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Abstract and Keywords 

COVID-19 infection leading to acute respiratory distress syndrome (ARDS) has been associated 

with impaired neurocognitive function and is known to increase the risk for endothelial 

dysfunction and coagulopathy affecting the vasculature of the brain. Recent studies have reported 

a higher concentration of cytokine and glutamate receptors along white matter tracts which may 

increase susceptibility to inflammatory-induced damage, further affected by hypoxemia due to 

direct and indirect lung damage. We conducted a systematic review and meta-analysis which 

suggests that the combination of ARDS and COVID-19 doubles the risk of developing intracranial 

hemorrhage and increases vulnerability to cerebral white matter injury as opposed to ARDS of 

other causes. Given the findings of the review, we then assess image analysis methods to detect 

these injuries, particularly white matter hyperintensities (WMH). Although various deep learning 

techniques have been proposed to automatically quantify WMH, the influence of image 

preprocessing steps on segmentation accuracy has been underexplored. We examine the impact of 

five intensity normalization methods on deep learning segmentation accuracy, emphasizing the 

importance of careful consideration for WMH analysis in COVID-19 ARDS populations. Further 

exploration of intensity normalization approaches using the Neuro-SAVE ICU data is underway 

to determine the optimal method for WMH analysis. 

Magnetic Resonance Imaging, Critical Illness, COVID-19, White Matter Hyperintensities, 

Neuroinflammation
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Summary for Lay Audience 

Acute Respiratory Distress Syndrome (ARDS) is a condition resulting from severe lung injury. 

The diagnostic criteria for ARDS, known as the 'Berlin definition,' include the timing of respiratory 

symptoms onset, low oxygen levels despite oxygen therapy, and fluid accumulation in the lungs 

leading to respiratory failure. This fluid buildup can damage the pulmonary surfactant, which 

prevents lung collapse. Inflammatory mediators called cytokines released by immune cells in the 

lungs can trigger a secondary inflammatory response in the brain, involving microglia activation. 

In some cases, this response can become excessive, damaging blood vessels and neurons, which 

can be observed through brain imaging techniques like MRI. COVID-19 infection is the focus of 

this thesis as a potential cause of ARDS. The SARS-CoV-2 virus responsible for COVID-19 enters 

the body through ACE-2 receptors, which are concentrated in the lungs. The virus destroys these 

receptors, leading to an immune response that further damages lung cells. Severe infections can 

result in ARDS, and there is evidence suggesting that COVID-19-related ARDS may increase the 

frequency of brain injuries, particularly affecting white matter. Such injuries pose a higher risk of 

disability and mortality for patients. 

The thesis consists of two parts. The first part reviews previous research on brain injuries in ARDS, 

including their frequencies and associated risks. The second part focuses on analyzing MRI data, 

specifically when dealing with low-quality clinical data. The findings indicate that COVID-19 

ARDS patients are twice as likely to experience brain hemorrhages compared to other causes of 

ARDS. Additionally, COVID-19 may specifically impact white matter tracts in the brain. To 

improve analysis efficiency and enhance understanding, the thesis proposes the use of deep 

learning techniques for automatic detection of white matter lesions. Further research is necessary 

to fully understand the impact of COVID-19 ARDS on the brain. This knowledge will be crucial 

for scientists and healthcare systems in developing and providing support to COVID-19 ARDS 

survivors. 
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Chapter 1  

1.1 ARDS Etiology and Pathogenesis  

Acute respiratory distress syndrome (ARDS) is a severe form of lung injury precipitated by 

irreparable damage to the alveolar-capillary membrane lining the lungs, impairing systemic 

oxygenation circulation. The currently accepted diagnostic criteria for ARDS follow the ‘Berlin 

definition’, (ARDS Definition Task Force, 2012) including the sudden onset of impaired 

oxygenation (defined as the ratio of arterial oxygen partial pressure to inspired oxygen fraction in 

mm Hg [PaO2/FiO2 ratio] equal to or lesser than 300 mm Hg) and the presence of fluid buildup in 

the alveoli, evidenced by chest imaging. ARDS is further classified into three categories based on 

the severity of hypoxemia: mild (PaO2/FiO2 between 200-300 mm Hg), moderate (PaO2/FiO2 

between 100-200 mm Hg), and severe (PaO2/FiO2 less than 100 mm Hg) (Huppert et al., 2019). It 

is estimated that ARDS affects between 10% to 15% of all patients admitted to the intensive care 

unit (ICU) globally and is one of the leading causes of mortality in critical illness, causing death 

in up to 40% of diagnosed patients (Bellani et al., 2016; Sharma et al., 2010). ARDS can be caused 

by either direct lung injury (e.g. pneumonia, aspiration or inhalation) or through indirect lung 

injury (eg. sepsis or pancreatitis). The pathogenesis of ARDS involves a number of interrelated 

factors, including inflammatory mediators, endothelial dysfunction, and coagulopathy. ARDS 

most commonly occurs in cases of pneumonia, sepsis, aspiration of stomach or oral contents, blunt 

trauma, and, less commonly, as a result of pancreatitis, drug overdoses, secondary drowning, 

hemorrhagic shock or smoke inhalation (often in combination with burn injuries) (Huppert et al., 

2019). 

ARDS is known to progress through three consecutive phases: exudative, proliferative, and 

fibrotic. The exudative phase involves fluid buildup in the alveoli with proteinaceous fluid, 

neutrophil activation, and inflammatory cytokine release. In the proliferative phase, lung repair 

mechanisms are activated, including fibroblast proliferation and deposition of extracellular matrix. 

During the fibrotic phase, lung tissue becomes scarred, resulting in chronic lung damage (Marshall 

et al., 1998; Matthay et al., 2019; Ware & Matthay 2000). The development of ARDS begins with 

the initial injury to the alveolar-capillary membrane lining the lungs, subsequently causing a local 

inflammatory response. Inflammatory insults can cause accumulation of protein-rich edema fluid 
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in the alveoli, leading to impaired gas exchange and hypoxemia. Alveolar macrophages lining the 

lungs recruit neutrophils and circulating macrophages which produce inflammatory mediators 

such as proteases, reactive oxygen species, and cytokines. Inflammatory cytokines such as 

Interleukin-1β (IL-1β), Tumour Necrosis Factor-α (TNF-α), Interleukin-6 (IL-6), and Interkeulin-

8 (IL-8) are known to be elevated both in bronchoalveolar lavage (BAL) fluid and circulating 

plasma in ARDS patients, indicating a systemic inflammatory response (Matthay et al., 2019; 

Shankar-Hari et al., 2019). As this immune response is propagated, alveolar type 2 epithelial cells 

are damaged causing functional impairment and cell death. Alveolar type 2 cells are responsible 

for the production of pulmonary surfactant and aid in the control of fluid levels in the lungs, 

damage to which leads to loss of regulation and subsequently, alveolar fluid buildup characteristic 

of ARDS (Matthay et al., 2019; Ware & Matthay, 2000).  As inflammatory mediators continue to 

be released, the response is exacerbated by the activation of coagulopathic response, leading to the 

formation of microthrombi in the lung blood vessels, increasing their permeability and function, 

further impairing the exchange of oxygen from the lungs and increasing fluid buildup. This process 

is self-propagating, as the damage to these epithelial cells causes functional impairment in 

epithelial sodium channels, further contributing to impaired alveolar fluid clearance. As the 

pathogenesis of ARDS progresses, the fluid buildup and impairment of oxygen exchange can lead 

to severe hypoxemia and respiratory failure (Matthay et al., 2019; Ware & Matthay 2000). 

1.2 Interventions and Therapies for ARDS  

The treatment of ARDS focuses on identifying and targeting the underlying cause of the initial 

lung injury, maintaining organ function, and treating symptoms and consequences of lung injury, 

such as hypoxemia, respiratory failure, and sepsis, generally using antibiotics, antivirals, and 

mechanical ventilation. ARDS patients typically present with a condition known as “baby lung,” 

in which there is a smaller-than-normal portion of the lungs which remain oxygen-filled due to the 

buildup of fluid. Positive end-expiratory pressure (PEEP) is often used to avoid placing additional 

pressure on the lungs which may cause Ventilator-Induced Lung Injury (VILI) (Matthay et al, 

2019). Physicians typically use a mechanical ventilation strategy called protective lung ventilation 

that utilizes low tidal volumes to attenuate VILI. Additional treatments for patients may include 

prone positioning aimed to improve oxygenation, fluid restriction, adequate nutrition, and 

pharmacologic treatment (Fan et al., 2017; Matthay et al, 2019; Williams et al., 2021). Several 
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medications have been studied for the treatment of ARDS, including corticosteroids, inhaled nitric 

oxide, and surfactant replacement therapy. However, their use remains controversial, and no 

specific pharmacologic therapy has been shown to be consistently effective in treating ARDS. In 

the most severely ill patients for whom mechanical ventilation has failed, extracorporeal 

membrane oxygenation (ECMO) may be used. ECMO involves surgical implementation of a 

circuit that oxygenates and removes carbon dioxide from the patient’s blood, allowing the lungs 

to recover from the inflammation and injury. Research indicates ECMO improved survival in these 

patients, with 60-day mortality rates of 35% in the ECMO group compared to 46% in the 

conventional ventilation group. However, ECMO can cause complications during treatment, 

including brain damage, bleeding, infections, and vascular injury (Combes et al., 2018; Matthay 

et al., 2019). 

