l\' frontiers
in Neurology

PERSPECTIVE
published: 27 September 2021
doi: 10.3389/fneur.2021.630986

OPEN ACCESS

Edited by:

Ulises Gomez-Pinedo,

Instituto de Investigacion Sanitaria del
Hospital Clinico San Carlos, Spain

Reviewed by:

Jiawei Wang,

Capital Medical University, China
Uta Sboto-Frankenstein,
Vancouver Island Health
Authority, Canada

*Correspondence:

Ryan C. N. D’Arcy
ryan@healthtechconnex.com
Markus Besemann
markus.besemann@forces.gc.ca

Specialty section:

This article was submitted to
Neuroinfectious Diseases,

a section of the journal
Frontiers in Neurology

Received: 18 November 2020
Accepted: 31 August 2021
Published: 27 September 2021

Citation:

D’Arcy RCN, Sandhu JK, Marshall S
and Besemann M (2021) Mitigating
Long-Term COVID-19 Consequences
on Brain Health.

Front. Neurol. 12:630986.

doi: 10.3389/fneur.2021.630986

Check for
updates

Mitigating Long-Term COVID-19
Consequences on Brain Health

Ryan C. N. D’Arcy 2%, Jagdeep K. Sandhu*®, Shawn Marshall® and Markus Besemann®™

" Centre for Neurology Studies, HealthTech Connex, Vancouver, BC, Canada, ? Faculty of Applied Sciences, Simon Fraser
University, Vancouver, BC, Canada, ® DM Centre for Brain Health (Radiology), University of British Columbia, Vancouver, BC,
Canada, * Human Health Therapeutics Research Centre, National Research Council Canada, Ottawa, ON, Canada,

° Department of Biochemistry, Microbiology and Immunology, University of Ottawa, Ottawa, ON, Canada, ° Physical Medicine
and Rehabilitation, University of Ottawa, Ottawa, ON, Canada, ” Rehabilitation Medicine, Canadian Forces Health Services,
Ottawa, ON, Canada

COVID-19 is increasingly being linked to brain health impacts. The emerging situation
is consistent with evidence of immunological injury to the brain, which has been
described as a resulting “brain fog.” The situation need not be medicalized but rather
clinically managed in terms of improving resilience for an over-stressed nervous system.
Pre-existing comparisons include managing post-concussion syndromes and/or brain
fog. The objective evaluation of changes in cognitive functioning will be an important
clinical starting point, which is being accelerated through pandemic digital health
innovations. Pre-morbid brain health can significantly optimize risk factors and existing
clinical frameworks provide useful guidance in managing over-stressed COVID-19
nervous systems.
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INTRODUCTION

The Coronavirus 2019 (COVID-19) pandemic has manifested in many clinical presentations.
Central nervous system (CNS) involvement is not a rare complication of this virus. In the current
analysis, we postulate that: (1) pre-morbid brain health may be a significant modifiable risk
factor when considering clinical sequelae; and (2) a framework similar to concussion management
may provide helpful guidance in next-steps for COVID-19 clinical management. In this way,
CNS related concerns can be represented as treating an “over-stressed” nervous system. It is
not desirable, from a public health perspective, to create a unifying diagnosis that potentially
“medicalizes” COVID-19 related CNS symptomatology and dysfunction to the detriment of
empowering environmental and lifestyle choices that are within a patient’s control.

This article first summarizes current state of knowledge pertaining to neuroinflammation and
the neurological consequences related to COVID-19, then suggests “brain health” risk factors
amenable to modification, and proposes means to measure cognitive brain function in a cost-
effective and efficient manner, with simple strategies to potentially mitigate long-term consequences
of post COVID-19 “brain fog.” Similar concepts around brain fog have been identified in
association with concussion, anoxic insult, and chemotherapy. While any one of these may serve as
a potential model, given its prevalence the concussion model is adopted in this brief analysis.

Frontiers in Neurology | www.frontiersin.org

1 September 2021 | Volume 12 | Article 630986


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2021.630986
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2021.630986&domain=pdf&date_stamp=2021-09-27
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ryan@healthtechconnex.com
mailto:markus.besemann@forces.gc.ca
https://doi.org/10.3389/fneur.2021.630986
https://www.frontiersin.org/articles/10.3389/fneur.2021.630986/full

D’Arcy et al.

