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Introduction
Homeostatic mechanisms for respiratory control are diverse, so-
phisticated, and redundant, thus relying on both central and periph-
eral mechanisms. However, the orchestrated process of breathing 
under both physiological and pathologic conditions (i.e., stressors 
and/or illnesses) relies on intact neurological anatomy and physi-
ology. The overarching goal is the titrated ventilatory rate, depth, 
and rhythm to achieve proper gas exchange. The clinical syndrome 
known as Cushing’s triad (intracranial hypertension, bradycardia, 
and irregular respirations) is a classic teaching point of the dev-

astating clinical consequences of neurological deterioration.1 Not 
only do patients with acute brain damage show abnormal breathing 
patterns, including periodic, irregular, and rapid respirations, but 
one-third of moderate-severe traumatic brain injury (TBI) patients 
will go on to develop acute lung injury.2,3 The lungs may be the 
organ system most adversely affected by isolated acute brain injury 
with neurogenic pulmonary edema (NPE), ventilator-associated 
pneumonia, and acute respiratory distress syndrome (ARDS) be-
ing the main culprits.4 Recent research has aimed to identify the 
physiologic cause of the disruptions and develop novel interven-
tions. This paper summarizes the neurological basis and regulation 
of breathing as well as pathologic perturbations of this process. The 
exact mechanisms behind respiratory disruptions are incompletely 
understood and ongoing research presented acts to update the cur-
rent understanding. The review also highlights ventilatory manage-
ment and clinical challenges. Lastly, this paper provides an update 
regarding the preclinical and proposed investigative treatment ap-
proaches for respiratory distress in the context of neurologic injury.

Neurorespiratory control

Respiratory outputs: expiration vs inspiration
While increasingly complex with a multitude of neural pathways 
and communication systems, we attempted to focus on what a clini-
cian should understand when caring for neurological patients. The 
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medullary respiratory center is the focus of the central command of 
breathing. Simply and succinctly described by Costanzo,5 it consists 
of a dorsal respiratory group (DRG) housing inspiratory neurons 
and a ventral respiratory group (VRG) housing mainly an expiratory 
(and some inspiratory) neuron. The DRG is situated in the nucleus 
of the solitary tract, while the VRG consists of the retrotrapezoid nu-
cleus/parafacial respiratory group (RTN/pFRG), Bötzinger’s com-
plex, pre-Botziner complex, rostral VRG, and caudal VRG (Fig. 
1a).6 It should be noted, however, that the exact anatomic origin of 
the rhythmic generation of respiration remains unclear.6

Inspiration is accomplished primarily via DRG medullary 
neurons communicating with spinal cord motor afferents to both 
the diaphragm (phrenic nerve) and external intercostal muscles. 
Additional inspiratory effort can be achieved by recruiting acces-
sory muscles like the scalenes and sternocleidomastoid.7 As the 
frequency of the action potential increases, the force of contrac-
tion of these muscle fibers increases due to more motor units be-
ing recruited.8 Furthermore, the thoracic pressure drops due to an 
increase in the chest cavity volume resulting in a driving force of 
air from the environment to the airway. Additionally, during the 
inspiratory phase, the laryngeal and pharyngeal muscles are con-
tracted allowing the glottic diameter to increase.8

Smooth inspiration over a period of approximately 2 s is followed 
by expiration lasting around 3 s.8 To facilitate a smooth tidal volume 
entrance into the lung, inspiratory neurons depolarize in a fashion 
that results in an “inspiratory ramp”. This ramp is a result of steady, 
continuous depolarization from the inspiratory neurons allowing for 
a smooth tidal volume entrance into the lungs, rather than abrupt, 
sudden inspiratory gasps. Switching to expiration is achieved by the 
cessation of the inspiratory neurons accomplished by the pneumot-
axic center and various peripheral receptors (stretch receptors).

Under resting conditions, expiration is a passive process accom-
plished by the intrinsic elastic force of the lungs. However, expira-
tion may become a more voluntary or forced process with the help 
of the VRG. Specifically, Botzinger’s complex located most ros-
trally in the VRG is known to send impulses to internal intercostals 
and abdominal muscles (rectus, obliques, and transverse abdomi-
nus), while also inhibiting the inspiratory drive from the VRG and 
DRG neurons.5–7 This helps compensate for insufficient expiration 
occurring due to either intrinsic lung parenchymal issues (i.e., em-
physematous lungs) or extrinsic stressors (i.e., exercise).5,8

Central inputs to breathing
Respiration occurs constantly without any required attention. This 
predominantly autonomic process is fine-tuned to maintain meta-
bolic homeostasis without any awareness. Perhaps the most well-
known natural trigger for ventilation seen often in clinical practice is 
acidemia. Ventilation triggered by acidemia is considered one of the 
many autonomic mediators of respiration, whereas others include 
peripheral visceral inputs detailed in the prior section. Conscious 
control of respiration is also possible albeit limited. Moreover, in-
tentional respiratory control involves different neural circuitry than 
the rhythmic autonomically driven breathing; we will discuss both 
these issues independently in the following sections.

