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Abstract 

There is strong evidence for brain-related pathologies in COVID-19, some of which could be a 

consequence of viral neurotropism. The vast majority of brain imaging studies so far have 

focused on qualitative, gross pathology of moderate to severe cases, often carried out on 

hospitalised patients. It remains unknown however whether the impact of COVID-19 can be 

detected in milder cases, in a quantitative and automated manner, and whether this can 

reveal a possible mechanism for the spread of the disease. UK Biobank scanned over 40,000 

participants before the start of the COVID-19 pandemic, making it possible to invite back in 

2021 hundreds of previously-imaged participants for a second imaging visit. Here, we studied 

the effects of the disease in the brain using multimodal data from 782 participants from the 

UK Biobank COVID-19 re-imaging study, with 394 participants having tested positive for SARS-

CoV-2 infection between their two scans. We used structural and functional brain scans from 

before and after infection, to compare longitudinal brain changes between these 394 COVID-

19 patients and 388 controls who were matched for age, sex, ethnicity and interval between 

scans. We identified significant effects of COVID-19 in the brain with a loss of grey matter in 

the left parahippocampal gyrus, the left lateral orbitofrontal cortex and the left insula. When 

looking over the entire cortical surface, these results extended to the anterior cingulate 

cortex, supramarginal gyrus and temporal pole. We further compared COVID-19 patients who 

had been hospitalised (n=15) with those who had not (n=379), and while results were not 

significant, we found comparatively similar findings to the COVID-19 vs control group 

comparison, with, in addition, a greater loss of grey matter in the cingulate cortex, central 

nucleus of the amygdala and hippocampal cornu ammonis (all |Z|>3). Our findings thus 

consistently relate to loss of grey matter in limbic cortical areas directly linked to the primary 

olfactory and gustatory system. Unlike in post hoc disease studies, the availability of pre-

infection imaging data helps avoid the danger of pre-existing risk factors or clinical conditions 

being mis-interpreted as disease effects. Since a possible entry point of the virus to the central 

nervous system might be via the olfactory mucosa and the olfactory bulb, these brain imaging 

results might be the in vivo hallmark of the spread of the disease (or the virus itself) via 

olfactory and gustatory pathways.  



Introduction 

While the global pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

has now claimed millions of lives across the world, there has been increased focus by the 

scientific and medical community on the effects of mild-to-moderate COVID-19 in the longer 

term. There is strong evidence for brain-related pathologies, some of which could be a 

consequence of viral neurotropism1,2: neurological and cognitive deficits demonstrated by 

patients (with an incidence of neurological symptoms in more than 80% of the severe cases3), 

radiological and post mortem tissue analyses demonstrating the impact of COVID-19 on the 

brain4 (doi.org/10.3389/fnagi.2021.646908), and the presence of virus itself in the central 

nervous system5-7. 

In particular, one consistent clinical feature, which can appear before the onset of respiratory 

symptoms, is the disturbance in olfaction and gustation in COVID-19 patients8,9. In a recent 

study, 100% of the patients in the subacute stage of the disease were displaying signs of 

gustatory impairment (hypogeusia), and 86% either hyposmia or anosmia10. Olfactory cells, 

concentrated in the nose, are particularly vulnerable to coronavirus invasion and this is also 

the case with SARS-CoV-211,12. Despite the sometimes conflicting and varied findings both on 

COVID-19 neurological presentation and neuropathology based on autopsy reports, ranging 

from inflammatory processes to cerebrovascular events or endothelial damages, and also to 

no COVID-19-specific pathology, one hypothesis is that an entry point of the virus to the 

central nervous system might be achieved by crossing the neural–mucosal interface in the 

olfactory mucosa, and progress from there onto the olfactory bulb in the brain5. Within the 

olfactory system, direct neuronal connections from and to the olfactory bulb encompass 

regions of the piriform cortex (the primary olfactory cortex), the parahippocampal 

gyrus/perirhinal cortex, entorhinal cortex and the amygdala13,14. Further connections of the 

primary olfactory cortex include the insula and medial and lateral orbitofrontal areas13,14. 

Notably, the insula, and more consistently its more dorsal part around the junction with the 

fronto-parietal operculum (“area G”), is the centre of the primary gustatory area, which then 

projects onto the orbitofrontal cortex15 (doi.org/10.1016/B978-012547626-3/50032-6). 

Most brain imaging studies of COVID-19 to date have focused on acute cases and radiological 

reports of single cases or case series based on CT, PET or MRI scans, revealing a broad array 

of gross cerebral abnormalities ranging from white matter hyperintensities, hypoperfusion 



and signs of ischaemic events spread throughout the brain, but found more consistently in 

the cerebrum (doi.org/10.3389/fnagi.2021.646908). Of the few larger studies focusing on 

cerebrovascular damage using CT or MRI, some have either found no clear marker of 

abnormalities in the majority of their patients, or importantly no spatially consistent pattern 

for the distribution of white matter hyperintensities or microhaemorrhages, except perhaps 

in the middle or posterior cerebral artery territories and the basal ganglia. Imaging cohort 

studies of COVID-19, quantitatively comparing data across subjects through automated 

preprocessing and realignment of images are much rarer. For instance, a recent cohort study 

focusing on correlates of cognitive impairment has demonstrated in 29 COVID-19 patients at 

a subacute stage the involvement of fronto-parietal areas revealed as 18F-FDG 

hypometabolism10. Another glucose PET study has shown bilateral hypometabolism in the 

bilateral orbital gyrus rectus and the right medial temporal lobe16. One multi-organ imaging 

study in over 50 COVID-19 previously hospitalised patients revealed modest abnormalities in 

T2* of the left and right thalami compared with matched controls17, while the study’s brain-

focused follow-up confirmed this result and further showed in particular an increase in  

white matter hyperintensity volume (www.medrxiv.org/content/10.1101/2021.05.19.

21257316v1.full). It remains unknown however whether any of these abnormalities predates 

the infection by SARS-CoV-2. These findings could define an increased brain vulnerability to 

the deleterious effects of COVID-19 and a higher probability to show more pronounced 

symptoms, rather than being a consequence of the COVID-19 disease process.  

UK Biobank (UKB) offers a unique resource to elucidate these issues. With the data from this 

large, multi-modal brain imaging study, we use for the first time a longitudinal setting 

whereby participants had been already scanned as part of UKB before contracting the virus. 

