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systems worldwide. An emerging feature of severe COVID-19 is that of temporary
and extended neurocognitive impairment, exhibiting a myriad of symptoms and signs.
The causes of this symptomatology have not yet been fully elucidated.

Methods: In this study, we aim to investigate patients treated for severe COVID-19
in the ICU, as to describe and relate serum-, plasma- and cerebrospinal fluid-borne
molecular and cellular biomarkers of immune activity, coagulopathy, cerebral damage,
neuronal inflammation, and degeneration, to the temporal development of structural
and functional changes within the brain as evident by serial MRI and extensive cogni-
tive assessments at 3-12 months after ICU discharge.

Results: To date, we have performed 51 3-month follow-up MRIs in the ICU survi-
vors. Of these, two patients (~4%) have had incidental findings on brain MRI findings
requiring activation of the Incidental Findings Management Plan. Furthermore, the
neuropsychological and neurological examinations have so far revealed varying and
mixed patterns. Several patients expressed cognitive and/or mental concerns and fa-
tigue, complaints closely related to brain fog.

Conclusion: The study goal is to gain a better understanding of the pathological mech-
anisms and neurological consequences of this new disease, with a special emphasis on

neurodegenerative and neuroinflammatory processes, in order to identify targets of

KEYWORDS

1 | INTRODUCTION AND AIMS

The COVID-19 pandemic has posed enormous health challenges
to individuals and health-care systems worldwide. An emerging
feature of severe COVID-19 frequently being reported is that of
temporary and extended neurological and cognitive impairment,
exhibiting a myriad of symptoms and signs ranging from anosmia
to severe encephalopathy and stroke.! The cause of this has not
yet been fully elucidated, but several mechanisms have been pro-
posed including hyperinflammation and immune responses as well
as coagulopathy with endothelial damage leading to micro- and
macrovascular embolization.? There is a growing awareness that
cerebral inflammation and glial activation may be a consequence
of systemic disease and even surgical trauma.® The degree to which
COVID-19 directly affects the brain and cerebral vasculature or
triggers secondary effects through systemic inflammation is yet un-
known, but the evidence is emerging of high incidences of COVID-
19-related neurological complications.*> Recently, in a case series
of COVID-19 patients with neurological symptoms, there was an
unusual pattern of marked CNS inflammation seen in cerebrospinal
fluid (CSF).® Moreover, MRI of patients surviving COVID-19 displays
a range of pathologies, however here also with possibly distinct
pathophysiological profiles related to this new infection.” Critical
iliness neuropathy and myopathy also appear to be significant prob-
lems in moderate to severe COVID-19.8 There is an urgent need to

intervention and rehabilitation.

biomarkers, brain injury, COVID-19, critical care, magnetic resonance imaging, neurocognitive
disorders, patient outcome assessment

better understand the mechanisms of injury and pathophysiological
processes in COVID-19 patients and their relations to brain imag-
ing and long-term cognitive impairment. Identifying blood-borne
biomarkers of neuronal injury, neurodegeneration, and inflamma-
tion is expected to be an important part of this process.1 In this
study, we aim to investigate patients treated for severe COVID-19
in the intensive care unit (ICU) to describe and relate serum-, plas-
ma- and CSF-borne molecular and cellular biomarkers of inflamma-
tion, immune activity and coagulopathy, cerebral damage, neuronal
inflammation, and degeneration, to the temporal development of
structural and functional changes within the brain as evident by se-
rial MRI and extensive cognitive assessments at 3-12-24 months
after ICU discharge. The goal is to gain a better understanding of
the pathological mechanisms and neurological consequences of this
new disease, with a special emphasis on neurodegenerative and
neuroinflammatory processes, as to identify targets of intervention

and rehabilitation.

2 | MATERIALS AND METHODS
2.1 | Study design

This is an observational study of patients treated for severe COVID-
19-related symptoms to describe and relate serum, plasma- and
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CSF-borne molecular and cellular biomarkers of inflammation and
coagulopathy, cerebral damage, neuronal inflammation and degen-
eration to MRI findings, and cognition at 3-12 months after ICU
discharge.

