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Abstract

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus attacks multiple organs of coronavirus disease

2019 (COVID-19) patients, including the brain. There are worldwide descriptions of neurological deficits in COVID-19

patients. Central nervous system (CNS) symptoms can be present early in the course of the disease. As many as 55% of

hospitalized COVID-19 patients have been reported to have neurological disturbances three months after infection by

SARS-CoV-2. The mutability of the SARS-COV-2 virus and its potential to directly affect the CNS highlight the urgency

of developing technology to diagnose, manage, and treat brain injury in COVID-19 patients. The pathobiology of CNS

infection by SARS-CoV-2 and the associated neurological sequelae of this infection remain poorly understood. In this

review, we outline the rationale for the use of blood biomarkers (BBs) for diagnosis of brain injury in COVID-19 patients,

the research needed to incorporate their use into clinical practice, and the improvements in patient management and

outcomes that can result. BBs of brain injury could potentially provide tools for detection of brain injury in COVID-19
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patients. Elevations of BBs have been reported in cerebrospinal fluid (CSF) and blood of COVID-19 patients. BB proteins

have been analyzed in CSF to detect CNS involvement in patients with infectious diseases, including human immuno-

deficiency virus and tuberculous meningitis. BBs are approved by the U.S. Food and Drug Administration for diagnosis of

mild versus moderate traumatic brain injury and have identified brain injury after stroke, cardiac arrest, hypoxia, and

epilepsy. BBs, integrated with other diagnostic tools, could enhance understanding of viral mechanisms of brain injury,

predict severity of neurological deficits, guide triage of patients and assignment to appropriate medical pathways, and

assess efficacy of therapeutic interventions in COVID-19 patients.

Keywords: blood biomarkers; CNS injury; COVID-19; GFAP, SARS-CoV-2; UCH-L1

Introduction

Infection by the severe acute respiratory syndrome cor-

onavirus 2 (SARS-CoV-2) coronavirus results in significant

mortality and long-term disability. Global costs of coronavirus

disease 2019 (COVID-19) are predicted to reach as much $35.3

trillion through 2025.1 The full spectrum of disease associated

with COVID-19 is not yet fully characterized, yet 35% of adult

COVID-19 patients report they have not returned to their usual state

of health 2–3 weeks after testing positive for the SARS-CoV-2

virus.2 Emerging data indicate the presence of brain injury in a

subset of COVID-19 patients, consistent with the known ability of

coronaviruses to infect the CNS. However, the clinical manifesta-

tions, frequency of CNS effects, and associated primary or sec-

ondary mechanisms underlying neurological injury produced by

SARS-CoV-2 infection are not well understood.

Human coronaviruses have been described as underestimated

opportunistic pathogens of the CNS.3 The SARS-CoV-2 virus, like

many viruses including coronaviruses related to SARS-CoV-2, at-

tacks multiple organs of COVID-19 patients, including the brain.

There have been worldwide reports of neurological deficits in

COVID-19 patients involving both the central and peripheral nervous

systems. However, the pathobiology of CNS infection by SARS-

CoV-2 and the associated neurological sequelae of this infection re-

main poorly understood. A central question is whether or not brain

damage in individual patients results from a direct primary effect of

the virus on the brain or results indirectly from systemic secondary

insults, including hypoxemia, thrombosis, or autoimmune responses.

In this review, we outline the rationale for the use of BBs for diagnosis

of brain injury in COVID-19 patients, the research needed to incor-

porate their use into clinical practice, and the improvements in patient

management and outcome that can result.

BBs have been successfully used in other acute and chronic

brain diseases. Timely implementation of BBs in the current SARS-

CoV-2 pandemic will also allow this emerging technology to

provide critically needed insights into the risk factors associated

with SARS-CoV-2 neurological involvement and the potential for

increased risks for long-term neurological deficits and neurode-

generative diseases.

Injury to the peripheral nervous system (PNS) has also been re-

ported in COVID-19 patients.4–7 However, in contrast to studies of

biomarkers of CNS injury, there is currently an absence of reliable

biomarkers of PNS injury.8 Thus, we have focused on the clinical and

research advantages of using BBs in conjunction with other diagnostic

tools to provide a better understanding of CNS brain injury associated

with SARS-CoV-2 and, potentially, with its ongoing mutations.

Viral mutations present an especially worrisome challenge to re-

sponses to infection by the SARS-CoV-2 virus. There are 219 viruses

currently known to be capable of infecting humans, and microbes

continuously mutate to enhance their capabilities for human infec-

tion. The mutation spike D614G in SARS-CoV-2 has been described

as ‘‘of urgent concern’’ given that it represents the emergence of a

dominant and more transmissible form of the virus. Some investi-

gators have reported that the spike protein D614G and RdRp P323L

mutations in SARS-CoV-2 are associated with severity of COVID-

19.9 Other data show that, over the course of only a month, the variant

carrying the more infectious D614G spike mutation became the

globally dominant form of SARS-CoV-2. D614G is associated with

potentially higher viral loads in COVID-19 patients, but not injury

severity.9 Similar observations were made in Houston, Texas. Be-

tween the first wave of infection in April 2020 and the second wave in

June 2020, the more infectious, but not more virulent, D614G mu-

tation increased from 71% to 99.9% of infections, completing its

domination of this local outbreak.10

Secondary infections have been reported internationally. A case

report documented reinfection by a variant of the SARS-CoV-2 that

had significantly different genomic sequences from the variant

causing the first infection.11,12 Significantly, the SARS-CoV-2 re-

infection resulted in a worse disease progression than the first in-

fection. In addition, a prevalent Eurasian avian-like H1N1 swine

influenza virus possesses 2009 pandemic genes facilitating human

infection.13 The mutability of SARS-CoV-2 has prompted inves-

tigators to speculate that the virus will be a permanent addition to

viruses that can infect humans (e.g., https://www.bbc.com/news/

uk-53875189), as has been the case for four other, less virulent

coronaviruses associated with 15% of common colds.

The mutability of the spike protein and its potential for rapid spread

should alert scientists and public health experts to the possible ap-

pearance of spike mutations favoring CNS infection given that se-

questration in the CNS confers survival advantages by protecting

viruses from systemic immune responses. An analysis pipeline has

been developed to facilitate real-time mutation tracking in SARS-

CoV-2, focusing initially on the spike protein because it mediates

infection of human cells and is the target of most vaccine strategies

and antibody-based therapeutics.14 To date, the pipeline has identified

14 mutations in spike that are accumulating. Such mutations, con-

sidered in a broader phylogenetic context, provide an early warning

system to reveal mutations that may confer selective advantages in

transmission or resistance to interventions. Each mutation is evaluated

for evidence of positive selection, and the implications of the mutation

are explored through structural modeling. We encourage, where

possible, the screening and evaluation process to include assessments

of the potential of spike protein mutations to favor CNS infection.

Fortunately, the technology we propose here has the potential for

detecting CNS damage resulting from any viral infection.

Clinical Presentations

Although the novel SARS-CoV-2 virus is primarily associated

with respiratory problems, investigators are becoming increasingly
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aware of extrapulmonary complications of COVID-19, including

CNS pathologies15 (for recent reviews, see previous works16–19).

Table 1A summarizes international reports of neurological symp-

toms, and Table 1B summarizes pathological observations in

COVID-19 patients, as of September 2020.

Early communications from China provided data on neurologi-

cal symptoms suggesting CNS involvement in COVID-19 patients4

now confirmed in several other studies.4,23,25,27,29,30,40,72 Dis-

turbances in taste and smell have been prominent neurological

sequelae of COVID-19 infection,56 but neurological symptoms can

also include descriptions of impaired consciousness and confusion,

altered mental status, confusion, headache, and syncope as well as

anxiety, depression, and post-traumatic stress disorder (PTSD).7,57

Neurological manifestations have been observed in 42% of

COVID-19 patients at disease onset, 63% during hospitalization,

and 82% at some time during the course of the disease.24 In con-

trast, a prospective study of hospitalized COVID-19 patients re-

ported that 13.5% developed new neurological symptoms before

or during hospitalization with a median onset of 2 days from

COVID-19 symptoms onset.20 These data signal the importance of

standardizing the evaluation of neurological assessments across

study sites and, where possible, linking behavioral observations to

organically based assessments such as BBs and imaging.

There are also multiple descriptions of CNS pathological

observations that include a predominance of reports of cerebro-

vascular injury, such as diffuse cerebral ischemia, ischemic and

hemorrhagic stroke, microhemorrhages, white matter microangio-

pathy, and arterial thrombosis as well as meningitis, encephali-

tis, acute transverse myelitis (ATM), and encephalopathy4,20,23,

24,27,29,30,39,40,67,70,72,76,90,100,102,103,109,123–126 (see also other

works24,69,121,127–132). Investigators have also observed associa-

tions between magnetic resonance (MRI) abnormalities and neu-

rological deficits persisting in 55% of hospitalized patients 3

months after disease onset.28

Hypercoagulopathy resulting from viral effects on systemic and

CNS coagulation pathways has been a growing concern, and anti-

coagulant administration was reported to be associated with de-

creased mortality in COVID-19 patients.133 There is also a case

report of an ischemic stroke in a COVID-19 patient even though

no viral particles were detected in the cerebrospinal fluid (CSF),

suggesting the possibility that peripheral hypercoagulopathies

could contribute to stroke in these patients.30

Brain hypoxia may be another prominent contributor to CNS

injury, especially in patients presenting with significant pulmo-

nary symptoms and having experienced prolonged periods of

ventilator support or even extracorporeal membrane oxygenation

(ECMO). ‘‘Silent hypoxemia,’’ oxygen levels incompatible with

life without dyspnea in COVIR-19 patients, has been of concern

as well, in spite of difficulties in conducting reliable assessments

using pulse oximetry.134 Post-mortem histopathological examina-

tion of brain specimens obtained from 18 patients showed only

hypoxic changes and did not detect encephalitis or other specific

brain changes referable to the virus.121 There was no cytoplasmic

viral staining, but the virus was detected at low levels in six brain

sections obtained from 5 patients who were not consistently related

to the interval from the onset of symptoms to death. However, the

broad diagnostic categories, variability in the times of post-mortem

examinations, and limited number of observations limit the gen-

eralizability of these data.

Collectively, these cases document that the CNS is among the

multiple organs targeted by SARS-CoV-2. Characterization of

cerebrovascular pathologies and potentially related systemic hy-

percoagulopathies that occur in severe COVID-19 cases are espe-

cially needed,64 as is a clearer understanding of the nature of

persistent neurological deficits and their relationships to disease

severity and epidemiological factors. In addition, longitudinal stud-

ies of affected patients should enable detection of later-emerging

neurological symptoms.

The Potential for SARS-CoV-2 to Increase Risks
for Neurological Deficits and Neurodegenerative
Diseases: The Need for Improved Diagnostic Rigor
and Outcome Assessments

As reviewed in preceding sections and tables, a number of

studies have provided evidence of CNS consequences of infection

by SARS-COV-2, either by inferences from changes in neurolog-

ical status or by more direct neuropathological assessments such as

imaging. Studies to date have primarily been observational and

used differing criteria for reporting CNS injury. For example, al-

tered mental status is commonly used as a sign of possible CNS

injury in COVID-19 patients (e.g., see earlier works102,103,135,136).

However, functional neurological assessments can be non-specific,

and neurological symptoms attributable to SARS-CoV-2 infection

must be distinguished from exacerbation of pre-existing neuro-

logical and psychiatric conditions, especially in the elderly.137,138

Moreover, CNS pathology may not be reliably related to the se-

verity of respiratory symptoms in COVID-19 patients.67 Methods

to enable accurate prognoses of patients’ vulnerability to neuro-

logical disturbances as well as the extent and durations of cognitive

and functional deficits attributable to infection by SARS-CoV-2

are urgently needed.

The most urgent unanswered questions relate to the frequency

and severity of brain injury in COVID-19 patients, identification

of primary and secondary injury mechanisms contributing to this

injury, risk factors for injury, and the nature and duration of neu-

rological deficits in COVID-19 patients diagnosed with brain

damage. Investigators have initiated important retrospective stud-

ies to begin to address these questions.139 The researchers felt,

based in part on extrapolation from previous data from severe acute

respiratory syndrome (SARS) and Middle East respiratory syn-

drome (MERS), that neurological complications in COVID-19

patients are infrequent. However, given potential that 50–80% of

the world’s population might be infected before herd immunity

develops, they recognized the significant need for clinical, diag-

nostic, and epidemiological studies to characterize neurological

manifestations in COVID-19 patients and the resulting disease

burden.

We argue that conclusions about the frequency and severity of

CNS injury and resulting neurological deficits are premature in the

absence of established diagnostic and outcome measures. Our goal

is to provide a framework in which such studies can be rapidly

implemented to provide these much needed data. As we reference

in this review, the framework incorporates technologies and clin-

ical approaches previously successfully used in studies of other

acute CNS injuries, notably TBI.

Does infection with SARS-CoV-2 increase risk for later

emergence of new neurological symptoms or development of

neurodegenerative diseases? Cell senescence and a stable state of

proliferative arrest is an adaptive response to viral infections,140

and investigators have posited that SARS-CoV-2 invokes CNS

cellular senescence and neurodegenerative processes.141 Inflam-

matory and neuroimmune responses to CNS infection are

thought to be important mediators of Alzheimer’s disease (AD).142
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‘‘Cytokine storms’’ and immunosuppression have both been re-

ported to occur during the course of COVID-19.143 However,

levels of inflammatory markers in COVID-19 patients may be

lower than levels observed in secondary insults such as acute re-

spiratory distress syndrome (ARDS) that could be associated with

SARS-CoV-2 infection.144

The interleukin (IL)-6 inhibitor, tocilizumab, reduces cognitive

deficits in a mouse model of AD,145 and IL-6 inhibitors are being

studied in clinical trials for their efficacy in treating severe SARS-

CoV-2 disease.143 Long-term follow-up of these patients will

enhance understanding of the role of IL-6 and SARS-CoV-2 in any

subsequent neurodegeneration. The hypothesis that initiation of

AD could be attributable, in part, to systemic pathogens entering

the CNS and initiating aberrant A-beta cascades146 or stimulating

inflammation that facilitates the cascades highlights the need

for such studies. There is an interesting reciprocity between

COVID-19 and dementia and neurodegenerative diseases. As we

document in a later section of this review, AD, Parkinson’s disease

(PD), and dementias are associated with more complicated clinical

courses and poorer outcomes in COVID-19 patients.

