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Abstract

Introduction: Neurological complications among hospitalized COVID-19 patients may
be associated with elevated neurodegenerative biomarkers.

Methods: Among hospitalized COVID-19 patients without a history of dementia
(N = 251), we compared serum total tau (t-tau), phosphorylated tau-181 (p-tau181),
glial fibrillary acidic protein (GFAP), neurofilament light chain (NfL), ubiquitin carboxy-
terminal hydrolase L1 (UCHL1), and amyloid beta (AB40,42) between patients with or
without encephalopathy, in-hospital death versus survival, and discharge home versus
other dispositions. COVID-19 patient biomarker levels were also compared to non-
COVID cognitively normal, mild cognitive impairment (MCI), and Alzheimer’s disease
(AD) dementia controls (N = 161).

Results: Admission t-tau, p-taul81, GFAP, and NfL were significantly elevated in
patients with encephalopathy and in those who died in-hospital, while t-tau, GFAP, and
NfL were significantly lower in those discharged home. These markers correlated with
severity of COVID illness. NfL, GFAP, and UCHL1 were higher in COVID patients than
in non-COVID controls with MCl or AD.

Discussion: Neurodegenerative biomarkers were elevated to levels observed in AD
dementia and associated with encephalopathy and worse outcomes among hospital-
ized COVID-19 patients.
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1 | INTRODUCTION

Neurological complications, particularly encephalopathy, are common
among hospitalized COVID-19 patients,’ 3 and long-term cognitive
abnormalities persist in nearly 50% of hospital survivors.* However,
the mechanisms underpinning cognitive dysfunction in acute and post-
acute COVID-19 patients are not well understood. One possibility
is that protracted hypoxia and the hyperinflammatory state encoun-
tered in acute, severe COVID-19 may lead to neuronal and glial cell
injury, which could be measured in the blood using sensitive digital
enzyme-linked immunosorbent assay or single molecule array technol-
ogy (SIMOA).

In this study, we hypothesized that blood biomarkers of neu-
ronal and glial injury would be elevated in hospitalized COVID-19
patients with clinical evidence of new onset of cognitive dysfunc-
tion (specifically toxic-metabolic encephalopathy [TME]), and that
elevated neurodegenerative biomarkers would be associated with a
higher risk of in-hospital death and reduced rates of discharge home.
We further aimed to compare neurodegenerative biomarker levels
in hospitalized COVID patients to non-COVID controls with varying
degrees of cognitive impairment (normal, mild cognitive impairment
[MCI], or Alzheimer’s disease [AD]) to gauge their degree of brain
injury.

We chose to assess neurofilament light chain (NfL), a cytoskele-
tal intermediate filament protein integral to axons in the central and
peripheral nervous system, which has been noted to be elevated in
patients with COVID-19,>~10 as well as glial fibrillary acidic protein
(GFAP), which is a specific indicator of glial/astrocyte injury, and ubiqui-
tin carboxy-terminal hydrolase L1 (UCHL1) and total tau (t-tau), which
are a neuron-specific proteins. Plasma t-tau, NfL, and GFAP have also
been reported to be elevated in AD.22-13 Additionally, we evaluated
phosphorylated tau-181 (p-tau181), and amyloid beta (AB)40 and 42,
which are more specific biomarkers for AD-type pathology.tt14-16
Notably, UCHL1,17:18 GFAP,Y? tau,’? and NfL2°2! are also elevated
after blood-brain barrier (BBB) disruption, which has been docu-
mented in neuropathological studies of COVID-19 decedents?? as well
asin AD.

2 | METHODS

2.1 | Study design and patient cohort

We conducted a retrospective analysis of COVID-19 patients who
were prospectively enrolled in the Study of Neurologic and Psychi-
atric Events in Acute COVID-19 (SNaP Acute COVID) study,® and had
serum biospecimens collected and banked during their index hospi-
talization for COVID-19. Briefly, SNaP Acute COVID is a prospective
study of consecutive COVID-19 patients hospitalized at four New York
City-area hospitals within the same hospital system between March
10, 2020, and May 20, 2020. Patients were prospectively evaluated
by a team of neurologists for development of new neurological disor-
ders during acute COVID-19 hospitalization. A total of 4491 patients

HIGHLIGHTS

* Neurodegenerative biomarkers were elevated in hospital-
ized COVID-19 patients.

* Biomarker levels increased with older age and severity of
COVID illness.

* Biomarkers were higher in those with encephalopathy and
in-hospital death.

* Lower biomarker levels predicted discharge home (vs.
other dispositions).

* Neurofilament light chain, glial fibrillary acidic protein, and
ubiquitin carboxy-terminal hydrolase L1 levels were as

high as levels in non-COVID Alzheimer’s disease controls.

RESEARCH IN CONTEXT

1. Systematic review: Literature published on PubMed and
preprint servers was reviewed. Cognitive effects of SARS-
CoV-2 have emerged as an area of active research, yet the
underpinning mechanisms are not well understood. While
some COVID-19 case series have described elevated neu-
rodegenerative biomarkers, we did not identify any stud-
ies that explored a full range of neuronal, glial, axonal, and
amyloid beta markers in relation to in-hospital neurolog-
ical complications or outcomes, nor did we identify any
studies that compared levels to those in non-COVID mild
cognitive impairment or Alzheimer’s disease patients.

