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COVID-19 is a disease caused by a new coronavirus SARS-CoV-2, primarily impacting
the respiratory system. COVID-19 can result in mild illness or serious disease leading to
critical illness and requires admission to ICU due to respiratory failure. There is intense
discussion around potential factors predisposing to and protecting from COVID-19. The
immune response and the abnormal respiratory function with a focus on respiratory
function testing in COVID-19 patients will be at the center of this Perspective article of
the Frontiers in Physiology Series on “The Tribute of Physiology for the Understanding
of COVID-19 Disease.” We will discuss current advances and provide future directions
and present also our perspective in this field.

Keywords: COVID-19, immune response, respiratory function testing, respiratory physiology, diffusing capacity
for lung carbon monoxide

INTRODUCTION

COVID-19 is a disease caused by a new coronavirus SARS-CoV-2, primarily impacting the
respiratory system. COVID-19 can result in mild illness or serious disease leading to critical illness
and requires admission to ICU due to respiratory failure.

A major unresolved conundrum is the large spectrum of clinical presentations of patients
with COVID-19, ranging from asymptomatic infections or symptomatic mild infections with
fever, headache or mild respiratory symptoms (like cough or sore throat) and malaise in 80–85%
of patients to flu-like illness and viral pneumonia. Within the “pneumonia phenotype” we also
have a large clinical and pathophysiological spectrum that extends from only minor opacification
with near normal chest radiographs and mild hypoxemia (in ∼80% of hospitalized patients).
Some of these patients develop an acute respiratory failure with severe hypoxemia of quick
progression to a phenotype presenting with greater hypoxemia and higher respiratory rates (∼15%
of hospitalized patients) to severe diseases manifestations. Seriously ill patients develop severe
hypoxemia requiring mechanical ventilation. Their CT scans document edema in the lower lobes,
Angio-CTs detect multiple ground-glass opacities often showing micro-embolic lesions and lung
ultrasonography that are consistent with interstitial injury with B lines (white lung). This latter
phenotype is compatible with an organizing pneumonia with hypoxic vasoconstriction associated
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with severe hypoxemia (∼2/3 of patients requiring mechanical
ventilation). The last phenotype, less common than the
previous one, represents an advanced stage with associated
acute lung injury requiring mechanical ventilation (Rello et al.,
2020). A subset of severe COVID-19 patients also present
with coagulation defects with elevated levels of D-dimers
and fibrinogen suggesting thrombotic microangiopathy and
vasculopathy in the gas-exchange networks and systemically
(Huertas et al., 2020; Iba et al., 2020; Vinayagam and Sattu, 2020).
This latter phenotype suggests a combination of respiratory
and vascular dysfunction in the lungs of severely ill COVID-
19 patients which was confirmed in several pathological studies
recently (Ackermann et al., 2020; Potus et al., 2020). The
particular feature of SARS-CoV2 to induce both respiratory and
vascular dysfunction has been established in the past year (Del
Turco et al., 2020; Varga et al., 2020).

Increasing evidence suggests that these diverse clinical
phenotypes might be explained by the immunological failure to
control and restrict SARS-CoV2 infection of the lung. Failure
and skewing of the adaptive immune system, promiscuous
infection of epithelial (pneumocytes), endothelial as well as
immune cells, coagulation defects and uncontrolled neutrophilic
activation potentially govern the impact of COVID-19 on
respiratory function and clinical phenotypes (Ackermann et al.,
2020; Casadevall and Pirofski, 2020; Del Turco et al., 2020;
Gordon et al., 2020a; Tay et al., 2020; Figure 1). An increased
understanding of the immunological dysfunction underlying the
different clinical phenotypes of COVID-19 survivors impacts the
management of clinical and pathophysiological consequences of
this disease. The immune response and the abnormal respiratory
function with a focus on respiratory function testing in COVID-
19 patients will be at the heart of this Perspective article of the
Frontiers in Physiology Series on “The Tribute of Physiology
for the Understanding of COVID-19 Disease.” We will discuss
current advances and provide future directions and present also
our perspective in this field.