Mechanisms of Central Nervous System Injury
by Coronaviruses

Viral infection of the CNS enables the pathogen to evade a

response from the systemic immune systems of the host.113 Nu-

merous viruses, including the coronaviruses, are known to have

CNS involvement and cause brain injury after infection.147–149 For

example, human immunodeficiency virus-1, a lentiviris,150 and

herpes simplex virus-1, a simplexvirus,151 produce CNS patholo-

gies. In fact, five neuroinvasive arboviruses have been identified as

emerging potential public health threats in the United States.152

Zika, a flavivirus, is especially likely to cause Guillain-Barre syn-

drome. Chikungunya, an alphavirus, is more likely to cause in-

flammation and swelling in the brain (encephalitis) and spinal cord

(myelitis). However, stroke, which could be caused by either virus

alone, is more likely to occur in patients infected with the two

viruses together.153

Recent studies suggest a direct CNS mechanism contributing to

neurological symptoms produced by the SARS-CoV-2 virus.154

SARS-CoV-2, but not SARS-CoV, can infect and replicate in in-

duced pluripotent stem cells (iPSCs)-derived human neural pro-

genitor cells (hNPCs) and in neurospheres and brain organoids

produced from these cells. Studies with the neurospheres showed

that the virus is alive and able to replicate within the brain cells. The

brain organoids showed morphology that was similar to develop-

ing human cerebral cortex, and this experiment showed the po-

tential of the virus to interfere with neurogenesis. The organoids

were positive for neuron-specific class III beta-tubulin (TUJ1), a

marker for neuronal cells, paired box 6 (PAX6), a marker for radial

glial cells, and nestin (NES), a marker of proliferation for neural

progenitor cells. Brain cells have the angiotensin-converting en-

zyme 2 (ACE2) receptors, transmembrane serine protease 2

(TMPRSS2), cathepsin L, and furin, all of which have been iden-

tified as important for the process of infection with SARS-CoV-2

(see Zhang and colleagues 2020, supplemental material). Other

investigators have confirmed that SARS-CoV-2 targets neurons of

three-dimensional human brain organoids.155 Finally, it is impor-

tant to remain vigilant to the potential for endogenous retroviruses

to contribute to CNS disease.156,157

The ACE2 receptor plays a role in cell entry of SARs-CoV-2,

similar to the other coronaviruses SARS-CoV and MERS-CoV.158

ACE2 receptors are present in the CNS on neurons, glia, and the

cerebrovascular endothelium, the latter being one possible route of

entry into the brain.159 Regional variability in the distribution of

ACE2 receptors in the human brain has been reported. The highest

ACE2 expression level was detected in the brainstem containing

the medullary respiratory centers, an observation that could be

relevant to the respiratory distress experienced by many COVID-19

patients.160 Upregulation of ACE2 in the brain has been linked to

oxidative stress, apoptosis, and neuroinflammation leading to

neurodegeneration in several brain disorders.161 Consistent with

this possibility, a post-mortem case report detected SARS-CoV-2

viral particles in endothelial cells of the microvasculature of the

frontal lobes.162

A recent case report of a patient with anosmia and confirmed

SARS-CoV-2 infection described a hyperdense MRI signal on fluid-

attenuated inversion recovery in the olfactory bulb and posterior

gyrus rectus, a cortical region associated with olfaction, supporting

the hypothesis of virus brain entry through the olfactory pathway.163

This potential SARS-CoV-2 entry into the CNS through the olfac-

tory bulb is similar to the way SARS-CoV does in mice, although

this remains speculative at the present time.158,164,165

In addition, ACE2 and TMPRSS2 have been reported to be lo-

calized to support cells, stem cells and perivascular cells rather

than olfactory neurons in mouse, non-human primate, and human

olfactory mucosa.166 Studies detecting SARS-CoV-2 in clinical

specimens167 have shown that the highest viral copy number is

found in nasal swabs (*200-fold), compared to bronchoalveolar

lavage or pharyngeal swabs. These findings, taken together with

ACE2 protein cellular localization, suggest that active virus in-

fection and replication occur in the apical layer of nasal and ol-

factory mucosa. The high similarities between SARS-CoV and

SARS-CoV-2 has prompted some investigators to posit that the

potential invasion of the CNS by SARS-CoV-2 is partially re-

sponsible for the acute respiratory failure noted in COVID-19 pa-

tients during ICU management.168 Others, however, suggest a more

limited role of CNS involvement in the respiratory failure associ-

ated with COVID-19.169 Regardless, there is a need for additional

studies on SARS-CoV-2 effects on the CNS, especially through the

olfactory route.165

Rationale for Studies of Blood Biomarkers
for Diagnosis of Central Nervous System Injury:
Integration with Existing Diagnostic Tools

Use of blood biomarkers

Consistent with our understanding of evolutionary biology,

proteins and cell-signaling pathways underlying CNS injury and

cell death following viral infections can be interrogated by blood-

based assays of relevant proteins which have already been validated

extensively as biomarkers of cell death, acute brain injury and

neurodegeneration. Proteins assayed by blood tests assessing mech-

anisms of CNS cell injury and death are highly conserved across

species, including Caenorhabditis elegans, rodents, and humans.

Table 2 summarizes human studies of brain injury BBs after sys-

temic infections, including infections by SARS-CoV-2. A recent

observational study and limited case reports detected increased

CSF and/or plasma levels of glial fibrillary acidic protein (GFAP),

neurofilament light polypeptide (NfL), tau, and several inflamma-

tory markers in COVID-19 patients.100,106,107,170,171 Increased

staining of GFAP was also detected in the post-mortem analysis

of the brain of a COVID-19 patient.118 Studies have also reported
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elevations of BBs in CSF of tuberculous meningitis patients

(GFAP, S100 calcium-binding protein [S100B], and neuron-

specific enolase [NSE]),172–175 HIV patients (NfL, GFAP, and

S100B),176–180 and cerebral malaria (S100B, NSE, tau proteins,

and inflammatory protein markers).181–186

Protein biomarkers of CNS damage have also been detected after a

variety of acute injury modalities.193–201 Elevations of brain injury

biomarkers, including GFAP and ubiquitin C-terminal hydrolase L1

(UCH-L1), have been detected in humans and animals acutely after

diverse brain injuries, including TBI,202,203 ischemic/hemorrhagic

stroke,198 cardiac arrest,204 hypoxia,196 seizures,194 and even drug

toxicity.193 Consistent with these observations, high levels of NSE,

S100B, GFAP, and other biomarkers (e.g., neurofilament proteins)

can be used to support the prognosis of poor neurological outcome

after cardiac arrest, as recommended by the American Heart Asso-

ciation (AHA) Guidelines, and in the recent AHA report on standards

for prognostication; serial testing is recommended.197,201 A recent

study of 717 patients reported that UCH-L1 and GFAP were optimal

BB predictors of outcome as early as 24 h after cardiac arrest.205 Use

of BBs as an adjunct to other diagnostic modalities was re-

commended. Monitoring of plasma concentrations of GFAP and other

brain injury biomarkers, including S100B and NSE, has also been

shown to detect brain injury in children on extracorporeal membrane

oxygenation (ECMO).206, 207

Interestingly, serial serum S100B sample analyses demonstrated

significant increases in biomarker levels and increasing trajectory

in adult ECMO patients developing intracranial lesions.208 Serial

NSE levels were associated with neurological outcomes after car-

diopulmonary resuscitation in patients on ECMO.209 Increased

blood levels of NSE and S100B were associated with mortality

and poor neurological outcomes in adult patients with accidental

hypothermia treated with rewarming and/or extracorporeal life

support, including ECMO.210

BBs are also altered in AD patients. GFAP measured in serum

is increased in AD and correlates with cognitive decline.211 Temporal

profiles of serum NfL levels are associated with cognitive decline212

and can predict clinical progression even in pre-symptomatic AD.213

At present, levels of BBs of brain injury in COVID-19 patents are

unknown. However, recent studies have shown that protein biomarker

assays can detect even low levels of UCH-L1, S100B, and GFAP

elevated after sport concussion not associated with CNS pathology

detectable by computed tomography (CT) scans.214,215

BBs have yet to be fully exploited for medical management of

brain injury. However, as documented in Table 3, research laid

the foundation for U.S. Food and Drug Administration (FDA) ac-

celerated approval of measures of UCH-L1 and GFAP for acute

diagnosis of TBI not associated with CT abnormalities versus

moderate TBI associated with CT abnormalities. This clearance

was provided under the FDA’s Break-through Devices

Program.216–218 Studies of BBs potentially assessing brain injury in

COVID-19 patients could explore the BBs’ previously reported

properties, including: quantifying injury magnitude; aiding in

outcome prediction; defining the presence of diffuse injury versus

mass lesions; assessing injury to different cell types (e.g., neurons

vs. glia); assessing subcellular loci of injury (e.g., cell body, axons,

myelin sheath, and pre- and post-synaptic structures); tracking

contributions from different injury mechanisms and their time

courses (e.g., necrosis vs. apoptosis); and detecting secondary

insults during patient care.198,202,203,219–221

Although the clinical utility of BBs for detection of CNS injury

is widely recognized, the influence of mechanisms regulating

transport of molecules into and out of the brain is poorly under-

stood. Moreover, the literature is often compromised by the as-

sumption that the same processes underlying movement of

molecules from the blood to the brain, commonly referred to the

blood–brain barrier (BBB), also underlie movement of molecules

from the brain to the blood, that is, the BBB, as would be the case

for BBs originating in the brain and detected in blood. Some studies

further assume that S100B can be a marker of BBB opening even

though S100B is also found in peripheral tissue (e.g., a previous

work222). More generally, investigations have failed to appreciate

the complexity and dynamic qualities of movement of substances

between CNS and extra CNS compartments, as highlighted by

descriptions of the glymphatic system involved in the removal of

molecules from interstitial spaces of the brain.223–225 BBB opening

after acute injuries such as TBI are biphasic and exhibit acute and

chronic phases with different characteristics and mechanisms.226

A dual role for astrocytes at the BBB has been documented in

studies of CNS injury. Astrocytes can mediate either increases or

decreases in BBB permeability depending upon the type of injury (for

a review, see a previous work227). Even exercise and stress have been

reported to open the BBB.228–230 A comparison of levels of GFAP and

UCH-L1 in rats after experimental TBI found differing levels of the

two BBs in CSF versus blood.231 These data suggest that levels of BBs

may result from different transport and/or clearance processes that

need to be examined individually for each marker. Similar conclu-

sions were drawn for NSE and S100B in studies conducted in severe

TBI patients.232 The prominent pathology observed in the cere-

brovasculature of COVID-19 patients supports the possibility of dis-

ruptions of the normal processes regulating exit and entry of

molecules into and out of the brain, and studies of these disturbances

present promising areas of investigation. As has been done success-

fully in the past, this research can occur in parallel with studies ex-

amining the clinical utility of BBs in COVID-19 patients.

Although not widely appreciated, TBI, stroke and other ‘‘acute’’

brain injuries initiate progressive and evolving pathological events.

Similarly, infection by the SARS-CoV-2 virus can initiate pathol-

ogies attributable to both the initial insult and secondary injures that

can continue for as yet undetermined durations. This progressive

pathology is confounded by sustained infection in COVID-19 pa-

tients. Thus, we have pointed out the need for serial measurements

of BBs in clinical studies given that differing biokinetics of indi-

vidual markers will produce useful data relevant to understanding

the durations of different pathological responses to SARS-CoV-2

and disturbances in processes regulating compartmentalization of

molecules originating in the brain.

Integration of Central Nervous System Injury
Diagnostic Tools

As in every area of medicine, BBs of brain injury are opti-

mally used in conjunction with other diagnostic tools and can

synergistically improve the accuracy and utility of other diagnos-

tic modalities.

Brain imaging

Significant CNS neuroimaging findings have been reported af-

ter SARS-CoV-2 infection, including cerebrovascular-related injury,

meningitis, and encephalitis (see Table 1). Some CNS abnormalities

detected by imaging may be related to intracranial cytokine storms,

which may result in BBB breakdown without direct viral invasion or

parainfectious demyelination.143 It will be important to characterize

the optimal MRI and CT imaging protocols to detect CNS damage in

neurologically symptomatic patients, including emphasis on protocols
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best suited to detect even subtle microvascular damage. These find-

ings and any changes in them over time will be useful in determining

the validity of the BB results.

Neurological assessments

Common Data Elements (CDEs) have been created for a number of

neurological disorders, including TBI, stroke, and neuromuscular

diseases (https://www.commondataelements.ninds.nih.gov/). These

CDEs comprehensively embrace domains including neurological

assessments, imaging, and laboratory assessments. Existing CDEs can

readily be adapted to COVID-19 studies. The Neurocritical Care

Society (https://www.neurocriticalcare.org/home) has organized a

multi-center, international collaborative effort to develop guidelines

and tools to align data and biological sample collection protocols, to

facilitate their integration into master datasets.

Genotyping

As has been the case for TBI and stroke, knowledge of individual

genotypes may improve the prediction of differing clinical out-

comes of COVID-19 patients.283–286 Although individual, non-

genetic susceptibility may influence the occurrence or severity of

brain injury caused by SARS-Cov-2, variation in susceptibility

to SARS-Cov-2 may also be attributable to individual differences

in genetic susceptibility factors in infected individuals. Susceptible

persons may have impaired innate abilities to fight viruses attrib-

utable to suboptimal interferon responses287 or inability to mount

adequate cell-mediated immune responses.288 Mutations in Toll-

like receptor 3 (TLR3) have been tied to increased herpes sim-

plex encephalitis in patients,289 suggesting that immune system

impairment can increase viruses’ abilities to invade the brain and

cause injury. Polymorphisms of the sulfonylurea receptor 1-

transient receptor potential melastatin 4 (Sur1-Trpm4) cation

channel are also associated with the development of malignant

cerebral edema after acute brain injury.290,291 Importantly, inves-

tigators have recently identified a 3p21.31 gene cluster as a genetic

susceptibility locus in patients with COVID-19 with respiratory

failure and confirmed a potential involvement of the ABO blood-

group system.292,293

Other studies have reported associations between blood-group

types and disease severity and multi-organ dysfunction in

COVID-19.294,295 In the first publications of the COVID Human

Genetic Effort, researchers found that 101 of 987 patients with

life-threatening COVID-19 pneumonia had neutralizing immuno-

globulin G auto antibodies against the interferons (IFNs), including

IFN-x and 13 types of IFN-a or both, at the onset of critical disease.

Some patients also had autoantibodies against the other three type I

IFNs. Ninety-five percent of these patients were male. These au-

toantibodies also neutralized corresponding type I IFNs to block

SARS-CoV-2 infection in vitro.296

Other investigators discovered that among nearly 660 persons with

severe COVID-19, >3.5% were completely missing a functioning

gene. Further experiments showed that immune cells from those 3.5%

did not produce any detectable type I IFNs in response to SARS-CoV-

2.297 Consequently, both groups lack effective immune responses that

depend on type I IFNs. Whether IFNs were neutralized by auto-

antibodies, produced in insufficient amounts because of genetic in-

fluence, or because IFNs induced an inadequate antiviral response,

their IFN deficits seem to be a commonality among a subgroup of

people who suffer from severe COVID-19 pneumonia. It will be

important to determine whether the same IFN deficits contribute to

enhanced CNS injury in COVID-19 patients.

