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A B S T R A C T   

After multiple waves of the COVID-19 pandemic, it has become clear that the impact of SARS-CoV-2 will carry on for years to come. Acutely infected patients show a 
broad range of disease severity, depending on virus variant, vaccination status, age and the presence of underlying medical and physical conditions, including 
obesity. Additionally, a large number of patients who have been infected with the virus present with post-COVID syndrome. In September 2020, the International 
Society for the Advancement of Respiratory Psychophysiology organized a virtual interest meeting on ‘Respiratory research in the age of COVID-19’, which aimed to 
discuss how research in respiratory psychophysiology could contribute to a better understanding of psychophysiological interactions in COVID-19. In the resulting 
current paper, we propose an interdisciplinary research agenda discussing selected research questions on acute and long-term neurobiological, physiological and 
psychological outcomes and mechanisms related to respiration and the airways in COVID-19, as well as research questions on comorbidity and potential treatment 
options, such as physical rehabilitation.   

1. Case report 

“Ten days ago, Catharina, a 64-year old retired teacher, had a positive 
coronavirus test. She suffered from fatigue, diffuse muscle pain, inter
mittent fever and loss of taste. In addition to Acetaminophen, she took her 
daily dose of antihypertensive medication and stayed indoors for a week. 
However, dyspnea1 became gradually worse, which made her consult the 
emergency physician at the local hospital. On admission, she had a 

peripheral oxygen saturation of 85% while breathing ambient air, a fever 
of 39.1 degrees Celsius and a respiration rate of 17 breaths/min. After 
initiating supplemental oxygen therapy (5 L/min), arterial blood gas 
levels showed a PO2 of 64 mmHg with normal pH and lactate levels. A 
chest X-Ray showed bilateral lung infiltrates and confirmed the diagnosis 
of COVID-19 pneumonia with potential bacterial superinfection. 
Catharina was transferred to the COVID-19 ward where systemic corti
costeroids (Dexamethasone 1 ×6 mg/d PO) and prophylactic antibiotics 

* Correspondence to: Department of Health Sciences, VU University Amsterdam, De Boelelaan 1081, 1081 HV Amsterdam, the Netherlands. 
E-mail address: e.vlemincx@vu.nl (E. Vlemincx).   

1 Dyspnea is defined as “a subjective experience of breathing discomfort that consists of qualitatively distinct sensations that vary in intensity” (Parshall et al., 
2012, p.436). 
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(Augmentin 4 ×1 g/d IV) were started. An anticoagulant medication 
(Fraxiparine 1 ×0.6 ml SC daily) was added to prevent thrombo-embolic 
complications. On Day 3 after admission, her condition worsened with 
increasing dyspnea. Catharina was transferred to the intensive care fa
cility for high flow oxygen therapy and invasive monitoring. Because of 
COVID-19 associated isolation measures, she barely saw her three chil
dren and husband during the illness. Hospital policy did not allow visitors 
on COVID-19 wards. She had an intense fear of dying alone without 
seeing her family again. Hospital staff, faced with a new disease was not 
able to provide information on the prognosis with confidence. Catharina 
recovered, and while her peripheral oxygen saturation returned to 
normal, her symptoms of dyspnea and fatigue persisted, and she devel
oped post-COVID syndrome, including cognitive disturbances and anxi
ety. She currently participates in a rehabilitation program hoping to 
relieve remaining symptoms.” 

This clinical vignette of a COVID-19 patient outlines a representative 
symptom profile and treatment decisions consistent with a very severe, 
acute case of COVID-19, followed by the development of post-COVID 
syndrome. This case demonstrates how the COVID-19 pandemic has 
provided both opportunities and challenges for medicine and science. 
The key responsibilities and perspectives of respiratory psychoneur
obiological research in the light of the COVID-19 pandemic were dis
cussed at the 2020 virtual meeting of the International Society for the 
Advancement of Respiratory Psychophysiology (ISARP). During this 
meeting, an ad-hoc panel of experts in the domains of psychoneurobi
ology of breathing and behavioral medicine of respiratory diseases was 
formed to discuss topics and priorities for future research. Following this 
meeting, panel members integrated the various perspectives and ideas 
that had arisen from this exchange and invited additional experts in the 
domain of respiratory research to enrich the discussions. Based on the 
contributions of this expanded interdisciplinary panel of experts in 
respiratory and cardiovascular physiology, psychoneuroimmunology, 
psychology and rehabilitation science, an interdisciplinary research 
agenda on key respiratory psychoneurobiological topics in COVID-19 
emerged. 

The overall aim of this research agenda is to inspire researchers in 
the field of respiratory psychoneurobiology by formulating research 
questions of interest pertaining to COVID-19. The current research 
agenda focuses particularly on specific interactions between psycho
logical and neurobiological aspects of breathing related to COVID-19, 
challenging and encouraging researchers to initiate or continue inter
disciplinary research aligning with and extending beyond their 
specialization. To visualize these psychoneurobiological interactions, 
we integrated the selected topics of discussion in the current research 
agenda in a summary figure (Fig. 1). By means of this summary figure, 
we aim to (1) represent the core psychoneurobiological interactions 
discussed in this paper in an ad-hoc model of respiratory research on 
COVID-19, and (2) evoke many more research questions based on the 
readers’ background and expertise. 

In line with the model in Fig. 1, we will present a selected research 
agenda on respiratory psychophysiology related to COVID-19 pertaining 
to the following topics. First, we will introduce the clinical and physi
ological basis of COVID-19. Next, we propose research questions per
taining to the neurobiological and psychological characteristics of 
COVID-19, and interactions between both, as they are relevant to the 
study of respiratory psychophysiology. In addition, we will discuss 
important research avenues related to comorbidity with respiratory 
diseases, such as asthma and chronic obstructive pulmonary disease 
(COPD), and anxiety disorders. Finally, we outline research directions 
on potential treatment options, such as physical rehabilitation. Given 
the specific aim of this research agenda, we do not attempt to provide an 
in-depth state of the art of psychoneurobiological research related to 
COVID-19. Rather, we aim to highlight the breadth of challenges and 
opportunities COVID-19 has created for the discipline of respiratory 
psychophysiology. 

Post-COVID syndrome, also referred to as Post-Acute Sequelae of 
SARS-CoV-2 (PASC) or long COVID, is the persistence of symptoms, typi
cally including respiratory symptoms and fatigue, three months post 
COVID that cannot be explained by an alternative diagnosis, for a duration 
of at least two months (World Health Organization, 2021). Estimations of 
such long-term consequences of COVID-19 infection ranged between 25 % 
and 50 % of survivors of all severity grades, which could present a massive 
present and future challenge for health research and care worldwide (Groff 
et al., 2021). Taking into account the level of pre-COVID symptoms and 
comparing with a matched non-COVID sample, a more recent study found 
elevated symptoms at 3–5 months due to the COVID infection in 12.7 % of 
the cases (Ballering et al., 2022). This appears markedly lower, but still 
translates into 12 million cases in the USA alone (based on close to 96 
million total cases in the US - as of September 23, 2022, according to the 
Center for Disease Control [CDC] Data Tracker, https://covid.cdc. 
gov/covid-data-tracker/#datatracker-home). Although mechanisms of 
post-COVID syndrome are still widely investigated (Castanares-Zapatero 
et al., 2022), our research agenda will also address emerging trends in the 
study of this condition. 

1.1. The cardiorespiratory physiology of COVID-19 

The primary clinical manifestation of COVID-19 viral infections that 
require hospitalization is acute hypoxic failure of the respiratory system. 
This is the result of the action of the virus on the pulmonary vasculature 
and diffusion exchange area (Radovanovic et al., 2020). The viral 
infection elicits a severe hypercoagulation affecting the perfusion of the 
pulmonary vessels (Cleveland Manchanda et al., 2019; Nopp et al., 
2020; Ranucci et al., 2020; Spiezia et al., 2020). The coagulation pattern 
is widespread pulmonary microthrombosis that leads to 
ventilation-perfusion inequalities. The obstruction of perfusion to re
gions of alveoli results in an increase in physiological dead space, 
ventilated but underperfused alveoli. Since the entire right ventricular 
cardiac output passes through the pulmonary circulation, blockage of 
any pulmonary vessel results in redistribution of increased blood flow 
through patent vessels. This results in an increased blood flow velocity 
and a decreased capillary transit time, reducing the time available for 
oxygen equilibration between alveoli and pulmonary capillary. The 
areas of increased pulmonary blood flow will also have an increased 
capillary filtration pressure increasing fluid flow out of the capillary 
producing expansion of the pulmonary interstitial space resulting in 
pulmonary edema. The pulmonary edema causes the diffusing capacity 
of the lung for carbon monoxide (DLCO2) to decrease. The increase in 
physiological dead space and the decreases in DLCO result in acute 
hypoxemia with either normal or low levels of carbon dioxide (Mo et al., 
2020). In hospitalized COVID-19 patients, lung compliance and airway 
resistance remain within normal values (Ziehr et al., 2020). However, 
there is some evidence of reduced total lung capacity (TLC) due to a 
decreased residual volume (RV). Thus, the initial effects of the 
SARS-CoV-2 infection are on the pulmonary vasculature with smaller 
effects on lung mechanics. Long-term effects are more likely of a 
restrictive than obstructive nature (Smet et al., 2021; Stockley et al., 
2021). 