RESPIRATORY IMMUNOLOGY

SARS-CoV-2 infection primarily targets the respiratory tract.
For the virus to effectively enter the host cell it requires
the membrane expression of angiotensin-converting enzyme-
2 (ACE2) together with cofactors, such as transmembrane
serine protease 2 (TMPRSS2), and furin (Hoffmann et al.,
2020; Lukassen et al., 2020; Sungnak et al., 2020; Wang et al.,
2020). A plethora of studies analyzed expression of these factors
in lung cells using single cell RNA sequencing (scRNA seq),
in situ hybridization as well as immunohistochemistry profiling
(Hikmet et al., 2020; Hou et al., 2020; Lukassen et al., 2020;
Sungnak et al., 2020; Ziegler et al., 2020). Despite some surprising
controversies, the emerging view is that ciliated airway cells and
alveolar type 2 epithelial cells are the primary targets for SARS-
CoV-2.

Upon virus infection, cells directly respond to the infectious
agents by activating a protective type I interferon program. This
includes the secretion of type I interferons (IFN I) that serve

to initiate, amplify, and/or sustain host inflammatory responses
(Martin et al., 1997; Yoshikawa et al., 2009). In particular,
monocytes/macrophages and natural killer (NK) cells are IFN-
responsive cells of the innate immune system. They play a major
role in raising an efficient T cell-mediated adaptive immune
response and thereby determine the outcome of virus infections
(Frieman et al., 2008; Lazear et al., 2019). NK cells directly kill
virally infected cells via their spontaneous cytolytic activity and
activate the innate and adaptive immune system via secreting
a variety of soluble mediators. Monocytes have specialized
roles in the human lung (Landsman et al., 2007; Bassler
et al., 2019; Kulikauskaite and Wack, 2020). Tissue resident
macrophages, such as alveolar macrophages (AM) of the lung
play a major role in early innate immunity against infections and
environmental challenges (Kopf et al., 2015; Wynn and Vannella,
2016; Watanabe et al., 2019). Together with patrolling monocytes
these macrophages engulf apoptotic cells and can cross-present
engulfed antigen to T cells eliciting adaptive immune responses
(Kopf et al., 2015; Thomas et al., 2015). Activation of cytotoxic
CD8+ T cell responses is essential for fast clearing of infected
cells and maintaining long-term suppression of viral infections
via immunological memory (Zuniga et al., 2015; Schmidt and
Varga, 2018). This type I interferon triggered immune activation
allows confinement of the virus infection in a time (usually within
3 days) and spatial manner and development of adaptive immune
cell memory (Schmidt and Varga, 2018).

SARS-CoV2 effectively suppresses type I interferon responses
in infected cells. Several SARS-CoV and SARS-CoV2 encoded
viral proteins have been demonstrated to interfere with the
IFN I signaling pathway (Kopecky-Bromberg et al., 2007; Shi
et al., 2014, 2019; Gordon et al., 2020b)1. The infected cells
of the respiratory epithelium thus fail to launch a robust IFN-
I response to SARS-CoV2 but at the same produce exuberant
inflammatory cytokines which disrupts a balanced anti-viral
innate and adaptive immunity (Angka et al., 2020; Blanco-Melo
et al., 2020; Schultze and Aschenbrenner, 2021). Failure of the
adaptive immune system to confine the SARS-CoV2 infection to
the upper respiratory tract within the first days post infection may
contribute to the observed biphasic disease course in patients that
develop COVID-19 pneumonia (Jesenak et al., 2020; Tay et al.,
2020). Indeed, in the blood, the number of adaptive immune cells
and their functionality is reduced in severely ill patients (Zhou
et al., 2020). In particular, lymphopenia is the most consistent
laboratory abnormality in severe COVID-19–infected patients.
Progressive lymphodepletion and signs of T cell exhaustion
are observed in patients who clinically deteriorate with severe
COVID-19 (Diao et al., 2020; Zhang et al., 2020). In contrast,
reappearance of effector T cells associates with recovery from
the disease (Odak et al., 2020). Moreover, lungs from patients
who succumbed to SARS-CoV2 show extensive cellular immune
infiltrates with macrophages representing a prominent cell type
(Barton et al., 2020; Ruscitti et al., 2020; Tian et al., 2020b;
Schultze and Aschenbrenner, 2021). These data strongly indicate
that a defective type I interferon response at the onset of infection
is key to the observed uncontrolled immune responses, such as

1https://www.biorxiv.org/content/10.1101/2020.06.17.156455v1
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FIGURE 1 | Overview of the most common pulmonary pathology findings observed in post-mortem patients affected by various degrees of severity of COVID-19
(coronavirus disease 2019). See the text for more details and explanations. This is an original figure, no permission to reproduce is required.

excessive cytokine production ("cytokine storm") and impaired
protective T cell responses (Gordon et al., 2020b; Tay et al.,
2020). This scenario might involve an imbalanced activation
of NK and T cells as described for severe influenza infections
(Frank and Paust, 2020).