1.3 Long-Term Neurocognitive Impairment and Neuroimaging in ARDS  

While ARDS initially impacts the lungs, it is known to exert multi-organ impact as the 

inflammatory response propagates. In a study of 29,144 ICU patients, ARDS was found to 

represent 10.4% of total admissions with an age range from 60.9 to 62.1. Participants were 38% 

female and presented with a range of comorbidities, including chronic obstructive pulmonary 

disease (COPD) (21.7%), diabetes (21.7%), immuno-incompetence (21.2%), chronic cardiac 

failure (10.4%), chronic renal failure (10.1%), active neoplasm (8.5%), and hematological disease 

(4.7%). The brain is among the targets of ARDS pathogenesis, ARDS has been associated with an 

increased risk of long-term neurocognitive impairment, including deficits in memory, attention, 

and executive function across the spectrum of severity (Pandharipande et al., 2013; Sasannejad et 

al., 2019). It is thought that persistent neurocognitive issues seen in these patients may be a result 

of hypoxia, inflammation, oxidative stress, for endothelial dysfunction during illness, which 

increases the likelihood of developing psychiatric conditions such as delirium, anxiety, post-

traumatic stress disorder (PTSD) and depression, the incidence of which are elevated in ARDS 

patients (Jackson et al., 2014; Karanikas et al., 2021; Mart et al., 2020; Matthay et al., 2019). A 

study conducted by Girard et al. (2010) indicated prevalence of cognitive impairment in 99 ARDS 

survivors to be 62% at 3 months after discharge, with deficits in attention and executive function 

(Girard et al., 2010). This impact is known to be persistent, with a prospective cohort study of 

ARDS survivors finding that 40% had cognitive impairment 3 months after hospital discharge 
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(Pandharipande et al., 2013). In a systematic review and meta-analysis of ARDS, 47% of patients 

were indicated as having deficits in memory, attention, and executive function. The long-term 

functional disability in ARDS survivors is associated with decreased quality of life and increased 

healthcare costs (Hopkins et al., 2005; Pun et al., 2019).   

While neuroimaging research remains limited in ARDS, there is known to be an association 

between ARDS and the occurrence of brain injury. Magnetic Resonance Imaging (MRI) studies 

in ARDS patients have shown a spectrum of injuries, including cerebral edema, diffuse axonal 

injury, and white matter abnormalities. A recent review of animal studies of ARDS pathogenesis 

indicated statistically significant, increased presence of neuroinflammation and neuronal damage 

within the hippocampus of the rat animal models. In addition, they found that 82-86% of ARDS 

survivors present with brain injury or impaired neurological function, most commonly 

hemorrhagic stroke, ischemic stroke, and cerebral edema (Huang et al. 2021). Diffusion tensor 

imaging (DTI) studies have shown evidence of diffuse axonal injury in ARDS patients, particularly 

in those with longer duration of mechanical ventilation, which may suggest increased risk for 

developing brain injuries due to severity of illness. Other neuroimaging studies in ARDS patients 

have shown evidence of decreased cerebral blood flow and altered cerebral metabolism, suggesting 

that the brain may be impacted by the systemic effects of the disease (Chacon-Aponte et al., 2022; 

Contant et al, 2001; Hopkins et al, 2016; Jackson et al, 2009; Morandi et al. 2012; Sonneville et 

al. 2013).  

1.4 COVID-19 Etiology and Pathogenesis  

The Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) virus was first reported 

in late 2019 and was the cause of the COVID-19 pandemic following its rapid spread around the 

world. SARS-CoV-2 is a member of the family of viruses known as coronaviruses, which can 

cause respiratory illnesses ranging from the common cold to more severe illnesses such as SARS 

(Severe Acute Respiratory Syndrome) and MERS (Middle East Respiratory Syndrome). The virus 

is transmitted through respiratory droplets or by touching infected surfaces. The virus primarily 

infects the respiratory tract, and its symptoms can range from mild to severe, including fever, 

cough, shortness of breath, fatigue, body aches, and loss of taste or smell (Centers for Disease 

Control and Prevention, 2021). The SARS-CoV-2 virus enters host cells by binding to the 

angiotensin-converting enzyme 2 (ACE2) receptor on the surface of lung epithelial cells. The virus 
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then replicates and causes damage to the lung tissue, leading to an inflammatory response that can 

result in severe lung injury. In patients with COVID-19, circulating levels of ACE-2 were found 

to be increased and associated with viral load and severity of lung injury. In its normal function, 

ACE-2 hydrolyzes its binding substrate, Angiotensin-II, which exerts anti-inflammatory and 

bronchodilatory effects. The internalization of ACE-2 receptors in COVID-19 infection 

downregulates ACE2 expression and increases circulating ACE-2, which may be involved in 

multiple organ injury in COVID-19 (Huppert et al., 2019; Matthay et al., 2019; Ni et al., 2020; 

Ziehr et al. 2020) (see Figure 1.1). SARS-CoV-2 may pass across the respiratory epithelium to 

systemic circulation, causing the release of inflammatory cytokines and affecting other organs 

such as the brain. Such inflammation is thought to promote hypercoagulability and endothelial 

dysfunction in COVID-19 (Otifi et al. 2022).  Consequently, cytokine release systemically causes 

further injury by disrupting tight endothelial–epithelial barriers, further suggesting patients with 

severe COVID-19 infection are more likely than non-severe to present with multiple organ 

involvement, such as serious liver, kidney, and skeletal muscle damage (Mao et al. 2020; Otifi et 

al., 2022). Cytokines can cross the blood-brain barrier (BBB), which can induce activation of the 

brain’s tissue resident microglia, potentially resulting in a hyperactive neuroinflammatory 

response. This in combination with the decreased platelet levels in damaged lungs, may predispose 

patients for developing vascular injuries, especially in the setting of anticoagulant or 

antithrombotic medications. Notably, one study reported lower platelet counts in COVID-19 

patients presenting with central nervous system (CNS) symptoms compared to those without CNS 

involvement, which may relate to increased risk for acute cerebrovascular disease in such patients 

(Hernandez-Parra, 2023; Mao et al, 2020; Otifi et al., 2022; Wool et al., 2020).  

1.5 Interventions and Therapies for COVID-19  

Current treatments for COVID-19 vary depending on illness severity and are still being researched, 

however, antiviral therapy, immunotherapy, and adjunctive therapies have been used. The most 

commonly taken medications include remdesivir, an RNA polymerase inhibitor, which has been 

shown to lessen the time to recovery in hospitalized patients with COVID-19; corticosteroids, 

which have been shown to reduce the need for mechanical ventilation; and tocilizumab, an 

interleukin-6 inhibitor (Beigel et al., 2020; Hong et al., 2022; Sanders et al., 2020; Salama et al., 

2021; Sterne et al., 2020). Adjunctive therapies such as plasma transfusions and antibodies have 
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also been studied for the treatment of COVID-19, which may reduce hospitalizations in patients 

with mild to moderate COVID-19 infection (Gottlieb et al., 2021). 

1.6 Tropism and Multi-Organ Impact in COVID-19  

While the lungs serve as the initial site of infection, COVID-19 can infect many different organs 

in the body. The tropism of SARS-CoV-2 is extensive and dependent on the concentration of 

ACE2 receptors and is thought to underlie the development of multi-organ impact of COVID-19. 

COVID-19 infection can replicate in gastrointestinal cells and can disrupt the gut microbiome, 

leading to dysbiosis and inflammation and gastrointestinal symptoms, such as nausea, vomiting, 

and diarrhea (Tian et al. 2020). The virus can additionally infect cardiac cells due to the presence 

of ACE-2 receptors lining cardiac epithelium, further increasing risk for the formation of 

coagulopathy, prothrombotic state and increased risk of cardiovascular events such as myocarditis, 

arrhythmias, and thromboembolic events (Clerkin et al. 2020). Renal complications, such as acute 

kidney injury, have been reported in some COVID-19 patients, particularly those with severe 

disease (Batlle et al. 2020). The virus may directly infect renal cells, and its effects on the immune 

system and coagulation system can lead to renal injury and dysfunction. Finally, COVID-19 can 

have a significant impact on the immune system itself, with reports of lymphopenia and 

dysfunction of T and B cells. This may contribute to a more severe and prolonged course of 

disease, as well as increased susceptibility to secondary infections (Chen et al. 2020). 

1.7 Neurological Evidence from Past Coronavirus Pandemics  

Patients experiencing severe COVID-19 infection are likely to exhibit neurological symptoms such 

as dizziness, confusion, impaired consciousness, seizures, acute cerebrovascular disorders, and 

neurocognitive impairments. A recent cohort study indicated the estimated incidence of a 

neurological or psychiatric diagnosis in the following 6 months among 236,379 COVID-19 

patients as 33-62% (Taquet et al. 2021). The massive transmission of SARS-CoV-2 globally 

suggests that a substantial number of survivors of infection precipitating critical illness may suffer 

from potential SARS-CoV-2-related neurological disorders. Besides respiratory tract infections, 

several other coronaviruses and other respiratory viruses have been associated with neurological 

clinical manifestations in patients with a severe occurrence of infection. SARS-CoV-2 attacks the 

lower parts of the human respiratory system as in MERS-CoV and SARS-CoV and binds to ACE-
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2 receptors as is the case in SARS-CoV, to which it also shares a highly homologous sequence, 

presenting an important research opportunity (Abdelrahman et al., 2020; Davidson et al., 2020). 

