
Appendix 1: Supplementary material 

Cerebral Blood Flow maps 

Raw Arterial Spin Labeling MRI data are transformed to cerebral blood flow (CBF) weighted 

images. First, difference images are calculated by a control minus tag subtraction. Next, a proton 

density ASL reference is used to create a fractional difference image. The CBF-weighted images 

are subsequently scaled to absolute units of volume of blood flow per 100 gram of tissue per 

minute (mL/100g/min). Established values for this conversion to absolute CBF are based on the 

best-practise equation published previously in the ASL white paper (1). The CBF maps are 

calculated in the native orientation of the raw data, based on manual landmarking of each 

participant, as performed by a research MRI technologist. Group analysis is then facilitated by 

transforming the maps to a standard brain atlas template: the average adult brain provided by the 

Montreal Neurological Institute (MNI) (2). Altogether, the steps listed here are part of one 

software package that is available through the functional MRI of the brain (FMRIB) Software 

Library (FSL) and is based on previous work (3). Regional CBF values are extracted by 

overlaying anatomical reference locations onto individual CBF maps. Group average CBF values 

are calculated in the regions described below. 

Resting State Brain Connectivity (fALFF) maps 

The resting-state functional MRI data are collected as an image time series of 250 brain volumes, 

with the signal time-course at each voxel location reflecting blood oxygenation level-dependent 

(BOLD) contrast (4).  The amplitude of low-frequency fluctuation (ALFF) metric of the resting-

state fMRI data thus reflects the intensity of regional spontaneous brain activity as indexed by 



 
 

the BOLD signal, with functional brain maps derived using a power spectrum decomposition. 

Frequency content between 0.01 and 0.08 Hz is selected as the BOLD signals of interest. To 

better generalize the ALFF maps and reduce confounds from physiological noise sources, the 

maps are normalized by dividing the ALFF image intensity values by the power content over the 

entire frequency range (per voxel), thus yielding fractional ALFF (fALFF) maps (5). The fALFF 

maps are registered to the MNI standard space in the same manner as the CBF maps. Group 

average fALFF values are calculated in the regions described below. 

 

Regions of Interest for hypothesis testing of CBF and fALFF maps  

 A total of 10 brain regions of interest (ROI) were selected a priori as brain locations of interest. 

These ROIs are masks that delineate anatomical subregions on the basis of an established 

Harvard-Oxford brain atlas. The ROIs are overlaid on the CBF and fALFF maps to allow 

regional estimates, defined as the mean value of each metric in the ROI. A total of 10 CBF and 

10 fALFF values are thus extracted per participant / session to facilitate group analyses. These 

regions have been implicated in COVID-19 neuroimaging findings, according to a literature 

search that was conducted in June 2021. In the table below there are two or more references for 

each ROI. It should be noted that this list is not exhaustive and it should not be considered a 

systematic review of the literature. 

Region of 

Interest (ROI) 

PubMed links with embedded PMID provided 

Thalamus https://pubmed.ncbi.nlm.nih.gov/?term=33501506+32728799+33398411 

 

Caudate https://pubmed.ncbi.nlm.nih.gov/?term=33452633+34149394 

 

Hippocampus https://pubmed.ncbi.nlm.nih.gov/?term=33501506+32728799+32838240 

 

Anterior 
parahippocampal 

gyrus 

https://pubmed.ncbi.nlm.nih.gov/?term=34189535+32728799+34182098 

 

https://pubmed.ncbi.nlm.nih.gov/?term=33501506+32728799+33398411
https://pubmed.ncbi.nlm.nih.gov/?term=33452633+34149394
https://pubmed.ncbi.nlm.nih.gov/?term=33501506+32728799+32838240
https://pubmed.ncbi.nlm.nih.gov/?term=34189535+32728799+34182098


 
 

Amygdala https://pubmed.ncbi.nlm.nih.gov/?term=33501506+32728799+34182098 

 

Orbitofrontal 
Cortex 

https://pubmed.ncbi.nlm.nih.gov/?term=34189535+33501506+33398411+32444492 

 

Anterior 
Cingulate Gyrus 

https://pubmed.ncbi.nlm.nih.gov/?term=34189535+32728799+33398411+32838240 

 

Insula https://pubmed.ncbi.nlm.nih.gov/?term=34189535+33452633+32838240 

 

Frontal Medial 

Cortex 

https://pubmed.ncbi.nlm.nih.gov/?term=33720371+32294339 

 

Posterior 
Cingulate Gyrus 

https://pubmed.ncbi.nlm.nih.gov/?term=32728799+33452633+32838240 

 

 

Electroencephalography analysis 

EEG signals are acquired with a 256 Hz sampling rate using the Muse headset (RRID: 

SCR_014418), which contains two frontal channels (AF7 and AF8 positions) and two tempo-

roparietal channels (TP9 and TP10 positions), referenced to a fifth channel located at Fpz.      