2. Interpretation: Our findings suggest that significant neu-
rodegenerative injury may be occurring in hospitalized
COVID-19 patients, as is associated with encephalopathy
and poor discharge disposition.

3. Future directions: Studies tracking trajectories of neu-
rodegenerative biomarkers over time, correlations with
neuroimaging evidence of neurodegenerative disease,
and the association of biomarker levels with long-term
cognitive outcomes may provide insights into underlying
mechanisms of cognitive dysfunction among COVID-19

survivors.

were included in SNaP Acute COVID (N = 606 with new neurological
events and N = 3885 without new neurological events).® All COVID-
19 patients capable of consent were approached for blood banking
at admission. For our current study, inclusion criteria were hospital
admission, reverse-transcriptase polymerase-chain-reaction (RT-PCR)
positive SARS-CoV-2 infection from nasopharyngeal sampling, and
consent to store blood biospecimens in the New York University (NYU)
Center for Biospecimen Research and Development biorepository

for use in experimental analyses. Exclusion criteria were negative or
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missing SARS-CoV-2 RT-PCR test, evaluation in an outpatient or emer-
gency department setting only, history of dementia or cognitive impair-
ment (including but not limited to: pre-existing diagnoses of MCI, AD,
vascular dementia, Lewy body/Parkinson’s-related dementia, progres-
sive supranuclear palsy, multiple system atrophy, corticobasal degen-
eration, frontotemporal dementia, normal pressure hydrocephalus or
Creutzfeld-Jakob disease), and inadequate biospecimens available for
analyses.

Control populations of non-COVID-19 subjects with blood samples
banked prior to January 1, 2020 (prior to the first reported cases of
SARS-CoV-2 infection in New York City) were selected from the NYU
Alzheimer’s Disease Research Center (ADRC) Clinical Core cohort.
Three control populations were included: cognitively normal (defined
by normal Uniform Data Set version 3 [UDS-3] psychometric testing
and Clinical Dementia Rating [CDR] score of 0), MClI (defined by abnor-
mal UDS-3 psychometric testing and CDR = 0.5) and dementia due to
AD (defined as abnormal UDS-3 psychometric testing, CDR > 1, and
clinical phenotype/biomarker suggestive of primary AD and not other

dementia subtypes).23-24

2.2 | Blood banking process

After obtaining consent, leftover blood samples drawn on hospital
day O during index COVID-19 hospitalization were banked for future
research. Serum samples were collected from COVID-19 patients in
gold- or red-top tubes and kept at room temperature for 30 to 45 min-
utes after blood draw to assess for clot formation prior to centrifuga-
tion at 4°C 2000 X g for 10 minutes.

Non-COVID control plasma biospecimens were collected at the
NYU ADRC in ethylene diamine tetraacetic acid tubes and kept on wet
ice until centrifugation at 4°C 2000X g for 10 minutes. Both serum
and plasma samples were aliquoted 0.200 mL into 1 mL polypropy-
lene tubes and stored in -80°C freezers equipped with 24-hour alarm
systems for detecting temperature excursions. Because only plasma
control specimens were available, we evaluated only NfL, GFAP, and
UCHLA1 levels for comparison to the COVID-19 samples. These three
biomarkers been shown to have equivalent levels in serum and plasma
samples, whereas significant differences have been identified in t-tau

and Ag levels between serum and plasma.2>2¢

2.3 | Neurodegenerative biomarker analyses

Serum and plasma biomarker assays were conducted by the Biomarker
Core of the NYU ADR Center using the SIMOA SR-X Analyzer (Quan-
terix Corporation). T-tau, NfL, GFAP, and UCHL1 were measured using
the Simoa Neurology 4-plex A kit. The Simoa pTau-181 Advantage Kit
was used to measure p-tau181. AB40 and AB42 were measured using
the Simoa Neurology 3-plex A kit. Following the manufacturer’s rec-
ommendation for handling and analyzing serum samples, each Simoa
kit’s runincluded: an 8-point calibration curve for each marker and two

internal controls.
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To avoid batching effects, experiments were predesigned including
a similar number of individuals from all study groups once sufficient
samples were collected. Investigators running the experiments were
blinded to study group assignments. The samples were thawed once,
in ice, before each run, and centrifuged 5 minutes at 10,000 g before
being manually diluted 1:4 in the 96-well plates with the appropriate
buffer included in Simoa kits. Each sample was run in duplicate and the
average value of both runs was used for analyses.

2.4 | Other laboratory data

Blood inflammatory markers collected as part of clinical care during the
hospital encounter were abstracted from the medical record including
interleukin-6 (IL-6), C-reactive protein (CRP), D-dimer, and ferritin lev-

els. The values obtained at hospital day O were used for analyses.

