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Introduction

Abstract

Objective: To assess the initial features and evolution of neurologic Postacute
Sequelae of SARS-CoV-2 infection (neuro-PASC) in patients with and without
prior neurologic disease. Methods: Participants with neurologic symptoms fol-
lowing acute SARS-CoV-2 infection were recruited from October 9, 2020 to
October 11, 2021. Clinical data included a SARS-CoV-2 infection history, neu-
rologic review of systems, neurologic exam, Montreal cognitive assessment
(MoCA), and symptom-based self-reported surveys at baseline (conducted after
acute infection) and 6-month follow-up assessments. Results: Fifty-six partici-
pants (69% female, mean age 50 years, 29% with prior neurologic disease such
as multiple sclerosis) were enrolled, of which 27 had completed the 6-month
follow-up visit in this ongoing study. SARS-CoV-2 infection severity was largely
described as mild (39.3%) or moderate (42.9%). At baseline, following acute
infection, the most common neurologic symptoms were fatigue (89.3%) and
headaches (80.4%). At the 6-month follow-up, memory impairment (68.8%)
and decreased concentration (61.5%) were the most prevalent, though on aver-
age all symptoms showed a reduction in reported severity score at the follow-
up. Complete symptom resolution was reported in 33.3% of participants by 6
months. From baseline to 6 months, average MoCA scores improved overall
though 26.3% of participants’ scores decreased. A syndrome consisting of tre-
mor, ataxia, and cognitive dysfunction (PASC-TAC) was observed in 7.1% of
patients. Interpretation: Early in the neuro-PASC syndrome, fatigue and head-
ache are the most commonly reported symptoms. At 6 months, memory
impairment and decreased concentration were most prominent. Only one-third
of participants had completed resolution of neuro-PASC at 6 months, although
persistent symptoms trended toward improvement at follow-up.

patients who experienced critically severe, moderate, or
mild COVID-19 infections."* In a study of both hospital-

The neurologic manifestations of the novel SARS-CoV-2
virus are not fully understood. Long-haul COVID, or
Postacute Sequelae of SARS-CoV-2 infection (PASC),
constitutes the continuation or emergence of persistent
SARS-CoV-2 (COVID-19)-related symptoms past the
time of acute infection with a wide range of symptoms in

ized and nonhospitalized patients, persistent symptoms 3
months after acute COVID-19 infection were found in
nearly all patients.” Most common persistent symptoms
were fatigue and dyspnea, and only 0.7% of patients
reported no symptoms at all.’ Recent studies report com-
mon acute and long-term neurologic sequelae of COVID-
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Longitudinal Evaluation of Neuro-PASC Symptoms

19 including fatigue, anxiety, sleep disturbance, myalgia,
and memory impairment.*” Although most studies report
sequelae of critically ill COVID-19 infection,®® few foci
on those with mild infection or the long-term evolution
of neurologic complications.”'® Additionally, there have
been case reports of ataxia syndrome, seizures,
encephalopathy, vasculitis, and acute inflammatory
demyelinating polyneuropathy following acute SARS-
CoV-2 infection.'"'? However, these syndromes were not
studied in the context of a larger cohort, and there is a
compelling need for longitudinal studies to determine
their long-term neurologic trajectory.

The associative risk factors for developing PASC have
not been well studied. While some research links PASC to
patients with severe disease,> most studies show that
PASC is more prevalent among patients with mild or
moderate COVID-19 infection.'*'> Additionally, limited
data exist on the risks of developing PASC and the spec-
trum of PASC symptoms among patients with preexisting
neurologic disorders. One study conducted a genetic
enrichment analysis in SARS-CoV-2-infected human lung
tissue and found its viral interactome, and not those of
other human coronaviruses or other respiratory viruses,
overlapped significantly with protein expression in
autoimmune disease.'® This occurred most prominently
in multiple sclerosis and suggests some patients may be
genetically predisposed to a COVID-19-triggered autoim-
mune response.'®

In a cross-disciplinary collaborative effort at the
University of California San Diego (UCSD), we estab-
lished the NeuCOVID longitudinal cohort study to cap-
ture the acute and long-term neurologic sequelae of
SARS-CoV-2 infection in those with and without prior
neurologic disease. Symptoms are being tracked with the
goal of a total 10-year follow-up period to better charac-
terize long-term consequences of infection and track the
potential incidence of neurologic disease secondary to
COVID-19 exposure. Herein, we present current baseline
and 6-month follow-up data from the ongoing cohort
and report specific neurologic phenotypes following
COVID-19 infection.

Methods

Study design

We designed a prospective, single-center cohort study at
UC San Diego (UCSD) Health System evaluating the
spectrum of neurologic symptoms following acute SARS-
CoV-2 infection. We defined acute symptoms as symp-
toms associated with active infection and postacute symp-
toms as symptoms presenting after recovery from acute
infection. Participants were assessed at an initial baseline
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time point (conducted after resolution of acute infection,
either PCR-confirmed infection or likely positive COVID-
19 infection confirmed by evaluation in Infectious Disease
clinic) and 6 months after the initial visit, with plans for
yearly follow-up thereafter. Visits were offered by teleme-
dicine or in-person to improve adherence to follow-up.

Participants

Participants were recruited consecutively from October 9,
2020 to October 11, 2021 from the outpatient neurology
clinic, direct referrals from other UCSD departments
(Infectious Diseases, Pulmonary and Neuropsychology
clinics), and several self-referrals from outside of the
UCSD system. Participants were divided into two cohorts.

Cohort 1 consisted of patients without preexisting neu-
rologic conditions prior to COVID-19 infection. Inclusion
criteria included a positive COVID-19 test or suspected
COVID-19 case who met rigorous clinical criteria with
documented development of neurologic symptoms/dis-
eases. Patients were excluded if they (1) did not have a
recorded positive COVID-19 test result or clinically likely
COVID-19 infection, (2) did not have documented devel-
opment of neurologic symptoms/diseases following
COVID-19 infection, or (3) did not provide informed
consent.