Defective local and temporal confinement of SARS-CoV2
virus replication due to impaired type I interferon responses
in the primarily infected lung epithelial cells may result in a
spill-over of the infection into the vascular system of the lung.
Such spreading of the infection will be fostered by excessive
inflammatory signaling in the alveolus that causes disruption
of the basement membrane, leakiness of alveolar capillaries and
massive immune cell recruitment. SARS-CoV2 is able to infect
endothelial and immune cells (Ackermann et al., 2020; Huertas
et al., 2020; Iba et al., 2020; Potus et al., 2020)2 suggesting some
promiscuity in terms of host cell selectivity (tropism) as suggested
previously as a general feature of Coronoviruses (Hulswit et al.,
2016). The tropism of a virus is defined as its ability to infect
specific cell types, organs or species. This capacity depends on
the expression of receptors for viral entry, e.g., ACE2 for SARS-
CoV2, and cofactors, such as TMPRSS2 and furin, but also on the
permissiveness of the cell to allow virus replication and support
productive infection. Accordingly, viral tropism is determined
by multiple viral and host cell factors (Adler et al., 2017). Not
only more and more host factors are identified that fine-tune
SARS-CoV2 entry and replication in host cells (Hou et al., 2020),
but also new receptors are being uncovered, such as for example

2https://doi.org/10.1101/2020.09.25.20195818

neuropilin-1, which is highly expressed in fibroblasts, brain and
endothelial cells (Cantuti-Castelvetri et al., 2020)3. These factors
might determine the rather broad tropism of SARS-CoV2 as
observed in autopsied lungs of COVID-19 patients (Ackermann
et al., 2020; Huertas et al., 2020; Iba et al., 2020; Potus et al., 2020)
and in ex vivo models and cells (Hui et al., 2020). Promiscuity
of the SARS-CoV2 with regard to host cell tropism together with
unconfined infection resulting in high local virus load might then
result in aberrant infection of endothelial and recruited immune
cells in addition to inflammatory activation of these cells.

Damaged respiratory epithelial cells and pulmonary
endothelial dysfunction activate platelets and formation of
intravascular microthrombi (Connors and Levy, 2020; Del Turco
et al., 2020). These pathophysiological changes will contribute to
impaired hypoxemic vasoconstriction and the clinical phenotype
of "happy hypoxemia" in COVID-19 patients (Dhont et al.,
2021). If the immune system doesn’t gain control, endothelial
dysfunction and coagulation defects might spread systemically
causing vasculitis, disseminated intravascular coagulopathy
(DIC) and immunothrombosis (Engelmann and Massberg, 2013;
Jackson et al., 2019). This scenario is fully supported by the recent
study on SARS-CoV2 infected Macaques that developed severe
vascular disease and pulmonary thrombosis (Aid et al., 2020).
Defective coagulation has been observed in severe COVID-19
patients as evidenced by thrombocytopenia, elevated levels of
D-Dimer and of fibrin/fibrinogen degradation products (for an
overview see Iba et al., 2020).

3www.proteinatlas.org
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How can we relate the above-described immune dysregulation
in severely ill COVID-19 patients to altered lung pathology and
respiratory function? As the presence of D-Dimer correlates
with reduced lung function and DLCO, one could envision that
coagulation defects in the lung capillaries and the formation of
microthrombi contribute to impaired gas exchange in COVID-
19 patients with severe disease (Figure 1; Zhao et al., 2020).
Gas exchange will also be hampered by extracellular matrix
deposition upon repair of the damaged respiratory epithelium
in COVID-19 survivors (Figure 1). Fibrotic remodeling of the
lung might be driven by skewing of adaptive T cell responses
toward impaired regulatory T cell (CD4+ Treg) function and
increased Th17 differentiation as observed in severely ill COVID-
19 patients (De Biasi et al., 2020; Zhang and Zhang, 2020).
Th17 is a well-known CD4+ T cell subset causally involved in
organ fibrosis including the lung (Barron and Wynn, 2011; Way
et al., 2013). Along these lines, reduced numbers of CD4+ Tregs
have been observed in severe cases of COVID-19 together with
increased levels of cytotoxic follicular helper cells and cytotoxic T
helper cells (Meckiff et al., 2020). An additional line of evidence
suggests the involvement of inflammatory neutrophils that persist
in the lung. Recent data from autopsies of deceased COVID-
19 patients demonstrated prominent activation of neutrophils
in the lung with extracellular NET formation and alterations
in extracellular matrix deposition together with multiorgan
dysfunction (Schurink et al., 2020; Wu et al., 2020). Of note, in
some patients the viral infection load of the diseased lung tissue
was minimal suggesting that the immune system was unleashed
at some point independent of the virus infection (Casadevall
and Pirofski, 2020; Wu et al., 2020). An unpublished preprint
suggests that neutrophil NET formation promotes the transition
of lung epithelial cells toward a mesenchymal phenotype that
might contribute to fibrotic lung remodeling4.