They were then imaged again, on average 37 months later, after some had tested positive for 

COVID-19, and those participants were then matched with controls who had undergone the 

same longitudinal imaging protocol but tested negative for COVID-19. In total, 394 COVID-19 

patients with usable imaging data at both timepoints were included in this study, as well as 

388 controls, matched for age, sex, ethnicity and time elapsed between the two scans. These 

large numbers may allow us to detect subtle, but consistently spatially distributed sites of 

damage caused by the disease, thus underlining in vivo the possible spreading pathways of 

the virus within the brain. The longitudinal aspect of the study should in turn make it possible 



to tease apart which, of the observed effects post infection, were actually likely caused by the 

disease itself. 

Our general approach in this study was therefore as follows: (i) utilise brain imaging data from 

782 participants who have visited the UKB imaging centres for two scanning sessions, on 

average 3 years apart, with 394 of these having contracted COVID-19 in between their two 

scans; (ii) estimate — from each subject’s multimodal brain imaging data — hundreds of 

distinct brain imaging-derived phenotypes (IDPs), each IDP being a distinct measure of one 

aspect of brain structure or function; (iii) model confounding effects, and estimate the 

longitudinal change in IDPs between the two scans; and (iv) identify significant patient vs. 

control group differences in these longitudinal brain change estimates, correcting for multiple 

comparisons across IDPs. We did this for both a focussed set of a priori defined IDPs testing 

the hypothesis that the olfactory system is a major route of infection into the brain, as well 

as an exploratory set of analyses considering all IDPs. In both cases we identified significant 

(corrected-P < 0.05) effects of COVID-19, primarily relating to loss of grey matter in cortical 

areas directly connected to primary olfactory and gustatory cortex. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Methods 

Study Design 

As part of UK Biobank imaging18, thousands of subjects had received brain scans before the 

start of the COVID-19 pandemic. In total, quality-controlled multimodal brain imaging data, 

collected at four sites with identical imaging hardware, scanner software and protocols, was 

obtained from 42,729 participants over the age of 45y, and made available to researchers 

worldwide.  

Before the COVID-19 pandemic, longitudinal (first- and second-timepoint scanning) had 

already begun in UKB imaging, with around 3,000 participants visiting for their second scan 

prior to scanning being paused in 2020 as a result of the pandemic. More recently, starting in 

February 2021, hundreds of UK Biobank participants who had already taken part in UKB 

imaging before the pandemic were invited back for a second scan. This COVID-19 re-imaging 

study was set up to investigate the effects of SARS-CoV-2 infection on internal organs by 

comparing imaging scans taken from participants before vs. after infection. Amongst those, 

participants were identified as having had COVID-19 based on either their primary care (GP) 

data, hospital records, or results of their antigen tests identified through record linkage to the 

Public Health datasets in England, Wales and Scotland. Another source of information was 

drawn from the home-based lateral flow kits sent by UKB to all participants who agreed to 

receive one. A second kit was sent to all participants who recorded an initial positive result, 

and who had indicated they had not yet been vaccinated, in order to double-check the result 

and reduce the number of false positives.  

More specifically, the full list of inclusion criteria is as follows: 

- had already attended an imaging assessment at one of the three imaging sites (the fourth 

opened just before the pandemic began), 

- still lived within the catchment area of the clinic they attended for their first imaging 

assessment, 

- no incidental findings were identified from their scans taken at the first imaging visit, 

- had not withdrawn or died 

- had a valid email and postal address, 

- high-quality  scans  were  obtained  from  the  first  imaging  visit, 



- lived  within  60 km  of  the  clinic  (extended  to  75 km  in  Feb  2021), due  to  travel 

restrictions during the lockdown period. 

(See for more details the online documentation: https://biobank.ndph.ox.ac.uk/showcase/

showcase/docs/casecontrol_covidimaging.pdf) 

Controls were then selected by identifying, from the remaining UK Biobank participants with 

negative results (from the home-based lateral flow kits, and no history of positive tests from 

primary care, hospital records or Public Health Wales/England/Scotland), those who could 

be paired to each of the COVID patients. Pairing was done following five criteria: 

- sex 

- ethnicity (white/non-white, as numbers were too low to allow for a finer distinction) 

- date of birth (+/-6 months) 

- location of imaging assessment 

- date of first imaging assessment (+/-6 months). 

 

Image Processing  

For this work, we primarily used the IDPs generated by our team on behalf of UKB, and made 

available to all researchers by UKB. The IDPs are summary measures, each describing a 

different aspect of brain structure or function, depending on what underlying imaging 

modality is used18,19.  

The protocol includes three structural MRI scans: T1, T2 fluid attenuation inversion recovery 

(FLAIR) and susceptibility-weighted MRI, as well as diffusion MRI and resting and task 

functional MRI. T1 scans make it possible to derive global measures of brain and CSF volumes, 

as well as localised measures of grey matter volume and cortical thickness and area. The T2 

FLAIR scan identifies differences that might be indicative of inflammation or tissue damage. 

Susceptibility-weighted MRI is sensitive to iron content. Diffusion MRI measurements give 

insight into the tissue microstructure integrity. Resting-state functional MRI is performed on 

an individual who is not engaged in any particular activity or task and can provide indices 

related to the functional connectivity between brain regions20. Individual functional 

connectivity information contains valuable signal, but is intrinsically noisy when each 

https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/casecontrol_covidimaging.pdf
https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/casecontrol_covidimaging.pdf


connection is considered individually, so we focused here our analysis on 6 dimensionally-

reduced functional connectivity networks21. For the UKB COVID-19 second-scan imaging, for 

the first time, arterial spin labelling (blood flow) imaging was added to the protocol; we did 

not use this data here in our longitudinal study, as this ASL data is only available from the 

second timepoint scans. 

We therefore used 2,105 IDPs from those disseminated by UKB, including: regional and tissue 

volume, cortical parcels’ surface area, volume and thickness, regional and tissue intensity, 

cortical grey-white contrast, white matter hyperintensity volume, white matter 

microstructural measures such as anisotropy and diffusivity, resting-state connectivity and 

amplitude measures, and task fMRI activation. We also generated 255 new IDPs, as described 

below. 

We computed additional IDPs obtained using Quantitative Susceptibility Mapping (QSM), 

which has been recently added into our UK Biobank processing pipeline, and is briefly 

described below. Magnitude and phase data from the susceptibility-weighted MRI 

acquisitions were processed to provide quantitative measures reflecting clinically-relevant 

tissue susceptibility properties. The core UK Biobank pipeline already takes the magnitude 

data from two echoes to provide a quantitative mapping of T2* signal decay. Here, we 

adapted this following recent work correcting for background field bias22, providing slightly 

more robust measures of T2*. Median T2* was calculated within 17 subcortical structures 

(estimated from the T1) as IDPs; 14 of these are the same regions already estimated by the 

core UK Biobank pipeline, and here we added 3 more subcortical regions-of-interest (ROIs): 

left and right substantia nigra23 and regions of white matter hyperintensities (lesions)24. 