COVID-19 Brain Health Management

IMMUNOLOGICAL INJURY TO THE BRAIN

CNS involvement with COVID-19 is real, measurable, and
potentially modifiable. Increasing evidence has demonstrated
that COVID-19 is associated with CNS dysfunction, as
demonstrated by a range of neurological and mental health
symptoms spanning from acute to potentially chronic conditions
(see literature review below). We propose an approach to
prevent, mitigate and rapidly identify the small but significant
minority of those with residual symptoms realizing that the
reasons for residual symptoms might be complex and multiple.
The underlying pathophysiology of this involvement appears to
revolve around neuroinflammation, a common factor amongst
many conditions affecting neurological function. The propensity
toward inflammation is dependent on many variables, of which
some are modifiable. Consequently, there is a constellation of
physical, psychological, and cognitive factors that contribute to
whether or not a specific injury leads to functional disability or
not. This model is not dissimilar to those currently in place for
concussion care (1).

SARS-CoV-2 was initially thought to infect primarily the
lower respiratory tract and cause lung damage. However,
a growing body of evidence suggests that under certain
circumstances SARS-CoV-2 can infect the CNS and cause
neurological complications (2). It was clear even in the
early months of the COVID-19 pandemic that neurological
manifestations, such as headache, dizziness, confusion, ageusia
and anosmia were common in more than 50% of the hospitalized
COVID-19 patients (3, 4). Surprisingly, acute cerebrovascular
disease with increased risk of stroke is also emerging as
an important neurological complication in hospitalized
patients with severe COVID-19 disease (5, 6). The long-term
consequences of these symptoms on brain health may not be
realized for years or decades. While our knowledge on the
neurological impacts of SARS-CoV-2 continues to evolve, the
lessons learnt from recent studies can provide an important
roadmap to advance our understanding of SARS-CoV-2
pathogenesis (7-9). Neuropathological examination of post-
mortem brain specimens obtained from COVID-19 patients have
shown acute hypoxic-ischemic changes in the cerebellum and
loss of neurons in cerebral cortex, hippocampus and cerebellar
Purkinje cell layer. Further testing of brain tissue using molecular
and immunohistochemical analysis revealed the presence of
low levels of viral ribonucleic acid (RNA) or nucleocapsid
proteins (9). In a case series study, early post-mortem brain
magnetic resonance imaging (MRI) scans of COVID-19 patients
demonstrated hemorrhage, posterior reversible encephalopathy
syndrome and non-specific deep white matter changes, possibly
due to the blood-brain barrier (BBB) breakdown (8). Another
study showed elevated plasma levels of neurofilament light chain
protein (NfL), a marker of neuronal injury and glial fibrillary
acidic protein (GFAP), a marker of astroglial injury in COVID-19
patients, suggestive of direct CNS damage (7). Although these
studies provide evidence of CNS damage in COVID-19 patients,
whether these lesions are due to direct viral infection of the
brain could not be established and further mechanistic studies
are warranted.

The blood-brain barrier (BBB) represents a formidable
barrier that prevents harmful substances, including viruses
from entering the CNS. SARS-CoV-2 possibly deploys several
strategies to evade the innate immune responses, traverse the
BBB and gain entry into the CNS (10). The spike protein
of SARS-CoV-2 binds the angiotensin converting enzyme-2
(ACE-2) receptor to infect brain endothelial cells and activate
inflammatory and thrombotic pathways (11, 12). Given the
importance of the BBB for the maintenance of cerebral blood
flow, cerebrovascular endothelial cell dysfunction could lead to
alterations in BBB function. SARS-CoV-2 infection has been
associated with meningitis and pan-encephalitis and viral RNA
was detected in the cerebrospinal fluid (CSF) of a COVID-
19 patient (13, 14). A case of acute hemorrhagic necrotizing
encephalitis on MRI scans has been reported in COVID-19
patients, suggestive of hyperinflammation (15). In addition,
increased serum and CSF levels of proinflammatory cytokines,
IL-1B, and IL-6 have been reported in SARS-CoV-2-associated
encephalitis (16). Systemic exposure to pathogenic levels of
proinflammatory mediators could result in immunopathogenic
and neuronal injury (17), eventually leading to cognitive
dysfunction. Similar to the 1918 Spanish Flu pandemic,
with reports of encephalitis lethargica and post-encephalitis
parkinsonism (18), case study evidence of parkinsonism has
emerged after SARS-CoV2 infection (19). Therefore, it is
important to diagnose and treat the neurological manifestations
in COVID-19 patients at an early stage in the disease process to
limit the long-term sequelae.

