically significant differences

between groups favoring
intervention (p < 0.05), but not

depression.

Llurda-
Almuzara
et al. (2022)

[47]

RCT
Adults with

subacute
COVID-19

n = 70
Int: n = 35,

Age:
49.5 ± 13.7
Con: n = 35

Age:
55.1 ± 20.9

Duration
8 weeks.

Intervention
Aerobic,

strength and
breathing
exercises.

Telerehabilita-
tion.

Usual care Physical function
(SPPB, 4MWT)

Physical function improved with
moderate significant effects in

intervention group compared to
control.

Lobanov
et al. (2022)

[48]
RCT

Adults with
subacute

COVID-19

n = 23
Int: n = 14
Con: n= 9

Duration
2 weeks.

Intervention
Aerobic

exercises in
pool.

Exercise
without pool.

Physical function
(6MWT)

Quality of life
(EQ-5D)

Dyspnea (BS)

Physical function improved with
statistically significant differences

compared to baseline (p = 0.047
both groups), with greater

improvement in intervention
group.

Quality of life improved in
anxiety/depression domain with
statistically differences in control

group (p = 0.043), but not in
intervention group (p = 0.69).

Dyspnea improved after
treatment, but without statistical
differences compared to baseline

in any group.

Martín et al.
(2021) [49] Observational

Adults with
subacute

COVID-19

n = 27
Int: n = 14

(21.4% F), Age:
60.8 ± 10.4
Con: n = 13

(53.8% F), Age:
61.9 ± 10.7

Duration
6 weeks.

Intervention
Aerobic and

strength
exercises.

Usual Care
Physical function

(1MSTST)
Dyspnea (BS)

After treatment, statistically
differences were found in

1min-STS favoring intervention
group (p = 0.004).

No differences were found in
terms of dyspnea improvement

(p = 0.560).

Nagy et al.
(2022) [50] RCT

Adults with
subacute

COVID-19

n = 52
Int: n = 26,

Age: 40 ± 3.36
Con: n = 26,

Age:
39.7 ± 3.55

Duration
6 weeks.

Intervention
Myofascial
release and
breathing
exercises.

Breathing
exercises

Dyspnea
(mMRC)

Physical function
(6MWT)

Fatigue (FSS)

Dyspnea, physical function, and
fatigue improved with statistical
differences compared to baseline

in both groups (p < 0.05).
Additionally, intervention group
resulted in statistically significant
differences compared to control

(p < 0.001).

Nambi et al.
(2022) [51] RCT

Adults with
subacute

COVID-19

n = 76
Int: n = 38,

Age: 63.2 ± 3.1
Con: n = 38

Age: 64.1 ± 3.2

Duration
8 weeks.

Intervention
Exercise at low

intensity

Exercise at
high intensity

Quality of life
(SarQol)

Both groups improved quality of
life after treatment with statistical
differences compared to baseline

(p = 0.001). However, patients
allocated to low intensity group
improved with better results in

SarQol compared to baseline
than those allocated to high

intensity training.
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Pehlivan
et al. (2022)

[52]
RCT

Adults with
subacute

COVID-19

n = 34
Int: n = 17

(18% F), Age:
50.76 (32–82)
Con: n = 17

(35% F), Age:
43.24 (23–71)

Duration
6 weeks.

Intervention
Aerobic,

strength and
breathing
exercises.

Telerehabilita-
tion.

Usual care

Physical function
(TUG/SPPB)

Dyspnea
(mMRC)

Fatigue (VAS)
Quality of life

(SGRQ)
Depression (BDI)

Although both groups improved
outcomes, intra-group differences

were only found mMRC
(p = 0.035), TUG (p = 0.005) and
SGRQ (p = 0.002) at intervention

group, while not statistically
differences were found in control

group at the end of treatment.
Between-groups analysis

revealed statistically significant
differences in terms of SGRQ

improvement favor to
intervention (p = 0.042).

No significant changes were
found after treatment in
depression levels neither

intra-group or between group
comparison.

Puchner
et al. (2021)

[53]
Observational

Adults with
subacute

COVID-19

n = 23
(30% F)

Age: 57 ± 10

Duration
3–4 weeks.

Intervention
Aerobic,

strength and
breathing
exercises.

Nutritional
and

psychological
counseling.

No control Physical function
(6MWT)

Physical function improved after
treatment with statistically

differences compared to baseline
(p < 0.001).

Rodríguez-
Blanco et al.
(2021) [54]

RCT
Adults with

subacute
COVID-19

n = 36
Int: n = 18

(50% F), Age:
39.39 ± 11.74
Con: n = 18

(55.5% F), Age:
41.33 ± 12.13

Duration
1 week.

Intervention
Strength
exercises.

Telerehabilita-
tion.

Usual care
Physical function
(6MWT/30STS)
Dyspnea (BS)

Intervention group improved
physical function after treatment

with statistically differences
compared to usual care

(p < 0.001).
However, although dyspnea

improved in intervention group
and did not improve in control

group after treatment, differences
were not significant (p = 0.074).

Rutkowski
et al. (2022)

[55]
RCT

Adults with
subacute

COVID-19

n = 32
(68% F)

Age: 57.8 ± 4.9

Duration
3 weeks.

Intervention
Virtual reality

exercise

Exercise
without

virtual reality

Depression and
Anxiety (HADS)

Quality of life
(WHOQOL-

BREF)
Physical function

(6MWT)

Intervention group (p < 0.001)
and control group (p < 0.05)

improved anxiety and depression
after treatment compared to

baseline levels.
No significant changes were

found in any group in terms of
quality-of-life improvement after

treatment.
Physical function improved in

both groups. However, patients
in intervention group showed
more improvements in walked
distance after treatment than

control group.

Teixeira do
Amaral et al.
(2022) [56]

RCT
Adults with

subacute
COVID-19

n = 32
Int: n = 12,

Age:
51.9 ± 10.2
Con: n = 20,

Age:
53.3 ± 11.6

Duration
12 weeks.

Intervention
Aerobic and

strength
exercises.

Telerehabilita-
tion.

Usual care
Physical function

(6MWT, TUG,
5TSTS)

Both groups all physical function
outcomes compared to baseline,

but without statistically
significant differences

within-group or between groups.

86



Biomedicines 2023, 11, 2213

Table 1. Cont.

Author
(Year)

Study Design Population Sample Size Intervention
Control
Group

Outcomes Results

Studies with long COVID-19 patients

Albu et al.,
2022 [57] Observational

Adults with
long

COVID-19

n = 40
(40% female)
Mean Age:

52 ± 11.4 y/o

Duration
8 weeks

Intervention
Education
Aerobic,

strength and
breathing
exercises.

Psychological
counseling.
Intensity

Personalized
according to

patient status.

No control

Physical
performance

(SPPB)
Fatigue (MFIS)
Quality of life
(WHOQOL-

BREF)

After 8 weeks of rehabilitation,
significant improvements in

physical performance were found
in SPPB compared to baseline
with statistically differences

(p = 0.001).
Fatigue was improved after

intervention with statistically
differences for all measured

domains (p = 0.001).
Quality of life improved in

physical, psychological, and
environmental domains with

statistical differences (p = 0.001),
but not at social domain

(p = 0.15).

Cahalan
et al., 2022

[58]
Observational

Adults with
long

COVID-19

n = 27
(85% f)

Mean age:
48.4 ± 10.1

y/o

Duration
10 weeks.

Intervention
Breathing
exercises,

psychological
advice. Telere-

habilitation.
Intensity

Not reported.

None

Dyspnea
(C19YRS)

Fatigue (C19YRS)
Anxiety/Depression

(C19YRS)

Statistical improvements were
found after treatment in terms of
dyspnea (p < 0.001), as well as in

fatigue (p = 0.03).
Although anxiety and depression

improved after treatment, no
significant differences were
found (p = 0.08 for anxiety,
p = 0.337 for depression).

Calvo-
Paniagua
2022 [59]

Quasi-
experimental

Adults with
long

COVID-19

n = 68
(61.8% f)

Mean age:
48.5 ± 9.7 y/o

Duration
7 weeks.

Intervention
Aerobic,

strength and
breathing

exercises. Tel-
erehabilitation.

Intensity
Not reported.

None

Dyspnea
(mMRC)

Quality of life
(SGRQ)
Physical

performance
(6MWT)

Dyspnea improved significantly
after intervention and at

follow-up (p < 0.001).
Quality of life improved

significantly after intervention
and at follow-up (p < 0.001).

Physical performance improved
with statistically differences after

intervention and at follow-up
(p < 0.001).

Compagno
et al., 2022

[60]
Observational

Adults with
long

COVID-19

n = 30
(40% female)
Mean Age:

58.37 ± 11.6
y/o

Duration
8–20 weeks

Intervention
Aerobic and

strength
exercises.

Psychological
counseling.
Intensity
Aerobic

exercise at low
and mid
intensity.

Strength at
30–50% 1RM.

No control

Quality of life
(SF-36)

Anxiety (SAS)
Depression

(SDS)

Quality of life improved after
intervention with statistically

differences (p < 0.05).
Anxiety and depression

improved with statistically
differences after treatment (both

p < 0.05).

Daynes
et al., 2021

[61]
Observational

Adults with
long

COVID-19

n = 30
(48% female)
Mean Age:

58 ± 16 y/o

Duration
6 weeks, with

two
supervised
sessions per

week.
Intervention
Aerobic and

strength
exercises.
Intensity

Not reported.

No control

Physical
performance

(ISWT)
Fatigue (FACIT)

Anxiety and
depression

(HADS)
Quality of life

(EQ-5D)

ISWT improved after treatment
with statistically differences

compared to baseline (p < 0.01).
Fatigue improved with statistical

differences at the end of
treatment (p < 0.01), while anxiety

and depression improved, but
without statistically significant
differences (p = 0.5 for anxiety

and p = 0.1 for depression).
Quality of life improved after

treatment compared to baseline
(p = 0.05).
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Del Corral
2022 [62] RCT

Adults with
long

COVID-19

G1: n = 22,
mean age:

48.9 ± 8.3 y/o;
77% f

G2: n = 22,
mean age:
45.3 ± 12.8
y/o; 73% f
G3: n = 22,
mean age:

46.5 ± 9.6 y/o,
64% f

G4: n = 22,
mean age:

45 ± 10.2 y/o,
73% f

Duration
8 weeks.

Intervention
Group 1:

Inspiratory
breathing
exercises.
Group 2:

Inspiratory
and expiratory

breathing
exercises.

Telerehabilitation.
Intensity
20–80% of
maximal

inspiratory
pressure

Group 3:
Sham

inspiratory
exercises.
Group 4:

Sham
inspiratory

and expiratory
exercises.

Sham
procedures
were with

device without
resistance

Quality of life
(EQ-5D)
Physical

performance
(1MSTST)

Anxiety/Depression
(HADS)

All groups improved quality of
life after intervention compared

to baseline (p < 0.05), except
group 4.

At 4 weeks follow-up, no
statistical differences were found

between groups improving
quality of life.

Physical performance improved
with large effects in intervention

groups compared with sham
groups after intervention

(p < 0.01), but without differences
when comparing both
intervention groups.

Differences were not found
between groups after 4 weeks
follow-up in terms of physical

performance improving.
Although all groups improved

psychological status, no statistical
differences were found across

groups.

Estébanez-
Pérez 2022

[63]

Quasi-
Experimental

Adults with
long

COVID-19

n = 32
(71.9% f)

Mean age:
45.93 ± 10.65

y/o

Duration
4 weeks.

Intervention
Aerobic and

strength
training. Tel-

erehabilitation.
Intensity
Aerobic

exercises at
low to

moderate
intensity.
Strength

training not
reported.

None
Physical

performance
(SPPB, 1MSTST)

1mSTS and SPPB improved with
statistically significant effects

after treatment (p < 0.05).

Groenveld
2022 [64] Observational

Adults with
long

COVID-19

n = 47
(68% f)

Mean age:
54 (21–70)

Duration
6 weeks

Intervention
Virtual

reality-based
exercise. Tel-

erehabilitation.
Intensity

Adjusted to
patient.

None

Fatigue (BS)
Physical

performance
(6MWT, TUG,

30CST)
Quality of life
(SF-12, PHQ)

Anxiety/
Depression

(HADS)

Fatigue improved with clinical
differences after treatment

(p = 0.03).
Significant differences were

found in 6MWT (p < 0.001) and
30CST (p = 0.02) after

intervention.
Three patients performed TUG

instead of 6MWT, with
improvements after treatment.

Statistical differences were found
improving quality of life for

physical sphere (p < 0.049) and
mental sphere (p < 0.01)

measured with SF-12, as well as
with PHQ (p = 0.04)

Symptoms measured with HADS
decreased, but without statistical

differences (p = 0.08).

Hasenoehrl
et al., 2022

[65]

Quasi-
experimental

Adults with
long

COVID-19

Group 1 (mild
symptoms):

n = 10
(60% female),

mean age:
42.9 ± 12.4

y/o
Group 2
(severe

symptoms):
n = 18

(89% female),
mean age:
47.4 ± 10.1

y/o

Duration
8 weeks of
supervised

strength
training,

2 times per
week

Intervention
Aerobic and

strength
exercises.
Intensity
Strength
exercises

performed at
7–10 RPE.
Aerobic

exercises at
moderate
intensity.

No control

Physical
performance
(6 MWT/30

STST)

Both groups improved
significantly 30 STST (p < 0.001)

and 6 MWT (p < 0.001) after
intervention.
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Jimeno-
Almanzán
et al., 2022

[36]

RCT
Adults with

long
COVID-19

n = 80
(69% female)
Mean Age:

45.3 ± 8.0 y/o

Duration
8 weeks.

Intervention
G1: Strength

and breathing
exercises.

G2: Strength
exercises.

G3: Breathing
exercises.
Intensity

Strength at
50% 1 RM.
Breathing

exercises at
12–15 RPE.

G4: Usual care

Dyspnea
(mMRC)

Quality of life
(SF-12)

Anxiety and
Depression

(GAD-7/PHQ-9)
Fatigue (FSS)

All outcomes improved in all
study groups after intervention.

After 8 weeks of intervention, no
differences between groups were
detected in mMRC, GAD-7 and

SF-12.
Fatigue and depression improved

with differences in training
groups (G1 and G2, p = 0.007).
Breathing training group (G3)
improved with differences in

physical domain of SF-12
(p < 0.05).

No relevant changes were
observed in control group (G4)

pre-post intervention.

Jimeno-
Almanzán
et al., 2022a

[66]

RCT
Adults with

long
COVID-19

n = 39
(74.4% female)

Mean Age:
45.2 ± 9.5 y/o

Duration
8 weeks.

Intervention
Strength
exercises.
Intensity
50% 1RM.

Usual care

Dyspnea
(mMRC)

Quality of life
(SF-12)

Anxiety and
Depression

(GAD-7/PHQ-9)
Fatigue (FSS)

Physical
performance

(5TSTST)

Intervention group resulted in
statistically differences compared
to control in physical domain of

SF-12 (p = 0.024), fatigue
(p < 0.05), depression symptoms

(p = 0.021), and physical
performance (p = 0.009).

Although all studied outcomes
improved in both groups, no

statistical differences were found
in other outcomes such as

dyspnea improvement or anxiety.

Lloyd-
Evans 2022

[67]
Observational

Adults with
long

COVID-19

n = 110
(68.1% f)

Mean age:
46.3 ± 10.8

Duration
8–12 weeks

Intervention
Aerobic and

strength
exercises. Tel-

erehabilitation.
Intensity

Not reported.

None Quality of life
(EQ-5D)

Statistically significant
differences were found

improving quality of life
(p < 0.01).

McNarry
2022 [68] RCT

Adults with
long

COVID-19

n = 148
(111 int, 86%

f/37 con,
95% f)

Mean age:
46.76 ± 12.03

(int)/
46.13 ± 12.73

(con)

Duration
8 weeks,

unsupervised.
Intervention

Breathing
exercises. Tel-

erehabilitation.
Intensity

80% of
sustained
maximal

inspiratory
pressure.

Usual care
Quality of life

(K-BILD)
Dyspnea (TDI)

Although quality of life
improved within-group, no

statistically significant differences
were found between groups.

Dyspnea improved with
statistical differences favoring

intervention compared to control
(p = 0.005).

Nopp et al.,
2022 [69] Observational

Adults with
long

COVID-19

n = 58
(43.1% female)

Mean Age:
46.8 ± 12.6

y/o

Duration
6 weeks.

Intervention
Aerobic,

strength and
breathing
exercises.
Intensity

Not reported.

No Control

Physical
performance (6

MWT/1 MSTST)
Dyspnea
(mMRC)

Quality of life
(EQ-5D)

Fatigue (FAS)

After intervention, patients
improved 6 MWT and 1 MSTST

with statistical differences
(p < 0.001).

Dyspnea improved with
statistical differences compared

to baseline (p < 0.001).
Quality of life improved after

treatment (p < 0.001).
Fatigue improved after treatment

with statistical differences
(p < 0.001).
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Okan 2022
[70] RCT

Adults with
long

COVID-19

n = 52
(26 int, 42.3%

f/26 con,
53.8% f)

Mean age:
48.85 ± 10.85

(int)/
52.19 ± 14.84

(con)

Duration
5 weeks, one

session
supervised.

Intervention
Aerobic and

breathing
exercises. Tel-

erehabilitation.
Intensity
Aerobic

exercises at
moderate
intensity.

Breathing not
reported.

Usual care

Dyspnea
(mMRC)
Physical

performance
(6 MWT)

Quality of life
(SGRQ)

Both groups improved dyspnea.
However, it was significantly

lower in intervention group than
in control group (p < 0.001).

Quality of life improved with
statistical differences in

intervention group compared to
control after treatment (p < 0.001).
Physical performance improved

with statistically significant
differences in intervention group
compared to control (p < 0.001).

Philip 2022
[71] RCT

Adults with
long

COVID-19

n = 150
(81% f)

Mean age:
49 ± 12

Duration
6 weeks.

Intervention
Breathing

exercises. Tel-
erehabilitation.

Intensity
Not reported.

Usual care

Quality of life
(SF-36)

Dyspnea (DS-12)
Anxiety (GAD-7)

Intervention group improved
mental component of SF-36 with
statistical differences compared
to control (p = 0.047), while no

differences in physical
component (p = 0.54).

Dyspnea improved in both
groups compared to baseline, but

without differences between
groups (p = 0.38).

Although anxiety improved in
both groups, no statistical

differences were found between
group (p = 0.085).

Abbreviations: F (Female); DS-12 (Dyspnea Severity Index 12); EQ-5D (EuroQol 5D); 6MWT (6 Minute Walking
Test); RCT (Randomized Controlled Trial); MBS (Modified Borg Scale); 30STS (30 s Sit-to-Stand Test); MD12
(Multidimensional Dyspnea 12); BS (Borg Scale); NRS (Numeric Rating Scale); mMRC (Modified Medical Research
Council Scale); BFI (Brief Fatigue Inventory); PHQ-9 (Patient Health Questionnaire-9); GAD-7 (General Anxiety
Disorders 7); TUG (Time up and go Test); SF-12 (Short Form 36); SDS (Self-Rating Depression Scale); SAS (Self-
Rating Anxiety Scale); SPPB (Short Physical Performance Battery); 4MWT (4 min walking test); 1MSTST (1 min Sit
to Stand Test); FSS (Fatigue Severity Scale); SarQol (Sarcopenia and Quality of life Questionnaire); VAS (Visual
Analogue Scale); SGRQ (Saint George Respiratory Questionnaire); BDI (Beck Depression Inventory); HADS (Hos-
pital Anxiety and Depression Scale); WHOQOL-BREF (World Health Organization Quality of Life Questionnaire);
5TSTS (5 Times Sit-to-stand); MFIS (Modified Fatigue Impact Scale); C19YRS (Covid 19 Yorkshire Rehabilitation
Scale); SF-36 (Short Form 36); ISWT (Incremental Shuttle Walking Test); FACIT (Functional Assessment of Chronic
Illness Therapy); FSS (Fatigue Severity Scale); K-BILD (King’s Brief Interstitial Lung Disease Questionnaire); TDI
(Transition Dyspnea Index); FAS (Fatigue Assessment Scale).

3.2. Intervention

Most of the included studies carried out performed PR programs based on exercise
and breathing retraining as the main components of PR, varying in the number of sessions
and intervention approaches employed.

Isolated breathing exercises were used in seven studies, five performed via telerehabil-
itation [42,58,62,68,71], and two face-to-face [39,40]. Breathing exercises were performed in
addition to myofascial release in two studies [41,50]. Breathing exercises were performed
with handheld devices, breathing control exercises or secretion mobilization exercises.

Exercise therapy in addition to breathing exercises was performed in ten studies [36,44–
46,52,54,59,63,69,70]. Isolation exercise was used in ten studies [47,49,51,55,56,61,64–67].
One study used exercise therapy in addition to psychological therapy [60]. The different
studies included a combination of aerobic and strength exercises, while two of them
incorporated virtual reality as part of the exercise regimen [55,64].

In four studies, a multicomponent program with exercise, breathing training, psycho-
logical counseling, and nutritional advice was performed [43,48,53,57].

Regarding how PR was administered, 15 studies included telerehabilitation protocols,
while the remaining were administered face-to-face.
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3.3. Outcomes

The main outcomes measured were dyspnea, physical function, quality of life, psycho-
logical outcomes, and fatigue. However, high heterogeneity was found when measuring
outcomes, with different scales measuring the same outcome.

The Modified Medical Council Research Scale was the most commonly used test for
the assessment of dyspnea, followed by Borg Scale and Modified Borg Scale. Other scales
used were the Dyspnea-12 questionnaire, Multidimensional Dyspnea 12, Visual Analogue
Scale or Transition Dyspnea Index.

Regarding physical function, the 6-min walking test was the most used test to assess
functional capacity. Other tests used were the 30-s sit-to-stand test, time up and go test,
short physical performance battery, or 1-min sit-to-stand test.

Quality of life was analyzed with different scales, but Euroqol 5D was the most widely
used, followed by SF-12 and SF-36. Other studies used the Saint George Respiratory
Questionnaire, SarQol, WHOQOL-BREEF, and K-BILD scales.

Anxiety was usually analyzed with the Hospital Anxiety and Depression Scale and
Generalized Anxiety Disorder-7 scale, and to a lesser extent with the Self-Rating Anxiety
Scale and C19YRS Scale. Depressive symptoms were commonly evaluated with Hospital
Anxiety and Depression Scale and with Patient Health Questionnaire-9, and to a lesser
extent with the Self-Rating Depression Scale, Beck Depression Inventory, and C19YRS.

Finally, fatigue was the most heterogeneous outcome, as all studies reported different
scales, such as Fatigue Assessment Scale, Borg Scale, Fatigue Severity Scale, or Brief Fatigue
Inventory.

In addition, inverse scales were assessed among the included studies, which was
considered when performing the meta-analysis. For example, when assessing physical
function, higher scores on the 6MWT were related to higher physical function, while lower
scores on 5-time sit-to-stand test were related to higher physical function.

3.4. Risk of Bias

The risk of bias of RCTs ranged from low to high, with ten studies with low risk of
bias [42,45,47,50,51,54,62,66,70,71], eight with some concerns [36,39–41,46,52,55,68], and
two with high risk [48,56]. Domains of bias due to the randomization process and bias
due to deviation from the intended interventions were the domains with higher issues,
while the domain related to the selection of the reported results was the domain with better
scores. The quality of evidence of RCTs can be found in Figure 2.

Regarding observational studies, risk of bias ranged from low to serious risk of bias.
Only two studies had a low risk of bias [59,60], while five studies had a moderate risk
of bias [43,49,53,63,69] and seven had serious risk [44,57,58,61,64,65,67]. The domain of
controlling for confounding factors was the most critical domain of all included studies,
with only two studies controlling the main factors (such as ICU stay/length, and pre-
existing comorbidities). Domain of missing data was another critical domain, with many
studies reporting outcomes biased due to the high loss of patients. Quality of evidence of
observational studies can be found in Figure 3.

3.5. Efficacy of Pulmonary Rehabilitation in COVID-19

In the RCTs a significant effect is observed with a higher pre-post intervention change
in the treatment group in dyspnea with a large effect size (Hedge’s g = −1.12 [−1.813,
−0.427], Z =−3.656, p = 0.005), in physical function with a moderate effect size (Hedge’s
g = 0.771 [0.363, 1.178], Z = 4.276, p = 0.002), on quality of life with a large effect size
(Hedge’s g = 1.6 [0.266, 2.934], Z = 3.083, p = 0.027), and at the level of depression with a
moderate effect size (Hedge’s g = −0.295 [−0.446, −0.145], Z = −8.432, p = 0.014) without
significant effects on the level of anxiety or fatigue perceived by the patients, although the
effects in both occur in favor of the group of patients. The heterogeneity of the studies is
important in dyspnea (I2 = 89%), fatigue (I2 = 92%), and quality of life (I2 = 94%); moderate
physical function (I2 = 71%); and null in depression and anxiety (I2 = 0%) (Figure 4).
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Figure 2. Risk of bias of randomized controlled trials (RoB 2.0) [36,39–42,45–48,50–52,54,55,62,66,68,70,71].
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Figure 3. Risk of bias of nonrandomized controlled trials of intervention (ROBINS-I) [43,44,49,53,57–
61,63–65,67,69].

In the case of observational studies, significant effects are observed in the pre-post-
intervention change in quality of life with an improvement in quality of life (Mean = 12.916
[4.438, 21.395]) and on the level of perceived fatigue, with a decrease in it (Mean = −1.701
[−1.778, −1.624]), without producing significant changes in dyspnea, physical function,
or in the level of anxiety and depression, although their effects show an improvement in
the patients. The heterogeneity of the studies is important in dyspnea (I2 = 99%), physical
function (I2 = 98%), quality of life (I2 = 96%), anxiety (I2 = 89%), and depression (I2 = 91%),
and null in the level of perceived fatigue (I2 = 0%) (Figure 5).
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Figure 4. Meta-analysis (forest plot) of Randomized Controlled Trials on the effect of Pulmonary
Rehabilitation in patients suffering from subacute and long COVID-19 infections, gauging enhance-
ments in of dyspnea, physical function, quality of life, psychological state (anxiety and depression),
and fatigue [36,39–42,45–48,50–52,54–56,62,66,68,70,71].

Figure 5. Meta-analysis (forest plot) of Observational Studies on the association of Pulmonary
Rehabilitation in patients suffering from subacute and long COVID-19 infections, and improvements
in dyspnea, physical function, quality of life, psychological state (anxiety and depression), and
fatigue [43,44,49,53,57–61,63–65,67,69].
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3.6. Subgroup Analysis

The subgroups meta-analysis in the RCTs (Supplementary Materials, Figure S1)
showed that for dyspnea only, the studies using the Borg Scale (BS) scale show a sig-
nificant and large decrease in dyspnea levels for the treatment group (Hedge’s g = −1.59
[−3.161, −0.02], Z = −12.865, p =0.049) and with vanishing heterogeneity (I2 reduced from
89% to 0%).

In physical function, studies using the 6 MWT are the one showing a significant and
moderate effect in favor of the treatment group (Hedge’s g = 0.756 [0.269, 1.242], Z = 3.673,
p = 0.008) with an unchanging heterogeneity (I2 of the 71% that persists in the 71%).

Regarding quality of life, only the study by Abodonya et al. [39] found a significant
large reduction in the EQ−5D scale scores (Hedge’s g = 3.276 [2.325, 4.228], Z = 6.751, p = 0),
while, even without having a significant effect, studies using the SF-12 Physical scale were
the ones presenting the smallest heterogeneity (I2 from 94% which is reduced to 0%).

Finally, in the case of the level of depression, the three studies use different scales, so
the impact on heterogeneity could not be evaluated based on the evaluation type.

The subgroups meta-analyses in the observational studies (Supplementary Materials,
Figure S2), regarding the quality of life, a study by Compagno et al. [60] using SF-36 Physical
scale shows a pre-post treatment significant increase in the scores for the patient’s group
(Mean = 24.78 [18.979, 30.581]). Similarly, in studies using the EQ-5D, significant increases
in quality of life were observed (Mean = 13.304 [6.417, 20.19]), as well as a reduction in
heterogeneity (I2 from 96% to 82%).

Regarding fatigue, the study by Hayden et al. [43] uses the BFI scale observing pre-post
treatment significant score decreases (Mean = −1.7 [−2.048, −1.352]).

In the variables without significant effects, however, a notable enhancement in physical
function was observed in patients evaluated using the 6MWT (Mean = 101.188 [52.588,
149.788]) with a reduction in heterogeneity (I2 of the 98% which reduces to the 83%); the
study by Compagno et al. [60] assessed anxiety and depression levels with the SAS scale
where significant reductions were observed for both scales (Mean = −5.37 [−7.785, −2.955];
Mean = −4.18 [−6.55, −1.81] for anxiety and depression, respectively).

3.7. Heterogeneity Analysis

Both in the RCT and in the observational studies with significant effects, no outlier
study was detected (Supplementary Materials, Figures S3 and S4).

The leave-one-out analysis in the RCTs shows a stable line in dyspnea, indicating
that all studies equally influenced the meta-analyses. Meanwhile, in the case of physical
function, the Fereydounia et al. [41] study is the one that exerts the most influence on the
results. Regarding quality of life, it is the studies by Abodonya et al. [39], Liu et al. [46], and
Philip et al. [71] that most influence the results. Finally, in the level of depression, Pehlivan
et al. [52] is the most influential, decreasing the level of total significance (Supplementary
Materials, Figure S5). The analysis of the observational studies shows that Groenveld
et al. [64] study is the most influential one in terms of quality of life, while neither of the
two considered studies seems to influence the results of the meta-analysis regarding the
level of fatigue (Supplementary Materials, Figure S6).

The Baujat plot in the RCTs shows how Fereydounia et al. [41] study on physical
function, Philip et al. [71] study on quality of life, and Pehlivan et al. [52] study on the
depression are the ones that contribute the most to the heterogeneity detected, while no
article was found for dyspnea (Supplementary Materials, Figure S7). In the observational
studies, the graphs show that for quality of life, Groenveld et al. [64] study is the principal
contributor to the detected heterogeneity, while for fatigue levels there is no evidence of
any article (Supplementary Materials, Figure S8).

3.8. Publication Bias

The Begg and Egger’s tests are significant in the RCTs of dyspnea and in the case of
the Egger test, also in the quality of life, while in the observational studies with significant
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effects, there is no evidence of publication bias (Supplementary Materials, Table S2). The
funnel plots show an asymmetric distribution of the RCTs with physical function and
dyspnea (in the latter with a large number of studies outside the limits of significance),
which corroborates the presence of publication bias in them (Supplementary Materials,
Figure S9). In observational studies with quality of life, the funnel plot shows a symmetric
distribution, which corroborates the absence of publication bias (Supplementary Materials,
Figure S10).

