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Abbreviations

6MWT six minutes walking test

ACBT Active Cycle of Breathing Techniques
ACE angiotensin converting enzyme

ACE-2 angiotensin converting enzyme II

ARDS acute respiratory distress syndrome

AT anaerobic threshold

AUC area under ROC curve

AX integrated area of low-frequency reactance
BP blood pressure

CCI Charlson Comorbidity Index

CNS central nervous system

COPD chronic obstructive pulmonary disease
COSeSco COVID-19 Sequelae Score

COVID-19 coronavirus disease 2019

CPET cardiopulmonary exercising test

CRP C-reactive protein

CT computed tomography

DB dysfunctional breathing

DLCO diffusing capacity of the lung for carbon monoxide
ET exercise training

ETR exercise training rehabilitation

FEF>s5.75 forced mid-expiratory flow between 25 and 75% of forced vital capacity
FEFso maximum expiratory flow at 50% of forced vital capacity
FEF;s maximum expiratory flow at 75% of forced vital capacity
FET forced expiratory technique

FEV; forced expiratory volume in 1 second
FEV3 forced expiratory volume in three seconds
FEVs forced expiratory volume in six seconds
FVC forced vital capacity

HRCT High-resolution Computed Tomography
HRR heart rate recovery at maximal exercise
HS healthy subjects

IC inspiratory capacity

ICU Intensive Care Unit

IFN-gamma interferon-gamma

IL-6 interleukin-6

ILD interstitial lung disease

IMT inspiratory muscle training

10S impulse oscillometry system

IQR 1 and 3" quartiles

K-BILD King’s Brief Interstitial Lung Disease
KCO Krogh constant

LC Long-COVID

LCI Lung clearance index

LCQ Leicester Cough Questionnaire

MDT multidisciplinary team

MERS Middle East respiratory syndrome
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OUES oxygen uptake efficiency slope

PA physical activity

PCFES Post COVID-19 functional status
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r Pearson r coefficient
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WHO World Health Organization
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Abstract

Introduction

During the first 3 years of the pandemic coronavirus disease 2019 (COVID-19), survivors
experienced different clinical recovery and long-term impact on lung, related to residual respiratory
symptoms with functional impairment, since in its initial common presentation the disease
summarized features of interstitial viral pneumonia.

Clinicians were primarily focused on post-acute lung function assessment to better describe the
pathological mechanisms of lung sequelae and to manage appropriately post COVID-19 condition.
The first part of the research project is aimed to evaluate the lung clinical and functional impact of
pulmonary disease.

After describing the common gas exchanges alterations and ventilation inhomogeneity as related to
higher lung damage on acute phase, rather than restrictive dysfunctional defects, for which pulmonary
function tests appeared insufficient to clearly explain prolonged breathlessness after COVID-19, our
research interest has been directed to unexplained long-lasting dyspnoea and fatigue on exertion in
Long-COVID (LC) syndrome. In this context, cardiopulmonary exercising test (CPET) could
comprehensively and objectively assess the disorders of breathing pattern in dyspnoeic LC population
with normal pulmonary function by means of Ti/Tror (fractional inspiratory time of the duty cycle)
and V1/T1 (mean inspiratory flow) at rest and during maximal exercise compared to healthy subjects.
Finally, in terms of ventilatory abnormalities of CPET deconditioning with higher diaphragm
intolerance and lower efficiency, our research aimed to pulmonary rehabilitation (PR) as a means to
improve uncomfortable dyspnoea and fatigue due to a higher diaphragm intolerance and lower
efficiency by means of Active Cycle of Breathing Techniques (ACBT) combined with a moderate
daily physical activity (PA). Moreover, in our research we evaluated if respiratory impairments could

be related to small airways dysfunction and could be improved after rehabilitation protocol.

Materials and Methods

Firstly, we analysed the clinical parameters of post COVID-19 outpatient participants from University
Hospital of Parma (Italy) that significantly correlated with radiological (HRCT) score in the acute
phase, clustering the population study into two significant different groups according to
normal/abnormal lung function at follow-up. Subsequently, we identified the independent variable
that best significantly discriminated subjects with radiological residual features at follow-up. Finally,
we elaborated a predictive score (COSeSco- COVID-19 Sequelae Score) to identify individuals at
higher risk of pulmonary sequelae at HRCT at follow-up.



During the second part of our research, by means of CPET, we analysed the pattern of breathing by
recording Ti/Tror and V1/Ti at baseline and on exercise in a LC population complained of
unexplained dyspnoea lasting at least 3 months after SARS-CoV-2 infection, from outpatient clinic
of University Hospital of Parma (Italy) and the Hospital of Piacenza, Italy. As control group, we
recruited routine outpatient clinic healthy, age, sex and BMI-matched subjects (HS).

Lastly, in the third part of 3-year research project, we assessed the benefits of a 6-week independent
home respiratory rehabilitation programme, consisted of an ACBT 10-min session twice a day and at
least 6000 steps per day in LC patients from University Hospital of Parma (Italy), who complained
of dyspnoea, asthenia and cough at least 24 weeks after acute viral infection. The VAS scale, the
mMRC dyspnoea and the Leicester Cough Questionnaire (LCQ), were all administered to the patients
at baseline and at follow-up, as well as participants performed spirometry, oscillometry (IOS) and

multiple-breath nitrogen washout before and after the rehabilitation.

Results
In the first part of our research, we confirmed that most of 121 post COVID-19 patients showed
radiological and lung function changes expressed as diffusing capacity of the lung for carbon
monoxide (DLCO) and total lung capacity (TLC) approximately 4 months after acute phase.
Moreover, by clustering the study population according to the normal/abnormal values of DLCO they
showed specific features. Finally, we elaborated the COSeSco score, which was able to significantly
discriminate COVID-19 survivors at higher risk of residual HRCT score >10% in the follow-up.
From the second research study, we found that 42 LC patients were characterised by significantly
greater values of Ti/Tror at rest and at the peak of exercise, and lower values in V1/Ti at peak,
compared to 41 HS. Most LC participants with Ti/Ttor > 0.38, as cut-off value, showed lower values
in oxygen uptake and in maximal workload, associate with ventilatory inefficiency.
Regarding the third part of research project, in which we analysed data from 33 LC patients, it should
be noted that the most statistically findings after the PR concerned dyspnoea by mMRC, health status
by VAS scale (0-100) and cough by LCQ (p= 0.0032, p= 0.0416, p=0.0001, respectively).
Considering peripheral airway function, R5-R20 (measure of distal airway resistance) (0.074+0.097
vs 0.053+0.071 KPa s I''), AX index (reactance) (0,62 + 0,88 vs. 0,53 + 0,59 KPa s I'!), and LCI (8.51
+ 2 vs. 8.39+1,77), all improved after the rehabilitation course, although not statistically (p=0,1737,
p=0,4243, p=0.9056, respectively). At baseline, about one third of study population is characterised
by small airway dysfunction (R5-R20 > 0.07 KPa s 1 ') and the average baseline score of R5-R20 at
baseline was above normal limits and improved after rehabilitation. Contrasting data are obtained in
terms of FEF25.75 € FEF75 (forced expiratory flow at 25% and 75% of the pulmonary volume and at
7



25%, respectively) showing a functional worsening, while expiratory dynamic lung volumes (FVC
and FEV3) improved at follow-up.

Among different functional parameters (questionnaires, spirometry, IOS or MBNW) mMRC only
correlates with R5-R20 (r= 0.4084, p= 0.0183) and AX (r = 0.3953, p = 0.0228).

Conclusion

We confirmed that resting and exertional lung functional consequences after 3 months are related to
the lung acute involvement during COVID-19 and patients with higher lung damage during the acute
phase had worse lung diffusing capacity on the follow-up as abnormal gases exchange and ventilation
heterogeneity.

An impaired breathing pattern at rest and on exercise may explain long-lasting breathlessness related
to deconditioning in LC syndrome with normal spirometry, due to a higher diaphragm intolerance
and lower efficiency than the reference controls.

Finally, rehabilitation programme including breathing control exercises and a moderate physical
activity can improve dyspnoea, healthy status and cough. While the efficacy of non-pharmacologic
options is still being investigated, it is likely that LC individuals will be best served by an integrative

multidisciplinary approach.



First part — Lung Functional Assessment in Post COVID-19

1.1 Background of the first study: from COVID-19 with Systemic Manifestations to Post
COVID-19 with Functional Sequelae

On 11" March 2020, the World Health Organization (WHO) declared a pandemic for COVID-19
(coronavirus disease 2019), the new disease supported by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [1], the seventh new coronavirus featuring a severe acute respiratory
syndrome [2]. The disease developed more frequently as interstitial viral pneumonia and most
patients had a mild form, 14% of infected individuals presented a severe form and 5% had a critical
form [3]. Moreover, a percentage ranging from about 15% to 30% has developed acute respiratory
distress syndrome (ARDS) [4].

Remarkably, a relevant part of subject affected by pneumonia presented an atypical form of
respiratory distress characterized by loss of lung perfusion regulation and hypoxic vasoconstriction,
as documented by a mismatch between relatively preserved lung mechanics and the severity of
hypoxemia [5].

Radiologically, COVID-19 typical presentations on chest CT (computed tomography) consisted of
parenchymal ground glass opacities with round or “crazy paving” pattern, variably associated with

lung consolidations in a peripheral, diffuse or lower lung zone distribution [6].

SARS-CoV-2 uses the angiotensin converting enzyme II (ACE-2), as the cellular receptor with
homology to angiotensin converting enzyme (ACE) [7] that degrades angiotensin II to its metabolites,
including vasodilators angiotensin- (1-9) and angiotensin- (1-7), with a down-regulation of the renin-
angiotensin system. ACE-2 is expressed in various tissues such as the upper and lower respiratory

tract, cardiac muscle, and gastrointestinal mucosa [8].

Data from many studies have shown that inflammatory indices such as CRP (C-reactive protein), IL-
6 (interleukin-6), IFN-gamma (interferon-gamma), and TNF-alpha (tumour necrosis factor-alpha)
increase (9-12). In addition, oxidative stress could play a key role in the development of acute
respiratory syndrome [13], since the constant expression of significantly high levels of these
cytokines is related to increased viral load, lung damage and impaired function, disease progression

and poor outcome [14].



At the beginning of pandemic, the most common symptoms included fever, cough, dyspnoea, myalgia
and fatigue, while the frequent reported laboratory abnormalities consisted of lymphopenia and
elevated liver transaminases, neutrophilia, thrombocytopenia, decreased haemoglobin, decreased

albumin, and renal damage [15].

Studies have shown a significant association between troponin levels and poor outcome in patients
with COVID-19 [15], associated with a causative hypothesis of myocarditis, due to a direct viral
damage on the cardiac muscle or thrombus growing on ruptured coronary plaque, related to intense
inflammatory stress on pre-existent coronary artery disease [17].

Patients may be predisposed to thromboembolic disease, with haemostatic abnormalities, such as
elevated levels of fibrinogen, fibrinogen degradation products, D-dimer and prolonged activate partial

thromboplastin time [18].

The ACE-2 receptor is also expressed on kidney tubular cells, and viral RNA has been found in renal
tissue and urine samples. Inflammatory lung changes could damage the kidneys, as tubular epithelial

cells injury could provoke severe lung damage [19].

Surprisingly, SARS-CoV-2 has been detected in the stools of some infected individuals [8]. The virus
may enter the enterocytes by means of the ACE-2 receptor and the following lower receptor
expression could reduce the uptake of dietary tryptophan, resulting then in an intestinal microbiota

change, colitis and diarrhoea [20].

Chain and colleagues proposed that the underpinning mechanisms of liver abnormalities in COVID-
19 related to bile duct cells dysfunction may involve a severe inflammatory response to infection,
direct cytotoxicity due to viral replication in liver cells, pneumonia-related hypoxia, drugs and a

possible relapse of previous liver disease [21].

SARS-CoV-2 may enter the central nervous system (CNS) by the olfactory bulb through retrograde
neuronal course, or by the hematogenous system, provoking inflammation and subsequent
demyelination, provoking central or peripheral symptoms. Severe neurological disease was
characterized by acute cerebrovascular events, impaired consciousness and skeletal muscle injury
[22]. Conjunctivitis with impaired anterior ocular surface might be related to the viral infection into

ocular or nasopharyngeal tissues, since ACE-2 receptor has been identified in the conjunctiva [23].
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Concerning skin involvement, an Italian study confirmed erythematous rash, generalized urticaria

and chickenpox-like vescicles as cutaneous manifestations in COVID-19 population [24].

Furthermore, most patients did not experience recovery from the acute phase, which is typically
understood as complete restitutio ad integrum of the lung parenchyma [25].

Zhao et al. confirmed that pulmonary radiological and physiological impairments in patients three
months after hospital discharge were predictable by high levels of D-dimer upon admission [26]; the
authors documented a slight decrease in both forced vital capacity (FVC) and total lung capacity
(TLC) indicating a temporary restrictive impairment during the initial 3-month follow-up with a

functional recovery reported after 6 months [26].

Huang and colleagues described during early convalescence phase reduced lung diffusion capacity
for carbon monoxide (DLCO), lower TLC, and impaired six minutes walking test (6MWT) in severe
cases of infection [27]. Similarly, previous acute respiratory viral infections such as SARS (Severe
acute respiratory syndrome) and MERS (Middle East respiratory syndrome) provided long-term
sequelae [28].

1.2 Aim of the first study [29]

As it is crucial to evaluate lung function impairments for the detection and treatment of respiratory
and functional complications caused by COVID-19, we conducted a study to characterise the
respiratory profile of a cohort of survivors.

In this context, we aimed to develop a predictive risk assessment score for pulmonary radiological
sequelae at High-resolution Computed Tomography (HRCT) in COVID-19 population beyond the

acute phase in a large cohort of COVID-19 survivors in clinical follow-up.