25 |
scales

Neurological diagnoses and severity of illness

Neurological diagnoses made during hospitalization (including TME,
hypoxic-ischemic encephalopathy, stroke [ischemic or hemorrhagic],
seizure, neuropathy, myopathy, movement disorder, encephali-
tis/meningitis, myelopathy, myelitis) followed established criteria and
were coded for COVID-19 patients found to have a new neurological
complication (excluding recrudescence or worsening of old neurolog-
ical deficits) as diagnosed by in-hospital neurology teams. TME was
coded for patients with new changes in mental status in the absence
of focal neurological deficits (except in cases of hypo/hyperglycemia),
clinical or electrographic seizures, or primary structural brain disease.
For patients who had received sedating medications, an adequate
washout (4-5 half-lives) was required for mental status assessment
prior to diagnosis with TME. Etiologies of TME included: septic
encephalopathy, uremia, hypoxia, hypercapnia, liver failure, electrolyte
disturbances, hyper/hypothermia, thyroid dysfunction, nutritional
deficiencies, environmental exposures, and acid/base abnormalities,
among others.! Hypoxic-ischemic encephalopathy (HIE), a subcat-
egory of TME, was defined as a global cerebral insult due to oxygen
deprivation to the brain or lack of perfusion to the brain caused by sys-
temic hypoxemia, hypotension, or cardiac arrest.?” HIE was diagnosed
among patients with new neurologic deficits and/or characteristic
radiographic findings on head computed tomography or magnetic
resonance imaging (MRI) scans. Patients with altered mental status
due to another acute neurological diagnosis that could account for the
observed exam findings (e.g., stroke, seizure, traumatic brain injury)28
or abnormal mental status due to sedative medications were excluded
from the TME diagnostic category. Subsidiary review of all neurological
diagnoses was performed by relevant neurological subspecialists on
the study team (e.g., stroke, neurocritical care, epilepsy subspecialists).
Patients could be coded for more than one neurological complication.
Demographic data, past medical history, clinical course, and hospi-

tal outcomes (mortality rates, discharge disposition, ventilator days,
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and hospital length of stay) were collected. Severity of illness dur-
ing hospitalization was assessed using the worst recorded Sequen-
tial Organ Failure Assessment (SOFA) score. Past neurological history
included: history of ischemic or hemorrhagic stroke, hydrocephalus,
brain tumor, headache, seizure, traumatic brain injury, neuropathy,

myasthenia gravis, multiple sclerosis, or movement disorder.

2.6 | Study outcomes

The primary outcomes were serum levels of t-tau, p-tau181, NfL,
GFAP, UCHL1, AB40, AB42, the ratio of AB42/AB40, and the ratio of
p-taul81/AB42 compared between hospitalized COVID-19 patients
who (1) developed TME versus those who did not, (2) died in-hospital
or were discharged to hospice versus those who survived to dis-
charge, and (3) were discharged home versus other discharge dispo-
sitions (in-hospital death/hospice, discharge to a nursing home, long-
term acute care facility, acute or subacute rehabilitation facility). Sec-
ondary outcomes included the comparison of serum biomarker levels
among COVID-19 patients to plasma biomarker levels of NfL, GFAP,
and UCHL1 in non-COVID controls with normal cognition, MCI, or AD.

2.7 | Standard protocol approvals and patient
consents

This study was approved by the NYU Grossman School of Medicine
Institutional Review Board. All patients or their surrogates provided
consent for participation in blood banking.

2.8 | Statistical analyses

Based on the number of subjects in our sample for whom we were
able to measure the biomarkers, we had approximately 80% power to
detect (with a two-sided, 0.05 level t test) the following effect sizes
(noted in Cohen d values, which reflect the difference between the two
groups measured in standard deviations) for the biomarkers between
those with TME compared to those without TME: d = 0.39 for NfL,
UCHL1, GFAP (with 75 with TME and 176 without TME), d = 0.39 for
total tau (73 with TME and 168 without TME), d = 0.50 for A340 (47
with TME and 99 without TME), and d = 0.55 for AB42 (39 with TME
and 81 without). The actual effect sizes in our data were comparable to
these for NfL and UCHL1, but were lower for the other markers, indi-
cating that we had lower power to detect differences in t-tau, p-tau181,
AB40, and AB42.

Neurodegenerative and inflammatory laboratory values were
reported as median and interquartile ranges (IQR). Specialized
nonparametric U-statistics were used to compare biomarker lev-
els between patients with and without TME, death, or discharge
home. This statistic calculates pairwise rankings for comparable pairs,
and accounts for the time needed to have the opportunity to be diag-

nosed with a specific outcome prior to the occurrence of a competing

event. This statistic reduces to the Mann Whitney U-statistic when
there is no adjustment for relative timing of diagnosis and length
of hospital stay. We used the simple bootstrap (500 repetitions) to
calculate the variances of the U-statistics. Biomarker levels were
compared between COVID-19 patients, and non-COVID cognitively
normal, MCI and AD patients using univariate Mann-Whitney U
non-parametric tests. We then fit multiple linear regression models
to predict neurodegenerative biomarker levels in COVID patients
versus COVID negative control groups (cognitively normal, MCI, AD)
adjusting for age (tertiles) and sex. Linearity was assessed by partial
regression plots and plots of studentized residuals against predicted
values. Independence of residuals was confirmed by Durbin-Watson
statistics (~2 considered acceptable) and homoscedasticity was eval-
uated by visual inspection of plots of studentized residuals versus
unstandardized predicted values. Absence of multicollinearity was
confirmed by tolerance values > 0.1. For all models, studentized
deleted residuals were confirmed to be < 3 standard deviations, lever-
age values were < 0.2, and Cook distances were < 1. The assumption
of normality was required for all models as assessed by Q-Q plots.
When necessary, non-normally distributed dependent variables were
transformed (e.g., log10 transformation).