This can be explained by increases in blood [H+] that lead to 
increased blood cerebrospinal fluid (CSF) [CO2]. The ultimate by-
product of this is increased [H+] in the CSF. These protons can 
also directly bind to central chemoreceptors located in the ventral 
medulla near cranial nerve (CN) IX/X which ultimately stimulate 
the DRG.9 Two of the most heavily studied central chemoreceptors 
are TASK2 and GPR4, which are located in the RTN (Fig. 1b).10

Fig. 1. Central respiratory controls and brainstem circuitry. (a) Demonstrates the brainstem inspiratory control activated by the apneustic center (green) 
and inhibited by the pneumotaxic center (Red). Intercommunication between these pontine respiratory centers is also shown in red. Pneumotaxic mediates 
switch from inspiration to expiration via the connections drawn in red; (b) chemoreceptive GRP4 and TASK receptors (in RTN) responding to H+ in CSF in the 
ventral medulla and subsequently activating the respiratory compensation to the acidosis. DRG, dorsal respiratory group; GRP4, G protein-coupled receptor 
4; LMN, lower motor neurons; NST, nucleus of the solitary track; pFRG, parafacial respiratory group; RTN, retrotrapezoid nucleus; TASK, TWIK-related acid-
sensitive K+ channel 2; VRG, ventral respiratory group.
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Two centers located in the pons help augment the process of 
breathing by either stimulating (apneustic center; lower pons) or 
inhibiting inspiration (pneumotaxic center; upper pons) (Fig. 1a). 
Not only do these centers communicate with the solitary nucleus 
in the DRG, but also with each other. Apneusis (severely prolonged 
inspiratory effort) has been reported in transection experiments, in 
which the higher pneumotaxic center is unable to inhibit the lower 
apneustic pons and medullary DRG neuron networks. Interestingly, 
this phenomenon is dependent on the non-intact vagus nerve.6 Nev-
ertheless, these pneumotaxic neurons were proposed as the main 
contributor to switching from an inspiratory to expiratory phase of 

breathing. As pneumotaxic center depolarization increases, inspira-
tion is diminished, thus decreasing the inspiratory time and tidal vol-
ume while increasing the respiratory rate. The converse is also true.

Regarding the neurocircuitry involved in the conscious control 
of ventilation, less is understood. Feedback neural loops prohibit 
prolonged voluntary control as partial pressure of carbon dioxide 
(pCO2) changes.6 Nevertheless, increasing evidence points to both 
cortical and limbic locations as areas in which “higher” brain cir-
cuits for respiration are located.11 Intracranial EEG (iEEG) recorded 
breath coherence values saw caudal-medial frontal, premotor, or-
bitofrontal, and motor cortex, insula, superior temporal gyrus, and 
amygdala being involved with volitational breathing and the ante-
rior cingulum, premotor, insula, hippocampus were involved with 
attentive breathing (Fig. 2).11 Higher cortical centers additionally 
function to modulate brainstem respiratory homeostasis. Under nor-
mal conditions, reflexive responsiveness to CO2 is inhibited. This 
protective mechanism prevents apnea following hyperventilation.12

Peripheral inputs to breathing
Sensory afferents communicate with the central nervous system 
(CNS) (specifically near the nucleus of the solitary tract located in the 
DRG) via a variety of messengers, including glutamate, monoamines, 
purines, peptides, or other volatile co-transmitters.13 These sensory af-
ferents come from a variety of locations, including aortic and carotid 
bodies, pulmonary stretch receptors (PSR), muscles and joints, and 
airway epithelial cells.6,14,15 CN IX is responsible for carrying affer-
ent information from the carotid bodies located at the bifurcation of 
the external and internal carotid arteries (Fig. 3). The most important 

Fig. 2. The gross circuitry involved in the control of respiration above the 
brainstem. 

Fig. 3. Peripheral respiratory controls and brainstem circuitry. Peripheral inputs to the breathing arriving at the brainstem respiratory centers via CN IX (carotid 
bodies), CN X (aortic bodies and pulmonary receptors), and spinal locomotor circuits (muscle/tendon) are represented by the pink lines. All afferents terminate 
near the nucleus of the solitary track within the DRG and work in concert to modulate respiration. The brainstem communicates the LMN in the anterior horn of 
the spinal cord represented by the green lines. CN, cranial nerve; DRG, dorsal respiratory group; LMN, lower motor neurons; NST, nucleus of the solitary track.
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triggers to remember include decreased partial pressure of oxygen 
(PO2) <60 mmHg, increased PCO2, and decreased arterial pH.16 Very 
similar to this is CN X, which relays the presence of diminished PO2 
and increased PCO2 from the aortic bodies located in the aortic arch.

Irritants, mechanoreceptors, and metaboreceptors
The sophisticated orchestra of breathing must be dialed precisely 
to external environmental stimuli. The smooth muscle of the air-
ways responds to the increased stretch (via vagal afferent mecha-
noreceptors) by decreasing the breathing rate (Hering-Breuer re-
flex).5,15 This is accomplished by prolonging the expiratory time; 
however, this mechanism may only be applicable to human physi-
ology at tidal volumes >800 ml.5,6 The vagus nerve not only carries 
information from the peripheral chemoreceptors, stretch receptors, 
and mechano/metaboreceptors, but also from irritant receptors.

As mentioned before, switching to expiration is a complex pro-
cess involving synchronous interactions between slowly adapting 
pulmonary stretch receptors (SAPR) and the central respiratory 
control centers. The “ramp” like increase in inspiratory activity 
is due to the abrupt inhibitory release mediated by the ventroros-
toral medulla.17 Visceral afferent signals from the SAPRs are re-
layed to the central control centers in the brainstem to facilitate 
the transition to expiration. Experimental data conducted on rats 
demonstrated that during lung inflation, the SAPRs released both 
adenosine triphosphate and glutamate from their central terminal 
at the dorsal medullary nucleus of the solitary track.18

Nuclei outside of the brainstem have also been found to con-
tribute to the complex switching mechanisms. The medial parabra-
chial nucleus (mPBN) acts as an autonomic sensory relay station 
in the thalamus, whose role in this switch has been recently investi-
gated.19 Recent animal studies on beagles demonstrated the mPBN 
plays a role in attenuating the PSR mediated reflex.20

In addition, bronchopulmonary C-fibers located between the 
airway epithelia respond to the contact with noxious substances 
(i.e., ammonia; cigarette smoke), consequently resulting in bron-
chial smooth muscle constriction, respiratory rate increase, and 
mucus production.6,15,21 Lastly, juxtacapillary (J) receptors found 
in the alveolar walls respond to capillary distention and increased 
interstitial fluid volume by increasing the breathing rate (Fig. 2). 
This may underscore the subjective sense of breathlessness found 
in patients suffering from heart failure induced volume overload.

