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Chapter 3. Does the COVID-19 related 
respiratory failure have a neurogenic 
component?

Davide Chiumello, Matteo Bonifazi

Pathological pathways 

-

the surge of  cases has overwhelmed the facilities and human resources avail-
able1-4. Intensive care units have found themselves with no available beds due 

-
1-4. Indeed, its 

highly infectious5-9.
-

of  radiographic abnormalities and changes in lung compliance. This clinical 
-

underlying pathophysiologic differences between lung injury due to COVID-19 
10-14. 

damage and pneumonia. The consolidation of  lung parenchyma precipitates 
the alterations in blood gases in COVID-19 patients that are known to compli-

. Indeed, the damage caused by 

-
emic COVID-19 patients may present quite different characteristics: 1) normal 

4) responsive to a prone position or not responsive. Therefore, the same disease 
presents itself  with notable heterogeneity. 
in the terminal bronchioles and alveolar walls thicken the gaseous barrier leading 
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 Many pa-
tients with a severe drop in partial alveolar (pa)O2 remain asymptomatic, initially 
due to possible compensation by an increase in the rate of  breathing that comes 

poor diffusion of  O2 across the alveolar barrier15-17

10-13.
However, the alteration of  paO2 and paCO2  and 

-
-

tinal, and adrenal damage, coagulation abnormalities, and metabolic derange-
ments like lactate production from cellular damage that are known contributors 
to the maintenance of  blood pH and blood gases, and act as buffers to combat 
any alteration that may occur in these parameters.

to the neurons in the central nervous system (CNS) that has been reported to 
start during the disease course in some patients. Emerging data on COVID-19 
cases from hospitals and autopsies in the last few months have helped in un-
derstanding the pathogenesis of  respiratory failures in COVID-1918-21

reports have provided overwhelming evidence of  the occurrence of  acute res-

CoV-2 -
piratory regulating neurons in CNS would add to the pulmonary damage in 
COVID-19. Knowledge of  the circuit of  neural projections and synapses that 
regulate the breathing process is essential to understanding respiratory failure in 
general and that seen in COVID-19.

The breathing process carried forward by the CNS under physiological con-
ditions is an involuntary (autonomous) process enforced by pacemaker cells in 

-
gata in the brainstem. These neurons produce rhythmic discharges that reach 

groups of  respiratory neurons are present in the medulla, and they are known 
to project to the pre-BÖTC pacemaker neurons. The rhythmic discharges of  

-
cleus parabrachialis), which may play a role in switching between inspiration and 

airways and lungs. 
A rise in the paCO2 or H+ ion concentration of  arterial blood or a drop in 

its paO2 increases the rhythmic discharge in the medulla oblongata and vice 
versa22-28.

The effects of  variations in serum chemistry on the rhythmic discharge of  
pre-BÖTC are mediated via respiratory chemoreceptors: the carotid and aortic 
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bodies and the central chemoreceptor area in the medulla29.  Each carotid and 
aortic body contains isles of  two types of  cells, glomus type I and glomus type 
II cells (supporting cells), surrounded by fenestrated sinusoidal capillaries. 
The glomus type I is closely associated with glossopharyngeal nerve afferent 

2-
sensitive potassium K+ channels. The transmitter involved appears to be do-
pamine, which stimulates the nerve endings by way of  D2 dopaminergic recep-
tors. The glomus type I receptors in the carotid/aortic bodies are stimulated, 
with increased afferent nerve discharges, by a rise in the paCO2 or H+ concen-
tration of  arterial blood or a decline in its paO2

become strong enough. In addition, even though spontaneous breathing is not 

20-30.

as the brainstem that control the normal breathing process with nuclei like the 

have been reported to have recovered from pneumonia could not be weaned off  
invasive mechanical ventilation, and the occurrence of  acute respiratory arrests 
seen in COVID-19. This debate is important for many reasons, one of  which is 

be happening during the management of  COVID-19 patients20-31. Moreover, 

COVID-19 in which the patients lost spontaneous breathing, required mechan-
ical ventilation, and then later died. Some of  the patients with COVID-19 that 
have been reported to recover from pneumonia but could not be weaned off  