Correlations between biomarker levels and demographics, severity
of illness measures, and inflammatory laboratory values were assessed
using two-tailed Spearman’s rank correlation coefficients.

Using cause-specific multivariable Cox proportional hazard regres-
sion models, we fit the event times of (1) diagnosis of TME (2) in-
hospital death/hospice discharge, and (3) discharge to home. For the
outcome of TME, in-hospital death or hospital discharge (home, skilled
nursing facility, acute or subacute rehab, or long-term acute care hos-
pital [LTACH]) were treated as censoring events; for the outcome of
in-hospital death, any discharge disposition other than death or dis-
charge to hospice was treated as a censoring event; and for the out-
come of discharge home, we treated death or discharge to hospice,
a skilled nursing facility, acute or subacute rehab or LTACH as cen-
soring events. No patients remained under observation in the hospi-
tal at the end of follow-up for this study. All models were adjusted for
confounders, including age, sex, race, history of neurological disease,
admission SOFA score, and admission oxygen saturation. Covariates
were selected based on known predictors of in-hospital death, poor
discharge disposition, biological plausibility, and bivariate associations
within our own data.>34 Analyses were conducted using IBM SPSS
Statistics for Mac V25 (IBM Corp.) and R studio V1.1.456.

3 | RESULTS

A total of 302 patients from the SNaP Acute COVID cohort had banked
serum specimens available for analysis. After excluding 51 patients
with a history of dementia or cognitive impairment, 251 COVID-19
patients were included in the analysis (Figure 1). Due to limited sample
availability, the number of patients tested for each biomarker varied:
NfL, GFAP, and UCHL1 were assayed in N = 246, t-tau in N = 241, p-
tau181in N = 157, AB40 in N = 146, and AB42 in N = 120. A total of
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COVID patients No cognitive impairment MCI Alzheimer’s disease
N 251 54 54 53
Age, (median, IQR) 71(60-83) 71(65-76) 77 (70-86) 82 (72-88)
Male sex, (N, %) 158 (63%) 19 (35%) 11(20%) 21 (40%)
Median age of males, (IQR) 66(58-81) 72(63-78) 69 (60-74) 84(73-89)
Median age of females, (IQR) 77 (66-87) 70(66-76) 79 (74-86) 82(70-88)
Sample type Serum Plasma Plasma Plasma

Abbreviations: IQR, interquartile range; MCI, mild cognitive impairment.

Hospitalized COVID-19
from SNaP Acute COVID cohort
with Biospecimens

N=302
Excluded: N=51
History of d ia or
cognitive impairment
Included:
/ i \
Tau pTau-181 NFL GFAP UCHL1 AB-40 AB-42
N=241 N=157 N=246 N=246 N=246 N=146 N=120

FIGURE 1 Flowchart of patient inclusion. AB, amyloid beta;
GFARP, glial fibrillary acidic protein; NfL, neurofilament light chain;
pTau, phosphorylated tau; SNaP Acute COVID, Study of Neurologic
and Psychiatric Events in Acute COVID-19; UCHL1, ubiquitin
carboxyl-terminal hydrolase isozyme L1

161 controls underwent neurodegenerative biomarker testing (N = 54
cognitively normal, N = 54 MCI,N = 53 AD).

The median age of COVID-19 patients was 71 years (IQR 60-83)
and 63% were male, compared to 71 years (IQR 65-76) and 35%
male among non-COVID cognitively normal controls (P = .997 for age;
P = .001 for sex), 77 years (range 70-86) and 20% male among non-
COVID MCI controls (P =.002 for age; P < .001 for sex), and 82 years
(range 72-88) and 40% male among non-COVID AD patients (P <.001
for age; P =.002 for sex; Table 1).

Among COVID-19 patients, 31% required mechanical ventilation,
25% died in-hospital, and 53% were discharged home (Table 2). New
neurological events during hospitalization occurred in 120/251 (48%)
of patients with the most common diagnoses being TME in 75/120
(63%) and hypoxic/ischemic brain injury in 55/120 (46%). Among
patients diagnosed with TME during their hospital stay, the median
time from admission to diagnosis of TME was O days (IQR 0-3 days), the
median time to death among those who died in-hospital was 11 days
(IQR 6-22 days), and the median hospital length of stay was 10 days
(IQR 5-20 days).

Elevations in neurodegenerative biomarkers in COVID-19 patients
were correlated with older age, and increased severity of illness
(requirement of mechanical ventilation, worse SOFA scores, lower O,

saturations, lower mean arterial blood pressures; Table 3). Levels of

t-tau, p-taul81, and NfL correlated most strongly with severity of
COVIDillness (green color on heat map indicates increasing Spearman
rho correlation coefficients). Significant correlations were also iden-
tified between p-tau181, NfL, GFAP, and elevated admission D-dimer
levels, though correlations were not observed with other inflammatory
markers sampled at admission (IL-6, CRP, or ferritin; Table 3).