Limb movements can also activate both the mechanoreceptors 
and metaboreceptors in the joints, muscles, and tendons of the ex-
tremities which communicate with the DRG to increase the res-
piratory rate.5,6,9 Different fiber types mediate the afferent inputs to 
the respiratory centers. Muscle spindles are transported by type Ia 
fibers, golgi tendon organs by type Ib fibers, muscular mechanical 
stimulation by type III fibers, and intramuscular metabolic changes 
by type IV fibers. Exercise hyperpnea involves a ventilatory re-
sponse to submaximal exercise that is immediate and proportional 
to the metabolic rate.22 Moreover, the exact mechanism of respira-
tory modulation is poorly understood, but evidence points toward 
afferent signals from the type III/IV fibers being the primary media-
tors of exercise hyperpnea. As a result, the afferent input is relayed 
via spinal locomotor circuits in the lumbar and thoracic spinal cord. 
Feedback from these peripheral inputs synergistically interacts with 
other stimulatory inputs to the central respiratory neuronal pool to 
modify respiration appropriately to meet the metabolic demands.22

CNS insults, pathophysiology, and clinical manifestations
Traumatic brain injuries (TBIs), ischemic stroke, hemorrhagic 

stroke, brain tumors, and seizures have diverse and sometimes 
overlapping associated breathing patterns. Respiratory dysfunction 
can be secondary to a localized lesion (stroke; trauma) or systemic 
dysfunction (metabolic; edema). In the following section, we will 
detail each insult’s pathophysiology and clinical manifestations. 
Understanding and recognizing specific secondary clinic signs of 
respiratory decompensation can permit earlier intervention aimed 
to improve the patients’ outcomes. Here we will discuss specific 
insults to the central nervous system and how these pathological 
disruptions interfere with respiratory control. The main problems 
often involve secondary systemic responses to a central injury, 
including catecholamine surges and inflammatory cascade activa-
tion. Therapeutic interventions discussed in the final section at-
tempt to mediate these secondary insults.

TBI
TBIs are one of the leading causes of long-term disability in the 
United States. At the extremes of age (<17 and >55), TBI’s are 
secondary to falls, contrary to adolescence and early adulthood 
(14–44), where motor vehicle collisions are most commonly re-
sponsible.6 TBIs induce systemic changes extending far beyond 
the central and peripheral nervous system. The consequences are 
wide-reaching and highly complex, but of all the extracranial or-
gans, the respiratory system is the most effected (81%).23 TBI can 
directly induce devastating conditions like ARDS and NPE.24

Following brain trauma, there is a bi-phasic inflammatory re-
sponse involving both innate and adaptive immune activation. 
The primary insult activates the innate immunity when the inflam-
masome proteins NLRP1 and NLRP3 increase. Once activated, 
IL-1β is produced for the purpose of CNS repair. Inflammatory 
pyroptotic cell death and glial activation potentiates the second 
phase of immune mediated damage.25 NLRP1 is believed to be 
the primary contributor of initial neuroinflammation. This inflam-
mation should be contained within the blood-brain barrier (BBB), 
but inflammation itself breaks this seal. Traumatic priming of mi-
croglia and astrocytes by fibrinogen, thrombin, and albumin leads 
to increased levels of transforming growth factor beta (TGF- β), 
glutamate, reactive oxygen species (ROS), vascular endothelial 
growth factor (VEGF), Tumor necrosis factor alpha (TNF-β), and 
interleukin-1β (IL-1β). These mediators upregulate the cellular ad-
hesion molecules and neutrophil extravasation across the BBB.26 
Dysregulation of BBB permits the systemic release of inflamma-
tory cytokines and partially contributes to the intricate systemic 
changes.

Systemic inflammation throughout the entire body incites con-
ditions like ARDS and NPE. ARDS is a common complication in 
an intensive care unit (ICU) and frequent cause of death; Mortal-
ity rates range from 35–46%.27 This is defined by noncardiogenic 
acute respiratory failure within a week of an inciting event. There 
is extensive medical literature on the multitude of conditions that 
also cause ARDS (pancreatitis, trauma, and uremia), and all etiolo-
gies induce a severe systemic inflammatory response flooding the 
lungs.28 Alveolar capillaries also suffer extensive damage increas-
ing vascular permeability. Air exchange is impossible as fluid suf-
focates the oxygen exchange interface and progressive atelectasis 
intensifies hypoxia. TBI with the Glasgow coma scale (GCS) <9 is 
associated with ARDS 20–30% of the time, which occurs most of-
ten 2–3 days after initiating the mechanical ventilation or 7–8 days 
post insult.29 Experimental studies have demonstrated a synergis-
tic detrimental effect of ARDS and acute intracranial hypertension 
(AICH). This hypothesis was tested on porcine animal models 
showing increased hippocampal and cerebral edema exacerbated 
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by ARDS alongside AICH.30 However, ARDS is not exclusive to 
TBI and is notably present in 15–40% of patients with subarach-
noid hemorrhage (SAH).31

NPE is like ARDS, but a distinctly different respiratory com-
plication of TBI. More extensive research is warranted to fully 
understand the pathophysiology behind NPE. Recognizing NPE is 
difficult due to its nonspecific presenting symptoms and is current-
ly considered a diagnosis of exclusion.32 In addition, it has been 
theorized that an abrupt increase in ICP causes a systemic catecho-
lamine release and vasoconstriction (Cushing effect). Intravas-
cular hydrostatic engorgement induces endothelial injury further 
increasing pulmonary fluid extravasation.30 The pathophysiology 
may extend beyond the mechanical capillary hyperextension driv-
ing fluid. It suggested extracellular damage-associated molecular 
patterns (DAMP) and cytokine damage could contribute to alveo-
lar damage. Like ARDS, clinical manifestation occurs in a bimodal 
fashion. Bilateral infiltrates on a chest X-ray may appear imme-
diately (within minutes) following injury or 12–24 hours later.30 
Other CNS pathology inducing NPE includes seizure, infection, 
stroke, and spinal cord injury.33