1.2. A research agenda 

Below, we outline research areas relevant to the study of respiratory 
psychophysiology and emerging research questions and challenges 
pertaining to the neurobiology and psychology of COVID-19 infection 
and post-COVID syndrome. 

2 DLCO is a standard test to assess the transfer capacity of oxygen from 
inspired air to red blood cells by means of inhaled carbon monoxide as a sur
rogate for oxygen. 
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2. Psychoneuroimmunology and psychoendocrinology of 
COVID-19 

2.1. Cytokine imbalance in the central nervous system (CNS) 

As patients experience respiratory symptoms, the first thought is that 
these symptoms are explained by the infected lung. However, this is only 
a partial explanation, since inflammatory processes within the lung lead 
rapidly to changes in the CNS, in particular within the neuronal net
works in the brainstem that control breathing and cardiorespiratory 
coupling (Boldrini et al., 2021; Sarubbo et al., 2022). A cytokine storm 
within these central networks would have dramatic consequences on 
breathing and cardiorespiratory coupling, while at the same time 
affecting psychological well-being. The peripheral inflammatory 
response to infection has been shown to trigger sickness behavior 
characterized by dysphoria, fatigue, and fever, due to proinflammatory 
cytokine activity that acts centrally on microglia, either directly by 
crossing the blood-brain barrier, or indirectly through vagal afferents 
(Dantzer et al., 2008; Lasselin et al., 2020). Even greater sequelae can be 
expected through massive mobilization of cytokines in SARS-CoV-2 
infection (Debnath et al., 2020). However, animal research suggests 
that effects on respiration in the context of hypoxia may differ between 
types of proinflammatory cytokines, whereby IL-1β and TNF-1α levels 

appear to blunt compensatory ventilation increases, while IL-6 accen
tuates it and also inhibits post-hypoxic breathing restoration (Donina 
et al., 2021). 

Concrete studies to characterize the cytokine storm within the CNS 
and its effects on respiration and psychological wellbeing could include:  

• assessing inflammatory markers in identified brainstem regions 
known to be critical for the control of breathing and cardiorespira
tory coupling,  

• characterizing the inflammatory response complemented by a 
characterization of oxidative and hypoxic stress as well as microglial 
activation,  

• examining differential cytokine effects on CNS control of breathing, 
cardiorespiratory integration, and ventilation, 

• assessing specific psychological symptom profiles of excessive cyto
kine activity,  

• exploring effects on respiration secondary to the psychological 
symptomatology of excessive cytokine activity,  

• exploring how psychological stress (e.g. associated with post-COVID 
syndrome) can moderate effects of excessive cytokine activity. 

Moreover, as the virus enters cells by binding to the angiotensin- 
converting enzyme (ACE) 2 receptors, it is conceivable that neurons 

Fig. 1. A psychoneurobiological model of respiratory research on COVID-19.  
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and glia within the CNS that contain these receptors are directly 
affected. To better assess the consequences of ACE2 binding on cardio
respiratory coupling and breathing, it will be critical to:  

• characterize the distribution of ACE2 receptors in critical brainstem 
regions. For this it is important to conduct such a study in human 
brain tissue, since the distribution and characteristics of ACE2 re
ceptors is known to differ in animal models,  

• compare ACE2 receptor distribution in younger and older patients to 
address the question whether changes in ACE2 receptors could 
explain the increased risk for sudden death in older patients,  

• compare ACE2 receptor distribution in patients with comorbidities 
known to increase the risk to succumb to COVID-19,  

• study the expression of ACE2 receptors under conditions of chronic 
psychological stress (e.g. typically associated with post-COVID 
syndrome). 

2.2. Neurodegeneration and neuroplasticity 

Several studies have demonstrated that COVID-19 can be associated 
with damage of brain tissue including both macro- and micro-hypoxic or 
ischemic injuries and infarcts (Bhola et al., 2022; Boldrini et al., 2021; 
Manca et al., 2021). The exact underlying mechanisms are yet to be 
elucidated, but likely include peripheral inflammatory signaling to the 
CNS via immune-to-brain signaling pathways and/or neuroinvasion (a 
direct SARS-CoV-2 infection of neurons in the CNS) (Sarubbo et al., 
2022). Such disease-related processes in the CNS may also impact the 
structure and function of higher brain areas (above the brainstem res
piratory centers) related to respiration and the perception of respiratory 
symptoms, such as breathlessness and cough (Davenport & Vovk, 2009; 
Evans, 2010; Marlow et al., 2019). Breathlessness, or dyspnea, is a 
common symptom in COVID-19 patients, in particular those with longer 
lasting symptomatology (Lopez-Leon et al., 2021; Nasserie et al., 2021). 
COVID-19 survivors show signs of gray matter decline or tissue damage 
in frontal, olfactory cortex, and limbic regions as well as greater 
reduction in global brain size (Douaud et al., 2022). Moreover, 
COVID-19 effects on the brain may also impact the known interactions 
of these symptoms with cognitive, emotional and social factors (von 
Leupoldt & Denutte, 2020), and relate to the frequently reported 
cognitive-emotional symptoms such as depression, anxiety and cogni
tive impairments (Bhola et al., 2022; Nalbandian et al., 2021; Taquet 
et al., 2021). For a better understanding of these interactions, various 
techniques ranging from functional/structural brain imaging (e.g., 
Kandemirli et al., 2020) and electrophysiological/-magnetic measures in 
humans to cellular, synaptic and molecular read outs in animal models 
(e.g., Frank et al., 2022) might be used. Important studies for improving 
our current knowledge could include:  

• extensive testing of COVID-19 related brain injuries and potential 
neurodegeneration including underlying pathways,  

• systematic examination of COVID-19 related short-term and long- 
term neural plasticity, 

• studying acute and chronic functional brain responses to inflamma
tory processes and respiratory sensations in COVID-19 patients,  

• testing the potential role of respiratory neural gating3 with regards to 
increased burden of breathlessness in COVID-19 patients (Herzog 
et al., 2018),  

• examining the potential role of (para-)limbic and pre-frontal cortex 
structure and function for respiratory and cognitive-emotional 
symptoms in COVID-19 patients,  

• studying potential benefits of brain stimulation on respiratory and 
cognitive-emotional symptoms in COVID-19 patients,  

• testing the role of functional and structural neural changes in 
response to treatments, as well as for post-COVID syndrome trajec
tories, in particular for persistent cognitive-emotional symptoms. 

2.3. Airway immune defense 

Psychological stress is known to elevate the risk for common cold and 
other viral respiratory infections (Falagas et al., 2010; Pedersen et al., 
2010). Evidence for this comes from both observational and experi
mental respiratory infection studies (Cobb & Steptoe, 1998; Cohen et al., 
1991). On the other hand, greater social support is protective against the 
development of respiratory infection symptoms (Cohen et al., 1997). 
The high psychological stress levels and weakened social support during 
the global COVID-19 pandemic has created an immune environment 
that facilitates the viral infection. Further, the psychophysiological and 
clinical dysfunction associated with post-COVID syndrome fosters 
increased and persistent anxiety, depression and heightened stress 
perception (Lamontagne et al., 2021). 