2.2 | |Inclusion criteria

All patients 218 years of age having required intensive care due
to PCR-positive COVID-19-related respiratory distress at the
Karolinska University Hospital in Stockholm, Sweden, between
March 2020 and June 2021, with biobanked plasma and serum sam-
ples during the ICU period and have been able to give study consent

after intensive care, are eligible for inclusion.

2.3 | Ethics and consent

Initial serum biobanking was performed on patients treated for
COVID-19 in the ICU as per local ethical approval (EPM 2020-
01302). Written informed consent is obtained for study inclusion
post-intensive care to analyze previously biobanked samples and
data and perform prospective data collection, MRI, cognitive test-
ing, and follow-up biosamples at 3-12 months post-discharge (EPM
2020-02760, EPM 2020-03802, EPM 2020-04282).

2.4 | Data collection

Data have been collected structurally during the COVID-19 pan-
demic period in a local database at the Karolinska University
Hospital from case notes and the local Patient Data Management
Systems. This includes baseline characteristics, medication, physi-
ological variables, laboratory samples, and treatments. Additional
variables will be collected retrospectively from electronic health
records.

2.5 | Biosamples and biomarkers

Serial plasma and serum samples have been collected at eight pre-
defined time points during the intensive care and stored locally in
the biobank for later analysis. Patients who participate in the pro-
spective follow-up will provide additional samples at 3-, 6- and 12-
month follow-up. Whole-blood, plasma, and serum samples will be
serially collected and stored for later molecular, cellular, and ge-
netic analysis. CSF aliquots will be biobanked whenever a lumbar
puncture is clinically indicated. Molecular and cellular markers of
neuronal injury, neurodegeneration, and neuroinflammation will
be analyzed along with markers of systemic inflammation, immune
activity, and coagulopathy by comprehensive technical platforms.
Biomarkers that will be measured on all plasma samples include
neurofilament light and total tau as neuronal injury markers, as

QACLA Scanainevien™™

well as glial fibrillary acidic protein as an astrocytic activation

marker.

2.6 | Participant characteristics questions

At the first visit, all participants are asked about the level of edu-
cation, employment situation, general health, lifestyle, pre-existing
medical conditions, symptoms suggestive of COVID-19 in the 7 days
prior to the baseline visit, physical and cognitive function, and activi-
ties of daily living. To gain an understanding of participants' percep-
tion of cognitive status, the AD8 is used.? AD is a short, practical,
and appropriate scale to distinguish between normal cognitive aging,
mild cognitive impairment (MCI), or dementia for patients with mem-

ory complaints‘10

2.7 | Neurological examination
All participants undergo a physical and neurological examination
by a board-certified neurologist with long experience of working
with cognitive impairment and dementia disorders. Apart from
a general neurological assessment of history and self-reported
symptoms, we have emulated two relevant, validated rating scales
that reflect neurological disabilities in functional domains known
to be affected in COVID-19. The Expanded Disability Status Scale
(EDSS)' is used in Multiple Sclerosis (MS) for grading deficits in
vision, brain stem, sensory, motor and bowel/bladder functions,
and coordination. We also use Part Ill, the Motor Examination, of
the Unified Parkinson's Disease Rating Scale (UPDRS), which is an
adapted version of the Unified Parkinson's Disease Rating Scale
for extrapyramidal dysfunction (i.e., involuntary or uncontrollable
movements, tremors, and muscle contractions).12 The UPDRS has
a wide utilization and is nearly comprehensive coverage of motor
symptoms.®

Since smell deficits are widely reported in COVID-19, an in-
house developed smell identification test containing five items
(vanilla powder, olive oil, white wine vinegar, ground coffee, and
toothpaste) is used to quantify smell functioning in this study,
based on recommendations from SmellTracker developed by
the Weizmann Institute of Science.'* In a systematic review and
meta-analysis, the prevalence of self-reported smell dysfunction
in COVID-19 patients was 41%.%> Further, the neurological and
medical examination follows the “Global COVID-19: clinical plat-
form: novel coronavirus (COVID-19): rapid version” Module 4, a
minimum data set to examine the medium- and long-term impact
of COVID-19.% It is intended to serve as a clinical tool that can be
used by member states to document the mid- and long-term se-
quelae among those affected by COVID-19 disease. Uniformity in
the follow-up of patients could ensure that long-term clinical and
rehabilitation needs are identified and that patients are directed
toward/provided the care they require. Means for gathering stan-
dardized information regarding the mid- and long-term sequelae of
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COVID-19 are through the WHO Clinical Data Platform. It is rele-
vant to note that the module is designed so that it can be adapted,
if needed, and can be applied across different income groups,
health systems, and country contexts (e.g., current COVID-19 sta-
tus, definitions, and diagnostic criteria).