Second, susceptibility-weighted MRI phase data were processed for QSM following a  

pipeline being developed for UK Biobank25 (www.medrxiv.org/content/10.1101/

2021.05.19.21257316v1.full). Briefly, phase data of individual channels were combined 

following the MCPC-3D-S approach26, channel-combined phase data was unwrapped using a 

Laplacian-based algorithm27 and filtered using the V-SHARP algorithm28 to remove 

background field, susceptibility maps were calculated using the iLSQR algorithm29. 

Susceptibility in CSF was used as the reference for the susceptibility maps. QSM IDPs (CSF-

referenced) IDPs were calculated in the same 17 subcortical structures as the T2* IDPs. 



Additional IDPs were created via refined sub-segmentations of the hippocampus and 

amygdala, and of the thalamic nuclei, as implemented in FreeSurfer30-33. We extracted these 

ROI masks from the FreeSurfer processing and applied them to the T2* and diffusion images 

to generate additional subcortical IDPs. Substantia nigra was also used to extract grey matter 

volume, T2* and diffusion measures. 

Finally, we generated new IDPs tailored to the olfactory system, as described below.  

 

Olfactory and gustatory systems hypothesis-driven approach 

Based on prior expectations based on animal models and post mortem findings, we chose to 

focus a priori our primary analyses on a subset of 332 regions-of-interest (297 of which passed 

the reproducibility thresholding) from the available IDPs that anatomically corresponds to the 

telencephalic primary and secondary connections of the olfactory and gustatory cortex. 

Briefly, these include the piriform cortex, parahippocampal gyrus/perirhinal cortex, 

entorhinal cortex, amygdala, insula, frontal/parietal operculum, medial and lateral 

orbitofrontal cortex, hippocampus and basal ganglia13-15 (doi.org/10.1016/B978-012547626-

3/50032-6). As no labelling of the piriform cortex exists in any of the atlases used in the UK 

Biobank imaging processing, we refined a previously published ROI made openly available of 

the piriform cortex (frontal and temporal), anterior olfactory nucleus and olfactory tubercle 

by editing this primary olfactory ROI in our standard space (https://github.com/zelanolab/

primaryolfactorycortexparcellation34). We further used maps from the same study’s resting-

state fMRI analysis of each of the four parts of this ROI (piriform frontal, piriform temporal, 

anterior olfactory nucleus and olfactory tubercle) to the rest of the brain, to generate four 

additional extended ROIs of the functionally-connected cortical and subcortical regions to these 

primary olfactory areas34. For this, we masked their connectivity t-value maps to keep only 

significant voxels, and further extracted grey matter volume (GM), T2* and diffusion values by  

(i) regressing each of these maps into the GM, T2* or diffusion images in their respective native 

spaces, or (ii) by binarising the maps and extracting mean and 95th percentile values. 

Separate masks for the left and right olfactory bulbs were generated by manually drawing a binary 

mask for the right olfactory bulb on an averaged template-space T2 FLAIR volume generated from 

713 subjects, and mirroring this to obtain the mask for the left (having confirmed by visual 



inspection that symmetry in this region allowed for this to be effective). Both masks were then 

modulated by the T2 intensities in their respective ROIs, and normalised to account for partial 

volume effects, which provided the final “label” maps with values ranging between 0-1. For the 

hypothalamus, we combined and refined ROIs from two previously published and publicly 

available atlases of a probabilistic hypothalamus map (https://neurovault.org/

collections/3145/23) and hypothalamic subregions35. Both the probabilistic hypothalamus map 

and the binarised map obtained from fusing the 26 hypothalamic subregions were transformed 

to our standard space where the probabilistic map was then masked by the binarised map. We 

then extracted volume, and T2 mean and 95th percentile intensity measurements in subjects’ 

native spaces, using the olfactory bulb and hypothalamus maps (unthresholded and thresholded 

at 0.3). For the hypothalamus, we additionally extracted these metrics from T2* and diffusion 

images (diffusion tensor model MD and FA; and NODDI model OD, ISOVF, ICVF). 

The full list of pre-determined and reproducible ROIs is available in Supplementary Table 1. 

 

Exploratory Approach 

The full set of 2,360 IDPs described above (including 2,105 already released by UKB) were 

used for a more exploratory, inclusive analysis of disease effects on brain structure and 

function (see full list in Supplementary Table 2).  

 

Statistical Modelling 

The following modelling was applied in the same way to both the hypothesis-driven analyses 

of a subset of IDPs, and the all-IDPs exploratory analyses.  

All IDPs from all subjects were pooled for initial processing: 42,729 Scan 1 datasets (all pre-

pandemic), 2,943 pre-pandemic Scan 2 datasets, and 798 Scan 2 datasets acquired after the 

beginning of the COVID-19 pandemic (COVID patients and controls combined). Extreme 

outlier values (individual IDPs from individual scanning sessions) were removed, on the basis 

of being more extreme than 5 times the median absolute deviation from the median (for a 

given IDP). 

https://neurovault.org/collections/3145/
https://neurovault.org/collections/3145/


The IDPs from the 798 subjects imaged during the pandemic (COVID patients and controls 

combined, at both timepoints) were then treated as a single dataset comprising 1,596 imaging 

sessions, and cross-sectional deconfounding (treating all scans equivalently) was carried out 

for head size, scanner table position, and image motion in the diffusion MRI data (these 

confound variables first had outlier removal applied as described above)19,36. The difference 

between the IDP values at the two timepoints (ΔIDP = IDP2 - IDP1) was then computed, to 

feed into the main disease-effect analysis. Subjects were kept if at least the T1-weighted 

structural image was usable from both timepoints, resulting in ΔIDPs from 782 subjects. 