1.3 Materials and Methods of the first study

Participants in the study were adults with radiologically and laboratory previous confirmed diagnosis
of COVID-19-related pneumonia, who subsequently referred to outpatient clinic follow-up of
“Respiratory Disease and Lung Function Unit” at University Hospital of Parma (Italy), from May
2020 to February 2021.

11



Participants anthropometric features, such as age, gender, smoking habit, comorbidities expressed by
Charlson Comorbidity Index (CCI) [30], HRCT score of pneumonia (0—100%) [31], blood laboratory
profile, and treatment, were all collected at the time of hospitalisation.

Dyspnoea (assessed with the modified Medical Research Council - mMRC) [32], pulmonary function
tests at rest, exercise capacity by means of the 6MWT [32], and HRCT score were considered at a

follow-up visit (approximately 4 months after hospital admission).

1.4 Study Design and Statistical Analysis of the first study

With a 2-tailed Pearson correlation, we analysed the parameters that significantly correlated with the
hospital HRCT score, and then using the two functional variables with the best correlation,
participants could be clustered.

Subsequently, the independent variable that best significantly discriminated subjects with
radiological residual features at follow-up was identified. By means of the receiver operating
characteristic (ROC) curve to identify specific cut-off, the level of discrimination threshold of
functional pulmonary sequelae was then checked for significant variables (dependent variables).
Lastly, these variables were elaborated to define the risk assessment score (COSeSco) to identify
individuals at higher risk of pulmonary sequelae at HRCT at follow-up [33]. The statistical analysis
was obtained using GraphPad Prism 5 software (San Diego, CA, USA), and the level of statistical

significance was p < 0.05.

This study was approved by the Hospital Local Ethics Committee (No. 34570, 14" September 2020)

and written informed consent was obtained from all participants.

1.5 Results of the first study

It is worth noting that most participants (76 over 121, 63%) had functional abnormality (DLCO and/or
TLC <80% pred) at follow-up.

A correlation analysis found that age, BMI, CCI, forced expiratory volume in 1 second (FEV1), FVC,
DLCO, TLC, alveolar volume (VA), 6MWT distance (m), peripheral oxyhaemoglobin saturation
(SpO2) at baseline and as average value during the test, all significantly correlated with the

radiological score at hospital admission. DLCO and TLC showed the strongest correlation with the
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CT scan score at hospital admission (p= —0.48 and p=—0.39, respectively; both p <0.001) (Table 1)
[29].

Table 1: COVID-19 patient characteristics at hospital admission and follow-up [29].

Patients, Patients with Patients with
N DLCO and/ DLCO and/
or TLC =80% at  or TLC <80% at
follow-up follow-up
Patients, n (%) 121 (100) 45 (37) 76 (63)***
Age, years (mean £ SD) 60.43£11.65 54.36%£10.16 64.03£11.07%**
Sex (M/F) 83/48 29/16 44/32
BMI at hospital admission, kg/m? (mean = SD) 28.95+5.57 27.33+4.55 29.43+5.29*
Smoking habit, %
Never 51.24 60.00 46.05
Former 3967 33.33 43.20
Current 9.09 6.67 10.53
CCl at hospital admission (median, minimum, 25-75 percentile, maximum) 2(0,1,4,9) 1(0,0,3,5) 3(0, 2, 5, 9)***
HRCT at hospital admission, score % (mean + SD) 41.30+23.02 26.21£16.30 49.21+22,15%
Therapy during hospitalization, %
Systemic corticosteroids 32.29 20.69 37.31
Heparin 75.00 74.63 75.86
Antivirals 67.71 65.52 68.66
Antibiotics 92.71 82.76 98.51%*
Oxygen only 62.89 7241 59.70
MNoninvasive ventilation 2268 10.34 28.36%
Invasive mechanical ventilation 7.22 6.90 7.46
D-dimer during hospitalization, ng/mL (mean + SD) 1,396+1,824 6431304 1,749+1,117*
Time between post-hospital admission and follow-up, days (mean + SD) 115+43 11147 117+41
Time between post-discharge and follow-up, days (mean + SD) 100+43 10547 97+42
HRCT at follow-up, score % (mean + SD) 7.74+12.72 3.51+7.35 11.22+15.04*
mMRC at follow-up (median, minimum, 25-75 percentile, maximum) 1(0,0,1,3) 1(0,0,1,2) 1(0,0,1,3)*
Lung function test at follow-up (mean + SD)
FEV, % predicted 100.10£19.75 110.77+£16.76 93.54+18.64%
FVC, % predicted 103.10+x20.11 113.75x17.37 96.62+18.96%**
FEV/FVC 0.79+0.08 0.80+0.05 0.78+£0.10
TLC, % predicted 94.87+15.84 103.70+£11.95 89.19+15.48***
DLCO, % 76.84+15.34 92.0419.19 67.46+9.844%*
KCO, % 91.451£16.20 96.90+£11.31 88.09+17.85**
VA, % 86.77+15.18 98.11+10.60 79.90+£13.32%%*
6MWT at follow-up (mean = SD)
Walking distance, m 404.50£77.11 435.70%£75.02 387.10+72.88%**
Walking distance, % of predicted 103.90+£17.10 108.50+23.70 101.10+£10.52
Sp0; at baseline, % (mean + SD) 95.69+1.57 95.93+1.25 95.55+1.73
Sp0, mean, % (mean x 5D) 94.18£2.56 95.11£1.43 93.63£2.91%

6MWT, 6-Minute Walk Test; BMI, body mass index; COVID-19, coronavirus disease 2019; CCl, Charlson Comorbidity Index; DLCO, lung
diffusion capacity for carbon monoxide; FEV,, forced expiratory volume in 1 second; FVC, forced vital capacity; HRCT, high-resolution com-
puted tomography; KCO, DLCO/VA; mMRC, modified Medical Research Council; n, number; m, meters; 5D, standard deviation; SpO,, pe-
ripheral oxygen saturation; TLC, total lung capacity; VA, alveolar volume. * p < 0.05, ** p < 0.01, and *** p < 0.001 between patients with
and without lung function impairment.

Considering normal/abnormal values (>/<80%) of DLCO and/or TLC, study population was
subdivided into the two groups characterized by significantly different HRCT scores at admission
and follow-up, age, BMI, CCI, 6MWT distance, mMRC and D-dimer outcomes.

Among functional variables, further significant differences were found for FEV, FVC, KCO (Krogh
constant), VA and mean SpO: during the 6MWT at follow-up.
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The linear analysis of DLCO over the HRCT score at hospital admission and follow-up also reported
significant AUC (0.89, 95% CI: 0.85-0.94, and 0.98, 95% CI: 0.97-0.99, respectively, both p <
0.001).

Anormal DLCO (<80% pred) significantly categorised the study sample according to the presence or
absence of lung sequelae by HRCT score at follow-up approximately 4 months after hospital
admission (>10% and <10%, respectively) (Fig.1) [29]. On the other hand, a lower TLC (<80%
predicted) did not successfully discriminate between participants with and without pulmonary

sequelae at follow-up, as assessed by the HRCT score (Fig.2) [29].
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Figure 1. Anormal DLCO (Lung Diffusion Capacity for Carbon monoxide) (<80% predicted)

significantly categorised the study sample according to the presence or absence of lung sequelae by
HRCT score at follow-up (>10% and <10%, respectively) [29].
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Figure 2. Abnormal TLC (total lung capacity) (<80% predicted) did not successfully discriminate
between participants with and without pulmonary sequelae at follow-up, as assessed by the HRCT
score [29].

The ROC analysis defined the specific characteristics of COVID-19 individuals with functional
sequelae 4 months after admission, such as DLCO <80% (independent variable) and, accordingly, by

radiologic sequelae (HRCT score >10%).
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Specific cut-off of each dependent variable by ROC analysis were found. We confirmed that these
patients were >65 years with a BMI >25 kg/m?, or CCI >4, or 6MWT (% pred) <100%, or mMRC
>2, or D-dimer >500 ng/mL [29]. Specific scores were then assigned to each variable cut-off
according to the level of sensitivity and specificity. Subsequently, the indices were pooled to elaborate
the COSeSco model, in which the sum of the scores resulted in COSeSco values from O to 15.
COSeSco was significantly (p < 0.001) effective by ROC analysis in differentiating subjects in terms
of radiologic sequelae (HRCT score >10%) at follow-up. The best model with the greatest overall
sensitivity and specificity is that for COSeSco values of 2 [29].

1.6 Discussion of the first study

In this research, clinical and radiological characteristics of a total of 121 participants with a previous
COVID-19-related pneumonia were assessed, and it confirmed that most of them (63%), about 4
months after acute phase, showed abnormal diffusing lung capacity and total lung capacity in an
overall mean CT score of 11.22%, in line with other reports [27].

Data confirmed that a variable percentage of SARS and MERS survivors (from 20% to 60%) showed

persistent function impairments and radiological signs of pulmonary fibrosis [34-36].

In a previous study, Zhao and colleagues reported that survivors affected by respiratory functional
impairments after three months from discharge were those with increased inflammation or
coagulopathy in the acute phase, but they were not significantly different in age in comparison with
patients with abnormal lung function, while survivors characterized by radiological sequelae at the
follow-up were significantly older when compared to patients without residual radiological changes
[26]. The authors also reported a 16% prevalence of decreased DLCO when lung function assessment
was performed three months after discharge from hospital [26]. Different studies described a higher
prevalence (between 44% and 56%), performing pulmonary function test during the first month post-
infection [27,37,38].

In our research, we further confirmed the significant relationship between age and lung DLCO and

HRCT score.

As reported, several different pathogenetic mechanisms underpinned lung injury in COVID-19 such
as alveolar and vascular injury, hyaline membrane proliferation, alveolar septal fibrous progression,

and pulmonary consolidation. These acute changes all provided a possible risk of lung fibrosis and/or
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pulmonary hypertension. In this context, it was necessary to conduct a follow-up of the survivors
after their discharge [37].

The British Thoracic Society in 2020 recommended monitoring survivors with severe pneumonia
through lung function tests 12 weeks after discharge, while for mild/moderate pneumonia patients
have their lung function assessed if chest X-rays reveal abnormalities. Detected alterations in lung
function with accompanying radiological CT abnormality should prompt referral to a specialist in

interstitial lung disease [39].

The detection of abnormal lung function (mainly due to a reduction in the DLCO values) after
discharge is reported in most follow-up studies [40,41].

In a systematic review Torres-Castro and co-workers found that impaired diffusion lung capacity,
restrictive pattern and obstructive pattern were found in 39%, 15% and 7% of patients, respectively.
In severe patients, Torres-Castro and colleagues described a very high prevalence of altered diffusion
capacity (66%), especially those with high inflammatory indices [40].

Qin and colleagues conducted a prospective study to detect the main functional and radiological
changes during 3-month follow-up. In this research, the authors found a statistically significant
difference for diffuse lung capacity among patients with severe pneumonia compared to non-severe
pneumonia group. Moreover, another interesting finding was that survivors with decreased DLCO

were more likely to have interstitial changes [41].

Regarding exercise tolerance, Huang et al. reported a greater walking distance decline by six-min
walk test (in terms of meters and %pred) during the follow-up visits in severe patients compared with
non-severe ones. The severe group also showed a higher incidence of DLCO impairment, thus

confirming the significant relationship between DLCO and 6MWT [27].

In our research study, we confirmed that individuals with lower DLCO (<80% pred) at a follow-up
had a high likelihood of having a walking distance <100%pred [29].

In addition, we described that this group of patients had a significant reduction in the KCO value (CO
transfer coefficient), indicating damage to the alveolar-capillary barrier.

Surprisingly, in our study, TLC was not significantly effective in differentiating participants with and
without pulmonary sequelae at follow-up based on radiological score. It can be assumed that
pneumonia induced by SARS-CoV-2 infection, is more likely to lead a change in ga exchange and a
tendency towards ventilatory inhomogeneity, as expressed by a reduction in VA, than by a restrictive

functional defect (TLC <80%pred) [29].
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1.7 Conclusion of the first study

The risk score presented a significant accuracy to predict the detection of functional and radiological
sequelae in hospitalised COVID-19-infected individuals. The 6 dependent variables - that
characterise patients with the functional sequelae required to calculate the risk of developing critical
illness - are easily accessible.

However, this research has some limitations, such as the absence of previous baseline pulmonary
function and lack of a control group, that it needs to be validated in an external population.

In addition, we could not stratify the risk of predicted sequelae into low, intermediate, and high risk.

Finally, further multicentre studies could confirm our results, since it is a single centre [29].

1.8 Conclusion in Progress for the Next Step

- Resting and exertional lung functional consequences after 3 months are related to the lung

acute involvement during COVID-19.

- Patients with higher lung damage on admission had worse diffusing lung capacity on the

follow-up as «abnormal gases exchange» and «ventilation heterogeneity»

- Focusing on «Long-Covid Syndrome» by Cardiopulmonary exercising test in order to

describe ventilation abnormalities regardless of spirometry.
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Second part: Breathing Pattern by Cardiopulmonary Exercising Test in Long-COVID

Population with Unexplained Dyspnoea

2.1 Background: Long-COVID Syndrome

The impact of COVID-19 so far has been unprecedented and the long-term signs and symptoms had
a further social devastating effect.

Some evidence showed that a variable spectrum of symptoms could remain after the recovery of the
acute infectious phase in who have had COVID-19, and this condition is known as Long-COVID
(LO).

The National Institute for Health and Care Excellence (NICE) define Long-COVID as:
e Acute COVID-19: signs and symptoms of COVID-19 for up to 4 weeks.
¢ Ongoing symptomatic COVID-19: signs and symptoms of COVID-19 from 4 to 12 weeks.

e Post-COVID-19 syndrome: signs and symptoms that develop during or after an infection
consistent with COVID-19, continue for more than 12 weeks and are not explained by an

alternative diagnosis.

