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Abstract: Background: The Coronavirus Disease 2019 (COVID-19) is a global pandemic that has killed
over 1.5 million people worldwide. A constellation of multisystem involvement with SARS-CoV-2
has been reported. COVID-19 has been shown to affect the human nervous system, however, both
the extent and severity of involvement have yet to be fully elucidated. In this manuscript, we aimed
to better understand the effect of COVID-19 on neuro-respiratory status by studying COVID-19
patients who presented with central apnea. Methodology: We analyzed patient characteristics,
clinical outcomes, laboratory results, and imaging results of three patients with symptomatic, PCR-
proven COVID-19 and episodes of central apnea. Results: Of the three patients included in this
study, two patients developed new central apnea, and one patient developed an exacerbation of
underlying central apnea despite COVID-19 treatments with systemic steroids and remdesivir. All
occurred, on average, 15 days after the onset of COVID-19 symptoms. At 1-year follow-up, all patients
experienced complete resolution of apneic breathing. Conclusions: Physicians should be vigilant for
the presentation of COVID-19 with central apnea. Central apnea may be a complication in patients
with severe COVID-19 infection. More research is warranted to further understand this association.
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1. Introduction

In March 2020, the World Health Organization classified the Coronavirus Disease
2019 (COVID-19) as a global pandemic, which started a few months earlier as a series of
unexplained yet highly infectious cases of pneumonia secondary to the novel SARS-CoV-2
coronavirus. The symptoms and downstream effects of COVID-19 spread far and wide
beyond the respiratory system [1]. These effects are not only diverse in terms of severity
and organ involvement but are yet to be fully discovered. As the world continues to battle
this global pandemic, new information is revealed daily as research continues forward in
both the clinic and the laboratory.

Though there is still limited evidence that the SARS-CoV-2 virus directly attacks the
nervous system, both central and peripheral nervous systems effects have been documented
in COVID-19 patients [2]. This is predominantly thought to be due to the secondary effects
of being severely ill, suffering from low oxygen levels for prolonged time periods, and
multisystem inflammatory reactions. Neurological manifestations such as headaches,
anosmia, hypogeusia, ischemic strokes, hemorrhagic strokes, Guillain—Barre Syndrome,
neuromuscular problems, and encephalopathy have been documented in over 30% of
cases [1,3]. Rarer effects such as seizures, demyelinating disease, vision loss, neuralgia, and
ataxia have also been increasingly documented [4—-6].
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Central apnea has been typically associated with severe illness, particularly processes
that affect the breathing centers of the nervous system located in the lower brainstem [7].
This series outlines the first reported cases of central apnea in COVID-19 patients.

2. Methods

Patients were selected for this study based on the following inclusion criteria: (1) COVID-19
infection with proven COVID-19 positivity by PCR or serology testing, (2) Clinical diagnosis
of central apnea as defined by Gastaut et al. as cessation of breathing for at least ten seconds
without other neurologic diagnoses, (3) Admission to the inpatient medicine service for
more than 1 day [8].

Three patients were identified that met inclusion criteria (from March 2020 to Novem-
ber 2020): Two patients from the Minneapolis Veterans Affairs Hospital and one patient
from Hennepin County Medical Center. All three patients were admitted to their respective
hospital’s COVID units for comprehensive evaluation and treatment.

The Institutional Review Board (IRB) has been waived for case series at the Hennepin
County Medical Center and Minneapolis Veterans Affairs Hospital. Chart review was
performed by neurology department physicians at the Minneapolis Veterans Affairs Hospi-
tal and the University of Minnesota, Twin Cities. All data were collected retrospectively
from electronic medical records, including patient characteristics, physician documentation,
imaging studies, and laboratory values. All patients provided consent for participation. All
patient health information has been de-identified.