Cohort 2 consisted of patients with preexisting neuro-
logic conditions prior to COVID-19 infection. Inclusion
criteria included patients with a diagnosed neurologic dis-
ease/condition and a positive test result or suspected case
of COVID-19. Patients were excluded if they (1) did not
have recorded prior neurologic disease or (2) did not
provide informed consent.

Standard protocol approvals, registration,
and patient consents

This study was approved by the UCSD Institutional
Research Board Committee on Human Subjects Research
(IRB #200634). Written informed consent was obtained
from every participant.

Demographic data and clinical assessments

Participant demographics consisting of medical history
(including chronic conditions or autoimmune disease his-
tory), tobacco use, socioeconomic status, and education
were collected at visits. Demographics and study measure-
ments were recorded and stored through a shared RED-
Cap database.

Each measurement was completed at baseline and
follow-up time points. Trained team members and neu-
rologists completed COVID-19 assessments, neurologic
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review of systems, and neurologic exam, while partici-
pants completed additional questionnaires independently.

UCSD NeuCOVID assessment form

The COVID-19 assessment form collected detailed infor-
mation about participants’ COVID-19 diagnosis and dis-
ease course through interviews with clinically trained
personnel. Data included COVID-19 test results and
methodology (anterior nasal swab vs nasopharyngeal,
antigen vs PCR). This questionnaire included informa-
tion on specific symptoms, disease severity, hospitaliza-
tion, and information regarding recovery. Due to a lack
of published criteria early in the pandemic, COVID-19
infection severity was assessed by patient report, given
the options of asymptomatic, mild, moderate, or severe.
Patient  self-assessment was  cross-referenced  with
reported acute viral symptoms and duration of symp-
toms. Patients were explicitly queried about hospitaliza-
tion or treatments required during acute infection.
Following the availability of vaccines in December 2020,
we added a query on vaccination status: a repeating mea-
sure that assessed participants’s COVID-19 vaccination
status. Most infections were captured before the wide-
spread availability of COVID-19-specific treatments (i.e.,
monoclonal antibody treatments) and all were before the
spread of the Omicron variant.

Neurologic review of systems

Medically trained staff completed a detailed neurologic
review of systems with participants at baseline and
follow-up visits. Participants were screened for the pres-
ence of the following symptoms: encephalopathy, memory
difficulties, trouble concentrating, insomnia, mood disor-
der, fatigue, headaches, seizures, vision and hearing diffi-
culties, facial weakness, speech abnormality, swallowing
difficulty, difficulty chewing, limb weakness, muscle stift-
ness, numbness/tingling, difficulty walking, falls, poor
limb coordination, tremors, slowness of movement, and
imbalance, as well as the impact on quality of life of these
symptoms. If a symptom was present, participants indi-
cated symptom severity on a numeric rating scale (NRS)
of 1 (minimal) to 10 (severe). At the baseline visit, symp-
tom severity was trended per symptom at preinfection
baseline, most severe point during infection, and current
postacute infection at the time of visit. Baseline severity
indicated symptom severity prior to having COVID-19.
The most severe measure indicated symptom severity at its
worst since contracting COVID-19. The current measure
indicated symptom severity at the time of visit. For every
follow-up visit, the assessment only included the current
level of severity at the time of visit.

Longitudinal Evaluation of Neuro-PASC Symptoms

Neurologic exam

Trained team members performed a standard, complete
neurologic exam on participants including assessment of
cranial nerves, motor function, reflexes, sensation, coordi-
nation, and gait at each visit. If the visit was telemedicine,
extraocular movements, facial sensation, hearing, palate
evaluation, tongue protrusion, shoulder shrug, and lateral
head turns were assessed for cranial nerve function.
Motor function and gait were assessed by observing
patients’ ability to stand from a chair with crossed arms,
perform a single squat, antigravity limb movements,
single-leg hops, finger and foot-tapping movements, and
observation of casual gait and toe/heel walking. The train-
ing was provided to medical personnel on appropriate tel-
emedicine examination techniques to be compatible with
clinically delivered telemedicine exams during the pan-
demic. Coordination was assessed by directing patients to
perform finger-to-nose and repetitive finger and foot-
tapping maneuvers, and tandem gait. Reflex and sensory
examinations were deferred for telemedicine visits.

Cognitive assessments

Trained team members conducted a Montreal Cognitive
Assessment (MoCA) Version 7.1 at each visit. The MoCA
is an approximately 10-minute cognitive screening tool
that assesses executive functioning, abstraction, short-
term memory, language, orientation, and visuospatial
skills. The MoCA exam was adapted for telemedicine vis-
its by utilizing a copy of the MoCA (examiner), blank
scratch paper (participant), and conveying all visual and
drawing test components (trail-maker task, cube drawing,
clock drawing, and object naming) via camera. Patients
with abnormal scores (<26) were referred for formal clini-
cal neuropsychologic assessments. This exam included
measures of intellectual functioning (Test of Premorbid
Functioning, TOPF and Wechsler Abbreviated Scale of
Intelligence-2nd Edition, WASI-2), attention and working
memory (Digit Span subtest from the Wechsler Adult
Intelligence Scale-4th Edition, WAIS-IV and Paced Audi-
tory Serial Addition Test, PASAT), processing speed (Trail
Making Test — Part A, Symbol Digit Modality Test,
SDMT), executive functioning (Stroop Test, Trail Making
Test — Part B), language (Controlled Oral Word Associa-
tion Test, COWAT, Animal Fluency, and Boston Naming
Test, BNT), memory (California Verbal Learning Test-
2nd Edition, CVLT-II and Brief Visuospatial Memory
Test-Revised, BVMT-R), and olfaction (Brief Smell Iden-
tification Test). Participants also completed self-report
questionnaires assessing depression (Beck Depression
Inventory-2nd Edition, BDI), anxiety (Beck Anxiety
Inventory, BAI), posttraumatic stress disorder (PTSD
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Checklist for DSM-5), sleep disturbance (Pittsburgh Sleep
Quality Index, PSQI), and subjective cognitive dysfunc-
tion (Measurement of Everyday Cognition, ECog). Raw
scores for neuropsychological tests were converted to
demographically adjusted T scores using published nor-
mative data and corrected for age, education, ethnicity,
and gender (when available).