An alternative mechanism of TBI induced respiratory dysfunc-
tion does not originate cytokines nor hyperadrenergic changes. Im-
pact apnea, defined as complete cessation of the respiratory effort, 
has been demonstrated in animal models studying TBI. The ar-
rest of breathing has been attributed to acute electrophysiological 
changes, as opposed to the delayed respiratory compromise seen in 
mechanical/biochemical disruption.34

Ischemic and hemorrhagic stroke
Like other lesions, strokes alter respiration that is largely depend-
ent on the anatomical location and magnitude of the stroke. Up to 
one in six deaths in cardiovascular disease are due to stroke, and 
the most common subtype is ischemic stroke 87% of the time.35 
Neurogenic stunned myocardium is present in 20–40% of ischem-
ic or hemorrhagic stroke.36,37 Other stroke associated respiratory 
patterns are detailed below.

Central periodic breathing (CPB), also known as Cheynes-
Stokes respiration, was first described in the context of heart fail-
ure, but also occurs secondary to stroke, brain tumors, and head 
trauma. This dysrhythmic breathing is characterized by regularly 
recurring oscillation of apneas and pre-apneas.13 CPB has been 
seen in 53% of patients with acute ischemic stroke.38 Nevertheless, 
there has been no clear association between the anatomical loca-
tion and development of CPB, and the lack of localization suggests 
a nonspecific widespread respiratory control circuit. Only the in-
creased size of ischemic tissue and presence of a mass effect have 
been correlated with CPB. It is speculated that larger lesions have 
a proportionally higher cytokine burden, thus increasing cortical 
dysfunction. Under normal physiological conditions, higher corti-
cal centers inhibit respiratory reflexes. Following a stroke, cortical 
inhibition is damaged and respiratory reflexes (CO2 responsive-
ness) are heightened. This led to the appearance of apneic episodes 
in 26% of patients within the first 24 hours of a stroke.13 Peri-
odic hypoxia and secondary reflexive sympathetic surges could in-
crease the oxygen demand and worsen the ischemic tissue damage 
in both the heart and CNS. Recognition and management of CPB 
and other sleep dysrhythmias are now believed to be crucial in the 
prevention of secondary stroke.

Sleep disordered breathing (SDB) is another all-encompassing 
term for CPB alongside other sleep disturbances, including ob-
structive/central sleep apnea, hypoxemia/hypercapnia, and CPB. 
Most patients (50–70%) experience SDP following acute stroke. 

Notably, prevalence is higher among male patients following cryp-
togenic or recurrent strokes.39 Research has also shown that SDP 
is associated with brain tumors.

Subarachnoid hemorrhage
A SAH is a potentially deadly brain bleed impacting 9/1,000,000 
patients. SAH is a medical emergency, which most are caused by 
a ruptured cerebral aneurysm; prehospital mortality rates are as 
high as 15%.40 As mentioned before, there is a high prevalence of 
ARDS following the traumatic inflammatory response induced by 
SAH. Systemic inflammatory changes may alter ventilation cen-
trally in addition to the sites of gas exchange (e.g., ARDS; NPE). 
Spontaneous hyperventilation may also be present following SAH 
and complicated care.

A retrospective analysis of 207 patients with SAH found 55% 
experienced spontaneous hyperventilation (hyperventilation with-
out secondary cause). The presence of this spontaneous respiratory 
pattern was associated with diffuse cerebral edema and poor neu-
rological outcomes.40 Another study of 220 patients investigated 
hyperventilation hypocapnia and associated secondary ischemia. 
The results demonstrated an increased risk of delayed cerebral is-
chemia in diffusion restricted lesions (ex. watershed zones) and 
that a lower pCO2 was independently associated with a greater risk 
of in-hospital death.41 The exact pathophysiology behind this res-
piratory pattern is poorly understood, but it has been theorized that 
systemic inflammation induced by SAH contributes to this issue.

Systemic inflammatory response syndrome (SIRS) is seen in 
over 50% of those in the ICU.20 Other theories suggest that ex-
tensive cortical inhibitory input is disrupted in severe brain injury, 
and absence of inhibition results in the hyperactivity of the central 
respiratory control center in the brainstem.42

Neurogenic stunned myocardium (NSM) is another potential 
cause of respiratory failure following SAH. NSM can precipitate 
acute cardiogenic pulmonary edema following SAH. Arrythmias 
of some form occurs in up to 100% of SAH patients significantly 
more than prevalence with stroke with most occurring within the 
first week. Additionally, disruption of the diencephalic nuclei lo-
cated in the brainstem is implicated in cardiogenic dysfunction.43 
These nuclei are inhibited from higher cortical areas within the 
insular cortex and hypothalamus. In the context of SAH, it has 
been hypothesized that severe increased intracranial pressure 
(ICP) damages upper respiratory modulatory centers resulting in 
catecholamine surges specifically at the sympathetic myocardium 
terminals.36

Seizure
Seizures are caused by an abnormal synchronous electrical dis-
charge across one or multiple cerebral hemispheres. A consider-
able portion of the population would have a seizure throughout 
their lifetime (10%), but most people never develop epilepsy. Sei-
zure prevalence has increased, thus theorized to be secondary of an 
increased survival rate following the CNS insults.44 The hierarchy 
of seizure classification will not be discussed here, as we will fo-
cus on generalized tonic-clonic seizures (GTCS) and associated 
respiratory consequences. GTCS cause 1–3 m of cyclic sustained 
muscle contracture (tonic phase) followed by rhythmic jerking 
(clonic phase). Acutely in the tonic phase, patients may grow or 
cry as turbulent air is forced by the vocal cords.45