3. Results

We report three patients from two large hospital systems with clinically diagnosed
central apnea after COVID-19 infection (see Table 1). Case 1 and case 3 represent new-onset
central apnea with no previous diagnosis of apnea, while case 2 describes a patient who
had self-resolved central apnea from a remote diagnosis over 10 years prior. All patients
survived COVID-19 infection and had complete resolution of central apnea at both 3-month
and 6-month follow-ups.

Table 1. Key patient characteristics, diagnostic evaluations, and hospital course for included patients.

Variable Patient 1 Patient 2 Patient 3
Age Male Male Male
Sex 71 74 47
Heart Failure
Central apnea risk factors Previous stroke Chronic Obstructive -
Pulmonary Disease
Central apnea diagnosed by
Previous apnea diagnosis No History polysomnography No History
10 years prior
CT Brain Findings Unremarkable Unremarkable -
Chronic infarcts (seen on prior
MRI Brain Findings scans) but unremarkable - Unremarkable
otherwise

Cerebrospinal Fluid (CSF) _ Normal CSF Panel. CSF not Elevated Protein to 98. PCR

Analysis tested for COVID-19 was positive for COVID-19.

Cough Fatigue
g Shortness of Breath Cough Myalgia
COVID-19 Symptoms Fatigue Shortness of Breath Headache
Myalgia Blurred Vision
Time from symptom onset to 14 Days 12 Days 20 Days

apneic episode

COVID-19 Treatment

Steroids + Remdesivir

Steroids + Remdesivir

Steroids + Remdesivir
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3.1. Case 1

A 71-year-old male presented to the emergency department (ER) complaining of one
week of generalized weakness, myalgias, fatigue, and lightheadedness with two days of
nonproductive cough and mild shortness of breath. The patient had a history of type
II diabetes, hypertension, chronic kidney disease stage 3a, peripheral vascular disease,
and carotid artery disease with a remote history of prior strokes. Upon evaluation, the
patient denied fevers, chills, nausea, vomiting, abdominal pain, and headaches. His oxygen
saturation was 93% on room air with normal blood pressure and respiratory rate. Chest
X-ray revealed airspace disease in the left lower lobe consistent with a viral infection, and
initial labs showed leukopenia and lymphopenia. His nasopharyngeal PCR was positive
for COVID. After a few hours, the patient developed hypoxemia with oxygen saturation
down to 89% and was admitted to the hospital with a diagnosis of COVID-19 pneumonia.
He was treated with remdesivir and dexamethasone, with gradual improvement in his
respiratory symptoms. After six days, his symptoms resolved and he was discharged home
with instructions to continue dexamethasone for three days and enoxaparin for five days.

Four days after his discharge, the patient returned to the emergency department by
ambulance with altered mental status, including loss of alertness, disorientation, and mum-
bled speech. Narcan 0.4 mg was administered by EMS with no immediate improvement.
Upon arrival at the hospital, he underwent extensive evaluation for the etiology of his
mental status change. His head CT was negative for acute bleeding and ischemia. He
had a negative rapid drug and alcohol screen, baseline basic metabolic panel (BMP) and
complete blood count (CBC), improving chest X-ray, and normal urinalysis and procal-
citonin. After the initial unrevealing workup, the patient was readmitted to the hospital
for further evaluation of delirium. The patient reported complete resolution of his cough
and shortness of breath and had an oxygen saturation of 95% on room air. Two days after
admission, he was found to be more obtunded with a severely depressed respiratory rate
(low of 4 breaths per minute). He was intubated for airway protection and mild hypoxia
and was transferred to the ICU. He was extubated the following day and rapidly improved
after starting high-dose dexamethasone (five-day burst of 6 mg daily). He was transferred
to the COVID-19 rehab unit, where he did very well and was able to discharge home after
a total of 19 days in the hospital.