Self-reported questionnaires

Six self-reported scales were made available online
through REDCap for participants to complete indepen-
dently with curation by built-in features of REDCap and
study coordinators to ensure completion. These included
the Revised Impact of Event Scale (IES-R),"” the Promis-
29 Profile v2.1,'® Katz Index of Independence in Activities
of Daily Living (ADLs)," Lawton-Brody Instrumental
Activities of Daily Living Scale (IADLs),*® Modified Fati-
gue Impact Scale (MFIS),”" and the Epworth Sleepiness
Scale (ESS).?? Details about these questionnaires are sum-
marized in Table S1.

Statistical analysis

Descriptive data analyses included assessments of means,
medians, and frequencies as appropriate. Multivariable
linear regression models were employed to evaluate asso-
ciations of demographic and clinical factors with mea-
sured outcomes. Analyses were performed in SPSS and
STATA 15.0 and p values <0.05 were considered signifi-
cant. As an exploratory pilot study, correction for multi-
ple comparisons was not performed.

Results

Demographics

Fifty-six participants (mean age 50 years, SD 13.6 years)
completed baseline assessments including 40 participants
in Cohort 1 (no prior neurologic disease) and 16 partici-
pants in Cohort 2 (known prior neurologic disease).
Table 1 summarizes demographic characteristics including
sex, age, race, ethnicity, tobacco use history, body mass
index (BMI), COVID-19 infection history, and time from
COVID-19 infection to baseline assessment. Fifty-five of
56 participants had their the baseline visits conducted at
least 28 days after onset of COVID-19 symptoms, with 36
of 56 conducted at least 84 days from symptoms onset.
Patients in Cohort 2 had prior neurologic diseases includ-
ing multiple sclerosis (n = 6), migraines (n = 6), optic
neuritis (n = 1), narcolepsy (n = 1), traumatic brain
injury (n = 1), and Guillain-Barre syndrome (n = 1). Of
those recruited, 27 participants (74% female, mean
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52.5 years), 19 in Cohort 1 and 8 in Cohort 2, completed
6-month follow-up visits by the time of data-lock for ini-
tial pilot analysis.

Neurologic review of systems
Preinfection neurologic symptoms

As demonstrated in Figure 1, most participants reported
either no history or less-severe history of each neurologic
symptom before COVID infection. Preinfection, partici-
pants reported experiencing fatigue (36.0%), headache
(44.4%), insomnia (73.0%), memory impairment
(44.4%), and decreased concentration (40.0%), with
symptoms impacting their quality of life in 37.8%. Most
of these participants experienced worsened symptoms
after COVID infection.

Baseline assessment

The median time from onset of acute COVID-19
infection to baseline assessment was 15.6 weeks (IQR:
10.8-31.7 weeks). Most common symptoms reported
at baseline were fatigue (89.3%), headache (80.4%),
insomnia (66.1%), memory impairment (64.3%), and
decreased concentration (62.5%). Forty-five partici-
pants (80.4%) reported their impacted
their quality of life.

symptoms

Six-month follow-up

For participants with 6-month data, the median time
interval from onset of acute COVID-19 infection to base-
line visit was 12.4 weeks (Cohort 1: 14.4, Cohort 2: 11.0),
and from infection to the 6-month follow-up was
38.1 weeks (cohort 1: 40.9, cohort 2: 34.4). In this subset,
the most common symptoms reported at baseline visit
were fatigue (85.2%), headache (74.1%), memory impair-
ment (59.3%), insomnia (55.6%), and decreased concen-
tration (48.1%). Twenty participants (74.1%) reported
that their symptoms impacted quality of life. Complete
symptom resolution was reported at the 6-month follow-
up in nine participants (33.3%, Cohort 1: n = 8, Cohort
2: n = 1). In remaining participants, persistent symptoms
included memory impairment (68.8%), decreased concen-
tration (61.5%), fatigue (52.2%), insomnia (46.7%), and
headache (45.0%). Quality of life remained reduced com-
pared to baseline in 16 participants (80.0%, Cohort 1: 11,
Cohort 2: 5). From baseline to 6 months, symptom sever-
ity scores on average decreased (corresponding to symp-
tom improvement) for fatigue (69.4%), headache
(64.3%), insomnia (51.3%), decreased concentration
(47.6%), and memory impairment (38.6%), for each
patient, as seen in Figure 2;.
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Table 1. Baseline demographics and clinical characteristics.

Longitudinal Evaluation of Neuro-PASC Symptoms

Cohort 1, n =40 Cohort 2, n =16 Overall, n = 56
Demographics
Mean age at infection, years (IQR) 50.5 (26.25) 48.8 (15.5) 50.0 (23.25)
Female (%) 68 81 69
White (%) 76.9 64.3 73.6
Hispanic ethnicity (%) 10.3 14.3 1.3
Mean body mass index (kg/m?) 28 26.1 27.5
Prior tobacco use (%) 36.8 35.7 36.5
COVID infection history
PCR-Confirmed COVID infection (n) 39 15 54
Suspected COVID infection (n) 1 1 2
Median time from acute COVID infection, weeks (IQR) 16.1 (20.2) 11.7 (21.6) 15.6 (20.9)
Median duration of acute COVID infection, days (IQR) 14.0 (13.5) 14.0 (11.5) 14.0 (14.0)
Infection Severity
Asymptomatic (%) 0 0 0
Mild (%) 41 37.5 393
Moderate (%) 38.5 56.3 429
Severe (%) 20.5 6.3 16.1
Requiring hospitalization (n) 3 2 5
Vaccination status (at time of COVID infection)
Zero vaccine doses (n) 38 15 53
Single vaccine dose (n) 2° 0 22
Two or more vaccine doses (n) 0 1 1
Neurologic review of systems
Fatigue, n (%) 36 (90.0) 14 (87.5) 50 (89.3)
Headache, n (%) 33 (82.5) 12 (75.0) 45 (80.4)
Insomnia, n (%) 28 (70.0) 9 (56.3) 37 (66.1)
Memory impairment, n (%) 27 (67.5) 9 (56.3) 36 (64.3)
Decreased concentration, n (%) 24 (60.0) 11 (68.8) 35 (62.5)
Impact on quality of life, n (%) 32 (80.0) 13 (81.3) 45 (80.4)