FACTORS AFFECTING RESILIENCE AND
RECOVERY

Public health measures to limit the transmission of SARS-
CoV-2 have also consequently impacted conventional evaluation
and treatment options and practices. Like any complex
condition, a bio-psycho-social model is needed that integrates
the inflammation effects with those related to psychosocial and
other stressors. CNS care in a COVID-19 era involves treating
an already over-stressed nervous system. Care can involve
addressing multiple factors spanning from direct neurological
injury, mental health, post-traumatic stress disorder (PTSD), and
potentially extending to the emerging concept of “moral injury”
when the impact to front-line responders and many others is
also considered.

In this respect, COVID-19 can expose vulnerabilities in brain
resiliency and challenge a host of underlying factors that support
brain health. Cognitive and mental health complaints appear
to be emerging as early reported symptoms (20). In essence,
COVID-19 has stressed the nervous system, but a system that in
many cases was already stressed to begin with. As any biological
homeostatic system, resilience can be seen as a common thread
that brings together CNS injury, cognitive functioning, general
mental health and resiliency, PTSD, and moral injury. Prevention
and recovery therefore involves searching for links (diet, exercise,
sleep, et cetera) to some key factors that can be influenced in
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order to manage common symptoms that have previously not
been understood to be connected.

CLINICAL MANAGEMENT NEXT STEPS

By comparison, all consensus guidelines for concussion
management show that reassurance and expectation for a
positive outcome are the single most important factors in
management. It is reasonable to assume that for a multi-factorial
condition such as COVID-19, barring any evidence to the
contrary, a similar approach should be implemented. Given the
significant amount of media-coverage and the already escalating
toll on mental health, public policies that encourage and promote
pro-active approaches to pre-habilitation and “normalization”
of non-specific symptoms might avoid potentially inappropriate
and costly labeling of non-specific neurological symptoms.
As any practicing neurologist will certainly attest, there is no
shortage of “functional neurological disorder” in daily practice.
A consensus statement has been recently published to guide
rehabilitation post-COVID-19 (21).

A recent review has outlined five major categories of
modifiable personal factors that contribute to baseline brain
health and which may be protective against various CNS
conditions: (1) exercise; (2) cognitive stimulation; (3) sleep; (4)
dietary considerations; and (5) social connectedness (22). The
detailed review of these is beyond the scope of this article, but
a few points are worthy of mention. The effects of physical
activity on brain function are well-established. The effects of
brain-derived neurotrophic factor (BDNF) on neuroplasticity
and neuromodulation are well-known. Regrettably, with some
exceptions, COVID-19 public health measures have affected
the access to exercise facilities or outdoor activity for many.
Physical activity needs to increase prominently in public health
messaging as lack of exercise is a major cause of chronic
diseases (23). In the now famous video “23 % h,” Dr. Michael
Evans makes a very compelling argument that it only takes
30min of brisk walking per day to achieve most exercise
related health benefits (24). Clearly this mode of exercise should
be available to all in a COVID-19-safe manner. The role of
cognitive stimulation has gained greater awareness, with various
applications and technologies available to help facilitate cognitive
and mental well-being (25). The importance of sleep and diet
for brain health has been validated and amply documented, with
dietary considerations particularly focused on anti-inflammatory
diets (e.g., omega-3 fatty acids and medium chain triglyceride
supplementation, magnesium, Intermittent fasting and Ketosis,
etc.) (26). Simple modifications in this domain could have
significant impacts in reducing the pre-morbid burden of dietary-
related CNS inflammation that may predispose individuals to an
“inflammatory storm” that may have otherwise been potentially
less severe. Finally, if social connectedness is key to cognitive and
brain health, there is an interesting paradox brewing insofar as
the precise tools used to contain the spread of disease may be
contributing directly or indirectly to long-term disease burden
from a CNS perspective.

THE IMPORTANCE OF COGNITIVE
FUNCTION

By the same token, measuring cognitive function in an objective
manner would allow for serial tracking of CNS involvement and
recovery. In contrast to traditional neuropsychological testing,
which can be time-consuming and is increasingly challenging
to access in a post-COVID-19 era, there have been several
recent digital health advances in cognitive evaluation. A number
of user-friendly, portable cognitive/behavioral evaluation
technologies have been developed (e.g., BrainFX, CBS Health,
BrainHQ, etc.). Novel portable neurophysiological options
are also emerging. In terms of the most recent advances in
neurotechnology capable of deployment to clinical frontlines,
portable electroencephalography (EEG) can now provide non-
invasive, objective, neurophysiological, monitoring systems (e.g.,
BrainScope, NeuroCatch® Platform, and eVox System) and
may prove beneficial in mitigating the long-term consequences
of cognitive impairments from COVID-19. The key clinical
management advance here is early and sensitive evaluation,
which can lead to earlier and more effective interventions.