Patterns were studied in comparison to patients having non-epi-
leptic seizures; the most common difference was found in the post-
ictal respiratory patterns. Those having epileptic seizures exhibited 
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deep, prolonged inspiratory and expiratory phases. These breathing 
patterns were also regular and loud. Comparatively those having 
psychogenic non-epileptic seizures demonstrated rapid and shallow 
breathing patterns.46 In true epileptic seizures, post-ictal breathing 
is driven by acidemia. Moreover, prolonged dystonic contractions 
result in increased serum lactic acid concentrations lowering the PH. 
Physiological countermeasures would also respond to decreased 
CSF PH by increasing the respiratory rate, and the tachypneic res-
piratory response would attempt to maintain the physiological acid 
base status. Similar concepts have driven counterregulatory respira-
tion in early acidic stages of patients suffering from diabetic ketoaci-
dosis, an acidic state that can occur in diabetics with uncorrected 
hypoglycemia before Kussmaul’s respirations begin.47,48

Sudden unexpected death in epilepsy (SUDEP) is a common 
cause of death among epileptic populations. It is defined as a sud-
den, unexpected, non-traumatic, non-drowning death in an individ-
ual with epilepsy.49 Respiratory dysfunction is a core component 
of SUDEP, and although little is known, its theorized to involve 
amygdala activation. Electrical stimulation of the amygdala in 
animal models resulted in apnea, but in human observational stud-
ies amygdala seizures were only sometimes associated with ictal 
apnea. In a small study monitoring 10 cases of SUDEP, further 
clinical manifestations of this respiratory pattern were detailed. 
Patients initially demonstrated tachypnea (18–50 breaths/m) im-
mediately followed by GTCS. Within 3 m into the post-ictal state, 
terminal apnea and severe bradycardia were witnessed. This study 
demonstrated a 3-m window period for therapeutic intervention 
prior to cardiopulmonary arrest.49 Further neuroimaging studies 
are thus warranted to elucidate the etiology of SUDEP, including 
investigating other pathophysiology at the brainstem respiratory 
network. Etiology aside, awareness and vigilance for apnea in the 
context of status epilepticus could prevent respiratory failure re-
lated mortality.50

Neoplasia
Brain tumors produce a diverse spectrum of respiratory effects de-
pending on the tumor size, location, and characteristics. Tumors in-
terfering with brainstem function have historically been associated 
with apnea and SDB, but recent studies have demonstrated similar 
respiratory effects of isolated cerebellar tumors. Sleep functional 
imaging was analyzed in posterior fossa tumor patients and ab-
normal signaling in cerebellar peduncles was correlated with SDB 
with most significant changes in the inferior cerebellar peduncle.51

Any growth disrupting CSF homeostasis has the potential to 
increase ICP and contribute to a herniation risk. Tumors in the 
third and fourth ventricle (colloid cyst, ependymoma, and menin-
gioma) disrupt CSF drainage, consequently inducing obstructive 
hydrocephalus.52 ICP elevation could additionally be secondary 
to cerebral edema caused by increased vessel permeability and 
blood-brain-barrier disruption. Late in tumor progression, any 
combination of hydrocephalus, edema, and mass effect could 
cause the feared consequence of brain herniation. Notably, of all 
the herniations, central herniations involving the midbrain cause 
devastating respiratory collapse.53 Posterior fossa tumors also 
force the caudal medulla downward inducing life-threatening car-
diopulmonary arrest.

A rare neoplastic respiratory complication is central neurogenic 
hyperventilation seen in primary central nervous system carcino-
mas.54 Hyperventilation is not universally present and additional 
symptoms, include altered mental status (AMS), blurry vision, and 
gait disturbances. This is a diagnosis of exclusion once all other 
hypercapnic etiologies have been omitted.

Cushing reflex
One of the most well-known and widely observed respiratory pat-
terns in neurological injury is the Cushing reflex. Clinically, this 
breathing pattern is presented with the classic triad of widened 
pulse pressure, bradycardia, and irregular respirations. The father 
of American neurosurgery, Dr. Harvey Cushing, first described 
these findings in 1901. The common provoking factors were se-
vere increases in ICP, but the etiology of this increase varies wide-
ly. Characteristic respirations are shallow breaths with occasional 
periods of apnea.55 It is important to note, this triad occurs in three 
distinct stages: initially hypertension, followed by bradycardia, 
and finally breathing alterations. Observation of >2 of the triad 
indicates impending herniation, and this has been associated with 
almost two-fold higher mortality.55 With respiratory irregular-
ity being the last of the triad, the presence of the cardiovascular 
dyad warrants immediate intervention. Notably, of the CNS insults 
reviewed, the Cushing reflex was not regularly seen in seizures. 
Hence, the presence of such reflex may indicate a secondary cause 
of the seizure (mass effect; trauma) opposed to a primary seizure 
disorder.

Ventilatory management
Severe brain injuries, TBI, or stroke are a frequent cause of ICU 
admissions requiring mechanical ventilation.56,57 Mechanical ven-
tilation is widely used to protect the airway against aspiration and 
to prevent hypoxemia and hypercapnia, two important contributors 
to secondary brain injury. A comprehensive set of ventilator set-
tings criteria, including tidal volume (TV) or positive end-expira-
tory pressure (PEEP), are a topic of contention and until recently 
had not received adequate research. In recent years, there has been 
increased investment to understand respiratory management of 
neuro-ICU patients to improve the outcomes and reduce mortality 
secondary to respiratory complications.