When further investigating the patient’s mental status and respiratory depression,
brain MRI was ordered and showed chronic infarcts that were unchanged from prior scans
but did not show any acute intracranial disease process. Lab tests relevant to causes of
encephalopathy were ordered and yielded no abnormalities in sodium, potassium, mag-
nesium, phosphate, mild hyperglycemic in the high 200 s (but not likely enough to cause
hyperosmolar hyperglycemic syndrome), normal serum osmolality, liver function tests,
and blood urea nitrogen within normal limits making hepatic and uremic encephalopathy
unlikely, no thiamine deficiency, no thyroid abnormalities with normal TSH, and no B12
deficiency. CT, MRI, CSF analysis, laboratory value, medication review, nor physical exam
findings were able to help explain the etiology of severe respiratory depression, this, it was
thought that a post-viral prolonged inflammatory response after patient’s recent COVID-19
infection most likely caused an extended encephalopathy resulting in central apnea. At
1-year follow-up, the patient had no further apneic episodes or concern for central apnea.

3.2. Case 2

Patient is a 74-year-old with a history of coronary artery disease, heart failure with
reduced ejection fraction, ventricular fibrillation, and ventricular tachycardia with ICD
implantation 1 year prior, atrial fibrillation on apixaban, hypertension, hyperlipidemia,
chronic obstructive pulmonary disease, distant history of alcohol, and cocaine abuse along
with known central sleep apnea diagnosed 10 years ago. He presented to urgent care
complaining of a few days of shortness of breath, wheezing, and cough without fevers,
chills, nausea, vomiting, or chest pains. Patient had normal oxygen saturation on room air
but was tachypneic (respiratory rate of 28) and found it difficult to speak more than a few
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words. Patient was found to be positive for COVID-19 and was transferred to the hospital
for stabilization.

Upon admission, the patient received a chest X-ray which was unremarkable for pneu-
monia. CT pulmonary angiogram was also ordered and showed no evidence of pulmonary
emboli. However, there was central and lower lobe bronchial wall thickening with areas
of mucous plugging, and rounded opacities at the left lung base, thought to represent
possible atelectasis, inflammation, or infection. Labs were unremarkable other than mild
lymphopenia and elevated troponin (thought to be due to demand ischemia in the setting
of viral infection). Electrocardiogram was unremarkable for acute coronary syndrome.
Patient completed a course of remdesivir and steroids. Patient’s breathing slowly improved
over these 5 days, and he also had a reduction in the wheezing he experienced on admis-
sion after the continuation of his budesonide/formoterol and tiotropium inhalers. Over
this time period, the patient’s other medical issues were managed appropriately without
complications. His lymphopenia and elevated troponin resolved.

On hospital day 10, the patient had an episode of interval breathing where he became
apneic for ~30 s and recovered with brief tachypnea. His oxygen saturation was maintained
above 90% on room air. Upper and lower extremity pulses were felt bilaterally, and the
patient had a blood pressure of 132/72, heart rate of 80, and blood glucose of 129. The
patient had his eyes closed and was responsive to only loud verbal cues. This episode lasted
10-15 min, after which he recovered to baseline. With unremarkable EKG, ICD interrogation,
and head CT, neurology was consulted. Evaluation for possible seizures, including EEG,
was unremarkable. The next day, pulmonology was consulted and determined that the
patient’s apneic episodes were most likely due to the recurrence of his known central sleep
apnea diagnosis 10 years ago, as diagnosed via polysomnography (PSG) testing. After
his initial diagnosis, the patient was managed with BIPAP ASV. It was discontinued after
4 years due to its contraindication in systolic heart failure and resolution of his apneic
episodes. After discussion with sleep medicine, it was thought that the post-viral state after
the COVID-19 infection ultimately caused exacerbation of the patient’s dormant underlying
central apnea. With the current lack of evidence linking COVID-19 and central apnea, this
was primarily a diagnosis of exclusion due to the absence of any other exacerbating factor
as well as the suspicious timing of central apnea exacerbation and COVID-19 infection (the
patient had been asymptomatic for over 10 years prior to COVID-19 infection). At 1-year
follow-up, the patient had no further apneic episodes or concern for central apnea.