Neurologic exam

Cohort 1, n = 30

Cohort 2, n =11

Overall, n = 41

Any cranial nerve dysfunction, n (%)
Motor impairment, n (%)

Motor function not assessed, n (%)
Incoordination, n (%)
Gait abnormalities, n (%)

Gait not assessed, n (%)
Normal neurologic exam, n (%)

2(6.7) 3(27.3) 5(12.2)
3(10.0) 109.1) 4(9.8)
15 (50.0) 6 (54.5) 21(51.2)
4(13.3) 3(27.3) 7(17.1)
8 (26.7) 2(18.2) 10 (24.4)
4(13.3) 2(18.2) 6 (14.6)
19 (63.3) 7 (63.6) 26 (63.4)

Cohort 1 included patients with no known prior neurological disease and Cohort 2 included those with a prior known neurological diagnosis.

Abbreviation: IQR, interquartile range.

*Two patients received a single vaccine dose, one Moderna and one Pfizer, both 12 days prior to their COVID infection.

Neurologic exam
Baseline Assessment

Forty-one participants completed neurologic exams, with
30 in cohort 1 and 11 in cohort 2. Fifteen participants
did not complete a neurologic exam, typically due to
technology-related logistical difficulties (e.g., nonopera-
tional video during telemedicine visit). Three baseline vis-
its were conducted in-person, whereas the rest were
completed via telemedicine due to clinic quarantine

concerns and patient accessibility. Overall, 26 participants
(cohort 1: 19, cohort 2: 7) had a normal neurologic exam.
Five participants (cohort 1: 2, cohort 2: 3) displayed cra-
nial nerve dysfunction, including three with asymmetric
facial sensation (CN V), two with difficulty or unequal
hearing (CN VIII), one with extraocular movement
abnormalities (CN III, IV, VI), and one with facial muscle
weakness (CN VII). For the three patients in cohort 2
with previous neurologic disease, all cranial nerve deficits
were new findings and not present at their most recent
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Neurologic Symptoms Reported at Baseline
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Figure 1. The number of participants reporting each neurologic symptom at the baseline visit, subcategorized by symptom history prior to
COVID infection. “None prior” refers to the number of participants with baseline symptoms new since COVID infection; “Prior, worsened” refers
to participants with baseline symptoms worse since COVID infection; “Prior, no change” refers to participants with baseline symptoms unchanged
since COVID infection; “Unable to report severity” refers to participants who report the presence of symptoms at baseline visit but were unable
to report severity, and therefore relative change could not be determined. Percentages represent the proportion of participants reporting each

symptom out of total baseline participants (n = 56).

neurologic exam documented before COVID-19 infection.
Other positive neurologic findings included gait abnor-
malities (n = 10, 28.6%) and incoordination (n = 7,
17.1%). Eight of 10 participants with gait abnormalities,
and four of seven participants with incoordination, had
no prior neurologic disease.

Forty-four participants with baseline data completed
the MoCA with an overall average score of 26.0 (the nor-
mal score is 26-30). We added one point to those with
less than 12 years of education. Participants most often
missed points in delayed recall (n = 31, 70.5%), visuospa-
tial/executive (n = 24, 54.5%), and language (n = 20,
45.5%) subcategories. Seventeen participants (38.6%)
scored below 26 and were offered follow-up clinical neu-
ropsychologic testing. Many of these patients declined
this. In those that participated, testing was formally
scored as normal with results mainly in the average to the
above average range, though some participants were in
professional fields where the baseline was well above aver-
age.

Six-month follow-up

Of 41 participants with baseline neurologic exams, 18
completed a neurologic exam at the 6-month follow-up
(cohort 1: 13, cohort 2: 5), consisting of 17 telemedicine
and one in-person examination. Ten participants (55.6%)

had a normal neurologic exam (cohort 1: 7, cohort 2: 3).
Six participants had cranial nerve dysfunction (cohort 1:
4, cohort 2: 2), including four with difficulty or unequal
hearing (CN VII), two with extraocular movement
abnormalities (CN III, IV, VI), one with decreased or
asymmetric facial sensation (CN V), and one with facial
muscle weakness (CN VII). Gait abnormalities were pre-
sent in three participants and incoordination was present
in five participants. Symptom persistence, average severity
score of symptoms change, and neuro exam findings are
listed in Table 2.

At six-month follow-up, 19 of 44 participants com-
pleted the MoCA. Of these, 14 (73.7%) showed improve-
ment or no change, 9 (75%) from cohort 1, and 5
(71.4%) from cohort 2. Five participants (26.3%) had
decreased scores compared with baseline. Average MoCA
scores improved from baseline (26.4, SD 2.1) to 6 months
(28.0, SD 2.0). Participants most often missed points in
delayed recall (n = 10, 52.6%), language (n = 7, 36.8%),
and attention (n = 6, 31.6%) subcategories.

Self-report questionnaires

Baseline assessment

Self-report questionnaires, including Revised Impact of
Events Scale (IESR), PROMIS-29 profile, Katz Index,
Lawton—Brody Scale, Modified Fatigue Impact Scale
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Neurologic Symptom Persistence and Severity Change at Six-Months
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Figure 2. Neurologic symptom persistence and change in severity by percentage at 6 months. For each symptom, the yellow bars represent the
participants with symptom persistence at 6 months as a percentage of all participants with that symptom at baseline. The blue bars represent the
average percent decrease in severity score (within individual participants) from baseline to 6 months for each symptom. The final bar labeled
“Any Symptom” shows the percentage of participants reporting at least one persistent symptom at 6 months.

(MFIS), and Epworth Sleepiness Scale (ESS), were com-
pleted by 44 participants (cohort 1: 33, cohort 2: 11) at
baseline assessment. Average scores and subscores are
listed in Table 3. The average participant score for the
IESR was 18.5 out of 88, with 79.5% (35 of 44) of partici-
pants scoring below the PTSD screening cutoff of 33. Par-
ticipants indicated that their ability to complete ADLs
and TADLs was largely intact in the Katz Index and Law-
ton-Brody measures. Participants’ levels of daytime
sleepiness were within normal limits on average, with
81% (36 of 44) of participants scoring below the ESS cut-
off of 10. The average total MFIS score was 36.8 of 84
(cohort 1: 36.3, cohort 2: 38.2), indicating moderate fati-
gue.