The immune system commands over a number of defense mecha
nisms against pathogens. The airways, forming a first line of defense, use 
a range of mechanisms to protect against viral assault, such as epithelial 
barrier function, mucociliary clearance, and secretion of immune active 
peptides and other molecules. Psychosocial stress has been shown to 
negatively affect these functions in various ways (Peters et al., 2021; 
Trueba & Ritz, 2013). Mucociliary clearance, which helps eliminating 
pathogens from the nasal mucosa, was weakened in chronically stressed 
guinea pigs (Almeida-Reis et al., 2010) and greater social support in 
human experimental rhinovirus infection was related to better clearance 
(Cohen et al., 1997). Mucosal protection in early phases of SARS-CoV-2 
infection of the upper airways is also provided by secretory immuno
globulin A, which protects epithelia by blocking attachment of viruses to 
epithelia, neutralizing them, and facilitating their removal by mucus 
(Russell et al., 2020). As with other immune functions (Dhabhar, 2009), 
acute stress often serves to strengthen epithelial defenses, whereas 
chronic stress has weakening effects, due to stress hormones or neuro
transmitter systems, which can be expected to be activated in pandemic 
stress. For example, glucocorticoids, mobilized in longer lasting, chronic 
states of stress and depression (Agorastos & Chrousos, 2022; Dhabhar, 
2009; McEwen, 1998), can weaken tight junctions between epithelial 
cells and increase permeability of the skin and intestines for pathogens 
(Choe et al., 2018; Peters et al., 2021). Among many other immuno
suppressant effects, stress-induced glucocorticoids also compromise 
interferon-gamma production (Marshall et al., 1998), which is critical in 
antiviral defense. All barrier forming cells, including the airway 
epithelium, express ACE2 receptors, which are the main entry point for 
the SARS-CoV-2 virus (Hanchard et al., 2020). Infected epithelial goblet 
cells lead to inflammation and impaired mucociliary clearance. In
flammatory processes could also be enhanced by glucocorticoid receptor 
sensitivity, as a consequence of chronically elevated glucocorticoid 
levels (Cohen et al., 2012). Experiences of traumatic stress related to 
pandemic events or chronic fatigue may also reduce cortisol levels and 
thus favor an inflammatory state (Fries et al., 2005). 

Based on this evidence, more research is recommended in the 
following areas: 

• elucidating whether stressors and emotional states of (post-trau
matic) anxiety, depression and fatigue, acutely and post COVID 
during the COVID-19 pandemic increase vulnerability to SARS-CoV- 
2 infection through compromise of epithelial protective pathways,  

• studying the effect of pandemic-related stressors and emotional 
states on stress hormone levels and hormonal receptor sensitivity as 
mediators of altered airway inflammation and susceptibility to 
infection,  

• exploring the potential synergistic role of psychosocial stress and 
SARS-CoV-2 infection on mucosal immunity and its effect on severity 
and treatment outcome for COVID-19, 

3 Respiratory neural gating refers to the neural filter mechanism that allows 
normal breathing and breathing sensations to occur outside awareness. 

E. Vlemincx et al.                                                                                                                                                                                                                               



Biological Psychology 176 (2023) 108473

5

• examining potentially diverging effects of acute and chronic stress on 
epithelial function and differential vulnerability to SARS-CoV-2 
infection,  

• studying the role of stressors and emotional states of (post-traumatic) 
anxiety, depression and fatigue, acutely and post COVID in inducing 
variability in COVID-19 vaccination response and thus elevated 
upper and lower airway infection susceptibility. 

Nitric oxide (NO) secreted by epithelial cells constitutes a major 
innate defense mechanism of the airways against respiratory viruses. 
In respiratory infections, NO in exhaled air is markedly elevated 
(Proud, 2005), and higher levels of airway NO (either endogenous or 
induced by a dietary NO donor) reduce the susceptibility to respi
ratory infections in periods of stress (Ritz et al., 2018; Ritz et al., 
2019). Longer lasting stress or depression are associated with 
reduced NO levels (Cepeda et al., 2016; Kullowatz et al., 2008; Ritz 
et al., 2015; Trueba et al., 2013), and conversely, social support has 
been associated with higher exhaled NO levels (Trueba et al., 2014). 
Defects in NO production of the nasal epithelia compromise muco
ciliary clearance. The mechanisms behind stress-induced NO deficits 
are not yet fully understood, but may be related to oxidative stress 
and other competitors that reduce bioavailability of NO precursors or 
converting enzyme levels (van den Berg et al., 2018). 

NO levels are also affected by SARS-CoV-2 infection, which in
capacitates ACE2 receptors that are critical for the pathway gener
ating endothelial NO, accounting for at least some of the 
cardiovascular dysregulation seen in COVID-19. Inhaled NO has 
been in use for treating severely infected coronavirus patients, with 
both vasodilatory and anti-viral effects as the rationale (Ignarro, 
2020). Thus, boosting airway NO in the context of the COVID-19 
pandemic, which is also accompanied by significant long-term 
distress and depletion of social support, could be assumed to be 
protective (Ritz et al., 2021). 

Our current understanding of epithelial defenses and stress in the 
context of COVID-19 would profit from the following lines of 
research:  

• examining the potential of NO donors (dietary, pharmacological, 
inhaled etc.) for prevention and treatment of COVID-19 in patients 
with varying acute and chronic background stress levels,  

• exploring whether patients with existing respiratory disease, and 
varying phenotypes of it, are more vulnerable to weakening of 
epithelial defenses through stress and COVID-19,  

• exploring whether production of NO by various cells is differentially 
affected by psychosocial stress and differentially protective against 
infections (e.g. high levels of NO through other immune cells like 
macrophages or eosinophils), 

• exploring how gene polymorphisms related to production of inter
feron gamma, NO synthases, or antioxidants moderate the effects of 
stress on NO and protective effects of NO, and NO donors, against 
SARS-CoV-2 infection. 

For further general considerations regarding the psychoneuroim
munology of COVID-19 beyond respiration, the reader is referred to 
relevant publications (e.g., Debnath et al., 2020; Peters et al., 2021; 
Raony et al., 2020; Troyer et al., 2020). 

3. Breathing regulation and cardiovascular interactions 

3.1. Breathing patterns 

To keep blood gas levels and lung function within normal bound
aries, breathing is flexibly regulated to respond to a constantly varying 
internal state and its environment (Bruce & Daubenspeck, 1995; Hess 
et al., 2013; Jaworski & Bates, 2019). As a result, breathing is highly 
variable, with variations in respiratory time and volume, sighs, gasps 
and yawns, respiratory pauses and apneas, thoracic and abdominal 
contributions and synchrony between both (Ramirez & Baertsch, 2018, 

2019; Vlemincx et al., 2013). These breathing patterns are essentially 
adaptive, but physiological and behavioral factors may cause specific 
breathing patterns (e.g. sighs, gasps, yawns, apneas) to occur too few or 
too frequent, rendering them maladaptive or dysfunctional (Boulding 
et al., 2016; Vlemincx et al., 2013). Effective regulation of breathing 
elicits complex breathing patterns, but also conversely, complex 
breathing patterns guarantee effective breathing regulation (Bruce & 
Daubenspeck, 1995; Hess et al., 2013; Jaworski & Bates, 2019). Simi
larly, breathing patterns are also bi-directionally related to stress and 
emotions (Boiten et al., 1994; Vlemincx et al., 2013). 

Since COVID-19 disrupts the vascular endothelium and normal vas
oregulation and causes a ventilation-perfusion mismatch together with 
hypoxemia and sympathetic over-activity, the ventilatory pattern 
changes to a rapid shallow breathing and upper chest breathing. This is 
associated with suboptimal alveolar recruitment, elevated dead space 
ventilation and (a tendency to) hypocapnia. Eventually, a persistent 
unpleasant sensation of breathing discomfort may ensue that increases 
with exertion. Overall, it is likely that COVID-19 patients will show 
altered breathing patterns, which may be or become maladaptive by 
compromising efficient breathing regulation and exacerbating symp
toms. In this respect it is interesting that, while most cardiorespiratory 
dysfunctions after COVID-19 return to normal within the first six 
months, persistent symptoms may remain that are not associated with 
parameters of cardiopulmonary health (Cassar et al., 2021). These 
symptoms may be due to hyperventilation and dysfunctional breathing 
patterns during rest and exercise, as was observed in post COVID pa
tients (Mancini et al., 2021; Motiejunaite et al., 2021; Stockley et al., 
2021; Taverne et al., 2021; von Gruenewaldt et al., 2022). 