4. Discussion

Based on the review, it has been found that PR has a positive impact on dyspnea,
physical function, quality of life, and depressive symptoms when compared to usual care
interventions. These improvements were of moderate to large magnitude. Furthermore,
PR has been effective in reducing fatigue levels, although no significant differences were
observed compared to usual care interventions. However, the review did not uncover any
significant changes in anxiety levels resulting from PR.

The results of this systematic review are in line with other previously published system-
atic reviews [14–18,72,73]. However, while this review identified significant improvements
in quality of life and depressive symptoms, others did not observe such effects [14,16,18].
Most systematic reviews included studies that assessed anxiety and depression using the
Hospital Anxiety and Depression scale (HADS). While analyzing the questionary, Cosco
et al. [74] discovered challenges in distinguishing between anxiety and depression. Conse-
quently, the scale could still serve as a valuable total score indicator of emotional distress.
On the other hand, Coyne and van Sonderen argue that additional research is unnecessary,
advocating for the abandonment of the scale altogether [75]. It is worth noticing that in
the present review, none of the included studies used the HADS for assessing depression.
Additionally, recent studies have indicated a deterioration in quality of life and increases
depressive symptoms over time in patients following COVID-19 infection [76,77]. In con-
trast to the aforementioned studies, this review encompassed patients with long COVID-19,
including those with elevated levels of depression and poorer quality of life. This inclusion
of patients with more severe symptoms may help explain the observed improvements in
quality of life and depressive symptoms reported in our review. It is important to consider
the unique characteristics and challenges faced by individuals with long COVID-19, as their
experiences and outcomes may differ from those with subacute COVID-19. These distinc-
tions could contribute to variations in the findings across different studies. Furthermore,
future systematic reviews should deeply consider whether to include studies using HADS
or include them contemplating HADS as a total score assessing simply emotional distress.

The findings of this study indicate that PR can contribute to improving the health
status of patients following COVID-19 infection. However, it is important to acknowledge
that the studies included in the review primarily focused on short-term outcomes and did
not have long-term follow-up. Only one study examined long-term outcomes, revealing
significant improvements in physical function after six months of follow-up in patients
with subacute COVID-19 who underwent PR [45]. Thus, future research should aim to
investigate the effects of PR on various long-term outcomes to gain a comprehensive
understanding of its benefits in post-COVID-19 patients.

Despite the absence of a standardized protocol for training patients with COVID-19,
exercise was consistently incorporated in all the studies analyzed, emphasizing its sig-
nificance in managing post-COVID-19 conditions. This consistent inclusion of exercise
highlights its role as a fundamental component in the overall treatment approach for
patients recovering from COVID-19.

Exercise has demonstrated positive effects on the immune system, strength, fatigue,
physical conditioning, and muscle dysfunctions associated with lung diseases, ultimately
improving symptoms such as dyspnea [4]. Additionally, physical activity has been also
associated with reduced levels of depression, anxiety, and mental well-being, regardless
of age [78–80]. Furthermore, a recent review found that performing physical activity
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during COVID-19 is associated with less depression and anxiety [81]. Therefore, exercise
might have also helped to improve patients’ mental well-being, resulting in the observed
reduction in depression levels. However, considering that mental health disorders in
patients with COVID-19 showed prevalence rates of 16% in terms of depression or 15% in
terms of anxiety [82], and seeing that psychological therapies such as cognitive behavioral
therapy had shown positive effects improving anxiety and depression in patients with
COVID-19 compared to usual care [83], only a few studies included psychological therapy
among their protocols [43,53,57,58,60]. Thus, future studies should incorporate broader
multidisciplinary protocols that address both physical and mental health components.

PR plays a crucial role in the rehabilitation of patients who have experienced prolonged
hospitalization in the intensive care unit and have undergone mechanical ventilation [84].
It offers significant potential in improving various aspects of post-COVID-19 syndrome,
including dyspnea, fatigue, respiratory function, anxiety, depression, and overall quality of
life. PR programs have shown promising results in enhancing these outcomes for patients
with post-COVID-19 syndrome. However, despite these promising indications, the specific
impact of PR programs on respiratory symptoms in patients with post-COVID-19 syndrome
remains relatively limited and requires further exploration in the existing literature. More
research is needed to investigate the optimal components and duration of PR interventions,
as well as their long-term effects on respiratory symptoms and overall pulmonary function
in this particular population. These studies will contribute to a deeper understanding of
the role of PR in effectively addressing respiratory symptoms in patients recovering from
COVID-19.

4.1. Strengths and Limitations

To our knowledge, this is the most comprehensive systematic review with meta-
analysis and represents the most comprehensive evaluation of the efficacy of PR in patients
with COVID-19, encompassing both subacute and LC patients. However, it is important
to acknowledge certain limitations that arise from the following aspects. Firstly, only half
of the RCTs included in this review were deemed to have a low risk of bias, and merely
two out of the fourteen observational studies were classified as having a low risk of bias.
Consequently, the results of this review may be prone to bias due to the high risk of bias
exhibited in the included studies. Secondly, clinical heterogeneity was observed among
the studies, characterized by variations in intervention protocols, duration, and intensity.
This heterogeneity can complicate the synthesis and interpretation of the findings, thereby
limiting the ability to draw definitive conclusions about the efficacy of PR in patients with
COVID-19. Thirdly, heterogeneity was also evident in the assessment of outcomes, with
different scales employed to measure the same outcome. For instance, fatigue was evalu-
ated using eight distinct scales across the included studies, which introduces challenges
in reaching robust conclusions regarding the effectiveness of PR in improving fatigue.
Fourthly, the sample size of the included studies was generally low, and long-term effects of
PR were only reported in a single study. Consequently, the limited sample sizes restrict the
statistical power and generalizability of the findings, while the absence of long-term data
impedes a comprehensive understanding of the sustained benefits of PR in this population.

4.2. Clinical Messages

Patients may develop persistent symptoms such as respiratory or physical function
impairments, or psychological problems after COVID-19 infection.

Pulmonary rehabilitation has been shown to be effective improving symptoms after
COVID-19, including dyspnea, physical function, quality of life, and depressive symptoms
compared to usual care.

Future studies with improved methodology and long-term follow-up are needed to
strengthen our conclusions.
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5. Conclusions

In conclusion, the reviewed studies suggest that PR has the potential to improve
various health outcomes in patients, including those recovering from COVID-19. PR
has shown positive effects on dyspnea, physical function, quality of life, and depressive
symptoms when compared to usual interventions. However, it is important to consider the
limitations of the existing studies, such as methodological quality and small sizes, which
call for mere comprehensive and well-designed research using valid assessment tools.
Further investigation is needed to establish stronger evidence regarding the effectiveness
of PR and its applicability to patients, particularly those with COVID-19.
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Appendix A

Pubmed Search String

(Rehab* OR exercise OR training OR physical therapy OR breathing OR pulmonary
rehabilitation OR rehabilitation OR pulmonary OR respiratory OR education) AND (post-
coronavirus OR post-covid OR long covid OR post-covid-19 OR persistent covid OR
long-covid-19 OR covid-19 symptoms OR post covid-19 OR post coronavirus OR post
covid OR long-covid OR post-acute COVID-19 syndrome OR COVID-19 post-intensive
care syndrome OR COVID-19 OR SARS-CoV-2 OR coronavirus OR post-acute COVID-19)
AND (Quality of life [MeSH] OR health-related quality of life OR Functional status [MeSH]
OR function OR functionally OR disability evaluation [MeSH] OR outcome assessment
[MeSH] OR patient-reported outcome measure [MeSH] OR disability).
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Abstract: Introduction: Several days to months after diagnosis of SARS-CoV-2, 35% of patients have
persistent symptoms in high incidence. This is referred to as post-COVID-19 Syndrome. There is
a pressing need to find a way to help patients with the manifested symptoms. Objective: To show
the different therapies that exist for post-COVID Syndrome and their efficacy. Methodology: A
systematic review of the scientific literature was carried out. The data search was carried out in
Scopus, PubMed, Cinahl, and Web of Science. Of the 106 articles found, 12 articles were obtained after
applying the following eligibility criteria. Results: Interventions related to respiratory musculature
and moderate intensity exercise both in supervised face-to-face sessions and in supervised home
sessions led patients to a significant improvement in the symptoms presented. Conclusion: Physical
therapies significantly reduce fatigue and dyspnea as well as other symptoms related to quality of life.

Keywords: physical exercise; post-COVID-19; fatigue; dyspnea; respiratory exercise

1. Introduction

As is well known, in March 2020, due to the SARS-CoV-2 coronavirus, a pandemic
called COVID-19 was declared. It is known that almost 50% of SARS-CoV-2 patients
with COVID-19 pneumonia can recover spontaneously from a functional point of view
at 3 months [1]; however, it has been possible to observe the persistence of symptoms
(11.5 ± 5.7 days), and sometimes up to 10–35% of patients have persistent symptoms after
several days or months. In the same way it can happen with people who have been mildly
ill, undiagnosed, or who may have late or persistent symptoms [2,3].

This syndrome, which is appearing, attracts attention because it refers to the sum of
very diverse symptoms that last until after the confirmation of SARS-CoV-2 infection. When
we speak of a syndrome in health, we refer to a “coexistence of several symptoms” [4–6].
Therefore, this syndrome will continue to exist even after the acute phase has ended and
several symptoms are still present.

Several names have been coined for this syndrome among patients, such as persistent
COVID or long COVID [6], but the one recommended by the WHO [7] for use is the term
post-COVID-19, since it does not allude to any kind of durability or causality [3].

The symptomatology of this syndrome can be very heterogeneous. The prevalent
post-COVID symptoms encompass fatigue, difficulty breathing, impaired sense of smell
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and taste, chest pain, muscle aches, as well as sleep and psychological disturbances [5].
This leads to a poor quality of life [2,3].

Studies, such as Simani et al. [8], have determined a prevalence rate of 5.8% to 43%.
The symptoms of this syndrome related to physical and respiratory deterioration can affect
the psychological health and, as a consequence, can condition the performance of physical
activity [2]. All this affects the ability of individuals to achieve a full recovery, affecting the
basic activities of daily living and even the return to work [9].

In order to find a correct approach to this syndrome, it is recommended to have a
first consultation 4 weeks after the acute phase [10]. The assessment of each patient can be
performed telematically or in person depending on the patient’s data. The use of scales
and/or questionnaires will also help us for the subsequent comparison of the state of
health and the follow-up of the evaluation, and will also allow us to unify criteria with the
health professionals.

There is a study, in particular, that talks about the symptoms associated with post-
COVID syndrome. It shows that there is a high incidence of the syndrome in question,
exposing the imperative need to find a way to effectively and efficiently help patients with
the aforementioned symptoms [11].

For this reason, a review of the literature is proposed to show the different therapies
that exist for patients with post-COVID syndrome and to evaluate their efficacy.

2. Materials and Methods

2.1. Review Protocol

The methodology used for this report was a systematic review of the scientific literature
published on physical therapies for the treatment of post-COVID syndrome, following
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) [12]
review protocol, which consists of a 27-point checklist of the most representative parts of
an original article, as well as the process of elaboration of these sections.

2.2. Eligibility Criteria

Articles with randomised clinical trial (RCT) methodology and articles with case
study methodology were selected. The articles should be written after the COVID-19
pandemic was declared, January 2020, and should provide information on the modalities
of therapies for the recovery of post-COVID syndrome in patients older than 18 years,
without restriction in reference to the language of publication.

2.3. Sources of Information

This search was performed in the Scopus, PubMed, Cinahl, and Web of Science
databases. In addition, a manual search was performed using reference lists of studies to
find other relevant studies.

The structured language used was obtained by means of MeSH terms and health
science descriptors (DeCS). The DeCs used were Post-Acute COVID-19 Syndrome and
Physical Therapy Modalities, and the Boolean operators used were “OR” and “AND”.

2.4. Search Strategy

The following table (Table 1) shows the search strategy used for this work, the source,
filters, and the date on which the search was performed.
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2.5. Data Extraction Process

After carrying out the search strategy, the articles found were transferred to the Mende-
ley web application using the Mendeley web importer tool. They were then structured by
folders, according to the databases through which they had been obtained, and duplicates
were later eliminated.

The included studies were randomised clinical trials (RCTs) and cohort studies with
the objective of showing therapies in post-COVID syndrome patients and evaluating
their efficacy. The studies were published between 2020 and 2023. The title, abstract
and keywords of each study were examined, and the inclusion and exclusion criteria
were applied.

2.6. Data Collection Process and Data Collected

The following data were extracted from each article: men and women over 18 years of
age who have had the disease, number of participants, type of physical exercise performed,
duration of exercise, intensity, and whether it was supervised by professionals.

Section 3 shows the selection process of the articles in more detail.

2.7. Risk of Bias in Individual Studies

To carry out the methodological evaluation of the articles selected for this study, we
proceeded to analyse the design, methodology and type of study of each article, with the
aim of selecting the most specific methodological evaluation scale for each case.

Of the 13 articles, 4 were case studies, 1 was a cohort study, 7 were RCTs, and 1 was a
quasi-experimental study.

The articles whose design was a case study were evaluated using the Single-Case
Experimental Design (SCED) [13]. The SCED was constructed including 11 items, of which
10 are used to evaluate methodological quality and one for the use of statistical analysis.

The following table (Table 2) shows the results obtained after the methodological
evaluation using the SCED scale [13].

Table 2. Methodological evaluation results using SCED scale.

Author Article Numerical Score

Santos, et al. [9] Musculoskeletal physiotherapy in physical sequelae of SARS-CoV-2 infection: A
case report. 7/11

Wagner, et al. [14] Successful application of pulsed electromagnetic fields in a patient with
post-COVID-19 fatigue: A case report 4/11

Rausch, et al. [15] The effects of Exercise Therapy Moderated by Sex in Rehabilitation of COVID-19 8/11

Daynes, et al. [16] Early Experiences of Rehabilitation for individual sport-COVID to improve
fatigue, breathlessness exercise capacity and cognition—A cohort Study 10/11

Zha, et al. [17] Trigger point injections and dry needling can be effective in treating long COVID
syndrome-related myalgia: a case report 6/11

For the articles whose methodology corresponded to a clinical trial, the scientific
quality was evaluated using the PEDro scale [18]. This scale provides information on the
clinical scientific evidence and scores it based on certain indicators, adding 1 point to each
one if they are present and 0 points if they are not, giving a total score of 10 points. If the
trial obtains a score between 9 and 10, it indicates that it is of very good quality; if it obtains
between 6 and 8, it indicates good quality; if it is between 4 and 5, it indicates fair quality;
and if it is less than 4, it indicates poor quality. In the case of the articles chosen for this
systematic review, the values range between 6 and 9, receiving an average score of 8.30,
which indicates that the average scientific quality is considered to be “good quality”.

The following table (Table 3) shows the results obtained after carrying out the method-
ological evaluation using the PEDro scale [18].
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Table 3. Assessment of methodology using the PEDro scale.

Author Article Numerical Score

Estebanez-Pérez, et al. [19]
The Effectiveness of a Four-Week Digital Physiotherapy Intervention to
Improve Functional Capacity and Adherence to Intervention in Patients
with Long COVID-19

6/10

Sharma, et al. [20] Pulmonary Tele-Rehabilitation in Patients (Post COVID-19) With
Respiratory Complications: A Randomized Controlled Trial 8/10

Jimeno-Almazán, et al. [21] Rehabilitation for post-COVID-19 condition through a supervised exercise
intervention: A randomized controlled trial 9/10

Sari, et al. [22] Effects of Inspiratory Muscle Training in Patients with post-COVID-19 9/10

Okan, et al. [23] Evaluating the Efficiency of Breathing Exercises via Telemedicine in
Post-COVID-19 Patients: Randomized Controlled Study 9/10

McNarry, et al. [24] Inspiratory muscle training enhances post-COVID-19 recovery: A
Randomised controlled trial 8/10

Palau, et al. [25]
Effect of a home-based inspiratory muscle training programme on
functional capacity in postdischarge patients with long COVID: The
InsCOVID trial

9/10

3. Results

After applying the search strategy for articles in the different databases and applying
the inclusion and exclusion criteria set out in the methodology, we identified 12 studies
that we included in our review. Figure 1 shows the flow chart of the identified articles.

Figure 1. Flow diagram.
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Taken together, the studies obtained highlight the efficacy of various therapeutic
interventions to address the symptoms of prolonged COVID, encompassing physical and
psychological well-being.

Overall, there were notable increases in physical function, with improvements in
balance, muscle strength, and functional capacity, among others. Symptoms, such as
fatigue and dyspnoea, decreased substantially in the intervention group compared to
the control group. In addition, improvements in mental health and cardiovascular and
pulmonary capacity were recorded. These results support the efficacy of exercise and
rehabilitation strategies in the overall recovery of patients.

A summary of the results can be found in Table 4.
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4. Discussion

The objective of this systematic review was to show the therapies that exist in patients
with long-COVID and to evaluate their efficacy, and for this reason the study of the articles
has been carried out.

This topic is closely related to the assessment of the systemic consequences of COVID-19,
which is a broad field of research in which the assessment of respiratory function plays a
key role. This was presented in the report by Pini et al. [26], where respiratory function
was analysed 4–6 months after hospital discharge in these patients to study the negative
consequences of COVID-19 pneumonia.

The results of this systematic review demonstrated that the exercise and rehabilitation
strategies had a positive impact on multiple aspects of patients’ health, from physical func-
tion to mental health. These findings support the efficacy of the interventions implemented
and suggest a pathway to improved recovery and well-being in people facing similar
health challenges.

Most of the articles selected in the elaboration have been published in the year 2022,
since we are dealing with a recent disease, namely COVID-19, and, above all, our objective
concerns therapies against post-COVID syndrome. After analysing them, we can con-
clude that the selected articles have a generally good methodological level. We have been
able to answer the main objective, since we have found different therapies for persistent
COVID, such as exercises of moderate intensity [19,21], exercises for the respiratory muscu-
lature [15,20,22–25], electromagnetic field therapy [15,20,22–25], application of cutaneous
electromagnetic nerve stimulation [9], and trigger point injections [17].

In the clinical guideline for long-COVID care, they recommend for fatigue a type of
progressive exercise therapy tailored to the individual patient [27], information that we
have been finding offers good results after completion [19,21]. In relation to dyspnoea,
the guideline recommends respiratory exercise [20]. However, we cannot determine the
efficacy of all studies as these have been based on a single case [9,14,17].

Several studies mention the improvement in the 6MWT test. Thanks to the controlled
exercise, it was observed that men run a shorter distance when compared to women, with
a significant increase for both [15,22,23].

Another improvement observed with controlled exercise was dyspnoea, which was
shown to decrease significantly, with a decrease of approximately 80% in the control
groups [15,21,22,24].

Depression and anxiety are a more subjective issue, since some studies show that there
is a significant improvement in the control groups [24,25] but there is another that does
not show a significant difference [16]. Despite that, it is observed that controlled exercise
improves depression and anxiety.

Regarding articles that discuss electromagnetic field therapy [14], namely the appli-
cation of electromagnetic nerve stimulation [11], it is shown that both women improved
the sensation of fatigue, pain disappeared completely, and quality of life improved. On
the other hand, the patient who received the trigger injections only manifested a complete
disappearance of the pain [17]. It is necessary to qualify this aspect, as it is interesting to
relate dry and wet needling with evident improvements in pain control in patients with
post-COVID symptomatology. As shown in the case of Zha et al. [17]. It is true that this
relationship can only be seen in this specific patient, so it is proposed as a new line of
research derived from this study to substantiate this possible new treatment pathway.

One of the limitations that have been found is the poor adherence of study participants
to the interventions [15,19,21,22,24] and the very small samples used [9,14,17].

Although there are several studies that demonstrate the efficacy of physical therapies,
it remains to be determined whether other types of therapies or treatment would be effective
against physical and psychological symptoms. And, above all, it is necessary to provide
psychological and emotional help to these patients.

In terms of the limitations observed, more studies are needed, as the limitations are
evident and may compromise the validity and reliability of the results. These limitations
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stem from sample sizes, the potential for bias, inadequate control of confounding variables
and even the cross-sectional approach. Therefore, it is crucial to take these limitations
into account when interpreting and applying the results of such studies to ensure accurate
interpretation and appropriate use of their results in relation to physical therapies and
prolonged COVID.

5. Conclusions

After searching the literature, we have found that moderate exercise and respiratory
muscle exercises are beneficial for recovery from the most common symptoms of persistent
COVID, namely fatigue and dyspnoea.

It can be concluded that, in cases where there was exercise control, patients have a
considerable improvement in fatigue, depression and dyspnoea, among others.

However, there are still too few studies to be able to speak of the efficacy of certain
therapies for the symptoms of long-COVID-19.
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Abstract: Background: A post-COVID condition can reduce activity and quality of life, resulting
in a significant socioeconomic and health burden. Understanding its impact on patients’ health
is important for the development of personalized rehabilitation interventions. An independent
association between obesity and post-COVID condition was found because of complications and
comorbidities. Methods: Sixteen patients with obesity and post-COVID symptoms (i.e., dyspnea,
pain, poor sleep quality, muscle fatigue), admitted to the Istituto Auxologico Italiano, Piancavallo
(VB), Italy, were recruited for a four-week rehabilitation program including conventional exercise
therapy, nutritional intervention, psychological support and whole-body cryostimulation (WBC).
Results: All participants attended all sessions of the program. Anthropometric data showed statisti-
cally significant changes in weight, waist circumference and body mass index. Biochemical analyses
showed significant reductions in lipid and inflammatory profiles. There was a significant improve-
ment in physical performance, reduction in pain and improvement in psychological well-being.
Conclusion: A multidisciplinary rehabilitation protocol including WBC, designed for patients with
obesity and a post-COVID condition, is safe and feasible. The overall improvements demonstrate
that multidisciplinary rehabilitation was effective on post COVID patients and suggest that the use of
WBC is safe and could play a role as a booster in rehabilitation programs.

Keywords: multidisciplinary rehabilitation; obesity; personalized rehabilitation; post-COVID-19
condition; rehabilitation; whole-body cryostimulation

1. Introduction

In December 2019, the world saw the emergence of Severe Acute Respiratory Syn-
drome Coronavirus 2 (SARS-CoV2), which can range from an asymptomatic infection
to acute respiratory distress syndrome (ARDS) [1,2]. The new coronavirus disease 2019
(COVID-19) put health systems in serious difficulties, infecting over 635 million people
with more than 6.6 million deaths [3,4]. Nowadays, as the pandemic persists, more than
30% of people infected with COVID-19, including asymptomatic cases, and approximately
80% of patients hospitalized for COVID-19 have reported long COVID, or post COVID-19
condition (PCC) after infection [5]. PCC is defined as sequelae of symptoms that persist for
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at least 4 weeks after acute infection or 3 months after infection, for at least 2 months and
that cannot be explained by other causes [6]. This condition is characterized by dyspnea,
coughing, fever, and persistent loss of smell or taste which eventually combines with
musculoskeletal (e.g., fatigue and myalgias) and psychological (e.g., concentration and
memory disorders, depression, and anxiety) problems [5,7,8]. PCC could reduce activity
ability and health-related quality of life (HR-QoL), imposing significant socioeconomic
and health burdens, and has attracted widespread attention [9]. Understanding PCC im-
pact on patients’ health and well-being is of great importance in developing effective and
personalized rehabilitation and pharmacological interventions [10,11].

Obesity is linked to the progression of COVID-19 through a number of molecular
pathways that increase SARS-CoV-2 infection vulnerability [12]. Adipose tissues in obese
patients have a greater number of proteases and receptors for SARS-CoV-2 entry, suggesting
that they could act as an accelerator and reservoir for this virus, enhancing the immune
response and systemic inflammation [12].

Several studies have documented an independent association between obesity and
PCC because of the complications and comorbidities, reporting a 25% higher risk of PCC
with an additional burden on the immune system and involvement of physical and physio-
logical processes [13–15].

Other studies have reported that patients with prolonged COVID symptoms are more
likely to have obesity and any obesity degree (BMI ≥ 30 kg/m2) was associated with a worse
PCC prognosis [16]. Thus, an intensive multidisciplinary, tailored rehabilitation approach
is required to maximize the patient’s functional recovery and facilitate the returning to pre-
morbid life, especially when PCC symptoms appear to persist or even worsen in susceptible
individuals [17].

Conventional rehabilitative approaches for PCC include physiotherapy [18,19], breath-
ing [20] and resistance and/or aerobic exercises [21], psychological counseling [22], and
home-based programs [23].

Physical therapy in PCC focuses on improving physical strength, endurance, balance,
and mobility, while respiratory therapy aims to improve lung function and breathing
patterns [18]. Psychological counseling is essential to address the mental and emotional
impact of PCC, including anxiety, depression, and post-traumatic stress disorder [22].
However, it is important to explore alternative interventions that can complement and
enhance the conventional rehabilitation process.

Previous studies investigated Whole-Body Cryostimulation (WBC) as a treatment
able to reduce pain and inflammatory status in several conditions [24] and to improve
depression, anxiety [25], functional status and fatigue [26], and sleep quality [27]. WBC
consists of exposure to cryogenic temperatures (−110 ◦C to −140 ◦C) for a short period of
time (2–3 min) and is a therapy with widely reported anti-inflammatory and less studied
metabolic effects [28]. It is used as a post-exercise recovery technique and as an adjuvant
therapy in conditions of rehabilitation interest [29–31] such as rheumatoid arthritis, fi-
bromyalgia, multiple sclerosis, sleep disturbances, obesity. Moreover, the positive effects of
ten serial sessions of WBC have been previously reported in patients with PCC [32].

The effect of adding WBC to a multidisciplinary rehabilitation program has not been
studied extensively, particularly in the context of post-COVID care, although it is a unique
approach [32]. The purpose of this study was to investigate the safety, acceptability and
feasibility of a multidisciplinary personalized rehabilitation program including WBC in
patients with obesity and PCC, admitted to a rehabilitation unit, and to provide additional
data on cryostimulation as an adjuvant treatment for functional recovery.

2. Materials and Methods

2.1. Study Design

A single arm longitudinal study was performed. According to the literature [33],
feasibility studies are an attempt to answer questions about whether some aspect of a
future trial is feasible, in this case the authors seek to determine the acceptability of an
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intervention and the perceived importance of types of outcomes. Acceptability can be
interpreted as the participants’ positive or negative opinion of a particular innovation.
Patients were recruited from the Rehabilitation and Pneumology Unit of the San Giuseppe
Hospital, Istituto Auxologico Italiano, Piancavallo (VB), Italy. The participants engaged in
a 4-week multidisciplinary rehabilitation intervention. This study was conducted as part of
a line of research aimed at defining better personalized rehabilitation programs for patients
with obesity.

2.2. Participant Eligibility

Inclusion criteria were age 18–75 years, BMI ≥ 30 kg/m2, and PCC. Exclusion criteria
were severe psychiatric illness, acute respiratory disease, acute cardiovascular disease,
unstable hypertension, cold intolerance, claustrophobia, pregnancy, recent change in usual
medication, previous treatment with WBC, weight loss in the previous 3 months, and body
temperature > 37.5 ◦C.

2.3. Participants

Between July 2021 and September 2022, 16 patients admitted to the Rehabilitation and
Pneumology Unit of the San Giuseppe Hospital, Istituto Auxologico Italiano, Piancavallo
(VB), Italy, agreed to participate in the study.

2.4. Study Variables

Anthropometric data, cardiovascular parameters, blood tests and functional test scores
were collected at baseline (T0) and within 4 weeks at the end of the rehabilitation protocol (T10).

A schematic diagram of the protocol can be found in Figure 1. There were no follow-up
measurements after discharge. Anthropometric measurements including weight, height,
body mass index (BMI) and waist circumference (WC) were taken using a scale and
tape measure. Resting cardiovascular parameters, including heart rate (HR) and systolic
and diastolic blood pressure (SBP/DBP), were measured by a trained health professional
using standard procedures. Hematological biomarkers analyzed from morning fasting
blood samples included glucose, total cholesterol, high-density lipoprotein (HDL), low-
density lipoprotein (LDL), triglycerides (TG) and C-reactive protein (CRP) measured by
standard laboratory techniques, specifically enzymatic methods for glucose, cholesterol,
and triglycerides, immunoturbidimetric assay for CRP and spectrophotometric methods
for HDL and LDL.

 

Figure 1. Schematic of the study design showing the timeline of the study protocol and
research outcomes.
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Physical performance tests included: a 6-min walk test (6MWT) [34] and the Timed
Up and Go test (TUG) [35]. General pain was assessed using the Visual Analogue Scale
(VAS) [36].

The Psychological General Well-Being Index (PGWBI) was used to measure subjective
psychological well-being [37].

Patients admitted to the Pneumology Department had their basal SpO2 parameters
measured by polysomnography on admission and discharge.

2.5. Intervention

The multidisciplinary rehabilitation program included individualized nutritional in-
tervention, psychological support and supervised physical activity throughout the hospital
stay. All patients received a balanced, hypocaloric Mediterranean diet consisting of three
meals a day with 18–20% protein, 27–30% fat (of which <8% saturated fat) and 50–55%
carbohydrates (<15% simple sugars), and 30 g of fiber from fresh vegetables. Under the
supervision of a physiotherapist, two 60-min physiotherapy sessions were performed
daily, consisting of personalized progressive aerobic training, postural control exercises
and progressive strengthening exercises. The aerobic sessions were monitored with sub-
jective perception of fatigue (Borg’s CR10 scale) and oxygen saturation (SpO2). Exercise
was stopped when a score of 5 was reached on the Borg scale. The first aerobic session,
performed in the morning after WBC, consisted of walking at a predetermined cadence.
The second session, performed in the afternoon, consisted of arm cranking at an intensity of
65% of HRmax according to Karvonen’s equation ((220 − age) × 0.65). This approach was
individualized according to the patient’s fitness, clinical status, and subjective perception
of fatigue. All patients underwent ten sessions of WBC over a 2-week period (1 treatment
per day, Monday to Friday, at 8:15 am, before exercise classes and physiotherapy).