Six-month follow-up

Self-reported questionnaire results of the 6-month assess-
ment are listed in Table 4. Most pronounced changes
occurred in IESR scores with a decrease in the mean score
to 9.9 (SD 17.8) and a corresponding 48.4% decrease in
each participant’s score on average. PROMIS-29 profile
scores changed notably in categories of pain (+27.8%),
pain intensity (+20.6%), and anxiety (+12.5%), reflecting

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

an increase in pain intensity and pain interference with
daily life. Scores in physical function (+0.8%), depression
(+8.0%), fatigue (+4.3%), sleep disturbance (—0.7%), and
ability to participate in social roles and activities (+0.1%)
remained consistent from baseline. Average overall scores
on Katz Index (5.9, SD 0.2) and Lawton—Brody Scale
(7.6, SD 0.9) also remained consistent, representing a
respective 1.3% increase and 1.7% decrease from baseline
scores on average. On the MFIS, participants on average
showed decreases from baseline in physical (—19.2%) and
(—22.3%) and the total
(—17.8%) but showed an average increase in psychosocial
subscore (+36.3%). This reflects participants’ reduction in
fatigue overall, despite increased fatigue in the psychoso-
cial subcategory, which was largely consistent between

cognitive subscores score

both cohorts. The average score on the ESS at 6 months
was 6.8, representing an average increase in daytime
sleepiness by 29.9% for each participant from baseline.

Demographic and clinical factors associated
with outcomes

In a multivariable regression model with mutual adjust-
ment, there was no association of age or gender with
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Table 2. Symptom persistence, average severity score change, and neuro exam findings at 6 months.

) ) Cohort 1, n =19 Cohort 2, n =8 Overall, n = 27
Neurologic Review of Systems
Symptoms persistent from baseline Persistence® Severity® Persistence® Severity® Persistence® Severity®
Fatigue (%) 43.8 -82.4 71.4 —39.7 52.2 —69.4
Headache (%) 35.7 —73.3 66.7 —46.1 45.0 —64.3
Insomnia (%) 40.0 —63.3 60.0 -29.6 47.6 -51.3
Memory impairment (%) 54.5 —-57.2 100 —-1.6 68.8 —38.6
Decreased concentration (%) 50.0 —-87.4 80.0 +8.2 61.5 —47.6
None of the above symptoms (%) 421 N/A 12.5 N/A 333 N/A
Impact on quality of life (%) 84.6 —-61.3 71.4 —-41.4 80.0 -54.3
Cohort 1, n =13 Cohort 2, n =5 Overall, n =18

Neurologic Exam Total New® Persistent® Total New® Persistent® Total New® Persistent®
Any cranial nerve dysfunction (n) 4 2 1€ 2 0 2 6 2 3¢
Motor impairment (n) 0 0 0 0 0 0 0 0 0

Motor function not assessed (n) 2 N/A N/A 0 N/A N/A 2 N/A N/A
Incoordination (n) 4 4 0 1 0 1 5 4 1
Gait abnormalities (n) 1 0 1 2 1 1 3 1 2

Gait not assessed (n) 2 N/A N/A 0 N/A N/A 2 N/A N/A
Normal neurologic exam (n) 7 N/A N/A 3 N/A N/A 10 N/A N/A
Percentage of participants with symptoms at baseline who report symptom persistence at 6 months.
bAverage percentage change (“+" for increase, “- for decrease) in participants’ symptom severity score (reported from 0 to 10) from baseline to

6 months.

“Number of participants (n) with new (i.e., not present at baseline assessment) neurologic exam finding at 6 months.

9Number of participants (n) with persistent (i.e., present at baseline assessment) neurologic exam finding at 6 months.

Participants (n) with “new” and “persistent” symptoms do not sum to “total” as one participant with CN VIII dysfunction at 6 months did not
complete CN exam at baseline (whether neuro exam finding was “new"” or “persistent” could not be determined).

IESR score, MoCA cognitive screening score, or MFIS
fatigue scale score in those without a history of prior neu-
rologic disease. Age and gender were also not associated
with subjective memory or concentration symptoms.
There was similarly no association of BMI with any out-
comes measured. The duration of initial COVID-19
symptoms (in days) was not associated with the out-
comes. Infection severity (on an ordinal scale of mild,
moderate, or severe) was associated with MFIS fatigue
score (beta coefficient 12.6 higher MFIS score, 95% CI
2.9-22.2, p = 0.013) at baseline after adjustment for age,
but not with any other measured outcomes.

Selected phenotypes observed

In this pilot analysis of the cohort data, we preplanned to
evaluate for emergent phenotypes, which would motivate
iterative protocol measurement additions to the 10-year
cohort study protocol. While rare, a notable neurologic
phenotype of PASC with a characteristic combination of
tremor, ataxia, and cognitive deficits (PASC-TAC) was
observed in ~7% of participants without a prior neuro-
logic history of these symptoms. PASC-TAC (Postacute
Sequelae of COVID-19 infection with Tremor, Ataxia,
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and Cognitive deficit) was defined by clinical symptoms
of both incoordination and cognitive change and neuro-
logical findings with the following criteria: (1) at least one
of the following: tremor, dysmetria, truncal ataxia, gait
ataxia dysdiadochokinesia and (2) at least one of the fol-
lowing on objective testing (MoCA): visuospatial diffi-
culty, memory impairment, language impairment,
executive function difficulty, or other change in cognitive
function from baseline. Table 5 describes PASC-TAC case
examples.