Research clarifying the role of breathing patterns in COVID-19 could 
include: 

• assessing breathing patterns and their typology (e.g., breathing ir
regularity, excessive sigh frequency, thoracic dominance), in COVID- 
19 patients, during rehabilitation and long-term follow up, both 
during rest and exercise conditions, and during emotional or cogni
tive challenges (e.g. stress, depression and/or anxiety inductions),  

• investigating which COVID-19 related respiratory dysfunctions (e.g. 
ventilation-perfusion mismatch, hypoxemia, hypocapnia, respira
tory muscle weakness and cardiovascular problems) contribute to 
chronic maladaptive breathing patterns, and how these effects are 
moderated by psychological factors (e.g. chronic stress, anxiety, 
depression),  

• investigating whether COVID-19 induced emotional states of (post- 
traumatic) anxiety, depression and fatigue, acutely and post COVID, 
contribute to maladaptive breathing patterns,  

• investigating the mutual relationships between maladaptive 
breathing patterns and respiratory symptoms of shortness of breath 
elicited by COVID-19, and in post-COVID syndrome,  

• examining to what extent and which breathing patterns contribute to 
hyperventilation during rest, exercise, emotional and cognitive 
challenges, post COVID,  

• studying the added value of breathing exercises targeting breathing 
patterns for improvement of breathing regulation, and reductions in 
shortness of breath, anxiety and fatigue in post-COVID syndrome and 
post-COVID rehabilitation. 

3.2. Feedforward breathing regulation 

Breathing regulation is importantly driven by anticipation or feed
forward regulation, suggesting that COVID-19 patients may not just 
react to actual disruptive factors, but may also develop more permanent 
breathing regulation problems. The important role of predictive regu
lation has been extensively demonstrated for blood glucose levels, and 
-more broadly- for food intake and digestion, for the development of 
tolerance and addiction to drugs and for blood pressure regulation. 
However, the breathing system has been less targeted using this 
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perspective, despite good arguments to do so: (1) both animal and 
human studies suggest the role of learning in CO2-regulation (Gallego 
et al., 2001; Zaman et al., 2014), (2) clinical phenomena such as exercise 
hyperpnea and hyperventilation can be considered examples of predic
tive regulation, (3) the breathing system, being tied into both the 
autonomic (involuntary) and somatic (voluntary) nervous system, is 
open to behavioral influences, such as emotions and cognitive load that 
are highly sensitive to anticipatory processes (Vlemincx et al., 2013), (4) 
dyspnea is a powerful stimulus for fear conditioning (Pappens et al., 
2012), after which a milder respiratory sensation can be sufficient to 
evoke anticipatory fear responses, subsequent breathing dysregulation 
(e.g. hyperventilation) and dyspnea (Alius et al., 2013; Van den Bergh 
et al., 1997). 

Feedforward regulation has adaptive benefits: strong perturbations 
are avoided resulting in more steady, yet highly flexible physiological 
systems (Dworkin, 1993; Ramsay & Woods, 2014, 2016). However, a 
downside may emerge when cues launch predictive regulation in 
response to an expected perturbation that is actually not occurring. 
Anticipation of breathlessness and sensations of breathing distress of 
COVID-19 may therefore contribute to more permanent breathing dys
regulation, creating vicious circles. 

Respiratory psychophysiology can address many research questions 
from this perspective in the context of COVID-19, such as: 

• How does anticipation of breathlessness impact O2 and CO2 regula
tion in COVID-19 patients? Does anticipation impact each regulatory 
subsystem (e.g. mechano-, stretch- and chemoreceptors)? How flex
ible and variable are individual set points for these parameters?  

• What are the psychological conditions for and consequences of 
behavioral factors overruling breathing in accordance of metabolic 
needs? How is this corrected?  

• Can vicious circles emerge if anticipated breathlessness triggers 
breathing that further induces breathlessness? 

• Given that hyperventilation has been observed post COVID in pa
tients (Motiejunaite et al., 2021; Taverne et al., 2021), to what extent 
does it contribute to the so-called post-COVID syndrome? How can 
this be remedied?  

• What is the role of predictive breathing regulation in the bi- 
directional relationship between respiratory diseases and psycho
logical disorders such as anxiety, panic and depression (von Leupoldt 
et al., 2013)? 

3.3. Cardiorespiratory interactions 

One of the most visible indicators of cardiorespiratory interaction is 
respiratory sinus arrhythmia (RSA), the heart rate variability located in 
the typical range of respiration rate. It has been extensively used as an 
indicator of cardiac vagal activity and related to a host of psychological 
and health variables (Grossman & Taylor, 2007). It is thought to result 
from respiratory gating of outflow from medullary vagal motor nuclei to 
the heart (Eckberg, 2003). A number of studies have shown reductions 
in RSA indices during the course of COVID-19 infections (Hasty et al., 
2021; Hirten et al., 2021; Natarajan et al., 2020; Pan et al., 2021), 
although increases in RSA metrics have also been reported (Kaliyaper
umal et al., 2021; Stute et al., 2021), possibly related to variations in 
measurement relative to infectious stages. It remains unclear to which 
extent this is due to alterations in respiratory gating or vagal motor 
outflow. Patients exhibit higher respiration rates in the infectious state, 
and respiration rate in conjunction with heart rate have been used 
successfully as predictors of infection (Natarajan et al., 2020). However, 
lower RSA prior to the pandemic has also been linked to suboptimal 
adjustment to the pandemic, predicting elevated systemic inflammation 
in COVID-19 infected patients (Hasty et al., 2021), internalizing symp
toms (Szenczy & Nelson, 2021), coping expectancies (I. Gordon et al., 
2021), or aspects of worrying (Wekenborg et al., 2022). 

Neuroinvasion of the vagal nerve at the level of the medulla 

(Vitale-Cross et al., 2022) and in cell cultures from medullary respira
tory and cardiovascular control centers by the virus through ACE2 re
ceptors has been demonstrated post-mortem (Meinhardt et al., 2021). 
This raises the possibility that cardiorespiratory integration is compro
mised from central top-down pathways. Infection of motor and sensory 
neurons has also been shown in ex vivo studies of hamster brainstem cell 
cultures (Ferren et al., 2021). However, changes in RSA do not lend 
themselves easily to inferences on underlying damage through 
COVID-19. Deficits in vagal motor outflow are possible, but damage to 
respiratory control centers could also interfere with respiratory gating of 
normal vagal outflow. Empirically, observed increases in respiration 
rate in COVID-19 could produce lower RSA as an epiphenomenon, given 
the substantial dependence of RSA on rate and amplitude of breathing, 
independent from vagal activity (Eckberg, 2003; Grossman & Taylor, 
2007; Hirsch & Bishop, 1981; Ritz & Dahme, 2006). Additionally, RSA 
could also be reduced through psychological stress resulting from the 
infectious state and patients’ concerns over its short- and long-term 
consequences. Beyond that, using basal RSA levels as predictors of 
pandemic health requires consideration of a range of confounding var
iables beyond respiration. The modest relation between RSA and basal 
cardiac vagal output has also been pointed out (Farmer et al., 2016; 
Grossman & Kollai, 1993). 

Research questions to be addressed are, for example: 

• What are the central and peripheral neural underpinnings of respi
ration rate increases and RSA decreases in COVID-19 patients? 

• What are the temporal trajectories of these measures across infec
tious and pre- and post-infectious periods?  

• What is the contribution of psychological stress to alterations in 
respiration rate and RSA observed across infectious periods? 

4. Symptom perception 

4.1. Breathlessness 

The experienced symptoms associated with acute COVID-19 are 
primarily fever, cough, shortness of breath (SOB), fatigue, muscle ache 
and loss of smell (CDC, 2022; Chen et al., 2020). The cough and SOB 
appear to be related to the effect of COVID-19 on ventilation-perfusion 
mismatch. Also, pulmonary embolism and pulmonary hypertension 
can elicit SOB (Bulajic et al., 2019; Cleveland Manchanda et al., 2019). 
However, the lack of a change in lung compliance and airway resistance 
suggests effort dependent dyspnea is not a critical element in the initial 
development of COVID-19 SOB. 

While hypoxemia probably results from ventilation-perfusion 
mismatch with hypocapnia due to increased alveolar ventilation eli
cited by the hypoxemia, hypoxemia does not elicit a sensation of SOB. In 
fact, silent hypoxemia has been reported in about 5–30 % of COVID-19 
patients, either presenting at the emergency department, or admitted to 
the hospital (Alhusain et al., 2021; Brouqui et al., 2021; Busana et al., 
2021; García-Grimshaw et al., 2021; Okuhama et al., 2021). These in
dividuals have a significantly reduced PaO2 with hypocapnia (Ottestad 
& Søvik, 2020). While COVID-19 patients may present at first with silent 
hypoxemia, dyspnea may persist when silent hypoxia has resolved. 