While comparatively fewer studies were made of neurological associations during past coronavirus 

epidemics, neurological issues similar to those seen in COVID-19 patients have also been reported 

during past SARS and MERS outbreaks. In a study of 206 patients infected with SARS, 2.42% 

cases of acute cerebrovascular disease were observed, hypothesized to be related to 

hypercoagulability due to additional thrombotic complications (Umapathi, 2004). Another study 

of MERS patients further reported confusion and seizures in 25.7 and 8.6% of the participants, 

respectively (Saad et al. 2014). While neuroimaging data of past pandemics is limited, MRI scans 

of three MERS infected patients exhibiting neurological symptoms revealed bilateral hyperintense 

lesions in subcortical white matter regions of the frontal, temporal, and parietal lobes, as well as 

the corpus callosum (Arabi et al. 2015). While mechanisms remain unclear, previous animal 

studies have indicated that immunopathogenic response initiated with CoVs infections could lead 

to demyelinating processes either in the brain or in the spinal cord (Bakhtazad et a, 2021). Notably, 

there has been found to be greater vasculopathy, including thrombosis and endothelial cell injury 

in COVID-19 and the earlier SARS injury than with H1N1 influenza and ARDS (Ackermann et 

al, 2020) Although evidence in the literature supports the presence of neurological impact in 

SARS, MERS and COVID-19 infection, it remains difficult to ascertain how the different 

neurological features relate to the overall pathophysiology and whether it is the result of direct or 

indirect viral impact, or of characteristic features of comorbid ARDS, such as hypoxia, sepsis or 

multi-organ failure.  

1.8 Long-Term Neurocognitive Impairment and Neuroimaging in COVID-19  

There is evidence indicating SARS-CoV-2 infection may increase the likelihood for the 

development of neurological damage, even in the case of mild to moderate infection. Wang et al. 

(2022) reviewed medical records for 410,748 adults with a mean age of 73.7 with past COVID-19 

infection and compared findings to 5,834,534 adults with a mean age of 73.0, without past 

infection. They found that older adults with COVID-19 were at significantly increased risk for 

novel diagnosis of Alzheimer’s Disease (AD), indicating an overall risk of 0.68%, compared to 

0.35% in the non-COVID-19 cohort. The risk for developing AD was highest in people aged >85 

and in women. The COVID-19 cohort presented with higher prevalence of Hispanic and black 
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people and higher prevalence of adverse socioeconomic determinants of health. There is also 

evidence of persistent cognitive and neurological impairments in patients recovered from COVID-

19, an effect which is seen in both mild and severe cases. A recent study of 478 COVID-19-positive 

individuals found that they performed worse on cognitive tests measuring reasoning, verbal 

abilities, processing speed, and overall cognitive performance compared to a normative sample. 

While better physical health was linked to better cognitive performance, with increased disease 

severity and older age being associated with decreased performance, cognition was also impaired 

in mild COVID-19 (Wild et al., 2023).  

Neuroimaging studies in patients with mild to moderate COVID-19 have further revealed a range 

of brain abnormalities, implicating potential long-term neurocognitive impairments even in the 

context of mild infection. Neuroimaging studies of patients with severe infection have shown 

evidence of both ischemic and hemorrhagic strokes in COVID-19 patients, as well as brain 

atrophy, encephalitis, and meningitis, however, research is limited regarding brain injuries in mild 

to moderate COVID-19. In a multicenter study of hospitalized SARS-CoV-2 patients from 11 

countries by Shahjouei et al. (2020), the pooled risk of stroke was 0.5%, the incidence of which 

was found to be independently predicted by mechanical ventilation and history of ischemic heart 

disease. The most commonly reported finding on neuroimaging in mild to moderate COVID-19 

includes abnormalities in the olfactory bulb and tract, which may be related to the loss of sense of 

smell that is frequently reported in COVID-19 patients (Douaud et al. 2022). However, a recent 

cohort study conducted by Petersen et al. (2023) suggests increased risk of neurological damage 

following neuroimaging of unvaccinated people with past mild to moderate SARS-CoV-2 

infection, a median of 289 days after acute infection, across various measurements of brain 

structure and function. Diffusion Weighted Imaging  (DWI) on brain MRI demonstrated 

significant increases in extracellular free water content and elevation of mean diffusivity along 

white matter tracts, suggesting possible disruption to the microstructure, markers associated with 

immune activation and atrophy. The study authors further examined the complete white matter 

skeleton and observed mean diffusivity increases in 41.3% of the regions and free-water elevations 

in 38.3% of post-SARS-CoV-2 individuals. While all lobes were affected, mean diffusivity was 

particularly elevated in the white matter tracts. Interestingly, while white matter diffusion scores 

predicted past SARS-CoV-2 infection, outcomes from measures such as cortical thickness and 
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markers of cerebral small vessel disease were not significantly different between groups. This 

suggests that while mild to moderate SARS-CoV-2 infection is associated with microstructural 

white matter alterations, these changes may not contribute to diagnosable levels of brain injury on 

conventional clinical neuroimaging techniques.   

Of additional concern, research indicates brain injury may not be limited to white matter tracts in 

mild to moderate COVID-19 (Douad et al. 2022). A recent study conducted by Douoad et al. 

(2022) investigated brain changes in 785 UK Biobank participants who tested positive for COVID-

19 between two MRI scans, and found patients had a decrease in gray matter thickness, neuronal 

tissue damage in the olfactory cortex, as well as decrease in global brain size compared to 384 

control group participants. Notably, these structural differences observed by the study authors were 

relatively small in magnitude at approximately 2% of the average initial value as compared to the 

annual longitudinal loss of around 0.2% to 0.3% of hippocampal volume in the average healthy 

person. Additionally, Douaud et al. (2022) found significant cognitive decline in the SARS-CoV-

2-positive group between follow up time points which was found to be associated with increased 

atrophy in a cognitive region of the cerebellum.  

1.9 COVID-19 ARDS Etiology and Pathogenesis  

ARDS is increasingly recognized as a highly heterogeneous diagnosis, with current research 

suggesting classification into differing phenotypes, most commonly grouping patients as having 

developed ARDS through either direct or indirect lung injury. Pathologically, direct ARDS has 

been associated with significantly more alveolar collapse, fibrin deposition, and alveolar wall 

edema than indirect ARDS, indicating the two phenotypes may be pathophysiologically distinct 

(Bellani et al., 2016; Shaver et al, 2014). ARDS research has more recently further classified 

diagnoses on the basis of clinical characteristics, including severity, timing of symptom onset, risk 

factors, and varying responses to therapies. In one such study, patients with trauma-associated 

ARDS had significantly lower plasma levels of markers of epithelial and endothelial injury, but 

not markers of acute inflammation or coagulation (Calfee et al., 2007). During the course of the 

COVID-19 pandemic, severe SARS-CoV-2 infection emerged as a precipitating condition for the 

development of ARDS and has been postulated to constitute a distinct phenotype of ARDS due to 

its potentially unique clinical profile. While COVID-19 is primarily a respiratory illness, the virus 

can affect multiple organs throughout the body, leading to a wide range of clinical manifestations 
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and complications. While most patients present with mild respiratory illness, a recent cohort study 

reported that as many as 61-85% of ICU patients admitted due to severe coronavirus disease of 

2019 (COVID-19) infection progress in the severity of their infection to meet the Berlin Criteria 

definition of ARDS (ARDS Definition Task Force, 2012; Gibson et al.,. 2020; Wu et al. 2020; 

Ziehr et al. 2020; El-Solh et al. 2021).   

COVID-19 ARDS is caused by direct viral damage to the lungs during the course of COVID-19 

infection, in which the alveolar and vascular endothelium cells lining the lungs expressing ACE-2 

are damaged. COVID-19 ARDS is characterized by diffuse alveolar damage (DAD), further 

causing increased permeability of the lung tissue, accumulation of fluid and protein-rich exudate 

in the alveolar spaces, and impaired gas exchange. As the infection and subsequent inflammatory 

response propagate, there is increased cell death and damage to the alveolar-capillary barrier, 

further contributing to lung injury and exacerbating the damage caused by ARDS (Middleton et 

al., 2021).  One prevalent theory underlying the damage caused in COVID-19 ARDS is the 

occurrence of a cytokine storm, characterized by an excessive release of inflammatory cytokines 

leading to increased vascular permeability and subsequent respiratory failure. It is also thought 

that activation of the renin-angiotensin-system (RAS), a system involved in blood pressure 

regulation, may be a source of injury in COVID-19 ARDS, which is a system involved in blood 

pressure regulation. The SARS-CoV-2 virus enters host cells via the ACE-2 receptor, a key 

impactor in the regulation of the RAS system, damage to which may lead to vasoconstriction, 

inflammation, and vascular permeability (Ni et al., 2020). A third hypothesized component to 

patterns of injury in COVID-19 ARDS is the formation of a prothrombotic state and endothelial 

dysfunction through activation of platelets. Occurrence of coagulopathic response and endothelial 

dysfunction in COVID-19 ARDS is thought to be due to direct viral infection in endothelial cells 

causing leakiness and cell death, hypoxemia due to lung damage and disrupted RAS system. 