Among the known genetic risk factors for CNS injury, the po-

tential contribution of the apolipoprotein E (ApoE4) genotype

should be determined, especially given that cerebrovascular dam-

age may be a prominent characteristic of brain injury in COVID-19

patients. ApoE4 is associated with increased risk of intracerebral

hemorrhage (ICH)298 and predicts unfavorable neurological out-

come after TBI and stroke.283,299 ApoE4 also appears to have direct

effects on the cerebrovascular system and may affect neurovascular

functions independently of its known influence on amyloid beta

(Ab) pathology in AD.300,301

Use of health information technology
to support integration

Unlike past pandemics, the fight against COVID-19 can utilize

recent advancements in health information technology (HIT).

Barriers to research during pandemics, such as those requiring in-

person contact (e.g., obtaining informed consent and acquiring

CDEs), can be more readily obtained by utilizing HIT. Electronic

health record (EHR)-embedded strategies for CDE collection and

customized computable composite outcomes can be gathered and

deidentified while patients are contagious, in support of, although

not replacing, traditional approaches. EHR-embedded strategies can

be linked to clinical laboratories for remnant serum/plasma sample

collection and storage, reducing the need for dedicated blood draws

and further minimizing exposure of nurses and/or healthcare per-

sonnel to potential infection. EHR-embedded data also lends itself

to machine learning or artificial intelligence approaches.

Multi-center databases of patients with COVID-19 built with

CDEs mapped to interoperable data standards, such as the

Observational Medical Outcomes Partnership (OMOP) Common

Data Model,302,303 could be used to develop predictive models for

biodigital identification of patients at risk. More important, these

approaches may also identify modifiable risk factors, susceptibility

risk factors in patients, and aid in validation of best practices to

inform patient care and future clinical trials.

Clinical Applications of Blood Biomarkers
to Improve Medical Management
of COVID-19 Patients

The identification of applications of BBs that could improve

medical practice for management of CNS injuries in COVID-19

patients is a prerequisite for design of research studies assessing

their clinical utility. Unlike single brain injuries such as stroke or

TBI, COVID-19 is an evolving disease process that will require

serial BB assessments to provide optimal data. In addition, BBs for

different brain injury processes may have different expression

profiles,304–307 an observation that may provide additional diag-

nostic information.

We have reviewed evidence for the neuroinvasive capacity of

SARS-CoV2 and potential consequence of direct neuronal cell by

SARS-CoV-2. In light of increasing evidence for CNS infection as

well as for ischemic damage, microinfarcts, and vascular pathol-

ogy, there is a clear medical need for diagnostic tests that poten-

tially aid with screening and identification patients, improve patient

management of those with CNS involvement, and prediction of

short- and long-term neurological consequences. The potential for a

blood-based test for neurological injury may help clinicians iden-

tify patients early in the disease process and assist in determining

the need for advanced imaging and initiation of current or potential

new therapies.
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An accurate diagnostic test that could reflect the degree of on-

going, worsening, or improving neurological involvement would

aid clinicians in following patients’ response to therapy and their

overall clinical course. These tests may be particularly useful when

patients are in critical condition, on ventilators, sedated, and pos-

sibly with chemical paralysis for which movement to imaging

suites and clinical evaluation of neurological functions are difficult.

These patients are especially vulnerable to secondary CNS injuries,

such as hypoxia, frequently observed during the clinical course of

the disease. Finally, evidence of CNS involvement may portend

long-term neurological consequences. Thus, BBs could help cli-

nicians determine the potential for longer-term or delayed neuro-

logical deficits and disease and direct patients to appropriate

rehabilitation regimens.

As pointed out in the following section, clinical applications of

BB diagnostics would primarily affect medical practice in acute

and critical care environments. Important related research appli-

cations include assessments of risks for neurodegenerative diseases

and design of clinical trials to treat COVID-19.

Screening

Most screening will occur in emergency rooms and acute care

facilities. Prolonged, potentially chronic systemic pathologies re-

sulting from SARS-CoV-2 infection are of increasing concern,

including recent reports of acutely undetected cardiovascular pa-

thologies such as myocarditis.295 Given the distribution of ACE2

receptors in the brain as well as systemic organs, it may be prudent

to screen all COVID-19 patients for occult brain injuries that

might, as in myocarditis for cardiac disease, later become clinically

expressed as persistent neurological deficits and/or increased risk

for neurodegenerative diseases (see sections above). In addition,

elevations of brain injury biomarkers may be sensitive indicators to

alert clinicians to accompanying injuries to systemic organs and

the need to screen accordingly (e.g., a troponin test for cardiovas-

cular damage). Conversely, lower levels of BBs may predict a more

favorable neurological clinical course.

Non-restrictive screening studies can be used to identify vari-

ables that could influence BB levels in individual patients. Unless

incorporated into predictive models, these variables could com-

promise the predictive value of BBs. A more restricted screening

strategy should be based on the most current literature and mini-

mally select patients on the basis of risk criteria, including disease

severity, the presence of altered mental status and other acute

neurological symptoms, previous histories of CNS injuries, in-

cluding stroke and TBI, evidence of hypoxia, smoking,308 de-

mentia,16, 309–311 and the presence of any other pre-existing

medical conditions that may render them more vulnerable to dis-

ease progression. Age is a major factor affecting disease severity

and outcome of COVID-19 patients31,310,312 (also see a previous

work,313 an observation which may require the development of

age-adjusted norms for biomarkers such as GFAP and UCH-L1314).

Finally, in light of recent data on genetic influences on COVID-19

disease progression (see above section), genetic screening is

advisable.

Acute diagnosis and triage

As reviewed in an earlier section, the potential utility of the BBs,

GFAP and UCH-L1, to acutely diagnose even low levels of CNS

injury, such as sport concussion,214,215 and to triage moderate

and severe TBI patients for imaging has been demonstrat-

ed.217,271,315,316 In addition, BBs in combination with refined im-

aging classification systems can also assist in assessments of acute

patient care needs (e.g., discharge vs. hospitalization), thereby as-

sisting in maintaining a clinical care pathway that optimizes

management of potentially scarce medical resources.313,317

Prognosis

As pointed out above for screening tests, identifying or ruling out

neurological involvement using BB measurements could provide

prognostic information, especially with regard to early prediction

of disease progression. This is the case for other BBs, such as

D-dimer, fibrinogen, and troponin, in COVID-19 patients.318–323

Troponin elevation has been shown to also specifically identify

COVID-19 patients who develop cardiovascular complications,323

supporting the need to determine whether elevated neuronal BBs

could also be an early indicator in those patients who are devel-

oping neurovascular complications such as stroke and microvas-

cular damage. Serial assessments of BBs could be important to

identify early and continuing biomarker elevations that could

trigger more frequent neurochecks in hospitalized patients and

potentially establish who will benefit from neurocognitive reha-

bilitation in hospital settings. Investigators have examined the

potential for symptom clusters in COVID-19 patients for prediction

of injury severity associated with the need for respiratory support.

The duration of confusion was longer in more severe clusters

whereas loss of smell or taste was reported over a longer duration

in milder clusters, suggesting that CNS injury increased in more

severely affected COVID-19 patients.324 It will also be important

to identify potential confounders of accurate prognosis, and data

provided by screening studies can provide assist in characterizing

variables influencing disease severity and outcome. A useful model

may be the International Mission for Prognosis and Analysis of

Clinical Trials project, a study of outcome predictors in severe TBI

patients.325–327

Management of therapeutic interventions
in hospitalized patients

There is growing recognition by critical care specialists that all

critically ill patients must be concurrently managed for risks both to

systemic organs and to the brain.328 COVID-19, as a systemic

disease with potentially severe CNS consequences, confirms the

merits of this approach. In addition to risks for CNS injury resulting

directly from the virus, patients can suffer brain injuries as a result

of secondary insults, such as hypoxia or hypotension, experienced

during their hospital stays. A brain infected by the SARS-CoV-2

virus may be more vulnerable to secondary insults than an unin-

fected brain, given that the CNS has a low tolerance for repeated

injuries.329–331 As emphasized in the section below, aside from

limited information provided by imaging and surface electroen-

cephalography measurements, there are no available tools to assess

directly the evolution of brain injury in hospitalized patients or in

ICUs.

Such information is essential in order to provide timely guidance

in management strategies seeking to attenuate brain injury such

as improved CNS oxygenation and perfusion as well as reductions

in intracranial pressure. For example, BBs of brain injury and in-

flammation could be used to detect acute brain injury in a patient

with COVID-19 with an accompanying ‘‘cytokine storm’’ who

develops severe acute lung injury (ALI). Severe ALI mandates use

of a protective lung strategy with tolerance of marginal oxygen

saturation. Elevations of levels of brain injury biomarkers would

also raise concerns over hypoxic brain injury from systemic
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hypoxemia or stroke, or possibly from direct CNS involvement of

COVID-19, prompting an increase in FiO2 and an emergency di-

agnostic workup for stroke. Thus, early identification of acute brain

injury complicating COVID-19 using serum biomarkers could

prompt early interventions and improve outcomes.

Clinical applications in acute care facilities
and emergency rooms

Existing FDA approval of use of BBs for acute diagnosis of mild

versus moderate TBI217 and numerous publications on the use of

BBs for acute diagnosis of brain injury220,221 strongly support the

feasibility of studies of BBs for acute detection of CNS involve-

ment. Diagnostic tools that can assist in rapid diagnosis of potential

CNS injury from SARS-CoV-2 infection are badly needed in order

to inform appropriate medical care and establish evidence-based

clinical pathways. Although altered mental status is a significant

sign of CNS injury in COVID-19 patients (e.g., see previous

works102,103,135,136), media reports of asymptomatic hypoxia sug-

gest the need for early assessment of CNS involvement even in

patients showing no neurological symptoms.

As has been the case for FDA-approved BBs of TBI,217 cir-

culating biomarkers may prove useful to determine the need for

emergency CTs, thereby assisting in allocation of limited med-

ical resources during pandemics and mitigating the need to

transport highly infectious patients to these imaging facilities.

Both military and civilian healthcare emphasize the need for

information on patients’ abilities to return to normal daily rou-

tines. Thus, providing accurate prognoses of the extent and du-

ration of neurological deficits in COVID-19 patients is

important. As with TBI, sufficient clinical validation of BBs in

CNS injury could contribute to aiding the clinical course of pa-

tients as well as their neurological outcomes.220,221

Clinical applications for hospitalized patients
and in intensive care units

A substantial percentage of COVID-19 patients are admitted for

hospitalization or ICU care. Monitoring the status of possible CNS

injury in these patients is vital given that cognitive deficits are

observed even in ICU patients receiving care for other medi-

cal complications not associated with a primary brain inju-

ry.199,205,241,332–334 Even a year after leaving the ICU, many people

experience PTSD, cognitive deficits, and depression.335 Thus, the

presence or absence of CNS injury in the ICU will be important in

determining subsequent neurological deficits and neuropsychiatric

problems. ARDS in COVID-19 patients336 leads to ICU admission

and is itself associated with long-term cognitive impairment.337

BBs also have clinical utility as diagnostics for detection of

neurologic morbidity in ICU patients admitted for ARDS and

multiple organ dysfunction syndrome,338 both typical manifesta-

tions of severe COVID-19. BBs could reduce need for neuroima-

ging as screening tests for potential CNS damage. In addition,

sensitive and specific BBs could replace the option for diagnostic

lumbar punctures to collect samples for assessments of possible

CNS involvement. Appropriate use of clinically validated brain

injury biomarkers could more safely, rapidly, and inexpensively

inform clinicians on any ongoing, potentially evolving brain pa-

thology, thereby guiding management and intervention strategies.

Research Applications of Blood Biomarkers
to Enhance Potential Utility of Blood Biomarkers
for Risk Analyses and Clinical Trial Designs

Assessments of risks for neurodegenerative diseases

The assessment of possible risk factors for AD or other neuro-

degenerative diseases conferred by SARS-CoV-2 will require a

FIG. 1. Generalized schematic of a clinical research study of BBs of CNS Injury in COVID-19 patients. BBs, blood biomarkers; CNS,
central nervous system; COVID-19, coronavirus disease 2019; EHR, electronic health record; FDA, U.S. Food and Drug Adminis-
tration; ICU, intensive care unit; IRB, institutional review board.
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long-term longitudinal study. Given the magnitude of the pan-

demic, an approach similar to the Framingham Heart Study could

be warranted. Such a study should minimally include assessments

of biomarkers already implicated in the early of stages of AD such

as tau, beta amyloid, NfL, and GFAP339,340 (Fig. 1).

Design of clinical trials of therapies to treat central
nervous system injury

There is widespread recognition that the use of BBs, alone and

in combination with other diagnostic tools, can improve design of

therapeutic trials for acute CNS injuries and neurodegenerative

diseases.341,342 BBs could also enhance the design of treatment

trials designed to assess effectiveness of therapies for CNS injury in

COVID-19 patients. A secondary analysis of BBs collected from

moderate and severe TBI patients showed that BBs, especially

GFAP, could reliably predict intracranial hemorrhages and out-

comes.342 In addition to approving UCH-L1 and GFAP for acute

diagnosis of mild versus moderate TBI, the FDA has issued a Letter

of Support for the incorporation of these two BBs into clinical trials

studying potential therapies for mild TBI.218 Operation Brain

Trauma Therapy (OBTT) provided strong support for the use of

BBs for pre-clinical drug development studies for TBI (e.g., see an

earlier work343) and reflects increasing confidence in the use of BBs

to detect and monitor CNS injury.

Designing Clinical Studies to Examine the Utility
of Blood Biomarkers for Diagnosis of Central
Nervous System Injury: An Overview of a Clinical
Research Strategy

Figure 1 presents a general outline of studies of BBs to diagnose

CNS injury in COVID-19 patients. BBs data can be integrated with

patient data and existing diagnostic technologies (brain imaging,

neurological assessments, and genotyping) and readily incorpo-

rated into current standard-of-care practices. The pathway proposes

serial collection of remnant blood samples acutely (admission to

72 h) under resource-limited pandemic conditions, daily (or more

frequent) interrogation of BBs in hospitalized patients, and inte-

gration of BBs data with EHR-embedded records of neuro-

morbidity344 and other structured CDEs. In addition, neurological

condition at discharge and long-term follow-up of patients (e.g.,

6–12 months) should be integrated with the EHR data. Selection

and frequency of sampling of BBs can be modified to meet the

needs of individual clinical study designs. Selection of BBs should

be carefully designed and specifically selected on the basis of the

goals of the study. For example, living systematic reviews of BBs

of TBI can provide updated resources (e.g., see a previous work345),

and recent reviews of stroke198 can provide updated resources for

BB review and selection.