Raw EEG signals are processed first by applying a 2 - 36Hz bandpass filter and then rejecting 

data containing large noise (> 100 microvolts) using tools available in EEGLAB (6). Data from 

eyes closed and eyes open recordings are merged into one recording and independent component 

analysis is used to identify and reject at most one component that reflects eye blinks (7).  The 

data are then split into 2 second epochs. The power spectral density (PSD) is obtained for each 

epoch and averaged across epochs for eyes closed and eyes open conditions, separately. The two 

frontal signals (left and right, AF7 and AF8) are averaged, and the two temporoparietal signals 

(left and right, TP9 and TP10) are averaged. The mean power is calculated for the following 

frequency bands: delta (2-4Hz), theta (4-7Hz), alpha (7-14Hz), and beta (14-30Hz) bands. Thus, 

there are 4 frequency bands, two brain locations, and two conditions for a total of 16 EEG 

outcomes to consider for hypothesis testing. 

 

 

https://pubmed.ncbi.nlm.nih.gov/?term=33501506+32728799+34182098
https://pubmed.ncbi.nlm.nih.gov/?term=34189535+33501506+33398411+32444492
https://pubmed.ncbi.nlm.nih.gov/?term=34189535+32728799+33398411+32838240
https://pubmed.ncbi.nlm.nih.gov/?term=34189535+33452633+32838240
https://pubmed.ncbi.nlm.nih.gov/?term=33720371+32294339
https://pubmed.ncbi.nlm.nih.gov/?term=32728799+33452633+32838240


 
 

Statistical model for primary hypothesis testing 

The primary hypothesis relies on the initial, cross-sectional data and is tested using R (www.r-

project.org) . The statistical model uses a one-way ANOVA to test for an effect of group (e.g. 

testing whether at least one of the four groups is not like the others) with age and sex as 

covariates. In a sensitivity analysis related to this hypothesis, “days since COVID-19 infection” 

is added as an additional covariate to characterize the influence of this variable on the primary 

effect of group. 

 

Longitudinal data (i.e. initial and follow-up visits) are assessed with the secondary hypothesis, 

which tests for differences in the brain measures over time between groups. The statistical 

analysis involves linear mixed-effects modeling, with group and session considered as fixed 

effects, and days since COVID-19 infection considered a random effect. 

 

There is a need to account for the risk of false discovery for each of the outcome measures listed 

above. Namely, there are 10 ROIs from the CBF maps, 10 ROIs from the fALFF maps, and 16 

EEG outcomes measures, which will be corrected for multiple comparisons at a false discovery 

rate of q = 0.05. 

 

 

 

 

 

 

http://www.r-project.org/
http://www.r-project.org/


 
 

Data Sources  

The table below provides a list of the data sources for the assessments described in this protocol. 

All items are accessible on the web. References and details are provided. Web links were 

accessed on 13 July 2021.  

Assessment Source for the assessment Detail and references 

On-site 
Anatomical MRI http://sabre.brainlab.ca/docs/processi

ng/stage7.html  
Lesion analysis is one component to the 
suite of Lesion Explorer tools (8).  

ASL Cerebral 
Blood Flow  

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/
BASIL 
 

A graphical user interface is available 
(9).  
 

fMRI fALFF  https://www.nitrc.org/frs/?group_id=
296# 
 

A series of shell scripts are available for 
download (5).  
 

EEG  https://choosemuse.com/  Wearable EEG systems offer portable 
data collection (10). 
 

Olfaction https://sensonics.com/product/smell-
identification-test/  

The UPSIT is available for purchase and 
includes instructions on how to 
administer the test (11). 
 

Vision https://michaelbach.de/fract/  A visual test battery that is free for use 
as a computer program (12).  
 