At this point, we evaluated the scan-rescan reproducibility of IDPs, primarily in order to 

discard IDPs that were not highly reproducible between scans, and to offer a measure of 

contrast between true subject variability and session variability and noise. For each IDP, we 

correlated the Scan 1 with Scan 2 values, separately for COVID patients and controls, resulting 

in two reproducibility measures (Pearson correlation r) for each IDP. This assumes that 

potential ageing and disease effects are subtle compared with between-subject variability 

and IDP noise, and indeed the (NIDPs x 1) vectors of reproducibility for patients and controls 

are very highly correlated (r=0.98); hence, we averaged these patient and control values to 

give a single reproducibility measure for each IDP. At this point, from the initial set of 2,360 

IDPs, the least reproducible IDPs (r<0.5) were discarded, leaving 2,023 IDPs. Finally, IDPs with 

high levels of missing data (values from fewer than 50 subjects) were discarded, leaving in 

total 2,022 IDPs and ΔIDPs. 

Despite initial between-group subject pairing, missing data disrupted the exact matching, and 

thus we included in the modelling those variables originally used as pairing criteria. Each ΔIDP 

(pooled across all patients and controls) was thus deconfounded for: difference between the 

subject’s ages at each of their two scans, the difference of the squares of the ages (to account 

for quadratic dependencies of IDPs on age), genetic sex, and ethnicity (white vs non-white). 

Each deconfounded ΔIDP was then correlated against a patient-vs-control binary variable 

modulated by age at Scan 2 (that being a close proxy for age at COVID-19 infection for the 

entire patient group, with less than a year’s error). As the effects of COVID-19 increase 

dramatically with age37, for example, exponentially38, we used a high power of age at Scan 2 

(age6) to modulate the demeaned binary patient-vs-control variable. The regressor is 

therefore: 



   PatientvsControlRegressor = demeaned(PatientvsControlBinaryIndicator) * (AgeScan2^6) 

The specific choice of age-dependency was not critical: for example, it gave an almost 

identical (r>0.95) regressor to other age-increasing options such as age10 and 10age/20. This 

regressor also correlated highly with an “uninformed” unmodulated binary regressor (r=0.8), 

and likewise the final IDP-disease associations (Z-statistics) were also highly similar (r=0.87) 

between using modulated vs. unmodulated regressors.  

The patient-vs-control regressor was then adjusted for the same confounds as applied to the 

ΔIDP values; in some circumstances this could affect validity of exchangeability in 

permutation testing, and we verified that here the corrected p-values (without vs with 

deconfounding of the patient-vs-control regressor) were identical (r>0.999).  

Pearson correlation was then computed to find the strength of the association between each 

ΔIDP and the patient-vs-control variable, followed by the Fisher transformation to Z-statistics 

(including standardisation by scaling by sqrt(N-3), and hence taking into account the different 

patterns of missing data for different IDPs). For each IDP’s correlation, any missing data is 

ignored (that subject is left out for that sub-analysis). The Z statistics are valuable because 

they provide a standardised measure of effect strength accounting for varying degrees of 

freedom in different IDPs. 

We then used permutation testing to correct for the multiple comparisons across IDPs while 

accounting for the strong dependences among these responses. We randomly permuted the 

patient-vs-control regressor relative to the ΔIDPs, with 5,000 random permutations. At each 

permutation we computed the association Z value for each ΔIDP, and recorded the maximum 

absolute value across all IDPs. By taking the absolute value, we corrected for the two-tailed 

nature of the test (we did not pre-assume the direction of any disease effect). After building 

up the null distribution of the maximum across IDPs, we then tested the original |Z| values 

against this, to obtain family-wise error corrected-p-values Pfwe fully correcting for multiple 

comparisons across IDPs. 

We refer below to this main group comparison analysis (comparing ΔIDPs between COVID 

patients and controls) as Model 1. As secondary analyses, we also applied the same approach 

to compare hospitalised COVID patients against controls (Model 2), and to compare 



hospitalised COVID patients against non-hospitalised patients (Model 3), although power to 

detect effects in these tests would be lower, given the relatively small number of known 

hospitalised cases.  

For all 3 models, testing was carried out twice: first using the a priori focussed set of IDPs 

identified for the hypothesis-driven analyses, and then using the full set of IDPs for the more 

exploratory analyses. In both cases IDPs were identified as having significant group difference 

results fully corrected for multiple comparisons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

Participants 

UK Biobank (UKB) has been releasing data from the COVID-19 re-imaging study on a rolling 

basis. As of 1 June 2021, 404 participants met the re-imaging study inclusion criteria and were 

identified as having had COVID-19 based on either their primary care (GP) data, hospital 

records, results of their antigen tests identified through record linkage to the Public Health 

datasets in England, Wales and Scotland, or two concordant home-based lateral flow kits 

positive results. Of these 404 COVID patients, a total of 394 had usable brain scans at both 

timepoints (Tables 1 and 2). 

In total, 388 controls met the inclusion criteria and had usable brain scans at both timepoints 

(Table 1). COVID status was identified using UKB Showcase variable 41000. 

 

Table 1. Main demographics of the COVID patients and controls. Non-parametric tests were 

used whenever a variable for each group was not normally distributed (Lilliefors P = 1e-03). 

Two-sample Kolmogorov-Smirnov test was used for age at Scan 1 or Scan 2 and Years between 

Scan 1 and Scan 2. Chi-square test was used for sex, ethnicity, and diagnosed diabetes. Mann-

Whitney U-test was used for the systolic and diastolic blood pressures, weight, waist/hip 

ratio, and BMI. 

 COVID patients Controls P 

Number of subjects 394 388  

Age at Scan 1, mean±SD (range) 59.1±7.0 (46.9–80.2) 60.4±7.5 (47.1–79.8) 0.13 

Age at Scan 2, mean±SD (range) 62.2±6.7 (51.3–81.4) 63.5±7.1 (51.3–81.3) 0.09 

Sex, male/female 170 (43.1%) / 224 (56.9%) 166 (42.8%) / 222 (57.2%) 0.92 

Ethnicity, white/non-white* 382 (97.0%) / 12 (3.0%) 377 (97.2%) / 11 (2.8%) 0.86 

Years between Scans 1 and 2, 

mean±SD (range) 

3.1±1.6 (1.0–7.0) 3.1±1.6 (1.0–6.9) 0.96 

Systolic blood pressure [mmHg] 115.1±30.2 114.1±31.1 0.72 

Diastolic blood pressure [mmHg] 79.8±8.8 79.8±9.0 0.76 

Diagnosed diabetes 15 20 0.36 

Weight [kg] 76.1±15.4 75.9±15.3 0.74 

Waist/Hip ratio 0.85±0.09 0.85±0.09 0.84 

BMI [kg/m2] 26.4±4.1 26.4±4.3 0.99 

*The white/non-white distinction was made as numbers were unfortunately too low to allow for a finer distinction 

 



Despite the original matched-pairing of the COVID-19 patients and controls, their age 

distributions were slightly — though not statistically significantly — different, due to different 

patterns of missing/usable data (Supplementary Figure 1). Note that the control group is on 

average slightly (not significantly) older than the COVID group, which would be expected to 

make any change between the two timepoints harder to detect in the group comparisons, 

rather than easier (for example, this is unambiguously the case with results in IDPs measuring 

cortical thickness and volume, all of which decrease with aging and most pathologies). 