Discussion

Our pilot data from a longitudinal cohort of neuro-PASC
suggest that while the symptom severity decreased for
most participants, two-thirds had persistent neurologic
symptoms at the 6-month follow-up with over half
reporting continued impact on quality of life. The most
prominent persistent symptoms were memory impair-
ment and decreased concentration. On the MoCA, the
most affected areas of cognition at the 6-month follow-up
were delayed recall, language, and attention. We observed
a rare but concerning phenotype of tremor, ataxia, and
cognitive dysfunction in a subset of patients without any

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Table 3. Baseline MoCA and self-report clinical questionnaire average score.

MoCA Cohort 1, n = 31 Cohort 2, n =13 Overall, n = 44
Average score 25.8 26.3 26
Participants with missed points in: Participants, n (%) Participants, n (%) Participants, n (%)
Visuospatial/Executive 16 (51.6) 8 (61.5) 24 (54.5)
Naming 1(3.2) 0 (0) 1(2.3)
Attention 10 (32.2) 6 (46.2) 16 (36.4)
Language 11 (35.5) 9 (69.2) 20 (45.5)
Abstraction 5(16.1) 1(7.7) 6 (13.6)
Delayed Recall 24 (77.4) 7 (53.8) 31 (70.5)
Orientation 5(16.1) 1(7.7) 6 (13.6)
Cohort 1, n =33 Cohort 2, n =11 Overall, n = 44
Self-report questionnaires Mean (SD) Mean (SD) Mean (SD)
Revised impact of events scale
Intrusion 8.0 (6.7) 4.7 (5.3) 7.2 (6.5)
Avoidance 7.0 (6.8) 52(7.7) 6.5 (7.0)
Hyperarousal 5.1 (5.4) 3.7 (4.5) 4.7 (5.1)
Total 20.1 (16.8) 13.6 (15.0) 18.5 (16.4)
PROMIS-29 Profile
Physical function 16.8 (3.6) 16.7 (4.1) 16.8 (3.7)
Anxiety 8.5 (4.0) 8.5 (5.3) 8.5 (4.3)
Depression 6.8 (3.1) 7.7 (4.5) 7.1 (3.5)
Fatigue 11.7 (4.8) 11.5(5.8) 11.7 (5.0)
Sleep disturbance 11.5 (4.9) 10.4 (5.6) 11.2 (5.0)
Ability to participate in social roles and activities 13.9 (4.8) 14.5 (5.0) 14.0 (4.8)
Pain interference 7.9 (4.2) 7.9 (6.2) 7.9 (4.7)
Pain intensity 3.0(2.3) 3.0 (2.8) 3.0 (2.4)
Katz Index of Independence for ADLs
Total 6.0 (0.0) 5.8 (0.6) 6.0 (0.3)
Lawton—Brody IADLs Scale
Total 7.6 (1.1) 7.6 (0.8) 7.6 (1.0)
Modified Fatigue Impact Scale
Physical 15.9 (9.8) 17.4 (12.6) 16.3 (10.4)
Cognitive 17.0 (10.2) 17.9 (13.1) 17.2 (10.8)
Psychosocial 3.2 (2.5) 2.9 (.7) 3.2 (2.5)
Total 36.3 (21.1) 38.2 (25.7) 36.8 (22.1)
Epworth Sleepiness Scale
Total 6.7 (4.3) 6.4 (6.5) 6.6 (4.8)

MoCA section lists average MoCA scores (0-30) and the number of participants (n, with %) with any number of missed points in each MoCA cat-
egory by individual cohort and overall. The Revised Impact of Events Scale is a PTSD screening tool that measures stress levels and is scored from
0 to 88. PROMIS-29 Profile measures eight domains of patients’ health with pain intensity scored from 0 to 10 and all other domains scored from
4 1o 20 (raw scores). Katz Index measures the ability to perform ADLs, scored from 0 to 6. The Lawton-Brody scale measures the ability to per-
form IADLs scored from O to 8. The Modified Fatigue Impact Scale measures the level of disturbance caused by fatigue in physical, cognitive, and
psychosocial domains and is scored from 0 to 84. The Epworth Sleepiness Scale measures daytime sleepiness levels from 0 to 24. For all measures,
a higher score indicates a higher degree of that being measured. Abbreviations: MoCA, Montreal Cognitive Assessment; SD, standard deviation;
ADL, activities of daily living; IADL, instrumental activities of daily living.

known prior neurologic disease. Imaging in these patients
was unremarkable, but this phenotype warrants further

In our study, most patients reported mild or moderate
COVID-19 infection, with only 8.9% requiring hospital-

investigation, including serological and CSF characteriza-
tion and advanced imaging modalities, especially given
recent findings on the association of certain alleles
(APOE4) and presenting with severe COVID-19 or post-
COVID fatigue.”

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

ization. This is consistent with previous data showing that
nonhospitalized patients, many with a mild infection, still
experience long-haul neuro-PASC symptoms months after
infection.'>** Although some studies suggest that PASC is

. . . . 25)26
most prevalent in those with severe infection, our
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Table 4. Six-month MoCA and self-report questionnaire average scores.

