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Abstract

The COVID-19 pandemic has had a profound impact worldwide, not only due to its acute
effects but also because of its long-term health consequences, particularly neurological and
cognitive impairments. Many individuals who have recovered from COVID-19 continue to
experience symptoms such as cognitive dysfunction, memory deficits, attention deficits, fa-
tigue, insomnia, and brain fog, collectively termed as post-COVID syndrome (PCS). Despite
increasing recognition of these persistent symptoms, the neurobiological mechanisms under-
lying PCS are still poorly understood. This thesis systematically investigates the long-term
impact of COVID-19 on brain structure, white matter microstructure, functional connec-
tivity, and cerebral blood flow using an exploratory multi-sequence Magnetic Resonance
Imaging (MRI) approach. A controlled cross-sectional study was conducted, involving a
cohort of COVID-19 recovered patients (CRPs) and a matched group of healthy controls
(HCs). Participants underwent a comprehensive MRI scan session, including T1-weighted
MRI, diffusion-weighted imaging (DWI), resting-state functional MRI (rs-fMRI), and Arte-
rial Spin Labeling (ASL) imaging. These images were analysed to investigate the morphology,
microstructure, function, and perfusion in the brain, respectively.

T1-weighted imaging was employed to assess morphological changes in cortical and sub-
cortical regions. Macro-scale analyses highlighted volumetric changes in subcortical compo-
nents of the basal ganglia and the limbic system. Morphometric analyses, including voxel-
based morphometry (VBM) and surface-based morphometry (SBM), revealed significant gray
matter volume reduction and cortical thickness alterations in several brain regions, including
the orbitofrontal cortex, medial prefrontal cortex, and the superior temporal gyrus. Further,
analyses of white matter microstructure using DWI revealed significant alterations in the
CRPs. Tract-Based Spatial Statistics (TBSS) and Automated Fiber Quantification (AFQ)

revealed significant white matter disruptions in CRPs, particularly in the uncinate fasciculus,



cingulum bundle, inferior longitudinal fasciculus, and the inferior fronto-occipital fasciculus.
Fixel-Based Analysis (FBA) was employed to study and quantify white matter microstructure
at the sub-voxel level using fiber density and cross-sectional measures, highlighting changes in
the tracts of the limbic system. These findings show that COVID-19 has a significant impact
on the integrity of major white matter tracts that could be linked with cognitive processing,
memory, and emotion in the brain.

Functional connectivity alterations were examined using resting-state fMRI, focusing on
large-scale brain networks. Independent Component Analysis (ICA) and thalamocortical
functional connectivity analyses revealed significant disruptions in the default mode network
(DMN), salience network, and thalamocortical connectivity of mediodorsal thalamic nuclei in
CRPs. Reduced functional connectivity within the DMN, particularly between the posterior
cingulate cortex, medial prefrontal cortex, and the caudate nucleus, was observed, which
could be associated with difficulties in sustained attention, multitasking, and lack of sleep.
Additionally, altered thalamocortical interactions suggest disruptions in key circuits involved
in memory recollection. Notably, it was observed that while functional dysfunction was
prominent only in hospitalized CRPs, abnormalities in morphology and white matter integrity
were consistent across survivors of mild and severe COVID-19 infections. Cerebral perfusion
was assessed using ASL-MRI to evaluate alterations in blood flow, which could contribute
to the neurological symptoms observed in PCS. Results of our study did not highlight a
significant impact of COVID-19 on blood flow.

This research provides compelling evidence of morphological, microstructural, and func-
tional changes in individuals recovering from COVID-19, supporting the hypothesis that the
virus has long-term neurological effects. The integration of multi-sequence MRI techniques
allows for a comprehensive understanding of brain health. Using the findings of this thesis,
we proposed a series of hypotheses to facilitate future investigations on the underlying neuro-
logical mechanisms behind the characteristic symptoms of PCS, brain fog, fatigue, insomnia,
and memory problems. The findings of this study have significant implications for public
health, clinical management, and rehabilitation strategies aimed at mitigating the long-term
neurological consequences of COVID-19. Future work should focus on longitudinal studies
to determine whether these changes are progressive or reversible over time. Additionally,
further investigations into the relationship between specific post-COVID symptoms and neu-

roimaging biomarkers will be essential to develop targeted interventions. This thesis lays the
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foundation for future research exploring specific neural correlates of PCS and therapeutic
strategies to support COVID-19 survivors experiencing persistent cognitive and neurological

challenges.
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Distribution of diffusion metrics of tracts that showed a significant difference
between Healthy Controls (HCs) and COVID-19 Recovered Patients (CRPs)
(prpr < 0.05). Key: L. = Left, R. = Right, FA = Fractional Anisotropy, MD
= Mean Diffusivity, AD = Axial Diffusivity, RD = Radial Diffusivity.