 

Table 2. Main clinical information available for the COVID patients. Of note, of the 394 

COVID patients used in our main analyses, 60 were identified as cases via the two different 

home-based lateral flow kits and thus do not have additional clinical information (or date of 

diagnosis) in their primary care or hospital records. 

 N or mean (SD) 

Total number of covid+ patients 394 

Origin of diagnosis  

- GP 14 

- Hospital 47 

- Public Health England, Wales, Scotland 273 

- Home-based lateral flow kits 60 

Total 394 

Number of COVID patients with available information on date of diagnoses 334 

Date of diagnosis  

- 2020/01/01 – 2020/03/31 4 

- 2020/04/01 – 2020/06/30 22 

- 2020/07/01 – 2020/09/30 17 

- 2020/10/01 – 2020/12/31 194 

- 2021/01/01 – 2021/04/01 97 

Total 334 

∆Days of COVID-19 infection before Scan 2, mean±SD (range) 134.9±72.6 (34–402) 

Total number of hospitalized subjects 15 

- COVID-19 as primary cause 11 

- COVID-19 as secondary cause 4 

- Days of hospitalization, mean±SD (range) 10.3±10.6 (0–39) 

- Critical care unit 2 

- Invasive ventilation 1 

- Continuous positive airway pressure 1 

- Non-invasive ventilation 1 

- Unspecified oxygen therapy 1 

- No procedure recorded 7 



Of the 334 patients for whom clinical information was available through primary care (GP) or 

hospital records, 15 were hospitalised with COVID-19, including 2 in critical care (Tables 2 and 

3). These hospitalised patients were on average older, had higher blood pressure and BMI, 

and were more likely to be men and have diabetes (Table 3). 

 

Table 3. Comparison between COVID patients (hospitalised vs. non-hospitalized). For 

statistical procedures, please refer to Table 1. 

 Hospitalized Non-hospitalized P 

Number of subjects 15 379  

Age at Scan 1, mean±SD (range) 67.0±8.4 (52.2–80.2) 58.8±6.8 (46.9–77.0) <0.001 

Age at Scan 2, mean±SD (range) 69.6±7.9 (57.4–81.4) 61.9±6.5 (51.3–80.0) <0.001 

Sex, male/female 11 (73.3%) / 4 (26.7%) 159 (42.0%) / 220 (58.0%) 0.016 

Ethnicity, white/non-white* 15 (100%) / 0 (0%) 367 (96.8%) / 12 (3.2%) 0.48 

Years between Scan 1 and 2, 

mean±SD (range) 

2.5±1.4 (1.0–5.8) 3.2±1.6 (1.1–7.0) 0.21 

Systolic blood pressure [mmHg] 130.0±32.6 114.5±30.0 0.08 

Diastolic blood pressure [mmHg] 84.4±9.1 79.6±8.8 0.04 

Diagnosed diabetes  12 <0.001 

Weight [kg] 86.0±11.2 76.1±15.5 0.0044 

Waist/Hip ratio 0.92±0.08 0.84±0.09 0.0012 

BMI [kg/m2] 28.9±3.7 26.3±4.1 0.010 

*The white/non-white distinction was made as numbers were unfortunately too low to allow for a finer distinction 

 

Olfactory and gustatory systems hypothesis-driven longitudinal results 

The time x group interaction analyses between the 394 COVID patients and 388 controls 

(Model 1) on 297 IDPs yielded 8 significant results surviving correction for multiple 

comparisons (Table 4, Figure 1, Supplementary Table S1 for full list of results). All significant 

longitudinal effects were found in the primary or secondary cortical gustatory and olfactory 

areas, in the left hemisphere, using grey matter information (thickness and volume). Four of 

these IDPs covered a similar region of the parahippocampal gyrus/perirhinal cortex in the left 

hemisphere (slightly differently defined depending on each the three predefined atlas 

parcellations used here), while three IDPs covered the region of the left lateral orbitofrontal 



cortex. The final region was in the left superior insula (precisely in the superior segment of 

the circular sulcus of the insula). All three regions showed greater reduction of grey matter 

thickness or volume over time in the 394 COVID patients compared with the 388 controls.  

While these results were not significant for the comparison between the 15 hospitalised 

COVID patients and 388 controls (Model 2), or between the 15 hospitalised COVID patients 

and 379 non-hospitalised ones (Model 3), likely due to the reduction in degrees of freedom 

in these two models, Z values obtained for these other two group comparisons suggest that 

similar effects were seen in the parahippocampal gyrus (max Z=-4.3 for the Model 2; Z=-3.2 

for Model 3) and superior insula to a lesser extent (max Z=-3.3; Z=-2.1), i.e. the first cortical 

relays of the olfactory and gustatory systems. 

 

Table 4. Hypothesis-driven olfactory and gustatory approach: longitudinal group 

comparison results. The top 10 results out of 297 IDPs, based on their corrected family-wise 

error (FWE) p-values, showing where the 394 COVID patients and 388 controls differed over 

time are presented. In bold, the findings surviving correction for multiple comparisons based 

on this contrast. All significant results were found in the primary or secondary cortical 

gustatory and olfactory areas, in the left hemisphere, using grey matter information (volume, 

thickness). As indicated by the Z values in the other two group comparisons, those results are 

similar for the comparison between the 15 hospitalised COVID patients and controls, and 

between hospitalised COVID patients and non-hospitalised ones, especially in the 

parahippocampal gyrus and superior insula (which are both first cortical relays of the olfactory 

and gustatory system, respectively). The reproducibility measurements show the scan-rescan 

similarities of IDPs across both COVID patients and controls (see Methods). 