Inflammatory cytokines causing systemic inflammatory response activating coagulation pathways 

and thrombosis are also thought to contribute the multi-organ impact seen in patients with COVID-

19 ARDS (Connors & Levy, 2020; Matthay et al., 2019; Ni et al., 2020; Semeraro et al., 2021). A 

recent study of autopsied lungs from COVID-19 and H1N1 patients were compared to uninfected 

lungs and indicated the lungs from COVID-19 patients had increased presence of DAD, T-cell 

infection, endothelial injury, thrombosis, and increased angiogenesis compared to H1N1 and 
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healthy lungs, and had nine times the amount of microthrombi. Vascular angiogenesis 

distinguished COVID-19 pulmonary pathobiology from H1N1 patients. (Ackerman et al. 2020). 

1.10 Interventions and Therapies for COVID-19 ARDS  

Treatment for COVID-19 ARDS includes oxygenation and treating underlying complications, 

including mechanical ventilation, oxygen therapy, and prone positioning to improve oxygenation 

and lung function. In addition, pharmacologic agents such as corticosteroids, anticoagulants, and 

immunomodulators may be used to manage inflammation, coagulation, and immune dysregulation 

in patients with severe COVID-19 ARDS and focus on maintaining organ function (Siddiqi et al. 

2020). Neurological complications are also increasingly recognized in COVID-19 ARDS patients, 

with reports of encephalitis, stroke, and seizures. The virus may directly infect neuronal cells and 

cause inflammation and immune-mediated damage to the central nervous system (Mao et al., 

2020). 

 

Figure 1.1: Postulated mechanisms of COVID-19 ARDS-mediated brain damage. The 

alveolus is depicted as injured by endothelial and epithelial injury, greater alveolar–
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capillary permeability, alveolar edema, and recruitment of inflammatory cells. Activation 

of proinflammatory cytokine mediators propagate the injury and spillover into the 

circulation to cause systemic organ damage and dysfunction. SARS-CoV-2 viruses bind to 

angiotensin-converting enzyme 2, deactivating it and upregulating circulating angiotensin 

II, propagating lung injury and inflammatory response, leading to brain injury. Created 

with Biorender.com 

1.11 Long-Term Neurocognitive Impairment and Neuroimaging in COVID-

19 ARDS  

Anatomical MRI data indicates patients with COVID-19 ARDS have a high prevalence of 

cerebrovascular disease, intracranial hemorrhage (ICH), microhemorrhages, and encephalopathy, 

and commonly present with long-term cognitive impairment which can persist for months to years 

following recovery (Bain et al. 2021; Huppert et al., 2019; Matthay et al., 2019; Shoskes et al., 

2022). The pathophysiology underlying these complications is unclear but may relate to direct 

brain injury from the SARS-CoV-2 virus or from sequelae of associated hypoxia, ischemia, 

endothelial injury, or inflammation common in COVID-19 ARDS (see Figure 1.1 and Figure 1.2) 

(Bain et al. 2021; Huppert et al., 2019; Matthay et al., 2019; Shoskes et al., 2022). Furthermore, 

the prevalence and risk factors associated with neuroimaging findings vary between studies and 

imaging modalities. A recent review compared neuroimaging findings of mild and severe COVID-

19 infection and found that patients with mild disease most commonly presented with 

abnormalities in the olfactory tract, followed by white matter abnormalities. In comparison, 

patients with severe disease presented more frequently with white matter abnormalities, and 

hemorrhagic stroke. Interestingly, both mild and severe COVID-19 infection showed similar levels 

of ischemic stroke, suggesting pathology unique to SARS-CoV-2 infection, potentially due to a 

coagulopathic response. Hemorrhagic strokes were more common in severe COVID-19 infections. 

While both mildly and severely infected patients showed brain injuries in the cerebral white matter, 

this was more frequently found in patients with severe infection (Pan et al. 2020). 
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1 

Figure 1.2: Postulated mechanisms of ARDS-mediated brain damage through direct 

and indirect pathways. Created with Biorender.com 

While it remains inconclusive if the outcomes reported in studies of COVID-19 ARDS patients 

differ from that of non-COVID-19 ARDS patients, there have been reports of an increased 

frequency of white matter abnormalities in COVID-19 ARDS patients relative to ARDS of other 

causes. A study by Kandemirli et al. (2020) found that COVID-19 patients with more severe 

respiratory symptoms had more severe white matter abnormalities on MRI. In addition, Pan et al. 

(2020) found that nonspecific white matter abnormalities were the most prevalent 

neuroradiological finding in a population of 628 COVID-19 ARDS patients. They are commonly 

observed in the brains of older adults, with prevalence increasing with age and vascular risk factors 

such as hypertension, diabetes, and smoking (Debette & Markus, 2010). Several risk factors have 

been identified that contribute to the development and progression of white matter hyperintensities 

(WMH). In addition to age and vascular risk factors, other factors such as genetics, lifestyle factors, 

and comorbid conditions may also play a role. WMH have been associated with cognitive decline, 

gait disturbance, depression, and an increased risk of stroke and dementia (Debette & Markus, 

2010; Wardlaw et al., 2015). On MR fluid attenuated inversion recovery (FLAIR) imaging, WMH 
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appear as rounded, bright foci and decreased signal on T1-weighted MR imaging (Wardlaw et al., 

2013).  

WMH are thought to be manifestations of cerebral small vessel disease (CSVD) and are associated 

with disruption of the BBB (Wardlaw et al., 2015). CSVD is a group of pathological processes 

that affect the small vessels in the brain, including arterioles, capillaries, and venules. These 

pathological changes can lead to hypoperfusion, ischemia, and microvascular injury, thought to 

contribute to the development of WMH (Wardlaw et al., 2015). WMH are thought to result from 

chronic ischemia due to vascular damage, as evidenced by the increased presence of leaked 

proteins found in the perivascular space, and are associated with white matter axonal 

demyelination and gliosis (Wardlaw et al., 2013; Wardlaw et al., 2015). 

1.12 Imaging Techniques in COVID-19 ARDS  

Imaging techniques such as MRI, computed tomography (CT), and positron emission tomography 

(PET) have been utilized to investigate the neurological manifestations of COVID-19 ARDS. 

These imaging techniques provide useful information on brain morphology, structural changes, 

and metabolic activity in patients with COVID-19 ARDS. However, the dynamic nature of the 

data, along with the variability across scanners, highlight the need for robust methods of image 

analysis. 

The Subspecialty Committee on Diagnostic Neuroradiology of the European Society of 

Neuroradiology (ESNR) established a dedicated NeuroCovid working group in 2022 aimed to 

address the standardization of imaging techniques for COVID-19 based on common 

manifestations. The use of CT in investigating COVID-19-related brain injuries may limit 

comprehensive documentation of brain injury in COVID-19 due to the potential for 

underestimation of small vessel infarct prevalence compared to the use of MRI with DWI (Blair 

et al, 2017). Cerebral microbleeds (CMBs) are frequently seen in MRI studies of COVID-19 

ARDS patients, particularly those with higher inflammatory marker levels, and disturbances of 

consciousness and confusion. CMBs are readily observed using susceptibility weighted imaged 

(SWI). The exact cause of CMBs remains poorly understood, but several potential explanations 

have been proposed, including true microbleeds or intravascular microthrombi. These lesions are 

thought to result from a combination of pathophysiological mechanisms such as hypoxia, 
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ischemia, inflammation, thrombosis, and endothelial injury. The presence of these microbleeds is 

associated with increased mortality and worse functional outcomes in COVID-19 patients, 

suggesting their increased frequency may relate to severity of illness (Agarwal et al., 2020; Blair 

et al, 2017). SWI is a recommended sequence for use in critically ill COVID-19 patients and may 

be related to neurological symptoms. Leptomeningeal contrast enhancement, characterized by the 

enhancement of the meninges, has been observed in patients with severe COVID-19 and 

neurological symptoms and is best detected using contrast-enhanced 3D FLAIR imaging in 

COVID-19 patients (Velonakis et al., 2021). The three-dimensional (3D) magnetization-prepared 

rapid gradient echo (MP-RAGE) sequence is also commonly utilized for obtaining high-resolution 

whole brain T1-weighted images and provides improved tissue contrast with full brain coverage. 

MP-RAGE sequences are commonly used in critically ill patient groups due to improved brain 

tissue classification and estimation of regional brain volume (Nelson et al., 2008).  

Recent studies have proposed various methods of brain image analysis in COVID-19 ARDS, 

including manual segmentation, region-of-interest (ROI) analysis, machine learning algorithms, 

and deep learning models. These methods have been shown to be effective in detecting subtle 

changes in brain structure and function that may not be apparent on visual inspection alone. 

Machine learning algorithms have been used to predict neurological outcomes in COVID-19 

patients (Zhang et al, 2023). Deep learning models have been employed to detect white matter 

abnormalities and cerebral microbleeds in COVID-19 patients (Napolitano et al, 2022). The use 

of these advanced image analysis methods has enabled researchers to identify novel imaging 

findings in COVID-19 ARDS patients.  