In addition to the clinical case definitions, the term “Long-COVID” is used to describe signs and
symptoms that continue or develop after acute COVID-19. It includes both ongoing symptomatic

COVID-19 (from four to 12 weeks) and post-COVID-19 syndrome (more than 12 weeks) [42].

The Italian National Institutes of Health (ISS- Istituto Superiore di Sanita), in line with NICE, defines
“Long-COVID” as the persistence of certain symptoms beyond four weeks after SARS-CoV-2

infection despite a negative diagnostic test [43].

The Center for Disease Control and Prevention (CDC) rather considers the term “Post-COVID?”,

indicating the presence of symptoms four weeks after acute infection [44].

More recently, the World Health Organization (WHO) defined “Long-COVID” (or “post-covid 19
syndrome”) as a condition characterized by residual or “de novo” symptoms over three months from
probable or confirmed SARS-CoV-2 infection, lasting for at least two months and for which an

alternative cause is excluded. Common symptoms include fatigue, shortness of breath, cognitive
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dysfunction but also others which generally have an impact on everyday functioning. A different

definition may be applicable for children [45].

The prevalence of patients with at least one or more residual or new symptoms after recovery within
three months after the acute infection varies from 43% to 62%, regardless of disease severity or the
need for hospitalisation. In a recent meta-analysis, involving 194 studies conducted on patients with

LC, fatigue and breathlessness are two of the leading reported symptoms [46].

This syndrome gained widespread attention following a report published in BMJOpinion on 5 May
2020 in which a professor of infectious diseases, Paul Garner, shared his experience of a seven-week
“rollercoaster of ill health” after COVID-19 [47]. Garner also appeared in a feature [48] that had been
read over 1 million times by 10 August [49]. Garner’s report spread internationally, gathering a wider
patient community around what he called the "long tail" of Covid. Garner reported patients took his

account to medical appointments to provide evidence of the realness of their symptoms [50].

The patient-made term long-COVID was then made popular following the rise in the use of
#LongCovid on Twitter. This, plus the growing number of peer reviewed articles published since, has
highlighted a post-COVID-19 syndrome that can last for many weeks after the acute infection. Long-

COVID is now recognized term in scientific literature.

Also, epidemiology of this condition is not clear due to different timing of follow-up, variable
survivor population, and variance of self-reporting symptoms.

Many studies have confirmed variable incidence rates for LC considering follow-up examination
times after the acute phase, 32.6% at two months [51], 87% at two months [52], and 96% at three
months [53].

2.1.1: Sex-related Differences in Long-COVID Syndrome [54]

In one of our studies, that was conducted in “Respiratory Disease and Lung Function Unit” at
University Hospital of Parma (Italy) in 2021, we focused on male and female symptoms in a LC
population. 223 patients were totally enrolled after a median 23-week follow-up. Overall dyspnoea
persisted as the most common symptom, although less frequently than in the acute phase of infection,

together with asthenia, palpitations and disturbances in the sleep-wake rhythm.
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Considering sex differences, women were more symptomatic than men complaining of dyspnoea,
weakness, chest pain, palpitations, and sleep disturbance. On the other side, male patients improved
significantly in breathlessness and thoracic pain, without differences in fatigue and palpitations.
Conversely, female subjects did not improve in dyspnoea and chest pain, worsening in fatigue and
palpitations. Both groups showed a significant improvement in cough and a relevant worsening in
terms of sleep disturbance. As for myalgia, this improved significantly in the female participants,

while the male survivors described a trend towards improvement.

These results are in agreement with previous studies that confirmed that women had more intense
symptoms in the acute phase, while the clinical course and prognosis of the disease were more severe
in male individuals [55,56].

Similarly, in our study [54] male group presented a more extensive radiological lung impairment,
more inflammatory and D-dimer levels, and a greater need for oxygen supplementation. Drugs did
not differ significantly in the two groups, which mainly consisted of antibiotics, hydroxychloroquine,
and a prophylactic dose of heparin; male individuals were treated with antivirals slightly more

frequently, but they received less steroids [54].

Many reports suggested that differences between female and male groups could be related to sex-
linked biological and genetic factors (sex hormones and sex chromosomes) and to gender.

High-risk behaviours or jobs, smoking habit or alcohol consumption, and comorbidities, may be all
implicated in gender-related COVID-19 vulnerability. It has been hypothesised that the presence of
the double X chromosome and differences in sex hormone profile, oestrogen and testosterone, would

protect women, especially in youth, from developing a severe form of the disease [57-60].

Moreover, women showed a stronger innate and adaptive response of the immune system and this
could explain their better outcome of COVID-19 during the acute phase [57,61,62]. Women generally
develop greater humoral and cell-mediated immune responses to antigenic stimulation, infection, and
vaccination; this was confirmed also in SARS-CoV-2 infection.

However, no clear evidence explained why women were more likely to experience long-lasting
COVID-19 symptoms.

Both a persistent inflammation or an autoimmune response could lead to chronic infection, possibly

triggered by residual virus or other quiescent viruses [63].
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The literature suggests that sex hormone profiles and differences in the functioning of the innate and

adaptive immune systems could make women more sensitive to pain [64,65].

In addition, due to gender-related social factors, men are more common considered the strong gender

of masculinity, whereas women are thought to have a lower pain threshold and less endurance.

2.1.2: Pathophysiological Mechanisms in Long-COVID Syndrome

In 2021 Lopez-Leon and colleagues published a systematic review and a meta-analysis in which
totally 55 long-term “effects” of COVID-19 were described two weeks following acute infection
including signs, symptoms, and laboratory parameters. Fatigue (58%) was confirmed the most
common symptoms of long and acute disease following by headache (44%), attention disturbances
(27%), hair loss (25%), and dyspnoea (24%). The study focused on neuropsychiatric symptoms,
whose cause could be related to direct infection effect, cerebrovascular disease due to state of

hypercoagulability and hypoxia, drugs, and social aspects [66] (Fig.3).
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Figure 3. Long-term “effects” of coronavirus disease 2019 (COVID-19). CRP C-reactive protein,
CT computed tomography, IL-6 Interleukin-6, NT-proBNP (NT)-pro hormone BNP, OCD Obsessive
Compulsive Disorder, PTSD Post-traumatic stress disorder [66].

Regarding pathophysiological mechanisms underpinning LC syndrome, the cited systematic review

and meta-analysis considered lung chronic inflammation due to cytokines and reactive oxygen

species (ROS).

Also, endothelial damage could provide the activation of fibroblasts and deposition of collagen and

fibronectin resulting in fibrotic features.

Finally, the hyperinflammatory and hypercoagulability could be related to endothelial impairment,

complement and platelet activation, and platelet-leukocyte interactions, all lead to impairment of

coagulant pathways and hypoxemia.

22



In the CNS, the prolonged and persistent immune response induces glial cells to chronically damage
neurons. This state of hypercoagulation increases risk of thrombotic events in the brain. On the other
hand, blood-brain barrier injury could induce pathological permeability, allowing blood-derived
substances and leukocytes to infiltrate the brain tissue.

Autonomic dysfunction could be the effect of chronic inflammation in the brainstem. It is described

that the neurological condition of LC is linked to cognitive dysfunction.

Cardiac sequelae could be secondary to chronic inflammation of cardiomyocytes, myositis and
cardiomyocytes death. Dysfunctional autonomic nervous system can explain postural orthostatic
tachycardia syndrome (POTS), that includes an increase in heart rate >30 bpm on standing, without
a drop in blood pressure (BP), accompanied by breathlessness, palpitations and dizziness on standing
(orthostasis).

Persistent cardiac inflammation and cellular injury induce fibroblasts to release extracellular matrix
molecules and collagen. Fibrotic features are associated with an increase in cardiac fibromyoblasts,
while damage to desmosomal proteins results in reduced cell-to-cell adhesion.

The occurrence of dysautonomia and brain fog suggests neurological contributions to LC, and fatigue,
one of the most common symptoms, could also be impacted by neurological dysfunction.
Inflammation is likely to be critical in the pathogenesis of post COVID-19 sequelae. Individuals with

LC present elevated inflammatory markers for several months [67].

Concerning the symptom of fatigue, other different mechanisms have been described to better
understand the origin.

Chronic inflammation in the brain, as well as the neuromuscular junctions, may result in long term
fatigue.

In skeletal muscle, sarcolemma injury and muscle fibre atrophy could be considered, as might a
number of psychological and social factors [66].

Regardless the specific molecular trigger, neuromuscular mechanisms might contribute to
symptomatic fatigue, given that most common symptoms of post-COVID fatigue relate to physical

and cognitive activity, both of which are based on neural circuitry [68].
Regarding vaccination against coronavirus, Taquet et al. in 2022 found that the risk of developing LC

was not significantly different between those with and without COVID-19 vaccination. Vaccination

did not reduce risk of anxiety/depression, headache, abdominal complains, chest/throat discomfort,
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abnormal breathing and cognitive symptoms. However, certain symptoms, notably fatigue and

myalgia, were less common in the vaccinated population [69] (Fig.4).
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Figure 4. Hazard ratios for the outcome within 6 months of infection with SARS-CoV-2 between
individuals vaccinated vs. unvaccinated against coronavirus-19. HR < 1 indicate outcomes less
common among vaccinated individuals [69].

2.1.3: Pathophysiological Mechanisms of Breathing Pattern in Long-COVID Syndrome

The most common complaints during Long-COVID (from here on LC) are represented by dyspnoea
and fatigue on exertion [66].

In this context, the cardiopulmonary exercise test (CPET) is a valuable tool to understand
physiological limitations to exercise performance and to assess to the different physiological
processes that become dysfunctional in LC.

The origin of breathlessness and poor exercise performance in LC patients has been investigated but
contrasting findings were obtained mostly because of the heterogeneity and small sample size of

survivors, variety of procedures and methodology.
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Persistence of dyspnoea in patients that experienced COVID-19 pneumonia or milder forms of
infection seems not to be related to the degree of disease severity or the residual impairment in lung
function, which often corresponds to a mild and moderate reduction in diffusing capacity of the lung

for carbon monoxide and in total lung capacity.

In one of the studies focusing on mechanisms underpinning long-term dyspnoea and exercise
performance using CPET, Steinbeis and colleagues reported that breathlessness (measured by mMRC
score) was negatively correlated with overall exercise tolerance and oxygen uptake, and with
ventilatory efficiency and breathing equivalents. Surprisingly, breathing equivalents were similar
among patients regardless dyspnoea. These findings indicate that impairment of ventilatory
mechanics due to neural or muscular causes could play a more relevant role for the respiratory

sequelae than lung parenchymal damage [70].

Unexplained breathlessness is one of the main indications to perform CPET and several studies in LC
patients with unexplained dyspnoea have published. In this context, CPET was used as a cornerstone
to understand physiologically the degree and origin of any limitation, recognising that most post

COVID-19 symptoms could be worsened by exertion.

The first research studies focused on a CPET profile of deconditioning, because of an acute
inflammatory process, prolonged bed rest, post-traumatic syndrome and depression.

Rinaldo and colleagues studied a group of LC patients three months after hospital discharge [71]. The
researchers apparently found no evidence of ventilatory limitation, though 55% of the subjects had a
reduced peak oxygen consumption (VO2) in a maximal exercise protocol. The authors concluded that
the combination of an early anaerobic threshold (AT), blunted oxygen pulse (VO2/HR) and reduced
metabolic efficiency (VOa/work rate) was considered as a pattern of deconditioning. However,
deconditioning is an inaccurate diagnosis in which direct measure of cardiac output (for oxygen
deliver) or peripheral oxygen uptake (for peripheral muscle pathology) are missing. In common
practice, deconditioning suggests a passive process of muscle inefficiency, often secondary to

decreased use (e.g., immobility, illness).

Skjgrten and colleagues described that reduced peak oxygen uptake obtained by CPET correlated
with disease severity, suggesting a peripheral muscle system limitation. In this study, the authors also
found impaired ventilatory efficiency, a combination of raised respiratory rate and dead space

ventilation, and increased chemosensitivity in LC patients [72].
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In 2021 Motijunaite and collaborators conducted a prospective single-centre study of 114 patients at
about three months after acute infection [73]. They were interested in pulmonary, cardiac and
functional capacity by means of CPET to better understand the discrepancy between dyspnoea and
lung function.

Cardiovascular inefficiency was considered in the presence of left ventricular systolic or diastolic
dysfunction, and/or reduced peak oxygen uptake (<85% of predicted value), and/or reduced oxygen

pulse, chronotropic insufficiency or reduced peak circulatory power.

Ventilatory limitation was described with a significant reduction of pulmonary function tests at rest
(i.e., FEV| <70 % pred and/or DLCO <70% pred); breathing reserve <30%; or hypoxaemia (SpO2
<88%) by exertion.

Peripheral cause of disability was considered if there was a decreased oxygen uptake at peak with AT

< 40% of predicted, without specific ventilatory or cardiac limitation.

Physiological features of inadequate hyperventilation by exertion consist of higher VE/VCO: slope
(>40), increased ventilatory equivalents, as well as higher VE measured at AT in absence of clear

pulmonary or cardiac limitation.

The authors found a higher prevalence of exercise intolerance due to peripheral deconditioning when
related to the study by Rinaldo et al. [71], although one third of the participants showed a pattern of
inadequate exercise hyperventilation (as confirmed by increased VE/VCO, slope) [73]. This
condition could be explained by an abnormal central ventilatory control following a respiratory

infection and resulting in respiratory alkalosis.

For clinical practice, the identification of hyperventilation syndrome is an essential step to be able to
resort to respiratory physiotherapy with an expert therapist, although sometimes spontaneous

recovery can be described.