3.3. Case 3

A 47-year-old male with no medical history presented with 3 weeks of fatigue, myalgia,
headache, and blurred vision. The patient was initially lethargic but otherwise had a normal
neurological examination. Several days prior to this evaluation, the patient had momentary
episodes of hypoxia and shallow breathing without clear precipitant. Evaluation with chest
X-ray revealed no infiltrates or obvious abnormalities. He was brought into the hospital for
admission and further evaluation. As part of current admission screening protocols, he was
tested for COVID-19, which returned positive. Ferritin was elevated to 210, and CRP was
elevated to 123. ESR was within normal limits. CSF profile and culture were normal aside
from an elevated protein at 98. Cerebrospinal fluid polymerase chain reaction for COVID-19
was positive. MRI Brain with and without contrast was performed and was unremarkable.
The patient was initiated on remdesivir and dexamethasone per recommendations from
infectious disease.

On the first night of admission, the patient experienced at least six apneic episodes, all
of which set off code blue calls. There was suspicion of seizure during these episodes, so
electroencephalography monitoring was initiated. During these apneic periods, no seizure
or interictal epileptiform discharges were revealed. Neurology recommended spinal axis
imaging with contrast which was entirely unremarkable. These apneic episodes continued
into the day, and although the patient had no associated altered mental status, he had
difficulty with voluntary respirations. With COVID-19 being the only significant change
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in the patient’s health over the previous few years, neurology administered IV steroids
(methylprednisolone 500 mg daily for 5 days) to treat a presumed post-viral inflammatory
state. This diagnosis, though primarily a diagnosis of exclusion given the current lack of
evidence of COVID-19-induced central apnea, was supported by the patient’s elevated
inflammatory markers, such as CRP, in the context of unremarkable MRI findings and
negative seizure workup. After 1 week, repeat brain MRI and lumbar puncture were
performed, and this time, CSF COVID-19 testing was negative. CRP and ferritin returned
to normal limits. The patient was referred for PSG testing upon discharge, which revealed
no obstructive or central apneas (this was undertaken 3 months after discharge). At 1-year
follow-up, the patient had no further apneic episodes or concern for central apnea.

4. Discussion

Central apneas are periods of absent airflow due to a markedly reduced or temporary
lack of respiratory effort. This occurs when inhibitory input to the respiratory centers of the
brain exceeds excitatory input, which is far more likely to occur at night due to lower base-
line excitatory activity (hence often known as central sleep apnea) [9,10]. Key to the etiology
of central apnea is the interruption to the normal function of pontomedullary pacemaker
cells, medullary neurons responsible for respiratory rhythmogenesis [11]. Causes may be
genetic (such as a congenital PHOX2B mutation that results in disordered homeostatic
central respiratory chemosensitivity) or acquired (such as brainstem lesions, spinal cord
disorders, viral encephalitis, or chronic opioid use) [12]. Symptoms including excessive
daytime sleepiness, insomnia, inattention, and poor concentration are common. However,
insidious onset frequently causes central apneas to go unrecognized. These individuals
are prime candidates for in-laboratory PSG, the test that helps confirm a central apnea
diagnosis [13]. However, central apnea does not always necessitate PSG for a diagnosis, as
decreased respiratory drive in the setting of otherwise normal pulmonary mechanics may
be diagnosed clinically, especially when transient in nature. After diagnosis, patients are
typically treated with positive airway ventilation to breathe, most often with Bilateral Posi-
tive Airway Pressure (BiPAP) [14]. Adaptive servo-ventilation (ASV) with auto-adjusting
pressure support and drugs, such as acetazolamide, are sometimes used as well [15,16].