2.6. Description of the WBC Session

Subjects were exposed to extremely cold, dry air at −110 ◦C for 2 min in a cryochamber
(Arctic, CryoScience, Rome, Italy). On the day before the first WBC session, a 1-min test
session was performed. Sessions were conducted under the supervision of appropriately
trained operators. On entering the cryochamber, the patients were asked to remove their
glasses, contact lenses and jewelry, and to dry their bodies thoroughly to reduce the
sensation of cold and avoid skin burns. Men were allowed to wear shorts or tracksuit
bottoms (due to the severe cold sensation in some cases), a light t-shirt (or no shirt), mid-calf
socks, clogs, gloves, headgear, and ear protection. Women also wore a sports bra or a light
t-shirt. A surgical mask covered the nose and mouth. Subjects were encouraged to shift
their weight, move their fingers, and breathe normally in the cryochamber. Visual and
vocal contact with the volunteers was constant. For safety reasons, SBP and DBP blood
pressure were measured before and after each treatment.

2.7. Feasibility

Adherence to the 4-week protocol treatment was monitored, and completion rates of
tests and questionnaires before and after the intervention were assessed. Adverse events
were monitored throughout the study. At the end of the intervention, an exit interview
was conducted to collect qualitative information about the participants’ experience of the
feasibility and effects of the intervention.

2.8. Statistical Analysis

Statistical analysis was performed using Jamovi statistical software version 2.4.8. Data
were expressed as mean (±standard deviation). The Shapiro–Wilk test was used to evaluate
the normality of the distribution of the data. Student’s paired t test for normal data and
Wilcoxon’s nonparametric paired test for nonnormal data were used to compare admission
and discharge data. The level of significance was set at p < 0.05.
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2.9. Ethical Considerations

Patients were fully informed of the scope and methodology of the study, which was
conducted in accordance with the World Medical Association’s Declaration of Helsinki and
approved by the Ethics Committee of Istituto Auxologico Italiano (reference: 2021_05_18_14).
Written and verbal informed consent was obtained from all experimental patients.

3. Results

3.1. Participant Flow

From July 2021 to September 2022, a total of 16 patients (three males, mean age
55.9 ± 7.51 years) met the eligibility criteria, were enrolled in this study, and started treat-
ment. Eleven patients were recruited from the rehabilitation unit and five from the Pneu-
mology unit. All patients completed the study protocol. Anthropometric, hematological,
and functional data at baseline (T0) are shown in Table 1.

Table 1. Baseline clinical and demographic characteristics (N = 16).

Mean SD Mean SD

Age (y) 55.94 ±7.50 CRP (mg/L) 0.57 ±0.54
Weight (kg) 99.83 ±29.19 HDL (mg/dL) 49.37 ±11.41

BMI (kg/m2) 37.99 ±8.44 LDL (mg/dL) 130.50 ±40.94
WC (cm) 114.40 ±13.99 Tot. Col. (mg/dL) 196.96 ±49.06
LOS (d) 30.6 ±7.69 TG (mg/dL) 156.62 ±51.38

6MWT (m) 381.80 ±145.05 Glu (mg/dL) 112.25 ±40.70
TUG (s) 12.65 ±11.65 SBP (mmHg) 135.0 ±19.0

VAS pain 53.06 ±26.64 DBP (mmHg) 81.3 ±11.9
PGWBI 63.50 ±16.92 HR (bpm) 80.0 ±10.4

6MWT, 6-Minute Walk Test; BMI, Body Mass Index; bpm, beat per minute; CRP, C-Reactive Protein; DBP, Diastolic
Blood Pressure; HDL, high-density lipoprotein; HR, Heart Rate; LDL, Low-Density Lipoprotein; LOS, Length
of Stay; PGWBI, Psychological General Well-Being Index; SBP, Systolic Blood Pressure; SpO2, Saturation of
Peripheral Oxygen; TG, triglycerides; Tot Col., Total Cholesterol; TUG, Timed Up and Go test; VAS, Visual
Analogue Scale; WC, Waist Circumference.

3.1.1. Admission and Discharge Data Comparison

After the four-week rehabilitation treatment, which included nutritional intervention,
psychological support, supervised physical activity and WBC, the authors found the
following changes. Anthropometric data showed statistically significant changes in weight,
WC, and BMI, which were lower at discharge. Biochemical analyses showed a significant
decrease in CRP, HDL, LDL, Tot Col, GLU at T10. Among the other parameters analyzed, no
significant difference was found for TG at discharge. In terms of cardiovascular parameters,
there was a significant reduction in SBP and HR but not in DBP. There was a significant
improvement in performance capacity as measured by TUG and distance walked on the
6MWT, a significant reduction in pain as shown by VAS pain, and an improvement in
psychological well-being as measured by the PGWBI scale.

The patients hospitalized at the Pneumology Department showed significant improve-
ments of Sp02 basal evaluation. A comprehensive overview of the results is provided in
Table 2.
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Table 2. Comparison between the parameters at T0 and at T10 (N = 16).

T0 T10 p-Value

Weight (kg) 99.83 ±29.19 95.819 ±27.10 <0.001 a

BMI (kg/m2) 37.99 ±8.44 36.491 ±7.81 <0.001 b

WC (cm) 114.40 ±13.99 108.800 ±13.73 0.002 a

6MWT (m) 381.80 ±145.05 446.200 ±84.56 0.093 a

TUG (s) 12.65 ±11.65 9.373 ±4.67 0.009 a

VAS pain 53.06 ±26.64 33.938 ±18.71 <0.001 b

PGWBI 63.50 ±16.92 76.188 ±16.59 0.002 a

CRP (mg/L) 0.57 ±0.54 0.459 ±0.41 0.013 a

HDL (mg/dL) 49.37 ±11.41 43.688 ±9.90 <0.001 b

LDL (mg/dL) 130.50 ±40.94 107.563 ±47.00 0.005 b

Tot. Col. (mg/dL) 196.96 ±49.06 176.838 ±56.51 0.013 b

TG (mg/dL) 156.62 ±51.38 147.438 ±49.77 0.473 b

Glu (mg/dL) 112.25 ±40.70 97.563 ±17.94 0.003 a

SBP (mmHg) 135.0 ±19.0 125.625 ±14.59 0.046 a

DBP (mmHg) 81.3 ±11.9 76.250 ±5.00 0.084 b

HR (bpm) 80.0 ±10.4 73.188 ±5.50 0.014 b

SpO2 * 91.5 ±1.47 94.0 ±2.05 0.047 b

a, Wilcoxon test; b, t-Student test. * Only patients admitted to Pneumology Unit. 6MWT, 6-Minute Walk Test; BMI,
Body Mass Index; bpm, beat per minute; CRP, C-Reactive Protein; DBP, Diastolic Blood Pressure; HDL, high-
density lipoprotein; HR, Heart Rate; LDL, Low-Density Lipoprotein; PGWBI, Psychological General Well-Being
Index; SBP, Systolic Blood Pressure; SpO2, Saturation of Peripheral Oxygen; TG, triglycerides; Tot. Col., Total
Cholesterol; TUG, Timed Up and Go test; VAS, Visual Analogue Scale; WC, Waist Circumference.

3.1.2. Feasibility

All 16 participants attended all four weekly sessions of the program, indicating ex-
cellent compliance. The data collection completion rate was good overall. No adverse
events occurred during the intervention period. Participants reported positive physical
and mental changes and were generally satisfied with the program setting. Motivation was
very high due to the innovative nature of the approach included in the protocol.

4. Discussion

The present study demonstrates the safety and the feasibility of a multidisciplinary
rehabilitation program combined with WBC and provides some preliminary evidence in
patients with obesity and PCC.

In general, cold exposure has been shown to have systemic effects on the neuro-
muscular, autonomic, endocrine, cardiovascular and immune systems [24]. As obesity
is characterized by chronic low-grade inflammation, the effect of WBC may be due to
its anti-inflammatory properties, such as the reduction of pro-inflammatory responses
such as reduced levels of inflammatory markers (e.g., CRP), modulation of the pro-
oxidant/antioxidant balance, and the cytokine levels observed (i.e., TNF-α, IL-6, and
IL-1) may help counteract the inflammatory processes associated with the PCC [38]. In
addition, the biological effects of WBC are thought to be enhanced recovery through in-
creased activation of the parasympathetic system and improved oxygenation of muscle
tissue [39].

The correct diagnosis and management of PCC is challenging for healthcare providers
due to the heterogeneity and complexity of clinical manifestations and the likely need for
multidisciplinary management approaches [40–42].

The importance of identifying outcome measures in PCC rehabilitation, such as physi-
cal function, quality of life, general symptoms, disability, activities of daily living and return
to work, is crucial [43]. Global assessment before and after a rehabilitation program should
be undertaken to provide more evidence for the development of effective management
plans for Long COVID patients [44], particularly in people at higher risk of developing
more severe PCC, such as those with obesity [45].
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In primary care, general practitioner prescription of physical activity in a safe en-
vironment with a trained facilitator, could be an extremely effective way to manage the
symptoms of long COVID from the outset [46,47]. This prescription should be preceded by
an initial consultation to identify comorbidities and risks such as post-exertional symptom
exacerbation, which is characterized by a worsening of symptoms after physical or mental
exertion, usually 12–48 h after the activity and lasting for several days or (rarely) weeks [48].

Exercise-based rehabilitation is a therapeutic approach that may play an important
role in improving sympathovagal balance and normalizing sympathetic index levels [49].

Several studies have focused on developing the most appropriate exercise protocol for
patients with PCC, ranging from strength and endurance exercises to combined aerobic
and resistance training [22,50,51], which can be varied in intensity and duration, and all
show improvements in functional capacity [17,52].

According to our results, the effects of exercise therapy on SpO2 levels and cardiovas-
cular fitness in patients with obesity and PCC have been widely documented [53].

Research has demonstrated the beneficial effects of exercise in reducing inflammation,
improving immune function, and promoting overall physical and mental well-being in
people with a post-COVID condition [54–56].

Given the existing evidence of clinical and functional benefits following WBC in
musculoskeletal, neurological, and psychological conditions, the addition of such treatment
aims to improve the patient’s overall physical performance and perceived quality of life [57].

Indeed, WBC is a safe and innovative method capable of applying precise and ho-
mogeneous “doses” of cold and inducing a rapid systematic reduction of inflammation
and oxidative stress [58] with therapeutic effects on fatigue, pain, thymic tone, depression
and sleep [24,25], as well as metabolic effects [29] such as increased thermogenesis and
improved lipid profile, insulin sensitivity and glucose utilization, and could thus enhance
the beneficial effects of an exercise program, especially one of short duration [59–61].

Thus, in line with our previous studies, the benefits of WBC appear to be rapid,
from the very first sessions, probably due to its rapid anti-inflammatory effect [62]. So,
implementing the WBC seems feasible and the pre/post results are encouraging as well.

The results showed that a rehabilitation program including WBC had an impact
on cardiometabolic profile, physical performance, sleep quality and overall well-being,
suggesting that it may be an effective adjunct therapy in the rehabilitation of post-COVID
obese patients.

Interestingly, an increase in parasympathetic tone is suggested by the significant
reduction in HR observed. Autonomic dysfunction is a major hypothesis for symptom
persistence in long COVID, and WBC may have a role to play as an adjuvant therapy as
it can act as a ‘training method’ for the autonomic nervous system [63,64]. Indeed, it is
well established that WBC is effective in increasing post-exercise and resting heart rate
variability (HRV), an indicator of increased parasympathetic tone activation [65–67].

To the best of our knowledge, this study includes the largest sample of PCC in patients
with obesity undergoing multidisciplinary rehabilitation combined with WBC.

Given its known rapid effects, WBC sessions started as early as a few days after
admission and were performed early in the day with the aim of improving patients’ overall
physical performance and increasing adherence and motivation to rehabilitation.

In addition, no adverse events were observed in the sample patients, indicating that
this type of treatment can be performed safely.

These findings may be of particular interest in cases in which rehabilitation programs
may be hindered by pain, inflammation, or fatigue, and highlight the importance of early
rehabilitation support. It is important to note that our results could lead to the possible
application of the WBC in the rehabilitation of other respiratory diseases with similar symp-
toms. In fact, in obstructive lung disease, the sympathetic nervous system may be affected
by recurrent episodes of hypoxemia, hypercapnia, elevated intrathoracic airway pres-
sures, increased ventilatory effort, systemic inflammation and beta-sympathomimetics [68].
Rehabilitation of these patients should consider treatments that aim to re-establish the sym-
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pathovagal balance to reduce resting sympathetic activity, such as WBC, exercise training,
muscle stretching and breathing relaxation techniques [68,69].

Our data have some limitations, the main one being the lack of a control group of
long-term COVID patients, which did not allow us to analyze both the evolution of the
treated patients with the natural evolution of the symptoms, which is still unknown,
and the effect of medical follow-up “alone”, in a dedicated facility and group. In the
absence of a control group, our results do not fully clarify the extent to which WBC, the
multidisciplinary rehabilitation program, or a combination of the two may account for the
observed improvements. It is not always clear whether improvements in anthropometrics,
blood tests and general well-being are due to exercise, diet, and psychological intervention
alone, or to the addition of WBC.

Due to the wide range of PCC symptoms, the sample was heterogeneous and consisted
of different degrees of obesity, associated physical abilities and comorbidities.

Another limitation was the small number of participants involved in the study, there-
fore, larger studies with diverse populations should be conducted to determine the general-
izability of these findings to a wider range of patients with PCC.

The reported results may have been influenced by motivational factors related to
participation in a novel, well-tolerated treatment. Despite these limitations, the results of
this feasibility study provide valuable insights into the potential efficacy and impact of a
multidisciplinary rehabilitation program incorporating WBC in PCC patients with obesity.
Future research should aim to further investigate the long-term effects and benefits of WBC
in the rehabilitation of PCC. Also, it would be valuable to investigate the most appropriate
frequency, time, and temperature protocols.

5. Conclusions

This study shows that a comprehensive multidisciplinary rehabilitation protocol that
includes WBC developed for patients with PCC and obesity is safe and feasible. The
overall improvement in physical performance, hematological and metabolic parameters,
psychological and general well-being, and pain demonstrates that exercise rehabilitation
was possibly an effective tool for long-term COVID patients. The clinical implications of this
study are that WBC can be considered as an adjuvant and booster therapy in post-COVID
rehabilitation of patients with obesity and PCC.

In addition, it is important to emphasize that the introduction of WBC was a turning
point for all participants in terms of subjective and objective improvements in health and
function, and that the overall improvement in clinical, physical, and biochemical parameters
at discharge supports the use of WBC as an additional option in the multidisciplinary
management of PCC.

In conclusion, considering that the severity and prevalence of PCC in the general
population is still high, the identification of rehabilitation programs and adjuvants that
can act as a booster for rehabilitation programs appears to be of paramount importance.
However, due to the heterogeneity of this condition, rehabilitation protocols should be
tailored to each patient’s needs.

The small sample size makes it difficult to draw conclusions but underlines the
importance of establishing a rehabilitation pathway for the care of patients with long
COVID that can be adapted and tailored to the individual symptoms. Larger randomized
trials with diverse populations should be conducted to determine the generalizability of
these findings to a wider range of post-COVID patients.
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Abstract: Background: COVID-19 was an infection that was capable of bringing the entire world to
a standstill position within a period of days to months. Despite the advancements in the medical
sector, the contagion was difficult to control and costed the lives of millions of people worldwide.
Many short- and long-term effects are witnessed even to date in people that contracted the disease.
Pregnant females had to suffer not only the devastating effects of the virus, but also the psycho-social
impact of the lockdown. The impact of COVID-19 infection during pregnancy causing decreased
antenatal care or hypoxemic episodes due to severe respiratory distress and whether it could lead to
the appearance of congenital gastrointestinal malformation in neonates is still unclear. The aim of our
study was to analyze if COVID-19 infection during pregnancy could increase the incidence of gastric
malformations in neonates born from these women. Materials and Methods: We sifted the files of all
neonates admitted into our hospital between January 2022 and December 2022, and based on inclusion
and exclusion criteria, we included the cases having gastrointestinal congenital malformations during
the COVID-19 pandemic. We performed a single-center, retrospective, observational descriptive
study. We further divided the patients based on the anatomical location of the malformation. We
also took down details of the evolution of pregnancy and whether the mother had contracted a
SARS-CoV-2 infection during the pregnancy. Details regarding the Apgar score, days of intensive
care admission, sex, and nutrition were the key findings studied. Results: A total of 47 neonates were
found to have digestive anomalies, among which, based on the anatomical locations, the number of
malformation cases found at the level of the esophagus were 15, while 16 occurred at the level of the
pylorus; we found 12 cases of malformation of the duodenum, and four cases had malformation of
the rectum. Out of these 47 neonates, 38.3% were females and 61.7% were males. A total of 58% were
preemies, among which 9% had intra-uterine growth retardation (IUGR), and 42% were full-term
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newborns, among which 4% had intra-uterine growth retardation (IUGR). A total of 45% of the births
were primiparous pregnancies and 55% were from multiparous females. A total of 14 mothers were
found to have tested positive for COVID-19 during the course of pregnancy (p-value = 0.23); many
had mild symptoms but were not tested. Conclusions: COVID-19 can affect the wellbeing of the
pregnant female and their fetus. Larger studies can help gain extensive knowledge as to whether
COVID-19 also has the potential to result in congenital gastrointestinal anomalies in children born
from COVID-19 positive mothers. In our study, only a few infants born with this pathology were
found to be born from COVID-19 positive mothers. Hence, it is difficult to conclude or exclude a
direct correlation between the infection and the congenital malformations.

Keywords: COVID-19; neonates; gastrointestinal malformations; congenital anomalies

1. Introduction

COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
spread quickly worldwide; this resulted in devastating effects on public health, affecting
almost all organs and systems of human body, both during the acute phase of COVID-19
infection and during the immediate post COVID-19 period [1–3].

The risk of perinatal transmission, especially when breastfeeding, as well as the
neonate’s risk of developing COVID-19 during the perinatal period are still unknown [4,5].
However, members of the coronavirus family are known to be responsible for severe com-
plications during pregnancy, such as miscarriage, fetal growth restriction, and congenital
anomalies [6]. Whether or not COVID-19 affects fetuses in the same way requires further
in-depth studies.

There is no reliable evidence for transplacental transmission of COVID-19 during the
first or early second trimester of pregnancy; however, the current limited data does not
indicate maternal-to-fetal transmission in the third trimester as well [7]. Meanwhile, a
systematic review suggested that during delivery or while breastfeeding, the virus can
enter the neonate and cause infection, but the chances of transplacental transmission are not
yet documented [8]. During pregnancy, the maternal immune system and inflammatory
responses are widely suppressed, and the fetus in the mother’s womb remains safe without
the mother’s immune system attacking it, considering it a foreign entity [9]. Pregnant
women were one of the most vulnerable groups during the COVID-19 pandemic, as
pregnancy was found to be a strong risk factor for severity of COVID-19 infection [10].

Studies have shown that pregnant women may have an increased risk of maternal and
neonatal complications due to COVID-19 infection [11]. Several clinical symptoms such
as fever, disseminated intravascular coagulation, feeding intolerance, bleeding, cyanosis,
complicated deliveries, rash, edema, dyspnea, and pneumonia have been reported in
neonates born from mothers infected with COVID-19 [5,12,13]. Congenital anomalies
include a wide range of anatomical or physiological abnormalities that can be present
at birth or are diagnosed during the antenatal period. Primary prevention of congenital
anomalies in the population, especially from the rural group, is of crucial priority, including
pre-conceptional care and approaches involving the entire population in which education
plays a pivotal role [14]. The urban population having easy access to healthcare units,
awareness plans, and education helps immensely in maintaining the proper healthy state
of pregnant women [15,16]. The global birth prevalence of congenital anomalies is ap-
proximately 2–3%. The pattern and prevalence of congenital anomalies may vary over
time or with geographical location. Apart from the environmental factors, another key
element is maternal age; the higher the age of the mother at the time of conceiving, the
greater the chances of having an unhealthy child. Similarly, mothers suffering from chronic
health issues often present stillbirths, low-birth weight infants, or miscarriages [17]. Proper
antenatal care and deliveries at specialized units having neonatal intensive care units can
further reduce the mortality.
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Early diagnosis of congenital malformations during the regular follow-up visits of
the pregnant women can provide both the parents and doctors enough time to intervene
and take proper decisions for the child and mother [18]. Ultrasound examinations are safe
and non-invasive procedures that can diagnose many malformations in the fetus and the
newborn [19,20]. The ability to diagnose these malformations prenatally is influenced by
the site of obstruction, the presence of associated anomalies, and the gestational age at the
time of imaging [21]. Newborns should be rapidly transferred to a tertiary medical care
center that ensures adequate medical and surgical treatment if they were born in small
medical units [22].

The published literature indicates that viral illnesses during early pregnancy and
several antiviral drugs are associated with an increased risk of cardiac and neurodevel-
opmental congenital anomalies in newborns [23–26]. Similarly, over-the-counter medi-
cations like paracetamol together with other NSAIDs can have harmful effects during
pregnancy [27]. However, there is very limited evidence for an association between SARS-
CoV-2 infection in early pregnancy or COVID-19 vaccination and the risk of congenital
malformations [24,28,29].

We have described 51 cases of newborns with GI pathology during a previous
study [30]. The former study included 39 cases of GI malformations and spanned a period
of 3 years (1 January 2017 up to 31 December 2019). During the year 2022, we noticed a
spike in GI malformations, which prompted us to initiate the present study.

The aim of the present study was to detect possible complications arising from COVID-19
infection. The focus was on gastrointestinal malformations and their relationship to a
SARS-CoV-2 infection during pregnancy. The study was considered a research priority, mo-
tivated by the observed spike in GI congenital malformations.

2. Materials and Methods

Newborns. This single-center retrospective descriptive analysis of birth prevalence
for digestive malformations was performed during the year 2022 and included newborns
admitted to the regional level III Neonatal Intensive Care Unit (NICU) of ‘Louis Turcanu’
Emergency Clinical Hospital for Children in Timisoara, Romania. The population-based
data were collected from the “Atlas-Med” S.C. GAMA IT S.R.L, address is Str. Zidului nr. 7,
Sibiu, 550189 (RO).

Inclusion criteria: gestational age (GA) ≥ 28 weeks, birth weight of at least 1000 g,
surgery for malformations of the digestive tract, not more than 7 days old at admission,
complete medical history from maternity and pediatric surgery department.

Exclusion criteria: GA < 28 weeks, birth weight under 1000 g, newborns without diges-
tive malformations, incomplete observation sheets, severe infections (sepsis or pneumonia),
severe genetic malformations, and postoperative deaths.

A full feeding was defined as the completion of target calorie counts for premature
neonates (150 kcal/kg/day) [31]. We followed the national neonatal enteral and parenteral
nutrition guidelines in our country. Although, there was a slow rate of nutritional recovery
found in all newborns [32].

Ethical approval and patient consent: The study was approved by the Ethics Com-
mittee for Scientific Research of the Emergency Hospital for Children ‘Louis Turcanu’
(approval no. 82/05.10.2023). The authors ensure that this study was carried out in accor-
dance with the Declaration of Helsinki. Written informed consent was obtained from all
patients/parents/legal guardian as a part of routine admission to our tertiary university
hospital for future research and study purposes.

Demographic variables and clinical data were collected (sex, GA, Apgar scores, ante-
natal clinic visit details, presence of COVID-19 disease during pregnancy, COVID-19 vacci-
nation details during pregnancy, environment factors, birth weight, maternal medication,
weight at admission and discharge, other associated diseases, number of hospitalizations in
the pediatric surgery department and our department, postoperative nutrition, and details
regarding the digestive malformation and its time of diagnosis).
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Statistical analysis: Descriptive statistics are presented as frequencies or as the median
and interquartile range (IQR). Groups were compared using the t-test or the
Kruskal–Wallis rank sum test and using Fisher’s exact test or Pearson’s chi-square test.
Pathologies were grouped into 4 categories based on the anatomical location: esophagus,
pylorus, duodenum (including the small intestine), and rectum. The number of rectal
malformations was small (4 cases), and this group was excluded from some of the analysis.
Inter-group comparisons between the various pathologies were performed using analysis
of variance (ANOVA), and the differences were highlighted using boxplots. Specific predic-
tors were also analyzed in bivariate models to test if they remained statistically significant
when confounded with the type of malformation. A p-value of <0.05 was considered to
indicate a statistically significant difference. The statistical analysis was performed using
the R statistical framework and plotted using the ggplot2 package [33–35].

3. Results

During the study period, 477 newborn babies were admitted into our department, out
of which 57 had congenital malformations, corresponding to a prevalence of 12%. Out of
the total number of malformations, seven were cardiac malformations (12.5%), three were
renal system malformations (5.35%), and the remaining 82.25% of cases (n = 47) presented
gastrointestinal (GI) malformations (upper and lower gut abnormalities). It is important to
mention that our department is not part of a maternity hospital; we accept transfers from
four counties in Romania with a wide variety of neonatal pathologies, and we work in close
collaboration with the pediatric surgery department as being part of a tertiary pediatric
multispecialty hospital.

The patients (n = 47) with GI malformations were further divided into four categories,
based on the anatomical location: malformations at the level of the esophagus (n = 15),
pylorus (n = 16), duodenum (n = 12), and rectum (n = 4). A total of 58% were preemies,
among which 9% had intra-uterine growth retardation (IUGR), and 42% were full-term
newborns, among which 4% had intra-uterine growth retardation (IUGR).

The number of GI malformations was markedly higher during 2022 than during
the 3 years prior to the COVID-19 epidemics (2017–2019, 39 cases, Fisher’s exact test
p-value = 2.2 × 10−6). The total number of patients on the NICU was relatively stable
during this time period (559, 626, and 678 cases vs. 679 cases during 2022). The increase
in proportions was highly statistically significant (chi-square test trend in proportions:
p-value = 1.2 × 10−7).

The most common pathology during the previous 3 years corresponded to malfor-
mations of the duodenum (six, four, and seven cases; Figure 1), although the difference
in the relative proportion did not reach statistical significance (chi-square test for trend in
proportions: p = 0.06). Malformations of the rectum and colon occurred only infrequently
during this time period (n = 3), a result which was also observed during 2022.

The second half of the study focused on the analysis of the 47 cases diagnosed during
2022. Almost half of the women were primiparous (45%), while the remaining 55% were
multiparous.

The mothers were divided into three subgroups: those who had the COVID-19 disease
(RT-PCR tested), those who did not have the disease, and the group of mothers who were
not tested for IgG during pregnancy. Only a small number of mothers (approximately 13%)
were found to be vaccinated against SARS-CoV-2. This could be due to limited knowledge
regarding the disease and its potential side effects, as 51% of the mothers did not perform a
COVID-19 test despite having mild symptoms indicative of a possible infection during the
pregnancy. A history of COVID-19 disease could not be excluded in these women due to a
lack of appropriate testing.

A positive history of COVID-19 (confirmed by RT-PCR) was present in 14 mothers,
while another 8 did not experience an infection (negative RT-PCR). However, the status
remained unknown in the remaining 25 mothers. Among the 14 COVID-19 positive
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females, only 1 had contracted the infection in the last trimester, while the remaining
13 had COVID-19 in their first trimester.

Figure 1. Bar plot with the number of GI malformations during the years 2017–2019 and 2022. There
was a sharp increase during 2022. The number of patients was relatively stable during this time
period. The increase in proportions was highly statistically significant. (p-value = 1.2 × 10−7).

During the study period, we assessed the antenatal medication and found out that all
pregnant women who came from dispensary pregnancies supplemented their diet with
nutrients and antioxidants to cover the increased needs during pregnancy; acetaminophen
was the most used analgesic and antipyretic drug [27] (Table 1).

Table 1. Demographic details of mothers and patients enrolled in the study.

% or N (%)

Rural/Urban 50%/50%

Primipara (P/MP) 46%/54%

COVID-19 Status:

Yes 14 (29.8%)

No 8 (17%)

Unknown 25 (53.2%)

COVID-19 Vaccine (Yes/No) 13%/87%

Vegan (Yes/No) 9%/91%

Sex (M/F) 61%/39%

Apgar Score at One Minute: <9 vs. ≥9 63%/37%

Nutrition (Diverse/Formula) 87%/13%

Out of the 47 analyzed cases, 61% were males (28 cases) and 39% were females. Ab-
normalities of the esophagus predominated in females (11 vs. 4), while those of the pylorus
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were more common in males (13 vs. 3). There were also seven males and four females with
malformations of the duodenum, while all four cases with rectal malformations were males
(Fisher test: p = 0.005).

The Apgar score at one minute was similar in the groups of patients with malfor-
mations of the esophagus, pylorus, or duodenum. It was slightly lower in the fourth
group (rectal malformations), although the difference did not reach statistical significance
(p-value = 0.10) (Figure 2). The mean scores (esophagus: 7.8; pylorus: 8.4; duodenum: 8.0;
and rectum: 6.8) closely followed the medians (8, 8.5, 8, and 6.5 respectively). The Apgar
score was lower in patients from a rural setting (mean = 7.52 vs. 8.39; p-value = 0.01).

Figure 2. Boxplot with Apgar score grouped by pathology. The Apgar score was similar in the
groups of patients with malformations of the esophagus, pylorus, or duodenum. There were only
4 patients with malformations of the rectum, with scores of 6, 6, 7, and 8. The difference did not reach
statistical significance (p = 0.10), there was just one case having Apgar of 6 in the pylorus lot which is
represented by a circle in the above figure.

The Apgar score did not vary significantly with the COVID status (Kruskal–Wallis
p = 0.70; Figure 3) even after merging the group with unknown status with the negative
group (p = 0.41). The proportion of duodenal malformations was higher in pregnancies
with a positive history for COVID-19 virus as well as in the untested group. However,
these results did not reach statistical significance (p = 0.23; p = 0.76 in the merged groups).

Infection with COVID-19 during pregnancy had no impact on the following outcomes:
gestational age (p-value = 0.57), weight at admission (p-value = 0.88), weight at discharge
(p-value = 0.74), or Apgar score below 9 (p-value = 0.71).

Apgar score was found to be much lower in the patients with a rural background
(p-value = 0.01). COVID-19 infection in mothers was found to have no influence on the
gestational age (p-value = 0.57), weight at admission (p-value = 0.88), weight at discharge
(p-value = 0.74), or Apgar score (below 9) (p-value = 0.71).
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Figure 3. Apgar score and presence of COVID-19 infection. The Apgar score did not differ signifi-
cantly with the COVID status of the mother (p = 0.70). However, there was a large number of mothers
with unknown status (n = 24). Yes = infection; No = no infection; Unk = a previous infection could not
be excluded. There was just one case having Apgar of 5 in the yes lot which is represented by a circle.