Protective ventilation, using TV, high PEEP, permissive hyper-
capnia, prone positioning, recruitment maneuvers (RM), and ex-
tracorporeal membrane oxygenation (ECMO) have all been shown 
to be beneficial in patients with ARDS.58–61 Managing TBI with 
ARDS can be challenging because the pulmonary and neurologic 
goals of oxygenation (hypercapnia vs hypocapnia) and maintain-
ing perfusion pressures could be conflicting.

Prone positioning and high PEEP improve pulmonary gas ex-
change and respiratory mechanics by lowering the V/Q mismatch 
and opening collapsed alveoli, which reduces the intrapulmonary 
shunt.58,62,63 These interventions may, however, be linked to the 
development of intracranial hypertension due to an obstructed 
jugular venous outflow and impaired cerebral venous return to the 
right atrium.58,62–64 Furthermore, these measures could raise ICP 
and lower the mean arterial pressure, both of which lower CPP.58,65

In addition, recent studies evaluated ventilator settings attempt-
ing to achieve a middle ground in the concomitant management of 
respiratory distress in patients with TBI. A statistically significant 
drop in CPP was observed with increased PEEP in a retrospective 
investigation of 341 patients, but CPP remained within the thera-
peutic target.66 However, in this study, the patients’ volume status 
was not factored. Attention to volume status would also be vital 
because PEEP could affect CPP in hypovolemic patients. When 
the volume is overloaded, intrathoracic pressure increases, which 
may impede venous return and promote a further decrease in CPP. 
In another trial, the PEEP was increased to 15 cmH2O in patients 
with TBI and ARDS. The results showed ICP and CPP were not 
significantly altered, while there was a considerable improvement 
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in brain tissue oxygenation with increased ventilatory PEEP.31 In 
conclusion, assuming that ARDS patients with brain injury have 
volume stability, an increase in PEEP would appear to be safe and 
could even have favorable cerebral benefits.

Regarding TV, in both ARDS and brain damage patients, TV 
was a critical variable in ventilatory management. Low TV was a 
protective ventilation strategy used to manage ARDS in the ICU, 
which could lead to hypercapnia. Furthermore, high PaCO2 would 
be detrimental for patients with a neurologic compromise, as this 
would cause cerebral vasodilation and thus result in an increased 
ICP; a high tidal volume was thought to be a more appropriate 
strategy.56 Protective low TV (6–8 ml/kg of ideal predicted body 
weight) was evaluated in brain injury patients in the ICU. The 
results showed an improvement in the number of ventilator-free 
days during the intervention period.57,67–69 If PaCO2 was regulated 
within the physiological range, low TVs had no effect on the ICP 
or patient outcomes.57,63,67,68 As a result, reducing the respiratory 
rate rather than the tidal volume could be a preferable method for 
managing respiratory distress in brain damage without jeopardiz-
ing the lung integrity or increasing secondary brain injury. The TV 
should be 6–8 ml/kg and RR regulated according to the defined 
target of CO2, which would depend on the ICP and brain oxygena-
tion. Extubation management, tracheostomy, and ECMO are other 
ventilatory management procedures that are less well understood 
in the context of brain injury.25,58,70–73 The European Society of 
Intensive Care Medicine reviewed current physician practices and 
concluded that the intact protective airway reflexes, understanding 
of the underlying neurological insult, and patient’s level of con-
sciousness remained the most important factors for extubating suc-
cess. Exactly when a more invasive tracheal intubation would be 
warranted is still debated due to a lack of data.74

Another ongoing global study, VENTIBRAIN, is investigating 
the effects of ventilator settings in brain injury patients with or 
without acute respiratory distress, as well as ventilator settings to 
manage intracranial hypertension.70 This study would offer unique 
insights that would have the potential to fill the current gaps in the 
clinical management of ARDS in the setting of TBI. This study 
could additionally provide clarification for the efficacy of ventila-
tion modalities like timely extubation, tracheostomy, and ECMO.

Current clinical management and emerging therapeutics

ARDS
Although the primary modalities currently used to treat ARDS are 
centered around ventilator management with the strategy aimed 
at reducing ventilator induced lung injury, there has been an in-
creasing presence in the literature of therapeutic modalities that 
have aimed to prevent the pathophysiologic sequelae of ARDS.75 
These therapies include pharmacological approaches to mitigating 
damage secondary to the inflammatory response in ARDS and the 
use of cell-based therapies to support lung cellular architecture and 
increased recovery.76,77

The severity of the inflammatory response is a critical factor 
in respiratory and other associated organ failure that may occur 
during ARDS. Steroid use has also long been a target of study in 
the literature with lots of debate regarding their potential to reduce 
proinflammatory cytokines versus increased risk by obtunding the 
immune response in the setting of infection. A multicenter study in 
2020 demonstrated that patients who received a high dose of dexa-
methasone earlier had more ventilator-free days as well as reduced 
mortality.74 Immunomodulators have also become increasingly 

studied as potential therapeutic agents in curbing the inflammatory 
response. Moreover, Imatinib is a tyrosine kinase inhibitor that is 
being investigated as a potential form of adjuvant therapy during 
ARDS due to its antioxidant capability and its ability to reduce 
vascular permeability and attenuate the inflammatory response.59 
Bevacizumab, a vascular endothelial growth factor antibody, is 
also being studied for its potential ability to reduce pulmonary 
edema during ARDS.78 This has been demonstrated in mice mod-
els. Finally, Pirfenidone, an NLRP3 inflammasome inhibitor has 
shown significant reduction in mortality, pulmonary edema, and 
neutrophile infiltration in mouse models.76,79 This is thought to 
occur as NLRP3 inflammasome plays a direct role in proinflam-
matory cytokine activation, including caspases and IL-1β.79 Other 
pharmacotherapies that are aimed at reducing the pathophysiologic 
insults of ARDS, include low dose inhaled carbon monoxide gas, 
which has been shown in preclinical studies to reduce oxidative 
stress and lung injury,80 Solnatide, an alveolar sodium channel 
activator that demonstrated a reduction in interstitial lung fluid 
and reduced ventilation pressure,80 and ACE2, which inactivates 
angiotensin II by reducing its implication in the inflammatory 
cascade as well as reducing post ARDs interstitial fibrosis.81 All 
these pharmacotherapies have shown promise in preclinical trials, 
among others, and are currently being targeted for efficacy in clini-
cal trials as adjuvant treatment of ARDS.76