Currently, COVID-19 does not have a clearly elucidated mechanism for how it affects
pontomedullary pacemakers and subsequently disrupts the activation of inspiratory tho-
racic muscles. However, we propose two separate hypotheses on this mechanism. First, we
propose a direct mechanism in which the COVID-19 virus (SARS-CoV-2) directly causes
dysfunction of pontomedullary pacemakers. SARS-CoV-2 is a relatively new virus with
much of the scientific research still yet to be conducted. However, it has a high level of
homology to SARS-CoV (cause of the 2003 SARS outbreak), which has been clearly shown
to affect medullary neurons in both animal studies and human autopsies. A study of mice
transgenic for human ACE2 (the SARS-CoV receptor) by Netland et al. showed that severe
dysfunction and/or death of infected neurons, especially those located in cardiorespiratory
centers in the medulla, was a cause of animal death [17]. Coronaviruses, particularly
SARS-CoV, have been shown to cause direct infection of the human CNS, consistent with
detection of SARS-CoV in the neurons of human autopsies [17,18]. Early evidence has
also supported the neuroinvasive potential of COVID-19 [19]. The nervous system is a
new territory of COVID-19 research, and even with the high similarity between SARS-
CoV and SARS-CoV-2, research has yet to fully confirm whether the potential invasion of
SARS-CoV-2 may be partially responsible for CNS-mediated acute respiratory failure in
COVID-19 patients.

Secondly, we propose an indirect mechanism in which the COVID-19 inflammatory
state causes dysfunction of brainstem neurons, which contributes to respiratory distress, ei-
ther with or without concurrent neuronal invasion. Dysregulation of cytokines/chemokines
and the resulting “cytokine storm” of excessive inflammatory responses to COVID-19 infec-
tion have been well-established as key factors behind worsened patient outcomes [20]. The
three patients discussed above represent cases of COVID-19-induced adult central apnea. In
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cases 1 and 3, COVID-19 infection caused new-onset central apnea in a patient with no his-
tory of it, while in case 2, infection caused a recurrence of a remote history of central apnea.
COVID-19 has been characterized by three stages: (1) Early infection, (2) pulmonary phase,
(3) inflammatory phase [21]. The inflammatory phase is a post-viral phase of systemic
hyperinflammation shown to affect multiple organs, which occurs 7-15 days from onset of
symptoms, likely involving both direct viral invasion as well as pro-inflammatory “cytokine
storm” [20]. This phase serves as the foundation for the idea that anti-inflammatory drugs,
such as corticosteroids, may have a beneficial effect. Consistent with this, the average time
from symptom onset to first apneic attack for these three patients is 15 days, which falls
at the very end of the stage 3 hyperinflammation period (See Figure 1). The success of
using steroids to reduce COVID-19-driven hyperinflammation has been validated but is
still anecdotal in many cases. Awareness of this link between the COVID-19 inflammatory
response and centrally driven respiratory distress may have a strong guiding significance
for the prevention and treatment of COVID-19-induced respiratory failure. We believe that
the threshold for treatment with steroids, as in these three patient cases, should be low.

COVID-19 Exposure

Infectious Period

Start of Symptom Onset Day 0 -
Day 5
:,‘f" 15 Days: Average lag time
from symptom onset to first
Day 10 apneic episode)

Case 2 Apnea Onset -‘- Day 12
Case 1 Apnea Onset -" Day 14

_______ / lllness Period

Case 3 Apnea Onset -" Day 20

Figure 1. Timeline of events after COVID-19 exposure. Onset of symptoms marked as day 0. Length
of infectious period for the average COVID-19 patient is 10 days after onset of symptoms, as per
current CDC guidelines. Time from onset of symptoms to first apneic episode was 14 days, 12 days,
and 20 days for case 1, case 2, and case 3, respectively.