1.13 Objectives 

The objective of this thesis is to identify patterns and locations of brain injuries presented in 

COVID-19 ARDS patient groups and explore MRI approaches for quantification of disease-

specific brain injuries. First, in Chapter 2 of this thesis, we conducted a systematic review of brain 

imaging findings in COVID-19 ARDS and compared pooled results from several studies to 

findings in non-COVID-19 ARDS patient groups. WMH were commonly reported in COVD-19 

ARDS patients, an important but underexplored finding, which we aim to explore further using 

MRI. In chapter 3 of this thesis, we proposed an MR image analysis pipeline for quantification of 

WMH, combining preprocessing de-noising steps and a novel automated WMH segmentation 
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technique created specifically to enable improved and standardized group level analyses for 

assessing WMH in a multicenter dataset of patients with COVID-19 ARDS. The impact of 

differing preprocessing methods on WMH quantification is described. An optimal image 

preprocessing method that improves on automated segmentation of WMH was explored to enable 

further studies on associations of WMH in ARDS patients with established quantification metrics 

such as Fazekas score. 

The overarching goal of this work is to understand the brain injuries important in COVID-19 

ARDS and their potential mechanisms. In chapter 4, a summary of the main findings of this thesis 

is presented with implications for future work in understanding diagnostic and therapeutic targets 

for neurological outcomes in ARDS patient groups.   
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Chapter 2  

2 Spectrum of brain injury in COVID-19-acute respiratory distress syndrome 

(ARDS): A systematic review and meta-analysis  

A version of this chapter is undergoing submission to Lancet Neurology. 

While the majority of COVID-19 patients present with mild respiratory symptoms, many of those 

hospitalized with severe infection progress to develop ARDS, typically requiring ICU admission 

and supplemental oxygenation or mechanical ventilation. Outcomes for these patients are poor, 

including increased duration of ventilation and ICU stay, cognitive and psychiatric impairment, 

and higher risk of mortality. The aim of this systematic review is to compare neuroimaging 

findings in patients with COVID-19 ARDS versus non-COVID-19 ARDS. The results of this 

systematic review indicate that COVID-19 ARDS patients are twice as likely to develop ICH than 

non-COVID-19 ARDS patients and present with a distinct pattern of brain injury particularly 

localized to white matter. Methodologic limitation of included original studies (i.e. small sample 

size, retrospective cohort and case-series designs, heterogenous patient populations) make it 

difficult to fully attribute observed differences to COVID-19 ARDS status and should be 

interpreted as hypothesis generating. . Changes in brain structure and function may indicate 

increased risk in some patients for the development of significant health issues in survivors, 

knowledge of which can be used to develop potential intervention targets for current and future 

patients.  

2.1 Study Aims and Objectives  

The Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) virus was first reported 

in late 2019 and has since spread rapidly around the world. While most patients present with mild 

respiratory illness, a recent cohort study reported that as many as 61-85% of ICU patients admitted 

due to severe coronavirus disease of 2019 (COVID-19) infection met the Berlin Criteria definition 

(ARDS Definition Task Force, 2021) of ARDS, the most frequent life-threatening complication of 

COVID-19 (Wu et al. 2021; Ziehr et al. 2020; El-Solh et al. 2021). COVID-19 ARDS patients are 

susceptible to neurologic complications. Brain injury can occur as a result of direct viral injury to 

the brain, or indirect injury due to systemic consequences of COVID infection such as 
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inflammation, or ARDS treatments inclusive of ventilation, anticoagulation and sedatives that 

these patients receive.  Research examining neurological outcome and differences in COVID-19 

ARDS and non-COVID-19 ARDS patients remains limited, largely due to small sample sizes and 

paucity of data (Bain et al., 2020; Brault et al., 2020).  

Neuroimaging can shed light on the type, prevalence, and distribution of COVID-related brain 

injury, but this has not yet been summarized. While many studies have characterized the clinical 

presentation of ARDS and COVID-19 induced respiratory failure, there is limited evaluation of 

neuroimaging findings in these patients, which   could provide valuable insights into the 

pathophysiology of neurocognitive impairment among ARDS survivors and long-COVID-19. 

Most studies have a limited number of participants, which may not be representative of the larger 

population of COVID-19 patients with ARDS. The pathophysiology underlying cerebrovascular 

insults is unclear but may relate to direct brain injury from the SARS-CoV-2 virus or from sequelae 

of associated hypoxia, ischemia, endothelial injury, or inflammation commonly seen in COVID-

19 (Bain et al. 2021). In this systematic review and meta-analysis, we collated existing 

neuroimaging evidence regarding type, prevalence, and distribution of COVID-19 ARDS related 

brain injury and compared it to non-COVID-19 ARDS patients.  

The objective of this review is to compare neuroimaging findings in patients with COVID-19 

ARDS versus non-COVID-19 ARDS. This review will specifically focus on findings obtained 

using advanced neuroimaging techniques such as MRI, computed tomography (CT), or positron 

emission tomography (PET). By summarizing the neuroimaging outcomes in ARDS brain injury, 

we highlight similarities and differences between COVID-19 ARDS and non-COVID-19 ARDS, 

identify research gaps to inform future research, and inform clinical practice. A better 

understanding of the neuroimaging findings in COVID-19 ARDS can lead to improved treatment 

strategies, which can improve patient outcomes. COVID-19 ARDS also great clinical relevance 

for healthcare providers as summarized neuroimaging data can improve treatment planning, allow 

for better patient management, and better identification of future research needs.  

2.2 Study Selection and Bias Assessment  

This is a systematic review and meta-analysis of studies comparing the type, frequency and 

location of brain injury detected on neuroimaging in patients with COVID-19 ARDS and non-
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COVID-19 ARDS. The protocol for this systematic review and meta-analysis was registered in 

the Prospective Register of Ongoing Systematic Reviews (PROSPERO) (registration number: 

CRD42021251620) and conducted in accordance with the Preferred Reporting Items for 

Systematic Review and Meta-analyses 2020 (Page et al. 2021) guidelines. 

We included prospective and retrospective, observational, randomized and non-randomized trials 

and case-series that met the following criteria: (1) enrolled adult (≥18 years old) patients, (2) who 

were admitted to any intensive care unit including general medical-surgical, trauma and 

subspecialty ICUs (for example cardiovascular, burns and neuro-based units), (3) with the 

diagnosis of ARDS defined as a PaO2:FiO2 ≤ 300 mm Hg and requiring invasive or non-invasive 

mechanical ventilation or high flow supplemental oxygen, (4) and who had neuroimaging (MRI, 

CT or PET) performed within 1 year of having COVID-19 infection and ARDS, and (5) a 

polymerase chain reaction (PCR) test was used to confirm SARS-CoV-2 infection and COVID-19 

diagnosis (positive or negative).  

We excluded studies that enrolled (1) pediatric patients due to difficulty controlling for the impact 

of brain development on outcomes, (2) were published in languages other than English, and (3) 

case reports, commentaries, letters, editorials, newspaper articles, conference abstracts, reviews, 

and commentaries. Full text articles that did not clearly describe their diagnostic criteria for ARDS, 

fail to describe COVID-19 diagnosis confirmation, or did not include brain MRI/CT/PET, or were 

conducted in pediatric population were excluded. A full list of exclusion criteria and the number 

of studies is outlined in Figure 2.2. 

A clinical librarian with training in search strategies for systematic reviews performed a 

comprehensive electronic search in MEDLINE, EMBASE, Cochrane Central Register of 

Controlled Trials (CENTRAL), ClinicalTrials.gov, and World Health Organization (WHO) 

International Clinical Trials Registry Platform (ICTRP) databases from August 1969 to August 

2022. The search strategy included Medical Subject Headings (MeSH) and other keywords 

combined using Boolean terms to search the MEDLINE via Ovid, EMBASE interfaces, while 

combinations of keywords were used to search the other databases. Gray literature was searched 

on Google Scholar, "Cited by" feature was used to identify related studies, while search was done 

in browsers incognito mode to find recent publications. The comprehensive search strategy for 
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each database is available in the Appendix A. The search terms “COVID-19”, “SARS-CoV-2”, 

“acute respiratory distress syndrome”, “ARDS”, “Neuroimaging”, “MRI”, “CT”, and “PET” were 

used (see Table 1 for full search strategy).  

 

Table 2.1: Medline search strategy 

Database Ovid MEDLINE(R) ALL 

1 Respiratory Distress Syndrome/ (23251) 

2 (respirator$ adj2 distress$ adj2 syndrom$).tw,kf. (34345) 

3 ARDS.tw,kf. (17542) 

4 ((acute$ or adult$ or severe$) adj3 (respirator$ adj3 distress$)).tw,kf. (28504) 

5 (lung$ adj2 shock$).tw,kf. (626) 

6 (((post traumatic$ or posttraumatic$) adj3 (respirator$ or lung$)) and failure$).tw,kf. (73) 

7 ((post traumatic$ or posttraumatic$) adj3 pulmonar$ adj3 insufficienc$).tw,kf. (69) 

8 exp Respiratory Insufficiency/ (67029) 

9 
(respirat$ adj3 (distress$ or failure$ or insufficien$ or paralysis$ or deficienc$ or disturbanc$ or 

depression)).tw,kf. (106383) 

10 (acute$ and ((respirat$ adj2 insufficienc$) or (respirat$ adj2 failure$))).tw,kf. (18981) 

11 Acute Lung Injury/ (7776) 

12 (acute$ and (lung$ adj2 injur$)).tw,kf. (20854) 

13 ((lung$ or pulmonary$) adj3 (failure$ or insufficien$)).tw,kf. (11010) 

14 or/1-13 [Seach Concept: adult respiratory distress syndrome MEDLINE ] (182927) 

15 
Critical Care/ or Critical Illness/ or (critical$ or intensive*).jw,ja,jn. or critically$.tw,kf. or (critical$ adj2 

ill$).mp. (334058) 