Overall, breathlessness or SOB is a complex and difficult symptom to 
assign a specific origin and psychological factors such as affective states 
and traits contribute significantly to its experience (Parshall et al., 2012; 
von Leupoldt & Denutte, 2020). There is a wide range of physiological 
possibilities to probe, including cardiovascular, respiratory, and 
neuromuscular systems, and lastly, behavioral mechanisms. Regarding 
assessment of the respiratory system, breathlessness could be due to 
changes in the mechanical properties of the lung, gas exchange effi
ciency, neuro-control centers affecting the awareness of breathing, 
and/or affective feelings induced from respiratory feedback. All of these 
may be influenced by a COVID-19 infection, which may have effects that 
linger on and interact with other mechanisms. As an example, patients 
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with obesity often complain of dyspnea on exertion. Future research 
investigating dyspnea (in response to exertion) in obesity may need 
separate experimental groups defined by the history of a COVID-19 
infection (i.e., obesity, non-obese, and obese post COVID-19 infection 
groups). The same may be said of heart failure patients with preserved 
ejection fraction who already display symptoms of breathlessness on 
exertion. Athletes may also be a special population for study as even the 
smallest change in cardiopulmonary function could affect high levels of 
performance (Gluckman et al., 2022). In fact, all physiological in
vestigations of breathlessness may need to include an assessment of 
pulmonary function at a minimum. This would comprise basic spirom
etry with and without bronchodilator, lung volumes, diffusion capacity, 
and potentially a cardiopulmonary exercise test to assess ventilatory and 
gas exchange response to exercise, and breathlessness ratings. Pre
liminary investigations could start by testing controls without COVID-19 
vs. controls post COVID-19 with different disease severity (e.g., mild 
symptoms, hospitalization, intensive care unit), or different virus vari
ants. However, pre-existing conditions could alter the effects of 
COVID-19, and obesity may be one of the most important populations to 
begin testing. 

Due to the complexity of breathlessness and the extensive range of 
physiological causes (Davenport & Vovk, 2009), the assessment of 
breathlessness should include more than asking the patient if they are 
breathless (i.e., more than a global statement of breathlessness). Qual
ifying and quantifying breathlessness could include ratings of both the 
sensory (intensity) and affective (unpleasantness) dimensions of 
breathlessness. Patient descriptions and ratings of what they are feeling 
(i.e., effort, work, breathing heavy, etc.) and any negative emotions 
provoked by the breathlessness could be very useful in a better assess
ment of effects of COVID-19 on breathlessness and the potential source 
or origin of the breathlessness. 

Lastly, deconditioning could also be a source of respiratory symp
toms. It only takes a few days-weeks of bedrest to induce significant 
deconditioning (Babb et al., 2012). In the absence of baseline changes in 
heart or lung function, and no significant abnormal physiological re
sponses to exercise, deconditioning could play a role (Mancini et al., 
2021; Raman et al., 2022; Writing Committee et al., 2022). Decondi
tioning is usually suggested as a diagnosis of exclusion but it could be a 
very real finding in adults of all ages. 

Research clarifying the role of COVID-19 in breathlessness could 
include: 

• investigating cardiorespiratory responses to exercise and measure
ments of exercise tolerance in post COVID-19 patients with and 
without symptoms,  

• assessing pulmonary function and respiratory mechanics at rest and 
during exercise in post COVID-19 patients with and without 
symptoms, 

• studying the intensity of breathlessness and feelings of unpleasant
ness at rest and during exercise in post COVID-19 patients with and 
without symptoms,  

• examining effects of COVID-19 on pulmonary function, respiratory 
mechanics, gas exchange, cardiac function, cardiorespiratory re
sponses to exercise, exercise tolerance and breathlessness in special 
populations such as patients with asthma, COPD, obesity, and heart 
failure (e.g., heart failure with preserved ejection), and older adults,  

• investigating the moderating role of psychological trait variables in 
these effects,  

• testing which treatment strategies are effective in alleviating 
breathlessness in patients that suffer from COVID-19 or post COVID- 
19 conditions,  

• exploring contributions of deconditioning to respiratory COVID-19 
symptoms,  

• examining sensory and affective dimensions of breathlessness in 
COVID-19. 

4.2. Body-symptom correspondence 

Like many other somatic symptoms, respiratory symptoms are not a 
direct expression of underlying pathophysiological mechanisms, but 
also depend on characteristics of the environment, the person and their 
interaction (Van den Bergh, Witthöft et al., 2017). This implies that the 
relationship between the experience of physical symptoms and in
dicators of physiological dysfunction is highly variable and often weak 
or absent, resulting in “medically unexplained” or functional somatic 
symptoms. For example, persons characterized by threat sensitivity tend 
to weigh the affective component (unpleasantness) more heavily, 
resulting in an elevated breathlessness rating for the same physical 
stimulus (von Leupoldt et al., 2011). Also, repeated and/or chronic 
breathlessness can turn contextual cues into triggers for the experience 
of breathlessness that is dissociated from its original physiological cause 
(nocebo effect, Van den Bergh, Brown et al., 2017; Van den Bergh et al., 
1997; Vlemincx et al., 2021). In general, a symptom will be closely 
related to the pathophysiology in acute and intense phases (when so
matic input is highly reliable), but when the physical condition im
proves, more room is left for contextual and personal characteristics to 
moderate the symptom experience. Also, social interactions can acutely 
impact breathlessness perception (Herzog et al., 2019), while memory 
processes can modify retrospectively how breathlessness was experi
enced (Van den Bergh & Walentynowicz, 2016). 

This suggests that COVID-19 patients may develop symptoms that 
eventually are unrelated to physiological dysfunction. Substantial evi
dence is accumulating that a significant proportion of the COVID-19 
patients is developing post-COVID syndrome, referring to persistent 
somatic symptoms that may linger on for months (Cirulli et al., 2020; 
Sudre et al., 2021). Interestingly, the likelihood of developing persistent 
physical symptoms does not seem to be associated with severity of the 
acute phase. Also, post-COVID patients with initially mild symptoms 
who were participating in a rehabilitation program after COVID-19 had 
better lung function parameters, but reported stronger dyspnea than 
patients with severe disease courses that required hospitalization 
(Hayden et al., 2021). Furthermore, findings of a large population-based 
French cohort study suggest that persistent physical symptoms after 
COVID-19 are associated more with the belief in having been infected 
with SARS-CoV-2 than with having laboratory-confirmed COVID-19 
infection (Matta et al., 2022). 

Symptoms of post-COVID syndrome include chest pain, difficulties 
with breathing, loss of taste or smell, painful muscles, tingling extrem
ities, lump in throat, feeling hot and cold alternately, heavy arms or legs, 
and general tiredness. However, the most prevalent symptoms after 
COVID-19 were not the most distinctive ones. Particularly, loss of taste 
or smell (19 times more prevalent after COVID-19), painful muscles and 
general tiredness were most distinctive (Ballering et al., 2022). The 
symptom profile is in part also determined by gender. Elevated symp
toms (e.g. feeling hot and cold alternately, lump in throat, and general 
tiredness) persisted longer in women than in men after COVID-19 
(Ballering et al., 2022). The general symptom profile suggests the pos
sibility of hyperventilation being involved, to explain at least part of the 
symptom profile (Ballering et al., 2022). Since hyperventilation has 
been shown to act as a learning base for developing symptoms unrelated 
to bodily dysfunction (Bresseleers et al., 2010; Van Diest et al., 2006), 
these mechanisms should be investigated in post-COVID syndrome. 
Mental health problems following COVID-19, such as post-traumatic 
stress disorder, anxiety, and depression (Mazza et al., 2020; Taquet 
et al., 2021), are also associated with elevated reports of bodily symp
toms. All this suggests that psycho(patho)logical and pathophysiological 
processes become deeply intertwined to complicate symptom reporting, 
disability, and recovery from this disease. 

Disentangling these mechanisms constitutes a major research chal
lenge for respiratory psychophysiology. For example: 
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• To what extent are threat sensitivity and related characteristics (e.g. 
perseverative negative thinking, such as worry, catastrophizing, etc.) 
moderating breathlessness (and other COVID-19) symptoms? 

• Under which conditions is breathlessness closely related to patho
physiological mechanisms and when is breathlessness more influ
enced by expectancy and attentional processes?  