Another area that is now being studied for potential therapy 
in ARDS is the use of pluripotent/multipotent progenitor cells to 
aid in the recovery and mitigate secondary damage to ARDS.77 
Embryonic stem cells, which are derived from blastocyte with the 
potential to differentiate into nearly any cell line and “induced 
pluripotent stem cells”, which are derived from adult fibroblast 
cells that have been reprogrammed with transcription factors to 
differentiate into other cell lines, offer great potential for the treat-
ment of ARDS.77 The devastating implications of ARDS could last 
long after patients have recovered. In certain cases, particularly 
severe ones, patients are left with reduced respiratory capacity and 
post ARDS fibrosis.75 Pluripotent cells would therefore provide an 
avenue for lung repair by differentiating into alveolar cells and 
replacing ones that are injured, thus helping reduce the impact of 
post ARDS.82 The potential benefit of these cells is not limited 
to direct replacement, but their paracrine effect on native alveolar 
cells has been shown to potentially cause immunomodulation and 
curb the inflammatory damaging effects. These stem cells do this 
by providing direct support to native cells through cell-to-cell con-
tact which mediates protein, organelle, and nucleic acid transport 
via macrovesicles.77 Mesenchymal stem/stromal cells, although 
less capable in their ability to differentiate, have also been shown 
to have a profound ability to modulate the immune system by di-
rectly affecting the macrophages, lymphocytes, and neutrophiles 
through growth factor and cytokine release.77,82,83 Currently, these 
approaches have been shown to be effective in ARDS models and 
preclinical trials. Additionally, several new studies are now aimed 
at evaluating their efficacy in clinical trials.79

Although these modalities have shown promise in preclinical 
trials, many have yet to be proven efficacious in clinical trials and 
results may yet be several years away due to the need of RCTs and 
multi-phase trials.75 The complex nature of ARDS also makes it 
difficult to create preclinical models that are representative of the 
array of factors that affect ARDS progression, such as the timing 
of the insults, patient specific demographics, and the presence of 
ongoing comorbidities.76 This results in multiple confounders, and 
as a result, positive findings may not be seen when applied to hu-
man subjects. As a consequence, these obstacles make adjuvant 
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therapies still far from clinical practice, however as better preclini-
cal models and more specified clinical RCTs are being employed, 
we may yet see many new medical therapies being employed in the 
treatment of ARDS in the coming decades.

Neurogenic pulmonary edema
There have been recent investigations into therapeutics for NPE. 
With many being unfamiliar with handling this condition, this 
has proven to be a chaotic and difficult complication to han-
dle.32,84 Current treatments for NPE are aimed to reduce intrac-
ranial pressure and control sympathetic hyperactivity related to 
lung injury. Sympathetic hyperactivity has been a promising tar-
get of multiple innovative NPE treatments. Sevoflurane acts as 
a sympatholytic and has known neuroprotective effects on CNS 
injuries. Prior studies have additionally demonstrated sevoflu-
rane’s antioxidant, metabolic, and hemodynamic benefits, and it 
is hypothesized to have the clinical utility in improving neurolog-
ical and pulmonary functional outcomes in NPE.32,84 Likewise, 
atropine has received attention for similar sympatholytic proper-
ties. A hypothesis has been introduced that high doses of atropine 
could prevent NPE by attenuating the baroreflexive bradycardic 
response to increased systemic blood pressure.85 Atropine was 
suggested to provide additional benefits of bronchial dilatation 
and pulmonary venous relaxation, hence adventitious in improv-
ing respiratory function. As such, both of these interventions 
have promise for disrupting the cascade autonomic dysregulation 
core to NPA pathophysiology.

Another innovative preclinical therapy target for NPE is aimed 
at suppressing inflammatory apoptosis, an aspect of NPE that has 
not yet been investigated. The sympathetic hyperactivity would in-
itiate NPE, but inflammation is thought to maintain and aggravate 
the edema by increasing the capillary permeability. For the first 
time ever, a compound was proven to prevent lung cell apoptosis 
in NPE after SAH in an animal study. A model of SAH was cre-
ated using endovascular perforation of the left anterior cerebral 
artery in mice. A high dose (10 mg/Kg) of a capsase-1 inhibitor 
Ac-YVAD-CMK inhibited pulmonary endothelial cell apoptosis 
and significantly reduced NPE. Additional preclinical trials are 
warranted to further understand the mechanism and drawbacks of 
capsase-1 targeted therapy.86