Subsequent research focused on dysfunctional breathing (DB) as abnormal and irregular ventilatory
pattern on exertion and it was recognized in a variable range from 29% [74] to 63% [75,76] of the
LC patients. Importantly, concerning ventilatory response, these findings reported relevant
percentages of LC individuals affected by DB during incremental maximal exercise, with and without

hyperventilation [74-76] (Fig. 5, Fig. 6 and Fig. 7).
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Figure 5. (A) Normal subject. (B) Respiratory limitation showing a regular, but limited increase of
tidal volume with high breathing frequency. (C) Dysfunctional breathing with an erratic pattern [74].
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Dyspnoea could be the result of dysfunctional breathing (DB), that is considered a group of
respiratory disorders characterised by chronic changes in the respiratory pattern as a physiological
response to disease but also as pathological response to the absence or in excess of physiological
respiratory or cardiac disease. A gold-standard diagnostic method is missing, so the exact prevalence
of the clinical condition is unknown and patient selection criteria in different studies can play an

important role. The identification of DB is currently based on the exclusion of organic disease [77].

DB, as a neural breathing disorder, could be considered the result of an abnormal breathing drive
developing a respiratory discomfort without a particular cardiopulmonary disease.

It is noteworthy that the diagnosis of DB is based on the visual analysis of the plots showing the
relationships between tidal volume (Vr), respiratory rate (RR) and minute ventilation (VE); therefore,
the identification of DB is subjective and not be reproducible. Analysis of tracking of respiratory

flow, frequency and volumes during tidal breathing can give useful information.

Among different breathing disorders, hyperventilation syndrome is commonly defined by the rapid
RR, and Vr similar to inspiratory capacity (IC); in erratic breathing pattern, the patient is unable to
coordinate a maximal expiratory and inspiratory manoeuvre; in the thoracic dominant breathing, the
large volume breaths occur with minimal inspiratory reserve capacity; forced abdominal expiratory
pattern is characterised by tidal breathing occurring at low volumes, with minimal expiratory reserve
volume; and finally, thoraco-abdominal asynchrony demonstrates asynchrony during quiet tidal

breathing [77].

A very simple and well-known analysis of the breathing pattern could be performed with the ratio of
the inspiratory time (Ti) - during the tidal volume (V) -, to the total breath duration (T1/Ttor) whereas
the inspiratory flow could be measured by the ratio of Vr to Ti.

In this context, T/Ttor represents the duty cycle of the respiratory system, whereas V1/T1has been

widely defined as a measure of respiratory drive [78] (Fig. 8).
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Ti/Tror has been termed also fractional inspiratory time and when it is prolonged it predisposes to

respiratory muscle fatigue and it is of equal importance to the tension developed by the muscle, as a

determinant of diaphragmatic fatigue [79].

Up to now, assessment of BP on effort in a very small health study population has been published in

a report of Lind et al. During incremental-load exercise, Ti/Ttor rises with rising minute ventilation

[80].
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2.2 Aim of the second study [81]

The primary aim of our study was to analyse pathophysiological mechanisms of BP underpinning
unexplained dyspnoea in LC patients, by means of Ti/Ttor and V1/Ti at rest and during maximal

exercise by means of CPET.

Moreover, to understand the differences of breathing pattern between LC sample study and healthy
subjects, we analysed physiological response to maximal incremental-load exercise in a large cohort
of LC individuals with normal pulmonary function but suffering from unexplained dyspnoea and in
a control group. In this context, T/Ttor and V1/T; of all the participants were evaluated, using a

standardised CPET method, and then we considered the different ventilatory profiles.

2.3 Materials and Methods of the second study

We conducted a prospectively cross-sectional study enrolling subjects affected previously by SARS-
CoV-2 infection that was confirmed by RT- PCR from nasopharyngeal swabs.

Study population referred for CPET at the “Respiratory Disease and Lung Function Unit” (University
Hospital of Parma, Italy), and at the Cardiac Unit (“G. da Saliceto” Hospital of Piacenza, Italy) for
unexplained dyspnoea lasting at least three months after SARS-CoV-2 infection.

We excluded patients performing impaired pulmonary function or affected by known
cardiopulmonary illness.

We also recruited routine outpatient clinic never smoker, healthy, age-, sex- and BMI-matched

participants, as healthy subjects (HS).
The study was approved by the Local Ethics Committee of North Emilia (approval number: 131,

dated 18 March 2022).

2.3.1 Pulmonary Function and Cardiopulmonary Exercising Test

All participants in the study performed pulmonary function tests, following the international

recommendations [82] and by means of a flow-sensing spirometer (Vmax 22 and 6200, Sensor
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Medics, Yorba Linda, CA, USA). Dynamic lung volumes (FVC and FEV;) were obtained and

expressed as percentage of the predicted values [83].

All subjects with normal spirometry then underwent CPET as a standardised procedure [84].

Study population sit on an electromagnetically braked cycle ergometer (Corival PB, Lobe Bv,
Groningen, The Netherlands; Cosmed, Rome, Italy). The maximal exercise protocol consisted of an
initial 3-min time of rest, followed by 3-min unloaded cycling warm-up time, and then by incremental
of 5-20 Watts/min protocol, based on anthropometry, in order to achieve an exercise time in between
8 and 12 minutes.

Participants were asked to maintain a pedalling frequency of 60 rotations/min monitored by a digital
display, while they were monitored by a 12-lead electrocardiogram (Welch Allyn CardioPerfect,
Delft, The Netherlands) and by a pulse oximeter (Pulse Oximeter 8600, Nonin Medical Inc., MPLS,
MN, USA; Cosmed, Rome, Italy). In the same time, blood pressure was measured every 2 minutes.
Exercise was stopped according to the standardised criteria [84]. Predicted values were calculated

according to equations by Wasserman et al. [85].

Main breath-by-breath parameters were recorded during the maximal exam (CPX/D; Med Graphics,
St. Paul, MN, USA; Quark CPET, Cosmed, Rome, Italy), such as VO, (mL/kg/min), VCO,
(mL/kg/min), V1 (L), RR (bpm) and minute ventilation (VE) (L/min) [85].

Ventilatory tolerance on exercise was also assessed in terms of breathing reserve (BR, %). This
parameter was calculated by the formula 1- (peak ventilation/maximum voluntary ventilation, MVV)
* 100, where MVV was obtained by FEV; * 40.

Ventilation response during exercise was expressed as a linear regression function by plotting VE
against VCO, obtained every 10 seconds [84]. Then, the slope was determined from the VE/VCO,
regression line.

The end-tidal pressure of carbon dioxide (PETCO:) in mmHg was obtained as mean of PETCO-
during the 3 minutes at the rest phase and during the last 20 seconds of the maximal exam and it was
also recorded as APETCO; (difference between PETCO> peak and PETCO; rest).

The pattern of breathing was analysed by recording Ti/Ttor and V1/T1 for the duration of the exam

(rest time and exercise period).

Regarding metabolic capacity, peak workload (Watts) and peak VO, (mL/kg/min) were measured as

the mean value of Watts and VO, during the last 20 seconds of the test.
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AT was expressed as absolute value of VO, in mL/kg/min and it was defined by both V-slope and
ventilatory equivalents methods (“dual method approach’) [84].

The cardiovascular performance on exertion was considered by oxygen pulse (O;Pulse, expressed as
VO,/HR) and oxygen uptake efficiency slope (OUES) i.e., the relation between oxygen uptake and

ventilation [86]. Also, heart rate recovery at maximal exercise (HRR) in bpm was recorded [87].

Dyspnoea related to maximal incremental exercise was obtained at the end of the exam by means of
a visual analogue scale (VAS) scored 0-100, which consisted of a 100 mm-horizontal line with “none”
at the left end of the scale and “very severe” placed at the right side. Dyspnoea VAS assessment was

then divided by the maximum workload (in mm/watt).

2.4 Statistical Analysis of the second study

Due to the explorative nature of the study no formal sample size calculation was performed.

The normal distribution of investigated variables was evaluated by means of Kolmogorov—Smirnov
Goodness-of-Fit test.

Continuous variables characterized by normal distribution were reported as means * standard
deviation (SD), whereas continuous variables characterized by non-normal distribution were reported
as medians and 1* and 3" quartiles (IQR). The number of participants and percentage were reported
as categorical variables.

Concerning the correlation analysis, the Pearson (r) correlation coefficient will be used for linear or
normally distributed variables; the Spearman (p) correlation coefficient will be used for not linear or
not normally distributed variables.

Comparisons between variables were determined by unpaired #-test or by Chi-square test, when

appropriate.

The Ty/Tror cut-off value of 0.38, the median T/Tror value at the peak of exercise in the control

group, was chosen a posteriori.
Appropriate curve-fitting models were identified to analyse during exercise: Tv/Tror, [Y = (YO-

Plateau) * exp(-K * X) + Plateau, where YO is the Y value when X is zero, plateau is the Y value at

infinite values, and K is the rate constant expressed in reciprocal of the X axis] and Vi/Ti [Y = Y
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Intercept + Slope * X, where Y Intercept is the Y value where the line intersects the Y axis, and slope

is the slope of the line, expressed in Y units divided by X units].

A p<0.05 was taken as significant. Statistical analysis and diagrams were obtained by Prism 8 (©2018

GraphPad Software, La Jolla, CA, USA).

2.5 Results of the second study

Totally, 42 LC participants and 40 HS controls were enrolled. They aged between 22 and 66 years
in LC population, and between 26 and 79 years in HS sample.
Concerning lung function, we found that among L.C group, spirometric parameters were normal,

although FEV| values were statistically lower than for HS controls (Table 2).

Table 2. Subjects’ characteristics and variables. Values are expressed as mean * SD. Bold values
represent statistical significance [81].

Variables HeaI:I]:l}; -C;]l;lmls Long C({!}ui-[ i)ll)lalients p
Age (years) 47 £ 11 49 +12 0.494
Sex (F/M) 22/18 23/19 0.983
BMI (Kg/m?) 2544 26+3 0.121
FVC (% pred) 108 = 15 101 +17 0.066
FEV1 (% pred) 106 =12 99415 0.025
FEV/FVC (%) 826 B1+6 0.255
VO, peak (mL/kg/ min) 31+10 23+ 8 0.001
VO, peak (% pred) 105+27 84 +21 0.001
Waorkload (Watts) 181 =65 123+ 43 0.001
Waorkload (% pred) 117 =36 82+22 0.001
AT (mL/kg/min) 21+10 16+ 8 0.030
O Pulse rest (mL/bpm) 49424 41+13 0.069
O; Pulse peak (mL/bpm) 146 £45 117 +£36 0.002
OUES (mL/ min) 2288 + 687 1688 + 686 0.001
HR rest (bpm) 75+ 14 85+15 0.002
HR peak (bpm) 152+ 19 147 +15 0217
HR peak (% pred) 889 86+ 8 0.377
HR recovery (bpm) 25+9 20+10 0.009
BR (%) 50+11 51+14 0.768
VE peak (L/min) 72426 59421 0.023
Virest (L) 074+03 074+ 03 0.994
Vi peak (L) 237 +08 197 + 05 0.007
RE rest (bpm) 1445 446 0.770
RR peak (bpm) sl+7 31+9 0.847
PETCO, rest (mmHg) BE6 3444 0.319
PETCO; peak (mmHg) 41+5 41 +5 0.921
A PETCO; {(mmHg) Bt6 F+H 0.468
VE/VCO: Slope (L) 26 +4 3044 0.001
Tt/ Trot rest 0.29 + 0.09 0.36 £ 0.09 0.001
Ty/Tr.: peak 0.39 + D.05 042 + 0.06 0.034
Vi /Ty rest (mL/s) 685 + 397 605 + 262 0.286
V1/T; peak (mL/s) 3155 +£ 1101 2560 + 850 0.008
VAS dyspnoea (mm /watts) 0.48 +0.19 0.64 +0.22 0.022
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All participants performed CPET with a good compliance and no complications appeared.

We noted that the average time between SARS-CoV-2 infection and CPET was 12 months.

In our findings we described that LC sample presented a worse metabolic and cardiovascular
performance on exercise, as confirmed by lower values of VO; at the peak and at anaerobic threshold,
worse maximal workload, lower oxygen pulse values at the peak, and decreased OUES values, as

well as greater values in VAS dyspnoea scale, as compared to HS group (Table 2).

Analysing ventilation tolerance on exertion in LC group, they showed significantly higher VE/VCO:
slope than HS controls, but not in terms of in BR or PETCO: values (Table 2).

Considering breathing pattern, when compared to HS sample, LC group did not differ in terms of RR
both at rest and at the peak of exercise, but they performed lower Vr at the peak.
LC patients also were characterised by significantly greater values of Ti/Ttor at rest and at the peak

of exercise (Table 2) (Fig. 10), and lower values in V1/T; at peak (Table 2) (Fig. 11).
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Figure 10. Mean, SD and range values of Ty/Tror at rest and at peak of exercise in 40 healthy subjects
and 42 Long-COVID patients [81].
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Figure 11. Mean, SD and range values of V1/T; at rest and at peak of exercise in 40 healthy subjects
and 42 Long-COVID patients [81].

The best-fit curves of the data points on exercise of Ti/Tror and V1/Ti plotted against VE (expressed

as % peak) were significantly different between LC group and controls (Fig. 12).
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Figure 12. Best fitting curves of data points of Ti/Tror (left panel) and Vi/T; (right panel) and 95%
confidence bands during exercise in 42 Long-COVID patients and 40 healthy subjects. * p < 0.05;
%k p < 0.001 [81].
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Moreover, LC participants performed Ti/Tror at peak significantly related to APETCO: (p= 0.009)
(Fig.13).
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Figure 13. Relationship between Ty/Tror values at peak of exercise and APETCO; values in 42 LC
patients [81].