Compared to COVID-19 patients without any new neurological
events, those with new neurological events during hospitalization had
elevations in t-tau (median 0.56 [95% confidence interval (Cl) 0.45-
0.79] vs. 0.34 pg/mL [95% CI 0.26-0.45], P = .009), p-tau181 (median
1.58[95% CI 1.08-2.03] vs. 1.11[95% Cl 0.86-1.43] pg/mL, P =.042),
NfL (median 100.7 [95% Cl 73.7-136.3] vs. 61.8 [95% Cl| 47.9-73.2]
pg/mL, P = .006), and UCHL1 (median 47.9 [95% Cl 43.2-64.7] vs.
36.8 [95% Cl 29.9-43.9] pg/mL, P = .002) levels. Neurodegenerative
biomarker levels for t-tau, p-tau181, GFAP, and NfL were even higher
among COVID-19 patients with TME compared to those without TME
(Figure 2). Similarly, patients who died in-hospital had significant ele-
vations in these biomarkers compared to those who survived, and
patients who were discharged home had significantly lower levels than
patients with other discharge dispositions. AB40 and AB42 did not
have clear associations with TME, in-hospital death, or discharge home,
though the ratio of p-tau181/AB42 was significantly associated with
TME and in-hospital death, and AB42/40 was associated with discharge
home.

In multivariable Cox regression analysis adjusting for age, sex, race,
history of neurological disease, admission SOFA score, and admission
oxygen saturation, TME was significantly associated with increased
admission p-tau181 (hazard ratio [HR] per 10 pg/mL increase 1.86,
95% Cl 1.18-2.94, P = .007) and UCHL1 (HR 1.01, 95% CI 1.00-1.02,
P = .037). In-hospital death was associated with elevated GFAP (HR
1.004, 95% CI 1.00-1.01), P = .027) and elevated p-tau181/AB42 (HR
1.05,95% Cl 1.01-1.08, P =.045). Higher levels of t-tau (HR 0.02, 95%
0.001-0.37, P =.008), NFL (HR 0.94, 95% CI 0.91-0.97, P < .001), and
GFAP (HR 0.99, 95% CI 0.99-1.000, P = .012) were associated with
lower rates of discharge home, while higher serum levels of AB40 (HR
1.03,95% CI 1.00-1.05, P =.028) were associated with increased rates
of discharge home (Table 4).

Compared to non-COVID controls, after adjusting for age and sex in
multivariable linear regression models, COVID-19 patients had signifi-
cantly higher NfL and GFAP levels than non-COVID AD, MClI, and nor-
mal controls, while UCHL1 levels were significantly higher in COVID
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TABLE 2 Characteristics of hospitalized COVID-19 patients (N = 251)

Characteristic

Hospital course

Intensive care unit vs. non-1CU unit no./total no. (%)
Intubation no./total no. (%)

Worst SOFA score median (IQR)

Lowest oxygen saturation (%), median (IQR)
Lowest mean arterial pressure (mmHg), median (IQR)
Acute renal failure no./total no. (%)

New neurological events during hospitalization
Any new neurological event

Toxic metabolic encephalopathy no./total no. (%)
Hypoxic/ischemic brain injury no./total no. (%)
Stroke (any type) no./total no. (%)

Ischemic/TIA

Intracerebral/intraventricular hemorrhage
Spontaneous subarachnoid hemorrhage

Seizure (clinical or electrographic) no./total no. (%)
Movement disorder no./total no. (%)
Neuropathy no./total no. (%)

Myopathy no./total no. (%)

Guillain-Barre syndrome no./total no. (%)
Encephalitis/meningiti- no./total no. (%)
Myelopathy/myelitis no./total no. (%)

Admission neurodegenerative biomarkers
Serum tau, pg/mL (N = 241), median (IQR)
Serum p-tau181, pg/mL (N = 157), median (IQR)
Serum NfL, pg/mL (N = 246), median (IQR)
Serum GFAP, pg/mL (N = 246), median (IQR)
Serum UCHL1, pg/mL (N = 246), median (IQR)
Serum AB40, pg/mL (N = 146) median (IQR)
Serum AB 42, pg/mL (N = 120) median (IQR)
AB40/AB40, (N = 110) median (IQR)
p-taul81/AB 42, (N = 83) median (IQR)
Inflammatory biomarkers

Highest serum IL-6, pg/mL, median (IQR)
Highest serum C-reactive protein, mg/L, median (IQR)
Highest serum D-dimer, ng/mL, median (IQR)
Highest serum Ferritin, ng/mL, median (IQR)
Hospital outcomes

Died in-hospital no./total no. (%)

Home no./total no. (%)

Acute rehabilitation facility no./total no. (%)
Nursing home no./total no. (%)

Length of stay median (IQR)

Ventilator days median (IQR)

FRONTERAET AL.