The birth weight, weight at admission to the NICU, and discharge weight varied
significantly with the underlying pathology (p = 0.01, p = 0.0005, and p = 0.005). Newborns
with an esophageal malformation or duodenal malformation had lower birthweights
compared with the other groups (medians of 2520 g and 2400 g compared with >3000 g for
the pylorus and rectum). These results remained statistically significant in a multivariate
analysis (Figure 3) and after removing the small group of rectal malformations. Sex did not
reach statistical significance in the bivariate model for birthweight (p = 0.40) but did have
an impact on the discharge weight, even when confounding for the underlying pathology
(p = 0.033 for sex and p = 0.003 for pathology) (Table 2).

Table 2. Median (IQR) for the gestational age, weight at birth, admission and discharge, Apgar scores,
LOS during ICU and post ICU, and total LOS of the patients included in the study.

Median (IQR)

37 (36.0–38.0) weeks Gestational Age

2750 (2190–3200) g Birth Weight

2760 (2390–3282.5) g Admission Weight

3135 (2600–3500) g Discharge Weight

8 (7–9) Apgar score

8 (5–13) days LOS (ICU)

11.5 (5–21.75) days LOS (post- ICU)

21.5 (11.25–35.75) days LOS (Total)
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We observed that the proportion of duodenal malformations was higher in pregnancies
with the COVID-19 virus and in the untested group. However, when evaluating the weight
at admission and weight at discharge, it was found that all newborns born with digestive
malformations were underweight (p = 0.01) (Figure 4).

Figure 4. Boxplot of admission weight of newborns and their gastrointestinal malformations
(F: females; M: males). The admission weight to the NICU varies with the type of gastrointesti-
nal malformation and with sex. Females predominantly had abnormalities of the esophagus
(11 vs. 4), while the pylorus was more commonly affected in males (13 vs. 3 cases). Males had
also slightly more common malformations of the duodenum (7 vs. 4). All four infants with rectal
malformations were males.

The number of days of hospitalization varied both with the type of GI malformation
and the weight at admission, as visualized in Figure 5. Patients with pyloric malformations
had a much shorter duration of hospitalization compared with those with esophageal or
duodenal malformations (median LOS of 9 days vs. 35 and 29 days, p = 0.0007). They also
required fewer days in the NICU (median 4.5 days vs. 13 and 10 days). All patients, except
those with malformations of the pylorus, required prolonged care in the neonatal ward
following the discharge from the NICU as well (median 4 days for pylorus vs. medians
of 14–19 days for the remaining types). The dataset also contains two outliers. Notably,
one patient with a malformation of the esophagus required 125 days of hospitalization; the
median LOS was stable at 34.5 days after excluding this patient.
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Figure 5. Total number of days of hospitalization depending on digestive malformations and weight
at admission. The total number of days of hospitalization depends on the type of GI malformation
and the weight at admission. Patients with malformations of the duodenum or esophagus had lower
birth weights and were hospitalized longer (p < 0.001). The LOS in the NICU was lower for patients
with malformations of the pylorus (p < 0.001, even in the bi-variate model) but did not differ with the
COVID-19 status of the mothers (p = 0.30). The results did not change if the group with unknown
COVID status was merged with the negative group and the group with malformations of the rectum
was dropped (p = 0.43) (Figure 6).

Figure 6. Boxplot of days of hospitalization in the intensive care unit grouped by COVID-19 and type
of GI malformations. LOS in the NICU based on COVID-19 history of the mothers and type of GI
malformation. The group with unknown COVID status was merged with the negative group.
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Most of the patients were diagnosed antenatally (30 cases = 63.83%) during their
dispensary/outpatient clinic visits, a fact that contributed to an early diagnosis and the ap-
proach of an effective therapeutic plan to favor the best possible evolution of the pregnancy.
The children born from mothers who did not undergo follow-up during their entire preg-
nancy duration were diagnosed postnatally for their congenital digestive malformations
(n = 15).

4. Discussion

It is documented that SARS-associated coronavirus infections result in a high incidence
of premature birth, miscarriages, or maternal deaths [36]. Other viral infections in early
pregnancy (e.g., rubella) are well-recognized causes of specific anomaly syndromes as
well [37]. The most robust evidence published previously is a population-based cohort
study from Israel conducted by Goldshtein et al. that highlighted the same fact [21].
They found no evidence that singleton live births to women who were vaccinated in the
first trimester had a higher risk of congenital malformations compared with those not
exposed to vaccination in pregnancy [36]. We believe that even if the virus does not directly
affect the normal growth and development of the embryo, other variables related to a
COVID-19 infection can indirectly cause harm to the fetus. The factors that could possibly
have a negative impact on the fetus health are decreased quantity, quality, and routine
visits to the antenatal care units; poverty due to the COVID-19 pandemic and lockdowns;
and shortage of fetal screening and diagnosis possibilities, especially during pandemic
situations. Furthermore, there are studies that highlight the fact that congenital COVID-19
infection can lead to neurodevelopmental disabilities, mainly resulting in epilepsy, cerebral
palsy, and neurosensory disorders [37].

Furthermore, to see the prevalence of gastrointestinal congenital malformations, we
sifted the files of neonates admitted in our hospital during a three-year duration in the
immediate pre-COVID-19 era. We found that a total of 39 patients were born with gastroin-
testinal malformations during the three-year study period, whereas from the current study,
we had 47 cases registered with the same pathology in a mere one-year time duration,
a result that was highly statistically significant (Fisher exact test: p-value < 0.001). This
difference points out to a possible correlation between COVID-19 infection and congenital
digestive malformations. The proportions were stable during the prior 3 years (chi-square
trend in proportions p-value = 0.88), excluding an underlying systematic long-range trend.
Due to a lack of data from other maternity homes in our city, the results obtained are quiet
limiting. Furthermore, large cohort studies can provide clarity on this hypothesis.

The mother’s stress levels hinder the development of the fetus [38]. The state of anxiety
and the factors that influence it may differ depending on the severity of the outbreak in
each geographic region and the access to the healthcare units during the lockdown [38,39].
Uncertainty regarding the best treatment and clinical management of patients with COVID-19
can affect both the mind and psyche of the pregnant women [39–41].

Furthermore, due to the modern sedentary lifestyle, more and more younger people
are diagnosed with chronic diseases like obesity, dyslipidemias, arterial hypertension,
diabetes mellitus, metabolic syndrome, and rheumatic disease and their cardio-vascular
complications (stroke, myocardial infraction, chronic coronary syndrome, atrial fibrillation)
as compared with the former times, where these were once considered to be diseases of
advanced age [42–44] and were rarely present in women of childbearing age [23–26,45–48].
González V.S.E. et al. reported that obesity, diabetes mellitus, and arterial hypertension
were associated with a higher risk of developing severe forms of COVID-19 infection (if
contracted), accounting for the odds ratio regarding mortality (1.413 (IC 95%, 1.11–1.78)),
obesity (1.753 (IC 95%, 1.39–2.20)), and diabetes mellitus and hypertension, respectively
(1.961 (IC 95%, 1.57–2.45)) [49].

Thrombo-embolic complications, arrhythmic complications, and even acute heart fail-
ure may occur during or post COVID-19 infection and may impose the use of very complex
therapeutic algorithms that may involve the use of oral or parenteral anticoagulants, anti-
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arrhythmic drugs (for the conversion of sinus rhythm for maintaining a proper heart rate),
and renin–angiotensin–aldosterone system inhibitors [50,51]. Proper care should be taken
while prescribing the treatment to pregnant females, keeping in mind not only the toxicity
of the drugs but also that any sudden rhythm abnormality or hemodynamic changes can
be fatal for the fetus. The anxiety and depression occurred in the acute phase or during
the immediate post COVID-19 infection phase may necessitate the use of anxiolytics or
antidepressive drugs, where again the safety of the fetus should be the prime priority [52].
Antibiotics were frequently used empirically and inadequately during the acute phase of
COVID-19 infection, especially for severe cases with low oxygen saturation [53]. The use
of such aggressive treatments in the periconceptual period or during the first weeks of
pregnancy may result in multiple fetal malformations. This can frequently be seen in the
case of unwanted or undiagnosed pregnancies in the initial phase of conception.

Due to both the placental and perinatal hypoxic-ischemic events, the fetus is exposed
to higher risks of developing congenital malformations or growth retardations [54]. Fur-
thermore, the ischemic placental events are assumed to be correlated with intestinal atresia
(more frequently localized on the jejunal, ileal, and colonic segments), but no statistical
significance was found when the incidences were compared with the pre-COVID-19 era
and COVID-19 pandemic era in the pregnant females having hypoxemic episodes due
to COVID-19 infection [55]. The diagnosis of esophageal atresia is difficult to establish
based on ultrasound, especially by obstetricians with no experience or competence in
maternal-fetal medicine. Hence, the majority of cases are diagnosed after birth [56].

In this study, all digestive malformations operated during the pandemic period for one
year were evaluated. No direct correlation could be concluded between digestive anomalies
and COVID-19 infection during pregnancy. However, cases of duodenal malformations
were higher in pregnancies from COVID-19 positive mothers. The mothers did not take
antivirals, and there was no previous history of births with congenital malformations.

Gastrointestinal malformations are often complicated by skeletal anomalies and in-
trauterine growth retardation [57]. We found statistically significant differences both in
the case of admission weight and discharge weight in cases with digestive malformations,
with the newborns being underweight. (p-value = 0.01) The average number of days of
hospitalization in the intensive care unit was 16.2. Regarding premature babies or neonates
suffering from certain conditions that occurred during the perinatal and neonatal period,
newborns from the Neonatal Intensive Care Unit (NICU) have a high risk of developing
neurological and developmental sequelae [58].

Furthermore, surgical infants can develop an aversion to oral feeding if oral feeding is
delayed or if painful symptoms are associated with feeding, further hindering the growth
and development of the child. Hence, clinical examination has a paramount role in the early
detection of digestive malformations, in the effective management of specific necessary
nutrition, and in the way of providing it [30]. Early trophic feeds may improve recovery
time by increasing gut blood flow, improving motility and limiting the impact of starvation
on the structure of the gut and its ability to absorb nutrients. Starting small-volume feeds of
10 mL/kg/day within 12–18 h of surgery may reduce the time needed until the full enteral
nutrition is achieved [59]. Complicated cases (e.g., those with high stomas or extensive
resection) may require either a hydrolyzed or lactose-free feed or a feed containing fats
as medium-chain triglycerides (MCTs). The above-stated principles were followed for
the best outcome in our hospital, keeping in mind the key elements of feeding in GI
malformations [32,42].

The available data on vaccination against COVID-19 in pregnant women show that
there is no specific cause for concern [32,59,60]. More data are clearly needed on the
efficacy, safety, teratogenicity, and pharmacokinetics of drugs and biologics for pregnant
and breastfeeding people with an active COVID-19 phase [61]. New agents are often
licensed despite little information on key characteristics such as transplacental passage
and drug labeling, which is unhelpful for informing clinical decisions for pregnant and
breastfeeding people [62]. Clinical guidelines based on risk stratification for SARS-CoV-2
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infection in children are needed to manage, monitor, and establish priority access for some
groups to high medical care [63].

Limitations in Our Study

Although we found out with certainty that 14 mothers were COVID-19 positive during
pregnancy, there remains a large group of patients, a total of 24, who were not tested for IgG
SARS-CoV-2, which does not exclude the possibility of the presence of the disease during
pregnancy and possible correlations between COVID-19 and digestive malformations. Lack
of confirmatory tests in these 24 cases is one of the limitations of the study. On the other
hand, the small number of cases and the inability to compare the data of the study group
with a control group is another limitation of the study.

5. Conclusions

The results of the study indicate that SARS-CoV-2 infection during pregnancy is
unlikely to cause congenital digestive malformations; however, due to the small cohort
studied, it would be inappropriate to generalize the findings and reach a conclusion.
Nevertheless, no significant differences were witnessed with regard to the Apgar score,
days of admission, or severity in children born to COVID-19 positive mothers compared
with those born from COVID-19 negative mothers. However, we plan to conduct further
studies on larger cohorts on RT-PCR-tested COVID-19 positive mothers, which can provide
a better understanding. Let us not forget that pregnancy is monitored by obstetricians and
gynecologists, while COVID-19 is managed by infectious disease specialists. Therefore, a
multidisciplinary approach is a key to success when the timely management of information
on the diagnosis and treatment of COVID-19 are necessary to avoid complications in
newborns. Precise antenatal care can further improve the outcomes and help earn time for
a timely management, especially during pandemics like the one just faced.
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Abstract: Cardiac magnetic resonance (CMR) studies reported CMR abnormalities in patients with
mild–moderate SARS-CoV-2 infection, suggesting ongoing myocardial inflammation. Patients (n = 278,
43 ± 13 years, 70.5% female) with post-acute sequelae of SARS-CoV-2 cardiovascular syndrome (PASC-
CVS) were included prospectively into the Vienna POSTCOV Registry between March 2021 and
March 2023 (clinicaltrials.gov NCT05398952). Clinical, laboratory, and CMR findings were recorded.
Patients with abnormal CMR results were classified into isolated chronic pericardial (with/without
pleural) effusion, isolated cardiac function impairment, or both (myopericarditis) groups. Medical
treatment included a nonsteroidal anti-inflammatory agent (NSAID) for pericardial effusion and a
condition-adapted maximal dose of heart failure (HF) treatment. Three months after medical therapy,
clinical assessment and CMR were repeated in 82 patients. Laboratory analyses revealed normal
hematological, inflammatory, coagulation, and cardiac biomarkers. CMR abnormalities were found
in 155 patients (55.8%). Condition-adapted HF treatment led to a significant increase in the left
ventricular ejection fraction (LVEF) in patients with initially reduced LVEF (from 49 ± 5% to 56 ± 4%,
p = 0.009, n = 25). Low–moderate doses of NSAIDs for 3 months significantly reduced pericardial
effusion (from 4/3;5.75/mm to 2/0;3/mm, median/interquartile ranges/p < 0.001, n = 51). Clinical
symptoms improved markedly with a decrease in CMR abnormalities, which might be attributed to
the maintenance of NSAID and HF medical treatment for PASC-CVS.

Keywords: long COVID; COVID-19; PASC-CVS; cardiac magnetic resonance imaging; CMR;
myopericarditis; chronic pericardial effusion

1. Introduction

Cardiovascular symptoms, such as arrhythmias, exercise-induced dyspnea, chest
pain, and cardiac fatigue syndrome, are common in patients with long COVID syndrome
(post-acute sequelae of SARS-CoV-2 infection cardiovascular symptoms, PASC-CVS) [1–3].
Several studies have reported cardiac abnormalities detected by cardiac magnetic reso-
nance imaging (CMR) in many non-hospitalized SARS-CoV-2-infected patients several
months after the acute infection [4–7]. However, such findings (e.g., nonsignificant peri-
cardial effusion or mildly enlarged left and/or right ventricle) were generally considered
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clinically insignificant, not requiring further treatment [4–7]. Even if idiopathic chronic
mild pericardial effusion has a good prognosis with rare complications [8], the risk of
developing chronic pericarditis or a deterioration in heart function with consequences
after SARS-CoV-2 infection is currently not calculable. Furthermore, 6 month mortality
was significantly higher in SARS-CoV-2-infected patients if they had pericarditis com-
pared with COVID-19-positive patients without pericarditis, even with a small amount of
pericardial effusion [9,10]. Additionally, recent findings underlie the presence of ongoing
myocardial tissue inflammation due to dysregulated immune system components [3,4],
indicating low-dose anti-inflammatory maintenance therapy with steroids combined with
angiotensin-receptor blocker (ARB) (MYOFLAME study, NCT05619653). In the absence
of active inflammation with normal laboratory values for the inflammatory parameter,
we treated symptomatic patients with PASC-CVS displaying abnormal CMR findings
in accordance with the current guidelines for cardiac dysfunction and with the main-
tenance of low-dose nonsteroidal anti-inflammatory drugs (NSAID) in case of chronic
pericardial effusion.

The aim of our study was to investigate the effects of our treatment regimen on cardiovas-
cular symptoms and abnormalities found by CMR in symptomatic patients with PASC-CVS.

2. Materials and Methods

2.1. Study Design

Our POSTCOV study is an ongoing prospective registry study (ClinicalTrials.gov
Identifier: NCT05398952). The presented methods and results conform with the STROBE
guidelines [11].

Patients with PASC-CVS and CMR scans were included prospectively in the Vienna
POSTCOV Registry between March 2021 and March 2023. Written informed consent was
obtained from all patients before study entry. The study was approved by the local Ethical
Committee of the Medical University of Vienna, Austria (EC: 1008/2021 and 1758/2022),
and was performed in accordance with the Declaration of Helsinki. Clinical data, CMR
findings, and blood sampling results were recorded. CMR was performed if clinically
indicated by chest pain, persisting cough, ongoing subfebrility, palpitation, orthostatic
intolerance, or ECG abnormalities with suspected chronic myopericarditis. CMR was
repeated after medical therapy if clinically justified (Figure 1).

Figure 1. Flow chart of the study. CMR: cardiac magnetic resonance imaging.
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2.2. Inclusion and Exclusion Criteria

Patients with PASC-CVS [12–14] were included if they had previous mild or moderate
COVID-19 infection confirmed by quantitative real-time polymerase chain reaction (PCR)
and were not hospitalized during the acute illness, had no actual or previous systemic
diseases (e.g., systemic inflammatory, rheumatic, oncological, cardiovascular, or renal
illnesses), and had at least three symptoms from three different organs [1,3]. The main
exclusion criteria were signs of active infection with elevated inflammatory parameters (e.g.,
C-reactive protein, leukocytes, or fibrinogen), missing COVID-19 PCR test, and systemic
disease, as well as reasons for secondary pericardial effusion (e.g., traumatic, drug-induced,
pulmonary hypertension, metabolic, amyloidosis, rheumatic, or oncologic).

2.3. Clinical Data

Clinical data were collected during the outpatient visit and included detailed anamne-
sis, including age, sex, cardiovascular risk factors (hypertension, diabetes, hyperlipidemia,
or smoking), previous or current systemic disease, current medical treatment, time of
COVID positivity, time between SARS-CoV-2 infection and CMR (days), time between
first COVID-19 vaccine and CMR (days), and number of patients with past SARS-CoV2
infection with probable lasting immunity and at least one COVID-19 vaccine.

2.4. Laboratory Data

Blood sampling was performed at the first outpatient visit and at the follow-up. The
clinical laboratory data included hematological, inflammatory, coagulation, and cardiac
markers. In addition, QuantiFERON-TB Gold and Borrelia tests were performed if clinically
indicated. The laboratory examinations were performed at the Department of Laboratory
Medicine, Medical University of Vienna, Wien, Austria [15]. The laboratory methods can
be found at the institution’s homepage (https://www.akhwien.at/default.aspx?pid=3985,
accessed on 1 March 2021).

2.5. CMR Acquisition and Analysis

All CMR examinations were performed using either 1.5T or 3T MR systems (Philips
Ingenia, Eindhoven, The Netherlands, and Siemen Avanto Fit, Siemens Vida, Munich,
Germany), with dedicated protocols to screen for inflammation according to the SCMR
guidelines [16,17]. All CMR protocols included short-axis cine images for the evaluation of
cardiac function, edema-sensitive sequences for the detection of myocardial edema, and
late gadolinium enhancement (0.15 mmol/kg gadobutrol/Gadovist; Bayer Vital GmbH,
Leverkusen, Germany/if the estimated glomerular filtration rate was >30 mL/min/1.73 m2)
sequences for the detection of myocardial scarring. Image postprocessing and reporting was
conducted by experienced cardiac imaging specialists according to recent guidelines [18].
Briefly, we used a stack of short-axis SSFP cine views to determine the end-diastolic
volumes (EDVs, mL) and end-systolic volumes (ESVs, mL) of the left (LV) and right
ventricle according to standard protocols [16]. The ejection fraction (EF, %) was calculated
as the difference between EDV and ESV (stroke volume) divided by EDV and given as
a percentage. T1 parametric mapping was performed using a modified Look–Locker
inversion recovery (MOLLI) sequence as described previously [19]. The presence and
quantification of pericardial and pleural effusion were determined in SSFP cine views,
black-blood sequences, and parametric mapping slices as appropriate, and the amount was
measured at the largest diameter and given as millimeters.

2.6. Definitions

The definition of chronic pericardial effusion was in accordance with the ESC and
ACC/AHA guidelines [20,21]. Briefly, chronic hemodynamically nonsignificant pericardial
effusion was diagnosed if the patient had mildly or moderately sized circumferential peri-
cardial fluid longer than 1 months after the SARS-CoV-2 infection. Cardiac morphologic
and/or functional impairment was defined based on guidelines [22,23] and involved mono-
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lateral or bilateral enlargement of the ventricles with/without a decrease in monolateral or
bilateral ventricular function or myocardial edema, T1 signal increase, or late gadolinium
enhancement. Myopericarditis was diagnosed if the patient had both chronic pericardial
effusion and cardiac morphological and/or functional impairment [20].

2.7. Treatments

Patients with CMR abnormalities were divided into three main groups: isolated
chronic pericardial effusion with/without pleural effusion; signs of post-COVID myocardi-
tis with/without ventricular systolic dysfunction or enlargement of the ventricles or the
morphological abnormalities described above; and combined myopericarditis.

Patients with reduced left ventricular systolic function with/without monoventricular
or biventricular enlargement or normal systolic function with enlarged ventricles were
treated in accordance with the relevant heart failure (HF) guidelines [9,10], including with
beta blockers, angiotensin-converting enzyme (ACE) inhibitors, or ARB, with/without
diuretics (hydrochlorothiazide, HCT) and aldosterone antagonists (Figure 2). As our
patients had no previous cardiac or other comorbidities, and the majority of the patients
were middle-aged women, a blood-pressure- and condition-adapted maximal tolerated
dose of HF therapy was applied.

 

Figure 2. Therapy regimen for patients with long COVID-19 syndrome and cardiovascular symp-
toms and cardiac magnetic resonance imaging (CMR) abnormalities. NSAID: non-steroidal anti-
inflammatory drug; HF: heart failure.

Patients with chronic pericardial effusion with/without pleural effusion received
NSAIDs at low–moderate doses, in most cases ibuprofen at a 2 × 200 mg daily oral dose
for 3 months, with H2-receptor antagonists at a daily dose of 20 or 40 mg if necessary
(Figure 2).

This treatment was established based on the guidelines for chronic pericardiac ef-
fusion therapy [7,8] (Class I, Level C) and a routine clinical treatment regimen based on
the literature [8,24] because there are no evidence-based therapy guidelines for idiopathic
(probably post-viral) chronic hemodynamically nonsignificant pericardiac effusion without
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signs of acute inflammation in symptomatic patients. Our combined guideline-oriented
and literature-based therapy was established based on the following facts: (1) because
all the inflammatory parameters were in the normal range for all patients, high-dose
NSAID therapy, eventually combined with colchicine or corticosteroids, was not indicated;
(2) three patients had received colchicine previously for 3 months, prescribed at the pri-
mary care level, without any efficacy; (3) short-term moderate or high-dose treatment
(2 to 4 weeks) did not result in any changes in pericardial effusion controlled by CMR in
some patients; (4) there are no evidence-based data on the optimal treatment duration
for chronic, hemodynamically nonsignificant but symptomatic pericardial effusion [8,24];
(5) the ongoing MYOFLAME study suggests anti-inflammatory cardioprotective treatment
for 4 months (NCT05619653).

Patients with both pericardial effusion and cardiac dysfunction were treated with a
combination of the abovementioned therapies.

2.8. Statistics

Continuous variables were tested for normal or nonnormal distribution and expressed
as mean ± standard deviation or median with interquartile range (IQRs), respectively.
Nominal variables were categorized as frequencies. Baseline and follow-up data were
compared using the two-sided Student’s t-test with repeated measurements (normally
distributed variables) or the nonparametric Wilcoxon test or the chi-square test for nominal
variables. Statistical significance was defined as p < 0.05.

3. Results

We included a total of 278 patients (43 ± 13 years, 70.5% female). The main car-
diac symptoms were reported in patients with indications for CMR imaging: chest pain:
n = 187 (67.3%), dyspnea: n = 153 (55.0%), palpitation: n = 147 (52.9%), tachycardia:
n = 92 (33.1%), thoracic discomfort with/without cough: n = 177 (63.9%), reduced physical
activity with/without post-exertional malaise: n: 166 (59.7%), orthostatic incompetence:
n = 33 (11.9%).

Laboratory analyses did not reveal elevated acute inflammation; hematological, in-
flammatory, or coagulation parameters; or cardiac biomarkers (Table 1).

Table 1. Clinical, electrocardiographic, and laboratory data in the long COVID-19 cohort with cardiac
symptoms after COVID-19 infection.

Clinical Characteristics and Laboratory Findings n = 278

Time between COVID-19 infection and CMR (days) 328 ± 214

Number of patients with at least one COVID-19 vaccine
(prior to or after COVID-19 infection) 227 (81.7%)

Anti-spike protein titer (AU/mL) 1546 ± 1093

Female sex n (%) 196 (70.5%)

Age (years) 43 ± 13

Body mass index (kg/m2) 25.2 ± 5.2

Diabetes mellitus n (%) 7 (2.5%)

Hypertension n (%) 44 (15.8%)

Hyperlipidemia n (%) 39 (14.0%)

Smoking n (%) 9 (3.2%)

Systolic blood pressure (mmHg) 129 ± 17

Diastolic blood pressure (mmHg) 82 ± 11

Heart rate (bpm) 73 ± 12

Cumulative ECG abnormalities n (%) 66 (23.7%)
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Table 1. Cont.

Clinical Characteristics and Laboratory Findings n = 278

Cardiac arrhythmias n (%) 13 (4.7%)

Conduction abnormalities n (%) 59 (21.2%)

QRS width (ms) 89.2 ± 12.7

Leukocyte (G/L) 7.0 ± 2.1

Fibrinogen (mg/dL) 313 ± 67

D-dimer (ug/mL) 0 (0;0.37)

Cardiolipin IgG (U/mL) 1.2 (0;1.7)

Cardiolipin IgM (U/mL) 1.4 (0;2.3)

Creatine kinase (U/L) 89 (62;122)

Creatine kinase myocardial subfraction (U/L) 14.1 (12;18.5)

Troponin T (ng/L) 0 (0;6)

NT-proBNP (pg/mL) 44.0 (23.7;82.0)

C-reactive protein (mg/dL) 0.08 (0.04;0.20)

Rheumafactor latex (IU/mL) 0.0 (0.0;0.0)

Alpha 1 antitrypsin (mg/dL) 138 ± 24.2

Interleukin-6 (pg/mL) 0 (0;2.14)

Procalcitonin (ng/mL) 0.03 (0;0.04)

Transferrin (mg/dL) 267.5 ± 45.6

Transferrin saturation (%) 24.3 ± 10.4
Values are given as mean ± SD, median with interquartile range, or n (%).

CMR abnormalities were found in 155 patients (55.8%) (Table 2). In total, 58 male
(37.4%) and 97 female patients 62.6%) exhibited CMR abnormalities (p = 0.001). There
were no differences between patients with/without pathological CMR findings regarding
clinical (age, time to COVID infection, cardiovascular risk factors, blood pressure, heart
rate), ECG, or laboratory parameters.

Table 2. Cardiac magnetic resonance (CMR) findings in the long COVID-19 cohort with cardiac
symptoms after COVID-19 infection.

CMR Findings n = 278

No abnormalities 123 (44.2%)

Cumulative CMR abnormalities n (%) 155 (55.8%)

Isolated pericardial effusion (without functional impairment) n (%) 34/278 (12.2%)

Morphological and functional impairment n (%) 79/278 (28.4%)

Combined myopericarditis n (%) 42/278 (15.1%)

Pericardial effusion (w/wo functional impairment) n (%) 72 (25.9%)

Reduced LVF n (%) 39 (14.0%)

Reduced RVF n (%) 55 (19.8%)

Biventricular enlargement n (%) 21 (7.6%)

Isolated LV enlargement n (%) 56 (20.1%)

Isolated RV enlargement n (%) 47 (16.9%)

Myocardial edema n (%) 9 (3.2%)

T1 increase n (%) 5 (1.8%)
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Table 2. Cont.

CMR Findings n = 278

Nonischemic late gadolinium enhancement 35 (12.6%)

Pleural effusion n (%) 16 (5.8%)

CMR LV EF (%) 59 ± 7

CMR LV EDV (mL) 142 ± 36

CMR LV ESV (mL) 60 ± 20

CMR RV EF (%) 55 ± 6

CMR RV EDV (mL) 152 ± 39

CMR RV ESV (mL) 70 ± 25
Abbreviations: LV, left ventricular; RV, right ventricular; LVF, left ventricular function; RVF, right ventricular
function; EF, ejection fraction; EDV, end-diastolic volume; ESV, end-systolic volume.

Supplementary Table S1 shows the detailed CMR data in the patients with/without
CMR abnormalities and the data of the CMR phenotype groups.

The time analysis showed the highest incidence of CMR abnormalities 3–5 months
after acute SARS-CoV-2 infection, with persistence of cardiac CMR abnormalities even over
24 months post COVID-19 infection (Figure 3).

 

Figure 3. Time-dependent frequencies of cardiac magnetic resonance imaging (CMR) abnormalities.

Among the patients with CMR abnormalities (n = 155), 74 of them (47.7%) received
NSAIDs (for chronic pericardial effusion), 81 (52.3%) ARB, 25 (16.1%) ARB/HCT, 6 (3.9%)
ACE inhibitor, 68 (24.5%) beta blockers, 15 (5.4%) aldosterone antagonists (for cardiac
impairment), and 71 (25.5%) H2-receptor blocker therapy.

All patients with abnormal CMR findings were controlled 3–4 months after the initial
visit, and 82 patients underwent a follow-up CMR scan 131 ± 52 days after treatment start.

After medical therapy, the clinical symptoms improved markedly (Figure 4), with
a decrease in CMR abnormalities (Table 3 and Figures 4 and 5) in terms of a decreasing
amount of pericardial effusion (from 4/3;5.75/mm to 2/0;3/mm, median/IQRs/p < 0.001,
n = 51) and a significant increase in the LVEF of patients with ventricular functional
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impairment with/without pericardial fluid at first clinical presentation (from 49 ± 5% to
56 ± 4%, p = 0.009, n = 25).

Figure 4. Improvement in clinical symptoms, increase in left ventricular ejection fraction, and
decrease in pericardiac effusion after medical treatment in patients with long COVID-19 syndrome.
(A) Frequency of symptoms at first (black columns) clinical presentation and after 3 months of medical
treatment (orange columns); (B) individual changes in left ventricular ejection fraction in patients
with reduced left ventricular function at first clinical presentation (n = 25); and (C) pericardial effusion
(n = 51) between baseline and follow-up.