2.8 | Neurocognitive testing and mental status
examination

All participants are offered detailed neuropsychological evaluation
by a board-certified neuropsychologist. The testing has been opti-
mized to capture the potential multifaceted cognitive deficits that
could present after COVID-19, based on previous experience of neu-
rodegenerative and neuroinflammatory disorders as well as our cur-
rent neuroimaging findings and initial reports of cognitive symptoms
in the acute phase.* The test battery includes:

e The Rey Auditory Verbal Learning Test, consisting of 15 unrelated
nouns that are read out by the test leader five times. For each
round, the patient repeats as many words as they can remember
from the list. Approximately 30 min later, a delayed rendering test
is administered when the patient repeats the words from mem-
ory. Normative data are present for ages 24-81 years.”

e The Rey Complex figure, assessing the visuospatial design and
visuospatial memory and distinguishes between different types
of disturbances that can affect visuospatial memory. The test
consists of a complex figure that the participant should first copy
and then draw from memory. According to several studies, both
copying and drawing from memory are affected by certain brain
injuries, for example, in the executive function of injuries in the
frontal lobe and in the overall perception of injuries in the right
hemisphere of the brain. Normative values are available for age
groups 30-65 and 65-85 yea\rs.18

e A phonological Verbal Fluency Test, which measures the flow of
words by asking the participant to produce as many words as pos-
sible in 1 min beginning with the letters F, A, and S, respectively.*’
Structural and functional imaging studies have shown that both

left frontal®®

and temporal21 lobe regions are involved in verbal
fluency performance.

o A Category flow test, whereby the participant is asked to produce
words belonging to a particular category, such as animals.?? The
fluency tests take little time to complete, are easy to administer,
and provide valuable information about cognitive skills and lim-
itations. Previous research has shown that word flow tests have
high reliability and are sensitive to cognitive impairments.23 When
analyzing the tests, the number of correct words produced and
mental tempo are traditionally measured.

e Trail Making Test (TMT) A and B, which give information on visual
search, scanning, speed of processing, mental flexibility, and exec-
utive functions. In TMT A, the patient needs to draw lines sequen-
tially connecting 25 encircled numbers distributed on a sheet of
paper. The requirements for TMT-B are almost the same, except

the patient has to alternate between numbers and letters (e.g., 1,
A, 2, B). The amount of time required for each part represents the
result. Normative data for ages 18-89 years are available.?*

e Coding, a subtest of WAIS-IV, in which individuals are asked to re-
cord associations between different symbols and numbers within
time limits. This subtest reflects the psychomotor speed and abil-
ity to absorb new material.?’

e Digit span, a subtest in WAIS-1V, which has three parts: Digit Span
Forward (the participant tries to repeat digits forward), Digit Span
Backward (repeats digits backward), and Digit Span Sequencing
(repeats digits in ascending order). This test measures auditory
short-term memory and working memory.?>

Furthermore, the neuropsychological testing is complemented
by three self-reported questionnaires:

e The Mental Fatigue Scale (MFS), a validated and sensitive instru-
ment developed to assess mental fatigue after traumatic brain
injury, tumors, infections, vascular diseases, and other neuro-
logical disorders. Common symptoms include sudden loss of
strength during mental activities, impaired attention and atten-
tion span, and long recovery that is disproportionate to the level
of exercise.?®

e The Hospital Anxiety and Depression Scale (HADS), a validated
and well-used self-assessment form that estimates symptoms of
anxiety and depression problems. The scale has a total of 14 ques-
tions, seven for anxiety and seven for depression. Overall scores
are given for anxiety and depression scores separately.27