N (%) or Median (IQR)

78/251(31%)
78/251(31%)
4(3-7)

85% (76-90%)
64(52-72)
34/251(14%)

120/251 (48%)
75/251(30%)
55/251(22%)
16/251 (6%)
13/251 (5%)
2/251(1%)
1/251(0.4%)
10/251 (4%)
3/251(1%)
9/251 (4%)
6/251 (2%)

0

0

0

0.45(0.19-0.99)
1.3(0.60-2.54)
73.2(30.2-180.5)
443.5(191.9-813.9)
43.0(24.9-77.3)
13.8(3.5-60.8)
2.8(1.0-6.4)
0.12(0.08-0.25)
0.46(0.25-1.18)

24(7-82)

8464 (5352-9758)
855 (594-979)
922 (650-1631)

64/251(25%)
124/234 (53%)
6/235 (2%)
40/235 (16%)
9.7 (5.4-20.0)
11.6 (4.4-18.6)

Abbreviations: AB, amyloid beta; ICU, intensive care unit; IL-6, interleukin-6; IQR, interquartile range; GFAP, glial fibrillary acidic protein; NfL, neurofila-
ment light chain; p-tau, phosphorylated tau; SOFA, Sequential Organ Failure Assessment; TIA, transient ischemic attack; UCHL1, ubiquitin carboxyl-terminal

hydrolase isozyme L1.
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TABLE 3 Heat map of Spearman’s correlation coefficients (95% confidence intervals) among neurodegenerative biomarkers and
demographics, severity of illness, and inflammatory markers among hospitalized COVID-19 patients

Demographics

Age

Male sex

Race (White vs. other) 0.149

(0.02-0.27)
Severity of COVID-19 illness

0.147
(-0.01-0.30)

Intubation

Worse SOFA score

Lowest O, saturation

Lowest mean arterial
blood pressure

Hypoxic ischemic brain
injury
Ventilator days
LOS 0.135
(0.01-0.26)

Inflammatory Markers

Admission IL-6

Admission CRP

Admission ferritin

Admission D-dimer

patients compared to MCl and normal subjects, and were similar to lev-
els observed in AD subjects (Figure 3, Table S1 in supporting informa-

tion).

4 | DISCUSSION

In this study, we identified significant elevations in blood biomark-
ers of neuronal and glial degeneration among hospitalized COVID-
19 patients with clinical signs of neurological injury, specifically TME.
Indeed, higher admission levels of neuronal degeneration markers p-
tau181 and UCHL1 were significantly associated with TME, even after
adjusting for age, sex, race, prior neurological disease, and severity

0.14
(-0.04-0.31)

0.124
(0.00-0.25)

0.129
(0.00-0.25)

0.104
(-0.08-0.28)

0.108
(-0.02-0.23)

0.13
(-0.03-0.29)

0.117
(-0.01-0.24)

0.126
(0.00-0.25)

0.133
(0.01-0.25)

0.125
(0.00-0.25)

0.099
(-0.03-0.22)

0.101
(-0.02-0.22)

0.144
(-0.02-0.30)

-0.096
(-0.25-0.07)

0.113
(-0.05-0.27)

0.139
(0.01-0.26)

Notes: Green color signifies stronger correlation and red signifies weaker. Bold indicates P < .05.

Abbreviations: A3, amyloid beta; CRP, C-reactive protein; GFAP, glial fibrillary acidic protein; IL-6, interleukin-6; LOS, length of stay; Max, maximum recorded
during hospitalization; NfL, neurofilament light chain; O,, oxygen; p-tau, phosphorylated tau; SOFA, Sequential Organ Failure Assessment; UCHL1, ubiquitin
carboxyl-terminal hydrolase isozyme L1.

of COVID-19 illness. Similarly, in multivariable analyses, elevations in
total tau, NfL, and GFAP, in particular, were associated with reduced
likelihood of discharge home. Furthermore, we found that levels of
NfL, GFAP, and UCHL1 were as high as, or significantly higher than,
those observed in non-COVID patients with AD, indicating a profound
neurological insult in these patients. Strengths of this study include
the prospective ascertainment of new acute neurological disorders
among COVID-19 patients, inclusion of a variety of both neural and
glial degenerative markers and AD-specific p-taul81, use of blood
rather than cerebrospinal fluid (CSF) biomarkers (which makes this
study feasible across a larger number of patients), and comparison to
well-characterized COVID-negative control groups with discrete lev-
els of cognitive impairment.
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FIGURE 2 Serum neurodegenerative biomarkers in hospitalized COVID-19 patients (N = 251) with and without toxic metabolic
encephalopathy (TME), in-hospital death versus survival, and discharge home versus other discharge dispositions. GFAP, glial fibrillary acidic
protein; NfL, neurofilament light chain; pTau, phosphorylated tau; UCHL1, ubiquitin carboxyl-terminal hydrolase isozyme L1
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FIGURE 3 Plasma neurodegenerative biomarkers in controls (N = 161 no cognitive impairment, mild cognitive impairment, and AD dementia
patients) and serum biomarker levels in hospitalized COVID patients (N = 251). NfL, GFAP, and UCHL1 levels were significantly higher in COVID
patients compared to no cognitive impairment, and MCI patients; and NfL and GFAP were additionally significantly higher than AD patients, after
adjusting for age and sex differences between groups. Abeta, amyloid beta; AD, Alzheimer’s disease; GFAP, glial fibrillary acidic protein; MCI, mild
cognitive impairment; NfL, neurofilament light chain; pTau, phosphorylated tau; UCHL1, ubiquitin carboxyl-terminal hydrolase isozyme L1
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TABLE 4 Multivariable Cox proportional hazard ratios among COVID-19 patients for each measured biomarker and the outcomes of
Neurological events, toxic metabolic encephalopathy (TME), in-hospital death, and discharge home