 

 

 

 

 



 
COVID vs  

controls 

COVID/Hosp+ 

vs controls 

COVID/Hosp+ 

vs COVID/Hosp- 
 

 

Imaging-Derived Phenotype (IDP) Description r Z Pfwe Z Pfwe Z Pfwe L/R Repro 

Parahippocampal gyrus - thickness (DKT atlas) -0.16 -4.2 0.01 -4.4 0.07 -3.2 0.42 L 0.83 

Lateral orbitofrontal cortex - thickness (DKT atlas) -0.16 -4.2 0.01 -2.5 0.93 -1.2 1 L 0.58 

Parahippocampal gyrus - thickness (Desikan atlas) -0.14 -3.9 0.03 -4.3 0.08 -3.3 0.36 L 0.83 

Lateral orbitofrontal cortex - volume (Desikan atlas) -0.15 -4.0 0.03 -2.7 0.79 -1.6 1 L 0.93 

Lateral orbitofrontal cortex - thickness (Desikan atlas) -0.14 -3.9 0.03 -2.1 1 -0.8 1 L 0.63 

Perirhinal cortex - thickness (Brodmann’s area atlas) -0.15 -4.0 0.03 -2.1 1 -0.6 1 L 0.60 

Parahippocampal gyrus - thickness (Destrieux atlas) -0.15 -4.0 0.03 -2.2 0.98 -0.6 1 L 0.71 

Superior insula - thickness (Destrieux atlas) -0.15 -3.9 0.03 -3.8 0.14 -2.1 1 L 0.82 

Entorhinal cortex - thickness (DKT atlas) -0.14 -3.7 0.06 -0.3 1 1.1 1 L 0.58 

Lateral orbitofrontal cortex - volume (DKT atlas) -0.14 -3.7 0.07 -2.3 0.97 -1.3 1 L 0.92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 1. Most significant longitudinal group comparison results. The three main regions 

showing significant loss of grey matter (thickness, volume) between the two timepoints 

specifically for the COVID patients are the parahippocampal gyrus, the lateral orbitofrontal 

cortex, and the superior insula. All results were localised to the left hemisphere. For each 

region, the IDP spatial region of interest shown in magenta, overlaid on the FreeSurfer 

average inflated cortical surface; to the right are the scatter and box plots showing the 

difference in cortical thickness or volume between the two timepoints for the 388 controls 

and 394 COVID patients. In black circles are the 15 hospitalised COVID patients. All y axes are 

arbitrary units proportional to the original measures, due to the normalisation steps in the 

IDP preprocessing. 

 

Exploratory approach 

2,022 IDPs passed the initial tests of reproducibility and data completeness (see 

Supplementary Table S2 for the complete list of reproducible IDPs and results). The main 

analysis (Model 1) revealed four measures with significant longitudinal difference between 

the 394 COVID patients and 388 controls after correction for multiple comparisons: two global 

measures of volume (ratio of the volume of the segmented brain over the estimated total 

intracranial volume generated by FreeSurfer, and volume of right lateral ventricle), and two 

measures that independently confirmed the involvement of olfactory-related cortical areas 

(the left parahippocampal gyrus and left lateral orbitofrontal cortex)(Table 5). Due to the very 

limited degrees of freedom in our second and third models (15 hospitalised COVID patients 

vs controls, and those 15 hospitalised COVID patients vs non-hospitalised), these 4 results 

were not significant for these two other group comparisons. However, Z values suggest once 

again that the impact of COVID-19 is still measurable in the left parahippocampal gyrus (max 

Z=-4.4 for Model 2; max Z=-3.3 for Model 3). 

 

  



Table 5. Exploratory approach: longitudinal group comparison results. The top 10 results 

showing where the 394 COVID patients and 388 controls differed over time are presented. In 

bold, the findings surviving correction for multiple comparisons based on this contrast. Apart 

from a few global measures relating to loss of brain volume (increase of CSF volume), most of 

the top exploratory results implicate again the primary and secondary connections of the 

olfactory and gustatory system (in the left hemisphere). As indicated by the Z values in the 

other two group comparisons, those results are similar for the comparison between the 

hospitalised COVID patients and controls, and between hospitalised COVID patients and non-

hospitalised ones, especially in the parahippocampal gyrus.  

 
COVID+ vs  

COVID- 

COVID+Hosp+ 

vs COVID- 

COVID+Hosp+ vs 

COVID+Hosp- 
 

 

Imaging-Derived Phenotype (IDP) Description r Z Pfwe Z Pfwe Z Pfwe L/R Repro 

Ratio brain volume/estimated total intracranial volume -0.19 -5.0 0.001 -2.9 0.99 -2.0 1 N/A 0.92 

Lateral ventricle - volume  0.17 4.4 0.02 2.2 1 0.7 1 R 0.98 

Parahippocampal gyrus - thickness (DKT atlas) -0.16 -4.2 0.04 -4.4 0.19 -3.2 0.93 L 0.83 

Lateral orbitofrontal cortex - thickness (DKT atlas) -0.16 -4.2 0.04 -2.5 1 -1.2 1 L 0.58 

Unnormalised CSF volume 0.15 4.1 0.07 1.7 1 -0.3 1 N/A 0.98 

Lateral orbitofrontal cortex - volume (Desikan atlas) -0.15 -4.0 0.09 -2.7 1 -1.6 1 L 0.93 

Perirhinal cortex - thickness (Brodmann’s area atlas) -0.15 -4.0 0.09 -2.1 1 -0.6 1 L 0.6 

Parahippocampal gyrus - thickness (Destrieux atlas) -0.15 -4.0 0.11 -2.2 1 -0.6 1 L 0.71 

Superior insula - thickness (Destrieux atlas) -0.15 -3.9 0.12 -3.8 0.49 -2.1 1 L 0.82 

Parahippocampal gyrus - thickness (Desikan atlas) -0.14 -3.9 0.14 -4.3 0.23 -3.3 0.90 L 0.83 

 

 

As so many of the top exploratory and hypothesis-driven results included IDPs of cortical 

thickness particularly in the left hemisphere (e.g., 11 out of the top 20 for the exploratory 

approach, and 10 out of 20 for the ROI-based approach), we further conducted a visual 

analysis of the vertex-wise longitudinal thickness differences between the 394 COVID patients 

and 388 controls over the entire cortical surface (Figure 2). This again suggested that the 

strongest deleterious effects of COVID-19 could be seen predominantly in the left 

hemisphere, extending beyond the parahippocampal gyrus, orbitofrontal cortex and insula to 

the left supramarginal gyrus and anterior cingulate cortex, and in the right temporal pole — 

also weakly present in the left hemisphere. 