As the medical axiom states: You can’t treat what you
can’t measure. In HIV, it took more than a quarter of a
century to establish the HIV-associated neurocognitive disorder
HAND (27). Accordingly, it will be important to start with
evaluating basic cognitive complaints within the framework
of an over-stressed nervous system and anticipate the rise of
descriptors such as “brain fog” similar to that which occurs in
concussion. Historically, rapid, objective, and accurate clinical
evaluation of cognitive function has been difficult, particularly
now in the pandemic era. However, digital health advances
have overcome the inherent challenges of cognitive screening
and neuropsychological testing that rely on subjective behavioral
responses that can be error prone (28). Through the use of
portable EEG, it is possible to obtain objective neurophysiological
testing through low-cost, clinically accessible technologies (29).
These devices have been used, particularly for point-of-care
concussion management, and are actively used in the current
pandemic era (30).

Specifically, cognitive evoked potentials are increasingly being
shown to be useful within a vital sign framework that overcomes
historical clinical limitations of EEG. The timing for such
an advance is critical. Recent CNS COVID-19 reports have
highlighted the importance of objectively monitoring vital
neurocognitive functions over the longer term (30). Modeled
from vital sign frameworks, cognitive brain function can be
monitored as an objective, sensitive, physiological evaluation
of evoked responses that is clinically accessible, particularly in
pandemic times (31-35). The basic framework uses a portable
EEG for rapid, automated, standardized evaluation of three
established cognitive evoked potentials for Auditory sensation
(36), Basic attention (37), and Cognitive processing (38) in
under 10 min. In a post-pandemic era, the deployable features of
this type of digital health technology are becoming increasingly
important tools to investigate subjective cognitive complaints.
The detection of subtle cognitive changes may provide further
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alignment between COVID-19 and concussion in terms of
mitigation strategies. Here, emerging cognitive rehabilitation
advances will be important to begin evaluating in future
prospective studies.

DISCUSSION

COVID-19 has pushed our personal and collective resources
to their limits, with evidence-based impacts on cognitive and
related brain health issues. The good news remains that there
is much that can be done to improve individual resilience to
CNS injury/inflammation.

As we have seen with the relative concussion epidemic, in
order to fully understand multisystem, complex issues one needs
to start at the beginning with simple yet solid foundational
evidence-based interventions that are: (1) Cost effective; (2)
Clinically effective; and (3) Result in functional improvements or,
at the very least, mitigate functional impairment and (4) Can be
implemented on a large-scale.

What other epidemics and pandemics have taught us is
that, reducing complex problems to simple organ system injury
models rarely provides tangible and lasting solutions at least in
the domain of human functioning and participation in life [as
per the World Health Assembly’s International Classification of
Functioning, Disability and Health, (39)]. In fact often, well-
intentioned medically focussed interventions can inadvertently
contribute to the problem for which the solution was intended.
Notwithstanding the immense and commendable work that
is being done in the realm of these other conditions, it is

REFERENCES

1. Marshall S, Bayley M, McCullagh S, Velikonja D, Berrigan L. Clinical practice
guidelines for mild traumatic brain injury and persistent symptoms. Can Fam
Physician. (2012) 58:257-40. Available online at: https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC3303645/pdf/0580257.pdf

2. Ellul MA, Benjamin L, Singh B, Lant S, Michael BD, Easton A, et al.
Neurological associations of COVID-19. Lancet Neurol. (2020) 19:767-83.
doi: 10.1016/S1474-4422(20)30221-0

3. Mao L, Jin H, Wang M, Hu Y, Chen S, He Q, et al. Neurologic manifestations
of hospitalized patients with coronavirus disease 2019 in Wuhan, China.
JAMA Neurol. (2020) 77:683-90. doi: 10.1001/jamaneurol.2020.1127