We also analysed the sample of LC patients by means of Ti/Ttor cut-off value of 0.38 and found that
29 patients out of 42 LC participants presented Ty/Tror > 0.38. They showed lower values in VO,
peak (21 =5 mL/kg/min vs. 27 + 10 mL/kg/min; p = 0.011) (Fig. 14 — upper panel) and in maximal
workload (114 % 28 watts vs. 144 + 60 watts; p = 0.035), and higher values in VE/VCO: slope (31 +

4 L vs. 28 =3 L; p=0.036) (Fig. 14 — lower panel), when compared to the other 13 subjects with
Tv/Tror < 0.38.
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Figure 14. Mean, SD and range values of VO peak (upper panel) and of VE/VCO: slope (lower
panel) in 13 LC with TyTror < 0.38 and in 29 Long-COVID patients with Ti/Tror > 0.38 peak of
exercise. In the current study, LC had higher values in VE/VCO: slope, as compared to controls, but

they did not differ in terms of PETCO:, thereby showing ventilatory inefficiency without
hyperventilation [81].

2.6 Discussion of the second study

In this research study, we found that LC sample showed an increase in mean V1/Ti (as inspiratory
flow values) that during exercise, but lower than that in control group. So, we can conclude that LC

group developed a lower minute ventilation at peak exercise, as compared to HS controls.

Our results are in line with previous findings by Lind and Hesser [80] who firstly analysed breathing

pattern using Tr/Tror and V1/T1 on maximal exercise in a very small sample of male healthy

individuals.
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Therefore, as found in LC population, higher values of Ti/Tror provide respiratory muscle fatigue as

the tension developed by the muscle as a determinant of the fatigue of the diaphragm [79].

V1/T1 has been termed mean inspiratory flow rate and it is considered as a measure of respiratory
drive, since it was found to be related to indices of neural respiratory centre output, such as Po.

(airway occlusion pressure at 100 ms) and the ventilatory response to hypercapnia [88].

Altogether, our findings suggest that LC survivors present a breathing pattern with a higher
diaphragm intolerance and lower efficiency than the reference controls. Most of the work of breathing
is performed by the diaphragm. After respiratory illness, diaphragmatic performance may be impaired
and the accessory muscles of the respiratory system could be recruited more strongly [89], resulting
in an abnormal breathing pattern and dyspnoea, especially when mechanical ventilation is required

or in conditions of general physical deconditioning.

Limitations might be considered when interpreting the results of our research.

First of all, we had no data on breathing patterns before SARS-CoV-2 infection and no comparison
before and after infection.

Secondly, we used PETCO; to estimate indirectly PaCO, to exclude hyperventilation syndrome,

without arterial blood gases due to non-invasive nature of the study.

On the other hand, we believe the selection of age-, sex- and BMI-matched controls as a strength of
the work.
In addition, breathing patterns were investigated using an objective and standardised approach based

on Tr/Tror and V1/T1 measurements.

2.7 Conclusion of the second study

In conclusion, we found impairments in resting and exercise breathing patterns and a CPET profile
of deconditioning in individuals with previous SARS-CoV-2 infection who subsequently complained
of prolonged unexplained dyspnoea.

To improve this uncomfortable condition, pulmonary rehabilitation (PR), including breathing control

techniques, may be useful.
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Third part: Effects of Pulmonary Rehabilitation and Physical Activity on Long-COVID

Population

3.1 Background: the Importance of Pulmonary Rehabilitation

During the first three years of the pandemic COVID-19, the global mortality rate has reduced from
101600 deaths weekly in January 2021 to 6500 deaths weekly in March 2023. The number of
hospitalizations has also declined. Globally, as 12 October 2023, there have been 771.1191.203
confirmed cases of COVID-19, including more than 6 million dead, reported to WHO. As of 5
October 2023, a total 13.516.809 vaccine doses have been administrated [1].

The effective vaccination reduced severity of acute disease [90], together with the use of acute

therapies like dexamethasone, interleukin-6 (IL-6) inhibitors, anti-viral drugs and baricitinib [91].

In the first quarter of 2020, approximately 1 in 6 immune-naive patients hospitalised with COVID-
19 developed severe illness requiring ICU (Intensive Care Unit) admission, most of whom required
ventilation (non-invasive or invasive mechanical ventilation) [92].

The risk of severe COVID-19 in immune-naive patients is less clear due to increasing exposure to

SARS-CoV-2, and identifying a truly immune-naive population is difficult.

Subjects recovered from the acute phase of COVID-19 can develop prolonged or persistent
impairments in almost all body systems associated with a variable burden of signs and symptoms (as
generally known Long-COVID syndrome, LC). The precise prevalence of the condition is unknown
and varies depending on the method of measurement, the cohort examined, the virus variant and

vaccination status.

The complexity of the clinical disorders makes rehabilitation difficult to target and requires the
definition of specific protocols.

In this context, international guidelines on managing LC are not specific for rehabilitation and to date,
the effectiveness of breathing exercises and retraining after acute COVID-19 has not been established.
It had been reported that post-COVID patients could have an impaired physical condition when they

were discharged home, even after early mobilization [93].
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Despite clinical indications of pulmonary rehabilitation (PR) have been proposed by international
guidelines and recommendations, the feasibility and the effects of rehabilitation programs in patients

recovering from COVID-19 remained to be defined in the first periods of pandemic [94-96].

In 2020 as international scientific societies and clinicians elaborated recommendations about the
acute phase of COVID-19 [94-96], further approaches including pulmonary rehabilitation have been

recommended also for post-acute phase of the disease [97-100].

In this regard, rehabilitation represents an important treatment option for survivors after COVID-19,
especially for those who have been hospitalised. It can improve functional capacity, reduce
deconditioning after prolonged immobilisation in the ICU, facilitate return to work, and improve

quality of life (QoL) [101].

As COVID-19 is a multi-systemic disease, rehabilitation requires a multidisciplinary team (MDT)
rehabilitation. Whenever possible it should be started in the ICU. Progressive rehabilitation
programmes are best started within the first thirty days (post-acute phase), as recommended by the
National Institute for Health and Care Excellence (NICE), to have the greatest impact on recovery

[102].

In 2020 long-term clinical consequences of COVID-19 were unknown, but evidence from previous
coronavirus outbreaks demonstrated impaired pulmonary and physical condition, reduced QoL and
emotional distress.

Worse lung function was associated with damage caused by both mechanical ventilation and
pathophysiology of viral response [103].

Moreover, prolonged immobility and use of sedatives have been related to respiratory and peripheral

muscle weakness. All these factors contribute to worsening functional capacity and QoL [104].

A new consensus statement has been developed by multidisciplinary experts (rehabilitation, sports
and exercise medicine, rheumatology, psychiatry, psychology, pain medicine, and general practice)
working at the Defence Medical Rehabilitation Centre, Stanford Hall, UK.

These recommendations have been obtained by evidence-based consensus to guide medical care and
rehabilitation, based on emerging evidence from COVID-19 survivors and knowledge gained from

previous coronavirus epidemics [105].
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This consensus statement provides a general framework that sums up the evidence and likely
requirements for multidisciplinary rehabilitation after COVID-19 disease for a target population of

active individuals, including military personnel and athletes.

Here the definition of rehabilitation:

“Rehabilitation is patient-centred and tailored to individual patient needs; any rehabilitation
programme should take into account comorbidities that may affect a patient’s progress or ability to

partake in a programme” [106].

Regarding pulmonary rehabilitation (PR), it has been promoted to provide comprehensive care and
improve the functional status of patients with respiratory disease [107], as it can be considered as “a
multidisciplinary intervention based on personalised evaluation and treatment which includes, but is
not limited to, exercise training, education, and behavioural modification designed to improve the

physical and psychological condition of people with respiratory disease”.

PR includes complementary practises, such as optimising medical management, prescribing exercise,
educational and psychosocial programmes, behavioural modification strategies and occupational
therapy.

PR has been confirmed to be able to improve symptoms, functional exercise capacity, and QoL in
patients affected by respiratory disease, even in case of progressive lung damage. These effects are
achieved by treating the secondary morbidity causing the impairment and improving function rather

than the respiratory disease itself [108].

Most of programmes internationally including exercise training (ET), that plays a key role in PR [109]
and it is based on the general principles of exercise physiology: duration, intensity, frequency,

specificity and reversibility [108].

Most evidence on PR in 2020 was reported in older populations with chronic obstructive pulmonary
disease (COPD) or younger groups with asthma, however there was evidence of PR in pneumonia
disease [110,111] interstitial lung disease (ILD) and SARS [112] as well as emerging reports of PR
being used in the early stages of COVID-19 [113].

With a focus on COVID-19 during the acute phase, most physical and functional concerns were
peripheral muscle dysfunction (due to deconditioning and decreased lean body mass, ICU

neuropathy, fatigue and hypoxaemia), respiratory muscle impairment (dysfunctional breathing
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pattern, and exercise-induced laryngeal obstruction), cardiac injury and deconditioning, and

psychosocial factors (anxiety, depression, guilt, sleep disturbance and addiction).

Several patients infected at the beginning of the pandemic were referred to ambulatory respiratory

rehabilitation with the aim of improving functional impairment and/or persisting dyspnoea [99].

Jiandani and colleagues with a preliminary retrospective study in 2020 explored the physiotherapy
practices that could be implemented in COVID-19 survivors in the ICU in terms of mobilization and
oxygen need. Most common programs following appropriate measures of infection containment
consisted of therapeutic positioning, early mobilization and breathing exercises with promising

effects in early patient ambulation and discharge [114].

One of the first studies to confirm that PR was possible and effective in patients recovering from
COVID-19, including those requiring ventilation or oxygen supplementation, was a real-life
retrospective multicentric research by Zampogna and co-workers. 140 patients admitted to an
inpatient PR programme confirmed improvements in Short Physical Performance Battery (SPPB,

primary outcome) and in Barthel Index (BI), as well in 6 MWD [115].

This pulmonary rehabilitation program was according to the Italian Position Paper [95].

In 2020 in another retrospective analysis of 137 hospitalized patients with COVID-19-induced
pneumonia, Lv et al. found that the frequency of pulmonary dysfunction in short-term (two weeks)
after discharge was relatively high, manifesting as restrictive dysfunction and small airway injury. In
fact, focusing on the severe group of patients, 88.9% of them had mean forced inspiratory volume
(IVC) < 80% pred, and 55.6% of patients had an FVC <80% pred.

Analysing the small airway function, 55.6%, 40.7%, and 25.9% of individuals had maximum
expiratory flow rate at 25%, 50% and 75% of the vital capacity (MEF2s, MEFso, and MEF7s) values
<70%, respectively.

On the other hand, in non-severe sample 79.1% of patients had an IVC < 80% pred, and 16.4% of
subjects had an FVC <80% pred. The mean MEF2s, MEFso, and MEF75 <70% values were 57.3%,
30%, and 13.6% respectively. These preliminary findings focused on pulmonary function and

suggested rehabilitation treatment if required [116].

Then, in 2021, Lopes and colleagues focused on small airway dysfunction by means of impulse

oscillometry (I0S) at 2" and 5™ months after acute phase. They demonstrated that in COVID-19
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survivors who complained of respiratory symptoms, impaired small airway function was the most
frequent abnormality.

During this 3-month follow-up, a significant improvement in respiratory symptoms (cough and/or
dyspnoea) was described. In the comparison between the 2™ and 5" months post COVID-19, an
abnormality on IOS was observed in almost 90% of patients with persistent respiratory symptoms,
with this frequency decreasing to approximately 70% in the 5" month. Regarding spirometry, the
authors observed that it was abnormal in approximately 44% and 34% of patients at 2" and 5"

months, respectively, but the difference was not significant [117].

To describe the characteristics of real-life patients referred with LC and their evolution during
rehabilitation, Bouteleux et al. reported that 64% of their cohort were middle-aged with no significant
comorbidities and mild severity at presentation. The prevalence of hyperventilation syndrome was
striking [118]. On the other hand, according to data heterogeneity in rehabilitation, programme

duration can be variable in this population.

Consistent with previous reports in a similar population [119], data suggested that lung function was
almost preserved in terms of spirometry. Data from Sonnweber and colleagues supported that
impaired lung function is poorly described by spirometry alone, as diffusing lung capacity is most
impaired parameter in COVID-19 survivors. However, these authors also described a favourable
evolution of lung function at 60 and 100 days, demonstrating persistence of dyspnoea more than four
months after infection. This suggests a lack of correlation between respiratory function and

symptoms.

Bouteleux and co-workers recognized the lack of diagnostic method for hyperventilation syndrome
and that a standardised CPET could have more accurately prevented the detection of other aetiologies
of DB; however, hyperventilation syndrome improved in study population between first and second
assessments. The authors reminded the screening for hyperventilation syndrome should be included
in the evaluation of patients referred to rehabilitation with persistent dyspnoea related to COVID-19,
once all other causes have been excluded [118].

Long-lasting clinical and functional consequences qualifying patients for outpatient rehabilitation
after SARS-CoV-2 infection may occur unexpectedly also in patients with mild initial manifestations
of the disease. In this context, pulmonary function tests appeared to be insufficient to clearly explain

prolonged breathlessness after COVID-19.
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It could be important screening of hyperventilation syndrome in COVID-19 outpatients referred for
rehabilitation in relation to their dyspnoea. This component as well as the associated functional

impairment, may improve with early referral to rehabilitation.

ERS (European Respiratory Society) - ATS (American Thoracic Society) Task Force guidance
strongly recommended identifying rehabilitation needs in COVID-19 patients, whether or not they

required hospitalisation [120].

PR is a feasible, safe and effective therapeutic option in COVID-19 patients regardless of disease
severity. Gloeckl et al. conducted research in 2021 to prospectively consider the efficacy, feasibility
and safety of PR in COVID-19 patients, comparing PR outcomes between patients with a

mild/moderate versus severe/critical disease [121].