PHYSIOLOGY AND PATHOPHYSIOLOGY
OF ABNORMAL PULMONARY
FUNCTION VARIABLES AS OBSERVED
IN COVID-19 SURVIVORS

Altered lung diffusion capacity is the most common anomaly
followed by restrictive ventilatory defect. This section attempts
to describe the physiology and pathophysiology that underlies
the three most common abnormal pulmonary function variables
observed in COVID-19 survivors: TLCO, TLCO/VA and Total
Lung Capacity. A particular focus will be paid on highlighting
the difference between TLCO and TLCO/VA and on what is
important about having a greater decline in TLCO than in
TLCO/VA, and how this feeds back to lung pathology.

The lung transfer (or diffusing) capacity for carbon monoxide
(CO) [TLCO or DLCO; TLCO being more commonly used
in North-America whereas DLCO being more commonly used
in Europe] reflects the capacity of CO transfer from the
environment to the pulmonary capillary blood and represents the
most clinically practical standard methodology to assess the gas

4https://doi.org/10.1101/2020.11.09.374769

exchange in the lung. In this review we will use the term TLCO.
KCO, the transfer or diffusion coefficient is the rate constant
for CO uptake from alveolar gas and is impacted mostly by
the thickness and area of the alveolar capillary membrane, the
volume of blood circulating in pulmonary capillaries coupling
ventilated alveoli and the concentration and properties of
hemoglobin in the alveolar capillaries blood (Figures 2A,B).
KCO and the alveolar volume (VA) are the two main factors
that determine TLCO (Figures 2A,B). From a mathematical
standpoint, KCO can be calculated as TLCO/VA under BTPS
conditions (Body Temperature, ambient Pressure, Saturated with
water vapor). It should be noted that TLCO/VA is not a simple
ratio as the relationship between lung volume and CO uptake
is certainly less than 1:1 (Hughes and Pride, 2012). The use of
KCO has recently been recommended instead of TLCO/VA, as
TLCO/VA may be interpreted that TLCO can be normalized for
VA (Graham et al., 2017).