4. Romero-Sanchez CM, Diaz-Maroto I, Fernandez-Diaz E, Sanchez-Larsen
A, Layos-Romero A, Garcia-Garcia J, et al. Neurologic manifestations in
hospitalized patients with COVID-19: the ALBACOVID registry. Neurology.
(2020) 95:1060-70. doi: 10.1212/WNL.0000000000009937

5. Merkler AE, Parikh NS, Mir S, Gupta A, Kamel H, Lin E, et al. Risk of ischemic
stroke in patients with coronavirus disease 2019 (COVID-19) vs patients
with influenza. JAMA Neurol. (2020) 77:1-7. doi: 10.1001/jamaneurol.20
20.2730

6. Beyrouti R, Adams ME, Benjamin L, Cohen H, Farmer SE Goh YY, et al.
Characteristics of ischaemic stroke associated with COVID-19. J Neurol
Neurosurg Psychiatry. (2020) 91:889-91. doi: 10.1136/jnnp-2020-323586

7. Kanberg N, Ashton NJ, Andersson LM, Yilmaz A, Lindh M, Nilsson
S, et al. Neurochemical evidence of astrocytic and neuronal injury
commonly found in COVID-19. Neurology. (2020) 95:e1754-9.
doi: 10.1212/WNL.0000000000010111

8. Coolen T, Lolli V, Sadeghi N, Rovai A, Trotta N, Taccone FS, et al. Early
postmortem brain MRI findings in COVID-19 non-survivors. Neurology.
(2020) 95:€2016-27. doi: 10.1212/WNL.0000000000010116

paramount that over-medicalization or dramatization of CNS
symptomatology and dysfunction be kept to the minimum
required to recognize and treat serious pathology but not to
create a new pandemic of “worried-well” as has been the case in
other areas of health care, specifically in the case of concussion.
In the current analysis, we conclude that pre-morbid brain health
optimization can significantly modify the risk factors and that
a framework similar to concussion management provides useful
guidance in clinically managing over-stressed nervous systems.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

RD and JS contributed to initial concept and perspectives. RD,
JS, and MB developed the initial version of the manuscript. SM
reviewed and edited the manuscript along with all other authors.
All authors read and approved the final manuscript.

FUNDING

This publication and related open access publication fees
was supported by HealthTech Connex’s Centre for Neurology
Studies (RD).

9. Solomon IH, Normandin E, Bhattacharyya S, Mukerji SS, Keller K, Ali AS,

et al. Neuropathological features of Covid-19. N Engl ] Med. (2020) 383:989-
92. doi: 10.1056/NEJMc2019373

10. Alam SB, Willows S, Kulka M, Sandhu JK. Severe acute respiratory syndrome
coronavirus 2 may be an underappreciated pathogen of the central nervous
system. Eur ] Neurol. (2020) 27:2348-60. doi: 10.1111/ene.14442

11. Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinkernagel AS,
et al. Endothelial cell infection and endotheliitis in COVID-19. Lancet. (2020)
395:1417-8. doi: 10.1016/S0140-6736(20)30937-5

12. Hamming I, Timens W, Bulthuis ML, Lely AT, Navis G, van GH. Tissue
distribution of ACE2 protein, the functional receptor for SARS coronavirus.
A first step in understanding SARS pathogenesis. ] Pathol. (2004) 203:631-7.
doi: 10.1002/path.1570

13. von Weyhern CH, Kaufmann I, Neff E Kremer M. Early evidence of
pronounced brain involvement in fatal COVID-19 outcomes. Lancet. (2020)
395:e109. doi: 10.1016/S0140-6736(20)31282-4

14. Moriguchi T, Harii N, Goto ], Harada D, Sugawara H, Takamino J, et al. A
first case of meningitis/encephalitis associated with SARS-Coronavirus-2. Int
] Infect Dis. (2020) 94:55-8. doi: 10.1016/}.ijid.2020.03.062

15. Poyiadji N, Shahin G, Noujaim D, Stone M, Patel S, Griffith B. COVID-
19-associated acute hemorrhagic necrotizing encephalopathy: CT and MRI
features. Radiology. (2020) 31:201187. doi: 10.1148/radiol.2020201187

16. Bodro M, Compta Y, Llanso L, Esteller D, Doncel-Moriano A, Mesa A,
et al. Increased CSF levels of IL-lbeta, IL-6, and ACE in SARS-CoV-2-
associated encephalitis. Neurol Neuroimmunol Neuroinflamm. (2020) 7:e821.
doi: 10.1212/NXI.0000000000000821