Table 3. Baseline and follow-up cardiac magnetic resonance (CMR) findings in patients with dominant
cardiovascular syndromes and CMR abnormalities at baseline and after medical treatment.

CMR Findings Pre- and Post-Treatment Baseline (n = 82) Follow-up (n = 82) p Value

Cumulative CMR abnormalities n (%) 82 (100%) 53 (64.6%) <0.001

CMR phenotype n (%) <0.001

No abnormalities n (%) 29 (35.4%)

Isolated pericardial effusion (without functional
impairment) n (%) 19 (23.2%) 22 (26.8%)

Morphological and functional impairment n (%) 29 (35.4%) 20 (24.4%)

Combined myopericarditis n (%) 34 (41.5%) 11 (13.4%)

Pericardial effusion (w/wo functional impairment) n (%) 51 (62.2%) 32 (39.0%) 0.005

Reduced LVF n (%) 25 (30.5%) 4 (4.9%) <0.001

Reduced RVF n (%) 27 (32.9%) 11 (13.4%) 0.039

Biventricular enlargement n (%) 14 (17.1%) 9 (11.0%)

Isolated LV enlargement n (%) 29 (35.4%) 16 (19.5%) 0.035

Isolated RV enlargement n (%) 18 (22.0%) 16 (19.5%)

Myocardial edema n (%) 8 (9.8%) 1 (1.2%) 0.034
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Table 3. Cont.

CMR Findings Pre- and Post-Treatment Baseline (n = 82) Follow-up (n = 82) p Value

T1 increase n (%) 1 (1.2%) 0 (0%)

Nonischemic late gadolinium enhancement n (%) 20 (24.4%) 16 (19.5%)

Pleural effusion n (%) 5 (6.2%) 8 (9.8%)

Pericardial effusion (mm) * 4 (3;5.75) 2 (0;3) <0.001

CMR LV EF (%) 57 ± 7 59 ± 5 0.034

CMR LV EDV (mL) 150 ± 39 151 ± 36

CMR LV ESV (mL) 65 ± 21 64 ± 20

CMR RV EF (%) 53 ± 7 557 ± 7

CMR RV EDV (mL) 161 ± 44 167 ± 44

CMR RV ESV (mL) 76 ± 25 76 ± 29

* Median with interquartile range and Wilcoxon test. Abbreviations: LV, left ventricular; RV, right ventricular; LVF,
left ventricular function; RVF, right ventricular function; EF, ejection fraction; EDV, end-diastolic volume; ESV,
end-systolic volume.

Figure 5. Cardiac magnetic resonance imaging (CMR) of patients with cardiovascular long COVID-19
syndrome at first clinical presentation and after treatment at control. (A) Non-physiological pericardial
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effusion (white arrows) and (B) regression over a 3 month treatment period in a 53-year-old male
patient. (C) Pleural effusion (blue arrows) at first clinical presentation in a 32-year-old male patient
with long COVID-19 syndrome, with (D) complete regression after treatment 3 months later (bottom).
(E) Baseline end-diastolic (left) and end-systolic (right) images of the left ventricle in a 42-year-old
woman, with a left ventricular ejection fraction (LVEF) of 45%, and (F) 3 months later, after treatment
with an LVEF of 52% calculated by CMR.

Table 4 summarizes the detailed changes in CMR abnormalities after 3 month therapy
in the different CMR phenotype groups.

Table 4. Changes in CMR abnormalities 3 months after the recommended therapy.

Subgroups of CMR Phenotypes/Follow-up CMR
Findings after Treatment

Normalized Improved Unchanged Worsened Total

Isolated pericardial effusion (without functional
impairment) n (%) 6 (31.6%) 5 (26.3%) 5 (26.3%) 3 (15.8%) 19 (100%)

Morphological and functional impairment n (%) 12 (41.4%) 7 (24.1%) 8 (27.6%) 2 (6.9%) 29 (100%)

Combined myopericarditis n (%) 11 (32.4%) 22 (64.7%) 1 (2.9%) 0 (0%) 34 (100%)

Total 29 (35.4%) 34 (41.5%) 14 (17.1%) 5 (6.1%) 82 (100%)

4. Discussion

To the best of our knowledge, this is the first report on the treatment of patients with
PASC-CVS based on CMR findings for chronic hemodynamically nonsignificant pericardial
effusion with/without pleural effusion (polyserositis), isolated cardiac morphology and/or
function impairment, or combined myopericarditis. As no causative therapy for long
COVID-19 syndrome exists, we started the therapy by dividing the patients into three
main groups and treated the disease entities with a guideline-oriented medical regimen,
supplemented by literature-based and clinical routine therapy if the patients had chronic
pericardial effusion.

CMR abnormalities were found in 55.8% of patients with cardiac/cardiovascular
complaints. This number is in accordance with other reports stating that patients with
COVID-19 exhibited abnormal CMR findings at rates of 18% to 78% [3–6], depending
on the included patient cohort, the severity of the acute infection, hospitalization, and
time after the viral infection. Our time analysis revealed a decrease in the prevalence
of abnormal CMR findings after 3 to 5 months, probably due to repeated vaccination
or to the less cardio-invasive SARS-CoV-2 variants (e.g., Omicron); these findings are in
line with other reports [5,25]. However, the role of spontaneous improvement in cardiac
abnormalities and the role of an arbitrary intake of diverse anti-inflammatory or antioxidant
dietary supplements during the long COVID-19 period cannot be excluded. Puntmann et al.
reported follow-up CMR findings at a median of 329 days after the first CMR and found no
change in the LVEF (from 56.6 ± 4.6 to 56.9 ± 4.8%) and a significant increase in the RVEF
(from 54.0 ± 5.6 to 55.4 ± 5.6%) without supplementary information on specific cardiac
therapy [5].

The annual incidence of acute pericarditis before the outbreak of COVID-19 was
0.027% [8] and that of the common viral myocarditis was 0.001–0.01% of the general popu-
lation [26]. Without evoking unnecessary anxiety, the relatively high incidence of chronic
pericardial effusion and myocardial injury persisting for a long time in approximately 10%
of the world population infected with SARS-CoV-2 virus requires attention [27,28].

At clinical presentation, acute viral myocarditis was excluded in all patients, based on
normal cardiac enzymes, normal inflammatory parameters, and the lack of ECG signs or
clinical symptoms of acute myocarditis. Few patients presented isolated myocardial edema,
T1 increase, or nonischemic late gadolinium enhancement in CMR imaging, indicating
chronic myocardial injury. However, through the lack of supportive acute clinical scenarios
or laboratory signs, these CMR findings did not fulfill the modified Lake Louise criteria for
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acute myocarditis [29,30]. In addition, no CMR was performed during the acute phase of
the SARS-CoV-2 infection.

Polyserositis is characterized by inflammation and effusion of the serous membranes,
e.g., the pleura, pericardium, and peritoneum. Combined pericarditis and pleuritis is the
most common appearance of polyserositis, although diagnosis is difficult, with a lack of
diagnostic and therapeutic guidelines [31,32]. Some case reports emphasize the diagnostic
challenge of polyserositis in patients, especially in children with multiorgan inflammatory
syndromes with acute SARS-CoV-2 infection [33]. We have detected simultaneous pericar-
dial and pleural effusion in 13 patients. The long-time maintenance of polyserositis after
the acute infection suggests either a chronic inflammation or autoimmune reaction; both
processes require clinical controls.

In general, in the case of chronic pericardial effusion without definitive etiology (sup-
posed SARS-CoV2-induced chronic pericardial effusion) and a lack of signs of systemic in-
flammation, diverse treatment regimens are recommended [20,21,24]. Less debatable is the
treatment of morphological or functional cardiac injury. Patients with pericardial effusion
received low or moderate doses of NSAIDs, combined with H2-receptor blocker antago-
nists if necessary. In accordance with the guideline definitions, patients had the diagnostic
criteria for chronic pericardial effusion [20] without clinical (typical pericardial friction
rubs) or imaging-proven (ECG or CMR) signs of acute pericarditis or acute viral infection.
High doses of NSAIDs are recommended if inflammatory markers are elevated [9,10,20].
However, our patients had no elevated inflammatory or cardiac biomarkers at their first
clinical presentation and had symptoms for a longer time, starting after the SARS-CoV-2
infection. In accordance with the ESC guidelines, a lower effective dose may eventually
be applied for a shorter period [20]. However, longer NSAID therapy was associated with
the decreased recurrence of idiopathic pericardial effusion [24]. Notably, as the figure
shows, 3 months of a low–moderate dose of NSAID therapy decreased the amount of
pericardial effusion, and it disappeared in several, even if not all, patients. Further steps
of treatment with glucocorticoids were not justified in patients with no manifest acute
inflammatory pericarditis. An explorative pericardial biopsy was not indicated due to its
lack of consequences for decision making about the medical therapy [34].

Patients classified to the functional impairment group received the guideline-oriented
HF treatment [22,23]. We observed an improvement in single or biventricular enlargement
and/or single or biventricular function in almost all cases. Patients exhibiting myoperi-
carditis were treated with both medical regimens. Their cumulative CMR abnormalities
decreased significantly, in parallel with an improvement in symptoms, justifying their
indication for treatment.

Most of the patients vaccinated against SARS-CoV-2 received their vaccine before the
infection. Theoretically, the vaccine may also induce myocarditis, but its incidence is orders
of magnitude lower than that of viral myocarditis [26].

Our study has several limitations. First, a routine CMR is not recommended in
patients after COVID-19 disease without cardiac symptoms due to the occasional overin-
terpretation of nonsignificant CMR changes with questionable relation to previous SARS-
CoV-2 infection, except in cases of suspected chronic pericardial effusion (Class IIa, Level
C recommendation) [7]. In addition, previous data demonstrated the presence of non-
physiological pericardial effusion in up to 30% of clinically asymptomatic patients [4,5].
In accordance with the consensus expert panel recommendation, a CMR should only be
performed if it contributes to clinical decision making [32,35]. However, all of our patients
presented PASC-CVS.

Several viruses, especially the Epstein–Barr virus, can be reactivated during coron-
avirus infection [36–38]. We cannot exclude the role of reactivated concomitant cardiotropic
viruses (e.g., herpes virus, cytomegalovirus) causing chronic pericardial effusion and my-
opericarditis, even without signs of acute viral infections. Virus diagnostics from the
pericardial punctatum may be informative, but with high risk and cost for low benefit and
presumptively inadequate information. In addition, the decrease in or disappearance of
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the pericardial fluid after NSAID treatment suggests a rather autoreactive immune process.
In contrast with other CMR studies [39], all of our patients were home-quarantined with
no medical record and a lack of information on inflammatory parameters, cardiac enzymes
(e.g., troponin T or I), ECG, and echocardiography during the active phase of SARS-CoV-2
infection. Therefore, we cannot correlate real SARS-CoV-2-induced myopericarditis with
the CMR findings. However, our patients reported typical PASC-CVS, which was not
experienced before the COVID-19 disease. Eighty-two patients agreed with control CMR
images after symptom- and CMR-abnormality-oriented treatments. The other patients,
with pathological CMR findings, also underwent the medical therapy described above,
which led to subjective wellbeing, making the control CMR clinically unnecessary.

Due to the lack of a control or placebo group, the efficacy of the suggested therapy
might be overestimated. However, many patients had persistent CMR abnormalities for
even longer than 1 year, which were resolved or improved after therapy, in parallel with
the decrease in cardiovascular symptoms in our cohort, which suggests the beneficial effect
of our therapy. Considering the psychological vulnerability of the patients with PASC-
CVS, a blinded study with eventual randomization to a placebo arm was not accepted by
our patients. Additionally, a CMR finding of morphological (e.g., enlarged ventricles) or
functional post-viral cardiac injury represents an absolute indication for HF treatment.

5. Conclusions

Patients with PASC-CVS have a high incidence of CMR abnormalities. Improvement
in cardiovascular symptoms and CMR findings might be attributed to NSAID maintenance
and HF therapy. However, a randomized placebo-controlled study should be performed to
confirm our findings.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines11123312/s1, Table S1: Detailed CMR data in the patients
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Abstract: Adenine nucleotides play a critical role in maintaining essential functions of red blood
cells (RBCs), including energy metabolism, redox status, shape fluctuations and RBC-dependent
endothelial and microvascular functions. Recently, it has been shown that infection with the severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) might lead to morphological and metabolic
alterations in erythrocytes in both mild and severe cases of coronavirus disease (COVID-19). However,
little is known about the effects of COVID-19 on the nucleotide energetics of RBCs nor about the
potential contribution of nucleotide metabolism to the long COVID syndrome. This study aimed to
analyze the levels of adenine nucleotides in RBCs isolated from patients 12 weeks after mild SARS-
CoV-2 infection who suffered from long COVID symptoms and to relate them with the endothelial and
microvascular function parameters as well as the rate of peripheral tissue oxygen supply. Although
the absolute quantities of adenine nucleotides in RBCs were rather slightly changed in long COVID
individuals, many parameters related to the endothelial and microcirculatory function showed
significant correlations with RBC adenosine triphosphate (ATP) and total adenine nucleotide (TAN)
concentration. A particularly strong relationship was observed between ATP in RBCs and the serum
ratio of arginine to asymmetric dimethylarginine—an indicator of endothelial function. Consistently,
a positive correlation was also observed between the ATP/ADP ratio and diminished reactive
hyperemic response in long COVID patients, assessed by the flow-mediated skin fluorescence (FMSF)
technique, which reflected decreased vascular nitric oxide bioavailability. In addition, we have shown
that patients after COVID-19 have significantly impaired ischemic response parameters (IR max
and IR index), examined by FMSF, which revealed diminished residual bioavailability of oxygen
in epidermal keratinocytes after brachial artery occlusion. These ischemic response parameters
revealed a strong positive correlation with the RBC ATP/ADP ratio, confirming a key role of RBC
bioenergetics in peripheral tissue oxygen supply. Taken together, the outcomes of this study indicate
that dysregulation of metabolic processes in erythrocytes with the co-occurring endothelial and
microvascular dysfunction is associated with diminished intracellular oxygen delivery, which may
partly explain long COVID-specific symptoms such as physical impairment and fatigue.

Keywords: long COVID; red blood cells; nucleotides; microcirculation; endothelium

1. Introduction

Infection with SARS-CoV-2 can lead to a range of temporary health problems, varying
from mild to severe. According to NIH and WHO guidelines, mild COVID-19 is character-
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ized in individuals who have any of the various signs and symptoms, e.g., fever, cough,
sore throat, malaise, headache, muscle pain, nausea, vomiting, diarrhea, and loss of taste
and smell [1]. It has been shown that many individuals after SARS-CoV-2 infection reported
experiencing long-lasting COVID-19 sequelae and complications such as fatigue, dyspnea
or chest pain. This condition, called long COVID, according to NICE (the National Institute
for Clinical Excellence) guidelines, is commonly used to describe signs and symptoms that
continue or develop after the acute phase of infection, including both ongoing symptomatic
COVID-19 (from 4 to 12 weeks) and post-COVID-19 syndrome (PCS, 12 weeks or more) [2].

The mechanisms underlying PCS involve viral toxicity, immune dysregulation, hyper-
inflammation, hypercoagulability or endothelial damage. It has been also suggested that
peripheral factors limiting O2 supply may explain the reduced cardiovascular fitness and
muscular weakness, as persistently impaired systemic tissue oxygenation beyond an acute
COVID-19 infection has been demonstrated. One potential reason for tissue hypoxemia
in PCS might be associated with dysfunction in the microcirculation. It was shown that
SARS-CoV-2 affects the microcirculation, causing endothelial cell swelling and damage
(endotheliitis), microscopic blood clots (microthrombosis), capillary congestion, and dam-
age to pericytes that are integral to capillary integrity and barrier function, tissue repair
(angiogenesis) and scar formation [3].

On the other hand, decreased tissue perfusion in PCS may be linked to changes
in oxygen uptake into the red blood cells (RBCs), oxygen binding or oxygen release.
These occurrences may be connected to harm to the beta-chain of hemoglobin or elevated
production of methemoglobin, leading to increased oxygen affinity in the unaffected
hemoglobin [4]. During the active phase of the infection, there may be changes in the
hematological profile, such as a decrease in RBC count or a shift in RBC distribution width.
Additionally, alterations in the morphology, structure and function of RBCs could take
place, offering an additional explanation for the symptoms described [5,6]. COVID-19 is
also reported to enhance RBC deformability and aggregation, which can affect blood flow
and reduce tissue oxygen supply [7]. Recently, it has been shown that not only does severe
COVID-19 induce prominent RBC structural and rheological changes, but these effects can
occur also in patients after a mild course of the disease. Impairment of RBC deformability,
aggregated strength and morphological changes were shown to affect blood flow dynamics
and, together with the left shifting of the oxygen dissociation curve, possibly oxygen supply
in the microcirculation [8].

RBCs, unlike other cell types, cannot generate purine nucleotides through the de novo
pathway. Instead, RBCs must engage the salvage reactions, recycling purine bases and
nucleosides [9]. The synthesis of adenosine triphosphate (ATP) from adenosine diphosphate
(ADP) in RBCs is exclusively dependent on the anaerobic conversion of glucose via the
Embden–Meyerhof–Parnas pathway, as matured RBCs lack mitochondria [10]. The energy
stored in ATP is crucial for various essential functions in erythrocytes, including oxygen
delivery to the tissues, maintenance of the electrolyte gradient across erythrocyte membrane,
synthesizing glutathione, preserving the asymmetry of the phospholipid membrane and
keeping iron of hemoglobin (Hgb) in the ferrous state [10].

Multiple factors can impact the energy status of erythrocytes, leading to reductions
in ATP concentration as well as in the adenosine triphosphate/adenosine diphosphate
ratio (ATP/ADP) and adenylate energy charge (AEC). These factors include RBC enzy-
mopathies [11], decreased erythrocyte deformability [12], a sedentary lifestyle [13], and
neurodegenerative [14] and metabolic [15] disorders. However, very little is known about
the metabolic alterations in erythrocytes after COVID-19. An individual study revealed
significant changes in RBCs related to an increase in the glycolytic pathway to the detri-
ment of the pentose phosphate pathway (PPP), highlighted by a characteristic increase in
glucose consumption accompanied by an accumulation of intermediates of glycolysis and
higher levels of phosphofructokinase (PFK), the rate-limiting enzyme of glycolysis [16].
Despite this knowledge, there is limited information available regarding the long-term
influence of COVID-19 on the energy status of RBCs. This study aimed to analyze the levels

159



Biomedicines 2024, 12, 554

of adenine nucleotides in RBCs isolated from patients, on average 12 weeks after mild
SARS-CoV-2 infection, suffering from long COVID symptoms. RBC nucleotide levels were
then related to the parameters of peripheral tissue oxygen supply as well as endothelial
and microvascular function.

2. Materials and Methods

2.1. Participants

All participants in the study gave written consent following the principles of the Decla-
ration of Helsinki. The study received approval from the Independent Bioethics Committee
for Scientific Research at the Medical University of Gdansk, Poland (no. NKBBN/55/2021).
The participants enrolled in the study consisted of cardiology outpatients exhibiting per-
sistent symptoms associated with long COVID and healthy individuals with no previous
diagnosis of SARS-CoV-2 infection (controls), as described in Tables 1 and S1.

Table 1. General characteristics of long COVID participants compared with the healthy control group.
Results are shown as mean ± SEM. Na—not applicable.

Parameter
Control
(n = 20)

Long COVID
(n = 19)

Age (years) 40 ± 3 38 ± 2
Sex (F/M) 14/6 12/7

BMI (kg/m2) 23.3 ± 0.9 23.5 ± 0.8

Long COVID symptoms
Fatigue Na 16 (84%)

Tachycardia Na 3 (16%)
Chest pain Na 6 (32%)
Dyspnea Na 1 (5%)

Headache Na 1 (5%)

Comorbidities
Hypothyroidism 5 (25%) 5 (26%)

Asthma 0 (0%) 1 (5%)
Atopic dermatitis 0 (0%) 1 (5%)

Irritable bowel syndrome 1 (5%) 1 (5%)
Depression 0 (0%) 1 (5%)

Hyperlipidemia 0 (0%) 1 (5%)
Diabetes 0 (0%) 1 (5%)

Thrombosis 0 (0%) 1 5%)

Drugs taken
Levothyroxine 5 (25%) 5 (26%)

Antidepressants 0 (0%) 2 (11%)
Metformin 0 (0%) 1 (5%)

Acetylsalicylic acid 0 (0%) 1 (5%)

Drugs prescribed
Beta-adrenolytics 0 (0%) 6 (32%)
ACE-inhibitors 0 (0%) 3 (16%)

Statins 0 (0%) 1 (5%)

The diagnosis of COVID-19 was established through confirmation via polymerase
chain reaction (PCR), serological testing or a rapid antigen test, meeting the sensitivity
and specificity criteria recommended by the World Health Organization (WHO) for rapid
antigen tests, within a maximum time frame of 4 months from the initial positive test
result. The sample collection occurred before the vaccination period, specifically during
February–March 2021. A specific time frame from the diagnosis to sample collection and
flow-mediated skin fluorescence (FMSF) testing for each patient is provided in Table S1.
None of the participants had received any vaccine doses during the study period. De-
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tailed characteristics of the patients recruited for the study, including comorbidities and
medications taken, are presented in Tables 1 and S1.

2.2. Peripheral Blood Sampling and Morphology

Blood samples were collected into three separate tubes with ethylenediaminetetraacetic
acid (EDTA) (2.7 mL), lithium heparinate (4.9 mL) as an anticoagulant and without any
anticoagulant (S-monovette, Sarstedt, Nümbrecht, Germany). The first tube was used for
the determination of peripheral blood morphology parameters using standard methods.
The whole blood in the second tube was centrifuged (1000× g, 5 min, rt). The plasma
and buffy coat were removed and the erythrocytes were washed three times with the
buffered 0.9% sodium chloride (NaCl) solution and centrifuged each time (1000× g, 5 min,
4 ◦C). After a final wash, the resulting erythrocyte pellet was resuspended with a small
volume of phosphate-buffered saline (PBS). Next, the samples of washed erythrocytes were
deproteinized with an equal volume of 1.3 mol/L HClO4, mixed and then centrifuged at
16,000× g for 5 min at 4 ◦C. The supernatant (600 μL) was neutralized with 130–160 μL of
3 mol/L K3PO4 (to pH 5–7). The samples were centrifuged again under the same conditions
as before, and the supernatant was immediately deep-frozen at −80 ◦C until the analysis of
erythrocyte purine nucleotides (ATP, ADP and AMP). Whole blood in the third tube was
centrifuged (5000 rpm, 5 min, rt) to obtain serum that was immediately frozen at −80 ◦C
for later analyses.

2.3. Erythrocyte Nucleotide Measurements

The measurements were performed using ultra-high-performance liquid chromatog-
raphy (UHPLC) with a UV–Vis detection system according to a previous method [17].
Briefly, 2 μL of supernatant was injected into a UHPLC system consisting of a Nexera
LC40 set and an SPD-M30A diode array detector equipped with a high-sensitivity, 85 mm
optical path cell (Shimadzu, Kyoto, Japan). Analytes were separated on a ReproSil-Pur
120 C18-AQ (150 × 2.0 mm ID, 4 μm) column using gradient elution at a flow rate of
500 μL/min. Peaks were detected by absorbance at 254 nm. After conversion to Hct, the
intra-erythrocyte concentrations of purine nucleotides were expressed as μmol/L RBC. The
values of ATP/ADP, ADP/AMP, total adenine nucleotide pool (TAN = ATP + ADP + AMP)
and adenylate energy charge (AEC = [ATP] + 0.5 [ADP])/([ATP] + [ADP] + [AMP]) were
later calculated.

2.4. Serum Amino Acid Measurements

Serum amino acid concentrations, including glycine, arginine, citrulline, asymmetric
dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA), were determined
using liquid chromatography/mass spectrometry (LC/MS) as previously described [18].
Briefly, an aliquot of serum (50 μL) was enriched with internal standards and extracted
using 100 μL of acetonitrile for 15 min on ice. Subsequently, the samples were centrifuged at
4 ◦C, 20,800× g for 10 min. The supernatants were collected and freeze-dried. The obtained
sediments were dissolved in 100 μL of distilled water and analyzed by using ion-pair high-
performance liquid chromatography with mass detection in positive mode electrospray
ionization. To identify individual amino acids, their molecular weight, chromatographic
retention time and fragmentation pattern were used, as described previously [19].

2.5. Serum hs-CRP Measurement

The concentration of serum high-sensitive C-reactive protein (hs-CRP) was measured
using an Automated Photometer (ERBA XL-180, Mannheim, Germany) and specific ERBA
kits according to the manufacturer’s instructions.

2.6. Microvascular Function Measurements

Microvascular function was evaluated in both female and male individuals who had
recovered from COVID-19 (n = 19) and age/sex-matched controls (n = 5) without a history
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of COVID-19. The assessment utilized flow-mediated skin fluorescence (FMSF), a non-
invasive optical technique that examines microcirculation and metabolic regulation by
measuring NADH fluorescence intensity in the epidermis. The quantification of FMSF was
carried out using AngioExpert, developed by Angionica Ltd. (Lodz, Poland), as previously
outlined [20]. Upon reaching the microcirculation laboratory, participants were positioned
within a temperature-regulated environment (24 ± 1 ◦C). Following a 15-min adjustment
period, the baseline intensity of a reduced form of nicotinamide adenine dinucleotide
(NADH) fluorescence was measured for 3 min on the forearm. Subsequently, blood flow
within the brachial artery was temporarily halted for 3 min by applying pressure to a
cuff positioned on the left upper arm, inflated to 50 mmHg above systolic blood pressure.
Throughout the occlusion phase, NADH fluorescence was continuously monitored within
the same region of the forearm. Upon cuff release, the reduction in NADH fluorescence
was observed and recorded for 3 min.

Various parameters were recorded during NADH fluorescence measurement, includ-
ing ischemic response (IR max; IR index) and hyperemic response (HR max; HR index).
Direct measurements of oscillations in the reperfusion stage allowed for the evaluation of
hypoxia sensitivity (HS), representing the intensity of flow motion associated with myo-
genic oscillations. The reactive hyperemia response (RHR) parameter, derived from the
sum of IR max and HR max, reflected vascular endothelial function in connection with
nitric oxide production during occlusion-induced hyperemia in blood vessels.

2.7. Statistical Analysis

The statistical analysis of the collected data was conducted utilizing InStat software
(GraphPad Prism 9.0, San Diego, CA, USA). To assess normality, the Kolmogorov–Smirnov
test, Shapiro–Wilk test, or D’Agostino and Pearson Omnibus test were employed. Group
mean values were compared through unpaired Student’s t-test or Mann–Whitney test.
Correlations were examined using Pearson correlation coefficient. The specific value of ‘n’
was provided for each experiment, and statistical significance was set at p < 0.05.

3. Results

3.1. Long COVID Patients Demonstrate Decreased Peripheral Tissue Oxygenation with Changes
in Endothelial and Microvascular Function Parameters

In our study, we demonstrated lower levels of skin tissue oxygenation together with
endothelial and microvascular dysfunction estimated by the flow-mediated skin fluores-
cence (FMSF) technique (Table 2). FMSF is one of the available techniques for assessing
the function of microcirculation, tissue oxygenation and nutrient supply. This technique
is based on the registration of the cutaneous fluorescence intensity of NADH [21]. Exci-
tation of the forearm with ultraviolet light at 340 nm results in the emission of a NADH
fluorescence signal from human keratinocytes, which is detected by the receiver diode at
460 nm. The test involves inducing NADH fluorescence during 3 min of brachial artery
occlusion [21]. In this way, the ischemic (IR) and hyperemic (HR) responses are recorded.
IR reflects tissue sensitivity to hypoxia and includes parameters, such as IR max and IR
index. The IR max indicates the ratio of the relative to maximal baseline increase in NADH
fluorescence intensity observed over the occlusion period, while the IR index corresponds
to the area under the curve. In our previous work [18], as well as in the group of patients
recruited in this study, we showed lower IR max and IR index parameters in long COVID
compared to healthy controls (Table 2). HR reflects microvascular reactivity and it is quan-
titatively described by two parameters: HR max and HR index. The first is expressed
as the relative to maximal baseline decrease in NADH fluorescence intensity during the
reperfusion phase, while the latter is defined as the area under the curve. Although long
COVID patients revealed rather minor changes in HR parameters compared to the control
group (Table 2), they had lower RHR (reactive hyperemia response), which characterizes
endothelial function related predominantly to the production of nitric oxide (NO) in the
vasculature due to reactive hyperemia [22]. In addition, long COVID patients revealed
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a decrease in serum glycine concentration (Table 2), which has been demonstrated as a
mitigator of cytokine storm with anti-inflammatory properties in COVID-19 [20]. There
were no changes in red and white blood cell parameters in peripheral blood cell count.
Meanwhile, differences were noticed in platelet distribution width (PDW) and the per-
centage of large platelets in favor of these higher parameters in patients after COVID-19
(Table 2).

Table 2. Microcirculation function parameters were assessed by flow-mediated skin fluorescence
(FMSF) technique, serum circulating inflammatory and endothelial function parameters, and periph-
eral blood cell count in long COVID participants compared with healthy control group. Results are
shown as mean ± SEM with corresponding p-value by unpaired Student’s t-test or Mann–Whitney
test as appropriate. IR—ischemic response, HR—hyperemic response, RHR—reactive hyperemic
response, log(HS)—hypoxia sensitivity parameter, hs-CRP—high-sensitive C-reactive protein,
RBCs—red blood cells, Hct—hematocrit, Hgb—hemoglobin, MCV—mean corpuscular volume,
MCH—mean corpuscular hemoglobin, MCHC—mean corpuscular hemoglobin concentra-
tion, RDW—red blood cell distribution width, WBC—white blood cells, NEU—neutrophils,
LYMPH—lymphocytes, MONO—monocytes, EOS—eosinophils, BAS—basophils, PLT—platelets,
PDW—platelet distribution width, PCT—plateletcrit, NLR—neutrophil-to-lymphocyte ratio,
LMR—lymphocyte-to-monocyte ratio, LCR—lymphocyte-to-C-reactive protein ratio and
PLR—platelet-to-lymphocyte ratio.