A low TLCO is not exclusively determined by reduced VA
(Nusair, 2020), and residual interstitial anomalies (Chen et al.,
2020; Mo et al., 2020; Qin et al., 2021) and pulmonary vascular
anomalies (i.e., abnormal capillary-alveolar units) (Morris et al.,
2021) may play a fundamental role and this could be also
the case in COVID-19 survivors (Figures 2A,B). This holds
true as the interpretation of low TLCO must consider the
complex relationship between VA, TLCO and KCO, and may
inopportunely exclude the presence of abnormal gas exchange
in the lung (Figures 2A,B). To prove this point, we can
use data from “severe pneumonia” COVID-19 related patients
discussed in this review to model according to Hughes and
Pride (2012) what TLCO and KCO responses would be expected
if VA was diminished as a consequence of either suboptimal
alveolar expansion or due to loss of alveolar units while
having a normal expansion in communicating alveoli. We
would then observe two trajectories: the first one is that
the decline in TLCO would be largely greater than expected
if a decrease in VA was the unique anomaly, regardless of
the mechanism behind the diminished VA; the second one
is that a decrease in VA due to either above-mentioned
mechanism would be associated with an augmentation in KCO,
which would be contrary to the diminished KCO observed
in many of the discharged patients with severe COVID-19.
Therefore, the decrease in KCO may suggest that loss of alveolar
units is not sufficient to determine the observed alteration
in TLCO. Thus, while the anomalies in TLCO observed in
“severe pneumonia” COVID-19 related patients explored in
several studies may be partially explained by diminished VA,
the decrease in KCO measured together with the diminished
VA also implies that abnormal gas exchange in the lung
occurs. Now, the question arises as whether this is due
to anomaly of the alveolar-capillary barrier or to abnormal
pulmonary blood volume. Unfortunately, this cannot be easily
determined based on data presented in these studies. Lung
fibrosis associated with acute respiratory distress syndrome in
COVID-19 patients, would likely alter alveolar-capillary units,
giving rise to loss of alveolar units and altered gas exchange
in the lung. The consequence would be a decrease in both
VA and KCO (for that diminished VA). There is mounting
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FIGURE 2 | Factors contributing to a decreased lung transfer (or diffusing) capacity for carbon monoxide (CO) (TLCO or DLCO) and the algorithm that allows
physiologists and clinicians to unravel its mechanisms. If TLCO (or DLCO) is reduced, the next step is to check whether the Alveolar Volume is preserved or reduced.
If Alveolar Volume is diminished, the next step is to check whether the Alveolar Volume/Total Lung Capacity ratio is low (<80%) due to ventilation maldistribution
secondary to an obstructive ventilatory defect or is preserved (≥80%) due to restrictive ventilatory defect, associated or not with impaired pulmonary gas exchange.
If Alveolar Volume is preserved, please follow the arrows in the algorithm to get some explanations and to see whether the KCO is reduced and there are pulmonary
gas exchange anomalies associated with. KCO, transfer or diffusion coefficient (KCO = TLCO/Alveolar Volume or DLCO/Alveolar Volume); Coronavirus diseases is
written in red as potential yet not fully understood mechanisms explaining the TLCO or DLCO anomalies observed in Coronavirus diseases, such as COVID-19
(caused by SARS-CoV-2), SARS (caused by SARS-CoV-1) and MERS (caused by MERS-CoV); SARS, Severe Acute Respiratory Syndrome; MERS, Middle East
Respiratory Syndrome; CoV, coronavirus; COVID-19, coronavirus disease 2019. See the text for more details and explanations. This is an original figure, no
permission to reproduce is required.

evidence for impaired pulmonary hemodynamics in COVID-
19 patients (Potus et al., 2020), including vascular pruning,
decreased pulmonary blood volume and abnormal pulmonary
blood volume distribution as measured via high resolution
CT (Lins et al., 2020; Morris et al., 2021). Figures 2A,B
shows that a decrease in KCO may develop in the context of

alveolar-capillary damage, microvascular pathology, or anemia.
Factors responsible for a reduced VA are numerous and may
include decreased alveolar expansion, alveolar damage or loss,
or inspired gas maldistribution in the context of obstructive
ventilator defect. Therefore, when KCO turns normal, in the
presence of a low TLCO, it is associated with reduced VA,
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thus indicating a restrictive ventilator defect (see below and
Figures 2A,B). This is because only the functional alveolar
units have been sampled thereby providing an erroneous picture
toward more preserved areas of the lungs (Figures 2A,B). It
should be noted that if VA is preserved, there is no restrictive
ventilatory defect because VA is always a fraction of Total Lung
Capacity, i.e., if VA is preserved so is Total Lung Capacity
(Figures 2A,B). To conclude and for the sake of clarity: the
same TLCO may occur with various combinations of VA and
KCO, each suggesting different abnormal respiratory conditions.
It is difficult to interpret which one plays the predominant
role because both diminished alveolar volume and KCO concur
to the pathogenesis of altered lung diffusion capacity. TLCO
gives a global evaluation of gas exchange in the lung, while
the alveolar-capillary membrane diffusing capacity only depends
on molecular diffusion of the membranes. We would thus
need more refined techniques capable of measuring more
specifically the alveolar-capillary membrane. These could include
measurement of TLCO with inhaled gas mixtures containing
two or three different oxygen fractions, or combined TLCO and
diffusing capacity measurements of the lung for nitric oxide
(DLNO). Such sophisticated analysis would shed light on the
precise mechanisms of reduced TLCO in COVID-19 survivors
and allows distinguishing between interstitial and pulmonary
capillary anomalies (see “Future directions, perspectives and
conclusions” section).

The second most common abnormality in COVID-19
survivors is a restrictive ventilatory defect. A restrictive
ventilatory defect is defined by a pathologically decreased total
lung capacity. If caused by parenchymal lung disease, restrictive
ventilator defect is accompanied by reduced gas transfer, which
may be marked clinically by desaturation after exercise or even at
rest (see the above paragraph).