16 

exp intensive care units/ or (ICU or ICUs or ((intensive care$ or intensive therapy$ or intensive 

treatment$ or high dependency$ or (coronary$ adj2 care$) or critical$ care) adj2 unit$) or MICU or CICU 

or CVICU or CCU$1 or SICU or POCCU$1 or HDU?ITU or ITU$1 or HDU$1).mp. or (critical$ and 

(intensive adj care)).mp. or (intensiv$ therap$ or intensiv$ treat$).tw,kf. (236567) 

17 

exp Respiration, Artificial/ or exp Ventilators, Mechanical/ or (ventilat$ adj2 (artificial$ or 

mechanical$)).tw,kf. or (respirat$ adj2 (artificial$ or assisted$ or mechanical$)).tw,kf. or (respirat$ adj2 

failure$).tw,kf. (159024) 
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18 

(ventilat$ adj2 (weaning or support$)).tw,kf. or ((positive adj3 pressure adj5 (ventilat$ or respir$)) or 

(PPV and (pressure or ventilat$))).tw. or (ventilat$ adj3 patient$).ti. or (ventilat$ and patient$).ab. /freq=3 

(49319) 

19 19 or/15-18 (604907) 

20 20 14 and 19 (77965) 

21 21 exp diagnostic techniques, neurological/ (428999) 

22 22 exp Brain/dg or Brain Diseases/dg [Diagnostic Imaging] (98899) 

23 
23 (neuronavigat$ or neuro-navigat$ or neuroimag$ or neuro-imag$ or (neurolog$ adj3 (evaluat$ or 

assess$ or examin$)) or neuroradiogr$ or neuro-radiogr$).tw,kf. 

24 24 (thickness$ adj3 (cortical$ or brain or cerebral$ or cortex$)).tw,kf. 

25 
25 Positron-Emission Tomography/ or "Fluorodeoxyglucose F 18"/ or (f-18$ or f18$ or fluorine-18$ or 

18f$ or 18-f$ or fluorodeoxyglucose$ or FDG$).tw,kf. 

26 
26 ((PET$ or "P.E.T.") and (scan$ or imag$3 pr stag$ or F-18$ or f18$ or 18f$ or 18-f$ or fluorine-18$ or 

fluorodeoxyglucose$ or FDG$)).tw,kf. 

27 27 exp Magnetic Resonance Imaging/ (513892) 

28 
28 (magnetic resonance imag$ or imaging$ or mri$ or fMRI$ or (fluid?attenuat$ inversion$ recover$ or 

FLAIR)).tw,kf. 

29 29 exp Tomography, X-Ray Computed/ (478476) 

30 30 ((cat or ct$) adj2 (scan$ or x?ray or examination or imag$ or compute$ or diagnos$)).tw,kf. 

31 31 PET?CT.tw,kf. 

32 32 or/21-31 [imaging filter_MEDLINE ] 

33 
33 (cerebr$ or intra?cerebral$ or cortical$ or subcortical$ or sub-cortical$ or cortex or brain$ or 

neurolog$).mp. or exp Brain Diseases/ or (brain$ adj5 (disease$ or disorder$)).tw,kf. 

34 

34 (hyperintens* or ((white$ or white?gr?y$) adj3 matter$) or lepto?mening$ or meningitis$ or 

meningo?encephalitis or demyelination or dysmyelination or myelitis or leukoencephalopath$ or 

encephal* or ADEM).tw,kf. 

35 or/33-34 (3183788) 

36 32 and 35 (779305) 

37 20 and 36 [Q 1 set_Non-COVID-ARDS cohorts _Neuroimaging_Brain Injury ] (1658) 
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38 

((((exp Coronavirus/ or exp Coronavirus Infections/ or (D614G or coronavirus* or corona virus* or OC43 

or NL63 or 229E or HKU1 or HCoV* or ncov* or covid* or sars-cov* or sarscov* or Sars-coronavirus* or 

Severe Acute Respiratory Syndrome Coronavirus*).mp.) and ((20191* or 202*).dp. or 

20190101:20301231.(ep).)) not (SARS or SARS-CoV or MERS or MERS-CoV or Middle East respiratory 

syndrome or camel* or dromedar* or equine or coronary or coronal or covidence* or covidien or influenza 

virus or HIV or bovine or calves or TGEV or feline or porcine or BCoV or PED or PEDV or PDCoV or FIPV 

or FCoV or SADS-CoV or canine or CCov or zoonotic or avian influenza or H1N1 or H5N1 or H5N6 or IBV 

or murine corona*).mp.) or ((((pneumonia or covid* or coronavirus* or corona virus* or ncov* or 2019-ncov 

or sars*).mp. or exp pneumonia/) and Wuhan.mp.) or (2019-ncov or ncov19 or ncov-19 or 2019-novel CoV 

or sars-cov2 or sars-cov-2 or sarscov2 or sarscov-2 or Sars-coronavirus2 or Sars-coronavirus-2 or SARS-

like coronavirus* or coronavirus-19 or covid19 or covid-19 or covid 2019 or ((novel or new or nouveau) 

adj2 (CoV on nCoV or covid or coronavirus* or corona virus or Pandemi*2)) or ((covid or covid19 or covid-

19) and pandemic*2) or (coronavirus* and pneumonia)).mp. or COVID-19.rx,px,ox. or severe acute 

respiratory syndrome coronavirus 2.os.)) and 20191201:20301231.(dt). (273094) 

39 14 and 36 and 38 [Q2 set_COVID-19 ARDS cohorts _Neuroimaging_Brain Injury ] (202) 

40 37 or 39 (1723) 

41 limit 40 to english language (1488) 

42 41 not (exp Animals/ not (Human/ and exp Animals/)) (1446) 

43 
(mice or rat or rats or cat$1 or cattle$1 or dog$1 or goat$1 or horse$1 or rabbit$1 or sheep$1 or swine$1 

or pig$1 or canine$1 or feline$1 or porcine$ or calf).ti. (1852344) 

44 42 not 43 (1444) 

45 (pediatr$ or paediatr$ or child$ or adolescent$ or infan$ or newborn$ or neonat$).ti. (1508333) 

46 44 not 45 (1190) 

47 limit 46 to "all adult (19 plus years)" (704) 

48 limit 46 to "all child (0 to 18 years)" (234) 

49 46 not (48 not (47 and 48)) (1032) 

50 
exp case-control studies/ or (case$ and control$).tw. or (case$ and series).tw. [Medline case series ] 

(1884486) 

51 case reports/ or case report$.mp. (2369310) 

52 49 not (51 not (50 and 51)) (489) 

53 52 not case report.ti. [Removing case Reports and retaining Case Series ] (477) 
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The search results were uploaded to Covidence software that automatically screened and removed 

duplicate studies. Two reviewers (R.W. and J.C.) independently screened titles and abstracts and 

applied inclusion/exclusion criteria to identify articles for full text review. The same reviewers 

then screened full text titles to identify articles for data extraction. Disagreements between 

reviewers were resolved by discussion, consensus, and, when necessary, adjudication by a third 

reviewer (M.S.). 

Two reviewers (R.W. and J.C.) independently and in duplicate extracted group summary statistics 

from all studies utilizing a predesigned Excel data extraction database. The following variables 

were extracted: first author name, date of publication, study design, location of publication, sample 

size, imaging modality, days from hospital admission to neuroimaging, source of funding, types 

of brain injury, frequency of brain injuries, locations of brain injury, age, sex, comorbidities, 

severity of illness scores, ventilatory parameters, sedation depth and agents, baseline laboratory 

results, and treatments.  

Primary outcome was frequency of reported brain injury stratified by type and COVID-19 status. 

Secondary outcome was location of brain injury stratified by COVID-19 status. 

2.3 Statistical Analyses  

We used descriptive statistics to summarize frequency (mean ± SD for normally distributed, or 

median/IQR for non-normally distributed variables) of extracted variables across studies. We used 

a meta-analysis of single proportions of ICH frequency in COVID-19 ARDS and non-COVID-19 

ARDS patients using a random-effects model because of heterogeneity across studies. We used 

risk ratio [95% CI] to report risk of ICH in COVID-19 ARDS patients versus non-COVID-19 

ARDS patients. All meta-analyses were performed using the general linear mixed model method. 

All analyses were conducted in R with the package ‘meta’ using the metaprop function (R Core 

Team, 2021). A post-hoc sensitivity analysis was conducted for all meta-analyses to assess for 

studies contributing greatly to heterogeneity (calculated by I2) for removal. Between study 

variance (τ2) was estimated using the maximum likelihood method. All meta-analyses conducted 

with available data were included in Appendix C. In addition, a Chi-Squared test was used to assess 

for preference of neuroimaging modality within each group.  
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We used 3-dimensional brain maps to report location of brain injury stratified by brain injury type 

and COVID-19 diagnosis. We created a graphical representation of brain injury using the 

Automatic Anatomical Labelling (AAL) brain atlas. To do this, we calculated weighted averages 

of frequencies of brain injuries across studies, pooled the findings, and  stratified them by COVID-

19 status and types of injuries (see Appendix B). Frequencies were then mapped onto 

corresponding brain regions in Matlab (version R2022a) using the AAL Atlas in SPM 12 in 

standard imaging space (Maldjian et al. 2003). The generated frequency map was normalized and 

processed using FreeSurfer’s image analysis suite (version 7.3.2) and default parameters (recon-

all-pipeline). The recon‐all pipeline performs a joint registration‐segmentation procedure that 

aligns the generated frequency to an internal FreeSurfer volumetric space (Fischl et al. 2002). 