• To what extent are symptoms from post-COVID syndrome related to 
hyperventilation and resulting learning processes that may produce 
symptoms unrelated to physiological processes?  

• To what extent is there a bi-directional influence between anxiety, 
depression and panic on the one hand, and breathing difficulty, 
symptoms and disability on the other hand (von Leupoldt & Denutte, 
2020)?  

• To what extent are psychological treatments contributing to recovery 
and reintegration of post- COVID syndrome patients? 

5. Comorbidity 

5.1. Comorbidity with respiratory disease 

Asthma is an inflammatory airway disease that can be exacerbated 
by several well-known factors such as allergen exposure in susceptible 
individuals and viral infections that can further enhance the inflam
matory milieu, both systemically and in the airways (Robinson et al., 
2017). The nature of the altered immune response in asthma is funda
mentally a dysregulation which changes the natural immune balance 
that protects against foreign pathogens while remaining controlled so as 
not to induce intrinsic tissue damage. Psychological distress has a 
well-defined adverse effect on asthma. Mechanisms include both 
decreasing the normal immunoregulatory pathways and creating a 
pro-inflammatory imbalance in the local immune milieu (Marshall & 
Tull, 2018). Asthma was originally considered to be a risk factor for 
increased morbidity and mortality from COVID-19 (Jin et al., 2020). 
Fortunately, in patients who are well controlled, asthma does not appear 
to increase severe morbidity or mortality risk (Liu et al., 2020). How
ever, asthma patients have a compromised disease control under high 
levels of perceived stress, anxiety and depression. This could be due to 
physiological effects of stress, as well as poorer therapeutic adherence 
related to anxiety and depression. Accordingly, infection with 
SARS-CoV-2 in patients with high stress levels can result in increased 
morbidity and mortality (Lacwik et al., 2021). Thus, a therapeutic plan 
for asthma patients that includes recognition of various stress, depres
sion and anxiety components (such as associated with the pandemic), 
and developing a specific plan to address it to improve outcomes is both 
appropriate and desirable (Marshall, 2019; Pope et al., 2014). 

Future research areas include:  

• an assessment of immune and clinical impacts of COVID-associated 
stress, anxiety and depression on course of asthma in COVID-19 
patients with varying clinical severities,  

• studying the risk for SARS-CoV-2 infection in asthma patients in high 
stress environments,  

• examining CoV-2 vaccine responsiveness in asthma patients who are 
well vs. not well controlled associated with measured psychological 
stress areas,  

• testing the impact of an integrative approach to asthma management 
that distinctly includes stress, anxiety and depression mitigation 
components on the risk for infection and severity of COVID-19,  

• examining the impact of chronic stress, anxiety and/or depression on 
the risk for developing post-COVID syndrome in asthma patients. 

COVID-19 is a novel respiratory disease but, as in many respiratory 
disorders, there may be non-respiratory consequences related to mental 
health. Learning from patients with asthma, research has demonstrated 
that depression and anxiety can adversely affect an individual’s 
perception of their asthma symptoms. The latter can often have more 

significant clinical effects than measures of pulmonary function in pre
dicting individuals’ self-management and health care use (Feldman 
et al., 2013, 2021). It has also been reported that individual patients’ 
symptom perception is often diminished (Feldman et al., 2012). Recent 
research has shown that anxiety elicited within the context of an asthma 
exacerbation may be adaptive and lead to improved pulmonary function 
and asthma control and decreased acute healthcare utilization (Feldman 
et al., 2019). However, additional research is needed to fully understand 
the behavioral pathways of depression, general anxiety, and adaptive 
anxiety on symptom perception, medication use (controller and quick 
relief), and asthma outcomes. The COVID-19 pandemic has introduced 
another layer of complexity in optimal asthma/COPD management 
regarding symptom perception, individuals’ anxiety and depression, 
perceived vulnerability to illness, pulmonary function (short- and 
long-term) and self-management behaviors. This is particularly germane 
since persistent fatigue, cognitive dysfunction and worsening dyspnea 
have all been associated with inadequate or poor asthma control. 

The following research topics are important for studies to clarify the 
role of COVID-19 in respiratory symptom perception:  

• identifying symptoms of COVID-19 vs. asthma/COPD to inform 
optimal self-management of multiple conditions, 

• differentiating between adaptive illness-related vigilance vs. exces
sive anxiety/over-perception vs. under-perception in recognizing 
respiratory symptoms of COVID-19,  

• examining long-term changes to pulmonary function following 
COVID-19 and its impact on perception of airflow obstruction, 

• studying the effects of depression and anxiety on COVID-19 respi
ratory symptom perception 

• studying whether respiratory symptom perception improves or de
clines during peaks of COVID-19 in geographic areas,  

• investigating whether depression and/or anxiety during COVID-19 
surges correspond to changes in respiratory symptom perception in 
COVID-19 patients,  

• assessing acute and chronic effects of COVID-19 on perceived 
vulnerability to disease exacerbations in asthma/COPD,  

• investigating illness representations and asthma/COPD self- 
management behaviors (e.g., controller medication adherence, 
symptom perception, trigger avoidance) in acute COVID-19 patients,  

• distinguishing between affective and sensory components of dyspnea 
in acute COVID-19 patients,  

• testing health psychology models (e.g., Common Sense Model) in 
COVID-19 patients to identify predictors of self-management be
haviors and respiratory symptom perception. 

5.2. Comorbidity with anxiety and panic 

Respiration is known to be significantly affected by emotions and 
stress (Boiten et al., 1994). Maladaptive breathing, in particular hy
perventilation, has also been at the core of biological theories of panic 
disorder (for reviews, see Meuret & Ritz, 2010; Roth et al., 2005). In 
that, it has either been interpreted as a consequence of a hyperactive 
suffocation alarm system that responds to rising CO2 levels (Klein, 
1993),4 or as a primary generator of feared symptoms (Ley, 1985).5 In 
general, hyperventilation arises as a result of failed active coping at
tempts, associated with feeling overwhelmed and loss of control (Boiten 
et al., 1994). It can be elicited in vulnerable individuals by situations 
that involve suffocation (Van Diest et al., 2005). Patients with respira
tory disease have an elevated risk of developing panic disorder (Hasler 

4 Klein’s suffocation alarm theory assumes that panic patients have devel
oped low CO2 detection thresholds, resulting in increased CO2 sensitivity, 
leading to sensations of dyspnea, which may cause panic symptoms. 

5 Ley’s hyperventilation theory assumes that acute hypocapnic hyperventi
lation, often outside the patient’s awareness, causes panic attacks. 
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et al., 2005; Nardi et al., 2009; Smoller et al., 1996) and higher co
morbidity of respiratory disease with anxiety disorders is 
well-documented (Livermore et al., 2010). A host of studies has docu
mented elevated anxiety disorders and major depression across pop
ulations worldwide as a consequence of the COVID-19 pandemic 
(Nochaiwong et al., 2021; Santomauro et al., 2021). Fear of COVID-19 
has specifically been associated with a tendency to panic (Hasratian 
et al., 2021). Given the key role of respiratory system pathology and 
resulting symptoms of dyspnea in COVID-19, it can be expected that 
vulnerable individuals (such as those with higher levels of anxiety 
sensitivity) or individuals suffering from anxiety disorders are particu
larly affected by the disease. 

Emerging research questions include:  

• How does SARS-CoV-2 infection affect onset, consolidation, and/or 
progression of anxiety disorders, in particular respiration-related 
panic disorder?  

• Are severe episodes of infection that require emergency treatment or 
ventilatory support associated with subsequent onset of panic 
disorder? 

• How does mask wearing affect PCO2 levels of individuals with anx
iety disorders; does it reduce the risk of panic attacks (in the sense of 
Ley’s symptom generator idea) or increase it (in the sense of Klein’s 
false suffocation alarm idea)?  

• Does preexisting anxiety and panic elevate the risk for SARS-CoV-2 
infection?  

• Does acute and chronic hypocapnia influence different stages of the 
SARS-CoV-2 infection?  

• Can the treatment of anxiety and panic reduce the symptom burden 
of a SARS-CoV-2 infection, including post-COVID syndrome 
trajectories? 