Of note, when looking at the maximum |Z| values for Model 3, which compares longitudinal 

changes between hospitalised and non-hospitalised COVID patients, the top 20 largest effects 

could be seen reliably in olfactory- and memory-related areas (Supplementary Table 2), 

including the left parahippocampal gyrus, the left anterior, posterior and isthmus of the 

cingulate cortex, and the right CA1 region of the hippocampus and right cortical nucleus of 

the amygdala. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Vertex-wise longitudinal group comparison results in grey matter thickness. 

Thresholded map (|Z|>3) showing the strongest longitudinal differences between the 394 

COVID participants and 388 controls. More prominent reduction in cortical thickness between 

the two scans for the COVID patients can be seen particularly in the left hemisphere in the 

anterior parahippocampal gyrus (perirhinal cortex), the anterior and lateral orbital gyrus, 

superior insula, supramarginal gyrus and anterior cingulate cortex. In the right hemisphere, 

there is also a notable reduction of grey matter thickness in the temporal pole (also weakly 

present in the left hemisphere). 

 

  



Discussion 

To our knowledge, this is the first longitudinal imaging study in COVID-19 where COVID 

patients were initially scanned before they contracted the disease. This multimodal 

exploration of the impact of SARS-CoV-2 on the brain was made possible by leveraging the 

unique resource of the UK Biobank project, and its COVID-19 re-imaging study. In total, we 

were able to include 782 participants with two usable brain scans: 394 COVID patients, and 

388 controls who were well-matched for age, sex, ethnic background and interval between 

the two scans. The converging longitudinal analyses revealed a significant, deleterious impact 

of COVID-19 on the olfactory and gustatory cortical systems, with a more pronounced 

reduction of grey matter thickness and volume in the left parahippocampal gyrus, the left 

superior (dorsal) insula and the left lateral orbitofrontal cortex in the COVID patients. Further 

investigation demonstrated that this effect extended to the left anterior cingulate cortex, the 

left supramarginal gyrus and the right temporal pole. Comparing the few patients (n=15) who 

had been hospitalised with COVID-19 with those who had not also showed a similar pattern 

of olfactory- and memory-related brain regions, particularly centred around the left cingulate 

cortex, and the right hippocampus and amygdala. 

Much has been made of the benefit of using a longitudinal design to estimate in particular 

trajectories of brain ageing and cognitive decline39 (www.biorxiv.org/content/10.1101/

2021.02.08.428915v2). The longitudinal nature of the UK Biobank COVID-19 re-imaging study, 

with the baseline scan acquired before infection from SARS-CoV-2 and the second scan after 

infection, makes it possible to more confidently disentangle the contribution of the disease 

process from pre-existing differences in the brain (or risk factors) of future COVID-19 patients. 

An illustrative example is that, based solely on the cross-sectional group comparisons 

between COVID patients and controls at just the second timepoint post infection (i.e., 

equivalent to what post hoc studies would do), the strongest effect is seen in the volume of 

the thalamus (r=-0.15, Z=-4.3, Pfwe=0.03). This effect entirely disappears when taking into 

account the baseline scans however, since the thalamus of the participants who will later 

contract COVID-19 appears to already differ from the controls years before infection (r=-0.15, 

Z=-4.3, Pfwe=0.04). Whether these differences played a subsequent role in those patients 

being more likely to contract the virus, or to develop symptoms from them, would need to be 

investigated further by linking them to either genetic information, or the many lifestyle, 



cognitive, physical and other health outcome measures available in UK Biobank. This 

highlights the difficulties in interpreting cross-sectional post-infection differences as being 

necessarily the consequence of COVID-19. The longitudinal aspect of this study design, 

combined with the matching of the patients and controls for age, sex, scan interval and 

ethnicity, increases the interpretability of the results, and confidence that the reduction in 

thickness and volume of those olfactory-related brain regions is an impact of the disease 

process. As this study is observational (as opposed to a randomised, controlled, interventional 

study), one cannot make claims of disease causality with absolute certainty, but 

interpretational ambiguities are greatly reduced compared with post hoc cross-sectional 

studies. 

Our cohort-based, quantitative imaging study, unlike the majority of single case and case 

series studies published so far, does not focus on gross abnormalities that could be observed 

at the single subject-level with a naked eye, such as microhaemorrhages or (sub)acute 

ischaemic infarctions (doi.org/10.3389/fnagi.2021.646908). It does however rely on a 

consistent pattern of abnormalities caused by the disease process, a common spatial 

distribution of these pathological alterations across the patients, which could be uncovered 

by aligning all the images together in a common standard space, followed by applying a 

pipeline of modality-specific image processing algorithms. This automated, objective and 

quantitative processing of the images facilitates the detection of subtle changes that would 

not be visible at the individual level, but which point to a possible mechanism for the spread 

of the disease inside the central nervous system. 

Our hypothesis-driven analyses revealed a clear involvement of the olfactory and gustatory 

systems, which was further confirmed by the exploratory analyses and the vertex-wise map 

considering the entire cortical surface. While no significant longitudinal differences were seen 

in the piriform cortex or olfactory bulbs (both located in a region above the sinuses prone to 

susceptibility distortions to the brain images, and both being difficult to segment in MRI data), 

we identified consistent abnormalities in the left parahippocampal gyrus (Tables 4 and 5, 

Figure 2) — a limbic region of the brain involved in supporting memory of events — 

specifically in its most anterior part also known as the perirhinal cortex. The anterior 

parahippocampal gyrus’ function is distinct from its posterior part, and is thought to relate to 

familiarity, and to specific encoding of object information22,40, as well as to play a crucial, 



integrative role for the relative temporal order of events in episodic memory41. Importantly, 

it is directly connected to the piriform cortex and entorhinal cortex, which are both part of 

the primary olfactory cortex13,42. Similarly, the orbitofrontal cortex, which we also found 

altered by COVID-19, is often referred to as the secondary olfactory cortex as it possesses 

direct connection to both entorhinal and piriform cortex42, as well as to the anterior olfactory 

nucleus14,34. In fact, in a recent functional connectivity study of the primary olfactory cortex, 

the orbitofrontal cortex was found to be connected to all four primary olfactory regions 

investigated (frontal and temporal piriform cortex, anterior olfactory nucleus and olfactory 

tubercle), possibly explaining why it is reliably activated even in basic and passive olfactory 

tasks34. The insula, which completes the regions found to be significantly different between 

COVID and control groups, is not only directly connected to the primary olfactory cortex14, 

but is also considered to be the primary gustatory cortex. “Area G” (i.e. the dorsal part of the 

insula at the junction with the frontal and parietal operculum), as it is coined, in turn connects 

with the orbitofrontal cortex15 (doi.org/10.1016/B978-012547626-3/50032-6). The vertex-

wise visualisation on the cortical surface of this loss of grey matter in the insula spatially 

corresponds in particular to the area of consistent activation to all basic taste qualities43. 