Distribution of diffusion metrics of tracts that showed a significant effect of
infection severity amongst Healthy Controls (HCs), Non-Hospitalized Patients
(NHPs), and Hospitalized Patients (HPs) (pppr < 0.05). Key: L. = Left, R.
= Right, FA = Fractional Anisotropy, MD = Mean Diffusivity, AD = Axial
Diffusivity, RD = Radial Diffusivity, FDR = False Detection Rate. . . . ..
Flowchart representing the data processing steps involved in Fixel-Based Anal-
ysis (FBA) of diffusion-weighted MRI (DWT). Key:FD = Fiber Density; FC
= Fiber Cross-Section; FOD = Fiber Orientation Distribution; FDC = Fiber
Density and Cross-section, WM = White Matter, FWE = Family-wise Error
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4.13

4.14

4.16

4.17
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Regions that showed significant differences in Fiber Density (FD) between the
Healthy Controls (HCs) and COVID-19 Recovered Patients (CRPs) (prw e <
0.01). Significantly reduced FD in CRPs (CRP<HC) was observed in the
Inferior Longitudinal Fasciculus (ILF), right Arcuate Fasciculus (R-AF), and
the Corticospinal Tract (CST). . . . . . . . ... . . . . . . . . ...
Regions that showed significant differences in Fiber Density (FD) between the
Healthy Controls (HCs) and COVID-19 Recovered Patients (CRPs) superim-
posed on the study-specific template (ppwr < 0.01). (A) Coronal slices of the
brain show that significantly increased FD in CRPs (CRP>HC) was observed
in the perigenual Corpus Callosum (Co.C) and the frontal terminal of the un-
cinate fasciculus (UF). (B) Sagittal slices of the brain highlight a significant
increase in FD (CRP>HC) in the temporal terminal of the right UF. . . . . .
Regions that showed significant differences in log Fiber Cross-Section (log-
FC) between the Healthy Controls (HCs) and COVID-19 Recovered Patients
(CRPs) superimposed on the study-specific template (ppw g < 0.01). Sig-
nificantly increased log-FC in CRPs (CRP>HC) was observed in the dense
crossing connections from the right uncinate fasciculus (UF) and the fornix. .
Regions that showed significant differences in Fiber Density and Cross-Section
(FDC) values between the Healthy Controls (HCs) and COVID-19 Recovered
Patients (CRPs) superimposed on the study-specific template (ppw g < 0.01).
Significantly increased FDC in CRPs (CRP>HC) was observed in the dense
crossing connections from the right uncinate fasciculus (UF) and the fornix. .
Flowchart representing the data processing steps involved in the graph theo-
retical analysis of structural connectivity derived using diffusion-weighted MRI
(DWI). Key: GM = Grey Matter, WM = White Matter, FOD = Fiber Ori-
entation Distribution, DWI = Diffusion Weighted Image, SIFT = Spherical-

deconvolution Informed Filtering of Tractogram. . . . . . ... ... .. ...

Flowchart representing the data processing steps involved in the analysis of
resting-state fMRI (rs-fMRI) data using Independent Component Analysis
(ICA). Key: RSN = Resting State Networks. . . . . .. ... ... ......
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5.2  Fourteen Resting State Networks (RSN) were identified by comparing the inde-
pendent components (ICs) with network maps from the Yeo Atlas (https://surfer.nmr.mgh.har-
vard.edu/fswiki/CorticalParcellation__Yeo2011). The identified ICs are pre-
sented here with the best-matched RSN from the atlas. The values of cor-
responding correlation coefficients are provided in parentheses. Key: N/w =