N (%) and hazard ratio of N (%) and hazard N (%) and hazard
any new neuro ratio of TMEper 10 ratio of deathper 10 N (%) and hazard ratio of
complicationper 10 pg/mL change in pg/mL change in discharge home per 10
pg/mL change in biomarker HR biomarker HR (95% pg/mL change in

Biomarker biomarker HR (95% OR) P (95% OR) P OR) P biomarker HR (95% OR) P

Tau 115/241 (48%) 73/241(30%) 62/241(26%) 116/222 (52%)

(N=241) 0.98(0.91-1.06) 0.96(0.81-1.14) 1.02(0.99-1.04) 0.02(0.001-0.37)
P=.631 P=.671 P=.166 P=.008

p-tau181 74/157 (47%) 49/157 (31%) 46/157 (29%) 69/146 (47%)

(N=157) 1.63(0.99-2.67) 1.86(1.18-2.94) 1.02 (0.50-2.08) 0.49(0.22-1.09)
P=.056 P=.007 P=.953 P=.080

NfL 117/246 (48%) 73/246 (30%) 62/246 (25%) 121/227 (53%)

(N =246) 1.002 (1.000-1.01) 1.004 (1.000-1.01) 1.001(0.99-1.01) 0.94(0.91-0.97)
P=.418 P=.067 P=.789 P<.001

GFAP 118/246 (48%) 73/246 (30%) 61/246 (25%) 121/227 (53%)

(N =246) 1.003 (1.000-1.01) 1.001 (1.000-1.01) 1.004 (1.000-1.01) 0.99 (0.99-1.00)
P=.061 P=.755 P=.027 P=.012

UCHL1 117/246 (48%) 73/246 (30%) 62/246 (25%) 121/227 (53%)

(N =246) 1.01(1.00-1.02) 1.01(1.00-1.02) 1.01(1.00-1.02) 0.98(0.96-1.01)
P=.118 P=.037 P=.140 P=.159

AB40 69/146 (47%) 47/146 (32%) 37/146 (25%) 62/134 (46%)

(N = 146) 1.001 (0.96-1.03) 0.97(0.91-1.02) 0.97 (0.90-1.05) 1.03(1.00-1.05)
P=.811 P=.242 P=.873 P=.028

Ap42 53/120 (44%) 39/120 (33%) 32/120(27%) 51/109 (47%)

(N=120) 0.83(0.52-1.32) 0.69(0.38-1.27) 1.03(0.71-1.49) 0.95(0.73-1.24)
P=.423 P=.236 P=.984 P=.736

AB42/AB40 49/110 (45%) 35/110 (32%) 31/110 (28%) 42/99 (42%)

(N=110) 0.43(0.18-1.57) 0.20(0.02-1.87) 0.90(0.29-2.78) 0.75(0.42-1.33)
P=.200 P=.157 P=.860 P=.482

p-tau181/AB842" 32/83(39%) 26/83(31%) 22/83(27%) 36/76 (47%)

(N=83) 1.12(0.95-1.32) 1.03(0.99-1.056) 1.05(1.01-1.08) 0.87(0.71-1.05)
P=.171 P=.086 P=.045 P=.144

Notes: Adjusted for age, sex, race, past neurological disease, admission oxygen saturation, admission SOFA score.

*For AB42/AB40 and Ptau181/ApB42 hazard ratios represent a 1 unit change in ratio.

Abbreviations: AB, amyloid beta; GFAP, glial fibrillary acidic protein; HR, hazard ratio; NfL, neurofilament light chain; OR, odds ratio; p-tau, phosphorylated
tau; SOFA, Sequential Organ Failure Assessment; UCHL1, ubiquitin carboxyl-terminal hydrolase isozyme L1.

We found significant correlations between neurodegenerative
biomarkers and the inflammatory marker D-dimer, which may provide
some insight into mechanisms of acute brain injury after SARS-CoV-
2 infection. Hypoxia and hyperinflammation, both hallmarks of acute
CQOVID-19, have been linked to the development of AD-type pathol-
ogy innon-COVID populations via upregulation of enzymes in the amy-
loidogenic pathway and downregulation of proteins that break down
AB.2? Hypoxia-induced tau phosphorylation with corresponding mem-
ory deficits has been documented in animal models exposed to hypoxia
for 6 hours/day for 1 to 8 weeks®° and elevations of inflammatory
cytokines such as IL-6 and IL-1 correlate with cognitive dysfunction
and the promotion of amyloid plaque and neurofibrillary tangle pathol-
ogy in animal models.®! We have previously found that COVID-19-
related TME is significantly associated with elevations in inflamma-
tory markers, including 1L-6, D-dimer, CRP, and ferritin.® IL-6, in par-
ticular, is known to promote endothelial dysfunction and vascular per-
meability and may play a role in BBB dysfunction after SARS-CoV-2

infection.32 Neuropathological data among COVID-19 decedents have
revealed evidence of hypoxic injury as well as endothelial inflamma-
tion, and BBB disruption?233-3¢ that may be mediated, in part, by
a COVID-related hyperinflammatory state. BBB disruption has also
been implicated in AD-type pathology among non-COVID patients.3”
Finally, another important association between COVID-19 and AD is
the linkage to the apolipoprotein E ¢4 genotype, which is both a marker

for increased COVID-19 severity,8:3?