Central breathing disturbances
Little is known regarding the influence central breathing distur-
bances have on stroke recovery, and CPAP therapy is often not tol-
erated.87 There are few available pharmacological treatments for 
central breathing disturbances. A series of agents modifying both 
the central and peripheral respiratory drive has been researched. 
Acetazolamide and mirtazapine have been investigated for treat-
ing CSA in the context of spinal cord injury. Acetazolamide also 
showed efficacy in reducing CSA severity and is a promising tar-
get for patients unable to tolerate positive airway pressure therapy. 
The findings have suggested that acetazolamide alters the central 
respiratory drive by widening the CO2 reserve and decreasing the 
propensity to develop sleep apnea.88 Mirtazapine is another agent 
with the potential to reduce CSA severity by widening the CO2 
reserve. Existing clinical and preclinical trials have demonstrated 
modulation of serotonin receptors could decrease the susceptibility 
to SDB. In a recent study done in Michigan, USA, administra-
tion of 15 mg of mirtazapine for one week resulted in a significant 
decrease in the positive airway pressure requirement compared to 
a placebo. Mirtazapine’s mechanism of improving sleep distur-

bances is complex and requires further assessment.89 Triazolam is 
a centrally acting benzodiazepine shown to decrease sleep apneas 
and improve daytime psychomotor performance and alertness.90 
Unilateral phrenic nerve stimulation is another new therapeutic 
strategy that has shown some promise in heart failure induced 
central breathing disturbances but requires further large-scale data 
collection.91 Furthermore, a recent study investigating transvenous 
phrenic nerve stimulation (TPNS) investigated a new clinically 
relevant endpoint differing from the traditional apnea-hypopnea 
index (AHI). Investigators focused on the nocturnal hypoxia bur-
den, an endpoint believed to be more predictive of mortality. This 
was measured with time spent with an oxygen saturation below 
90% (T90). A pivotal trial conducted on 151 randomized patients 
demonstrated TPNS improved the average nocturnal oxygen satu-
ration and T90. Nonetheless, more trials are warranted to assess 
the TPNS’ effect on long-term outcomes.92

Neurogenic stunned myocardium
There are proposed mechanisms of preventing cardiogenic shock 
following neurological injury. A study done in 2013 was the first 
to demonstrate that beta blockers (β-blockers) administration pri-
or to admission was associated with a reduced risk of developing 
NSM. It was theorized that pretreatment with β-blockers effec-
tively blocked the effect of SAH induced catecholamine surges 
sparing myocardial tissue damage.93 In the context of NSM, tra-
ditional inotropes are often ineffective at restoring cardiac stabil-
ity and may worsen catecholamine surplus induced arrythmias. 
High dose insulin therapy has also been shown to increase hemo-
dynamics by offsetting increasing the glucose uptake into car-
diomyocytes.20 Likewise, hyperinsulinemia-euglycemic therapy 
has proven effective in case studies and warrants further clinical 
evaluation.94

Sudden unexpected death in epilepsy syndrome
Regarding preventing SUDEP, increased attention has been drawn 
to pharmacological variables. Many commonly prescribed medi-
cations have been theorized to alter the risk of SUDEP, but clinical 
data is still lacking. A population-based control study in Sweden 
investigated the association of an automated external defibrillator 
(AED), selective serotonin reuptake inhibitors (SSRI), neurolep-
tics, β-blockers, and statins with SUDEP. The results showed that 
AED polytherapy significantly reduced the risk of SUDEP (most 
commonly carbamazepine and lamotrigine). Of the monothera-
pies, levetiracetam was the sole agent associated with significantly 
lowering the risk of SUDEP. A reduced risk was also reported with 
concurrent statin use, but none was reported with other analyzed 
agents. Notably, none of the investigated medications were associ-
ated with an increased risk of SUDEP.95

As neuromodulatory interventions for refractory epilepsy con-
tinue to be utilized, their effect on SUDEP must be evaluated. Va-
gal nerve stimulation (VNS) has been used for over 30 years and 
continues to be the most used form of neurostimulation to treat 
epilepsy.45 Recent population studies found the rate of SUDEP to 
be significantly lower in VNS, ANT-DBS (anterior nucleus of the 
thalamus-deep brain stimulation), and RNS (responsive neuro-
stimulation of the epileptogenic zone) therapy.96

For those with secondary SUDEP to Dravet syndrome, recent 
use of targeted augmentation of nuclear gene output technology 
(TANGO) has shown to reduce the incidence of SUDEP in mouse 
models. This intervention worked by utilizing antisense oligonu-
cleotides to increase the expression of the Scn1a transcription, 
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consequently preventing SUDEP in 97% of mice up to 90 days 
after injection.97

Future directions
Systemic changes following CNS injury cause significant pul-
monary damage. Despite the heterogeneity of each detailed res-
piratory dysfunction, innovative therapeutic research has shown 
a conceptual overlap (Table 1). In ARDS and NPE, targeting the 
inflammatory cascade with immunomodulatory drugs (imatinib, 
pirfenidone, Ac-YVAD-CMK, and steroids) offers future promise. 
For NSM and NPE, it has been hypothesized that mitigating sym-
pathetic hyperactivity and catecholamine surges have therapeutic 
potential (β-Blockers, sevoflurane, and atropine). Innovative treat-
ment for chronic respiratory dysfunction following injury has also 
received increasing attention. Investigative treatments for condi-
tions like SUDEP and CBD both utilize emerging neuromodula-
tory interventions (VNS, ANT-DBS, RNS, and TPNS). Therefore, 
the long-term outcome data from currently implanted devices and 
the integration of emerging implantable technology offers signifi-
cant therapeutic potential. Current evidence from retrospective and 
preclinical trials exists, but additional clinical trials are warranted. 
As patient survival improves following neurological injury, pre-
venting and treating secondary respiratory dysfunction is an im-
portant topic for continued research.

Conclusions
Neurological conditions cause complex and overlapping patterns 
of respiratory dysfunction. Understanding the underlying neuro-
logical respiratory pathophysiology would provide clinicians and 
researchers with a foundation to identify and create innovative 
therapeutic targets. Early recognition of symptoms and proper ven-
tilatory management would remain vital for improving patients’ 
outcomes, but there has been significant preclinical research in-
vestigating additional interventions. In addition, there is signifi-
cant interventional potential for the prevention and management of 
ARDS, NPE, CBD, NSM, and SUDEP, but further preclinical and 
clinical trials are warranted to strengthen the available evidence.
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