Central apnea caused by COVID-19 has never been described in the literature in adult
patients, however, there has been a report of central apnea in a pediatric patient with
COVID-19. Enner et al. outline the case of a healthy 14-year-old girl with no prior medical
history that developed central apnea ~1 week after the onset of respiratory symptoms and
fever [22]. Central apnea is a relatively rare disease with an incidence rate of ~0.9%. Its
relationship with COVID-19 remains largely unknown, both with respect to new-onset
central apnea as well as exacerbations of preexisting central apnea [23-25]. Knowledge of
this association is of high importance, given the possible morbidity and mortality associated
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with central apnea, especially in patients with concomitant heart failure. The novelty
of our paper is in elaborating for the first time the association between COVID-19 and
central apnea in adult patients. This paper primarily aims to raise awareness of this newly
discovered relationship and also to warn neurologists, pulmonologists, hospitalists, and
other healthcare providers caring for COVID-19 patients of this potentially dangerous and
even life-threatening complication that may arise from COVID-19 infection. However, our
study has some limitations. First, the evidence is based on a small series of three patients,
which limits its generalizability. Secondly, although central apneas may be diagnosed
clinically, as outlined by Gastaut et al. in 1966, a well-established diagnostic criteria used
widely prior to the invention of PSG, more recent clinical definitions have employed PSG
testing in addition to observations of breathing cessation to offer a stronger diagnosis. [8]
Immediate PSG was not possible in these cases due to the acuity of patient illness, hospital
limitations for PSG testing to be completed on an outpatient basis and hospital infectious
precautions related to COVID-19. Additionally, symptoms had resolved by the time patients
were sufficiently recovered to undergo PSG. Future studies involving larger patient cohorts
and formalized PSG testing are recommended to further examine this association between
COVID-19 and central apnea.

5. Conclusions

Infection of humans with COVID-19 has resulted in significant morbidity and mortality,
with respiratory failure being the primary cause of death. The neurological effects of
COVID-19, though still unclear at this time, have been shown in numerous patient cases.
This case series outlines the clinical presentation, workup, diagnosis, and treatment of three
patients with episodes of clinically diagnosed central apnea after COVID-19 infection. Two
patients experienced new-onset central apnea, while one patient experienced a recurrence
of previously treated central apnea. The average time of COVID-19 symptom onset to the
start of apneic episodes was 15 days. None of these patients had a recurrence of apneic
episodes after COVID-19 treatment. Central apnea has not been previously described in
adult patients with COVID-19, though previous coronaviruses such as SARS-CoV have well-
established evidence linking infection to respiratory depression both in animal studies and
human autopsies. The safety and efficacy of steroid use in the COVID-19 inflammatory state
have already been well-established, and thus, we recommend a low threshold for starting
steroids in COVID-19 patients with suspected apneic episodes to prevent the dangerous
consequences and even death that may occur from COVID-19-induced central apnea.

Author Contributions: B.B., K.B., O.E., V.V.P. responsible for the clinical management of the patient.
V.VP, AS., M.G,, J.A. responsible for drafting the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. No identifying patient information was used.

Data Availability Statement: All the data supporting our findings is contained within the manuscript.

Acknowledgments: The authors thank the patients who generously agreed to participate in this
medical report.

Conflicts of Interest: The authors declare that they have no competing interest.

References

1.

Ghannam, M.; Alshaer, Q.; Al-Chalabi, M.; Zakarna, L.; Robertson, J.; Manousakis, G. Neurological involvement of coronavirus
disease 2019: A systematic review. ]. Neurol. 2020, 267, 3135-3153. [CrossRef] [PubMed]

Sulaiman, T.; Algharawi, A.A.; Idrees, M.; Alzaidy, R.H.; Faris, K.; Cullingford, G.; Rasheed, J. The prevalence of gastrointestinal
symptoms among patients with COVID-19 and the effect on the severity of the disease. JGH Open 2020, 4, 1162-1166. [CrossRef]
[PubMed]


http://doi.org/10.1007/s00415-020-09990-2
http://www.ncbi.nlm.nih.gov/pubmed/32561990
http://doi.org/10.1002/jgh3.12415
http://www.ncbi.nlm.nih.gov/pubmed/33043143