Parameter Control Long COVID p Value

Microcirculatory function parameters
IR index [%] 14.5 ± 1.74 6.06 ± 1.09 <0.001
IR max [%] 19.5 ± 2.12 9.30 ± 1.32 <0.001

HR index [%] 15.1 ± 1.15 13.3 ± 0.73 0.20
HR max [%] 22.3 ± 2.29 20.3 ± 0.72 0.42

RHR [%] 38.7 ± 2.24 30.8 ± 1.32 <0.01
Log (HS) 114 ± 38.7 49.6 ± 9.85 <0.05

Serum inflammatory parameters
hs-CRP [mg/L] 2.1 ± 0.30 2.4 ± 0.31 0.489

Serum amino acid compounds
Arginine [μmol/L] 112 ± 6.92 126 ± 5.27 0.12
Citrulline [μmol/L] 15.5 ± 0.93 17.2 ± 0.76 0.17

SDMA [μmol/L] 0.83 ± 0.04 0.86 ± 0.05 0.64
Arginine/ADMA 162 ± 8.00 151 ± 8.08 0.34
Glycine [μmol/L] 314 ± 37.4 219 ± 12.9 <0.05

Peripheral blood cell count
RBCs [T/L] 4.86 ± 0.10 4.70 ± 0.09 0.26

Hct [%] 42.4 ± 0.74 42.2 ± 0.75 0.25
Hgb [g/dL] 14.3 ± 0.29 14.2 ± 0.29 0.79

MCV [fL] 88.7 ± 0.91 87.7 ± 0.95 0.45
MCH [pg] 30.5 ± 0.32 30.2 ± 0.46 0.60

MCHC [g/dL] 34.3 ± 0.32 34.4 ± 0.31 0.81
RDW [%] 12.9 ± 0.18 12.8 ± 0.20 0.85

WBC [G/L] 6.22 ± 1.81 6.28 ± 0.47 0.96
NEU [G/L] 3.52 ± 1.22 3.65 ± 0.37 0.92

NEU [%] 56.6 ± 2.11 56.5 ± 2.21 0.98
LYMPH [G/L] 2.31 ± 0.23 1.94 ± 0.11 0.16

LYMPH [%] 37.1 ± 2.43 32.3 ± 2.03 0.14
MONO [G/L] 0.48 ± 0.05 0.51 ± 0.04 0.64

MONO [%] 7.72 ± 0.19 8.22 ± 0.48 0.33
EOS [G/L] 0.12 ± 0.03 0.15 ± 0.02 0.42

EOS [%] 1.93 ± 0.21 2.35 ± 0.26 0.21
BAS [G/L] 0.04 ± 0.01 0.04 ± 0.01 0.99

BAS [%] 0.64 ± 0.06 0.56 ± 0.05 0.31
PLT [G/L] 216 ± 12.0 222 ± 11.0 0.72
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Table 2. Cont.

Parameter Control Long COVID p Value

PDW [fL] 10.9 ± 0.51 13.2 ± 0.41 <0.01
PCT [%] 0.23 ± 0.01 0.24 ± 0.01 0.48

Large PLT [%] 26.7 ± 2.31 32.3 ± 1.44 <0.05
NLR 1.52 ± 0.12 1.93 ± 0.18 0.06
LMR 4.81 ± 0.32 4.11 ± 0.29 0.11
LCR 1.10 ± 0.09 0.94 ± 0.08 0.19
PLR 93.5 ± 10.4 120 ± 8.80 0.06

3.2. Adenine Nucleotides’ Concentration in the Erythrocytes of Long COVID Patients Is at Similar
Levels as in the Healthy Controls

As erythrocytes play a critical role in sufficient tissue oxygenation as well as possibly
regulating endothelial and microvascular functions via adenine nucleotide metabolism
and signaling, we analyzed the adenine nucleotides in RBCs. The concentrations of ATP,
ADP and AMP in the erythrocytes of patients with long COVID did not differ from those
in healthy controls (Figure 1). Similarly, no significant differences were observed in the
ATP/ADP ratio and adenylate energy charge (AEC). However, the ADP/AMP ratio was
higher in long COVID patients.

Figure 1. Adenine nucleotides’ concentration in the erythrocytes of long COVID patients is not
different from that in healthy controls. The concentration of (A) adenosine triphosphate (ATP),
(B) adenosine diphosphate (ADP), (C) adenosine monophosphate (AMP), (D) total adenine nucleotide
(TAN), (E,F) adenine nucleotide ratios (ATP/ADP; ADP/AMP) and (G) adenylate energy charge
(AEC) in red blood cells of post-COVID-19 participants (n = 19) compared with healthy control group
(n = 20). Results are shown as mean ± SEM; * p < 0.05 by unpaired Student’s t-test (A,B,D–G) or
Mann–Whitney test (C), ns—not significant.

3.3. Adenosine Triphosphate (ATP) Concentration in the Erythrocytes of Long COVID Patients
Correlates with Markers of Endothelial and Microcirculatory Function

Despite the lack of differences in red blood cell ATP and ADP concentrations between
post-COVID-19 patients and healthy controls, we demonstrated a positive correlation of IR
max and IR index parameters with erythrocyte ATP concentration (Figure 2) and a negative
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correlation with ADP (Table S2). This resulted in a strong positive correlation between the
IR index, IR max and red blood cell ATP/ADP ratio and AEC (Table S3). In addition, the
RHR parameter that reflects the endothelial ability to produce NO negatively correlated
with RBC ADP concentration (Table S2) and positively correlated with the RBC ATP/ADP
ratio and AEC (Table S3). We also found a negative correlation between log(HS), the other
parameter of the microcirculatory response to hypoxia, and the RBC ADP/AMP ratio
(Table S3). Log(HS) reflects myogenic microcirculatory oscillations, which are stimulated
on the reperfusion line following transient hypoxia [21].

Figure 2. Adenosine triphosphate (ATP) concentration in the erythrocytes of long COVID pa-
tients correlates with ischemic response parameters measured by flow-mediated skin fluorescence
(FMSF) technique. Correlations of red blood cell adenosine triphosphate (ATP) concentration with
(A) ischemic response parameters (IR index; IR max), (B) hyperemic response parameters (HR index;
HR max), (C) reactive hyperemic response (RHR) and (D) hypoxia sensitivity (logHS) in post-COVID-
19 participants. Results are shown as correlation plots with corresponding Pearson (A–C) or Spearman
(D) coefficient (r) and p value (p). Solid line—regression line, dotted line—error bars.

Additionally, we determined a significant positive correlation between ATP concentra-
tion in RBCs and serum arginine/ADMA (a ratio of nitric oxide substrate to NO synthase
inhibitor). Then, we found positive relationships between RBC ATP and serum arginine
and citrulline concentrations, which are a substrate and co-product in the reaction of NO
synthesis, as well as a negative trend between RBC ATP and SDMA (arginine transport
inhibitor) (Figure 3). In addition, ATP and TAN concentration in erythrocytes positively cor-
related with serum glycine concentration, an amino acid with anti-inflammatory properties
(Figure 3, Table S2) [23].
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Figure 3. Adenosine triphosphate (ATP) concentration in the erythrocytes of long COVID patients
correlates with circulating endothelial function parameters. Correlations of red blood cell adenosine
triphosphate (ATP) concentration with (A) L-arginine/ADMA (asymmetric dimethyl-L-arginine)
ratio, (B) symmetric dimethyl L-arginine (SDMA), (C) arginine, (D) citrulline and (E) glycine con-
centration in long COVID participants. Results are shown as correlation plots with corresponding
Pearson coefficient (r) and p value (p). Solid line—regression line, dotted line—error bars.

3.4. Adenosine Triphosphate (ATP) Concentration in the Erythrocytes of Long COVID Patients
Correlates with Markers of Systemic Inflammation Reactivation

Then, we determined no significant correlations of erythrocyte adenine nucleotide
concentrations, ATP/ADP or ADP/AMP ratios and AEC with red blood cell parameters
(Tables 3 and S4). However, there was a tendency toward negative relationships between
the ATP concentration in erythrocytes and the number of red blood cells, the hematocrit,
hemoglobin concentration or red blood cell distribution width (RDW). Interestingly, these
trends became weaker or completely disappeared in the correlation analysis with ADP
and AMP. Additionally, there were significant relationships between erythrocyte ATP, total
adenine nucleotide (TAN) concentration and the percentage of neutrophils (NEU) and
lymphocytes (LYMPH) (Table 3), which translated into a strong positive correlation with
the neutrophil-to-lymphocyte ratio (NLR) in long COVID participants (Figure 4).
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Table 3. Adenosine triphosphate (ATP) and total adenine nucleotide (TAN) concentration in the
erythrocytes of long COVID patients correlates with peripheral blood neutrophil and lymphocyte
percentage. Correlations of red blood cell adenosine triphosphate (ATP), adenosine diphosphate
(ADP), adenosine monophosphate (AMP) and total adenine nucleotide (TAN) concentration with
peripheral blood cell count in long COVID participants (n = 19). Results are shown as Pearson or
Spearman (as appropriate) correlation coefficient (r) and p value (p).

Parameter
ATP

[μmol/L RBC]
ADP

[μmol/L RBC]
AMP

[μmol/L RBC]
TAN

[μmol/L RBC]

r p Value r p Value r p Value r p Value

RBC [T/L] −0.28 0.26 0.12 0.63 0.08 0.75 −0.23 0.36
Hct [%] −0.27 0.28 0.14 0.57 0.04 0.87 −0.21 0.39

Hgb [g/dL] −0.21 0.42 0.13 0.61 0.07 0.79 −0.16 0.53
MCV [fL] 0.08 0.74 0.04 0.87 −0.04 0.87 0.09 0.73
MCH [pg] 0.23 0.37 0.18 0.47 0.03 0.90 0.23 0.37

MCHC [g/dL] 0.14 0.59 −0.01 0.99 0.07 0.77 0.13 0.61
RDW [%] −0.34 0.17 −0.17 0.50 −0.17 0.49 −0.37 0.13

WBC [G/L] 0.26 0.30 −0.10 0.70 −0.16 0.54 0.22 0.37
NEU [G/L] 0.39 0.11 −0.03 0.91 −0.12 0.64 0.37 0.13

NEU [%] 0.55 <0.05 0.07 0.78 −0.06 0.80 0.55 <0.05
LYMPH [G/L] −0.24 0.34 −0.17 0.50 −0.11 0.66 −0.27 0.27

LYMPH [%] −0.52 <0.05 0.01 0.97 −0.13 0.60 −0.50 <0.05
MONO [G/L] 0.01 0.98 −0.42 0.08 −0.40 0.10 −0.11 0.66

MONO [%] −0.28 0.26 −0.40 0.10 −0.32 0.20 −0.38 0.12
EOS [G/L] 0.12 0.63 0.06 0.83 0.02 0.95 0.13 0.60

EOS [%] −0.04 0.89 0.07 0.78 0.09 0.71 −0.02 0.95
BAS [G/L] 0.01 0.97 −0.15 0.54 −0.14 0.59 −0.04 0.89

BAS [%] −0.27 0.28 −0.02 0.94 0.05 0.84 −0.27 0.28
PLT [G/L] 0.07 0.79 0.08 0.75 0.03 0.92 0.09 0.73
PDW [fL] 0.33 0.18 −0.21 0.40 −0.28 0.26 0.26 0.30
PCT [%] 0.18 0.48 0.01 0.97 −0.06 0.80 0.17 0.49

Large PLT [%] 0.32 0.20 −0.25 0.31 −0.32 0.20 0.24 0.35

Figure 4. Adenosine triphosphate (ATP) concentration in the erythrocytes of long COVID pa-
tients correlates with inflammatory hematological ratios. Correlations of red blood cell adenosine
triphosphate (ATP) concentration with (A) peripheral blood neutrophil-to-lymphocyte ratio (NLR),
(B) lymphocyte-to-monocyte ratio (LMR), (C) lymphocyte-to-C-reactive protein ratio (LCR) and
(D) platelet-to-lymphocyte ratio (PLR) in post-COVID-19 participants. Results are shown as correla-
tion plots with corresponding Pearson (A–C) or Spearman (D) correlation coefficient (r) and p value
(p). Solid line—regression line, dotted line—error bars.
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It was observed very soon after the beginning of the COVID-19 pandemic that a
high NLR can be used as a reliable indicator to determine disease severity, with a cut-off
point above 3.0 [24]. In addition, the NLR has been proposed as a marker of systemic
inflammation reactivation when monitoring long COVID patients [25]. It was shown that
after normalization to approximately 2.5, the NLR gradually re-elevated to about 3.5 in
patients with sustained long COVID symptoms. Our findings indicate that the NLR as well
as the lymphocyte-to-C-reactive protein ratio (LCR) significantly correlated with the ATP
and TAN concentration in erythrocytes (Figure 3, Table S4). Other indicators, such as the
lymphocyte-to-monocyte ratio (LMR) and platelet-to-lymphocyte ratio (PLR), tended to
correlate with ATP and TAN concentration in erythrocytes.

4. Discussion

This work highlights the potential role of red blood cell adenylate energetics in tissue
oxygenation as well as endothelial and microvascular function in patients with long COVID.
We demonstrated the correlation of many parameters related to the immune response and
endothelial, and microcirculatory function with erythrocyte ATP and TAN concentrations
in long COVID patients. A particularly strong positive relationship was observed between
ATP concentration in RBCs and the serum ratio of arginine to asymmetric dimethylarginine,
an indicator of vascular nitric oxide production capacity. Consistently, a positive correlation
was observed between the ATP/ADP ratio in RBCs and diminished reactive hyperemic
response in post-COVID-19 patients, assessed by flow-mediated skin fluorescence (FMSF),
which reflected decreased vascular NO bioavailability. On the other hand, we have shown
that patients with long COVID symptoms have significantly impaired ischemic response
parameters (IR max and IR index), examined by FMSF, which revealed diminished residual
bioavailability of oxygen in epidermal keratinocytes after brachial artery occlusion. IR max
and IR index parameters revealed a strong correlation with the ATP/ADP ratio in RBCs.
Taken together, this study indicates that a decrease in peripheral tissue oxygenation in long
COVID patients may be associated with diminished intracellular oxygen delivery through
the circulatory system due to dysregulation of metabolic processes in erythrocytes, with
simultaneous endothelial and microvascular dysfunction. A lack of evident differences in
the concentration of adenine nucleotides in the erythrocytes of all post-COVID-19 patients
compared to healthy controls may indicate heterogeneity of post-COVID-19 patients, of
which a large proportion had restored metabolic equilibrium.

The maintenance of metabolic balance relies significantly on the evolved mechanisms
through which hemoglobin in RBCs senses the need for oxygen and responds suitably [26].
The coordinated regulation of ATP production and antioxidant systems within RBCs
also takes advantage of Hgb-based oxygen sensitivity to address various physiological
and pathological stresses [11]. For instance, during oxygen offloading, glycolysis is pro-
moted to generate both 2,3-DPG (2,3-diphosphoglycerate, a negative allosteric effector of
hemoglobin–oxygen binding) and ATP [27]. Conversely, under oxygen-rich conditions,
the production via the PPP of nicotinamide adenine dinucleotide phosphate (NADPH),
crucial for reducing systems, is favored [27]. The dynamic control of ATP not only ensures
the maintenance of the ionic and structural balance in RBCs but also contributes to the
availability of vasoregulatory ATP that can be released in hypoxia or during RBC deforma-
tion in microvessels [28]. The export of ATP from erythrocytes in response to hypoxia or
deformation serves to dilate blood vessels, facilitating efficient oxygen delivery [29].

It has been demonstrated that the adaptability of RBCs to the metabolic environment
through the control of the above mechanisms is compromised during COVID-19 infec-
tion [27]. It was revealed that RBCs from severe COVID-19 patients displayed signatures of
oxidation and fragmentation of key structural and functional proteins including band 3
(AE1), spectrin beta and ankyrin, as well as revealing increased glycolytic intermediates,
including 2,3-DPG, without significant changes in ATP levels [16]. Elevations in glycolytic
metabolites within RBCs align with the potential enhancement of the capacity of Hgb to
offload oxygen as a function of allosteric modulation by high-energy phosphate compounds
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(a right shift of the oxygen dissociation curve) and may counteract COVID-19-induced
hypoxia [30]. However, in spite of high 2,3-DPG levels in COVID-19 patients, no change
in hemoglobin affinity was detected in three independent investigations, while in a large
cohort study, even a left shift of the oxygen dissociation curve was calculated [4]. The
most likely reason for this finding is the formation of methemoglobin, which enhances
oxygen affinity and seems to thus counteract the impact of 2,3-DPG. A lack of this back
shift would further impede oxygen loading in the damaged lung. The problem is thus
partly transferred from oxygen uptake in the lung to oxygen transport from capillaries to
the cells that consume it.

In our study, we have shown that patients with long COVID have significantly im-
paired ischemic response parameters (IR max and IR index), which were examined using
the non-invasive FMSF technique. The IR parameters indicate the response to brachial
artery occlusion, resulting in the complete blockage of oxygen delivery to the epidermis,
and should be treated as a metabolic indicator of the changes in the NADH/NAD+ equi-
librium in keratinocytes due to transient ischemia [31]. Thus, the gradual shift of the
NADH/NAD+ equilibrium toward reduction, seen as an increase in NADH fluorescence
(ischemic response), depends on the residual bioavailability of oxygen in epidermal ker-
atinocytes after brachial artery occlusion. Therefore, the outcomes of our study confirmed
that decreased oxygenation of peripheral tissues may be associated with diminished intra-
cellular oxygen delivery through the circulatory system due to dysregulation of metabolic
processes in erythrocytes. This may partly explain long COVID-specific symptoms such
as physical impairment and fatigue. In line with that, we have found a decreased log(HS)
parameter in post-COVID-19 patients, which mirrors a disturbed microcirculatory response
to hypoxia. In another study, low HS values were related to a more severe course of COVID-
19, suggesting that this parameter is a prognostic factor of the disease [32]. Interestingly, in
this study, log(HS) negatively correlated with the RBC ADP/AMP ratio.

In addition, we revealed a decreased RHR parameter in long COVID patients, re-
flecting reduced nitric oxide production in the vasculature [22]. This observation is also
in line with some other studies [18,33]. Disturbed tissue perfusion may result from both
impaired oxygen transport by erythrocytes and dysfunction of the microvascular endothe-
lium. Mounting evidence links SARS-CoV-2 infection with endothelial dysfunction, which
has been recognized by reduced nitric oxide bioavailability, oxidative stress, leukocyte ad-
hesion, hyperpermeability, glycocalyx disruption, endothelial-to-mesenchymal transition,
hypercoagulability and thrombosis [34]. However, it has been described that COVID-19-
induced endotheliitis is predominately a systemic microvessel vasculitis not involving the
large arteries such as the main coronaries [35]. In our long COVID patients with typical
chest pain and the evidence of ischemia in non-invasive tests, no significant changes were
revealed by invasive coronary angiography or cardiac computed tomography angiog-
raphy. We defined it as a microvascular angina-like phenomenon. In addition, cardiac
troponin levels were within reference ranges, as we did not observe any patients dur-
ing acute coronary syndrome. On the other hand, it should be noted that microvascular
and endothelial dysfunction can manifest the autonomic dysfunction in long COVID syn-
drome, with local symptoms such as headache, brain fog, chest pain, the microvascular
angina-like phenomenon, dyspnea and peripheral circulatory symptoms, including skin
discoloration, oedema or Raynaud-like phenomena [36]. It is well documented that cardio-
vascular autonomic dysfunction occurs from a malfunction of the autonomic control of the
circulation, and can involve failure or inadequate or excessive activation of the sympathetic
and parasympathetic components of the autonomic nervous system [36].

It should be emphasized that beyond the fundamental role of erythrocytes in oxygen
transport, RBCs are also critical modulators of endothelial and microvascular function via
controlled ATP release [37]. When the mechanisms of ATP synthesis and release function
properly, ATP exported from RBCs subserves efficient blood flow, including vasodilation
in proportion to the degree of hypoxia, the inhibition of intercellular adhesion and the
prevention of unwanted capillary permeability [38]. In our study, low RHR, reflecting
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lower vascular NO production in long COVID patients, was associated with an increase in
ADP concentration in RBCs and a decrease in the ATP/ADP ratio. This is consistent with
reports on the stimulation of the first ATP-consuming glycolytic reactions in COVID-19
RBCs. However, it is not known whether this translates into the deregulated release of
ATP from erythrocytes. It has been shown that RBC-induced NO-associated vasodila-
tion under hypoxic conditions is the effect of ATP release from RBCs and its interaction
via purinergic receptors to stimulate the synthesis of NO by endothelial NO synthase
(eNOS) [39]. However, our study shows a positive relationship between the decrease
in the serum arginine/ADMA ratio in long COVID patients and the ATP concentration
in erythrocytes. This suggests disturbances in ATP release and/or its purinergic signal-
ing cascade. Indeed, recent studies have revealed that long COVID RBCs demonstrated
a damaged cell membrane, in particular through the oxidation of band 3 and binding
with S1 spike proteins [16,40]. These alterations to band 3 can lead to significant dis-
turbances in RBC functions, including the ATP release mechanism [41]. In such cases,
hypoxia seen in COVID-19 patients is related to SARS-CoV-2-mediated band 3 alterations,
which may decrease the ability of RBCs to release ATP, reducing vasodilation and oxygen
delivery to tissues.

5. Conclusions

In this study, we revealed that many parameters related to the endothelial and mi-
crovascular function showed significant correlations with red blood cell adenine nucleotide
concentration in patients with long COVID. A particularly strong relationship was ob-
served between adenosine triphosphate concentration in erythrocytes and the serum ratio
of arginine to asymmetric dimethylarginine—an indicator of endothelial function. In line
with that, a positive correlation was observed between the ATP/ADP ratio and diminished
reactive hyperemic response in long COVID patients, assessed by the flow-mediated skin
fluorescence (FMSF) technique, which reflected decreased vascular nitric oxide bioavail-
ability. In addition, we have shown that patients with long COVID have significantly
impaired ischemic response parameters, examined by FMSF, which revealed diminished
residual bioavailability of oxygen in epidermal keratinocytes after brachial artery occlusion.
Taken together, this study indicates that the dysregulation of metabolic processes in ery-
throcytes that coexists with endothelial and microcirculatory dysfunction is associated with
diminished intracellular oxygen delivery, which can explain long COVID cardiovascular
complications, physical impairment and fatigue. In addition, functional assessment of
the degree of skin tissue oxygenation using FMSF turned out to be a sensitive method
to track the changes in hypoxia occurring after COVID-19. Further studies using this
methodology, as well as large-scale analyses of erythrocyte energy metabolism in a larger
group of patients, should be also performed.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biomedicines12030554/s1, Table S1. Dates of COVID-
19 diagnosis, peripheral blood sample collection and FMSF testing in recruited patients. F—female.
M—Male. Table S2. Correlations of red blood cell adenosine diphosphate (ADP), adenosine
monophosphate (AMP) and total adenine nucleotide (TAN) concentration with L-arginine/ADMA
(asymmetric dimethyl-L-arginine) ratio and symmetric dimethyl L-arginine (SDMA) concentration
in long COVID participants. Results are shown as Pearson correlation coefficient (r) and p value (p).
Table S3. Correlations of red blood cell adenine nucleotide ratios and adenylate energy charge (AEC)
with peripheral blood cell count in long COVID participants. Results are shown as Pearson correlation
coefficient (r) and p value (p). Table S4. Correlations of red blood cell adenine nucleotide ratios and
adenylate energy charge (AEC) with peripheral blood cell count in long COVID participants. Results
are shown as Pearson correlation coefficient (r) and p value (p). Table S5. Correlations of red blood
cell adenosine diphosphate (ADP), adenosine monophosphate (AMP) and total adenine nucleotide
(TAN) concentration with peripheral blood cell count in long COVID participants. Results are shown
as Pearson correlation coefficient (r) and p value (p).
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Abstract: In Long COVID, dysfunction in the pituitary–adrenal axis and alterations in immune
cells and inflammatory status are warned against. We performed a prospective study in a cohort of
42 patients who suffered COVID-19 at least 6 months before attending the Long COVID unit at Althaia
Hospital. Based on Post-COVID Functional Status, 29 patients were diagnosed with Long COVID,
while 13 were deemed as recovered. The hormones of the pituitary–adrenal axis, adrenocorticotropin
stimulation test, and immune cell profiles and inflammatory markers were examined. Patients with
Long COVID had significantly lower EuroQol and higher mMRC scores compared to the recovered
individuals. Their symptoms included fatigue, myalgia, arthralgia, persistent coughing, a persistent
sore throat, dyspnoea, a lack of concentration, and anxiety. We observed the physiological levels
of cortisol and adrenocorticotropin in individuals with or without Long COVID. The results of the
adrenocorticotropin stimulation test were similar between both groups. The absolute number of
neutrophils was lower in the Long COVID patients compared to recovered individuals (p < 0.05). The
total count of B lymphocytes remained consistent, but Long COVID patients had a higher percentage
of mature B cells compared to recovered participants (p < 0.05) and exhibited a higher percentage of
circulating resident memory CD8+ T cells (p < 0.05) and Treg-expressing exonucleases (p < 0.05). Our
findings did not identify adrenal dysfunction related to Long COVID, nor an association between
adrenal function and clinical symptoms. The data indicated a dysregulation in certain immune cells,
pointing to immune activation. No overt hyperinflammation was observed in the Long COVID group.

Keywords: Long COVID; fatigue; dyspnea; cortisol; adrenal insufficiency; immune cells; inflammation

1. Introduction

Individuals infected by SARS-CoV-2 may experience a constellation of long-lasting
symptoms, including fatigue, myalgia, a sore throat, dyspnea, and coughing, with others
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including nervous system and neurocognitive disorders [1–3]. Similar long-lasting fea-
tures were also observed in the SARS epidemic in 2003; one study reported that 17% of
individuals infected with SARS-CoV-1 experienced long-term health issues one year after
the infection [4], while others identified that symptoms resembling those of fibromyal-
gia were observed three years post-infection [5]. Researchers describe that 38% of SARS
survivors encountered reduced lung oxygen flow 15 years after the initial infection [6].
During the recent pandemic, a group of COVID-19 survivors has been observed to bat-
tle with such long-term consequences [7]. Initially, physicians did not readily associate
them with post-COVID-19 effects [8]. Despite uncertainties regarding attributing some
cases to SARS-CoV-2 infection, recent data highlight the secondary effects of coronavirus
infection, referring to them as Long COVID, persistent COVID, or post-acute COVID. In
both the peer-reviewed literature [9] and public discussion [10], persistent symptoms have
been reported among COVID-19 survivors, including those who initially experienced a
mild acute illness [11–14]. Indeed, a study of Israeli healthcare workers underscored the
Long-COVID risk following a breakthrough infection, even in fully vaccinated people [15].
These studies were conducted before the emergence of the dominant Omicron variants,
which have been observed to decrease post-acute COVID symptoms [16]. Subsequently,
treatment with Paxlovid in the acute phase of the infection has also been shown to be
effective in reducing the risk of suffering post-acute COVID, regardless of whether patients
were previously vaccinated or not [17]. Although vaccination before infection confers
partial protection against Long COVID [18], the understanding that COVID-19 may extend
beyond a transient respiratory disease and manifest as neurological and physical symptoms
months after the initial infection, thereby increasing the overall burden of the disease, is
gaining recognition among physicians [19].

The need to assess the multidimensional impact of certain conditions, including
COVID-19, on patient health and quality of life using standardized scales is frequently
established. Tools such as the Modified Medical Research Council (mMRC) Dyspnea Scale
and the EuroQol (EQ)-5 Dimension (5D) or visual analogue scale (VAS) have been applied
in previous studies to quantify symptom severity and impact on daily living, capturing
the subtleties of the disease’s long-term effects, which may elude more immediate clinical
assessments [20–22]. This nuanced understanding of post-infection symptoms is especially
pertinent as we consider demographic vulnerabilities. While older patients may be at a
higher risk for severe disease and death, younger survivors have also reported persistent
symptoms weeks or months after acute illness [23].

Efforts to characterise the aetiology and pathophysiology of the late sequelae are
ongoing and may reveal organ damage sustained during the acute infection phase [24].
This post-acute viral phase, during which individuals test negative for SARS-CoV-2, is
sometimes persistent and is hypothesised to be associated with the residual or mild hyper-
cytokinemia or dysfunction of the neuro-suprarenal axis, with accompanying subclinical
adrenal hypofunction [25,26]. The impairment of the autonomic nervous system through
disruption of tryptophan metabolism cannot be excluded [27,28]. This situation may or may
not ease over time. However, in some patients, fatigue and other non-specific symptoms
may last for more than six months, leading to the case being designated as viral chronic
fatigue syndrome (ME/CFS). ME/CFS is a complex and poorly understood condition.
Some studies evidenced a clear increased risk of developing ME/CFS in people who have
had COVID-19 compared with those who have not [2,29]. Although many people first
exhibit symptoms following a viral infection, the exact causes of this syndrome remain to
be elucidated. One potential cause could be mitochondrial dysfunction [30]. Some immune
cells in ME/CFS patients, particularly CD8+ T cells, show disruptions in energy produc-
tion and use [31]. Additionally, both CD8+ and CD4+ T cells from ME/CFS demonstrate
reduced glycolysis after activation. This diminished metabolism is inversely correlated
with inflammatory cytokines in CD8+ T cells in patients affected by ME/CFS [31]. Severe
COVID-19 may also induce long-term changes in the innate immune system through
epigenetic modifications [32].
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This study explored the premise that Long COVID symptoms are linked to pituitary–
adrenal axis disruption, concomitant with a hyperinflammatory state and immune dysreg-
ulation. This hypothesis was assessed in a cohort of patients who had tested positive for
SARS-CoV-2 at least six months prior to the enrolment. This work ultimately aims to con-
tribute to the ongoing efforts to understand the underlying causes and mechanisms of Long
COVID, potentially guiding more tailored management strategies for affected individuals.

2. Materials and Methods

2.1. Inclusion Criteria for Patients

Patients attending the Long COVID unit consultation at “Fundació Althaia Xarxa
Assistencial” in Manresa (Barcelona, Spain) were invited to participate in this study, which
was approved by the local ethics committee (CEI 21/82) and conducted according to the
Declaration of Helsinki. All participants provided signed informed consent. Inclusion
criteria included being between 18 and 70 years old and recording a positive PCR test
for SARS-CoV-2 infection more than six months prior. Three expert clinicians (EEV, SMP,
and SRS) from the Long COVID unit employed visual and verbal screening based on
Post-COVID Functional Status (PCFS) [33] to determine if patients could be classified as
having Long COVID. Enrolled patients were asked to answer PCFS questions regarding
symptoms, pain, depression, anxiety, and their ability to perform household duties or activ-
ities independently. Those responding affirmatively were classified as having Long COVID.
None of the enrolled patients indicated being unable to live alone without assistance. Blood
samples collected for clinical management were analysed to assess leukocyte populations
via flow cytometry, and basic blood tests and standard biochemistry parameters were also
examined. None of the enrolled participants were treated with glucocorticoids during the
Long COVID phase of the study. Demographic, clinical, and laboratory data were compiled
in a database and stored in our institutional repository.