17. Willows SD, Alam SB, Sandhu JK, Kulka M. A Canadian perspective on
severe acute respiratory syndrome coronavirus 2 infection and treatment:
how prevalent underlying inflammatory disease contributes to pathogenesis.
Biochem Cell Biol. (2020) 99:173-94. doi: 10.1139/bcb-2020-0341

Frontiers in Neurology | www.frontiersin.org

September 2021 | Volume 12 | Article 630986


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3303645/pdf/0580257.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3303645/pdf/0580257.pdf
https://doi.org/10.1016/S1474-4422(20)30221-0
https://doi.org/10.1001/jamaneurol.2020.1127
https://doi.org/10.1212/WNL.0000000000009937
https://doi.org/10.1001/jamaneurol.2020.2730
https://doi.org/10.1136/jnnp-2020-323586
https://doi.org/10.1212/WNL.0000000000010111
https://doi.org/10.1212/WNL.0000000000010116
https://doi.org/10.1056/NEJMc2019373
https://doi.org/10.1111/ene.14442
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1002/path.1570
https://doi.org/10.1016/S0140-6736(20)31282-4
https://doi.org/10.1016/j.ijid.2020.03.062
https://doi.org/10.1148/radiol.2020201187
https://doi.org/10.1212/NXI.0000000000000821
https://doi.org/10.1139/bcb-2020-0341
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

D’Arcy et al.

COVID-19 Brain Health Management

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Dourmashkin RR. What caused the 1918-30 epidemic of encephalitis
lethargica? ] R Soc Med. (1997) 90:515-20. doi: 10.1177/014107689709000916
Cohen ME, Eichel R, Steiner-Birmanns B, Janah A, Ioshpa M, Bar-Shalom
R, et al. A case of probable Parkinson’s disease after SARS-CoV-2 infection.
Lancet Neurol. (2020) 19:804-5. doi: 10.1016/S1474-4422(20)30305-7
Kontoangelos K, Economou M, Papageorgiou C. Mental health effects of
COVID-19 pandemia: a review of clinical and psychological traits. Psychiatry
Investig. (2020) 17:491-505. doi: 10.30773/pi.2020.0161

Barker-Davies RM, O’Sullivan O, Senaratne KPP, Baker P, Cranley
M, Dharm-Datta S, et al. The Stanford Hall consensus statement
for post-COVID-19 rehabilitation. Br J Sports Med. (2020) 54:949-59.
doi: 10.1136/bjsports-2020-102596

Mintzer ], Donovan KA, Kindy AZ, Lock SL, Chura LR, Barracca
N. Lifestyle choices and brain health. Front Med. (2019) 6:204.
doi: 10.3389/fmed.2019.00204

Booth FW, Roberts CK, Laye MJ. Lack of exercise is a major cause of chronic
diseases. Compr Physiol. (2012) 2:1143-211. doi: 10.1002/cphy.c110025

24 Hour Fitness - 23 and 1/2 Hours. (2012). Available online at: https://www.
youtube.com/watch?v=fqhYBTg73fw

Liao YY, Tseng HY, Lin YJ, Wang CJ, Hsu WC. Using virtual reality-based
training to improve cognitive function, instrumental activities of daily living
and neural efficiency in older adults with mild cognitive impairment. Eur J
Phys Rehabil Med. (2020) 56:47-57. doi: 10.23736/S1973-9087.19.05899-4
Mattson MP, Moehl K, Ghena N, Schmaedick M, Cheng A. Intermittent
metabolic switching, neuroplasticity and brain health. Nat Rev Neurosci.
(2018) 19:63-80. doi: 10.1038/nrn.2017.156

Saylor D, Dickens AM, Sacktor N, Haughey N, Slusher B, Pletnikov M,
et al. HIV-associated neurocognitive disorder - pathogenesis and prospects
for treatment. Nat Rev Neurol. (2016) 12:309. doi: 10.1038/nrneurol.2016.53
Gawryluk JR, D’Arcy RC, Connolly JE Weaver DF. Improving the clinical
assessment of consciousness with advances in electrophysiological
and  neuroimaging  techniques. = BMC  Neurol ~ (2010)  10:11.
doi: 10.1186/1471-2377-10-11

Fickling SD, Smith AM, Pawlowski G, Ghosh HS, Liu CC, Farrell K, et al. Brain
vital signs detect concussion-related neurophysiological impairments in ice
hockey. Brain. (2019) 142:255-62. doi: 10.1093/brain/awy317