There are a number of currently well-characterized BBs of brain

injury that can be incorporated in studies of COVID-19.198,203 BBs

should include GFAP, UCH-L1, S100B, and NfL, proteins exten-

sively described in studies of acute brain injury.198,202,203 Sensitive

and FDA-approved assays are available.217 In light of the potential

importance of immunosuppression, inflammation, and ‘‘cytokine

storms,’’143,144 a systematic assessment of markers of inflammation

should also be included into BBs selected for further study.346 It

will be important to appropriately adjust sampling time points to

identify potentially differing temporal profiles of individual bio-

markers, a property which could assist in characterizing acute

versus chronic pathological processes. Serial neurological assess-

ments can be similarly adjusted. The pathway also provides for use

of HIT to support integration of BBs data with other clinical and

diagnostic information.

It is important that the designs of clinical research studies of BBs

of CNS injury in COVID-19 patients generate data to assess the

potential clinical utility of the BBs as outlined in the preceding

section. Research approaches must also consider general clinical

and pathobiological phenotypes resulting from SARS-CoV-2 CNS

infection. These include: 1) the potential for SARS-CoV-2 to di-

rectly infect the brain producing acute CNS injury and subsequent

persistent neurological deficits versus brain injury resulting from

secondary systemic injuries; 2) the potential for previous brain

injuries or existing neurodegenerative diseases to be associated

with increased risks for and/or increased magnitudes of CNS in-

jury; 3) the potential for hospitalized COVID-19 patients to have

increased pathological responses to secondary systemic insults as a

resulting of CNS infection by SARS-CoV-2; and 4) the potential

for increased risk of subsequent neurodegenerative diseases such as

AD or PD. It is unlikely that a single BB of brain injury will

optimally differentiate the potential subsequent evolution into these

phenotypes.

It is also essential that any study evaluating the utility of BBs

review and report the analytical properties of the assay platform

employed in the research (e.g., limits of quantification, lower limits

of detection). Technological improvements have led to increased

accuracy of the assays. Failure to provide the methodology and

performance characteristics of BB assays makes it impossible to

compare data from different studies and can lead to erroneous

interpretations.346

Conclusions

We are at the beginning of our understanding of the pathobi-

ology of CNS infection by the SARS-CoV-2 virus and of the

neurological consequences of this infection. The COVID-19 pan-

demic poses significant risks for acute and persistent neurological

deficits, as well as possible increased risk for neurodegenerative

diseases. The use of BBs of brain injury integrated with additional

existing diagnostic tools with big dataset analytics could provide

timely, cost-effective approaches to address this increasingly

urgent unmet medical need.
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107. Bodro, M., Compta, Y., Llansó, L., Esteller, D., Doncel-Moriano, A.,
Mesa, A., Rodrı́guez, A., Sarto, J., Martı́nez-Hernandez, E., Vlagea,
A., Egri, N., Filella, X., Morales-Ruiz, M., Yagüe, J., Soriano, A.,
Graus, F., and Garcı́a, F.; ‘‘Hospital Clı́nic Infecto-COVID-19’’ and
‘‘Hospital Clı́nic Neuro-COVID-19’’ groups. (2020). Increased CSF
levels of IL-1b, IL-6, and ACE in SARS-CoV-2-associated en-
cephalitis. Neurol. Neuroimmunol. Neuroinflamm. 7, e821.

108. Zhou, L., Zhang, M., Wang, J., and Gao, J. (2020). Sars-Cov-2:
Underestimated damage to nervous system. Travel Med. Infect. Dis.
36, 101642.

109. Ye, M., Ren, Y., and Lv, T. (2020). Encephalitis as a clinical man-
ifestation of COVID-19. Brain Behav. Immun. 88, 945–946.

110. Wong, P.F., Craik, S., Newman, P., Makan, A., Srinivasan, K.,
Crawford, E., Dev, D., Moudgil, H., and Ahmad, N. (2020). Lessons
of the month 1: a case of rhombencephalitis as a rare complication of
acute COVID-19 infection. Clin. Med. (Lond.) 20, 293–294.

111. Stoyanov, G.S., Lyutfi, E., Dzhenkov, D.L., and Petkova, L. (2020).
Acute necrotizing encephalitis in viral respiratory tract infection: an
autopsy case report. Cureus 12, e8070.

112. Pilotto, A., Odolini, S., Masciocchi, S., Comelli, A., Volonghi, I.,
Gazzina, S., Nocivelli, S., Pezzini, A., Foca, E., Caruso, A.,
Leonardi, M., Pasolini, M.P., Gasparotti, R., Castelli, F., Ashton,
N.J., Blennow, K., Zetterberg, H., and Padovani, A. (2020). Steroid-
responsive encephalitis in coronavirus disease 2019. Ann. Neurol.
doi: 10.1002/ana.25783. [Epub ahead of print]

113. Huang, Y.H., Jiang, D., and Huang, J.T. (2020). SARS-CoV-2
detected in cerebrospinal fluid by PCR in a case of COVID-19
encephalitis. Brain Behav. Immun. 87, 149.

114. Zoghi, A., Ramezani, M., Roozbeh, M., Darazam, I.A., and Sahraian,
M.A. (2020). A case of possible atypical demyelinating event of
the central nervous system following COVID-19. Mult. Scler. Relat.
Disord. 44, 102324.

115. Dogan, L., Kaya, D., Sarikaya, T., Zengin, R., Dincer, A., Akinci,
I.O., and Afsar, N. (2020). Plasmapheresis treatment in COVID-19-
related autoimmune meningoencephalitis: case series. Brain Behav.
Immun. 87, 155–158.

116. von Weyhern, C.H., Kaufmann, I., Neff, F., and Kremer, M. (2020).
Early evidence of pronounced brain involvement in fatal COVID-19
outcomes. Lancet 395, e109.

117. Parsons, T., Banks, S., Bae, C., Gelber, J., Alahmadi, H., and
Tichauer, M. (2020). COVID-19-associated acute disseminated en-
cephalomyelitis (ADEM). J. Neurol. 267, 2799–2802.

118. Reichard, R.R., Kashani, K.B., Boire, N.A., Constantopoulos, E.,
Guo, Y., and Lucchinetti, C.F. (2020). Neuropathology of COVID-

BRAIN INJURY IN COVID-19 PATIENTS 35



19: a spectrum of vascular and acute disseminated encephalomyelitis
(ADEM)-like pathology. Acta Neuropathol. 140, 1–6.

119. Novi, G., Rossi, T., Pedemonte, E., Saitta, L., Rolla, C.,
Roccatagliata, L., Inglese, M., and Farinini, D. (2020). Acute dis-
seminated encephalomyelitis after SARS-CoV-2 infection. Neurol.
Neuroimmunol. Neuroinflamm. doi: 10.1212/NXI.000000000000
0797. [Epub ahead of print]

120. Moreau, A., Ego, A., Vandergheynst, F., Taccone, F.S., Sadeghi, N.,
Montesinos, I., Gaspard, N., and Gorham, J. (2020). Cytotoxic
lesions of the corpus callosum (CLOCCs) associated with SARS-
CoV-2 infection. J. Neurol. doi: 10.1007/s00415-020-10164-3. [Epub
ahead of print]

121. Solomon, I.H., Normandin, E., Bhattacharyya, S., Mukerji, S.S.,
Keller, K., Ali, A.S., Adams, G., Hornick, J.L., Padera, R.F., Jr., and
Sabeti, P. (2020). Neuropathological features of Covid-19. N. Engl.
J. Med. 383, 989–992.

122. Carrabba, G., Tariciotti, L., Guez, S., Calderini, E., and Locatelli, M.
(2020). Neurosurgery in an infant with COVID-19. Lancet 395, e76.

123. Zhao, K., Huang, J., Dai, D., Feng, Y., Liu, L., and Nie, S. (2020).
Acute myelitis after SARS-CoV-2 infection: a case report. medRxiv
2020.2003.2016.20035105.

124. Zachariadis, A., Tulbu, A., Strambo, D., Dumoulin, A., and Di
Virgilio, G. (2020). Transverse myelitis related to COVID-19 in-
fection. J. Neurol. doi: 10.1007/s00415-020-09997-9. [Epub ahead of
print]

125. Valiuddin, H., Skwirsk, B., and Paz-Arabo, P. (2020). Acute trans-
verse myelitis associated with SARS-CoV-2: a case-report. Brain
Behav. Immun. Health 5, 100091.

126. Munz, M., Wessendorf, S., Koretsis, G., Tewald, F., Baegi, R.,
Kramer, S., Geissler, M., and Reinhard, M. (2020). Acute transverse
myelitis after COVID-19 pneumonia. J. Neurol. 267, 2196–2197.

127. Zubair, A.S., McAlpine, L.S., Gardin, T., Farhadian, S., Kuruvilla,
D.E., and Spudich, S. (2020). Neuropathogenesis and neurologic
manifestations of the coronaviruses in the age of coronavirus disease
2019: a review. JAMA Neurol. 77, 1018–1027.

128. Tsai, S.T., Lu, M.K., San, S., and Tsai, C.H. (2020). The neurologic
manifestations of coronavirus disease 2019 pandemic: a systemic
review. Front. Neurol. 11, 498.

129. Whittaker, A., Anson, M., and Harky, A. (2020). Neurological
manifestations of COVID-19: a systematic review and current up-
date. Acta Neurol. Scand. 142, 14–22.

130. Montalvan, V., Lee, J., Bueso, T., De Toledo, J., and Rivas, K.
(2020). Neurological manifestations of COVID-19 and other cor-
onavirus infections: a systematic review. Clin. Neurol. Neurosurg.
194, 105921.

131. Koralnik, I.J., and Tyler, K.L. (2020). COVID-19: a global threat to
the nervous system. Ann. Neurol. 88, 1–11.

132. Fotuhi, M., Mian, A., Meysami, S., and Raji, C.A. (2020). Neuro-
biology of COVID-19. J. Alzheimers Dis. 76, 3–19.

133. Tang, N., Bai, H., Chen, X., Gong, J., Li, D., and Sun, Z. (2020).
Anticoagulant treatment is associated with decreased mortality in
severe coronavirus disease 2019 patients with coagulopathy.
J. Thromb. Haemost. 18, 1094–1099.

134. Tobin, M.J., Laghi, F., and Jubran, A. (2020). Why COVID-19 silent
hypoxemia is baffling to physicians. Am. J. Respir. Crit. Care Med.
202, 356–360.

135. Grossetete, M., Phelps, J., Arko, L., Yonas, H., and Rosenberg, G.A.
(2009). Elevation of matrix metalloproteinases 3 and 9 in cerebro-
spinal fluid and blood in patients with severe traumatic brain injury.
Neurosurgery 65, 702–708.

136. Fitzgerald, S. (2020). The spread of COVID-19: questions raised,
some answered by neuroinfectious disease experts. Neurology Today.
journals.lww.com/neurotodayonline/blog/breakingnews/pages/post
.aspx?PostID=908 (Last accessed November 2, 2020).

137. Colizzi, M., Bortoletto, R., Silvestri, M., Mondini, F., Puttini, E.,
Cainelli, C., Gaudino, R., Ruggeri, M., and Zoccante, L. (2020).
Medically unexplained symptoms in the times of COVID-19 pan-
demic: a case-report. Brain Behav. Immun. Health 5, 100073.

138. Troyer, E.A., Kohn, J.N., and Hong, S. (2020). Are we facing a
crashing wave of neuropsychiatric sequelae of COVID-19? Neu-
ropsychiatric symptoms and potential immunologic mechanisms.
Brain Behav. Immun. 87, 34–39.

139. Ellul, M.A., Benjamin, L., Singh, B., Lant, S., Michael, B.D., Easton,
A., Kneen, R., Defres, S., Sejvar, J., and Solomon, T. (2020). Neu-
rological associations of COVID-19. Lancet Neurol. 19, 767–783.

140. Baz-Martinez, M., Da Silva-Alvarez, S., Rodriguez, E., Guerra, J., El
Motiam, A., Vidal, A., Garcia-Caballero, T., Gonzalez-Barcia, M.,
Sanchez, L., Munoz-Fontela, C., Collado, M., and Rivas, C. (2016).
Cell senescence is an antiviral defense mechanism. Sci. Rep. 6,
37007.

141. Hascup, E.R., and Hascup, K.N. (2020). Does SARS-CoV-2 infec-
tion cause chronic neurological complications? Geroscience 42,
1083–1087.

142. Kinney, J.W., Bemiller, S.M., Murtishaw, A.S., Leisgang, A.M.,
Salazar, A.M., and Lamb, B.T. (2018). Inflammation as a central
mechanism in Alzheimer’s disease. Alzheimers Dement. (N. Y.) 4,
575–590.

143. Mehta, P., McAuley, D.F., Brown, M., Sanchez, E., Tattersall, R.S.,
and Manson, J.J.; HLH Across Speciality Collaboration, UK. (2020).
COVID-19: consider cytokine storm syndromes and immunosup-
pression. Lancet 395, 1033–1034.

144. Kox, M., Waalders, N.J.B., Kooistra, E.J., Gerretsen, J., and
Pickkers, P. (2020). Cytokine levels in critically ill patients with
COVID-19 and other conditions. JAMA. 324, 1565–1567.

145. Elcioglu, H.K., Aslan, E., Ahmad, S., Alan, S., Salva, E., Elcioglu,
O.H.,, and Kabasakal, L. (2016). Tocilizumab’s effect on cognitive
deficits induced by intracerebroventricular administration of strep-
tozotocin in Alzheimer’s model. Mol. Cell. Biochem. 420, 21–28.

146. Moir, R.D., Lathe, R., and Tanzi, R.E. (2018). The antimicrobial
protection hypothesis of Alzheimer’s disease. Alzheimers Dement.
14, 1602–1614.

147. Bohmwald, K., Galvez, N.M.S., Rios, M., and Kalergis, A.M. (2018).
Neurologic alterations due to respiratory virus infections. Front. Cell.
Neurosci. 12, 386.

148. Ludlow, M., Kortekaas, J., Herden, C., Hoffmann, B., Tappe, D.,
Trebst, C., Griffin, D.E., Brindle, H.E., Solomon, T., Brown, A.S.,
van Riel, D., Wolthers, K.C., Pajkrt, D., Wohlsein, P., Martina,
B.E.E., Baumgartner, W., Verjans, G.M., and Osterhaus, A. (2016).
Neurotropic virus infections as the cause of immediate and delayed
neuropathology. Acta Neuropathol. 131, 159–184.

149. Wu, Y., Xu, X., Chen, Z., Duan, J., Hashimoto, K., Yang, L., Liu, C.,
and Yang, C. (2020). Nervous system involvement after infection
with COVID-19 and other coronaviruses. Brain Behav. Immun. 87,
18–22.

150. Ragin, A.B., Wu, Y., Gao, Y., Keating, S., Du, H., Sammet, C.,
Kettering, C.S., and Epstein, L.G. (2015). Brain alterations within the
first 100 days of HIV infection. Ann. Clin. Transl. Neurol. 2, 12–21.