CoV-2 neurotropism that can prove fatal. The occurrence of  these spontane-
ous (autonomic) breathing control failures early in COVID-19 is alarming and 

control normal involuntary breathing mechanics18-30. 
-

ronal spread from the olfactory nerves on to the rhinencephalon, ultimately 
reaching the brainstem and causing the irreversible respiratory failure seen in se-

-
tients and the hematogenous or lymphatic routes have been proposed as ways 
through which the virus may gain entry to the CNS20-30.
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It is more likely that the virus invades the brainstem in the early phases of  
COVID-19. Therefore, respiratory failure due to damage in respiratory regulat-

as has been reported recently, since severe respiratory distress is observed 8-14 
days after symptoms develop. In fact, even partial damage to the pacemak-
er neurons in the pre-BÖTC area can lead to intervals of  loss of  autonomic 
breathing and lead to the neurological manifestations reported in COVID-19. 
Moreover, the spinal motor neurons that act as a nuclear group for phrenic 
nerve, emerging as nerve roots, are located at cervical nerves 3, 4, and 5 (C3, 
C4, and C5) and could be involved, as has recently been reported, in affect-
ing the diaphragm and thoracic muscles, completely interrupting respiratory 
function21-31. 

Clinical features and possible treatments

Correlating the pulmonary sign and symptoms of  patients with COVID-19 

COVID-19 patients to retain control over voluntary breathing suggests that 
the neocortical projections of  the brain to the spinal motor neurons are spared. 

breath in the inspiratory phase of  breathing (apneusis), as has been reported. 
Damage to the central chemoreceptor can strongly affect breathing rate and 

-
mally generates pacemaker impulses for autonomic breathing appears to be the 

to breathe spontaneously, while a complete or substantial loss of  the neurons 
in this region would induce neurogenic acute respiratory arrest despite the pres-

by the degree of  the quantitative loss of  neurons in the pre-BÖTC region and 
the ability of  the neurons to compensate for a partial loss in those patients who 

diaphragm and damage to spinal motor neurons below C5 segments, or a com-
bination of  these, can contribute to syndromic respiratory failure21-33. 

-
rogenic respiratory failure. Given this, it is important to mention that, in a severe 

respiratory arrest due to damage to the brainstem pre-BÖTC and phrenic nerve 
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and abnormal breathing patterns should undergo thorough clinical investiga-

occur early during COVID-19 and could be missed.
Moreover, the decline in arterial O2 tension is normally detected by O2-

sensing cells in the carotid body (CB), the main arterial chemoreceptor, which 
-

duce compensatory hyperventilation and increase the heart rate. In this way, 
both O2 uptake and its distribution to the tissues are enhanced. Indeed, bilateral 

-
paired respiratory drive and reduced dyspnea that characterizes the “silent hy-

into clusters of  cells called glomeruli. Each glomerulus is composed of  4-8 
neuron-like glomus or Type I cells, which are in close contact with a network 

the petrosal ganglion. Glomus cells, the O2-sensing elements in the CB, contain 
abundant synaptic vesicles with neurotransmitters that are rapidly released in 

respiratory and autonomic centers. In addition, the CB glomeruli also contain 
a smaller number of  glial-like, Type II or sustentacular cells with interdigitat-
ing processes that envelop the glomus cells. Type II cells are multipotent stem 
cells that can differentiate into O2 sensitive glomus cells to support CB growth 

2-sensing is an intrinsic property of  
CB glomus cells, the functional responses of  these cells are modulated by nu-
merous auto- and paracrine signals generated within the organ. In this regard, 

-
sinogen, angiotensin-converting enzyme, and angiotensin receptors) have been 
described in the CB. Indeed angiotensin-converting enzyme 2 (ACE2) has an 

CoV-2) enters human cells. 

to detect changes in arterial O2 -

 Therefore, ventilation dysregulation and dyspnea add to an already injured 

continuous cyclic strain deformation, where the applied pressure is inspiratory 
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-
tween the tidal volume (Vt) and a reference volume, usually the volume of  air at 

the force acting on a surface unit, produces its deformation. Transpulmonary 
pressure corresponds to the stress in the lung. Strain and stress in the lung tissue 
are closely related to each other through a constitutive relation (stress = tissue 
elastance*strain)34-44. Both play an important role in the onset and development 

(P-SILI).