e RAND-36, which comprises 36 items that assess eight health
concepts: physical functioning, role limitations caused by physical
health problems, role limitations caused by emotional problems,
social functioning, emotional well-being, energy/fatigue, pain,
and general health perceptions. Physical and mental health sum-

mary scores are also derived from the eight RAND-36 scales.?®

2.9 | Imaging

All participants are offered advanced MRI assessment of the brain
and lungs at the 3- and 12-month follow-ups, which complements
routine clinical chest X-ray and computed tomography. All MRIs are
performed on a Siemens Skyra 3 Tesla MRI scanner with a wide bore
(70 cm), and participants will be able to listen to music and watch
relaxing videos in order to improve patient comfort and reduce mo-
tion artifacts. This setup has been very much appreciated by the
participants and is now synergistically also being implemented more
broadly at our department clinically.

The brain imaging protocol includes:

e High-spatial resolution 3D anatomical T1-weighted and T2-
weighted FLAIR imaging.

e Dedicated coronal STIR imaging for the olfactory bulbs and optic
nerves.
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e High-angular resolution diffusion imaging for tractography.

e Quantitative MRI (simultaneous PD, T1, and T2 mapping).?’

e Mpyelin quantification (Rapid Estimation of Myelin for Diagnostic
Imaging, REMyDI).%°

o 3D Arterial Spin Labeling cerebral blood flow measurements.

When possible (in relation to renal function):

e An ultra-high-temporal resolution (670 ms) multi-band acceler-
ated T2*-based dynamic susceptibility contrast-enhanced perfu-
sion scan developed in-house.

e Post-contrast 3D high-spatial resolution anatomical imaging with
a special focus on leptomeningeal inflammation.

And most importantly, based on our published data on
COVID-19%! and preliminary results from the 3-month follow-up, a
novel sequence providing microscopic scale resolution for microvas-
cular pathology:

o Ultra-high-resolution (650 pm isotropic) 3D echo-planar
susceptibility-weighted imaging.

TABLE 1 Demographics of the
56 participants included in the study

population Variable (N = 56)

Age
Sex, Female
BMI

Smoker/previous
smoker

Charlson Index
(non-Age)

Hypertension

Ischemic Heart
Disease

COPD

Diabetes Mellitus
Obesity

Heart Failure
Atrial Fibrillation
SAPS lll score
PFl on ICU arrival

Mechanical
Ventilation

NIV prior ICU
HFOC prior ICU
Tracheostomy

ICU days

QACLA Scanainevien™™

All imaging are reported in a structured manner by board-
certified radiologists and neuroradiologists, including assessments
of atrophy,32 white matter changes,33 and SWI abnormalities.®*

A novel thoracic protocol MRI protocol is also applied, including

short breath-hold sequences:

e Anatomical 2D T2-weighted imaging.

e Ultra-short echo time 3D imaging.

e Look-locker T1-mapping (pre- and post-contrast, when possible).

e An ultra-high-temporal resolution (430 ms) accelerated T1-based
contrast-enhanced perfusion scan.

2.10 | Cohort description and sample size

Up to 100, and with a minimum goal of 40, patients are to be in-
cluded and are expected to consist of a male and female mix related
to the clinical cohort where approximately 75% are males. Mirroring
the clinical cohort, the mean age is expected to be close to 60 years
of age. The study is exploratory and hypothesis generating a formal
power analysis is not readily applicable. However, as the analysis
plan includes dimensionality reduction with methods such as PCA
analysis and clustering methods, the number of composite variables

1st 3rd
% Min. Qu. Median Mean Qu. Max.
23 50 59 57.6 66.2 79
28%
20.3 27.4 29.9 31.1 34.9 42.3
39%
0 0 1 N/A 2 8
52%
12%
1.8%
36%
46%
5.4%
8.9%
37 45 50 50 54 70
6.2 9.2 10.6 11.5 12.9 29
38%
5.4%
34%
7.1%
1 4.1 6.4 8.3 9.9 51

Abbreviations: BMI, body mass index; COPD, chronic obstructive pulmonary disease; HFOC,
high-flow oxygen cannula; NIV, non-invasive ventilation; PFI, partial pressure of oxygen/fraction
inspired oxygen index; SAPS, simplified acute physiology score.
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related to outcome measures will be reduced to statistically tracta-
ble numbers.