151. Bradshaw, M.J., and Venkatesan, A. (2016). Herpes simplex virus-1
encephalitis in adults: pathophysiology, diagnosis, and management.
Neurotherapeutics 13, 493–508.

152. Gill, C.M., Beckham, J.D., Piquet, A.L., Tyler, K.L., and Pastula,
D.M. (2019). Five emerging neuroinvasive arboviral diseases: Cache
Valley, Eastern Equine Encephalitis, Jamestown Canyon, Powassan,
and Usutu. Semin. Neurol. 39, 419–427.

153. Brito Ferreira, M.L., Militao de Albuquerque, M.F.P., de Brito,
C.A.A., de Oliveira Franca, R.F., Porto Moreira, A.J., de Morais
Machado, M.I., da Paz Melo, R., Medialdea-Carrera, R., Dornelas
Mesquita, S., Lopes Santos, M., Mehta, R., Ramos, E.S.R., Leonhard,
S.E., Ellul, M., Rosala-Hallas, A., Burnside, G., Turtle, L., Griffiths,
M.J., Jacobs, B.C., Bhojak, M., Willison, H.J., Pena, L.J., Pardo,
C.A., Ximenes, R.A.A., Martelli, C.M.T., Brown, D.W.G., Cordeiro,
M.T., Lant, S., and Solomon, T. (2020). Neurological disease in
adults with Zika and chikungunya virus infection in Northeast Brazil:
a prospective observational study. Lancet. Neurol. 19, 826–839.

154. Zhang, B.Z., Chu, H., Han, S., Shuai, H., Deng, J., Hu, Y.F., Gong,
H.R., Lee, A.C., Zou, Z., Yau, T., Wu, W., Hung, I.F., Chan, J.F.,
Yuen, K.Y., and Huang, J.D. (2020). SARS-CoV-2 infects hu-
man neural progenitor cells and brain organoids. Cell Res. 30, 928–
931.

155. Ramani, A., Muller, L., P, N.O., Gabriel, E., Abida-Islam, P., Muller-
Schiffmann, A., Mariappan, A., Goureau, O., Gruell, H., Walker, A.,
Andree, M., Hauka, S., Houwaart, T., Dilthey, A., Wohlgemuth, K.,
Omran, H., Klein, F., Wieczorek, D., Adams, O., Timm, J., Korth, C.,
Schaal, H., and Gopalakrishnan, J. (2020). SARS-CoV-2 targets
neurons of 3D human brain organoids. EMBO J. e106230.

156. Li, W., Lee, M.H., Henderson, L., Tyagi, R., Bachani, M., Steiner, J.,
Campanac, E., Hoffman, D.A., von Geldern, G., Johnson, K., Maric,
D., Morris, H.D., Lentz, M., Pak, K., Mammen, A., Ostrow, L.,
Rothstein, J., and Nath, A. (2015). Human endogenous retrovirus-K
contributes to motor neuron disease. Sci. Transl. Med. 7, 307ra153.

36 DEKOSKY ET AL.

http://journals.lww.com/neurotodayonline/blog/breakingnews/pages/post.aspx?PostID=908
http://journals.lww.com/neurotodayonline/blog/breakingnews/pages/post.aspx?PostID=908


157. Garcia-Montojo, M., Doucet-O’Hare, T., Henderson, L., and Nath,
A. (2018). Human endogenous retrovirus-K (HML-2): a compre-
hensive review. Crit. Rev. Microbiol. 44, 715–738.

158. Baig, A.M., Khaleeq, A., Ali, U., and Syeda, H. (2020). Evidence of
the COVID-19 virus targeting the CNS: tissue distribution, host-virus
interaction, and proposed neurotropic mechanisms. ACS Chem.
Neurosci. 11, 995–998.

159. Hamming, I., Timens, W., Bulthuis, M.L., Lely, A.T., Navis, G., and
van Goor, H. (2004). Tissue distribution of ACE2 protein, the
functional receptor for SARS coronavirus. A first step in under-
standing SARS pathogenesis. J. Pathol. 203, 631–637.

160. Lukiw, W.J., Pogue, A., and Hill, J.M. (2020). SARS-CoV-2 infec-
tivity and neurological targets in the brain. Cell. Mol. Neurobiol. doi:
10.1007/s10571-020-00947-7. [Epub ahead of print]

161. Abiodun, O.A., and Ola, M.S. (2020). Role of brain renin angiotensin
system in neurodegeneration: an update. Saudi J. Biol. Sci. 27, 905–
912.

162. Paniz-Mondolfi, A., Bryce, C., Grimes, Z., Gordon, R.E., Reidy, J.,
Lednicky, J., Sordillo, E.M., and Fowkes, M. (2020). Central nervous
system involvement by severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2). J. Med. Virol. 92, 699–702.

163. Politi, L.S., Salsano, E., and Grimaldi, M. (2020). Magnetic reso-
nance imaging alteration of the brain in a patient with coronavirus
disease 2019 (COVID-19) and Anosmia. JAMA Neurol. 77, 1028–
1029.

164. Yeager, A. (2020). Lost smell and taste hint COVID-19 can target the
nervous system. The Scientist Magazine�. the-scientist.com/news-
opinion/lost-smell-and-taste-hint-covid-19-can-target-the-nervous-
system-67312 (Last accessed November 2, 2020).

165. Butowt, R., and Bilinska, K. (2020). SARS-CoV-2: olfaction, brain
infection, and the urgent need for clinical samples allowing earlier
virus detection. ACS Chem. Neurosci. 11, 1200–1203.

166. Brann, D.H., Tsukahara, T., Weinreb, C., Lipovsek, M., Van den
Berge, K., Gong, B., Chance, R., Macaulay, I.C., Chou, H.J.,
Fletcher, R.B., Das, D., Street, K., de Bezieux, H.R., Choi, Y.G.,
Risso, D., Dudoit, S., Purdom, E., Mill, J., Hachem, R.A.,
Matsunami, H., Logan, D.W., Goldstein, B.J., Grubb, M.S., Ngai, J.,
and Datta, S.R. (2020). Non-neuronal expression of SARS-CoV-2
entry genes in the olfactory system suggests mechanisms underlying
COVID-19-associated anosmia. Sci. Adv. 6, eabc5801.

167. Chen, M., Shen, W., Rowan, N.R., Kulaga, H., Hillel, A.,
Ramanathan, M., Jr., and Lane, A.P. (2020). Elevated ACE2 ex-
pression in the olfactory neuroepithelium: implications for anosmia
and upper respiratory SARS-CoV-2 entry and replication. Eur.
Respir. J. 56, 2001948.

168. Li, Y.C., Bai, W.Z., and Hashikawa, T. (2020). The neuroinvasive
potential of SARS-CoV2 may play a role in the respiratory failure of
COVID-19 patients. J. Med. Virol. 92, 552–555.

169. Turtle, L. (2020). Respiratory failure alone does not suggest central
nervous system invasion by SARS-CoV-2. J. Med. Virol. 92, 705–
706.

170. Kanberg, N., Ashton, N.J., Andersson, L.M., Yilmaz, A., Lindh, M.,
Nilsson, S., Price, R.W., Blennow, K., Zetterberg, H., and Gisslen,
M. (2020). Neurochemical evidence of astrocytic and neuronal injury
commonly found in COVID-19. Neurology 95, e1754–e1759.

171. Farhadian, S., Glick, L.R., Vogels, C.B.F., Thomas, J., Chiarella, J.,
Casanovas-Massana, A., Zhou, J., Odio, C., Vijayakumar, P., Geng, B.,
Fournier, J., Bermejo, S., Fauver, J.R., Alpert, T., Wyllie, A.L., Tur-
cotte, C., Steinle, M., Paczkowski, P., Dela Cruz, C., Wilen, C., Ko,
A.I., MacKay, S., Grubaugh, N.D., Spudich, S., and Barakat, L.A.
(2020). Acute encephalopathy with elevated CSF inflammatory markers
as the initial presentation of COVID-19. BMC Neurol. 20, 248.

172. Rohlwink, U.K., and Figaji, A.A. (2014). Biomarkers of brain injury
in cerebral infections. Clin. Chem. 60, 823–834.

173. Dittrich, S., Sunyakumthorn, P., Rattanavong, S., Phetsouvanh, R.,
Panyanivong, P., Sengduangphachanh, A., Phouminh, P., Anantatat,
T., Chanthongthip, A., Lee, S.J., Dubot-Pérès, A., Day, N.P.J., Paris,
D.H., Newton, P.N., and Turner, G.D.H. (2015). Blood-brain barrier
function and biomarkers of central nervous system injury in rick-
ettsial versus other neurological infections in Laos. Am. J. Trop.
Med. Hyg. 93, 232–237.

174. Zhang, C.X., Zhang, D.J., Wang, Y.L., Han, W., Shi, G.C., and
Zhang, H.Q. (2016). Expression level of NSE, S100B and NPY in
children with acute miliary phthisis and secondary tubercular men-
ingitis. Eur. Rev. Med. Pharmacol. Sci. 20, 1474–1478.

175. Rohlwink, U.K., Mauff, K., Wilkinson, K.A., Enslin, N., Wegoye, E.,
Wilkinson, R.J., and Figaji, A.A. (2017). Biomarkers of cerebral
injury and inflammation in pediatric tuberculous meningitis. Clin.
Infect. Dis. 65, 1298–1307.

176. Abdulle, S., Mellgren, A., Brew, B.J., Cinque, P., Hagberg, L., Price,
R.W., Rosengren, L., and Gisslen, M. (2007). CSF neurofilament
protein (NFL)—a marker of active HIV-related neurodegeneration.
J. Neurol. 254, 1026–1032.

177. Guha, D., Lorenz, D.R., Misra, V., Chettimada, S., Morgello, S., and
Gabuzda, D. (2019). Proteomic analysis of cerebrospinal fluid ex-
tracellular vesicles reveals synaptic injury, inflammation, and stress
response markers in HIV patients with cognitive impairment.
J. Neuroinflamm. 16, 254.

178. Guha, D., Mukerji, S.S., Chettimada, S., Misra, V., Lorenz, D.R.,
Morgello, S., and Gabuzda, D. (2019). Cerebrospinal fluid extracel-
lular vesicles and neurofilament light protein as biomarkers of central
nervous system injury in HIV-infected patients on antiretroviral
therapy. AIDS 33, 615–625.

179. Gisslen, M., Price, R.W., Andreasson, U., Norgren, N., Nilsson, S.,
Hagberg, L., Fuchs, D., Spudich, S., Blennow, K., and Zetterberg, H.
(2016). Corrigendum to: ‘‘Plasma concentration of the neurofilament
light protein (NFL) is a biomarker of CNS injury in HIV infection: a
cross-sectional study’’ [EBioMedicine 3 (216) 135-140]. EBio-
Medicine 7, 287–288.

180. Gisslen, M., Price, R.W., Andreasson, U., Norgren, N., Nilsson, S.,
Hagberg, L., Fuchs, D., Spudich, S., Blennow, K., and Zetterberg, H.
(2016). Plasma concentration of the neurofilament light protein
(NFL) is a biomarker of CNS injury in HIV infection: a cross-
sectional study. EBioMedicine 3, 135–140.

181. Medana, I.M., Lindert, R.B., Wurster, U., Hien, T.T., Day, N.P., Phu,
N.H., Mai, N.T., Chuong, L.V., Chau, T.T., Turner, G.D., Farrar, J.J.,
and White, N.J. (2005). Cerebrospinal fluid levels of markers of brain
parenchymal damage in Vietnamese adults with severe malaria.
Trans. R. Soc. Trop. Med. Hyg. 99, 610–617.

182. Medana, I.M., Idro, R., and Newton, C.R. (2007). Axonal and as-
trocyte injury markers in the cerebrospinal fluid of Kenyan children
with severe malaria. J. Neurol. Sci. 258, 93–98.

183. Armah, H.B., Wilson, N.O., Sarfo, B.Y., Powell, M.D., Bond, V.C.,
Anderson, W., Adjei, A.A., Gyasi, R.K., Tettey, Y., Wiredu, E.K.,
Tongren, J.E., Udhayakumar, V., and Stiles, J.K. (2007). Cere-
brospinal fluid and serum biomarkers of cerebral malaria mortality in
Ghanaian children. Malar. J. 6, 147.

184. Tahar, R., Albergaria, C., Zeghidour, N., Ngane, V.F., Basco, L.K.,
and Roussilhon, C. (2016). Plasma levels of eight different mediators
and their potential as biomarkers of various clinical malaria condi-
tions in African children. Malar. J. 15, 337.

185. Villaverde, C., Namazzi, R., Shabani, E., Park, G.S., Datta, D.,
Hanisch, B., Opoka, R.O., and John, C.C. (2019). Retinopathy-
positive cerebral malaria is associated with greater inflammation,
blood-brain barrier breakdown, and neuronal damage than
retinopathy-negative cerebral malaria. J. Pediatric Infect. Dis. Soc.
doi: 10.1093/jpids/piz082. [Epub ahead of print]

186. Datta, D., Conroy, A.L., Castelluccio, P.F., Ssenkusu, J.M., Park,
G.S., Opoka, R.O., Bangirana, P., Idro, R., Saykin, A.J., and John,
C.C. (2020). Elevated cerebrospinal fluid tau protein concentrations
on admission are associated with long-term neurologic and cognitive
impairment in Ugandan children with cerebral malaria. Clin. Infect.
Dis. 70, 1161–1168.

187. Ameres, M., Brandstetter, S., Toncheva, A.A., Kabesch, M., Leppert,
D., Kuhle, J., and Wellmann, S. (2020). Association of neuronal injury
blood marker neurofilament light chain with mild-to-moderate COVID-
19. J. Neurol. doi: 10.1007/s00415-020-10050-y [Epub ahead of print]

188. Senel, M., Abu-Rumeileh, S., Michel, D., Garibashvili, T., Althaus,
K., Kassubek, J., and Otto, M. (2020). Miller-Fisher syndrome after
COVID-19: neurochemical markers as an early sign of nervous
system involvement. European journal of neurology : the official
journal of the European Federation of Neurological Societies. Eur. J.
Neurol. doi: 10.1111/ene.14473. [Epub ahead of print]

189. Jain, V., Armah, H.B., Tongren, J.E., Ned, R.M., Wilson, N.O.,
Crawford, S., Joel, P.K., Singh, M.P., Nagpal, A.C., Dash, A.P.,
Udhayakumar, V., Singh, N., and Stiles, J.K. (2008). Plasma IP-10,
apoptotic and angiogenic factors associated with fatal cerebral ma-
laria in India. Malar. J. 7, 83.