and the most impactful genetic
risk factor for late-onset AD.“° We did not, however, identify corre-
lates with blood AB40 or AB42 levels, which may reflect the fact that
we were underpowered to detect differences in amyloid biomarkers,
or be related to the use of serum (rather than plasma) for these mea-
surements, which is known to increase variability.?

Elevations in blood and CSF NfL, GFAP, and t-tau among COVID-
19 patients have been described by others, and in some cases, com-
pared to normal control groups.>~7-?1041-45 However, none of these

studies explicitly excluded COVID-19 patients with a baseline history
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of dementia or cognitive decline, which likely would confound results.
Additionally, NfL is not specific to the central nervous system (CNS) and
can be elevated in the context of peripheral neuropathy,*¢=48 includ-
ing COVID-related critical illness neuropathy/myopathy® and Guillain-
Barre Syndrome.*® Similarly, elevated GFAP has been reported in
COVID-19 patients with critical iliness neuropathy/myopathy and lev-
els correlate with nerve amplitudes.® More AD-specific biomarkers,
such as p-taul81 have not previously been explored in COVID-19
patients. In neuropathological studies of plasma p-tau181 and NfL,
both biomarkers accurately distinguish pathology-confirmed AD from
healthy controls, but only p-tau181 distinguished AD from non-AD
dementia cases and showed specificity for neuritic plaque pathol-
ogy and Braak stage.’>*? Similarly, p-tau181 levels escalate progres-
sively with worsening CDR scores and correlate with multiple cogni-
tive domains, while NfL, t-tau, and AB levels do not perform as well. 1650
In non-COVID patients, increases in CSF and plasma biomarkers of
t-tau, p-tau, and NfL (comparing pre-operative to post-operative lev-
els) have been found to correlate with the incidence and severity
of delirium in patients undergoing surgery.’1->* Furthermore, eleva-
tions in NfL have been associated with worse cognitive and func-
tional outcomes in post-operative patients and patients with septic
encephalopathy.>*°> A large meta-analysis of non-COVID survivors of
critical illness has also identified associations of delirium with AB40,
IL-6, and IL-1R antagonist.”® Our study is unique in that we identified
elevations across a spectrum of CNS specific markers, including neu-
ronal (t-tau, UCHL1), and astrocytic/glial markers (GFAP), as well as
AD-related markers (p-tau181).

There are limitations to this study. First, though we excluded
patients with a history of dementia or cognitive decline, it is possible
that some COVID-19 patients may have had preclinical or undiagnosed
cognitive impairment. Second, biomarkers were only measured at one
time point and we do not have data on trajectories of these markers.
Some studies have identified persistent elevations in blood NfL levels
for 30 to 50 days in small COVID-19 cohorts,”*2 while GFAP levels may
initially spike and then decline after the acute phase of infection.*2 The
association of these biomarkers with formal cognitive testing after the
acute phase of COVID-19 has not been demonstrated and is an active
area of research needed to unravel the long-term cognitive implica-
tions of elevated neurodegenerative biomarkers. Third, we did not
have inflammatory marker data (e.g., IL-6, CRP, D-dimer, fibrinogen)
in control patients. Fourth, due to limited sample availability, fewer
specimens were available for p-tau181, AB40, or AB42 analysis, which
may have limited our ability to detect important differences among
these biomarkers. Last, we compared serum biomarkers in COVID-19
patients to plasma levels in non-COVID controls, because pre-COVID
banked serum specimens were not available in controls. Though NfL,

GFAP, and UCHL1 levels are equivalent in serum and plasma,?

we
were unable to compare t-tau, p-taul81, or AS levels to controls
due to differences in specimen type.2>2¢ Additionally, we did not
have cerebrospinal fluid specimens available for biomarker analysis,
which may have provided a more accurate assessment of the cerebral

milieu.

5 | CONCLUSIONS

Serum neuronal, glial, and axonal neurodegenerative biomarkers,
including t-tau, p-taul81, UCHL1, GFAP, and NfL were significantly
elevated in patients with encephalopathy and worse discharge dispo-
sition after hospitalization for COVID-19. These markers correlated
with the severity of COVID illness. Furthermore, levels of NfL, GFAP,
and UCHL1 in hospitalized COVID patients were similar to, or higher
than, levels observed in non-COVID AD dementia patients. Additional
studies tracking trajectories of these biomarkers over time and their
association with long-term cognitive outcomes among COVID-19 sur-
vivors are warranted.
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