6. Physical rehabilitation 

Patients that recover from COVID-19 often report dyspnea with ex
ercise (Raman et al., 2021). In these patients, gas exchange abnormal
ities persist even months after the index infection (Aparisi et al., 2021). 
Mechanical ventilation can lead to decreased inspiratory muscle 
strength. Thus, muscle weakness and mechanical ventilation may be 
factors in SOB reported post COVID-19, but the extent to which these 
symptoms find ground in continued physiological abnormalities (muscle 
weakness, cardiovascular abnormality, remaining pulmonary problems) 
is not yet fully explored. In addition, it is becoming increasingly clear 
that symptoms may persist even when exercise performance is improved 
(Cassar et al., 2021). At hospital discharge, skeletal muscle weakness 
and functional impairment has been demonstrated (Paneroni et al., 
2021). Three months after hospital discharge, dyspnea, fatigue and 
myalgia remain important symptoms (Arnold et al., 2021) and there is 
an increasing amount of data that functional impairment and abnormal 
exercise responses remain, months after the index infection (Huang 
et al., 2021). Overall, there is consensus on the need for rehabilitation in 
patients that suffered from severe COVID-19, with or without mechan
ical ventilation. In these patients, there is clear evidence of a profound 
physiological impact with skeletal muscle weakness, reduced exercise 
tolerance and persistent symptoms of breathlessness and/or fatigue 
much similar to the symptoms seen in survivors of critical illness (Pan
eroni et al., 2021; Van Aerde et al., 2020). 

Pulmonary rehabilitation is an individualized and multidisciplinary 
set of interventions tailored to the physiological and psychosocial needs 
of a patient with an underlying respiratory condition (Spruit et al., 
2013). Such pulmonary rehabilitation programs can be organized in 
many settings and are well equipped to tackle the problems of patients 
suffering from sequelae of COVID-19 (Spruit et al., 2020). Rehabilitation 
programs are unanimously supported for these patients if problems 
persist six to eight weeks after discharge, at which point patients should 
be screened for rehabilitation (Singh et al., 2020; Spruit et al., 2020). In 

these patients there is accumulating evidence of the benefits of pulmo
nary rehabilitation (Daynes et al., 2021; Li et al., 2021). Although there 
are reports of persistent symptoms in patients that suffered from mild 
COVID-19, the actual prevalence of the need for rehabilitation in this 
population and the possible effects of rehabilitation are less clear. 
Particularly in patients that suffer from post viral encephalomyelitis/
chronic fatigue syndrome (ME/CFS), it is likely that high intensity ex
ercise training should be part of the treatment plan. Low intensity 
(graded) exercise may be a more appropriate approach (Larun et al., 
2019) and needs to be combined with other aspects of multidisciplinary 
rehabilitation (e.g. cognitive behavioral therapy). Positive effects of 
pulmonary rehabilitation on anxiety and depression have been shown 
for other chronic respiratory illnesses such as COPD (C. S. Gordon et al., 
2019) and asthma (Zampogna et al., 2020). Primary care clinicians 
should be aware that some patients may still experience symptoms long 
after a SARS-CoV-2 infection. Such patients can be referred for physio
logical and psychological screening and rehabilitation programs may be 
started. The effectiveness of such programs, however, is yet unclear. 

Taken together, potential gaps in clinical practice and/or research 
related to post COVID-19 rehabilitation, which require future efforts, 
include:  

• increasing efforts to assess rehabilitation needs in patients 6–8 weeks 
after being discharged from the hospital with moderate to severe 
COVID-19,  

• increasing awareness in primary health care providers that there may 
be persistent symptoms that can be tackled with physical therapy, 
exercise prescriptions or more comprehensive rehabilitation, 

• further investigation on the exact exercise prescription or rehabili
tation content as well as its effectiveness, which needs to address the 
physiological and psychological problems in patients suffering from 
post-COVID syndrome,  

• further characterization of patients with post-COVID syndrome 
suffering from persistent symptoms and the mechanisms thereof, 

• investigation of rehabilitation techniques (including graded exer
cise) to improve symptoms as well as physical activity and exercise 
tolerance in patients with post-COVID syndrome,  

• examine how pulmonary rehabilitation benefits psychopathology in 
COVID-19 patients, and the extent to which improvements in pul
monary function mediate such improvements. 

7. Conclusion 

While our consideration of future challenges for COVID-19 research 
is limited to specific questions in respiratory psychophysiology, an 
elaborate list of potentially interesting research topics is emerging. 
However, consistent with the continuously evolving nature of the 
COVID-19 phenomenon, this research agenda is fluid. In that, we hope 
that it will stimulate additional hypotheses and study protocols linked to 
research programs of individual experts in relevant fields. Moreover, 
while these research questions are easily formulated, setting up the real 
research and interpreting respective research findings can become 
challenging, given the lag in knowledge as the virus transforms, the 
variety of neurobiological manifestations and symptom profiles in 
various patient populations of COVID-19 infection and its variants, and 
hereto unknown interactions with other physical and mental health 
conditions. This applies importantly to research on the long-term con
sequences of COVID-19 infection, and post-COVID syndrome. Any 
COVID-19 research agenda will be complicated by the further devel
opment and distribution of vaccines and antiviral medications. Different 
types of vaccines and alternative design of vaccine delivery (e.g., by 
nasal route) will additionally modulate the risk of infection, its natural 
course and eventual outcomes. Adoption of such measures will also vary 
along economic, cultural, and ideological lines, and substantial dispar
ities in the availability of such preventative and treatment measures 
exist. These factors give rise to a host of moderator and mediator 
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variables that will have to be considered in future psychophysiological 
research. The complexity of the issues introduced by the unfolding 
epidemic may also serve as a warning for the field to not return to 
business as usual, given the uncertainty about the natural course of the 
current pandemic and possible future ones. Despite these challenges, we 
hope that this proposed research agenda can stimulate the advancement 
and innovation of respiratory psychophysiology research that addresses 
COVID-19 and viral pandemics beyond it. 
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Raony, Í., de Figueiredo, C. S., Pandolfo, P., Giestal-de-Araujo, E., Oliveira-Silva 
Bomfim, P., & Savino, W. (2020). Psycho-neuroendocrine-immune interactions in 
COVID-19: Potential impacts on mental health. Frontiers in Immunology, 11, 1170. 
https://doi.org/10.3389/fimmu.2020.01170 

Ritz, T., & Dahme, B. (2006). Implementation and interpretation of respiratory sinus 
arrhythmia measures in psychosomatic medicine: Practice against better evidence? 
Psychosomatic Medicine, 68(4), 617–627. https://doi.org/10.1097/01. 
psy.0000228010.96408.ed 

Ritz, T., Salsman, M. L., Young, D. A., Lippert, A. R., Khan, D. A., & Ginty, A. T. (2021). 
Boosting nitric oxide in stress and respiratory infection: Potential relevance for 
asthma and COVID-19. Brain Behavior & Immunity Health, 14, Article 100255. 
https://doi.org/10.1016/j.bbih.2021.100255 

Ritz, T., Trueba, A. F., Liu, J., Auchus, R. J., & Rosenfield, D. (2015). Exhaled nitric oxide 
decreases during academic examination stress in asthma. Annals of the American 
Thoracic Society, 12(11), 1638–1645. https://doi.org/10.1513/AnnalsATS.201504- 
213OC 

Ritz, T., Trueba, A. F., Vogel, P. D., Auchus, R. J., & Rosenfield, D. (2018). Exhaled nitric 
oxide and vascular endothelial growth factor as predictors of cold symptoms after 
stress. Biological Psychology, 132, 116–124. https://doi.org/10.1016/j. 
biopsycho.2017.11.006 

Ritz, T., Werchan, C. A., Kroll, J. L., & Rosenfield, D. (2019). Beetroot juice 
supplementation for the prevention of cold symptoms associated with stress: A proof- 
of-concept study. Physiology & Behavior, 202, 45–51. https://doi.org/10.1016/j. 
physbeh.2019.01.015 

Robinson, D., Humbert, M., Buhl, R., Cruz, A. A., Inoue, H., Korom, S., Hanania, N. A., & 
Nair, P. (2017). Revisiting Type 2-high and Type 2-low airway inflammation in 
asthma: Current knowledge and therapeutic implications. Clinical and Experimental 
Allergy Journal of the British Society for Allergy and Clinical Immunology, 47(2), 
161–175. https://doi.org/10.1111/cea.12880 

Roth, W. T., Wilhelm, F. H., & Pettit, D. (2005). Are current theories of panic falsifiable. 
Psychological Bulletin, 131(2), 171–192. https://doi.org/10.1037/0033- 
2909.131.2.171 

Russell, M. W., Moldoveanu, Z., Ogra, P. L., & Mestecky, J. (2020). Mucosal immunity in 
COVID-19: A neglected but critical aspect of SARS-CoV-2 infection. Frontiers in 
Immunology, 11. https://www.frontiersin.org/article/10.3389/fimmu.2020.611337. 