Patients participated in a 3-week multidisciplinary inpatient PR. The PR programme was based on
the PR protocol lung fibrosis. Participants performed 6MWT on admission and at the moment of
discharge from PR and 30 meters was considered a minimal important difference, as 6-min walking
test was the primary outcome of this study [122].

An endurance shuttle walk test (ESWT) was performed at 85% of the maximum walking speed
derived from an incremental shuttle walk test [122].

The author found that upon admission to PR, patients with severe/critical COVID-19 had significantly
lower exercise performance (6MWD 344 m versus 509 m; p<0.001) and worse lung function (FVC
75.1% versus 80.0%; p<0.004) compared to patients with mild/moderate COVID-19.

At PR discharge, patients in both groups improved significantly exercise performance and lung

function. PR was well-tolerated and uneventful.

In 2022 a randomized controlled trial considered the role of the inspiratory muscle training (IMT) on
recovery post COVID-19 as an important home-based rehabilitation strategy and the study confirmed
a positive effect [123]. 281 adults about 9 months after infection were randomised 4:1 to an 8-week
IMT or to an “usual care” control arm.

IMT uses airflow-restricted breathing to challenge the respiratory muscles, inducing a hypertrophic
response similar to that seen in the peripheral musculature following programme of resistance training
[124], and can be performed independently at home by a handheld inspiratory flow resistive device.
Intervention participants were asked to perform three unsupervised IMT sessions per week for 8
weeks. Before each session, participants performed a maximal inspiratory effort from residual volume

to determine sustained maximal inspiratory pressure.
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QoL and breathlessness questionnaires (King’s Brief Interstitial Lung Disease, K-BILD, and
Transition Dyspnoea Index, TDI), respiratory muscle strength, and fitness (Chester Step Test) were
all assessed pre- and post-intervention.

The main findings were no difference between groups in K-BILD total score post-intervention but
IMT induced clinically meaningful improvements in the K-BILD domains for breathlessness and
chest symptoms, as well as improvements in breathlessness according to TDI, as IMT also improved

respiratory muscle strength and estimated aerobic fitness.

In another study Nopp and co-workers [125] considered the effect of a multi-professional and
individualized rehabilitation in LC patients according to the Austrian guidelines for outpatient
pulmonary rehabilitation [126].

At baseline, participants were evaluated in terms of functional tolerance, lung function, symptoms,
and QoL. Over a period of 6 weeks, they underwent individual endurance, strength, and inspiratory
muscle training, 3 times weekly for 3—4 hours each session, under a supervision of physicians,
physiotherapists, and sports scientists. Individual patient education, psychosocial counselling by a
psychologist, nutritional counselling by a dietician, and smoking cessation sessions were an essential
part of the programme. In brief, a 6-week outpatient PR significantly improved exercise capacity in
terms of 6 MWD, and also dyspnoea, fatigue, and QoL. Particularly, the authors described an increase
in pulmonary function (FEV and DLCO) and inspiratory muscle strength, with a lowering of one

grade on the post COVID-19 functional status (PCES) scale [127].

The following study, published in 2022, was the first to investigate benefits of a cardiopulmonary
rehabilitation, based on continuous moderate-intensity aerobic and resistance training in 26 post
COVID-19 patients [128]. Cardiopulmonary rehabilitation course improved maximal exercise
tolerance (VO2) and reduced VE/VCO: slope. The authors also found a significant improvement in
submaximal exercise tolerance in the 6MWT, in QoL, and a simultaneous reduction of fatigue after
rehabilitation [128].

Aerobic training was prescribed between 60% and 80% of VO» peak by means CPET. Exercise was
performed on a 40-minute treadmill: 5-minute warm-up, 30-minute conditioning, and 5-minute cool-
down [129]. Patients who were candidates for rehabilitation, had limiting sequelae from 15 days after
hospital discharge or persistent symptomatic COVID-19 up to two months.

Resistance training consisted of exercises for upper (triceps, biceps, and shoulder abductors) and
lower (quadriceps, hip abductors, and sural triceps) muscles. The load of the exercises was 60% of
the one-repetition maximum. The load was increased every six sessions. The exercises were

performed twice weekly in three sets of 8 to 12 repetitions.
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After the rehabilitation course, the number of patients with ventilatory disorders and respiratory
muscle weakness reduced. Tolerance to maximal exercise improved with a significant increase of
18.62% in VO, peak and 29.05% in TVO; peak - time to peak oxygen consumption. VE/VCO slope
also reduced 5.21%, while submaximal exercise tolerance increased 70.57 m. Finally, mean VO, peak

was below 20 ml/kg/min in the initial assessment, then it increased 3.56 ml/kg/min [129].

Subsequently, between January and June 2022, a different cross-sectional study was conducted six
months after the COVID-19 diagnosis, enrolling a group of 54 young COVID-19 survivors and 46
healthy young individuals [130]. The study focused on PCFS scale [127], maximum inspiratory
pressure (PImax), maximum expiratory pressure (PEmax), and peripheral muscle strength by
dynamometer, lung function by spirometry, dyspnoea and fatigue by modified Borg scale, and
physical activity levels. The long-term respiratory and lower extremity muscle weakness
compromised physical activity and a lower upper extremity muscle strength was present in young
subjects with mild COVID-19 and normal lung function. They also complained of prolonged
symptoms, such as fatigue (79.6%), exertional dyspnoea (50%), and cough (20.4%). The effects of
respiratory, peripheral muscle training, and physical activity counselling should be investigated in

patients after mild COVID-19, even in the long term [130].

The effects of a home-based respiratory muscle training for long-term post COVID-19 symptoms
were investigated in another trial [131]. The training program consisted of inspiratory (IMT) or
inspiratory/expiratory (respiratory) muscles (RMT). The researches also assessed the effects of these
interventions on respiratory muscle function, physical and lung function, as well as on the
psychological state. Totally, 88 patients complaining of fatigue and dyspnoea were randomly (1:1
ratio) assigned to IMT, IMT sham, RMT or RMT sham groups. The sham groups were given a device
with no resistance.

Participants undertook a 40-munite training daily, split into two sessions, 6 times per week, over 8
weeks. The training load, regardless of whether participants performed IMT or RMT (real or sham),
was individually tailored and it increased according to the same distribution schedule for both IMT
and RMT.

The findings confirmed that only the RMT group showed a large and clinically important increase in
QoL, while IMT and RMT interventions improved respiratory muscle function and lower limb muscle

strength [131].
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In 2023 the efficacy of a 3-month exercise training rehabilitation (ETR) - 2 x 60-minute sessions of
ETR weekly for a total of 10 weeks - protocol on dyspnoea in LC patients with a previous CARDS
(COVID ARDS) was confirmed in a multicentre randomised trial [132].

For the continuous endurance exercise, participants started at 60-70% of their maximal peak exercise
capacity on a cycle ergometer. All subjects performed lower limbs, upper limb and trunk muscular
strength training during each session.

Subjects in the control group received standard protocol based on low-to-moderate intensity aerobic
exercise on exercise bicycle, ergometer or treadmill, strength-training for limbs and trunk muscles as
well as stretching, balance exercises, electrostimulation and respiratory therapy.

A 90-day ERT improved dyspnoea compared to standard protocol, and also the physical dimension
of QoL. For COVID-19 survivors with breathlessness, high-intensity exercise training may be the

most suitable rehabilitation strategy [132].

A randomised controlled trial was conducted in 2023 to evaluate home-based exercise training
tailored to survivors with sever/critical COVID-19. The protocol consisted of 60-80 minute/session,
3 times weekly. After conclusion of the course, the 16-week home-based exercise training confirmed
the benefits in physical domains in QoL, functional capacity and prolonged symptoms in patients

with previous severe/critical COVID-19, when compared to standard of care [133].

The US Physical Activity Guidelines for Americans 2™ edition in 2018 established a goal of 3 hours/

week of moderate-intensity aerobic physical activity to maximise health benefits [134].

In a retrospective observational study, Sallis et al. confirmed that patients affected by COVID-19 who
were consistently inactive in the previous 24 months had a worse prognosis (hospitalisation and

death) when compared to patients who were more physically active [135].

However, many previous studies have demonstrated numerous strong benefits from physical activity,

especially among those who suffered from a variety of chronic diseases [136-139].

Tamburlani et al. conducted a systematic review in 2023, in which they assessed the efficacy of PR
protocols in the post-acute phase of COVID-19 to improve respiratory function and physical
performance, symptoms and QoL, and the severity of lung complications [140]. They found that many
studies about rehabilitation had low methodological quality and significant differences due to the lack

of control groups, which is necessary to better understand the long-terms effects. The studies analysed
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two key macro-areas: lung function and functional capacity during exercise and almost all of the them

utilized various scales and tools to evaluate these areas.

The different types of training of PR considered in this systematic review included breathing, aerobic,
fitness, strength, and neuropsychological aspects. Overall, in this combination PR revealed itself to
be capable of improving pulmonary and muscular function, and the workout capacity and muscle

strenght, fatigue status, anxiety and depression.

As Greenhalgh and colleagues considered in 2020 about management of post-acute COVID-19 in
primary care, the “breathing control” technique is aimed at normalising breathing patterns and
increasing the respiratory muscles efficiency (including the diaphragm), thereby reducing energy use,

airway irritation, fatigue, and breathlessness [141].

It is possible that the physiological effects of Active Cycle of Breathing Techniques (ACBT) may
differ slightly across different patient populations, depending on the degree of sputum production,
stage of disease, and whether the patient is medically stable, or in an exacerbated state. Airway
clearance techniques such as the ACBT have been shown to result in favourable outcomes in people
with a wide range of lung disease, including non-CF (cystic fibrosis) bronchiectasis, [142] cystic

fibrosis [143] and COPD [144].

3.2 Aim of the third study

As we found in our previous findings [81] by means of CPET, LC population could be characterised
by an impaired breathing pattern with a higher diaphragm intolerance and lower efficiency than the
reference controls, as confirmed by higher values of Ti/Ttor and lower values of V1/T1 on exercise

[103].

As known, most of the work of breathing is performed by the diaphragm, as it is responsible for about
80% of the work of breathing; so, after illness, diaphragmatic function may be reduced and accessory
respiratory neck and shoulders muscles may be more recruited [89], resulting in an abnormal
breathing pattern and dyspnoea, especially when mechanical ventilation is required or in conditions
of general physical deconditioning. This leads to shallow breathing, higher fatigue, breathlessness
and increased energy expenditure. The tidal volume could be obtained mainly from the action of the

external intercostal muscles rather than the diaphragm, generating a less efficient inspiratory cycle.

49



Our objectives could be considered as follows:
- to assess if ACBT and moderate physical activity (PA) can improve Long-COVID related
symptoms;
- to assess if respiratory impairments are related to small airways dysfunction and if it could be

improved by a pulmonary rehabilitation protocol.

In this context, we focused our last research to demonstrate if respiratory rehabilitation ACBT

combined with a moderate daily PA may improve dyspnoea and fatigue in LC survivors.

3.3 Materials and Methods of the third study

The study is ongoing at “Respiratory Disease and Lung Function Unit” at University Hospital of
Parma (Italy) from March 2022 until September 2023. It is a single-centre, observational,
longitudinal, retrospective/prospective study.

Participants were included in the study if they were referred to the Post-acute COVID-19 outpatient
clinic of University Hospital of Parma and met the following inclusion criteria: adults of either sex
with a diagnosis of LC, defined as complaining of at least one symptom between dyspnoea, asthenia
and cough 24 weeks after acute SARS-CoV-2 infection, and patients who signed the informed consent
form.

Exclusion criteria included patients affected by other chronic respiratory diseases (i.e., asthma,
pulmonary fibrosis, bronchiectasis, sarcoidosis, interstitial lung disease, pulmonary hypertension)
and active smokers. Subjects who were unable to meet the criteria for acceptability and repeatability
of functional testing were excluded from enrolment. This study is named “Effetto della riabilitazione
respiratoria e dell’attivita fisica sui sintomi del long COVID. Studio pilota” Protocol no.
361/2022/OSS/UNIPR (“Effect of respiratory rehabilitation and physical activity on long COVID
symptoms. Pilot study”) and it started after the approval of Local Ethics Committee of North Emilia
(protocol no. 28421, date 06/07/2021).

3.3.1 Description of Treatment: Rehabilitation Programme

Enrolled patients were assigned to a 6-week independent home respiratory rehabilitation programme,
including:
- An ACBT session to be performed twice a day, for 10 minutes per cycle;

- moderate PA consisting of at least 6000 steps per day.
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Clinical and functional data were collected over a 6-week period at 2 different visits:
- baseline visit (V1);

- follow-up visit after 6 weeks of respiratory rehabilitation (V2).

ACBT exercises consist of breath control, deep breathing and puffing, performed in cycles until chest
felt clear.

ACBT and the forced expiratory technique (FET) are commonly used to promote airway clearance
in people with chronic lung disease associated with excessive mucus production. Abnormal secretion
can predispose the airways to infection and inflammation, potentially leading to airway obstruction
and sputum plugging. Treatments that aim to clear secretions may decrease the frequency of
infections, therefore preventing further airway damage and the following worsening of lung condition

[145,146].

The FET is based on one/two manoeuvres of forced expirations (huffs), followed by relaxed breath
control [147], and it plays an essential role in the ACBT, along with chest expansion exercises and

breath control periods [148].

A typical ACBT cycle is a simple breathing technique that involves seven-phase active cycle
represented by alternating: breath control, three or four chest expansions, two-minute of breath
control again, forced expiration and huff. It is possible to vary number and frequency of each
component, but it is essential that all of these occur and that they are separated by breath control. It
is thought that by altering thoracic pressures and airway dynamics, the forced expiratory manoeuvres

(low- and high- volume huffing) promote secretion movement [149,150].