Total lung capacity is the greatest volume of gas in the
lungs achieved after maximal voluntary inspiration. It depends
on the static balance between the outward forces generated by
inspiratory muscles during a maximal inspiratory effort and
the inward elastic forces of the chest wall and lung. It is the
lung that normally contributes the most to the elastic recoil
forces of the respiratory system at total lung capacity. At total
lung capacity, these two sets of forces are equal and opposite
in sign. The decrease in total lung capacity usually reflects
the reduced lung volumes either because of an alteration in
lung parenchyma or because of a disease of the pleura, chest
wall, or neuromuscular apparatus that may affect the pressure-
generating capacity of the inspiratory muscles or the compliance
of the lung or the compliance of the chest wall. Interstitial lung
anomalies as such those observed in some forms of COVID-19
(Polak et al., 2020) may result in a restrictive ventilatory defect
(Figures 1, 2).

ABNORMAL RESPIRATORY FUNCTION
IN COVID-19 PATIENTS

Respiratory function testing has been performed in COVID-
19 survivors at the time of hospital discharge and weeks

after hospital discharge. This seems an important issue when
dealing with COVID-19 survivors as these respiratory function
testing anomalies may have a huge impact on the management,
independency and quality of life of these patients as well as on the
healthcare systems.

At the Time of Hospital Discharge
In the Fumagalli’ study 13 patients with COVID-19 pneumonia
were enrolled and the authors found that at the time of
clinical recovery, 10 out of 13 patients presented with a
restrictive pattern measured at spirometry: forced expiratory
volume in the first second (FEV1) and forced vital capacity
(FVC) were lower compared to lower limit of normality
values, while FEV1/FVC was higher compared to the upper
limit of normality values. These results obtained in a very
small sample size should be taken with caution as measure
of Total Lung Capacity, preferably with plethysmography, was
not included and the diagnosis of restrictive pattern was
made exclusively on the reduced FVC, which is questionable
and not acceptable (Pellegrino, 2005). In addition, TLCO
measurement was not employed; this would have permitted a
better understanding of the origin and the quality of pulmonary
gas exchange damage.

In the Mo’ study 110 patients with COVID-19 infection
were enrolled, which included 24 cases of mild illness, 67
cases of pneumonia and 19 cases of severe pneumonia (Mo
et al., 2020). Spirometry, plethysmography and TLCO tests
were performed on the day of or one day before hospital
discharge. The authors found that 47% of their patients had
anomalies in TLCO, 25% in TLC, 14% in FEV1, 9% in FVC,
4.5% in the FEV1/FVC ratio and 7% in small airway function.
The most interesting observation was the significant difference
in impaired TLCO among the different groups of severity,
which accounted for 30% in mild illness, 42% in pneumonia
and 84% in severe pneumonia, respectively (p < 0.05). This
trend of the gradual decrease in level of TLCO among patients
was identical with the varying degree of severity. Of note,
in 50% of the TLCO -impaired patients, the TLCO corrected
for alveolar volume (TLCO/VA) was still within the normal
range, which might indicate that TLCO decrease was more
than the TLCO/VA in recovered subjects. In addition, the
value of TLC as% of predicted in severe pneumonia cases
was much less than that of pneumonia or mild illness,
suggesting higher impairment of lung volume in severe cases.
No significant difference among the discharged survivors with
different severity in regard to other ventilatory defects (e.g.,
reduced FEV1/FVC) was observed.