] 2023, 6 171

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Moore, L.; Ghannam, M.; Manousakis, G. A first presentation of multiple sclerosis with concurrent COVID-19 infection.
eNeurologicalSci 2021, 22, 100299. [CrossRef] [PubMed]

Selvaraj, V.; Sacchetti, D.; Finn, A.; Dapaah-Afriyie, K. Acute Vision Loss in a Patient with COVID-19. Rhode Isl. Med. |. 2020, 103,
37-38.

Kemp, H.L; Corner, E.; Colvin, L.A. Chronic pain following COVID-19: Implications for rehabilitation. Br. J. Anaesth. 2020, 125,
436-440. [CrossRef]

Dijkstra, F.; Van den Bossche, T.; Willekens, B.; Cras, P.; Crosiers, D. Myoclonus and Cerebellar Ataxia Following COVID-19. Mov.
Disord. Clin. Pract. 2020, 7, 974-976. [CrossRef]

Herlenius, E. An inflammatory pathway to apnea and autonomic dysregulation. Respir. Physiol. Neurobiol. 2011, 178, 449-457.
[CrossRef]

Gastaut, H.; Tassinari, C.A.; Duron, B. Polygraphic study of the episodic diurnal and nocturnal (hypnic and respiratory)
manifestations of the Pickwick syndrome. Brain Res. 1966, 1, 167-186. [CrossRef]

Guilleminault, C.; Robinson, A. Central sleep apnea. Neurol. Clin. 1996, 14, 611-628. [CrossRef]

Thalhofer, S.; Dorow, P. Central sleep apnea. Respiration 1997, 64, 2-9. [CrossRef]

Dempsey, J.A. Central sleep apnea: Misunderstood and mistreated! F1000Research 2019, 8, 981. [CrossRef] [PubMed]

Kumar, N.N; Velic, A.; Soliz, J.; Shi, Y.; Li, K.; Wang, S.; Weaver, ].L.; Sen, J.; Abbott, S.B.; Lazarenko, R.M.; et al. Regulation of
breathing by CO, requires the proton-activated receptor GPR4 in retrotrapezoid nucleus neurons. Science 2015, 348, 1255-1260.
[CrossRef]

Tripathi, M. Technical notes for digital polysomnography recording in sleep medicine practice. Ann. Indian Acad. Neurol. 2008,
11, 129. [CrossRef] [PubMed]

Antonescu-Turcu, A.; Parthasarathy, S. CPAP and bi-level PAP therapy: New and established roles. Respir. Care 2010, 55,
1216-1229.

Eckert, D.J.; Jordan, A.S.; Merchia, P.; Malhotra, A. Central sleep apnea: Pathophysiology and treatment. Chest 2007, 131, 595-607.
[CrossRef] [PubMed]

Schmickl, C.N.; Landry, S.A.; Orr, J.E.; Chin, K.; Murase, K.; Verbraecken, J.; Javaheri, S.; Edwards, B.A.; Owens, R.L.; Malhotra, A.
Acetazolamide for OSA and Central Sleep Apnea: A Comprehensive Systematic Review and Meta-Analysis. Chest 2020, 156,
2632-2645. [CrossRef] [PubMed]

Netland, J.; Meyerholz, D.K.; Moore, S.; Cassell, M.; Perlman, S. Severe acute respiratory syndrome coronavirus infection causes
neuronal death in the absence of encephalitis in mice transgenic for human ACE2. ]. Virol. 2008, 82, 7264-7275. [CrossRef]

Gu, J.; Gong, E.; Zhang, B.; Zheng, ].; Gao, Z.; Zhong, Y.; Zou, W.; Zhan, ].; Wang, S.; Xie, Z.; et al. Multiple organ infection and
the pathogenesis of SARS. J. Exp. Med. 2005, 202, 415—424. [CrossRef]