FreeSurfer automatically reconstructs surface mesh representations from frequency and location 

data which is then inflated into a sphere and registered to a common spherical coordinate system 

(Fischl et al. 2002). The outcome of this procedure is nonlinear mapping between the native MNI 

space set to FreeSurfer’s default fsaverage surface temaplate as a common space.  The normalized 

frequency map was thus reconstructed to generate a cortical projection of the frequency map for 

visualization of the regional distribution of brain injury in COVID-19 ARDS and non-COVID-19 

ARDS. 

Since there were no randomized controlled trials, we used the adapted Newcastle-Ottawa Scale 

(NOS) to assess risk of bias in the included studies (see Figure 2.1 for comprehensive bias 

assessment. The overall quality of evidence was subsequently rated as “high”, “unclear”, or “low.” 

Two reviewers (R.W. and J.C.) independently assessed risk of bias in all eligible studies and 

disagreements were resolved by discussion and consensus. The NOS scale assesses the following: 

1. selection bias, which evaluates whether the participant group was adequately defined, the 

representative of the patient group, whether selection criteria were defined adequately, and how 

data was verified, 2. comparability, which evaluates how effectively the study addressed 

confounding factors in their analysis, and how clearly patient demographics were defined, and 3. 

outcome bias, which evaluates the rate of non-response and exclusion, whether measures were 

implemented consistently and reliably across the sample, whether outcomes were independently 

assessed and confirmed, and if outcomes were defined clearly and pre-specified (see Figure 2.1).  
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Figure 22.1: Risk of bias summary using the Newcastle-Ottawa Scale 

2.4 Results  

Our search strategy identified a total of 1,733 titles using database search, 131 studies identified 

through citation searching, 248 identified through website searching (see Figure 2.2). After 

removing 787 duplicates, 1,325 studies were screened using titles and abstracts. Of these, 1,090 

were excluded, leaving 235 studies for full text screening. Full text screening excluded additional 

206 studies, leaving 29 studies that enrolled a total of 1,067 patients (390 COVID-19 and 677 non-
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COVID ARDS). For COVID-19 ARDS studies, ten were cohort (eight retrospective, two 

prospective) and nine were case series study design (five retrospective, four retrospective). For 

non-COVID-19 ARDS studies, one was case control (retrospective), eight were cohort (six 

retrospective, two prospective), and one was a case series (retrospective) study design. The largest 

study enrolled 156 non-COVID ARDS patients and the smallest  study enrolled six COVID-19 

ARDS patients. The majority of studies were from Europe and North America and used either CT 

or MRI to report neuroimaging findings (Table 2.2). 

Table 2.2: Study characteristics 

Author (year) Study Design Location n° 
Imaging 

modality 

Day from 

admission to 

Neuroimaging 

Mean, Median 

(range) 

Industry 

Funded 

(Yes/No); 

Disclosure 

COVID-19 ARDS 

Pantel et al. 

(2021) 

Cohort; 

Retrospective, 

Single Center, 

Academic 

Hospital 

Germany 48 CT 9 (1-17) No 

Usman et al. 

(2020) 

Case Series; 

Retrospective, 

Single Center, 

Academic 

Hospital 

US 10 CT .. .. 

Lecler et al. 

(2022) 

Case Series, 

Retrospective, 

Multicenter, 

General Hospital, 

Academic 

Hospital 

France 9 MRI .. 

Yes; Authors 

received 

grants/payments 

from Roche and 

Bayer 

Martin et al. 

(2022) 

Case Series, 

Prospective, 

Single Center, 

Academic 

Hospital 

Brazil 6 MRI, CT .. Yes 

Helms et al. 

(2020) 

Cohort; 

Prospective, 
France 28 MRI 28.8 

Yes; Authors 

received 
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Single Center, 

Academic 

Hospital 

grants/payments 

from Johnson and 

Johnson, 

Actelion 

Pharmaceuticals, 

Teva, UCB, 

AbbVie, 

Aguettan, LVL, 

outside the 

submitted work 

Fitsiori et al. 

(2020) 

Case Series; 

Prospective, 

Single Center, 

Academic Center 

Switzerland 9 MRI .. .. 

Kremer et al. 

(2020) 

Cohort; 

Retrospective; 

Multicenter, 

General Hospital, 

Academic 

Hospital 

US 37 MRI 33 (21-46) 

Yes; Association 

with  AbbVie and 

Orkyn, AbbVie, 

Actelion 

Pharmaceuticals, 

Teva, LVL, 

Merz, and 

Aguettantt, Merz, 

LVL, Teva, 

Johnson & 

Johnson,  Median 

Technologies, 

Edwards 

Lifesciences, 

Smiths Medical 

France, Pfizer, 

Sanofi, Gilead, 

Janssen, Astellas 

and Canon 

Medical Systems 

Europe 

Coolen et al. 

(2020) 

Case Series; 

Prospective, 

Single Center, 

General Hospital 

Belgium 19 MRI .. No 

Dixon et al. 

(2020) 

Case Series; 

Retrospective, 

Single Center, 

Academic 

Hospital 

England 9 MRI 37.5 (24–59) .. 
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Bruce et al. 

(2021) 

Case Series, 

Retrospective, 

Single Center, 

Academic 

Hospital 

US 12 MRI, CT 18 

No; Dr. Merkler 

has received 

personal fees for 

medico legal 

consulting on 

neurological 

disorders 

Lang et al. (2021) 

Cohort; 

Retrospective, 

Single Center, 

Academic 

Hospital 

Germany 47 MRI, CT 
20.4 ± 14.8 (2–

47) 
No 

Lersy et al. 

(2021) 

Cohort; 

Retrospective, 

Academic 

Hospital 

France 19 MRI 19 (6-31) .. 

Conklin et al. 

(2020) 

Cohort; 

Retrospective, 

General Hospital 

US 19 MRI 21.2 (13.7-30.9) 

No; Authors have 

received research 

support from 

Siemens 

Healthineers, 

Zeus Scientific, 

bio-Merieux, GE 

Healthcare and 

Immunetics, and 

consulting fees 

from T2 

Biosystems, 

Roche 

Diagnostics, GE 

Healthcare and 

Takeda 

Pharmaceutical 

and DiaSorin 

Rehmani et al. 

(2021) 

Cohort; 

Prospective, 

Single Center, 

General Hospital 

Germany 16 MRI, CT .. .. 

Ermis et al. 

(2021) 

Cohort; 

Retrospective, 

Single Center, 

Academic 

Hospital 

US 20 CT .. .. 
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Lallana et al. 

(2021) 

Case Series, 

Prospective, 

Single Center, 

General Hospital 

Spain 8 MRI, CT 31.3 .. 

Wongtangman et 

al. (2021) 

Cohort; 

Retrospective, 

Single Center, 

General Hospital 

Israel 36 MRI .. 

No; Philanthropic 

donations from 

Jeffrey and Judy 

Buzen to 

Matthias 

Eikermann 

Masur et al. 

(2020) 

Case Series; 

Retrospective; 

Single Center; 

General Hospital 

United States 12 MRI, CT 10.4 

No; RSNA 

resident grant 

2020-2021 to 

institution, 

NVIDIA GPU 

grant 2019, 

Consultancy: 

Northwest 

Biotherapeutics; 

Novocure, 

Galileo - Money 

paid to the 

institution 

Shoskes et al. 

(2022) 

Cohort; 

Retrospective; 

Single Center; 

Academic 

Hospital 

United States 26 MRI 30 

No; Funding 

from the National 

Heart, Lung, and 

Blood Institute 

and the Centers 

for Disease 

Control and 

Prevention; 

funding from On 

Steering 

committee for 

Alung 

Technologies. 

ARDS 

Shoskes et al. 

2022 

Case Control; 

Retrospective; 

Single Center; 

Academic 

Hospital 

United States 66 MRI 28 

No; Funding 

from the National 

Heart, Lung, and 

Blood Institute 

and the Centers 

for Disease 

Control and 
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Prevention; 

funding from On 

Steering 

committee for 

Alung 

Technologies. 

Lang et al. 2021 

Case Series; 

Retrospective, 

Single Center, 

Academic 

Hospital 

Germany 116 MRI, CT 
15.5 ± 19.6 (0–

63) 
No 

Pantel et al. 2021 

Cohort; 

Retrospective, 

Single Center, 

Academic 

Hospital 

Germany 156 CT 
16.4 ± 11.9 (7–

40) 
No 

Marsh et al. 2021 

Cohort, 

Retrospective, 

Single Center, 

Academic 

Hospital 

England 24 MRI, CT .. No 

Hopkins et al. 

2006 

Cohort; 

Prospective, 

Single Center, 

General Hospital 

US 15 CT .. No 

Hoesch et al. 

2012 

Cohort; 

Prospective, 

Single Center, 

Academic 

Hospital 

US 68 MRI .. .. 

Wongtangman et 

al. 2021 

Cohort; 

Retrospective, 

Single Center, 

General Hospital 

Israel 100 MRI .. 

No; Philanthropic 

donations from 

Jeffrey and Judy 

Buzen to 

Matthias 

Eikermann 

Thurnher et al. 