These two studies, strongly suggest that respiratory function
needs to be carefully investigated in COVID-19 patients, as
it was already done for other atypical pneumonia, such as
severe influenza A (H1N1) pneumonia (Hsieh et al., 2018). This
is because the lung is the most affected organ by COVID-
19 and previous other atypical pneumonia, with anomalies
that include diffuse alveolar epithelium destruction, capillary
damage/bleeding, hyaline membrane formation, alveolar septal
fibrous proliferation, and pulmonary consolidation.
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In Discharged Patients
In the same study by Fumagalli and co-workers FVC was still
lower than the lower limit of normality after 6 weeks from
hospital discharge (Fumagalli et al., 2020). Again here, these
results obtained in a very small sample size should be taken with
caution as measure of TLC was not included and the diagnosis
of restrictive pattern was made exclusively on the reduced FVC,
which is questionable and not acceptable (Pellegrino, 2005).
Another study by Huang et al. (2020) performed respiratory
function testings in 57 COVID-19 patients after 30 days of
hospital discharged and found anomalies in 75% of them; 10, 9,
44, 12, and 53% of enrolled patients had FVC, FEV1, FEV1/FVC
ratio, TLC, and TLCO values less than 80% of predicted values,
respectively, whereas 49 and 23% of patients presented with
maximum static inspiratory and expiratory pressure (PImax and
PEmax, respectively) values less than 80% of the corresponding
predicted values. Compared with non-severe cases (n = 40),
severe patients (n = 17) showed higher incidence of TLCO
impairment (76 vs. 43%, p = 0.019), and significantly lower
percentage of predicted TLC. Of note, only 11% of patients
showed obstructive and 12% restrictive ventilatory defects
(Huang et al., 2020). What is also striking yet surprising is
that a small percentage of patients with no residual imaging
abnormalities presented with a slight decrease in TLCO. Similar
to this study, Frija-Masson et al. (2020) observed abnormal lung
function in more than 50% of COVID-19 patients after 30 days
of hospital discharge. Almost one third of these patients had
decreased TLCO values indicating that these patients have lung
vascular damage which coincides with data from Huang et al.
(Huang et al., 2020).

On the contrary, Rogliani et al. (2020) have recently pointed
out that hospitalized patients with mild-to-moderate forms of
COVID-19 are not at risk of developing pulmonary fibrosis.
In their study, patients were enrolled within two months from
hospital discharged and authors found that FEV1 and FVC,
both expressed as % predicted, were in the normal range. Here
again, these results should be taken with caution as neither
measurement of TLC nor of TLCO was included in the study.

Few studies have explored pulmonary function in COVID-19
survivors at 3 (Cortés-Telles et al., 2021; Qin et al., 2021) and
4 (Anastasio et al., 2021) months after hospital discharge. All
these studies showed alteration in TLCO (in more than 50% of
patients), in total lung capacity (in more than 10% of patients), in
pressure generating capacity of respiratory muscles (in less than
40–50% of patients) but to a much lesser extent alterations in
the airway functions (in less than 10% of patients). The results
of these studies converged to the conclusion that the worst
the lung involvement during SARS-COV-2 infection (in those
patients who developed acute respiratory distress syndrome or
those who required invasive mechanical ventilation) the worst the
impairment in pulmonary function after 3–4 months especially in
terms of TLCO and the less the likelihood to improve pulmonary
function over time. Accordingly, respiratory rehabilitation and
gradual physical activity immediately after hospital-discharge
should be encouraged as it can slow down or improve respiratory
function, such as total lung capacity and TLCO, quality of life and
anxiety in these fragile patients (Liu et al., 2020).

In conclusion, several mechanisms, sequential or not, may
occur and explain the damages induced by SARS-CoV2
infections of the lungs. They include the microvascular damages
with interstitial thickening with clear lungs on radiology exams
along with a severe hypoxemia (McGonagle et al., 2020; Tian
et al., 2020a), the development of alveolar injury inducing a
gradual loss of the alveolar spaces (Tian et al., 2020a), and last but
not least the diminished alveolar volume that may be explained
by changes in mechanical properties of the lungs and the chest
wall and by dysfunction of respiratory muscles after critical
illness. These anomalies can be temporary or responsible for a
potential long lasting pulmonary parenchymal dysfunction post-
COVID-19 (Spagnolo et al., 2020). Given these interplays, two
hypotheses on reduced TLCO can be proposed in COVID-19
survivors: (1) a reduced TLCO with normal TLCO/VA may be
in favor of definitive alveolar loss/destruction, with no optimistic
perspectives of recovering; (2) a reduced TLCO with diminished
LCO/VA may be in favor of alveolar lesions (pulmonary capillary
and/or membrane anomalies) that are still evolving, with the
optimistic perspective of some and at least partial recovery. We
should therefore follow-up COVID-19 survivors to see whether
they are able to recover from their DLCO anomalies. Few
studies have explored some "predictors" for lung function decline,
especially for TLCO. Pulmonary interstitial damage (inferred to
by the Chest CT total severity score), the development of acute
respiratory distress syndrome, and vascular damage (inferred to
by the high D-dimer levels at the time of hospital admission)
have been pointed out as potential predictors for lung function
decline, especially for TLCO but also for TLC (Morris et al., 2021;
Qin et al., 2021).