2.2. Health-Related Quality-of-Life Tests

The standardised health-related quality-of-life instrument EQ-5D assessed individuals’
overall health status. This generic tool quantitatively measures a person’s health and
well-being, allowing for comparisons across different health conditions and populations.
The EQ-5D comprises five health dimensions, namely, mobility, self-care, usual activi-
ties, pain/discomfort, and anxiety/depression, with each dimension having three levels
(1 = no problem, 2 = moderate problems, and 3 = severe problems). In our Catalan co-
hort of patients, EQ-5D was assessed by using coefficients reported by [34], yielding an
EQ-5D score ranging from 0 (worst health state) to 1 (best health state).

The mMRC dyspnoea scale was used to assess the severity of breathlessness, which
is common in Long COVID patients. This scale uses a patient-reported measure of the
impairment of daily life caused by breathlessness, which can range from minor discomfort
to a factor that severely limits daily life. The scale ranges from grade 0, where patients
experience no breathlessness, even with regular physical activity, to grade 4, where they
report severe breathlessness that restricts them in their home or makes them short of breath
when getting dressed or undressed. The intermediate stages are defined as follows: Grade 1,
mild breathlessness during physical activity; Grade 2, shortness of breath when walking at
an average pace; and Grade 3, having to pause for breath after walking for a few minutes.

As part of the assessment of the wide-ranging impact of the condition, the Long
COVID Score (LCS) was formulated as LCS = mMRC/α + absolute value [log(EQ-5D + ε)],
where the scaling factor α = 4. This balances the quantitative assessment of breathlessness
with the multi-faceted evaluation of overall health and well-being, thus taking into account
a broader range of health-related quality-of-life factors than just the respiratory system.
The smoothing coefficient ε = 0.0758 is employed to guarantee that the resulting EQ-5D
value is greater than 0 and allows for logarithm calculation.
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2.3. Adrenal Function

Serum cortisol and adrenocorticotropin (ACTH) levels were assessed at baseline from
blood samples drawn at 8:00 in the morning. The ACTH stimulation test was performed
immediately via intramuscular injection of 0.25 mg of synthetic ACTH (Cigna Healthcare,
Nashville, TN, USA) mixed with 2 mL of 0.9% sodium chloride. Blood was taken 60 min
after ACTH injection. Cortisol levels in the serum were promptly assessed using an electro-
chemiluminescence immunoassay (ECLIA) with the Elecsys Cortisol II (Roche Diagnostics,
Risch-Rotkreuz, Switzerland) in the Cobas e801 system (Roche Diagnostics). Basal serum
ACTH levels were also determined via ECLIA with Elecsys ACTH (Roche Diagnostics) on
the Cobas e801 system (Roche Diagnostics). A Δcortisol value represents the net increase in
cortisol levels at 60 min post-ACTH injection, expressed as ΔCortisol = Cortisol 60′ − Basal
cortisol.

2.4. Flow Cytometry

Blood samples drawn with EDTA for laboratory analysis were used to stain cells for
flow cytometry. A 30-microliter aliquot of whole blood was stained with a 1:1 (v/v) mix
of fluorescently conjugated antibodies to decipher leukocyte populations. This was per-
formed in the presence of a human FcR blocking reagent (dilution 1:30; Milteny Biotech,
Bergisch Gladbach, Germany) and Aqua Live/Dead cell fixable dye (1:1000; Molecular Probes,
Eugene, OR, USA) to discard dead cells. The antibodies, used at dilution of 1:200, were
anti-CD45-BV786 (HI30; BD Biosciences, Bergen, NJ, USA), anti-CD3-BB515 (UCHT1; BD
Biosciences), anti-CD19-BV605 (HIB19; BioLegend, San Diego, CA, USA), anti-CD56-PE/Cy5
(B159; BD Biosciences), anti-γδTCR-PE (B1; BioLegend), anti-CD14-PE/CF594 (MfP9; BD
Biosciences), anti-CD66b-APC/Cy7 (G10F5; BioLegend), anti-CD4-APC/R700 (RPA-T4; BD
Biosciences), anti-CD8-BV650 (RPA-T8; BioLegend), anti-CD27-AF647 (M-T271; BioLegend),
anti-CD45RA-PerCP/eF710 (GRT22; eBioscience, San Diego, CA, USA), anti-CD103-BV421
(Ber-ACT8; BioLegend), anti-αβTCR-BV650 (IP26; BD Biosciences), anti-CD73-BB515 (AD2;
BD Biosciences), anti-CD38-PerCP/eF710 (HB7; eBioscience), anti-CD39-PE/CF594 (TU66; BD
Biosciences), anti-HLA-DR-PE/Vio770 (REA805; Miltenyi Biotec), anti-CD25-AF647 (BC96;
BioLegend), and anti-CD69-APC/Vio770 (REA824; Miltenyi Biotec). The antibody mixture
was prepared in phosphate-buffered saline (PBS) containing 5 mM EDTA and 0.1% BSA
(FACS buffer), along with a 1:10 (v/v) brilliant stain buffer (BD Biosciences). To determine
the absolute cell number, 30 microliters of fluorescent beads (1000 beads/microliter; Beckman
Coulter, Brea, CA, USA) were added to each tube. After a 30 min staining period, cells were
fixed in 2% paraformaldehyde FACS lysing buffer (BD Biosciences) and washed with FACS
buffer. Cellular data were acquired in a FACS LSRII (BD Biosciences) flow cytometer operated
with FACS Diva software (BD Biosciences) and was analysed with FlowJo v10.6.0 (FlowJo-BD,
Ashland, OR, USA).

2.5. Cytokine Assessment

Serum samples taken from participants were preserved at −80 ◦C and analysed
collectively in a single batch. Concentrations of cytokines, including tumour necrosis factor
(TNF)-α, interferon (IFN)-γ, interleukin (IL)-12p40, IL-12p70, IL-1β, IL-2, and IL-10, were
assessed using the ProQuantum high-sensitivity immunoassay (Thermo Fisher Scientific,
Waltham, MA, USA). This analysis was conducted on the QuantStudio 5 qPCR instrument
(Thermo Fisher) utilising the ProQuantumTM Protein Biology software (Thermo Fisher).
IL-6 serum concentration was measured via ECLIA with the Elecsys IL-6 reagent (Roche
Diagnostics) on the Cobas e801 system (Roche Diagnostics). GDF-8 or myostatin was
determined using an enzyme-linked immunosorbent assay (ELISA, Helsinki, Finland) kit
(EH215RB, Invitrogen, Waltham, MA, USA), with readings taken on the Quanta-Lyser-2
plate reader (Werfen, San Diego, CA, USA).
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2.6. Statistical Analysis

The Mann–Whitney U test, chi-square test, and Fisher’s exact were employed to com-
pare differences between participants with or without Long COVID concerning quantitative
and categorical variables, respectively. Continuous variables were expressed as median
[interquartile range (IQR)], while categorical variables were presented as n (%). Two-way
ANOVA was used to test for differences between groups, categorised by Long COVID
status and sex. A two-sided α level of less than 0.05 was considered statistically significant.
Statistical analysis was performed using the Rstats package in R software (v4.3.2).

3. Results

3.1. Long COVID Assessment

A total of 42 patients were enrolled for the study of Long COVID. The dates of their
SARS-CoV-2 infection spanned from December 2020 to July 2021. These enrolled patients
were part of the third wave of SARS-CoV-2 infections in Catalonia, Spain [35], which was
attributed to an outbreak of the B.1.1.7 alpha variant [36] in this area.

The assessment of Long COVID took place, on average, 286 days after the primary
infection, with a range of 217 to 346 days. Of the 42 enrolled individuals, 29 (69.05%) were
diagnosed with Long COVID, while 13 (30.95%) were classified as fully recovered (Table 1).
The time lapse between primary virus infection and the Long COVID assessment visit was
comparable for individuals with Long COVID and those without Long COVID (268 [57]
days vs. 303 [44.5] days, p-value = 0.0645).

Table 1. Comparison of demographic, preclinical, and acute phase data between Long COVID and
recovered patients.

Long COVID

Variables No (13) Yes (29) p-Value 1

Age (years) 50 [8] 53 [18] 0.64
Gender (female) 6 (46.15) 17 (58.62) 0.52

HTA 1 (7.69) 5 (17.24) 0.65
Dyslipidaemia 1 (7.69) 5 (17.24) 0.65

DM2 0 (0) 5 (17.24) 0.30
Previous smoker 3 (23.08) 5 (17.24) 0.69

BMI > 30 1 (7.69) 2 (6.9) 1.00
Lung disease 1 (7.69) 1 (3.45) 0.53

AIDs 0 (0) 2 (6.9) 1.00
Chronic fatigue 0 (0) 1 (3.45) 1.00
Fibromyalgia 0 (0) 1 (3.45) 1.00

Chemical sensitivity 0 (0) 1 (3.45) 1.00

Complications in acute phase
Hospitalization 7 (53.85) 17 (58.62) 1.00

Bacterial lung coinfection 2 (15.38) 1 (3.45) 0.22
Respiratory bacterial sepsis 1 (7.69) 1 (3.45) 0.53

Other bacterial infection 0 (0) 1 (3.57) 1.00
Pulmonary thromboembolism 1 (7.69) 2 (6.9) 1.00

Treatment
No treatment 0 (0) 2 (6.9) 1.00
Paracetamol 1 (7.69) 3 (10.34) 1.00

NSAIDs 1 (7.69) 7 (24.14) 0.40
Dexamethasone 7 (53.85) 16 (55.17) 1.00

Heparin 7 (53.85) 17 (58.62) 1.00
Tociluzumab 1 (7.69) 7 (24.14) 0.40
Remdesivir 0 (0) 2 (6.9) 1.00
Antibiotics 2 (15.38) 2 (6.9) 0.58

Data are n (%), but age is median [interquartile range (IQR)]. HTA, hypertension ≥ 160 mm Hg; dyslipidaemia,
total cholesterol ≥ 200 mg/dL; DM2, diabetes mellitus type 2; BMI, body mass index; AIDs, autoimmune diseases;
NSAIDs, non-steroidal anti-inflammatory drugs. 1 Fisher’s exact test used for all data but Mann–Whitney test
applied for age.
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3.2. Preclinical and Acute COVID-19 Profiles

Upon defining our two groups of participants, we examined differences in their pre-
clinical history and the acute phase of COVID-19 (Table 1). The age of the participants was
similar between both groups, whether diagnosed with Long COVID or not (53 [18] years
old in Long COVID vs. 50 [8] years old in recovered participants, p-value = 0.64). Variables
such as smoking, peripheral artery disease, previous arterial or venous thrombosis, active
neoplasia, immunosuppressant treatments, HIV seropositivity, or chronic renal impairment
were discarded as none of the enrolled patients presented these issues. There were no
differences in the number of non-hospitalised individuals or the duration of hospitalisation
between the two groups. The severity of COVID-19 among hospitalised patients was con-
sistent between those with and without Long COVID. The treatments administered during
the acute phase of COVID-19 and the medical complications observed were comparable
between the group that later developed Long COVID and the group that fully recovered.

3.3. Symptom Evaluation and Quality of Life

Participants were evaluated using the mMRC scale to test for dyspnea related to activity,
which ranges from 0 (no breathlessness) to 4 (severe breathlessness), and the EQ-5D question-
naire. In our cohort, breathlessness, which was measured with the mMRC scale (Figure 1A),
demonstrated a significant association with Long COVID (p-value = 0.000123); additionally,
Long COVID patients registered a lower score on the EQ-5D (Figure 1B) compared to those
who had fully recovered (0.58 [0.19] vs. 1.00 [0.00], respectively; p-value = 0.000003).

Figure 1. Quality of life and breathless affectation in Long COVID study participants. (A) Distribution
of mMRC scores in patients with Long COVID and recovered participants. The figure classifies
patients based on their mMRC scores. The recovered patients predominantly fall into the lower end
of the mMRC scale, indicating minimal breathlessness. In contrast, Long COVID patients display
higher mMRC scoring, suggesting more pronounced breathlessness during activity. Treating mMRC
as an ordinal variable, the Fisher’s statistics test indicated a significant difference between the Long
COVID and recovered participants, with a p-value < 0.001. (B) EQ-5D scores in Long COVID. The
box plot illustrated that Long COVID patients displayed lower EQ-5D scores, indicating poorer
quality of life than recovered patients. The difference is statistically significant with a p-value of
2.913 × 10−6 (Mann–Whitney statistics test). (C) Long COVID score (LCS). The box plot illustrates
that Long COVID patients displayed higher LCS, computed by combining mMRC and EQ-5D,
indicating both more breathlessness and poorer quality of life than recovered patients. Red dots
are patients and black dots refers to those patients that fall significantly outside the typical range
of values The difference is statistically significant with a p-value of 4.0087 × 10−9 (Mann–Whitney
statistics test).

Patients with Long COVID displayed a higher LCS than recovered individuals
(0.84 [0.46] vs. 0.07 [0.00], respectively, p-value = 0.000000004) (Figure 1C). The above
data suggested that Long COVID patients suffered more breathlessness and presented
poorer quality of life than recovered individuals.

3.4. Vaccination and Seropositivity for SARS-CoV2, CMV and EBV Antibodies

Anti-SARS-CoV-2 vaccines were rolled out, starting in January 2021, with a prioriti-
sation criterion in place. Our enrolled participants received their first shot, on average,
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153 [31] days after their primary infection. At the time of their first Long COVID assessment,
88.24% of the participants had received at least one vaccine dose, and this distribution
was similar among both Long COVID and fully recovered individuals (p-value = 0.55)
(Supplementary Figure S1A).

No differences were observed in the number of individuals testing seropositive for
IgG anti-SARS-CoV-2 Spike protein or IgG anti-CMV between Long COVID and recovered
groups (Supplementary Figure S1B,C). Additionally, all participants were found to be IgG
seropositive for anti-EBV. These data suggested that participants exhibited robust humoral
immune responses.

3.5. Clinical Laboratory Parameters in Long COVID

We examined the biochemical and clinical laboratory parameters in patients with Long
COVID to determine if there were any alterations compared to individuals who had fully
recovered from COVID-19. Our analysis revealed that, on average, individuals with Long
COVID had no dysfunctional laboratory parameters, similar to those who had recovered
(Figure 2 and Supplementary Table S1).

Figure 2. Clinical laboratory parameters in Long COVID cohort participants. Clinical parameters were
measured during the medical visit to diagnose patient classification, either as having or not having
Long COVID. A heatmap is plotted using the distribution of participants in columns depending on
their diagnosis of Long COVID and sex. No clustering of clinical parameters was observed based on
these two categories. ESR, erythrocyte sedimentation rate; PT, prothrombin time; aPTT, activated
partial thromboplastin time; TSH, thyrotropin; NT-proBNP, N-terminal pro-B type natriuretic peptide;
C3, complement component 3; C4, complement component 4; GF, glomerular filtrate; LDL, low-
density lipoproteins; HDL, high-density lipoproteins; ALT, alanine amino transferase; AST, aspartate
amino transferase; GGT, gamma-glutamyl transferase; LDH, lactate dehydrogenase; CK creatine
kinase; CRP, C-reactive protein; RF, rheumatoid factor; ACE2, angiotensin converting enzyme-2;
Ig, immunoglobulin. Mann–Whitney U test showed no association of any clinical laboratory variable
with Long COVID.

3.6. Long COVID Symptomatology

In our cohort, we assessed the presence of the clinical symptoms related to Long
COVID (Figure 3 and Supplementary Table S2). Our study identified several significantly
more prevalent symptoms in patients diagnosed with Long COVID. These included fatigue,
myalgia, arthralgia, dyspnea, persistent coughing, a persistent sore throat, anxiety, and a
lack of concentration.
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Figure 3. Presence of Long COVID symptoms in our Long COVID cohort. Long COVID symptoms
were assessed as present (1, yes) or not (0, no) for all participants in our cohort and plotted in a
heatmap. Participants were distributed along the columns based on their diagnosis of Long COVID
and sex. Clinical symptoms showing a significant association with patients with Long COVID are
indicated by asterisks, referring to their p-value significance: * p< 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Fisher’s exact test was used.

3.7. Pituitary–Adrenal Axis Function in Long COVID

The aforementioned symptoms, which are more closely linked to Long COVID, in-
dicated the possibility of altered pituitary–adrenal axis function in individuals with this
disorder. Therefore, we examined the cortisol levels in both groups (Figure 4A, left). Al-
though cortisol levels in patients with Long COVID (10.0 [5.3] μg/dL) were lower than
those observed in individuals without Long COVID (11.1 [5.8] μg/dL), no significant
statistical difference was observed between both groups (p-value = 0.52). The reference
values for cortisol at 8 a.m. varied between 6 and 18 μg/dL. Our analysis only detected
evidence of hypocortisolaemia in the Long COVID patients, where two individuals (6.9%)
displayed lower cortisol levels. Notably, this proportion corresponded to the prevalence
of hypocortisolaemia in cases of ME/CFS. We observed hypercortisolaemia across both
groups in our cohort in equal measure. We also investigated the correlation between cortisol
levels and symptom severity, as evaluated using the LCS (Supplementary Figure S2). The
obtained results demonstrate no substantial correlation between cortisol levels and LCS
(p-value = 0.98).

To determine whether Long COVID affected cortisol levels differently in women and
men, we analysed cortisol variability, considering both Long COVID and sex (Figure 4A,
right). The results of the two-way ANOVA statistical test indicate no significant differences
(p-value = 0.26). However, it is noteworthy that the two cases of hypocortisolaemia were
observed in female patients. In parallel with our observations on cortisol levels, we found
that ACTH levels in patients with Long COVID (17.5 [11.7] μg/dL) were comparable to
those without Long COVID (13.0 [4.7] μg/dL, p-value = 0.53) (Figure 4B).

Furthermore, we assessed the functional ability of the adrenal glands, focusing on
the adrenal cortex, by conducting the ACTH stimulation test. As reflected in Figure 4C,
the majority of the participants, comprising those with Long COVID, showed a typical
response during the ACTH stimulation test. Following the intramuscular administra-
tion of ACTH (0.25 mg), cortisol levels exhibited significant escalation at 1 h. The rise
in cortisol levels indicated that the adrenal glands were responding well to ACTH stim-
ulation. The group with Long COVID experienced a comparable shift in cortisol levels
(ΔCortisol = 15.0 [6.4] pg/dL) to that of the group without Long COVID
(ΔCortisol = 16.1 [8.5] pg/dL, p-value = 0.58). The response pattern remained uniform
when the data were examined by sex (Figure 4C, right). Nonetheless, a subset of individu-
als (n = 12, Supplementary Table S3) exhibited an inadequate cortisol response following
ACTH administration. Adrenal insufficiency could be inferred when the cortisol levels
increased by less than two-fold 60 min after ACTH stimulation (Supplementary Figure S3).
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This inferior cortisol response was evenly distributed among individuals, regardless of
their Long COVID status, and no statistically significant difference was observed (Fishers’
Exact test p-value = 0.72).

Figure 4. Pituitary–adrenal examination in our Long COVID cohort. Evaluation of basal cortisol
and ACTH levels in the context of Long COVID. (A) Cortisol levels were measured at 8:00 a.m.
for all participants and the results are subsequently presented in a box plot based on their Long
COVID status. Left, the median levels of cortisol were equivalent in both groups (Mann–Whitney
statistics test, p-value = 0.52). Right, participants with and without Long COVID were classified by
sex, and cortisol levels were plotted for each group. The 2-way ANOVA statistical test showed no
differences in any category (adjusted p-value: by Long COVID = 0.48; by sex = 0.54; interaction = 0.26).
(B) ACTH levels were measured concomitantly to establish cortisol levels and the results are presented
in a box plot according to Long COVID status. The median levels of ACTH were equivalent in both
groups (p-value = 0.53) (Left), even when they were also analysed by sex (adjusted p-value: by Long
COVID = 0.71; by sex = 0.45; interaction = 0.11). (C) Cortisol increases after 1 h of ACTH stimulation
(ΔCortisol) were plotted based on the Long COVID status of participants (left) and also their sex
(right). The 2-way ANOVA statistical test showed no differences in any category (adjusted p-value:
by Long COVID = 0.29; by sex = 0.78; interaction = 0.67).
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Regarding the symptoms described for Long COVID, those participants in our cohort
exhibiting less than a two-fold cortisol induction in the ACTH stimulation test were found
to be experiencing symptoms such as rhinitis, persistent coughing, and a persistent sore
throat. However, there was no observed association between suboptimal cortisol response
and depressive symptoms, anxiety, or fatigue (Table S3). The same results were obtained
when the analysis was solely restricted to the group of patients with Long COVID.

3.8. Immune Profile in Long COVID Patients

The methodology used for examining the immune cell populations in the participants
of this study is explained in Supplementary Figure S4, which outlines our gating strategy.
We performed a comparative analysis to detect disparities in the number of assorted
circulating immune cells between individuals who had been diagnosed with Long COVID
and those who had completely recovered (Figure 5A and Supplementary Table S4).

Figure 5. Blood immune cell predominance in the context of Long COVID. (A) Immune cell counts
of different leukocyte subpopulations between patients with Long COVID (yes Long COVID) and
recovered participants (no Long COVID) were plotted as the log2 of the median’s group. Asterisks
point out those leukocyte subpopulations with significant differences between both groups. Mann–
Whitney U test, * p < 0.05. (B) Leukocytes subpopulations with significant (p < 0,05) differences
in their percentages between participants with or without Long COVID. The frequency referred to
their parental cells (see Supplementary Figure S4). cm, central memory; em, effector memory; emra,
effector memory CD45RA-positive; NK, natural killer; Treg, regulatory T cells. The Mann–Whitney U
test was performed.

The sole notable finding was that patients with Long COVID exhibited a lower
number of circulating neutrophils in comparison with participants without Long COVID
(2.6 [1.3] × 109 Cells/L vs. 3.8 [0.7] × 109 Cells/L, p-value = 0.0277, respectively). Nonethe-
less, their absolute neutrophil counts were still within the standard reference range
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(2–7 × 109 Cells/L), precluding any clinical abnormality. No disparities were noted in the
absolute tallies of overall T lymphocytes, T-helper lymphocytes, or cytotoxic lymphocytes.
This uniformity was also evident in the tallies of memory and effector T cell populations
within each lymphocyte subtype across both patient groups. Furthermore, the inquiry into
the existence of HLA-DR+ CD38+ lymphocytes, which are indicative of viral infection,
did not exhibit significant differences between the Long COVID and fully recovered co-
horts. It is worth noting that the Long COVID group exhibited a higher proportion of Treg
CD4+ HLA-DR+ CD38+ lymphocytes, although this disparity was not statistically signifi-
cant (1.43% [0.55] vs. 1.11% [0.25], p = 0.08).

While the total B cell count was comparable between both groups, patients with Long
COVID exhibited a higher proportion of mature B cells when compared to their recovered
counterparts (Figure 5B and Supplementary Table S5). The median [IQR] was 25.8%
[13.4] versus 17.9% [9.2], respectively (p-value = 0.0298). Long COVID patients exhibited
a considerably greater proportion of CD8 T cells that expressed the CD103 integrin in
circulation (2.8% [1.4] in Long COVID patients vs. 2.0% [0.5] in non-Long COVID patients,
p-value = 0.033). This finding indicates more significant immune activation and an increase
in the rate of resident memory CD8 cells in those experiencing Long COVID. The presence
of regulatory T cells (Treg) was consistent in both groups. However, Long COVID patients
had a greater proportion of Tregs expressing CD39 and CD73 markers (0.5% [1.1] vs.
0% [0], p= 0.027). No variations in other lymphocyte groups, including γδ-T cells, NK cells,
and NK-T cells, were observed. In conclusion, our analysis suggests noticeable changes in
particular lymphocyte subpopulations among patients with Long COVID, highlighting the
intricate immune responses in these individuals.

3.9. Cytokine Evaluation

To investigate whether enduring immune cell activation is correlated to inflammation
in Long COVID, we conducted tests on seven inflammatory markers in the sera of enrolled
patients through ELISA (GDF-8), ECLIA (IL-6), or ProQuantum (TNF-α, IFN-γ, IL-1β, IL-2,
IL-10, IL-12p40, and IL-12p70). Despite substantially higher levels of certain cytokines in
some patients with Long COVID (Figure 6 and Supplementary Table S6), most of them did
not show inflammation. Therefore, we did not discern a specific inflammatory cytokine
with increased levels in patients with Long COVID relative to recovered individuals.

Figure 6. Inflammation in Long COVID. Heatmap plot of inflammatory molecules in participants
with or without Long COVID, segregated by sex. Two-way ANOVA statistical test showed no
differences in any category for each cytokine.

4. Discussion

In this preliminary investigation, we sought to analyse the functional physical status,
adrenal function, and immune profiles of patients with Long COVID in comparison to
individuals who had fully recovered from SARS-CoV-2 infection. Our study primarily
ascertained that there was a noteworthy contrast in the EQ-5D score between Long COVID
patients and those who had completely recovered. This disparity confirms that Long
COVID patients experience a worsened quality of life, consistent with the persistent and
debilitating nature of their symptoms. Furthermore, this study failed to identify any
abnormalities in the pituitary–adrenal axis, particularly related to subclinical adrenal failure
or insufficiency. One of the significant immunological findings in this study concerned
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B lymphocytes. Although the absolute number of B cells remained steady between the
two groups, Long COVID patients showcased a higher ratio of mature B cells. These
observations warrant certain comments that will be explained below.

The finding of a higher ratio of fully developed B cells in patients with Long COVID
hints at potential alterations in B cell maturation or function in these patients, which could
affect antibody production and immune response to reinfection or vaccination. Further
investigation is needed to understand the significance of this finding in the context of
Long COVID pathophysiology. In contrast, our study did not reveal significant differences
in several other immune cell populations, including total T lymphocytes, T-helper cells,
cytotoxic lymphocytes, and central and effector memory T cell subsets, between Long
COVID patients and those who had fully recovered. This suggests that Long COVID
may not be primarily characterised by overt changes in these particular immune cell
populations, at least in the peripheral circulation. An intriguing finding was the higher
percentage of resident memory CD8+ T cells in Long COVID patients. Resident memory
T cells play a crucial role in immune surveillance at mucosal surfaces and may contribute to
ongoing immune responses. The significance of this finding warrants further exploration,
as it could provide insights into the persistence of symptoms in Long COVID. Another
notable result was the higher percentage of Treg cells expressing exonucleases in Long
COVID patients. Treg cells are essential for immune regulation and tolerance, and higher
exonuclease enzyme surface expression could be indicative of Treg functional activation.
This finding suggests the potential dysregulation of immune tolerance mechanisms, which
may contribute to the chronic inflammatory state seen in Long COVID [25], but we failed
to observe it. The measurement of a panel of cytokines in the plasma of all participants
indicated signs of inflammation in some participants, regardless of having Long COVID or
not, but mostly results remained within normal ranges. This finding is in line with another
study [37] in which, despite describing the persistence of circulating SARS-CoV-2 spike
antigens 12 months after infection, no inflammation was found in the tested cohort of Long
COVID patients.

Cortisol is a hormone secreted by the adrenal glands in response to stress. Chronic
illnesses, like Long COVID, can lead to persistent stress, resulting in the prolonged over-
stimulation of adrenal glands in order to maintain body balance. Over time, the adrenal
cortex may fail to respond, despite the heightened activity of the hypothalamic–pituitary
axis and the concurrent elevation of ACTH levels, leading to the development of subtle
symptoms that may become apparent after a new stressor. Some clinical conditions align
closely with these pathophysiological mechanisms. These include patients undergoing
long-term corticosteroid treatment, cases of autoimmune adrenalitis, and those with post-
viral chronic fatigue syndrome. Cortisol imbalance, i.e., slight adrenal hypofunction, can
result in a range of symptoms. These may include fatigue, muscle and joint pain, feelings of
weakness, mood disturbances, and cognitive deficits. Such symptoms are frequently cited
by Long COVID patients, as previously reported [11–13] and our data agree. We assessed
these distinct health conditions through various measures, including EQ-5D and mMRC.
In a weighted LCS tool, we unified and equalised the scales. Our findings indicate that
patients with Long COVID exhibited higher LCS than those who had recovered; however,
these scores did not display any negative association with serum cortisol levels. Although
we did not observe any dysfunction of the adrenal gland in our cohort of patients with
Long COVID, two points should be highlighted. Firstly, we employed a standard and
accepted method of stimulating the adrenal gland, which involved administering a 0.250
mg shot of ACTH and subsequently analysing the levels of blood cortisol over time. Studies
argue against using this method to stimulate the pituitary–adrenal axis due to the supra-
physiological doses of ACTH used [38,39]. There is a risk of misdiagnosing mild or early
adrenal insufficiency [40]. Future studies using smaller ACTH doses should be conducted
to analyse subclinical adrenal dysfunction. Secondly, 7% of patients in the Long COVID
group exhibited slight hypocortisolemia. Nonetheless, these patients normalised their cor-
tisol values after performing the ACTH stimulation test. For those patients suffering from
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subclinical adrenal insufficiency, the administration of small doses prednisone or 5-alpha-
fluorocortisone may assist in their improvement [41]. Other researchers have examined the
correlation between the adrenal gland, cortisol production, and Long COVID [25,26]. In
their study, [25] demonstrated that lower cortisol levels were effective predictors of Long
COVID status. However, the study did not disclose the occurrence of hypocortisolaemia,
despite reporting lower cortisol levels in patients with Long COVID. Our findings align
with those of [26], who observed no variation in basal serum cortisol levels between healthy
individuals and convalescent patients 3 months after experiencing the initial symptoms
of COVID-19. Notably, [26] reported lower cortisol levels in those patients affected by
respiratory symptoms 3 months after the onset of COVID-19. Again, these data have
identified a specific clinical subset of patients who may benefit from cortisone therapeutic
management. The physiological relevance of how cortisol levels could be affected without
dysfunction in the supra-renal axis needs further examination.

Factors identified as predictive of persistent disease include Epstein–Barr virus viremia
and type 2 diabetes [26]. Moreover, individuals with Long COVID may have reactivated
immune responses against EBV [25]. In our cohort, all participants underwent a positive
anti-EBV test, and although type 2 diabetes was more commonly diagnosed in patients with
Long COVID, it was not statistically significant, nor was the association of Long COVID
with acute disease severity [42,43].