Santomauro, D. F., Herrera, A. M. M., Shadid, J., Zheng, P., Ashbaugh, C., Pigott, D. M., 
Abbafati, C., Adolph, C., Amlag, J. O., Aravkin, A. Y., Bang-Jensen, B. L., 
Bertolacci, G. J., Bloom, S. S., Castellano, R., Castro, E., Chakrabarti, S., 
Chattopadhyay, J., Cogen, R. M., Collins, J. K., … Ferrari, A. J. (2021). Global 
prevalence and burden of depressive and anxiety disorders in 204 countries and 
territories in 2020 due to the COVID-19 pandemic. The Lancet, 398(10312), 
1700–1712. https://doi.org/10.1016/S0140-6736(21)02143-7 

Sarubbo, F., El Haji, K., Vidal-Balle, A., & Bargay Lleonart, J. (2022). Neurological 
consequences of COVID-19 and brain related pathogenic mechanisms: A new 
challenge for neuroscience. Brain Behavior & Immunity Health, 19, Article 100399. 
https://doi.org/10.1016/j.bbih.2021.100399 

Singh, S. J., Barradell, A. C., Greening, N. J., Bolton, C., Jenkins, G., Preston, L., & 
Hurst, J. R. (2020). British Thoracic Society survey of rehabilitation to support 
recovery of the post-COVID-19 population. BMJ Open, 10(12), Article e040213. 
https://doi.org/10.1136/bmjopen-2020-040213 

Smet, J., Stylemans, D., Hanon, S., Ilsen, B., Verbanck, S., & Vanderhelst, E. (2021). 
Clinical status and lung function 10 weeks after severe SARS-CoV-2 infection. 
Respiratory Medicine, 176, Article 106276. https://doi.org/10.1016/j. 
rmed.2020.106276 

Smoller, J. W., Pollack, M. H., Otto, M. W., Rosenbaum, J. F., & Kradin, R. L. (1996). 
Panic anxiety, dyspnea, and respiratory disease. Theoretical and clinical 
considerations. American Journal of Respiratory and Critical Care Medicine, 154(1), 
6–17. https://doi.org/10.1164/ajrccm.154.1.8680700 

Spiezia, L., Boscolo, A., Poletto, F., Cerruti, L., Tiberio, I., Campello, E., Navalesi, P., & 
Simioni, P. (2020). COVID-19-related severe hypercoagulability in patients admitted 
to intensive care unit for acute respiratory failure. Thrombosis and Haemostasis, 120 
(6), 998–1000. https://doi.org/10.1055/s-0040-1710018 

Spruit, M. A., Holland, A. E., Singh, S. J., Tonia, T., Wilson, K. C., & Troosters, T. (2020). 
COVID-19: Interim guidance on rehabilitation in the hospital and post-hospital phase 
from a European Respiratory Society- and American Thoracic Society-coordinated 
international task force. European Respiratory Journal, 56(6). https://doi.org/ 
10.1183/13993003.02197-2020 

Spruit, M. A., Singh, S. J., Garvey, C., ZuWallack, R., Nici, L., Rochester, C., Hill, K., 
Holland, A. E., Lareau, S. C., Man, W. D.-C., Pitta, F., Sewell, L., Raskin, J., 
Bourbeau, J., Crouch, R., Franssen, F. M. E., Casaburi, R., Vercoulen, J. H., 
Vogiatzis, I., … Wouters, E. F. M. (2013). An Official American Thoracic Society/ 
European Respiratory Society statement: Key concepts and advances in pulmonary 
rehabilitation. American Journal of Respiratory and Critical Care Medicine, 188(8), 
e13–e64. https://doi.org/10.1164/rccm.201309-1634ST 

Stockley, J. A., Alhuthail, E. A., Coney, A. M., Parekh, D., Geberhiwot, T., Gautum, N., 
Madathil, S. C., & Cooper, B. G. (2021). Lung function and breathing patterns in 
hospitalised COVID-19 survivors: A review of post-COVID-19 Clinics. Respiratory 
Research, 22(1), 255. https://doi.org/10.1186/s12931-021-01834-5 

Stute, N. L., Stickford, J. L., Province, V. M., Augenreich, M. A., Ratchford, S. M., & 
Stickford, A. S. L. (2021). COVID-19 is getting on our nerves: Sympathetic neural 
activity and haemodynamics in young adults recovering from SARS-CoV-2. The 
Journal of Physiology, 599(18), 4269–4285. https://doi.org/10.1113/JP281888 

Sudre, C. H., Murray, B., Varsavsky, T., Graham, M. S., Penfold, R. S., Bowyer, R. C., 
Pujol, J. C., Klaser, K., Antonelli, M., Canas, L. S., Molteni, E., Modat, M., Jorge 
Cardoso, M., May, A., Ganesh, S., Davies, R., Nguyen, L. H., Drew, D. A., 
Astley, C. M., … Steves, C. J. (2021). Attributes and predictors of long COVID. Nature 
Medicine, 27(45), Article 4. https://doi.org/10.1038/s41591-021-01292-y 

Szenczy, A. K., & Nelson, B. D. (2021). Neuroticism and respiratory sinus arrhythmia 
predict increased internalizing symptoms during the COVID-19 pandemic. 
Personality and Individual Differences, 182. https://doi.org/10.1016/j. 
paid.2021.111053 

Taquet, M., Geddes, J. R., Husain, M., Luciano, S., & Harrison, P. J. (2021). 6-month 
neurological and psychiatric outcomes in 236 379 survivors of COVID-19: A 
retrospective cohort study using electronic health records. The Lancet Psychiatry, 8 
(5), 416–427. https://doi.org/10.1016/S2215-0366(21)00084-5 

Taverne, J., Salvator, H., Leboulch, C., Barizien, N., Ballester, M., Imhaus, E., Chabi- 
Charvillat, M.-L., Boulin, A., Goyard, C., Chabrol, A., Catherinot, E., Givel, C., 
Couderc, L.-J., & Tcherakian, C. (2021). High incidence of hyperventilation 
syndrome after COVID-19. Journal of Thoracic Disease, 13(6). https://doi.org/ 
10.21037/jtd-20-2753 

Troyer, E. A., Kohn, J. N., & Hong, S. (2020). Are we facing a crashing wave of 
neuropsychiatric sequelae of COVID-19? Neuropsychiatric symptoms and potential 
immunologic mechanisms. Brain Behavior and Immunity, 87, 34–39. https://doi.org/ 
10.1016/j.bbi.2020.04.027 

Trueba, A. F., & Ritz, T. (2013). Stress, asthma, and respiratory infections: Pathways 
involving airway immunology and microbial endocrinology. Brain Behavior and 
Immunity, 29, 11–27. https://doi.org/10.1016/j.bbi.2012.09.012 

Trueba, A. F., Rosenfield, D., Smith, N. B., Gorena, T. L., & Ritz, T. (2014). Social support 
as a predictor exhaled nitric oxide in healthy individuals across time. International 
Journal of Psychophysiology, 93(3), 356–362. https://doi.org/10.1016/j. 
ijpsycho.2014.05.011 

Trueba, A. F., Smith, N. B., Auchus, R. J., & Ritz, T. (2013). Academic exam stress and 
depressive mood are associated with reductions in exhaled nitric oxide in healthy 
individuals. Biological Psychology, 93(1), 206–212. https://doi.org/10.1016/j. 
biopsycho.2013.01.017 

Van Aerde, N., Van den Berghe, G., Wilmer, A., Gosselink, R., Hermans, G., & COVID-19 
Consortium. (2020). Intensive care unit acquired muscle weakness in COVID-19 
patients. Intensive Care Medicine, 46(11), 2083–2085. https://doi.org/10.1007/ 
s00134-020-06244-7 

van den Berg, M. P., Meurs, H., & Gosens, R. (2018). Targeting arginase and nitric oxide 
metabolism in chronic airway diseases and their co-morbidities. Current Opinion in 
Pharmacology, 40, 126–133. https://doi.org/10.1016/j.coph.2018.04.010 

Van den Bergh, O., Brown, R. J., Petersen, S., & Witthöft, M. (2017). Idiopathic 
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