Paterson RW, Brown RL, Benjamin L, Nortley R, Wiethoff S, Bharucha T, et al.
The emerging spectrum of COVID-19 neurology: clinical, radiological and
laboratory findings. Brain. (2020) 143:3104-20. doi: 10.1093/brain/awaa240
Smith C, Lakhani B, Livingstone A, Fickling S, Campbell N, Tannouri
P, et al. Brain vital signs detect information processing differences when
neuromodulation is used during cognitive skills training. Front Hum Neurosci.
(2020) 14:358. doi: 10.3389/fnhum.2020.00358

Pawlowski GM, Ghosh-Hajra S, Fickling SD, Liu CC, Song X, Robinovitch S,
et al. Brain vital signs: expanding from the auditory to visual modality. Front
Neurosci. (2018) 12:968. doi: 10.3389/fnins.2018.00968

33. Ghosh HS, Liu CC, Song X, Fickling SD, Cheung TPL, D’Arcy RCN.
Multimodal characterization of the semantic N400 response within a
rapid evaluation brain vital sign framework. J Transl Med. (2018) 16:151.
doi: 10.1186/512967-018-1527-2

34. Ghosh HS, Liu CC, Song X, Fickling S, Liu LE, Pawlowski G, et al. Developing
brain vital signs: initial framework for monitoring brain function changes over
time. Front Neurosci. (2016) 10:211. doi: 10.3389/fnins.2016.00211

35. Fickling SD, Greene T, Greene D, Frehlick Z, Campbell N, Etheridge T,
et al. Brain vital signs detect cognitive improvements during combined
physical therapy and neuromodulation in rehabilitation from severe
traumatic brain injury: a case report. Front Hum Neurosci. (2020) 14:347.
doi: 10.3389/fnhum.2020.00347

36. Davis PA. Effects of acoustic stimuli on the waking human brain. J
Neurophysiol. (1939) 2:494-9. doi: 10.1152/jn.1939.2.6.494

37. Sutton S, Tueting P, Zubin J, John ER.
and the sensory evoked potential. Science.
doi: 10.1126/science.155.3768.1436

38. Kutas M, Hillyard SA. Reading
potentials reflect semantic incongruity. Science.
doi: 10.1126/science.7350657

39. Stucki G, Cieza A, Melvin J. The international classification of functioning,
disability, and health (ICF): A unifying model for the conceptual
description of the rehabilitation strategy. ] Rehab Med. (2007) 39:279-85.
doi: 10.2340/16501977-0041

Information  delivery
(1967)  155:1436-9.

sentences:  brain
(1980) 207:203-5.

senseless

Conflict of Interest: RD is the inventor of the NeuroCatch Platform medical
device and qualifies for financial benefit from commercialization.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 D’Arcy, Sandhu, Marshall and Besemann. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neurology | www.frontiersin.org

September 2021 | Volume 12 | Article 630986


https://doi.org/10.1177/014107689709000916
https://doi.org/10.1016/S1474-4422(20)30305-7
https://doi.org/10.30773/pi.2020.0161
https://doi.org/10.1136/bjsports-2020-102596
https://doi.org/10.3389/fmed.2019.00204
https://doi.org/10.1002/cphy.c110025
https://www.youtube.com/watch?v=fqhYBTg73fw
https://www.youtube.com/watch?v=fqhYBTg73fw
https://doi.org/10.23736/S1973-9087.19.05899-4
https://doi.org/10.1038/nrn.2017.156
https://doi.org/10.1038/nrneurol.2016.53
https://doi.org/10.1186/1471-2377-10-11
https://doi.org/10.1093/brain/awy317
https://doi.org/10.1093/brain/awaa240
https://doi.org/10.3389/fnhum.2020.00358
https://doi.org/10.3389/fnins.2018.00968
https://doi.org/10.1186/s12967-018-1527-2
https://doi.org/10.3389/fnins.2016.00211
https://doi.org/10.3389/fnhum.2020.00347
https://doi.org/10.1152/jn.1939.2.6.494
https://doi.org/10.1126/science.155.3768.1436
https://doi.org/10.1126/science.7350657
https://doi.org/10.2340/16501977-0041
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Mitigating Long-Term COVID-19 Consequences on Brain Health
	Introduction
	Immunological Injury to the Brain
	Factors Affecting Resilience and Recovery
	Clinical Management Next Steps
	The Importance of Cognitive Function
	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	References