Below are the summarising methods of each of the phases that make up the cycle:

1. Breath control: start by breathing calmly with minimal effort for two minutes;

2. Chest expansion: inhale slowly and deeply, possibly through the nostrils; then exhale gently,
as if breathing a sigh. Repeat the expansion four or five times;

3. Breath control: breathe calmy for two minutes;

4. Forced exhalation: exhale deeply and blow out the air quickly and forcefully. Repeat forced

exhalation three times;

5. Huffing: exhale through open mouth and throat. Repeat three times;
6. Breath control: breathe calmly for two minutes;
7. Chest expansion: five times.
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Following the protocol study, participants repeated ACBT twice daily. Each session lasted ten

minutes, for a total of 20 mins per day. Specific information about ACBT was provided in the leaflet

given to the patients [150] (Fig. 15).

ACBT - Active Cycle of Breathing Technique
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Created by Physiotherapy Department at Liverpool Hospital.

Updated February 2010.

Figure 15. Leaflet handed out to patients with explanation of individual ACBT sequences
(Phsysiotherapy Department at Liverpool Hospital. Updated February 2010) [150].

Breathing control has been reported to prevent bronchospasm and oxygen desaturation, whereas chest

expansion exercises help loosen and clear secretions and improve collateral ventilation.

The “breathing control” technique is designed to normalise breathing patterns and increase the

efficiency of the respiratory muscles (including the diaphragm) resulting in less energy expended,

less airway irritation, reduced fatigue, and improved breathlessness.

The patient should sit in a supported position and inhale and exhale slowly, preferably inhaling

through the nose and exhaling through the mouth, while relaxing the chest and shoulders and lifting

the abdomen. The aim should be to achieve an inspiration/expiration ratio of 1:2, using this technique
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frequently throughout the day, in five- or ten-minute sessions (or longer if beneficial). For different
breathing strategies - such as diaphragmatic breathing, slow deep breathing, puckered lip breathing,

yoga techniques, Buteyko - specialist advice is needed to be personalised for each patient [141,151]
(Fig. 16).
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Figure 16. Breathing Pattern Disorder (BPD). Treatment Selection Mind Map,
(https://www.physiotherapyforbpd.org.uk)—a [152].

For physical activity, the threshold of 6000 steps per day represents the recommended distance for
normal physical activity [153,154].

Distance travelled was tracked with the use of digital tools, such as pedometer applications for

smartphones.

To assess the patient compliance with the rehabilitation protocol, it was recommended that a daily

diary be kept to record the performance or non-performance of both breathing exercise and walking.

3.3.2 Questionnaires

At the two study protocol assessments (Vi and V2) anthropometric and functional parameters were

collected including age, gender, BMI and smoking habit.
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A physical examination was performed on each participant to record vital signs, such as heart rate,

respiratory rate, oxygen saturation and blood pressure.

Several questionnaires were administered to the participants:

* Asthenia Assessment Questionnaire using Visual Analogue Scale - VAS [155];

* Dyspnoea assessment questionnaire by modified Medical Research Council Dyspnoea — mMRC
[156];

* Questionnaire to assess the impact of cough on daily life: Leicester Cough Questionnaire - LCQ
[157,158];

* Questionnaire to assess health: EuroQoL [159].

The VAS scale, the mMRC Dyspnoea and the LCQ were administered to the patients in both V and

V> while EuroQoL was only considered only in Vj.

The VAS scale [155] was used to assess fatigue/asthenia. The scale is characterised by a horizontal
segment on which a progressive numerical sequence from zero to ten is shown. Zero corresponds to
“no fatigue” and 10 corresponds to “extreme fatigue”. The patient is asked to mark an X on the

number corresponding to his or her perceived state of fatigue (Fig.17).

Codice alfanumence

Figure 17. VAS scale for fatigue assessment.

Modified Medical Research Council Dyspnoea — mMRC [156] is a questionnaire used to evaluate the
degree of dyspnoea could be:
- Grade 0O: breathlessness only on strenuous exercise;

- Grade 1: breathless when hurrying on the level or walking up a slight hill;

54



- Grade 2: walking slower than the other people of same age on the level ground due to
shortness of breath or need to stop for breath when walking at own pace;
- Grade 3: short of breath after walking for a few minutes on the level ground or about 90
meters;
- Grade 4: too breathless to leave the house, or breathless when dressing or undressing.
The patient is invited to mark an X on the grade corresponding to his/her state of perceived dyspnoea

(Fig. 18).

Questionario Modificato del Medical Research Council per la valutazione del grado di dispnea
PER FAVORE BARRARE LA CASELLA CHE VI RIGUARDA (UNA SOLA)

mMRC Grado 0. Ho dispnea solo per sforzi intensi
mMRC Grado 1. Mi manca il fiato se cammino veloce (o corsa) in piano o in lieve salita

mMRC Grado 2. Su percorsi piani cammino piu lentamente dei coetanei,
oppure ho necessita di fermarmi per respirare quando cammino a passo normale

mMRC Grado 3. Ho necessita di fermarmi per respirare dopo aver camminato in piano
per circa 100 metri o per pochi minuti

mMRC Grado 4. Mi manca il fiato a riposo per uscire di casa o per vestirmi/spogliarmi

OO oo

Figure 18. modified Medical Research Council Dyspnoea — mMRC (reported in Italian).

Leicester Cough Questionnaire [157,158] is a questionnaire used to assess the impact of cough on
different aspects of daily life.

It consists of 19 questions on the impact of coughing, to which the patient answers with a number
from one to seven.

Specifically, for the first 17 questions, answer 1 corresponds to “always” while answer 7 corresponds

to “never”. For the last 2 questions, answer 1 means “never” while answer 7 means “always” (Fig.

19).
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CENTER ror COUGH

MANDEL SHER, M.D.

LEICESTER COUGH QUESTIONNAIRE

Codice Alfanumerico Data

Questo questionario & finalizzato a stabilire MNimpatto che ha la tosse su vari aspetti della Sua vita. Legga
attentamente ogni domanda e dia la risposta che & pil apprepriata per Lei. £’ pregato di rispondere a TUTTE
le domande con la massima onesta possiblle.

1=sempre 2= quasisempre 3= la maggior parte delle volte 4= alcune volite
5= quaiche volta 6= raramente 7= mai

1) Nelle ultime 2 settimane, ha avuto dolore al petto o allo stomaco a causa della tosse?

2) Nelle ultime 2 settimane, ha avuto frequenti emissioni di espettorato (catarro) con la
tosse?

3) Nelle ultime 2 settimane, si & mai sentito stanco a causa della tosse?

4) Nelle uitime 2 settimane, si & mai sentito a disagio a causa della tosse?

5) Nelle ultime 2 settimane, |a tosse I'ha fatta sentire in ansia

6) Nelle ultime 2 settimane, la tosse ha interferito con Il suo lavoro o con le attivita
quotidiane

7) Nelle ultime 2 settimane, |a tosse ha Interferito complessivamente con la sua qualita di
vita

8) Nelle ultime 2 settimane, I'esposizione a pitture o fumi I'ha fatta tossire

9) Nelle ultime 2 settimane, |a tosse ha disturbato il suo sonno?

10) Nelle ultime 2 settimane, quante voite al giorno ha avuto un accesso di tosse?

11) Nelle ultime 2 settimane, la tosse I'ha fatta sentire frustrato

12) Nelle ultime 2 settimane, la tosse I'ha fatta sentire stufo o esasperato

13) Nelle ultime 2 settimane, ha avuto voce rauca a causa della tosse

14) Nelle ultime 2 settimane, si & preoccupato che la tosse possa indicare un serio
problema di salute

15) Nelle ultime 2 settimane, si & preoccupato che altre persone possano aver pensato
che Lei aveva qualcosa che non andava, a causa della sua tosse?

16) Nelle ultime 2 settimane, la tosse ha interrotto le sue conversazioni o telefonate

17) Nelle ultime 2 settimane, pensa che la tosse abbia infastidito il/la suo/a compagno/a,
la sua famiglia o i suoi amici

1=mai 2=raramente 3= quaiche volta 4= alcune volte
5= fa maggior parte delle volte 6= quasi sempre 7= sempre

18) Nelle ultime 2 settimane, ha tenuto |a sua tosse sotto controlio?

19) Nelle ultime 2 settimane, si & sentito pieno di energia?

PH B=

I:ﬂ-_ Tot 9=
e

Figure 19. Leicester Cough Questionnaire, questionnaire assessing the impact of cough on daily

living activities (reported in Italian).

EuroQoL is a useful questionnaire to assess health status/condition [159]. It consists of two parts. In
the first part five multiple choice questions are present: the first three questions concerning daily
activities (mobility, personal care and usual activities) and the participant is invited to mark an X on

the answer corresponding to his or her level of difficulty in carrying them out. The fourth question is
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related to assessment of pain or discomfort; the last fifth question is about anxiety or depression. The
second part of the questionnaire consists of a vertical numerical scale from zero to 100 where zero
corresponds to “the worst health” and 100 corresponds to “the best health”. The patient is invited to

mark an X on the appropriate number (Fig. 20 and Fig. 21).

Sotto ciascun argomento, faccia una crocetta sulla casella (UNA SOLA) che descrive
meglio la sua salute OGGI.

CAPACITA DI MOVIMENTO

Non ho difficolta nel camminare

Ho lievi difficolta nel camminare

Ho moderate difficolta nel camminare
Ho gravi difficolta nel camminare

OOoO00DO

Non sono in grado di camminare

CURA DELLA PERSONA
Non ho difficolta nel lavarmi o vestirmi

Ho lievi difficolta nel lavarmi o vestirmi
Ho moderate difficolta nel lavarmi o vestirmi

Ho gravi difficolta nel lavarmi o vestirmi

ooo0OO0

Non sono in grado di lavarmi o vestirmi

ATTIVITA ABITUALI (per es. lavoro, studio, lavori domestici,attivita
familiari o di svago)

Non ho difficolta nello svolgimento delle attivita abituali

Ho lievi difficolta nello svolgimento delle attivita abituali

Ho moderate difficolta nello svolgimento delle attivita abituali

Ho gravi difficolta nello svolgimento delle attivita abituali

OCOo00D

Non sono in grado di svolgere le mie attivita abituali

DOLORE O FASTIDIO

Non provo alcun dolore o fastidio
Provo lieve dolore o fastidio
Provo moderato dolore o fastidio
Provo grave dolore o fastidio
Provo estremo dolore o fastidio

oco0O0Oo

ANSIA O DEPRESSIONE
Non sono ansioso/a o depresso/a

Sono lievemente ansioso/a o depresso/a
Sono moderatamente ansioso/a o depresso/a

Sono gravemente ansioso/a o depresso/a

Oo00o0oOo

Sono estremamente ansioso/a o depresso/a

2

Italy (italian) © 2009 EuroQol Group EQ-5D™ is a trade mark of the EuroQol Group

Figure 20. First part (reported in Italian) of EuroQoL questionnaire [ 159].
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La migliore salute
che pud

immaginare
* Vorremmo sapere quanto & buona o cattiva la sua salute 100

OGGI.
95

* Questa & una scala numerata che va da 0 a 100. 90

« 100 rappresenta la migliore salute che pud immaginare.
0 rappresenta la_peggiore salute che pud immaginare.
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« Segni una X sul punto della scala per indicare com'é la sua
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Figure 21. Second part (reported in Italian) of EuroQoL questionnaire [159].

In order to evaluate the primary objective (“to assess if ACBT and moderate physical activity can
improve Long-COVID related symptoms”) questionnaires were administered to patients (VAS scale,

mMRC and LCQ).
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3.3.3 Functional Assessment: Impulse Oscillometry System (I0S), Spirometry and Multiple-
Breath Nitrogen Washout (MBNW)

Patients underwent also functional respiratory assessment of central airways by spirometry (FEV1,
FVC, and FEV/FVC) and small airways by IOS and MBNW regarding the secondary objective (“to
assess if respiratory impairments are related to small airways dysfunction and if it could improve after

rehabilitation protocol”).

Impulse Oscillometry System (10S)

The Impulse Oscillometry System (IOS) measures the lung mechanical properties during quiet tidal
breathing by the application of minimal pressures at the mouth.

Airway resistance detected at 5 Hz (R5) and 20 Hz (R20) (expressed in KPa s 1) represent indices
of total and proximal airway resistance, respectively, whereas the fall in resistance from 5 Hz to 20
Hz (R5 — R20) is considered measure of the small airway resistances [160].

A measure of this index greater than 0.070 KPa s 1 ! was chosen to identify the presence of small
airway disease (SAD) [161-163].

The device may provide parameters that are complementary to more traditional measure of lung
function, such as spirometry, lung volume, or diffusing capacity [160]. In fact, IOS has revealed to
detect SAD even in the setting of normal spirometry. Surprisingly, in smoker symptomatic population
with normal spirometry, IOS revealed peripheral airway dysfunction related to wheeze [164].
Participants underwent IOS according to current recommendations [160] by means of the Jaeger
MasterScreen—IOS (CareFusion Technologies, San Diego, CA, USA). Participants were seated and
asked to wear a nose clip while breathing gently. Mean values of at least three 30-second trails were
assessed.

The reactance detected at 5 Hz (X35, expressed as KPa s 1 ') and the integrated area of low-frequency
reactance (AX, expressed as kPa-1"!) from 5 Hz to resonant frequency (Fres, expressed as Hz) were

also considered as markers of peripheral airway abnormalities.