190. Oliveira, M.F., Chaillon, A., Nakazawa, M., Vargas, M., Letendre,
S.L., Strain, M.C., Ellis, R.J., Morris, S., Little, S.J., Smith, D.M.,

BRAIN INJURY IN COVID-19 PATIENTS 37

http://the-scientist.com/news-opinion/lost-smell-and-taste-hint-covid-19-can-target-the-nervous-system-67312
http://the-scientist.com/news-opinion/lost-smell-and-taste-hint-covid-19-can-target-the-nervous-system-67312
http://the-scientist.com/news-opinion/lost-smell-and-taste-hint-covid-19-can-target-the-nervous-system-67312


and Gianella, S. (2017). Early antiretroviral therapy is associated
with lower HIV DNA molecular diversity and lower inflammation in
cerebrospinal fluid but does not prevent the establishment of com-
partmentalized HIV DNA populations. PLoS Pathog. 13, e1006112.

191. Anderson, A.M., Easley, K.A., Kasher, N., Franklin, D., Heaton,
R.K., Zetterberg, H., Blennow, K., Gisslen, M., and Letendre, S.L.
(2018). Neurofilament light chain in blood is negatively associated
with neuropsychological performance in HIV-infected adults and
declines with initiation of antiretroviral therapy. J. Neurovirol. 24,
695–701.

192. Hermansson, L., Yilmaz, A., Price, R.W., Nilsson, S., McCallister,
S., Makadzange, T., Das, M., Zetterberg, H., Blennow, K., and
Gisslen, M. (2019). Plasma concentration of neurofilament light
chain protein decreases after switching from tenofovir disoproxil
fumarate to tenofovir alafenamide fumarate. PLoS One 14,
e0226276.

193. Glushakova, O.Y., Jeromin, A., Martinez, J., Johnson, D., Denslow,
N., Streeter, J., Hayes, R.L., and Mondello, S. (2012). Cerebrospinal
fluid protein biomarker panel for assessment of neurotoxicity induced
by kainic acid in rats. Toxicol. Sci. 130, 158–167.

194. Mondello, S., Palmio, J., Streeter, J., Hayes, R.L., Peltola, J., and
Jeromin, A. (2012). Ubiquitin carboxy-terminal hydrolase L1 (UCH-
L1) is increased in cerebrospinal fluid and plasma of patients after
epileptic seizure. BMC Neurol. 12, 85.

195. Kochanek, P.M., Berger, R.P., Fink, E.L., Au, A.K., Bayir, H., Bell,
M.J., Dixon, C.E., and Clark, R.S. (2013). The potential for bio-
mediators and biomarkers in pediatric traumatic brain injury and
neurocritical care. Front. Neurol. 4, 40.

196. Douglas-Escobar, M.V., Heaton, S.C., Bennett, J., Young, L.J.,
Glushakova, O., Xu, X., Barbeau, D.Y., Rossignol, C., Miller, C.,
Old Crow, A.M., Hayes, R.L., and Weiss, M.D. (2014). UCH-L1 and
GFAP serum levels in neonates with hypoxic-ischemic encephalop-
athy: a single center pilot study. Front. Neurol. 5, 273.

197. Callaway, C.W., Donnino, M.W., Fink, E.L., Geocadin, R.G., Golan,
E., Kern, K.B., Leary, M., Meurer, W.J., Peberdy, M.A., Thompson,
T.M., and Zimmerman, J.L. (2015). Part 8: post-cardiac arrest care:
2015 American Heart Association guidelines update for cardiopul-
monary resuscitation and emergency cardiovascular care. Circulation
132, 18 Suppl. 2, S465–S482.

198. Glushakova, O.Y., Glushakov, A.V., Miller, E.R., Valadka, A.B., and
Hayes, R.L. (2016). Biomarkers for acute diagnosis and management
of stroke in neurointensive care units. Brain Circ 2, 28–47.

199. Fink, E.L., Berger, R.P., Clark, R.S., Watson, R.S., Angus, D.C.,
Panigrahy, A., Richichi, R., Callaway, C.W., Bell, M.J., Mondello,
S., Hayes, R.L., and Kochanek, P.M. (2016). Exploratory study of
serum ubiquitin carboxyl-terminal esterase L1 and glial fibrillary
acidic protein for outcome prognostication after pediatric cardiac
arrest. Resuscitation 101, 65–70.

200. Abo-Elwafa, H.A., Ibrahim, H.K., El-Nady, H.M., and Abbas, A.H.
(2019). How to design economic predictive laboratory panel evalu-
ating acute ischemic stroke outcome. Neurosci. Med. 10, 1–14.

201. Geocadin, R.G., Callaway, C.W., Fink, E.L., Golan, E., Greer, D.M.,
Ko, N.U., Lang, E., Licht, D.J., Marino, B.S., McNair, N.D., Pe-
berdy, M.A., Perman, S.M., Sims, D.B., Soar, J., and Sandroni, C.;
American Heart Association Emergency Cardiovascular Care Com-
mittee. (2019). Standards for studies of neurological prognostication
in comatose survivors of cardiac arrest: a scientific statement from
the American Heart Association. Circulation 140, e517–e542.

202. Glushakova, O.Y., Glushakov, A.V., Mannix, R., Miller, E.R.,
Valadka, A.B., and Hayes, R.L. (2018). The use of blood-based
biomarkers to improve the design of clinical trials of traumatic brain
injury, in: Handbook of Neuroemergency Clinical Trials. B.E.
Skolnick and W.M. Alves (eds). Elsevier Academic: Amsterdam,
pps. 139–166.

203. Bai, L., Wang, S., Sun, C., Glushakova, O.Y., Valadka, A.B., Hayes,
R.L., and Glushakov, A.V. (2018). The potential of brain-specific
blood biomarkers for TBI patient management, diagnosis, and clin-
ical research, in: Neurotrauma. K.K. Wang (ed). Oxford University
Press: New York, pps. 189–210.

204. Fink, E.L., Berger, R.P., Clark, R.S., Watson, R.S., Angus, D.C.,
Richichi, R., Panigrahy, A., Callaway, C.W., Bell, M.J., and
Kochanek, P.M. (2014). Serum biomarkers of brain injury to classify
outcome after pediatric cardiac arrest. Crit. Care Med. 42, 664–674.

205. Ebner, F., Moseby-Knappe, M., Mattsson-Carlgren, N., Lilja, G.,
Dragancea, I., Unden, J., Friberg, H., Erlinge, D., Kjaergaard, J.,

Hassager, C., Wise, M.P., Kuiper, M., Stammet, P., Wanscher, M.,
Horn, J., Ullen, S., Cronberg, T., and Nielsen, N. (2020). Serum
GFAP and UCH-L1 for the prediction of neurological outcome in
comatose cardiac arrest patients. Resuscitation 154, 61–68.

206. Bembea, M.M., Savage, W., Strouse, J.J., Schwartz, J.M., Graham, E.,
Thompson, C.B., and Everett, A. (2011). Glial fibrillary acidic protein
as a brain injury biomarker in children undergoing extracorporeal
membrane oxygenation. Pediatr. Crit. Care Med. 12, 572–579.

207. Bembea, M.M., Rizkalla, N., Freedy, J., Barasch, N., Vaidya, D.,
Pronovost, P.J., Everett, A.D., and Mueller, G. (2015). Plasma bio-
markers of brain injury as diagnostic tools and outcome predictors
after extracorporeal membrane oxygenation. Crit. Care Med. 43,
2202–2211.

208. Fletcher-Sandersjoo, A., Lindblad, C., Thelin, E.P., Bartek, J., Jr.,
Sallisalmi, M., Elmi-Terander, A., Svensson, M., Bellander, B.M.,
and Broman, L.M. (2019). Serial S100B sampling detects intracranial
lesion development in patients on extracorporeal membrane oxy-
genation. Front. Neurol. 10, 512.

209. Schrage, B., Rubsamen, N., Becher, P.M., Roedl, K., Soffker, G.,
Schwarzl, M., Dreher, A., Schewel, J., Ghanem, A., Grahn, H.,
Lubos, E., Bernhardt, A., Kluge, S., Reichenspurner, H.,
Blankenberg, S., Spangenberg, T., and Westermann, D. (2019).
Neuron-specific-enolase as a predictor of the neurologic outcome
after cardiopulmonary resuscitation in patients on ECMO. Re-
suscitation 136, 14–20.

210. Wiberg, S., Kjaergaard, J., Kjaergaard, B., Moller, B., Nornberg, B.,
Sorensen, A.M., Hassager, C., and Wanscher, M. (2017). The bio-
markers neuron-specific enolase and S100b measured the day fol-
lowing admission for severe accidental hypothermia have high
predictive values for poor outcome. Resuscitation 121, 49–53.

211. Oeckl, P., Halbgebauer, S., Anderl-Straub, S., Steinacker, P., Huss,
A.M., Neugebauer, H., von Arnim, C.A.F., Diehl-Schmid, J.,
Grimmer, T., Kornhuber, J., Lewczuk, P., Danek, A., Consortium for
Frontotemporal Lobar Degeneration, G., Ludolph, A.C., and Otto, M.
(2019). Glial fibrillary acidic protein in serum is increased in
Alzheimer’s disease and correlates with cognitive impairment.
J. Alzheimers Dis. 67, 481–488.

212. Mattsson, N., Cullen, N.C., Andreasson, U., Zetterberg, H., and
Blennow, K. (2019). Association between longitudinal plasma neu-
rofilament light and neurodegeneration in patients with Alzheimer
disease. JAMA Neurol. 76, 791–799.

213. Preische, O., Schultz, S.A., Apel, A., Kuhle, J., Kaeser, S.A., Barro,
C., Graber, S., Kuder-Buletta, E., LaFougere, C., Laske, C., Voglein,
J., Levin, J., Masters, C.L., Martins, R., Schofield, P.R., Rossor,
M.N., Graff-Radford, N.R., Salloway, S., Ghetti, B., Ringman, J.M.,
Noble, J.M., Chhatwal, J., Goate, A.M., Benzinger, T.L.S., Morris,
J.C., Bateman, R.J., Wang, G., Fagan, A.M., McDade, E.M., Gordon,
B.A., and Jucker, M.; Dominantly Inherited Alzheimer Network.
(2019). Serum neurofilament dynamics predicts neurodegeneration
and clinical progression in presymptomatic Alzheimer’s disease. Nat.
Med. 25, 277–283.

214. Meier, T.B., Huber, D.L., Bohorquez-Montoya, L., Nitta, M.E.,
Savitz, J., Teague, T.K., Bazarian, J.J., Hayes, R.L., Nelson, L.D.,
and McCrea, M.A. (2020). A prospective study of acute blood-based
biomarkers for sport-related concussion. Ann. Neurol. 87, 907–920.

215. Asken, B.M., Yang, Z., Xu, H., Weber, A.G., Hayes, R.L., Bauer,
R.M., DeKosky, S.T., Jaffee, M.S., Wang, K.K.W., and Clugston,
J.R. (2020). Acute effects of sport-related concussion on serum glial
fibrillary acidic protein, ubiquitin C-terminal hydrolase L1, total tau,
and neurofilament light measured by a multiplex assay. J. Neuro-
trauma 37, 1537–1545.

216. U.S. Food and Drug Administration. Evaluation of Automatic Class
III Designation for Banyan Brain Trauma Indicator. Decision
memorandum. accessdata.fda.gov/cdrh_docs/reviews/DEN170045
.pdf (Last accessed November 2, 2020).

217. Bazarian, J.J., Biberthaler, P., Welch, R.D., Lewis, L.M., Barzo, P.,
Bogner-Flatz, V., Gunnar Brolinson, P., Buki, A., Chen, J.Y.,
Christenson, R.H., Hack, D., Huff, J.S., Johar, S., Jordan, J.D.,
Leidel, B.A., Lindner, T., Ludington, E., Okonkwo, D.O., Ornato, J.,
Peacock, W.F., Schmidt, K., Tyndall, J.A., Vossough, A., and
Jagoda, A.S. (2018). Serum GFAP and UCH-L1 for prediction of
absence of intracranial injuries on head CT (ALERT-TBI): a multi-
centre observational study. Lancet Neurol. 17, 782–789.

218. U.S. Food and Drug Administration, Center for Drug Evaluation and
Research. (01/10/2018). Biomarker letter of support. fda.gov/files/

38 DEKOSKY ET AL.

http://accessdata.fda.gov/cdrh_docs/reviews/DEN170045.pdf
http://accessdata.fda.gov/cdrh_docs/reviews/DEN170045.pdf
http://files/drugs/published/TED-Biofluid-Biomarker-LOS.pdf


drugs/published/TED-Biofluid-Biomarker-LOS.pdf (Last accessed
November 2, 2020).

219. Glushakova, O.Y., Glushakov, A.A., Wijesinghe, D.S., Valadka,
A.B., Hayes, R.L., and Glushakov, A.V. (2017). Prospective clinical
biomarkers of caspase-mediated apoptosis associated with neuronal
and neurovascular damage following stroke and other severe brain
injuries: Implications for chronic neurodegeneration. Brain Circ. 3,
87–108.

220. Dadas, A., Washington, J., Diaz-Arrastia, R., and Janigro, D. (2018).
Biomarkers in traumatic brain injury (TBI): a review. Neu-
ropsychiatr. Dis. Treat. 14, 2989–3000.

221. Wang, K.K., Yang, Z., Zhu, T., Shi, Y., Rubenstein, R., Tyndall,
J.A., and Manley, G.T. (2018). An update on diagnostic and prog-
nostic biomarkers for traumatic brain injury. Exp. Rev. Mol. Diagn.
18, 165–180.

222. Marchi, N., Bazarian, J.J., Puvenna, V., Janigro, M., Ghosh, C.,
Zhong, J., Zhu, T., Blackman, E., Stewart, D., Ellis, J., Butler, R.,
and Janigro, D. (2013). Consequences of repeated blood-brain barrier
disruption in football players. PLoS One 8, e56805.

223. Plog, B.A., Dashnaw, M.L., Hitomi, E., Peng, W., Liao, Y., Lou, N.,
Deane, R., and Nedergaard, M. (2015). Biomarkers of traumatic
injury are transported from brain to blood via the glymphatic system.
J. Neurosci. 35, 518–526.

224. Iliff, J.J., and Nedergaard, M. (2013). Is there a cerebral lymphatic
system? Stroke 44, 6 Suppl. 1, S93–S95.

225. Plog, B.A., and Nedergaard, M. (2018). The glymphatic system in
central nervous system health and disease: past, present, and future.
Ann. Rev. Pathol. 13, 379–394.

226. Glushakova, O.Y., Johnson, D., and Hayes, R.L. (2014). Delayed
increases in microvascular pathology after experimental traumatic
brain injury are associated with prolonged inflammation, blood-brain
barrier disruption, and progressive white matter damage. J. Neuro-
trauma 31, 1180–1193.

227. Heithoff, B.P., George, K.K., Phares, A.N., Zuidhoek, I.A., Munoz-
Ballester, C., and Robel, S. (2020). Astrocytes are necessary for
blood-brain barrier maintenance in the adult mouse brain. bioRxiv
doi: 10.1101/2020.03.16.993691. PPR: PPR118060.