MoCA Cohort 1, n =12 Cohort 2, n=7 Overall, n =19
Average score and average score change (%) from baseline 28.2 +8.9% 27.7 +5.0% 28.0 +6.4%
Participants (n) with missed points in®: Baseline® 6-Month Baseline® 6-Month Baseline® 6-Month
Visuospatial/Executive 4 3 4 2 8 5
Naming 0 1 0 1 0 2
Attention 3 3 4 3 7 6
Language 5 4 5 3 10 7
Abstraction 1 0 1 1 2 1
Delayed Recall 9 7 4 3 13 10
Orientation 1 0 1 0 2 0
Self-report questionnaires Mean (SD) % Change® Mean (SD) % Change® Mean (SD) % Change®
Revised Impact of Events Scale
Intrusion 2.8 (4.1) -57.6 5.5(9.3) —22.5 3.7 (6.2) —47.6
Avoidance 2.3 (3.8) -10.7 6.8 (10.2) —18.9 3.8 (6.7) —13.7
Hyperarousal 1.0 (2.3) —48.2 5.2 (8.2) —13.2 2.4 (5.2) —-36.5
Total 6.2 (9.8) —-59.2 17.5 (27.5) —-215 9.9 (17.8) —48.4
PROMIS-29 Profile
Physical function 19.3(1.4) +1.9 15.0 (5.6) -1.4 17.8 (3.8) +0.8
Anxiety 5.8 (2.0) +14.5 9.7 (5.9) +8.6 7.1 (4.0) +12.5
Depression 5.2 (1.8) +10.4 8.8 (5.9) +3.3 6.4 (3.9) +8.0
Fatigue 8.6 (3.8) +10.2 12.8 (6.3) -73 10.0 (5.1) +4.3
Sleep disturbance 6.9 (2.1) +1.5 10.7 (5.7) -5.0 8.2 (4.0) -0.7
Ability to participate in social roles and activities 18.1(2.9) +7.7 12.0 (7.3) —14.1 16.1 (5.5) +0.1
Pain interference 6.9 (4.2) +22.6 9.3 (6.0) +38.1 7.7 (4.8) +27.8
Pain intensity 2.2 (2.7) +4.4 2.8 (3.0) +40.0 2.4(2.7) +20.6
Katz Index of Independence for ADLs
Total 6.0 (0.0) 0.0 5.9 (0.4) +3.6 5.9(0.2) +1.3
Lawton-Brody IADLs Scale
Total 8.0 (0.0) 0.0 7.1(1.2) —4.2 7.6 (0.9) 1.7
Modified Fatigue Impact Scale
Physical 8.7 (6.9) —15.6 17.8 (13.7) —-26.4 11.9(10.4) —-19.2
Cognitive 10.1 (8.0) —-25.7 18.7 (15.8) —-16.2 13.1 (11.7) —22.3
Psychosocial 1.7 (1.5) +40.5 4.0 (3.1) +30.5 2.5(2.4) +36.3
Total 20.5 (15.1) -16.7 40.5 (31.9) —-20.0 27.6 (23.6) —-17.8
Epworth Sleepiness Scale
Total 6.3 (4.0) +22.3 7.8 (5.4) +46.5 6.8 (4.4) +29.9

The Revised Impact of Events Scale is a PTSD screening tool that measures stress levels and is scored from O to 88. PROMIS-29 Profile measures
eight domains of patients’ health with pain intensity scored from 0 to 10 and all other domains scored from 4 to 20 (raw scores). Katz Index mea-
sures the ability to perform ADLs, scored from O to 6. The Lawton-Brody scale measures the ability to perform IADLs, scored from O to 8. The
Modified Fatigue Impact Scale measures the level of disturbance caused by fatigue in physical, cognitive, and psychosocial domains and is scored
from 0 to 84. The Epworth Sleepiness Scale measures daytime sleepiness levels from 0 to 24. For all measures, a higher score indicates a higher
degree of that being measured.

Abbreviations: MoCA, Montreal Cognitive Assessment; SD, standard deviation; ADL, activities of daily living; IADL, instrumental activities of daily
living.

“Number of participants (n) with any number of missed points in each category of the MoCA.

bOf participants who completed the 6-month assessment, number of participants (n) with any number of missed points in each category at base-
line assessment.

“Average percentage change (“+" for increase, “-" for decrease) in the raw score for each participant from baseline to 6 months.

data suggest that neuro-PASC commonly presents in
patients with milder infections. Our cohort largely repre-
sented those who had mild to moderate infections with-
out acute neurovascular complications. Interestingly,
while we advertised our study to ICU and stroke
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providers and patients, those patients with COVID-19-
associated strokes or hemorrhages rarely presented to
long-haul COVID-19 Infectious Disease or Neurology
clinics. This may be due to COVID-19 infection resulting

in severe symptoms that obscured observation of

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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neurocognitive and neuropsychiatric symptoms or that
acute neurologic complications of COVID-19 have a dis-
tinct pathology from postacute neurologic syndromes.
Because few participants in our study were hospitalized,
our cohort is largely unaffected by concerns for nonspeci-
fic neurocognitive or psychiatric effects from ICU stays or
complications.

Prior to COVID-19 infection, most participants did
not experience any symptoms. However, if they had pre-
viously experienced symptoms, they worsened postinfec-
tion. The most prominent early symptoms of neuro-
PASC were fatigue and headache, which were associated
with a significant impact on participants’ quality of life
for 80% of those queried. Participants’ reported symp-
toms are consistent with those found in other studies. In
a self-reported online survey answered by 507 patients
from Italy, many reported persistent fatigue (74%), myal-
gia (61%), and articular pains (59%) over 3 months after
COVID-19 infection.’

At the 6-month follow-up, predominant symptoms
shifted from headache and fatigue to memory impairment
and decreased concentration. This trend has not been
previously reported longitudinally in neuro-PASC. One
study utilizing online surveys noted that fatigue, postexer-
tional malaise, and cognitive dysfunction were the most
prevalent symptoms reported 6-month postacute COVID-
19 infection. However, this cross-sectional study did not
trend these symptoms for each patient.”’

Encouragingly, average baseline scores on the Katz
Index and Lawton—Brody Scale demonstrated high levels
of independence in ADLs and IADLs at baseline that
remained consistent at the 6-month follow-up. While par-
ticipants’ IESR impact of event score at baseline was con-
cerning, these scores decreased by almost 50% on average
at the 6-month follow-up. Participant PROMIS-29 scores
of pain and anxiety increased slightly over time. Even at
the 6-month follow-up, COVID-19 had a prominent psy-
chological impact on participants, consistent with the
growing literature on this topic. In one prior study,
79.6% of patients reported moderate to severe levels of
pain and discomfort 3-month postinfection and 50%
reported moderate levels of anxiety and depression 3-
month postinfection.’