High values of  strain are known to be harmful to the lung and to increase 
mortality34-42.

Assisting ventilation both with non-invasive support and invasive mechanical 
ventilation can be used to minimize stress and strain when impending respira-
tory failure is recognized. 

Continuous positive airway pressure (CPAP) helmets and non-invasive venti-

through monitoring esophageal pressure swings, a surrogate of  the transpul-
monary pressure in spontaneously breathing patients . 

mechanics, while NIV may reduce respiratory drive by several mechanisms: 1) 
unloading respiratory muscles from inspiratory effort, which also reduces CO2 

-
.

requires an additional strategy to control dyspnea in these patients. In fact, 
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respiratory drive and respiratory rate could be controlled through sedation to 
prevent and treat high respiratory frequencies along with respiratory support. 
Sedation also plays an important role in making patients comfortable and help-
ing them to cope with what could be several days of  non-invasive ventilation as 
compliance to treatment is fundamental given the lengthy course of  the disease. 
Indeed, measuring respiratory drive in patients with COVID-19 acute distress 

-
ry support and in deciding when to wean the patient off  mechanical ventila-
tion. Indeed, vigorous breathing efforts can amplify the severity of  lung injury, 

patient outcome. 
The prone position has been widely adopted in COVID-19 patients to treat 

45. However, its role has been fundamental not only to restore gas 

the lung and reduce unprotective lung ventilation, thus reducing lung injury48-50. 
Despite this, some patients will remain dyspneic, breathing spontaneously, 

with or without respiratory support. Vigorous and dysregulated respiratory ef-
fort, even if  under control in terms of  respiratory rate, may promote P-SILI, 
with generation of  high stress and strain, as shown by a high swing in esopha-
geal, thus transpulmonary, pressure.

Ultimately, this phenomenon worsens the respiratory failure; the patient 
must be intubated and mechanical ventilation is required in up to 20-30% of  
cases. When invasive mechanical ventilation is instituted, there is often an initial 
phase of  deep sedation, which may decrease the respiratory drive and, occa-
sionally, a period of  neuromuscular blockade, which eliminates breathing effort. 
Once assisted breathing is restored, uncontrolled high respiratory drive may 
also resume.

ventilation; an alteration of  the central nervous system with dyspnea and deliri-
um can promote the development of  asynchronies and VILI51,52.

Ventilator asynchronies have been associated with longer duration of  me-
chanical ventilation and increased mortality. In particular, reverse trigger is de-

The inspiratory muscle causes an increase in the inspiratory effort with larger 
Vt and double cycling (breath stacking) with increased stress and strain, leading 
to unprotective ventilation52-53.

Thus, in these patients, early detection of  the possible presence of  asynchro-
ny and reverse trigger is fundamental. Moreover, impaired respiratory drive and 

from mechanical ventilation, leading to increased mortality and fewer days off  
mechanical ventilation. 
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As has been said, pharmacological intervention with opioids, drugs modulat-

and partial muscular paralysis by low-dose neuromuscular blocking agents 

54,55. 
-

moval (ECCO2
-

tory hypercapnia .

Conclusions

-
monary manifestations, there is an urgent need to understand and diagnose the 
neurological symptoms early in the course of  this disease. Future research is 
needed to understand the route of  virus entry (neural or through the blood-
stream), the neuronal damage and the affected areas in the brain, including 
pathological assessment of  the respiratory center in the brainstem.

Take-home message

 – COVID-19 is a systemic disease with multiple organ involvement, espe-
cially the lung.

 –
consequence of  neurological involvement.

 –
causing acure respiratory distress and lung damage.

 – Sedation together with lung ventilatory strategies to prevent VILI should 
be tailored based on pathophysiology assessment.

 – Understanding neural patterns can help identify phenotypes of  respirato-
ry efforts in COVID-19 patients.
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