SPECIFIC FEATURES OF RESPIRATORY
DYSFUNCTION IN COVID-19
COMPARED TO OTHER VIRAL
PNEUMONIA (SARS, MERS, AND
INFLUENZA A H1N1)

The observations on anomalies in respiratory function, especially
in DLCO, in more than 50% of the COVID-19 survivors raise the
question of a potential progression toward lung fibrosis in some
patients. Interestingly, the greater decline in TLCO compared to
TLCO/VA suggests that impaired diffusion across the membrane
may be more causative for pulmonary dysfunction than reduced
lung volume. Previous studies have demonstrated that patients
that recovered from coronavirus pneumonia still have damaged
lungs. Impaired lung function was common and lasted for
months or even years. In follow-up studies on rehabilitating
SARS patients lasting from half a year to 3 years, impaired
TLCO was the most common anomaly, ranging from 15 to 44%,
followed by reduced TLC, ranging from 5 to 11% (Hui et al.,
2005a,b; Ngai et al., 2010). Park et al. (2018) showed that 37%
of MERS survivors still presented with an impairment of TLCO,
but normal TLC at 12 months. In addition, pulmonary function
improved significantly in the first 3 months but with no further
significant improvement from 3 to 6 months after discharge
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among survivors to severe influenza A (H1N1) pneumonia
(Hsieh et al., 2018). Some other studies showed a complete
normalization of pulmonary function 6 months after H1N1-
related ARDS (Toufen et al., 2011). On the contrary, about 80%
of survivors to ARDS not provoked by influenza A H1N1 had
reduced diffusing capacity, 20% had airway obstruction, and
20% had restrictive pattern 12 months after recovery (Orme
et al., 2003). These data are discordant with preliminary follow-
up results on COVID-19 survivors highlighting the greater and
persistent decline of pulmonary function (TLCO and total lung
capacity) in COVID-19 survivors compared with SARS, MERS,
and influenza A (H1N1) survivors.

Studies on lung function in COVID-19 survivors at 6 and
12 months from hospital discharge are thus urgently needed in
order to monitor the long-term effect of COVID-19 infection
on the respiratory system in patients with severe-to-extremely-
severe pneumonia. A prediction would be that at least at
6 months from hospital discharge these patients may still present
with an abnormal TLCO and, to lesser extent, a restrictive
ventilatory defect.

FUTURE DIRECTIONS, PERSPECTIVES,
AND CONCLUSION

Immunological understanding of early as well as chronic immune
responses might be helpful for future stratification of surviving
COVID-19 patients with chronic respiratory impairment. In
our opinion, potential future directions and perspectives are
as follows:

• Pathological and lung function evidence for a vascular
component of severe COVID-19 patients which has long-
lasting consequences should be explored.
• Immunological evidence on deranged adaptive immune

function that may drive fibrotic lung diseases and evidence
for impaired diffusion capacity in survivors of severe
COVID-19 needs to be evaluated.
• More attention should be paid to COVID-19 survivors

presenting with impaired (minor or not) diffusion capacity
and perhaps with persistent dyspnea but with no other
associated anomalies in chest or CT scan imaging.

Techniques capable of measuring more specifically the
alveolar-capillary membrane, such as measurement of
TLCO including inhaled gas mixtures containing two
or three different oxygen fractions or combined TLCO
and diffusing capacities of the lung for nitric oxide
(DLNO) measurements, are welcome to shed light on
the precise mechanisms of reduced TLCO in COVID-19
survivors particularly in distinguishing between interstitial
and pulmonary capillary anomalies.
• More particularly, two hypotheses on reduced TLCO could

be tested in COVID-19 survivors: (1) a reduced TLCO
with normal TLCO/VA may be in favor of definitive
alveolar loss/destruction, with no optimistic perspectives of
recovering; (2) a reduced TLCO with diminished TLCO/VA
may be in favor of alveolar lesions (pulmonary capillary
and/or membrane anomalies) that are still evolving, with
potential and optimistic perspective of some recovering,
at least partial. We should therefore follow-up COVID-
19 survivors to see whether they are able to recover from
their DLCO anomalies.
• A long-lasting follow-up in terms of respiratory function

testing is proposed for COVID-19 survivors as results from
literature are conflicting as to whether these patients may
fully recover or even develop pulmonary sequelae.

This combined perspective on basic immunological
responses and physiological abnormalities might foster a better
understanding of the disease course and may also shape future
stratification of patients and treatment options.
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