Whether the breakthrough SARS-CoV-2 infection in vaccinated people results in post-
acute sequelae is not clear. In our cohort, the majority of enrolled participants received one
shot of anti-SARS-CoV-2 vaccination. Other strong predictors of Long COVID included
elevated antibodies against EBV and reduced levels of certain immune cells, as indicated
above [25]. While our data align with some immune cell population alterations, we did
not identify a causal role for adrenal insufficiency in Long COVID. On the other hand,
our study found that participants with Long COVID had comparable levels of antibody
positivity to EBV or CMV, as recovered participants, suggesting that differences in immune
cell populations could be specifically attributed to post-SARS-CoV-2 infection.

Limitations: our study provides a preliminary glimpse into the immunological and
neuroendocrine landscape of Long COVID. However, it is essential to acknowledge the
limitations of this pilot study, including its small sample size and the need for a more exten-
sive, multi-centre study with a diverse patient population. The limited number of enrolled
patients does not allow for in-depth analysis of the association of lower cortisol levels
and clinical symptoms or whether vaccination has an effect on Long COVID prevention.
Moreover, a longitudinal study would be needed in order to explore whether Long COVID
symptoms are tied to adrenal insufficiency and how humans recover over time. Including
patients from different waves will allow us to explore how different variants affect Long
COVID. Finally, as discussed above, the ACTH stimulation test with lower doses of ACTH
will disclose adrenal insufficiency more accurately.

5. Conclusions

Our findings suggest that Long COVID is associated with specific immunologi-
cal alterations, such as changes in B cell maturity, the presence of resident memory
CD8+ T cells, and Treg cell dysregulation. These findings lay the groundwork for fu-
ture research aiming to unravel the mechanisms underlying Long COVID and develop
targeted therapies, or for interventions aiming to alleviate its symptoms and improve the
quality of life for affected individuals. Further investigations are required to validate and
expand upon these initial observations and to explore potential therapeutic avenues.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines12030581/s1, Figure S1: anti-SARS-CoV-2 vaccination
rates; Figure S2: Association of Long COVID Score (LCS) with cortisol levels; Figure S3: Fold cortisol
induction in ACTH stimulation test; Figure S4: Strategy of gating in flow cytometry; Table S1:
Comparison of clinical parameters between Long COVID and recovered patients; Table S2: Long
COVID symptoms in participants with Long COVID or not; Table S3: Long COVID symptoms in
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our cohort of participants having less than 2-fold cortisol induction in the ACTH stimulation test;
Table S4: Number of leukocyte subpopulations in patients with and without Long COVID; Table S5:
Frequency of leukocyte subpopulations in patients with and without Long COVID; Table S6: Serum
cytokine levels in patients with Long COVID compared with those of recovered patients.
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Abstract: Introduction: Pulmonary fibrosis is an irreversible condition that may be caused by known
(including viral triggers such as SARS-CoV-2) and unknown insults. The latter group includes
idiopathic pulmonary fibrosis (IPF), which is a chronic, progressive fibrosing interstitial pneumonia
of unknown cause. The longer the insult acts on lung tissue, the lower the probability of a complete
resolution of the damage. An emerging clinical entity post-COVID-19 is pulmonary fibrosis (PCPF),
which shares many pathological, clinical, and immunological features with IPF. The fibrotic response
in both diseases—IPF and PCPF—is orchestrated in part by the immune system. An important
role regarding the inhibitory or stimulatory effects on immune responses is exerted by the immune
checkpoints (ICs). The aim of the present study was to analyse the similarities and differences
between CD4+, CD8+, and NK cells in the peripheral blood of patients affected by fibrotic disease,
IPF, and PCPF compared with sarcoidosis patients and healthy controls. The second aim was to
evaluate the expression and co-expression of PD-1 and TIGIT on CD4, CD8, and NK cells from our
patient cohort. Methods: One hundred and fifteen patients affected by IPF, PCPF, and sarcoidosis
at the rare pulmonary disease centre of the University of Siena were enrolled. Forty-eight patients
had an IPF diagnosis, 55 had PCPF, and 12 had sarcoidosis. Further, ten healthy controls were
enrolled. PCPF patients were included between 6 and 9 months following hospital discharge for
COVID-19. The peripheral blood samples were collected, and through flow cytometric analysis, we
analysed the expression of CD4, CD8, NK cells, PD-1, and TIGIT. Results: The results show a greater
depletion of CD4 and NK cells in IPF patients compared to other groups (p = 0.003), in contrast with
CD8 cells (p < 001). Correlation analysis demonstrated an indirect correlation between CD4 and
CD8 cells in IPF and sarcoidosis patients (p < 0.001 = −0.87 and p = 0.042; r = −0.6, respectively).
Conversely, PCPF patients revealed a direct correlation between CD4 and CD8 cells (p < 0.001; r = 0.90)
accentuating an immune response restoration. The expression of PD-1 and TIGIT was abundant on T
and NK cell subsets of the two lung fibrotic groups, IPF and PCPF. Analogously, the co-expression
of PD-1 and TIGIT on the surfaces of CD4 and CD8 were increased in such diseases. Conclusions:
Our study shines a spotlight on the immune responses involved in the development of pulmonary
fibrosis, idiopathic and secondary to SARS-CoV-2 infection. We observed a significant imbalance not
only in CD4, CD8, and NK blood percentages in IPF and PCPF patients but also in their functional
phenotypes evaluated through the expression of ICs.

Keywords: idiopathic pulmonary fibrosis; post-COVID pulmonary fibrosis; immune cells; immune
checkpoint; CD4; CD8; NK; PD-1; TIGIT

Biomedicines 2024, 12, 630. https://doi.org/10.3390/biomedicines12030630 https://www.mdpi.com/journal/biomedicines



Biomedicines 2024, 12, 630

1. Introduction

Pulmonary fibrosis is an irreversible condition characterised by scarring and thick-
ening of the lung interstitium that leads to impaired gas transfer, loss of lung function,
and in many cases, death. It may be caused by known (including viral triggers such as
SARS-CoV-2) and unknown insults. The latter include idiopathic pulmonary fibrosis (IPF)
and sarcoidosis. IPF is a chronic progressive idiopathic interstitial lung disease (ILD) [1] of
unclear pathogenesis. Recurrent ongoing injury to alveolar epithelial cells triggers release
of proinflammatory mediators (such as Transforming growth factor beta, TGF-β) and accu-
mulation of immune and profibrotic cells in the lung, accompanied by deposition of a large
amount of extracellular matrix (ECM). Moreover, pulmonary cellular damage induced by
several factors (environmental, infections, mechanical damage) results in the disruption
of lung parenchymal architecture. In this compromise microenvironment, resident and
recruited immune cells such as macrophages and lymphocytes modulate existing responses
through a variety of mechanisms [2]. These abnormalities contribute to the development
and progression of IPF (ref [3]). Altered proportion or activation of T cells subsets, as well
as specific receptors, were shown to negatively influence the progression of this disease [4].

T cells are diffusely present in the alveoli, lung tissues, and bloodstream of IPF
patients, though their role is still controversial. CD4 and CD8 cells are both involved in the
progression of the IPF. CD4 cell subsets play a profibrotic role in its pathogenesis, producing
IL-4, IL-5 and IL-13 [5]. CD8 cells may impact the development of pulmonary fibrosis,
infiltrating the lung parenchyma through the release of cytokines. Controversially, Koh et al.
reported that CD8 cells may produce cytokines with pro- and anti-fibrotic properties [6].
Croft et al. demonstrated that an increased CD8 cell percentages was associated with severe
lung injury [7]. An altered immune system has been reported in hospitalised COVID-19
patients, though few data are available about its impairment in the follow-up.

Post-COVID-19 pulmonary fibrosis (PCPF) is an emerging clinical entity following
SARS-CoV-2 infection that shares many pathological, clinical, and immunological features
with IPF [7,8]. The fibrotic response in IPF and PCPF is orchestrated in part by the immune
system. The longer the insult acts on lung tissue, the lower the probability of complete
resolution of lung damage. Among ILDs, sarcoidosis is a multisystemic inflammatory
disorder that mainly affects the lungs, and its spontaneous resolution occurs in the early
stages of disease, characterised by exaggerated immune cell activity.

Immune responses are regulated by immune checkpoints (ICs), which are crucial
for maintaining self-tolerance. Programmed cell death protein-1 (PD-1), also known as
CD279, and an emerging immune checkpoint T cell immunoglobulin and ITIM domain
(TIGIT) are both expressed on T cells. PD-1 and TIGIT are two T-cell exhaustion markers
involved in different fibrotic mechanisms. Under different conditions, PD-1 can regulate
cell activation, phagocytosis, migration, invasion of immune and non-immune cells (such
as fibroblasts and epithelial cells), and epithelial-to-mesenchymal transition [9]. TIGIT can
directly induce T-cell suppression by blocking their activation, proliferation, and acquisition
of effector functions [10].

The aim of the present study was to analyse the similarities and differences in CD4+,
CD8+, and NK cells in the peripheral blood of patients with fibrotic disease (IPF and PCPF)
compared with sarcoidosis and healthy controls (HCs). A second aim was to evaluate
expression and co-expression of PD-1 and TIGIT on CD4, CD8, and natural killer (NK) cells
from our patient cohorts.

2. Material and Methods

2.1. Study Population

We enrolled one hundred and fifteen patients with IPF, PCPF, and sarcoidosis moni-
tored at the Rare Lung Disease Centre of Siena University Hospital. PCPF patients with
comorbidities, including diabetes, heart failure, and hypertension, IPF patients with con-
comitant malignancies, and sarcoidosis patients with extrathoracic disease involvement
and concomitant diseases were excluded. Patients who did not receive a diagnosis con-
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firmation according to the international guidelines or PCPF patients without radiological
confirmation of pulmonary fibrosis were excluded.

The IPF diagnosis was confirmed by a multidisciplinary group according to interna-
tional American Thoracic Society/European Respiratory Society (ATS/ERS) guidelines.
Forty-eight IPF patients were enrolled before pharmacological treatment. Fifty-five PCPF
patients were enrolled 6–9 months after discharge from hospital subsequent to admission
with COVID-19 (hospitalised between March 2020 and May 2022) and returned to the
regional program for disease monitoring. All PCPF patients underwent medical examina-
tion, including chest HRCT, blood tests, and lung function tests (LFTs). Twelve sarcoidosis
patients were diagnosed according to international criteria based on clinical signs, chest ra-
diography findings, and non-caseating granulomas in lymph nodes and/or endobronchial
biopsy specimens. All patients with sarcoidosis enrolled in the study were in radiological
stage II, characterised by mediastinal lymph node enlargement associated with micron-
odular lung parenchymal involvement. Ten healthy HCs without previous infectious or
malignant diseases were enrolled as the HC group. Blood samples for immunological assay
were drawn upon inclusion in the study.

All patients gave their written informed consent for participation in the study. The
study was approved by the regional ethical review board of Siena, Italy (C.E.A.V.S.E.
Markerlung 17431), and complied with the declaration of Helsinki.

2.2. Peripheral Blood Mononuclear Cells

PBMC collection and management of cells was performed at the laboratory of the
Respiratory Disease Unit, Siena University Hospital (Italy). The blood samples were drawn
into a tube containing EDTA anticoagulant (BD Vacutainer® EDTA tubes, BD Biosciences,
CA, USA) and processed within 8 h. Subsequently, PBMCs were separated with gradient
centrifugation (Ficoll Histopaque®-1077, Sigma-Aldrich, St. Louis, MO, USA) for 30 min at
1050 g without deceleration, then washed twice, resuspended in 80% RPMI 1640, 10% FBS,
and 10% dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) at 2 × 106 cells
per vial, and stored in liquid nitrogen until analysis.

2.3. Gating Strategy

Multicolour flow cytometric analysis was performed using mAb (Table 1).

Table 1. The features of monoclonal antibodies used for multicolour flow cytometric analysis,
including clone, fluorochrome, and company.

Cluster of Differentiation (CD-) Clone Fluorochrome Company

CD3 OKT3 APC BioLegend (San Diego, CA, USA)

CD4 SK3 FITC Becton Dickinson (Franklin Lakes, NJ, USA)

CD8 SK1 BV421 BioLegend

PD-1 PE PD1.3.1.3 Miltenyi Biotec (Bergisch Gladbach, Germay)

TIGIT APC-Cy7 A15153G BioLegend

CD56 5.1H11 PerCP/Cy5.5 BioLegend

The gating strategy was performed with Kaluza Software 2.1 (Beckman Coulter, Brea,
CA, USA). An assessment was conducted for T cell subsets and NK cells (Figure 1).
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Figure 1. Lymphocytes were discriminated on the basis of forward (FSC) versus side (SSC) scatters.
Then, a dot plot was performed to distinguished CD3- from CD56-expressing cells, and a second dot
plot was performed to identify CD4 from CD8 cells. Using PD-1 and TIGIT markers, three dot plots
were assessed on CD4-, CD8-, and CD56-positive cells to discriminate: CD4+PD-1+, CD4+TIGIT+,
CD4+PD-1+ TIGIT+; CD8+PD-1+, CD8+TIGIT+, CD8+PD-1+TIGIT+; CD56+PD-1+, CD56+TIGIT+,
CD56+PD-1+TIGIT+.

Figure 2 reports the gating strategy performed with Kaluza Software 2.1 (Beckman
Coulter, Brea, CA, USA) to identify CD56dim, CD56bright, and NKT-like cells.

Figure 2. Two dot plots were performed to identify CD56bright and CD56dim expressing PD-1 or
TIGIT. Further dot plots were performed to discriminate NKT-like cells expressing PD-1 and TIGIT.

192



Biomedicines 2024, 12, 630

2.4. Lung Function Tests

The following lung function parameters were recorded according to standard ATS/ERS
criteria using a Jaeger Body Plethysmograph with correction for temperature and baromet-
ric: forced expiratory volume in the first second (FEV1), forced vital capacity (FVC), carbon
monoxide diffusing capacity (DLCO). All parameters were expressed as percentages of
predicted values.

2.5. Statistical Analysis

All values were expressed as medians and interquartile ranges (IQRs) or means ± standard
deviations when appropriate. A non-parametric one-way ANOVA (Kruskal–Wallis test) and
the Dunn test were performed for multiple comparisons. The Spearman test was used to
correlate immunological and clinical findings. A p-value less than 0.05 was considered
statistically significant. Statistical analysis was performed using the GraphPad 10.1.2 and
Jamovi 2.3.21 softwares.

3. Results

3.1. Study Population

Demographic and clinical data of patients and HCs are reported in Table 2.

Table 2. Clinical and demographical data of enrolled patients. Data are reported as medians and ±
standard deviations.

Clinical and Demographic Parameters IPF (n = 48) PCPF (n = 55) Sarcoidosis (n = 12) HC (n = 10)

Sex (F/M) 13/35 23/29 6/6 5/5

Age (median) 73 ± 8.11 75 ± 8.24 56 ± 6.76 69 ± 15.9

Smoking status (never/former) 41/7 52/3 5/7 10/0

Lung function test parameters (median
and ±standard deviation):

FEV1% 76.5 ± 20.42 94 ± 16.07 104 ± 10.09

FVC% 73 ± 19.61 107 ± 10.98 110 ± 13.87

DLCO% 45.5 ± 33.26 60 ± 12.35 76 ± 18.52

Radiological findings UIP (n = 48)

Fibrotic inter- or
intralobular thickening
(n = 55)/Air trapping
(n = 43)/Groundglass

(n = 40)

Scadding stage II (n = 12)

We enrolled 48 patients with IPF (median age 73 (68–78) years; 73% males), 55 patients
with PCPF (median age 75 (69–80) years; 53% males), 12 patients with sarcoidosis (median
age 56 (54–58) years; 50% females), and 10 HCs (median age 69 (64–77) years; 50% males).
IPF and PCPF patients were older than sarcoidosis patients (p = 0.003 and p = 0.001,
respectively) and HCs (p < 0.001). A prevalence of smokers was found in the IPF cohort,
whereas no-smokers were prevalent in PCPF patients (p < 0.001). No subject was on
antifibrotic, steroid, or immunosuppressant treatment at the time of diagnosis.

3.2. Immunological Findings

Table 3 shows mean ± standard deviation and p values of cell subset percentages.
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Table 3. T and NK cell subset percentages with and without PD-1 and TIGIT expression divided
according to disease group: IPF, idiopathic pulmonary fibrosis; PCPF, post-COVID-19 pulmonary
fibrosis; sarcoidosis; and HCs, healthy controls. All data were reported as means ± standard
deviations. Abbreviations: CD-, cluster of differentiation; NK, natural killer; NKT-like cells, natural
killer like T cells; PD-1, programmed death-1; TIGIT, T cell immunoglobulin and ITIM domain.

Cell Percentages IPF (n = 48) PCPF (n = 55) Sarcoidosis (n = 12) HCs (n = 10) p Value

CD3 49.0 ± 26.0 51.1 ± 22.3 41.3 ± 22.8 55.8 ± 7.58 0.561

CD4 41.8 ± 17.8 55.2 ± 18.6 63.8 ± 14.4 46.9 ± 12.2 <0.001

CD8 49.3 ± 18.5 28.4 ± 17.5 22.5 ± 12.8 17.4 ± 5.14 <0.001

CD4+PD-1+ 17.9 ± 11.7 24.7 ± 19.9 4.37 ± 5.52 14.1 ± 23.0 <0.001

CD4+TIGIT+ 22.3 ± 21.3 15.6 ± 23.2 2.73 ± 2.02 9.09 ± 23.7 <0.001

CD8+PD-1+ 26.5 ± 16.9 33.5 ± 19.6 4.04 ± 5.16 6.25 ± 5.05 <0.001

CD8+TIGIT+ 23.4 ± 17.5 30.3 ± 29.2 1.61 ± 2.30 2.40 ± 2.17 <0.001

CD56 0.922 ± 2.70 1.27 ± 1.38 11.3 ± 5.88 7.23 ± 10.9 <0.001

CD56+PD-1+ 14.1 ± 20.9 12.6 ± 20.4 0.394 ± 1.11 7.32 ± 10.0 <0.001

CD56+TIGIT+ 28.6 ± 24.3 22.9 ± 27.7 5.82 ± 6.13 7.73 ± 9.25 0.001

NK 45.8 ± 23.9 37.3 ± 19.0 46.1 ± 19.2 21.6 ± 22.3 0.044

CD56bright 3.33 ± 8.48 2.25 ± 3.49 4.70 ± 6.24 8.42 ± 3.35 0.029

CD56dim 95.7 ± 9.30 96.7 ± 14.1 92.2 ± 5.34 81.7 ± 6.53 0.005

CD56brightPD-1+ 0.965 ± 6.65 1.36 ± 13.7 1.34 ± 0.879 0.360 ± 1.51 0.328

CD56brightTIGIT+ 0.665 ± 5.92 0.480 ± 2.79 0.395 ± 0.561 0.0600 ± 1.58 0.076

CD56dimPD-1+ 10.9 ± 13.2 34.4 ± 18.1 6.93 ± 8.88 5.73 ± 7.18 <0.001

CD56dimTIGIT+ 19.9 ± 16.8 2.92 ± 25.7 1.94 ± 2.36 0.240 ± 1.50 <0.001

NKT-like cells 6.33 ± 6.94 7.97 ± 6.33 10.00 ± 14.9 0.180 ± 2.65 0.030

NKT PD-1+ 28.6 ± 19.4 26.2 ± 14.9 6.93 ± 10.3 10.0 ± 5.43 <0.001

NKT TIGIT+ 31.5 ± 23.7 6.83 ± 26.5 8.22 ± 4.81 0.00 ± 1.50 <0.001

Matrix correlations, including all correlation data of immunological and lung function
test parameters in HCs, sarcoidosis, IPF, and PCPF, are reported in Supplementary Materials
(Figures S1–S4).

Statistically significant differences in immunological findings between IPF, PCPF,
sarcoidosis, and HC are reported in Figure 3.

There was a direct correlation between CD4+ and CD8+ in PCPF patients (p < 0.001;
r = 0.90), while in IPF and sarcoidosis patients, CD4+ and CD8+ were inversely correlated
(p < 0.001 = −0.87 and p = 0.042; r = −0.6, respectively).

Figure 4 shows the statistically significant comparative analysis of CD4-, CD8-, and
CD56-expressed PD-1 and TIGIT in the four groups, IPF, PCPF, sarcoidosis, and HC.
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Figure 3. Comparison of CD4-, CD8-, and CD56-. CD56 DIM and NKT-like positive cell percentages
in the three groups of diseases and healthy controls (HCs): IPF, idiopathic pulmonary fibrosis; PCPF,
post-COVID-19 pulmonary fibrosis; SARC, sarcoidosis. Numerical values reported in the figure
indicate the p values obtained via comparative analysis of groups: HCs, IPF, PCPF, and sarcoidosis.

A direct correlation was found in PCPF patients between CD4+ cells and CD8+, as
well as PD-1+ and CD8+ TIGIT+ (r = 0.55, p < 0.001 and r = 0.55, p < 0.001, respectively).

Table 4 shows the mean ± standard deviation of percentages of CD4, CD8, and CD56
cells co-expressing PD-1 and TIGIT.
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Figure 4. Comparison of CD4-, CD8-, and CD56-positive cell percentages expressing PD-1 and TIGIT
in the three groups of diseases and healthy controls (HCs): IPF, idiopathic pulmonary fibrosis; SARC,
sarcoidosis; PCPF, post-COVID-19 pulmonary fibrosis. Numerical values reported in the figure indicate
the p values obtained via comparative analysis between HC, IPF, PCPF, and sarcoidosis groups.
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Table 4. Co-expression of PD-1 and TIGIT on the surface of CD4, CD8, and CD56 cells. All data
were expressed as means ± standard deviations. Lower CD4+PD-1+TIGIT+, CD8+PD-1+TIGIT+,
and CD56+PD-1+TIGIT+ cell percentages were in HCs compared to IPF, PCPF, and sarcoidosis
(p < 0.05). Further statistically significant differences in CD4+PD-1+TIGIT+ cell percentages were
found between (a) IPF and sarcoidosis (p = 0.013). CD8+PD-1+TIGIT+ was higher in (b) IPF than in
sarcoidosis (p < 0.001), as well as in (c) PCPF compared to IPF (mettere p) and sarcoidosis (p < 0.001).
Higher CD56+PD-1+TIGIT+ cell percentages were in (d) IPF than in the PCPF and sarcoidosis groups
(p = 0.038 and p = 0.005, respectively).

Double Positive Cell
Percentages

IPF (n = 48) PCPF (n = 55) SARCOIDOSIS (n = 12) HCs (n = 10)

CD4+PD-1+TIGIT+ 6.21 ± 5.97 a 8.67 ± 14.6 4.01 ± 9.83 0.0187 ± 0.0236

CD8+PD-1+TIGIT+ 7.12 ± 8.12 b 17.9 ± 20.3 c 0.0709 ± 0.235 0.374 ± 0.716

CD56+PD-1+TIGIT+ 15.7 ± 23.2 d 10.5 ± 21.9 3.39 ± 6.64 1.61 ± 2.80

3.3. Lung Function Tests

IPF patients showed significantly lower FEV1(%) and FVC (%) than the PCPF (p = 0.016
and p < 0.001, respectively) and sarcoidosis cohorts (p = 0.041 and p = 0.001, respectively).
Accordingly, we observed a significant reduction in DLCO (%) between the IPF cohort and
PCPF and sarcoidosis patients (p < 0.001; p = 0.045, respectively).

4. Discussion

Here, we compared T and NK cell percentages in peripheral blood from IPF and
PCPF patients with those of sarcoidosis and HC groups. CD4 and NK cells were more
depleted in the IPF than in the other groups, even in normal ranges, in contrast with CD8
cells. Correlation analysis demonstrated an indirect correlation between CD4 and CD8
cells in IPF and sarcoidosis patients. Conversely, PCPF patients showed a direct correlation
between CD4 and CD8 cells, highlighting the restoration of an immune response.

Although data in the literature highlighted the similarities between post-COVID-19
syndrome and lung fibrosis, studies have reported the possible involvement of inflamma-
tory cytokines, the renin–angiotensin system, the potential role of galectin-3, epithelial
injuries in fibrosis, alveolar type 2 involvement, neutrophil extracellular traps, and other
specific aspects (relationship with clinical and mechanical factors, epithelial transition
mesenchymal, TGF-β signalling pathway, macrophages). Our study, for the first time,
highlighted the similarities and differences between two fibrotic diseases, IPF and PCPF, in
accordance with lymphocyte subsets and their functional phenotype.

Galati et al. showed a lack of significant differences in CD4 cell percentages between
patients with IPF and healthy HCs [11], as confirmed by our results. Nevertheless, periph-
eral lymphopenia in IPF patients (with respect to those with other interstitial lung diseases
(ILDs)) was confirmed to be a prognostic marker of disease progression [12]. This is the first
time that researchers have compared two fibrotic diseases, IPF and PCPF, and demonstrated
restoration of CD4 cells 6–9 months after SARS-CoV-2 infection. This finding suggests that
lung fibrosis evolves differently after COVID-19 than in IPF, where it is chronic, progressive,
and idiopathic.

The functional phenotype of T and NK cells in our patient cohort was demonstrated
via expression of exhaustion T cell markers, PD-1, and TIGIT. Expression of PD-1 and TIGIT
was abundant on T and NK cell subsets of the two lung fibrotic groups, IPF and PCPF.
Likewise, co-expression of PD-1 and TIGIT on the surface of CD4 and CD8 cells increased
in these diseases. IPF patients showed the highest co-expression of PD-1 and TIGIT on
NK cells. Moreover, lung parameters showed more impaired respiratory function in IPF
patients than in the PCPF and sarcoidosis groups. TIGIT expression was evaluated in our
cohorts because it is a member of the second wave of IC receptors, which work in synergy
with PD-1 [10]. Tumour-infiltrating T lymphocytes and NK cells express TIGIT in lung
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tissues. Increased expression of TIGIT on CD4 and CD8 cells observed in our IPF cohort
may suggest recruitment of T cells from peripheral blood (this explains the peripheral
lymphopenia of IPF patients) to the lung interstitium, as described in the histopathological
features of IPF.

Moreover, CD4 cells expressing PD-1 were higher in our fibrotic cohort (IPF and PCPF
patients) than in the sarcoidosis group, suggesting involvement of PD-1 in fibrotic disorders
but not granulomatous diseases. This is the first report of this finding, and it is in line
with human models of lung fibrosis, where overexpression of CD4+PD1+ cells has been
observed, suggesting dysregulation of immune checkpoint expression which influences
the pathogenesis of IPF [13]. TIGIT is reported to be highly expressed on dysfunctional
or exhausted T cells in chronic diseases such as chronic viral infection and cancer [14].
We observed lower percentages of CD4+- and CD8+-TIGIT+ in sarcoidosis patients than
in our fibrotic groups, IPF and PCPF, suggesting that the latter disorders may express
a higher degree of exhaustion of T cells. In exhausted CD4, CD8, and NK cells, several
immune checkpoints were co-expressed with PD-1 and provided a synergistic inhibitory
effect. In addition, TIGIT indicated more severe exhaustion. In line with a more severely
exhausted phenotype, our data show a more impaired immune system in IPF than in
sarcoidosis patients, as demonstrated by the highest CD4-, CD8-, and CD56-PD-1+ TIGIT+

cell percentages.
Concerning CD8 cells, little data are available on their role in fibrotic diseases. Deng

et al. suggested that they promote development of fibrosis in IPF through infiltration
followed by differentiation into fibrotic tissues producing interleukins, such as Interferon-
gamma (IFN-γ). Our results demonstrate higher CD8 cell percentages in IPF than in
the other groups, inversely correlated with CD4 cell percentages, which are associated
with severe lung injury demonstrated by low FEV1, FVC, and DLCO. Flow cytometry
assessment of CD8 cell percentages could help physicians identify fibrotic patients in cases
where ILD is suspected. Rha et al. found that a decrease in CD4 cells contributed to CD8
cell exhaustion in hospitalised COVID-19 patients [15]. Our study is the first to report a
direct correlation between CD4 and the exhausted phenotype of CD8 cells expressing PD-1
and TIGIT in PCPF patients. This finding suggests that exhausted CD8+ cells may play a
role in the active phase of COVID-19 and in long-term sequelae. In the stage II sarcoidosis
patients (without pulmonary fibrosis) enrolled in the present study, lower CD8+PD-1+ cell
percentages were found, in line with our previous original article [16].

Little is known about the biology of NK cells in the lungs, though NK cell percentages
proved to be a potential marker of survival in IPF [17]. Our study is the first to compare
peripheral CD56dim and CD56bright in two fibrotic lung diseases, IPF and PCPF. Lower
percentages of CD56bright were found in PCPF than in the HC group, unlike the mature
phenotype (CD56dim), presumably due to the previous response to SARS-CoV-2 infection.

The role of PD-1 in healthy NK cells was investigated by Esen et al. [18], who demon-
strated reduced expression of IFN-γ and Tumour necrosis factor-α (TNF-α), as well as
reduced degranulation. Moreover, despite their lower expression in PBMC, the subgroup of
NK cells expressing PD-1 was CD56dim. In line with this study, our data showed abundant
expression of PD-1 on CD56dim, mainly in PCPF patients with respect to HC. Quatrini
et al. [19] suggested that PD-1 expression is not associated with NK cell exhaustion but
rather with acute activation. This may explain why more robust PD-1 expression can be
observed in NK cells that are stimulated, for example, by COVID-19.

Studies on TIGIT expression in NK cells are limited. Faqrul Hasan et al. [20] suggested
that expression of TIGIT is a marker of NK cell activation. However, chronic TIGIT
engagement with its ligands in a tumour microenvironment leads to a functional decline
in NK cells. In line with the literature, our results show that CD56dim TIGIT+ cells were
more expressed in IPF patients, supporting the concept of immune system dysfunction [20].
In addition, NKT that expressed TIGIT were more numerous in IPF patients than in the
other groups, which suggests a recruiter role of immune cells expressing TIGIT at the site of
damage. Even though our study highlighted the similarities and differences between PCPF,
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IPF, and sarcoidosis compared with HCs, our study did not include a larger multicenter
cohort, and PCPF needs to be investigated in a longer follow-up. These findings are worth
being analysed in other biological fluids.

5. Conclusions

Our study shines a light on the immune responses involved in the development of
pulmonary fibrosis, both idiopathic and secondary to SARS-CoV-2 infection. We only
observed a significant imbalance in CD4, CD8, and NK percentages in peripheral blood
from IPF and PCPF patients, but also in their functional phenotypes, evaluated through
immune checkpoint expression. Our study confirmed immunological similarities between
IPF and PCPF. Further study of these immunological pathways with a longer follow-up for
PCPF patients would be worthwhile.
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