In our cohort, daytime sleepiness worsened, whereas
most aspects of fatigue (excluding psychosocial fatigue)
improved at the 6-month follow-up. Contrastingly, a
prior cross-sectional study demonstrated that in patients
recovering from a mild COVID-19 infection, 81.5% had
impairment due to fatigue, an average of 6 months after
infection onset (measured by the MFIS), whereas 35.7%
of patients reported moderate—severe daytime sleepiness
(measured by ESS).?® For our data, we hypothesize that
the discrepancy between fatigue and daytime sleepiness

Longitudinal Evaluation of Neuro-PASC Symptoms

trends results from the fact that they are distinct, though
related, symptoms. As described by researchers, sleepiness
results from an impaired arousal mechanism and is more
consistent with decreased cognition and mood. This is
consistent with our data from PROMIS-29 scores. Fati-
gue, on the other hand, is an overpowering feeling of
exhaustion and decreased energy.” Additionally, the dis-
crepancy in sleepiness and fatigue numbers may also be
due to the complex aspects of fatigue that are not cap-
tured by daytime sleepiness scores. It will be important to
further understand if there are relationships between the
increase in anxiety and pain and persistent daytime
sleepiness as well as a more detailed assessment of sleep
quality in future data collections in Neuro-PASC.

We reported four patients with no prior neurologic
disease who demonstrated a pattern of incoordination
coupled with cognitive dysfunction (PASC-TAC). Longi-
tudinal follow-up of these patients demonstrated slow
recovery though some symptoms still require medications
and supportive management. One cross-sectional study
noted ataxia as a neurologic manifestation of COVID-19
in 2 of 214 patients, following a severe infection of
COVID-19.°>’" The underlying mechanism may be a
postinfectious inflammatory process, though a recent
study raises the possibility of cerebellar microhemor-
rhages. ** Postinfectious cerebellitis and acute cerebellar
ataxia in children are well-recognized entities but have
presented more rarely in adults’® with one reported case
of anti-GADG65-associated cerebellitis following SARS-
CoV-2 infection.” It is important to recognize this as a
rare complication from even mild COVID-19 infections
and further characterization is required including serolog-
ical, CSF, and advanced blood-sensitive imaging assess-
ments, which are currently being pursued.

Additionally, a small number of participants from both
cohorts exhibited cranial nerve deficits at baseline visit or
newly acquired at the 6-month visit. We hypothesize that
the etiology of these newly developed cranial nerve defi-
cits is related to neuro-PASC, possibly due to an upregu-
lated inflammatory response triggered by the SARS-CoV-
2 virus.

There are several potential explanations for the patho-
physiology of neuro-PASC, including direct pathogenic
invasion, upregulation of intrinsic microglial activity, and
microvascular compromise.”* However, these mechanisms
have become less convincing to explain long-term post-
COVID symptom persistence given the lack of strong evi-
dence for direct SARS-CoV-2 CNS invasion.”” " Autoim-
mune mechanisms may provide a stronger basis for
understanding neuro-PASC symptoms. One study found
anti-SARS-CoV-2 antibodies to exhibit antineuronal
activity and display a CSF-specific, compartmentalized
immune response.”* While this has not been shown with
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perfect consistency,” it does suggest an autoimmunologic
etiology of neuro-PASC symptoms. The occurrence of
neuro-PASC after mild COVID-19 infection and in
younger patients
response to infection. A strong immune response may
paradoxically result in less-severe COVID-19 infection but
risk-developing  autoimmune-mediated ~ neuro-PASC
symptoms. Additionally, we observed more women with
symptoms consistent with previously reported data.'?
Whether sex difference may be explained by an underly-
ing autoimmune etiology is not yet clear. Given the pre-

could indicate a robust immune

liminary nature of our findings, the pathophysiologic
mechanisms of neuro-PASC described are speculative but
built upon other observational studies from COVID-19
animal studies, human cohort studies, and our experi-
ences with other postinfectious and chronic neuroinflam-
matory disorders.

Study strengths include the prospective, longitudinal
cohort design. We applied a standardized, comprehensive,
and curated data collection procedure including a detailed
query of the COVID-19 infection, neurologic review of
systems administered by clinically trained personnel, neu-
rologic examination, validated questionnaires, and cogni-
tive screening test. Those with deficits were offered
imaging and detailed neurocognitive assessment and treat-
ment. This preliminary analysis provides insights for iter-
ative protocol improvements and continued study of our
and other ongoing cohorts of neuro-PASC. The primary
limitation of our study is the modest sample size, but
nonetheless, important observations have been made to
guide the next steps in neuro-PASC research including
justification of longer time points in cohort studies and
directing additional analyses of the emerging neuro-
PASC-TAC phenotype. Other limitations include the lack
of imaging on all individuals, though even those with the
most extreme phenotypes had normal imaging in our
cohort. As an exploratory cohort launched early in the
pandemic, a systematic collection of CSF samples was not
available. However, based on initial results, CSF collection
is planned for the ongoing cohort. Other limitations
include the potential for referral bias, given that our par-
ticipants were recruited from Infectious Disease or Neu-
rology clinics after presenting with new or newly
worsened neurologic symptoms. This likely selected for
participants with more prominent symptoms and intro-
duced a variable latency period between acute COVID-19
infection and baseline measurement. Another limitation is
the insensitivity of the MoCA exam to pick up on subtle
cognitive problems. The improvement between baseline
and 6-month MoCA scores may mean no actual change,
given the limitation of practice effect. Most participants
were evaluated by telemedicine at their discretion, which
may have been less sensitive in detecting subtle ataxic

J.E. Shanley et al.

syndromes or other exam findings. Bias also exists in that
neurologic exam and cognitive assessments were not
blinded to patient-reported symptoms as most partici-
pants had their neurologic review of systems, MoCA
exam, and neurologic exam conducted in a single sitting
by the same interviewer. Additionally, although the sur-
veys employed were validated for other medical or psychi-
atric conditions, validated instruments specific for neuro-
PASC are yet to be established. Finally, many PASC
symptoms are difficult to differentiate from general neu-
rologic symptoms from previous neurologic disorders.
We accounted for this in part by separating participants
with and without preexisting neurologic disorders into
distinct cohorts. However, our sample size was too small
to have matching controls for all possible confounding
variables.

Conclusion

Limited data exist on the long-term neurologic sequelae
from COVID-19 infection. Our study provides longitudi-
nal data on Postacute Sequelae of COVID focusing on
neurologic symptoms in patients with and without preex-
isting neurologic disorders. Symptoms involving cognition
and memory persist despite improvement in other
domains. Continued monitoring and supportive manage-
ment are needed for patients with mild to severe COVID-
19 infections.
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