Vision https://www.precision-
vision.com/products/contrast-
sensitivity-tests/peak-contrast-
sensitivity/pelli-robson/pelli-robson-
contrast-sensitivity-chart/  

A visual test to see how well 
participants can see faint objects (13).  
 

NIH Cognitive 
Toolbox 

https://www.healthmeasures.net/expl
ore-measurement-systems/nih-
toolbox/intro-to-nih-
toolbox/cognition  

The NIH Toolbox Cognition Battery 
was developed as part of a NIH 
blueprint for neuroscience research (14). 
 

Cognitive 
Mnemonic 
Similarity Task 

https://faculty.sites.uci.edu/starklab/
mnemonic-similarity-task-mst/  

Download and implementation 
instructions for this memory test are 
provided from this lab’s website (15). 
 

Remote  

NIH Emotion https://www.healthmeasures.net/expl
ore-measurement-systems/nih-
toolbox/intro-to-nih-toolbox/emotion  

The NIH Toolbox Emotion Battery was 
developed as part of a NIH blueprint for 
neuroscience research (16). 
 

Mild Behavioral 
Impairment 
Checklist (MBI-C) 

https://www.ncbi.nlm.nih.gov/pmc/ar
ticles/PMC5652315/  

A modified version of the MBI-C 
questionnaire has been adopted (17). 
 

http://sabre.brainlab.ca/docs/processing/stage7.html
http://sabre.brainlab.ca/docs/processing/stage7.html
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BASIL
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BASIL
https://www.nitrc.org/frs/?group_id=296
https://www.nitrc.org/frs/?group_id=296
https://choosemuse.com/
https://sensonics.com/product/smell-identification-test/
https://sensonics.com/product/smell-identification-test/
https://michaelbach.de/fract/
https://www.precision-vision.com/products/contrast-sensitivity-tests/peak-contrast-sensitivity/pelli-robson/pelli-robson-contrast-sensitivity-chart/
https://www.precision-vision.com/products/contrast-sensitivity-tests/peak-contrast-sensitivity/pelli-robson/pelli-robson-contrast-sensitivity-chart/
https://www.precision-vision.com/products/contrast-sensitivity-tests/peak-contrast-sensitivity/pelli-robson/pelli-robson-contrast-sensitivity-chart/
https://www.precision-vision.com/products/contrast-sensitivity-tests/peak-contrast-sensitivity/pelli-robson/pelli-robson-contrast-sensitivity-chart/
https://www.precision-vision.com/products/contrast-sensitivity-tests/peak-contrast-sensitivity/pelli-robson/pelli-robson-contrast-sensitivity-chart/
https://www.healthmeasures.net/explore-measurement-systems/nih-toolbox/intro-to-nih-toolbox/cognition
https://www.healthmeasures.net/explore-measurement-systems/nih-toolbox/intro-to-nih-toolbox/cognition
https://www.healthmeasures.net/explore-measurement-systems/nih-toolbox/intro-to-nih-toolbox/cognition
https://www.healthmeasures.net/explore-measurement-systems/nih-toolbox/intro-to-nih-toolbox/cognition
https://faculty.sites.uci.edu/starklab/mnemonic-similarity-task-mst/
https://faculty.sites.uci.edu/starklab/mnemonic-similarity-task-mst/
https://www.healthmeasures.net/explore-measurement-systems/nih-toolbox/intro-to-nih-toolbox/emotion
https://www.healthmeasures.net/explore-measurement-systems/nih-toolbox/intro-to-nih-toolbox/emotion
https://www.healthmeasures.net/explore-measurement-systems/nih-toolbox/intro-to-nih-toolbox/emotion
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5652315/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5652315/


 
 

NIH PROMIS https://commonfund.nih.gov/promis/i
ndex 

This NIH toolbox was a consensus-
based framework and we have opted to 
use the dyspnea, sleep disturbance, 
cognitive complaints, and fatigue scales 
(18).  
 

Functional status 
post-COVID-19 

https://erj.ersjournals.com/content/erj
/56/1/2001494/F1.large.jpg 

This test is advocated as a tool to track 
functional status over time after 
COVID-19 (19). 
 

SF-36 https://www.rand.org/health-
care/surveys_tools/mos/36-item-
short-form/survey-instrument.html  

This short survey was designed to assess 
health-related quality of life (20). 
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