Network . . . . . e 105
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Significant clusters that highlight the effect of infection severity on the func-
tional connectivity (FC) of the anterior default mode network (DMN-A1 and
DMN-A2) with the brain amongst Healthy Controls (HCs), Non-Hospitalized
Patients (NHPs), and Hospitalized Patients (HPs) (peorr < 0.05). (A) Post-
hoc comparison of HCs and HPs showed a significant cluster in the left poste-
rior insular cortex (DMN-A1, HC>HP). (B) Post-hoc comparison of HPs and
NHPs also highlighted a cluster in the left posterior insular cortex (DMN-A1,
NHP>HP). (C) Post-hoc comparison of NHPs and HCs showed a significant
cluster in the dorsal visual association cortex (DMN-A2, NHP>HC). . ... 107
5.4 Significant clusters that highlight the effect of infection severity on the func-
tional connectivity (FC) of the posterior default mode network (DMN-C) with
the brain amongst Healthy Controls (HCs), Non-Hospitalized Patients (NHPs),
and Hospitalized Patients (HPs) (pcorr < 0.05). (A) Post-hoc comparison of
NHPs and HPs highlighted clusters in the precuneus, posterior cingulate, and
the inferior frontal cortex (NHP>HP), and (B) post-hoc comparison of HCs
and HPs showed a significant cluster in the right caudate and the left thalamus
(HCSHP). . oo 108
5.5 Significant clusters that highlight the effect of infection severity on the func-
tional connectivity (FC) of the somatomotor network (SMN) with the brain
amongst Healthy Controls (HCs), Non-Hospitalized Patients (NHPs), and Hos-
pitalized Patients (HPS) (peorr < 0.05). (A) Post-hoc comparison of the FC of
the SMN-A in the NHPs and HPs highlighted a significant cluster in the left
postcentral gyrus (NHP>HP), and (B) Post-hoc comparison of the FC of the
SMN-B in the NHPs and HPs highlighted a significant cluster in the left and
right caudate, the right Heschl’s and supramarginal gyri (NHP>HP).. . . . . 109
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5.10
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Flowchart representing data processing steps involved in the analysis of thala-
mocortical functional connectivity using resting-state IMRI (rs-fMRI).

Regions that exhibit significant differences in functional connectivity (FC)
with the left Medio-dorsal thalamic nucleus upon comparing Healthy Con-
trols (HCs) and Non-Hospitalized Patients (NHPs) (ppw e < 0.05). A cluster
with increased FC in NHPs (NHP > HC) was observed in the left anterior
cingulate cortex. . . . . . . ..
Regions that exhibit significant differences in functional connectivity (FC) with
the left Medio-dorsal thalamic nucleus upon comparing Non-Hospitalized Pa-
tients (NHPs) and Hospitalized Patients (HPs) (ppwr < 0.05). Clusters with
increased FC in HPs (HP > NHP) were observed in the (A) right superior
parietal cortex, (B) right angular gyrus, and (C) left cuneal cortex. . . . ..
Regions that exhibit significant differences in functional connectivity (FC)
with the left Medio-dorsal thalamic nucleus upon comparing Healthy Con-
trols (HCs) and Hospitalized Patients (HPs) (ppwp < 0.05). Clusters with
increased FC in HPs (HP > HC) were observed in the (A) left inferior visual
association cortex, (B) right supramarginal gyrus, angular gyrus, and fusiform
gyrus, and (C) right visual association cortex. . . . .. ... ... ... ...
Regions that exhibit significant differences in functional connectivity (FC) with
the right Medio-dorsal thalamic nucleus upon comparing Healthy Controls
(HCs) and Non-Hospitalized Patients (NHPs) (prpw g < 0.05). A cluster with
increased FC in NHPs (NHP > HC) was observed in the left anterior cingulate
CONtEeX. . . . . . . e e
Regions that exhibit significant differences in functional connectivity (FC) with
the right Medio-dorsal thalamic nucleus upon comparing Non-Hospitalized Pa-
tients (NHPs) and Hospitalized Patients (HPs) (ppw g < 0.05). Clusters with
increased FC in HPs (HP > NHP) were observed in the (A) right superior

parietal cortex, and (B) medial left dorsal visual association cortex. . . . . .
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5.12 Regions that exhibit significant differences in functional connectivity (FC) with

6.1

6.2

the right Medio-dorsal thalamic nucleus upon comparing Healthy Controls
(HCs) and Hospitalized Patients (HPs) (ppwp < 0.05). Clusters with in-
creased FC in HPs (HP > HC) were observed in the (A) left inferior visual
association cortex, (B) right fusiform gyrus, and (C) bilateral primary visual

170 o 1< >- <

Flowchart representing the data processing steps involved in the analysis of
Arterial Spin Labelling (ASL) MRI using the Bayesian Inference for Arterial
Spin Labeling (BASIL) pipeline. Key: CBF = Cerebral Blood Flow, ROI =
Region of Interest. . . . . . . .. . Lo
A sample map of Cerebral Blood Flow (CBF) of a representative Healthy Con-
trol (HC) registered to the standard MNT space obtained using the Bayesian
Inference for Arterial Spin Labeling (BASIL) Pipeline. . . . .. .. ... ..
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