228. Bailey, D.M., Evans, K.A., McEneny, J., Young, I.S., Hullin, D.A.,
James, P.E., Ogoh, S., Ainslie, P.N., Lucchesi, C., Rockenbauer, A.,
Culcasi, M., and Pietri, S. (2011). Exercise-induced oxidative-
nitrosative stress is associated with impaired dynamic cerebral
autoregulation and blood-brain barrier leakage. Exp. Physiol. 96,
1196–1207.

229. Roh, H.T., Cho, S.Y., and So, W.Y. (2017). Obesity promotes oxi-
dative stress and exacerbates blood-brain barrier disruption after
high-intensity exercise. J. Sport Health Sci. 6, 225–230.

230. Koh, S.X., and Lee, J.K. (2014). S100B as a marker for brain damage
and blood-brain barrier disruption following exercise. Sports Med.
44, 369–385.

231. Huang, X.J., Glushakova, O., Mondello, S., Van, K., Hayes, R.L.,
and Lyeth, B.G. (2015). Acute temporal profiles of serum levels of
UCH-L1 and GFAP and relationships to neuronal and astroglial
pathology following traumatic brain injury in rats. J. Neurotrauma
32, 1179–1189.

232. Lindblad, C., Nelson, D.W., Zeiler, F.A., Ercole, A., Ghatan, P.H., von
Horn, H., Risling, M., Svensson, M., Agoston, D.V., Bellander, B.M.,
and Thelin, E.P. (2020). Influence of blood-brain barrier integrity on
brain protein biomarker clearance in severe traumatic brain injury: a
longitudinal prospective study. J. Neurotrauma 37, 1381–1391.

233. Buttner, T., Weyers, S., Postert, T., Sprengelmeyer, R., and Kuhn, W.
(1997). S-100 protein: serum marker of focal brain damage after
ischemic territorial MCA infarction. Stroke 28, 1961–1965.

234. Elting, J.W., de Jager, A.E., Teelken, A.W., Schaaf, M.J., Maurits,
N.M., van der Naalt, J., Sibinga, C.T., Sulter, G.A., and De Keyser, J.
(2000). Comparison of serum S-100 protein levels following stroke
and traumatic brain injury. J. Neurol. Sci. 181, 104–110.

235. Wunderlich, M.T., Wallesch, C.W., and Goertler, M. (2004). Release
of neurobiochemical markers of brain damage is related to the neu-
rovascular status on admission and the site of arterial occlusion in
acute ischemic stroke. J. Neurol. Sci. 227, 49–53.

236. Foerch, C., Curdt, I., Yan, B., Dvorak, F., Hermans, M., Berkefeld,
J., Raabe, A., Neumann-Haefelin, T., Steinmetz, H., and Sitzer, M.
(2006). Serum glial fibrillary acidic protein as a biomarker for in-
tracerebral haemorrhage in patients with acute stroke. J. Neurol.
Neurosurg. PPsychiatry 77, 181–184.

237. Jauch, E.C., Lindsell, C., Broderick, J., Fagan, S.C., Tilley, B.C., and
Levine, S.R.; NINDS rt-PA Stroke Study Group. (2006). Association
of serial biochemical markers with acute ischemic stroke: the
National Institute of Neurological Disorders and Stroke recombinant
tissue plasminogen activator Stroke Study. Stroke 37, 2508–2513.

238. Wunderlich, M.T., Lins, H., Skalej, M., Wallesch, C.W., and
Goertler, M. (2006). Neuron-specific enolase and tau protein as
neurobiochemical markers of neuronal damage are related to early
clinical course and long-term outcome in acute ischemic stroke. Clin.
Neurol. and Neurosurg. 108, 558–563.

239. Dvorak, F., Haberer, I., Sitzer, M., and Foerch, C. (2009). Char-
acterisation of the diagnostic window of serum glial fibrillary acidic
protein for the differentiation of intracerebral haemorrhage and
ischaemic stroke. Cerebrovasc. Dis. (Basel, Switzerland) 27, 37–41.

240. Unden, J., Strandberg, K., Malm, J., Campbell, E., Rosengren, L.,
Stenflo, J., Norrving, B., Romner, B., Lindgren, A., and Andsberg, G.
(2009). Explorative investigation of biomarkers of brain damage
and coagulation system activation in clinical stroke differentiation.
J. Neurol. 256, 72–77.

241. Kaneko, T., Kasaoka, S., Miyauchi, T., Fujita, M., Oda, Y., Tsuruta,
R., and Maekawa, T. (2009). Serum glial fibrillary acidic protein as a
predictive biomarker of neurological outcome after cardiac arrest.
Resuscitation 80, 790–794.

242. Rhind, S.G., Crnko, N.T., Baker, A.J., Morrison, L.J., Shek, P.N.,
Scarpelini, S., and Rizoli, S.B. (2010). Prehospital resuscitation with
hypertonic saline-dextran modulates inflammatory, coagulation and
endothelial activation marker profiles in severe traumatic brain in-
jured patients. J. Neuroinflamm. 7, 5.

243. Bielewicz, J., Kurzepa, J., Czekajska-Chehab, E., Stelmasiak, Z., and
Bartosik-Psujek, H. (2011). Does serum Tau protein predict the
outcome of patients with ischemic stroke? J. Mol. Neurosci. 43, 241–
245.

244. Ehrenreich, H., Kastner, A., Weissenborn, K., Streeter, J., Sperling,
S., Wang, K.K., Worthmann, H., Hayes, R.L., von Ahsen, N.,
Kastrup, A., Jeromin, A., and Herrmann, M. (2011). Circulating
damage marker profiles support a neuroprotective effect of erythro-
poietin in ischemic stroke patients. Mol. Med. 17, 1306–1310.

245. Mortberg, E., Zetterberg, H., Nordmark, J., Blennow, K., Catry, C.,
Decraemer, H., Vanmechelen, E., and Rubertsson, S. (2011). Plasma
tau protein in comatose patients after cardiac arrest treated with
therapeutic hypothermia. Acta Anaesthesiol. Scand. 55, 1132–
1138.

246. Bharosay, A., Bharosay, V.V., Varma, M., Saxena, K., Sodani, A.,
and Saxena, R. (2012). Correlation of brain biomarker neuron spe-
cific enolase (NSE) with degree of disability and neurological
worsening in cerebrovascular stroke. Indian J. Clin. Biochem. 27,
186–190.

247. Bouvier, D., Fournier, M., Dauphin, J.B., Amat, F., Ughetto, S.,
Labbe, A., and Sapin, V. (2012). Serum S100B determination in the
management of pediatric mild traumatic brain injury. Clin. Chem. 58,
1116–1122.

248. Foerch, C., Niessner, M., Back, T., Bauerle, M., De Marchis, G.M.,
Ferbert, A., Grehl, H., Hamann, G.F., Jacobs, A., Kastrup, A.,
Klimpe, S., Palm, F., Thomalla, G., Worthmann, H., and Sitzer, M.;
BE FAST Study Group. (2012). Diagnostic accuracy of plasma glial
fibrillary acidic protein for differentiating intracerebral hemorrhage
and cerebral ischemia in patients with symptoms of acute stroke.
Clin. Chem. 58, 237–245.

249. Gonzalez-Garcia, S., Gonzalez-Quevedo, A., Fernandez-Concepcion,
O., Pena-Sanchez, M., Menendez-Sainz, C., Hernandez-Diaz, Z.,
Arteche-Prior, M., Pando-Cabrera, A., and Fernandez-Novales, C.
(2012). Short-term prognostic value of serum neuron specific enolase
and S100B in acute stroke patients. Clin. Biochem. 45, 1302–1307.

250. Hu, H.T., Xiao, F., Yan, Y.Q., Wen, S.Q., and Zhang, L. (2012). The
prognostic value of serum tau in patients with intracerebral hemor-
rhage. Clin. Biochem. 45, 1320–1324.

251. Montaner, J., Mendioroz, M., Delgado, P., Garcia-Berrocoso, T.,
Giralt, D., Merino, C., Ribo, M., Rosell, A., Penalba, A., Fernandez-
Cadenas, I., Romero, F., Molina, C., Alvarez-Sabin, J., and
Hernandez-Guillamon, M. (2012). Differentiating ischemic from
hemorrhagic stroke using plasma biomarkers: the S100B/RAGE
pathway. J. Proteomics 75, 4758–4765.

252. Randall, J., Mortberg, E., Provuncher, G.K., Fournier, D.R., Duffy,
D.C., Rubertsson, S., Blennow, K., Zetterberg, H., and Wilson, D.H.
(2013). Tau proteins in serum predict neurological outcome after

BRAIN INJURY IN COVID-19 PATIENTS 39

http://files/drugs/published/TED-Biofluid-Biomarker-LOS.pdf


hypoxic brain injury from cardiac arrest: results of a pilot study.
Resuscitation 84, 351–356.

253. Okonkwo, D.O., Yue, J.K., Puccio, A.M., Panczykowski, D.M.,
Inoue, T., McMahon, P.J., Sorani, M.D., Yuh, E.L., Lingsma, H.F.,
Maas, A.I., Valadka, A.B., and Manley, G.T.; Transforming Re-
search and Clinical Knowledge in Traumatic Brain Injury (TRACK-
TBI) Investigators. (2013). GFAP-BDP as an acute diagnostic
marker in traumatic brain injury: results from the prospective
transforming research and clinical knowledge in traumatic brain
injury study. J. Neurotrauma 30, 1490–1497.

254. Sanchez-Aguilar, M., Tapia-Perez, J.H., Sanchez-Rodriguez, J.J.,
Vinas-Rios, J.M., Martinez-Perez, P., de la Cruz-Mendoza, E.,
Sanchez-Reyna, M., Torres-Corzo, J.G., and Gordillo-Moscoso, A.
(2013). Effect of rosuvastatin on cytokines after traumatic head in-
jury. J. Neurosurg. 118, 669–675.

255. Singh, H.V., Pandey, A., Shrivastava, A.K., Raizada, A., Singh, S.K.
and Singh, N. (2013). Prognostic value of neuron specific enolase
and IL-10 in ischemic stroke and its correlation with degree of
neurological deficit. Clin. Chim. Acta 419, 136–138.

256. Zaheer, S., Beg, M., Rizvi, I., Islam, N., Ullah, E., and Akhtar, N.
(2013). Correlation between serum neuron specific enolase and
functional neurological outcome in patients of acute ischemic stroke.
Ann. Indian Acad. Neurol. 16, 504–508.

257. Diaz-Arrastia, R., Wang, K.K., Papa, L., Sorani, M.D., Yue, J.K.,
Puccio, A.M., McMahon, P.J., Inoue, T., Yuh, E.L., Lingsma, H.F.,
Maas, A.I., Valadka, A.B., Okonkwo, D.O., and Manley, G.T.
(2014). Acute biomarkers of traumatic brain injury: relationship
between plasma levels of ubiquitin C-terminal hydrolase-L1 and glial
fibrillary acidic protein. J. Neurotrauma 31, 19–25.

258. Kim, B.J., Kim, Y.J., Ahn, S.H., Kim, N.Y., Kang, D.W., Kim, J.S.,
and Kwon, S.U. (2014). The second elevation of neuron-specific
enolase peak after ischemic stroke is associated with hemorrhagic
transformation. J. Stroke Cerebrovasc. Dis. 23, 2437–2443.

259. Pandey, A., Shrivastava, A.K., and Saxena, K. (2014). Neuron spe-
cific enolase and c-reactive protein levels in stroke and its subtypes:
correlation with degree of disability. Neurochem. Res. 39, 1426–
1432.

260. Purrucker, J.C., Herrmann, O., Lutsch, J.K., Zorn, M., Schwaninger,
M., Bruckner, T., Auffarth, G.U., and Veltkamp, R. (2014). Serum
protein S100b is a diagnostic biomarker for distinguishing posterior
circulation stroke from vertigo of nonvascular causes. Eur. Neurol.
72, 278–284.

261. Wahlstrom, M.R., Olivecrona, M., Ahlm, C., Bengtsson, A.,
Koskinen, L.O., Naredi, S., and Hultin, M. (2014). Effects of
prostacyclin on the early inflammatory response in patients with
traumatic brain injury-a randomised clinical study. SpringerPlus
3, 98.

262. Alatas, O.D., Gurger, M., Atescelik, M., Yildiz, M., Demir, C.F.,
Kalayci, M., Ilhan, N., Acar, E., and Ekingen, E. (2015). Neuron-
specific enolase, S100 calcium-binding protein B, and heat shock
protein 70 levels in patients with intracranial hemorrhage. Medicine
94, e2007.

263. Can, S., Akdur, O., Yildirim, A., Adam, G., Cakir, D.U., and
Karaman, H.I. (2015). Myelin basic protein and ischemia modified
albumin levels in acute ischemic stroke cases. Pak. J. Med. Sci. 31,
1110–1114.

264. Kumar, H., Lakhotia, M., Pahadiya, H., and Singh, J. (2015). To
study the correlation of serum S-100 protein level with the severity of
stroke and its prognostic implication. J. Neurosci. Rural Pract. 6,
326–330.

265. Llombart, V., Garcia-Berrocoso, T., Bustamante, A., Giralt, D.,
Rodriguez-Luna, D., Muchada, M., Penalba, A., Boada, C.,
Hernandez-Guillamon, M., and Montaner, J. (2016). Plasmatic
retinol-binding protein 4 and glial fibrillary acidic protein as bio-
markers to differentiate ischemic stroke and intracerebral hemor-
rhage. J. Neurochem. 136, 416–424.

266. Lu, K., Xu, X., Cui, S., Wang, F., Zhang, B., and Zhao, Y. (2015).
Serum neuron specific enolase level as a predictor of prognosis in
acute ischemic stroke patients after intravenous thrombolysis.
J. Neurol. Sci. 359, 202–206.

267. McMahon, P.J., Panczykowski, D.M., Yue, J.K., Puccio, A.M.,
Inoue, T., Sorani, M.D., Lingsma, H.F., Maas, A.I., Valadka, A.B.,
Yuh, E.L., Mukherjee, P., Manley, G.T., Okonkwo, D.O., Casey,
S.S., Cheong, M., Cooper, S.R., Dams-O’Connor, K., Gordon, W.A.,
Hricik, A.J., Lawless, K., Menon, D., Schnyer, D.M., and Vassar,

M.J.. (2015). Measurement of the glial fibrillary acidic protein and its
breakdown products GFAP-BDP biomarker for the detection of
traumatic brain injury compared to computed tomography and
magnetic resonance imaging. J. Neurotrauma 32, 527–533.

268. Olivecrona, Z., Bobinski, L., and Koskinen, L.O. (2015). Association of
ICP, CPP, CT findings and S-100B and NSE in severe traumatic head
injury. Prognostic value of the biomarkers. Brain Inj. 29, 446–454.