Song, E.; Zhang, C.; Israelow, B.; Lu-Culligan, A.; Prado, A.V.; Skriabine, S.; Lu, P; Weizman, O.E; Liu, F; Dai, Y.; et al.
Neuroinvasion of SARS-CoV-2 in human and mouse brain. bioRxiv 2020. [CrossRef]

De La Rica, R.; Borges, M.; Gonzalez-Freire, M. COVID-19: In the Eye of the Cytokine Storm. Front. Immunol. 2020, 11, 558898.
[CrossRef]

Taboada, M.; Caruezo, V.; Naveira, A.; Atanassoff, P.G. Corticosteroids and the hyper-inflammatory phase of the COVID-19
disease. J. Clin. Anesth. 2020, 66, 109926. [CrossRef] [PubMed]

Enner, S.; Hormozdyaran, S.; Varughese, R.; Milillo, J.; Pavkovic, I.; Laureta, E.; Schneider, J.; Kothare, S. Central Apnea in an
Adolescent With COVID-19. Pediatr. Neurol. 2020, 110, 87-88. [CrossRef] [PubMed]

Bixler, E.O.; Vgontzas, A.N.; Ten Have, T.; Tyson, K.; Kales, A. Effects of age on sleep apnea in men: I. Prevalence and severity.
Am. ]. Respir. Crit. Care Med. 1998, 157, 144-148. [CrossRef] [PubMed]

Donovan, L.M.; Kapur, V.K. Prevalence and characteristics of central compared to obstructive sleep apnea: Analyses from the
Sleep Heart Health Study Cohort. Sleep 2016, 39, 1353-1359. [CrossRef]

Javaheri, S.; Parker, T.].; Liming, J.D.; Corbett, W.S.; Nishiyama, H.; Wexler, L.; Roselle, G.A. Sleep apnea in 81 ambulatory male
patients with stable heart failure. Types and their prevalences, consequences, and presentations. Circulation 1998, 97, 2154-2159.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.ensci.2020.100299
http://www.ncbi.nlm.nih.gov/pubmed/33313429
http://doi.org/10.1016/j.bja.2020.05.021
http://doi.org/10.1002/mdc3.13049
http://doi.org/10.1016/j.resp.2011.06.026
http://doi.org/10.1016/0006-8993(66)90117-X
http://doi.org/10.1016/S0733-8619(05)70276-0
http://doi.org/10.1159/000196635
http://doi.org/10.12688/f1000research.18358.1
http://www.ncbi.nlm.nih.gov/pubmed/31297185
http://doi.org/10.1126/science.aaa0922
http://doi.org/10.4103/0972-2327.41887
http://www.ncbi.nlm.nih.gov/pubmed/19893657
http://doi.org/10.1378/chest.06.2287
http://www.ncbi.nlm.nih.gov/pubmed/17296668
http://doi.org/10.1016/j.chest.2020.06.078
http://www.ncbi.nlm.nih.gov/pubmed/32768459
http://doi.org/10.1128/JVI.00737-08
http://doi.org/10.1084/jem.20050828
http://doi.org/10.1084/jem.20202135
http://doi.org/10.3389/fimmu.2020.558898
http://doi.org/10.1016/j.jclinane.2020.109926
http://www.ncbi.nlm.nih.gov/pubmed/32474331
http://doi.org/10.1016/j.pediatrneurol.2020.05.012
http://www.ncbi.nlm.nih.gov/pubmed/32674908
http://doi.org/10.1164/ajrccm.157.1.9706079
http://www.ncbi.nlm.nih.gov/pubmed/9445292
http://doi.org/10.5665/sleep.5962
http://doi.org/10.1161/01.CIR.97.21.2154

	Introduction 
	Methods 
	Results 
	Case 1 
	Case 2 
	Case 3 

	Discussion 
	Conclusions 
	References