Interestingly, early neurological signs in COVID-19 are hyposmia and hypogeusia, which 

appear to precede the onset of respiratory symptoms in the majority of affected 

patients2,11,44. In addition, a popular hypothesis has been that an entry point to the central 

nervous system is via the olfactory bulb2,5. Whether our consistent findings, which seem to 

delineate a clear limbic network of the primary and secondary olfactory and gustatory cortex, 

reflect a brain-related pathological process of COVID-19, or a direct effect of the spread of 

the virus itself, remains unknown. 

The majority of our results were found using imaging biomarkers of grey matter thickness or 

volume, which are very sensitive to detect the effects of a neurodegenerative process 

compared with other imaging modalities45, and are particularly robust measurements that 

makes them ideal in a longitudinal setting46. In fact, the longitudinal effects between the 

COVID-19 and control groups, while markedly and significantly localised in a limbic olfactory 

and gustatory network, seemed also (at a lower level) to be generalised, as illustrated in the 

shift in the distribution of Z values over the entire cortical surface (which was more 

pronounced on the left than on the right, Supplementary Figure 2). Our strongest results are 



found in the left hemisphere, although it remains to be investigated whether this effect is 

significant. This apparent asymmetry might relate to the asymmetry of the olfactory system 

itself, such as that of the olfactory bulb or its neuronal firing47, or to the olfactory processes, 

where the left hemisphere seem to be more involved in the emotional aspect of olfactory 

memory47 (the famous madeleine de Proust association that seemed particularly targeted in 

COVID-1948). This asymmetry of the olfactory memory has been successfully exploited by 

using for instance a simple but powerful olfactory test in Alzheimer’s disease49. Remarkably, 

Alzheimer’s disease patients demonstrated an asymmetrical — left greater than right — 

decrement of odour detection sensitivity49.  

The limbic nature of the regions of the olfactory system, and their physical proximity to the 

hippocampus in particular, raise the possibility that longer-term consequences of SARS-CoV-

2 infection (for which some suggest that the coronavirus itself enters the brain via the 

olfactory route) might in time contribute to Alzheimer’s disease or other forms of dementia2. 

This has lead to the creation of an international consortium including the Alzheimer's 

Association and representatives from more than 30 countries to investigate these questions2. 

The comparison, in “Model 3”, of hospitalised vs non-hospitalised patients, further revealed 

more pronounced loss of grey matter in limbic regions, more specifically the central nucleus 

of the amygdala (primary olfactory cortex), the cingulate cortex and the cornu ammonis of 

the hippocampus, which all contribute to the olfactory system downstream of the olfactory 

bulb. This might represent a more deleterious impact of COVID-19, or be due to risk factors 

(as hospitalised patients were older, had higher BMI and blood pressure, and higher risk of 

having diabetes), or an interaction of both. The loss of grey matter in memory-related regions 

of the brain may in turn increase the risk of these patients of developing dementia in the 

longer term2. 

Limitations of this study include the lack of stratification of the patients beyond the 

information of whether they had been hospitalised (information on O2 saturation levels and 

details of treatment or hospital procedures is currently available on only a few participants), 

lack of clinical correlates, small number of participants from Asian, Black or other ethnic 

background other than White, (minority of) cases and (all of) controls’ COVID-19 status 

identified through lateral flow test kits that have varied diagnostic accuracy50. For those cases, 

no distinction is possible at present to determine whether a positive test is due to COVID-19 



or thanks to vaccination, so potential cases identified only through lateral flow test in 

vaccinated participants were not included. Another issue inherent to the recruitment strategy 

of UK Biobank, based on participants volunteering after being contacted at home for a 

possible re-imaging session, is the high number of mild cases. This can be seen however as a 

strength of this study: the majority of the brain imaging publications so far having focussed 

on moderate to severe cases of COVID-19 (doi.org/10.3389/fnagi.2021.646908), there is a 

fundamental need for more information on the cerebral effects of the disease even in its 

mildest from. It is also worth noting that the UK Biobank COVID-19 re-imaging study is an 

ongoing effort, and self-report on symptoms and treatments, as well as further distinction 

between vaccination and COVID-19 status, will be made available. 

This is the first longitudinal imaging study comparing brain scans acquired from individuals 

before and after SARS-CoV-2 infection to those scans from a well-matched control group. It 

also is one of the largest COVID-19 brain imaging studies, with 782 participants including 394 

individuals with COVID-19. Its unique design makes it possible to tease apart the contribution 

of the disease from pre-existing risk factors. By using automated, objective and quantitative 

methods, we were able to uncover a consistent spatial pattern of loss of grey matter in limbic 

brain regions forming an olfactory and gustatory network. Whether these abnormal changes 

are the hallmark of the spread of the disease (or the virus itself) in the brain, which may 

prefigure a future vulnerability of the limbic system, including memory, for these patients, 

remains to be investigated. 
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Supplementary Material 

Supplementary Figure 1. Age distributions for COVID patients and controls at each 

timepoint do not differ significantly. Two-sample Kolmogorov-Smirnov was used to compute 

the P values for age comparisons, since age for each group was not normally distributed 

(Lilliefors P = 1e-03 for each group, and both age at Scan 1 or Scan 2). This showed no 

significant difference in age distribution between COVID patients and controls at Scan 1: p = 

0.13 or at Scan 2: p = 0.09. 

 

 

 

 

 

Supplementary Figure 2. Histograms of group comparison Z statistics of longitudinal change 

in cortical thickness.  Left, histogram of Z-statistics (blue) across cortical vertices in left 

hemisphere (with grey lines showing 100 null histograms created through random 

permutations of the group variable). Middle: right hemisphere Z-statistics (orange) and 

matched nulls. Right: the same left and right hemisphere Z-statistics histograms overlaid (with 

a pooled null histogram in grey). 

 

 

 

 

 

 

 



Supplementary Table 1. Full list of reproducible IDPs used in the hypothesis-driven approach, 

and corresponding statistics.  

Please see additional attached PDF document. 

 

Supplementary Table 2. Full list of reproducible IDPs used in the exploratory approach, and 

corresponding statistics. Version 1, ordered by IDPs. Version 2, ordered by decreasing |Z| 

from Model 3 group comparison (hospitalised vs non-hospitalised COVID).  

Please see additional attached PDF documents. 

 