269. Stanca, D.M., Marginean, I.C., Soritau, O., Dragos, C., Marginean,
M., Muresanu, D.F., Vester, J.C., and Rafila, A. (2015). GFAP and
antibodies against NMDA receptor subunit NR2 as biomarkers for
acute cerebrovascular diseases. J. Cell. Mol. Med. 19, 2253–2261.

270. Takala, R.S., Posti, J.P., Runtti, H., Newcombe, V.F., Outtrim, J.,
Katila, A.J., Frantzen, J., Ala-Seppala, H., Kyllonen, A., Maanpaa,
H.R., Tallus, J., Hossain, M.I., Coles, J.P., Hutchinson, P., van Gils,
M., Menon, D.K., and Tenovuo, O. (2016). Glial fibrillary acidic
protein and ubiquitin C-terminal hydrolase-L1 as outcome predictors
in traumatic brain injury. World Neurosurg. 87, 8–20.

271. Welch, R.D., Ayaz, S.I., Lewis, L.M., Unden, J., Chen, J.Y., Mika,
V.H., Saville, B., Tyndall, J.A., Nash, M., Buki, A., Barzo, P., Hack,
D., Tortella, F.C., Schmid, K., Hayes, R.L., Vossough, A., Sweriduk,
S.T., and Bazarian, J.J. (2016). Ability of serum glial fibrillary acidic
protein, ubiquitin C-terminal hydrolase-L1, and S100B to differen-
tiate normal and abnormal head computed tomography findings in
patients with suspected mild or moderate traumatic brain injury.
J. Neurotrauma 33, 203–214.

272. Xiong, L., Yang, Y., Zhang, M. and Xu, W. (2015). The use of serum
glial fibrillary acidic protein test as a promising tool for intracerebral
hemorrhage diagnosis in Chinese patients and prediction of the short-
term functional outcomes. Neurological sciences : official journal of
the Italian Neurological Society and of the Italian Society of Clinical
Neurophysiology 36, 2081-2087.

273. Mofid, B., Soltani, Z., Khaksari, M., Shahrokhi, N., Nakhaee, N.,
Karamouzian, S., Ahmadinejad, M., Maiel, M., and Khazaeli, P.
(2016). What are the progesterone-induced changes of the outcome
and the serum markers of injury, oxidant activity and inflammation in
diffuse axonal injury patients? Int. Immunopharmacol. 32, 103–110.

274. Shahrokhi, N., Soltani, Z., Khaksari, M., Karamouzian, S., Mofid, B.,
and Asadikaram, G. (2016). The serum changes of neuron-specific
enolase and intercellular adhesion molecule-1 in patients with diffuse
axonal injury following progesterone administration: a randomized
clinical trial. Arch. Trauma Res. 5, e37005.

275. Posti, J.P., Takala, R.S., Runtti, H., Newcombe, V.F., Outtrim, J.,
Katila, A.J., Frantzen, J., Ala-Seppala, H., Coles, J.P., Hossain, M.I.,
Kyllonen, A., Maanpaa, H.R., Tallus, J., Hutchinson, P.J., van Gils,
M., Menon, D.K., and Tenovuo, O. (2016). The levels of glial fi-
brillary acidic protein and ubiquitin C-terminal hydrolase-L1 during
the first week after a traumatic brain injury: correlations with clinical
and imaging findings. Neurosurgery 79, 456–464.

276. Bogoslovsky, T., Wilson, D., Chen, Y., Hanlon, D., Gill, J., Jeromin,
A., Song, L., Moore, C., Gong, Y., Kenney, K., and Diaz-Arrastia, R.
(2017). Increases of plasma levels of glial fibrillary acidic protein,
tau, and amyloid beta up to 90 days after traumatic brain injury.
J. Neurotrauma 34, 66–73.

277. Stammet, P., Collignon, O., Hassager, C., Wise, M.P., Hovdenes, J.,
Aneman, A., Horn, J., Devaux, Y., Erlinge, D., Kjaergaard, J.,
Gasche, Y., Wanscher, M., Cronberg, T., Friberg, H., Wetterslev, J.,
Pellis, T., Kuiper, M., Gilson, G., and Nielsen, N.; TTM-Trial In-
vestigators. (2015). Neuron-specific enolase as a predictor of death or
poor neurological outcome after out-of-hospital cardiac arrest and
targeted temperature management at 33�C and 36�C. J. Am. Coll.
Cardiol. 65, 2104–2114.

278. Mattsson, N., Zetterberg, H., Nielsen, N., Blennow, K., Dankiewicz,
J., Friberg, H., Lilja, G., Insel, P.S., Rylander, C., Stammet, P.,
Aneman, A., Hassager, C., Kjaergaard, J., Kuiper, M., Pellis, T.,
Wetterslev, J., Wise, M., and Cronberg, T. (2017). Serum tau and
neurological outcome in cardiac arrest. Ann. Neurol. 82, 665–675.

279. Stammet, P., Dankiewicz, J., Nielsen, N., Fays, F., Collignon, O.,
Hassager, C., Wanscher, M., Unden, J., Wetterslev, J., Pellis, T.,
Aneman, A., Hovdenes, J., Wise, M.P., Gilson, G., Erlinge, D., Horn,
J., Cronberg, T., Kuiper, M., Kjaergaard, J., Gasche, Y., Devaux, Y.,
and Friberg, H.; Target Temperature Management after Out-of-
Hospital Cardiac Arrest (TTM) trial investigators. (2017). Protein
S100 as outcome predictor after out-of-hospital cardiac arrest and
targeted temperature management at 33 �C and 36 �C. Crit. Care 21,
153.

40 DEKOSKY ET AL.



280. Moseby-Knappe, M., Mattsson, N., Nielsen, N., Zetterberg, H.,
Blennow, K., Dankiewicz, J., Dragancea, I., Friberg, H., Lilja, G.,
Insel, P.S., Rylander, C., Westhall, E., Kjaergaard, J., Wise, M.P.,
Hassager, C., Kuiper, M.A., Stammet, P., Wanscher, M.C.J.,
Wetterslev, J., Erlinge, D., Horn, J., Pellis, T., and Cronberg, T.
(2019). Serum neurofilament light chain for prognosis of outcome
after cardiac arrest. JAMA Neurol. 76, 64–71.

281. Mokhtari, M., Nayeb-Aghaei, H., Kouchek, M., Miri, M.M.,
Goharani, R., Amoozandeh, A., Akhavan Salamat, S., and Sistanizad,
M. (2018). Effect of memantine on serum levels of neuron-specific
enolase and on the Glasgow Coma Scale in patients with moderate
traumatic brain injury. J. Clin. Pharmacol. 58, 42–47.

282. Rubenstein, R., Chang, B., Yue, J.K., Chiu, A., Winkler, E.A.,
Puccio, A.M., Diaz-Arrastia, R., Yuh, E.L., Mukherjee, P., Valadka,
A.B., Gordon, W.A., Okonkwo, D.O., Davies, P., Agarwal, S., Lin,
F., Sarkis, G., Yadikar, H., Yang, Z., Manley, G.T., Wang, K.K.W.,
the TRACK-TBI Investigators, Cooper, S.R., Dams-O’Connor, K.,
Borrasso, A.J., Inoue, T., Maas, A.I.R., Menon, D.K., Schnyer, D.M.,
and Vassar, M.J. (2017). Comparing plasma phospho tau, total tau,
and phospho tau-total tau ratio as acute and chronic traumatic brain
injury biomarkers. JAMA Neurol. 74, 1063–1072.

283. McFadyen, C.A., Zeiler, F.A., Newcombe, V., Synnot, A., Steyer-
berg, E., Gruen, R.L., Rosand, J., Palotie, A., Maas, A.I.R., and
Menon, D.K. (2019). Apolipoprotein E4 polymorphism and out-
comes from traumatic brain injury: a living systematic review and
meta-analysis. Journal of neurotrauma. doi: 10.1089/neu.2018.6052.
[Epub ahead of print]

284. Pendlebury, S.T., Poole, D., Burgess, A., Duerden, J., Rothwell,
P.M., and Oxford Vascular, S. (2020). APOE-e4 genotype and de-
mentia before and after transient ischemic attack and stroke:
population-based cohort study. Stroke 51, 751–758.

285. Molad, J., Hallevi, H., Korczyn, A.D., Kliper, E., Auriel, E., Born-
stein, N.M., and Ben Assayag, E. (2019). Vascular and neurode-
generative markers for the prediction of post-stroke cognitive
impairment: results from the TABASCO Study. J. Alzheimers Dis
70, 889–898.

286. Wan, X., Gan, C., You, C., Fan, T., Zhang, S., Zhang, H., Wang, S.,
Shu, K., Wang, X., and Lei, T. (2019). Association of APOE e4 with
progressive hemorrhagic injury in patients with traumatic intracere-
bral hemorrhage. J. Neurosurg. doi: 10.3171/2019.4.JNS183472.
[Epub ahead of print]

287. Ciancanelli, M.J., Huang, S.X., Luthra, P., Garner, H., Itan, Y.,
Volpi, S., Lafaille, F.G., Trouillet, C., Schmolke, M., Albrecht, R.A.,
Israelsson, E., Lim, H.K., Casadio, M., Hermesh, T., Lorenzo, L.,
Leung, L.W., Pedergnana, V., Boisson, B., Okada, S., Picard, C.,
Ringuier, B., Troussier, F., Chaussabel, D., Abel, L., Pellier, I.,
Notarangelo, L.D., Garcia-Sastre, A., Basler, C.F., Geissmann, F.,
Zhang, S.Y., Snoeck, H.W., and Casanova, J.L. (2015). Infectious
disease. Life-threatening influenza and impaired interferon amplifi-
cation in human IRF7 deficiency. Science 348, 448–453.

288. Khan, N., Shariff, N., Cobbold, M., Bruton, R., Ainsworth, J.A.,
Sinclair, A.J., Nayak, L., and Moss, P.A. (2002). Cytomegalovirus
seropositivity drives the CD8 T cell repertoire toward greater clon-
ality in healthy elderly individuals. J. Immunol. 169, 1984–1992.

289. Sironi, M., Peri, A.M., Cagliani, R., Forni, D., Riva, S., Biasin, M.,
Clerici, M. and Gori, A. (2017). TLR3 mutations in adult patients
with herpes simplex virus and varicella-zoster virus encephalitis.
J. Infect. Dis. 215, 1430–1434.

290. Jha, R.M., Koleck, T.A., Puccio, A.M., Okonkwo, D.O., Park, S.Y.,
Zusman, B.E., Clark, R.S.B., Shutter, L.A., Wallisch, J.S., Empey,
P.E., Kochanek, P.M., and Conley, Y.P. (2018). Regionally clustered
ABCC8 polymorphisms in a prospective cohort predict cerebral
oedema and outcome in severe traumatic brain injury. J. Neurol.
Neurosurg. Psychiatry 89, 1152–1162.

291. Jha, R.M., Desai, S.M., Zusman, B.E., Koleck, T.A., Puccio, A.M.,
Okonkwo, D.O., Park, S.Y., Shutter, L.A., Kochanek, P.M., and
Conley, Y.P. (2019). Downstream TRPM4 polymorphisms are as-
sociated with intracranial hypertension and statistically interact with
ABCC8 polymorphisms in a prospective cohort of severe traumatic
brain injury. J. Neurotrauma 36, 1804–1817.

292. Ellinghaus, D., Degenhardt, F., Bujanda, L., Buti, M., Albillos, A.,
Invernizzi, P., Fernandez, J., Prati, D., Baselli, G., Asselta, R.,
Grimsrud, M.M., Milani, C., Aziz, F., Kassens, J., May, S.,
Wendorff, M., Wienbrandt, L., Uellendahl-Werth, F., Zheng, T., Yi,
X., de Pablo, R., Chercoles, A.G., Palom, A., Garcia-Fernandez,

A.E., Rodriguez-Frias, F., Zanella, A., Bandera, A., Protti, A.,
Aghemo, A., Lleo, A., Biondi, A., Caballero-Garralda, A., Gori, A.,
Tanck, A., Carreras Nolla, A., Latiano, A., Fracanzani, A.L., Pe-
schuck, A., Julia, A., Pesenti, A., Voza, A., Jimenez, D., Mateos, B.,
Nafria Jimenez, B., Quereda, C., Paccapelo, C., Gassner, C.,
Angelini, C., Cea, C., Solier, A., Pestana, D., Muniz-Diaz, E.,
Sandoval, E., Paraboschi, E.M., Navas, E., Garcia Sanchez, F.,
Ceriotti, F., Martinelli-Boneschi, F., Peyvandi, F., Blasi, F., Tellez,
L., Blanco-Grau, A., Hemmrich-Stanisak, G., Grasselli, G.,
Costantino, G., Cardamone, G., Foti, G., Aneli, S., Kurihara, H.,
ElAbd, H., My, I., Galvan-Femenia, I., Martin, J., Erdmann, J.,
Ferrusquia-Acosta, J., Garcia-Etxebarria, K., Izquierdo-Sanchez, L.,
Bettini, L.R., Sumoy, L., Terranova, L., Moreira, L., Santoro, L.,
Scudeller, L., Mesonero, F., Roade, L., Ruhlemann, M.C., Schaefer,
M., Carrabba, M., Riveiro-Barciela, M., Figuera Basso, M.E.,
Valsecchi, M.G., Hernandez-Tejero, M., Acosta-Herrera, M.,
D’Angio, M., Baldini, M., Cazzaniga, M., Schulzky, M., Cecconi,
M., Wittig, M., Ciccarelli, M., Rodriguez-Gandia, M., Bocciolone,
M., Miozzo, M., Montano, N., Braun, N., Sacchi, N., Martinez, N.,
Ozer, O., Palmieri, O., Faverio, P., Preatoni, P., Bonfanti, P.,
Omodei, P., Tentorio, P., Castro, P., Rodrigues, P.M., Blandino
Ortiz, A., de Cid, R., Ferrer, R., Gualtierotti, R., Nieto, R., Goerg, S.,
Badalamenti, S., Marsal, S., Matullo, G., Pelusi, S., Juzenas, S.,
Aliberti, S., Monzani, V., Moreno, V., Wesse, T., Lenz, T.L.,
Pumarola, T., Rimoldi, V., Bosari, S., Albrecht, W., Peter, W.,
Romero-Gomez, M., D’Amato, M., Duga, S., Banales, J.M., Hov,
J.R., Folseraas, T., Valenti, L., Franke, A., and Karlsen, T.H. (2020).
Genomewide association study of severe Covid-19 with respiratory
failure. N. Engl. J. Med. 383, 1522–1534.

293. Shelton, J.F., Shastri, A.J., Ye, C., Weldon, C.H., Filshtein-Somnez,
T., Coker, D., Symons, A., Esparza-Gordillo, J., Aslibekyan, S., and
Auton, A. (2020). Trans-ethnic analysis reveals genetic and non-
genetic associations with COVID-19 susceptibility and severity.
medRxiv 2020.2009.2004.20188318.
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