2.11 | Statistical analysis

This study is an observational study with an in-depth biochemical,
neuropsychological analysis and radiological follow-up. Thus, given
the limited number of patients, this study is hypothesis generating.
Methods of data reduction and composite pattern recognition will
need to be employed to limit the degrees of freedom and risk of
type | error. This will include PCA and cluster analysis. Composite
patterns or clusters of biomarkers will be related to MR findings and

outcome assessments using regression techniques.

212 | Time plan
Q1 2020-Q2 2021: Patients treated for COVID-19 in the ICU.
Q2 2020: Ethical approval obtained. Biofluid samples from the
acute phase biobanked.
Q3 2020: First 3-month follow-ups (neuropsychological assess-
ment, neurological examination, neuroimaging, and blood sampling).
Q4 2020: First 6-month follow-up (blood sampling).

FIGURE 1 Cortical microinfarcts as an
incidental imaging finding. Brain MRI at
3-month follow-up in a 68-year-old male
COVID-19 critical care survivor revealing
four asymptomatic cortical microinfarcts
of varying age and a hypoperfusion
syndrome in the watershed areas of

the left middle cerebral artery territory.
Diffusion-weighted b1000 image (A) and
Apparent Diffusion Coefficient map (B)
revealing an acute cortical microinfarct
in the left parietal lobe. Subacute cortical
microinfarct with blood-brain barrier
disruption revealed on a contrast-
enhanced 3D T1-weighted image (C).
Reduced relative cerebral blood flow in
the watershed areas of the left middle
cerebral artery territory detected by
Arterial Spin Labeling (D)

Q2 2021-Q2 2022: 12-month follow-ups (neuropsychological
assessment, neurological examination, neuroimaging, and blood and
CSF sampling).

Q3 2022: Batch analysis of biobanked plasma, serum, and CSF.

Q4 2022: Final analysis phase and publication.

3 | PRELIMINARY RESULTS

As of December 31, 2021, 56 patients are included in the study and
at different stages of follow-up. The demographics of this prelimi-
nary cohort are shown in Table 1. Despite that this study, by design,
includes only survivors of ICU and no mortality has yet been en-
countered, it can be seen that the cohort has had severe disease,
with nearly 38% of patients requiring mechanical ventilation. The
mean age was 59% and 72% were male. Fifty-two percent had hy-
pertension and 36% had diabetes mellitus. Age, sex, and comorbidity
profiles thus appear similar to other COVID-19 ICU cohorts®® which
will support the generalizability of results.

To date, we have performed 51 3-month follow-up MRIs in the
ICU survivors. Of these, two patients (~4%) have had incidental
findings on brain MRI findings requiring activation of the Incidental
Findings Management Plan and re-admittance to the hospital for
treatment and additional clinical workup. One of these patients had
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a subacute hemorrhage in the right thalamus (i.e. a bleeding occur-
ring post-discharge and about 2-3 weeks prior to the imaging) and
one patient had several subacute cortical microinfarcts (exempli-
fied in Figure 1) related to a subtotal occlusion of an internal carotid
artery.

The neuropsychological and neurological examinations have so
far revealed varying and mixed patterns. Several patients expressed
cognitive and/or mental concerns and fatigue, complaints closely
related to brain fog. Further examinations may reveal relevant re-

mediation measures.

4 | DISCUSSION AND CONCLUSION

Here, we present the study plan of the ongoing Karolinska
NeuroCOVID study. Understanding the mechanisms of neuro-
cognitive manifestations in COVID-19 is needed to identify po-
tential targets of intervention. This, in turn, could lead to better
long-term treatments and rehabilitation, thus possibly contribut-
ing to reducing the long-term personnel and socioeconomic bur-
den of this pandemic. This granular study is anticipated to help
gain specific knowledge on the pathophysiological mechanisms,
and radiological and long-term cognitive manifestations, of se-
vere COVID 19 disease. These initial reports from MRI imaging
also stress the need for having management plans for incidental
findings in these kinds of studies and highlight the clinical value
of close monitoring of the often vulnerable COVID-19 critical

care survivors.
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