Spirometry

Spirometry was performed after IOS to avoid compromising peripheral airway tone during forced
expiration manoeuvre. A flow-sensing spirometer connected to a computer for data analysis (Vmax22

and 6,200; SensorMedics, Yorba Linda, CA, USA) according to the guidelines [82].
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FEVi, FVC, FEF:s.75, FEFso and FEF;5 were recorded and expressed as absolute values (L) and as a
percentage of predicted value (% pred). The presence of at least two of three forced expiratory flows,
1.e., FEF»5.75, FEFs0 and FEF7s5 less than 65% of predicted values was detected SAD [165].

The FEV1/ FVC and FEV3/ FEV¢ values was calculated according the equation of Hansen et al. [166].
A FEV3/ FEV value less than the lower limit of normal was considered index of SAD [167].

Multiple-Breath Nitrogen Washout testing
Multiple-breath nitrogen washout (MBNW) was performed according to a standard procedure [168].

Participants sat with a nose clip and lips sealed around a mouthpiece connected to a gas analyser
(EXHALYZER® D, ECO MEDICS AG, Diirnten, Switzerland). They breathed 100% oxygen from
the end-expiratory lung volume until the nitrogen concentration in the exhaled volume reached 1/40™
or 2.5% of the initial concentration of lung resident nitrogen for three consecutive breaths, while
breathing with a fixed tidal volume and respiratory rate. The duration of each test was approximately

two to ten minutes and was carried out a minimum of two times to ensure reproducibility.

Lung clearance index (LCI), as well as indices of conductive (Scond) and acinar (Sacin) ventilation
heterogeneity and ventilated Functional Residual Capacity o FRC (FRCMBNW), is considered to be
an index of global ventilation inhomogeneity. LCI was defined as the ratio of the cumulative expired
volume of the inert gas to the FRCMBNW. Scona and Sucin (in L") were derived from the phase 111
slopes of the nitrogen spirogram. The values rise with increasing ventilation heterogeneity [169].
Reference values for the results of MBNW in adults are limited, despite the growing availability of

MBNW [170].

3.4 Statistical Analysis of the third study

Due to the explorative nature of the study no formal sample size calculation was performed.
Continuous variables characterized by normal distribution were reported as means = SD, whereas
continuous variables characterized by non-normal distribution were reported as medians and IQR.
The number of participants and percentage were reported as categorical variables.

Comparisons between variables were determined by unpaired #-fest or by Chi-square test, when
appropriate.

Concerning the correlation analysis, the Pearson (r) correlation coefficient will be used for linear or
normally distributed variables; the Spearman (p) correlation coefficient will be used for not linear or

not normally distributed variables.
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A p< 0.05 was taken as significant. Statistical analysis and diagrams were obtained by Prism 9.5

(©2018 GraphPad Software, La Jolla, CA, USA).

3.5 Results of the third study

In our research study a total of 33 LC patients were enrolled and completed the protocol.
The first participant was recruited on 5 April 2022 and the last patient was enrolled on 26 July 2023.
As the study is ongoing, the results are about patients who completed their rehabilitation in September

2023.

In our study population of 33 patients (13 female), mean age 56.76 + 10.74 years, aged between 30
and 80 years, mean BMI (pre-rehabilitation) 27.75 + 4.88 Kg/m* with a BMI between 18.4 and 38.97
kg/m?, no one reports history of active smoking. It should be noted that 22 out of 33 participants
needed hospitalisation during the acute phase of the disease, while the period of time since infection

is mean 21.27 £+ 7.94 months. Anthropometric data of 33 patients are shown in Table 3.

Table 3. Characteristics of the 33 Long-COVID patients.

Gender (M/F) 20/13
Age (years) 56.76 £ 10.74
BMI (Kg/m?) (baseline) 27.75 +4.88
BMI (Kg/mz) (follow-up) 27.63 £4.81
Smoking habit (no/yes/former/second-hand) 19/0/13/1
Hospitalisation (yes/no) 22/11
Period of time since infection (months) 21.27 £7.94

Clinical and functional parameters were assessed after and before the rehabilitation protocol.
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It should be noted that the most statistically findings in symptom control after the rehabilitation
concern dyspnoea by mMRC, health status by VAS scale (0-100) and LCQ (p= 0.0032, p= 0.0416,
p=0.0001, respectively) (Table 4) (Fig. 22, Fig. 23 and Fig. 24).

Perceived fatigue, as measured by the VAS scale (0-10) did not change significantly (p= 0.1195),

although a trend of improvement can be described.

In terms of functional parameters, lung volumes could be considered in a normal range; only the

average FEF7s value, seems below the normal limit (65% pred) at baseline.

Regarding peripheral airway function, it is noteworthy that R5-R20 (0.074+0.097 vs 0.053+0.071
KPa s I'"), AX index (0.62 = 0.88 vs. 0.53 £ 0.59 KPa s 1'"), and LCI (8.51 + 2 vs. 8.39£1,77), all
improved after the rehabilitation protocol, although not statistically (p=0.1737, p=0.4243, p=0.9056,
respectively) (Fig. 25, Fig. 26 and Fig. 27). At baseline, about one third of study population is
characterised by small airway dysfunction (R5-R20 > 0.07 KPa s 1 ') and improved after
rehabilitation. Contrasting data are obtained in terms of FEF»s.75 ¢ FEF7s, showing a functional

worsening, while expiratory dynamic lung volumes (FVC and FEV3) improved at follow-up.

Table 4. Clinical and functional values of the 33 Long-COVID patients (table continued on the next
page).

Pre-Rehabilitation Post-Rehabilitation p
mMRC (0-4) 105-1) 00-1) 0.0032
VAS fatigue scale (0- 10) 4(3-6) 3(1.5-6.5) 0.1195
VAS health status scale (0-100) 70 (52.5 - 80) 75 (62.5—-87.5) 0.0416
LCQ (Tot/19) 6.79 (6.58 — 6.95) 6.80 (6.68 — 6.95) 0.0001
FVC (% pred) 96.56 + 11,46 98.61 £ 11.88 0.0770
FEV (% pred) 95.57+11.96 95.53 +£12.25 0.9748
FEV1/FVC (%) 78.79 £7.03 77.04 £ 6.61 0.0021
FEV3 (% pred) 95.54 +£11.03 96.20 £ 11.36 0.4971
FEV3/FEVs (%) 94.23 +£2.40 94.17 £2.11 0.6683
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FEFs0 (%) 90.26 + 34.32 85.31 £32.77 0.0951
FEF25.75 (%) 92.08 + 36.10 85.10 + 37.06 0.0095
FEF5 (%) 68.30 + 34.27 58.97 +32.29 0.0091
R5-R20 (KPas I™) 0.07440.097 0.053+0.071 0.1737
X5 (KPas 1) -0.11 £ 0.05 -0.12 £ 0.06 0.3060
AX (KPal') 0.62 +0.88 0.53 £ 0.59 0.4243
LCI 2.5% 8.51+2 8.39 + 1.77 0.9056

The values of mMRC scale, VAS fatigue scale, VAS health status scale and LCQ are expressed as
median and quartiles (25% - 75% percentile). Values for spirometry (FVC, FEVI, FEVI/FVC, FEV;,
FEV3/FEVs, FEFso, FEF>5.75, FEF75), Impulse Oscillometry (R5-R20, X5, AX) and Nitrogen Washout

(LCI) are expressed as mean + standard deviation. In bold significant comparisons.

Among different functional parameters (questionnaires, spirometry, IOS or MBNW) mMRC only
correlates with R5-R20 (r= 0.4084, p= 0.0183) and AX (r = 0.3953, p = 0.0228) (Table 5).

Table 5. Correlations between mMRC and functional parameters in 33 Long-COVID patients. In bold

significant correlations (table continued on the next page).

mMRC

R5-R20

r=0.4084

p=0.0183

r=10.3953

p=0.0228

X5

r=-0.3141

p =0.0750

FEV;

=-0.1907

p=02878
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LCI r=0.2584

p =0.1604

FEV/FVC r=0.08195

p = 0.6503
FEFso = -0. 08863
p = 0.6238
FEV; r=-0.2604
p =0.1432
* %k
4_
3_
=z
= 29
=
1 —
0 ! !
Pre Post

Figure 22. Median and range of mMRC values before and after the rehabilitation programme in 33
Long-COVID patients. Median and minimum value of mMRC coincide in patients assessed post-
rehabilitation.
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Figure 23. Median and range of VAS health status (0-100) values before and after the rehabilitation
programme in 33 Long-COVID patients.
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Figure 24. Median and range of LCQ Tot/19 values before and after the rehabilitation programme
in 33 Long-COVID patients.
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Figure 25. Individual R5-R20 values measured before and after the rehabilitation programme.
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Figure 26. Individual AX values measured before and after the rehabilitation programme.
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Figure 27. Individual LCI 2.5% values measured before and after the rehabilitation programme.

3.6 Discussion of the third study

For many individuals, surviving the acute phase of COVID-19 does not mean full recovery, but may
represent the beginning of clinical and radiological sequelae for several weeks. So-called Long-
COVID is a condition that can consists of a wide range of symptoms of varying intensity and can be
highly disabling, with a negative impact on the quality of life of those affected. The most common
symptoms are dyspnoea, cough and fatigue. According to data from a meta-analysis by Chen et al.
[171], the overall prevalence of Post COVID-19 was 43% and was higher in hospitalised patients
during the acute phase than in non-hospitalised patients (54% vs. 34%).

The wide variability of symptoms, age range and epidemiological importance suggest a
multidisciplinary approach.

In our study, we selected adult patients with predominantly respiratory symptoms such as cough,
dyspnoea and fatigue. The rehabilitation programme we proposed is simple and easily to do at home,

as it was self-managed.

Our preliminary data showed that the perception of dyspnoea, healthy status and cough were

significantly reduced at the end of the rehabilitation approach.

Patients presented with spirometric functional parameters in the normal range overall, but with
increased resistance of the small airways at baseline measured by oscillometric technique and

ventilation heterogeneity by means of multiple-breath washout.
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At baseline, about one third of study population is characterised by small airway dysfunction (R5-

R20>0.07 KPa s 1) and improved after rehabilitation.

We could consider that the functional parameters, lung volumes could be in a normal range at baseline
in a cohort of LC patients complained of respiratory symptoms.

The contrasting results with partial worsening lung function after rehabilitation are of statistical but
not clinical significance, given the significant improvement in the perception of dyspnoea, fatigue
and cough; however, average baseline score of R5-R20 is above normal limits, indicating

improvement in line with the perceptual spectrum of symptoms.

It should also be emphasized that mMRC correlates positively and significantly with R5-R20 and
AX, the parameters that express distal airway function. The higher the degree of perception of

dyspnoea, therefore, the greater the dysfunction of the small airways.

Given these preliminary results, the positive effects of rehabilitation on lung function in LC patients

have yet to be fully defined.

Several studies in the literature assessed respiratory rehabilitation [121,141]. The conclusions
confirmed that a rehabilitation programme is considered useful and safe for improving physical

performance and quality of life, with little effect on lung function.

In addition, a retrospective study [114] suggests that specific physiotherapy practices may also benefit

COVID-19 patients in the acute phase by facilitating return to ambulation and discharge.

Our study lacks a control group of patients treated with placebo. However, it is not easy to implement
a placebo treatment in rehabilitation trials. On the other hand, as this is a pragmatic, real-world study,
a placebo arm was not planned.

It is also important to consider the ability of participants to adhere to the rehabilitation programme
throughout the proposed period, as well as the practicality of implementing the protocol in hospital

settings that have previously been affected by the pandemic.

As mentioned above, Tamburlani et al. conducted a systematic review in 2023, in which they assessed
the efficacy and benefits of PR protocols in the post-acute phase of COVID-19 to improve respiratory

function and physical performance, symptoms and QoL in COVID-19 and also to improve the
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severity of lung complications [140]. They found that many studies about rehabilitation had low
methodological quality and significant differences due to the lack of control groups, which is
necessary to better understand the long-term effects. For the assessment of pulmonary function,
another outcome analysed by most of the studies considered, the same instruments were used;
however, heterogeneous results were obtained.

The findings indicate that a comprehensive rehabilitation programme, comprising respiratory
physiotherapy, aerobic training as well as strength and resistance training, provides benefits in
alleviating the common repercussions in COVID-19 patients. However, due to the limited number of
high-quality studies in the literature, there is insufficient evidence to establish a preferred or elective

protocol.

Our study has important clinical implications and we can certainly conclude that a rehabilitation
programme including breathing exercises and physical activity can be supportive for Long-COVID
patients. In addition to improving health status, it may encourage the resumption of outdoor physical
activities, which are limited by the variable period of isolation. This approach could also be

particularly useful for older patients who have lost the ability to perform daily activities.

Therefore, it is advisable to increase the implementation of comprehensive and personalized
rehabilitation protocols for COVID-19 patients, with a significant portion dedicated to respiratory

rehabilitation to regain overall functionality and improve quality of life.

3.7 Conclusion of the third study

Our study is effective in demonstrating that rehabilitation protocol including breathing exercises and
physical activity could improve the overall symptoms of dyspnoea, health status and cough.

We also emphasized the role of the small airways, that were found to be impaired in about one third
of LC population. Peripheral airways shouldn’t be considered just simple air passages, but also an

important determinant of lung mechanics [172].

The consequences of SARS-CoV-2 infection are far-reaching, and the impact on the respiratory

system has been a major focus in Long-COVID condition.
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Until now, non-drug interventions have focused on breath control, breathing pattern training,
inspiratory muscle training, exercise-based rehabilitation and various forms of exercise rehabilitation,
modified from those used in other respiratory disorders.

While the efficacy of nonpharmacologic options is still being investigated, it is likely that Long-
COVID individuals will be best served by an integrative multidisciplinary approach with
pulmonologists and rehabilitation specialists in the centre of this team using therapeutic and
rehabilitative strategies on individual patient's condition and needs, and ensuring cultural

appropriateness and equity of access to different communities.
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