2021 

Cohort; 

Retrospective, 

Single Center, 

General Hospital 

Austria 13 MRI .. 

No; Open access 

funding provided 

by Medical 

University of 

Vienna 

Holland et al. 

2003 

Cohort; 

Retrospective, 
US 42 CT .. 

No; Supported by 

the San Francisco 
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Single Center, 

General Hospital 

Injury Center 

through a grant 

from the Centers 

for Disease 

Control and 

Prevention (R49-

CCR903697-07) 

Wu et al. 2021 

Cohort, 

Retrospective, 

Single Center, 

General Hospital 

China 77 CT .. No 

Abbreviations: n°: number; US: United States; MRI: Magnetic Resonance Imaging; CT: Computed Tomography; ..: not reported; SOFA: Sequential Organ Failure 

Assessment; ARDS: Acute Respiratory Distress Syndrome; PaO2: partial pressure of oxygen; FiO2, fraction of inspired oxygen 

Reasons for exclusion of the 206 studies during full text review were: not meeting ARDS diagnosis 

criteria (k=62), no MRI, CT or PET (k=44), case reports (k=53), results not stratified by ARDS 

(k=17), brain injuries were determined by study authors to be caused by neurological conditions 

such as traumatic brain injuries, thus ARDS was not causal in reported brain injuries (k=4), 

pediatric population included (k=2). Systematic review software Covidence was used as a 

reference manager and data extraction tool, which automatically removed 787 duplicate studies. 

An additional 3 studies were removed manually (see Figure 2.2) (Covidence Systematic Review 

Software, 2021). 

Following all meta-analyses, a post-hoc sensitivity analysis was conducted to identify studies 

contributing to heterogeneity. Sensitivity analysis is a standard approach used in  meta-analysis to 

determine how outlier studies affect the outcome of interest and how inclusion/exclusion of these 

outlier studies impact outcomes of interest (i.e. does removing an outlier study affect study 

conclusion). For the meta-analysis of ICH frequency, we included 17 COVID-19 ARDS and 7 

non-COVID ARDS studies. For the meta-analysis of risk of developing ICH, 4 studies were 

included. For the frequency of subarachnoid hemorrhage (SAH) and intraparenchymal hemorrhage 

(IPH), and ischemic stroke in COVID-19 ARDS, 10, 16, and 12 studies respectively were included 

in the analysis (see Appendix C for additional analyses). Seven studies were included in the meta-

analysis of non-COVID-19 ARDS ICH frequency and the analysis was limited to studies published 

from 2020 to 2022 to improve comparability, indicating pooled incidence of 12%.  



 

41 

 

 

Figure 2.2: PRISMA Flow diagram depicting study eligibility criteria 

2.5  Participant Characteristics  

The age of COVID-19 ARDS patients ranged from 49.8 to 77 years with a mean age of 60.4 years 

and a standard deviation of 7.2. Non-COVID-19 ARDS patients had an average age of 49.4 years, 

with an age range of 47.1-70.9 years and a standard deviation of 10.6. Among COVID-19 ARDS 

patients, 143 were female, which represents 35% of the total number of patients. Among non-

COVID-19 ARDS patients, 249 were female, representing 47.8% of the total number of patients. 

The etiology underlying non-COVID-19 ARDS was diverse; infectious causes made up 58.3% of 

cases and included pneumonia, viral pneumonia, pneumococcal pneumonia, influenza A, 

Legionella pneumonia, H1N1 viral pneumonitis, Mycoplasma pneumonia, metapneumovirus 

pneumonia, aspiration pneumonia, and HSV pneumonitis. Non-infectious causes accounted for 
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25% of cases and included massive pulmonary embolism, upper right lobe consolidation, 

tracheobronchial fistula, and life-threatening asthma. Systemic causes were responsible for 16.7% 

of cases and included sepsis, cardiogenic shock, brief PEA arrest, Klebsiella abscess, ANCA 

positive pulmonary renal syndrome, MOF, staph aureus septicemia, bilateral massive PE, cardiac 

arrest, leptospirosis with alveolar hemorrhage, streptococcal pneumonia, streptococcal sepsis, and 

pulmonary hemorrhage/renal syndrome (see Table 2.3). Of 173 reported patients in the COVID-

19 ARDS group, 41.0% were referred for neuroimaging due to delayed awakening, 81.5% were 

referred due to neurological abnormalities, and 14.5% were imaged post-mortem. Comparatively, 

of 83 reported patients in the non-COVID-19 ARDS group, 18.1% were referred for neuroimaging 

due to delayed awakening, and 81.9% were referred due to neurological abnormalities. 

2.6 Comorbidities, Risk Factors, and Interventions  

Across the 29 studies, the COVID-19 ARDS group reported a mean duration of hospitalization of 

22.9 days, mechanical ventilation of 14.9 days, and extracorporeal membrane oxygenation 

(ECMO) of 12 days. In comparison, across the 10 studies in the non-COVID-19 ARDS group, the 

mean duration of hospitalization was 16 days, mechanical ventilation of 23.2 days, and ECMO of 

18.1 days (see Table 2.3). Average length of hospitalization, mechanical ventilation, non-invasive 

ventilation, and ECMO were similar between groups (see Table 2). In terms of interventions, the 

COVID-19 group had high utilization of anticoagulants (74.8%), dialysis (49.0%) and antiplatelet 

usage (23.6%). Prevalent comorbidities included diabetes (35.8%), chronic kidney injury (58.3%), 

heart disease (56.0%), liver disease (6.25%) and active malignancy (16.8%). Laboratory 

measurements were included in 10 out of the 29 articles, representing 34.5% of articles as 

summarized in Table 2. The laboratory parameters observed in COVID-19 patients include higher 

white blood cell counts (12.3 Tsd/µl), procalcitonin levels (0.8 ng/mL), fibrinogen levels (6.3 g/L), 

platelet counts (199.2), and hemoglobin levels (106 g/L). Additionally, COVID-19 patients 

exhibited lower glucose levels (130.5), lactate levels (1.5 mmol/L), and pH levels (7.3). Fibrinogen 

levels were elevated in COVID-19 ARDS patients (6.3 g/L). The COVID-19 ARDS group had a 

Simplified Acute Physiology (SAPS II) score of 46.7, an Acute Physiology and Chronic Health 

Evaluation (APACHE II) score of 24, a Sequential Organ Failure Assessment (SOFA) score of 

9.8, a Charlson Comorbidity score of 2, and a Richmond Agitation Sedation Scale (RASS) score 

of -3.8. Pulmonary function measurements showed that the PaO2/FiO2 ratio was 111.3 mmHg, 
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PaO2 levels were 72.9 mm Hg, PaCO2 levels were 77.3 mm Hg, systolic blood pressure (SBP) was 

111.5 mm Hg, diastolic blood pressure (DBP) was 55.5 mm Hg and mean arterial pressure (MAP) 

was 120.4 mm Hg. About 41.4% of patients in the COVID-19 ARDS group received ECMO 

therapy (see Figure 2.3). 

Table 2.3: Patient Characteristics 

 

 
COVID-19 (n=390) Non-COVID-ARDS (n=677) 

Variable Outcome Studies Reporting (n/k) Outcome Studies Reporting (n/k) 

Age (years) Mean (range) ± 

SD 
60.4 (49.8-77) ± 7.2 297/15 49.4 (47.1-70.9) ± 10.6 612/9 

Sex (female) n (%) 143 (35.0) 390/19 249 (47.8) 636/9 

Cause of ARDS n (%) COVID-19-associated ARDS 390/19 

Respiratory infections (24%): 

Cystic fibrosis, Influenza, 

Pneumonia, H1 N1 Viral 

pneumonitis 
Respiratory diseases (48%): 

Sarcoidosis, Pneumonia, 

Congestive cardiomyopathy 
Non-respiratory diseases 

(28%): Hemorrhagic shock, 

Heart failure 

179/5 

Ventilation Outcome Studies Reporting (n/k) Outcome Studies Reporting (n/k) 

Duration of Non-Invasive 

Ventilation (days) 
17 9/1 .. 0/0 

Duration of Invasive 

Ventilation (days) Mean 

(range) ± SD 
14.9 (4-30) ± 8.4 308/15 23.2 (0.5-31) ± 14.6 355/4 

PaO2/FiO2 Ratio Mean (range) 

± SD 
111.3 ± 46.0 112/4 124.7 ± 65.2 442/7 

Prone Positioning, n (%) 13 (63.9) 21/2 56 (56.0) 100/1 

ECMO, n (%) 101 (41.4) 215/9 277 (79.3) 373/4 

ECMO Duration (days) Mean 

(range) ± SD 
12.0 (3-89) ± 7.6 215/9 8.1 (0-100) ± 5.4 373/4 

Sedation Depth and Agents Outcome Studies Reporting (n/k) Outcome Studies Reporting (n/k) 

RASS, Mean (range) ± SD -3.8 (-5-0) ± 1.0 75/2 −3.4 (−5–0) ± 1.6 116/1 

Propofol, n (%) 29 (82.7) 40/2 20 (20.0) 20/1 

Midazolam, n (%) 5 (21.7) 40/2 12 (12.0) 12/1 
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Dexmedetomidine, n (%) 1 (8.3) 12/1 10 (10.0) 10/1 

Opioids, n (%) 9 (49.4) 2 12 (12.0) 12/1 

Severity of Illness Scores 
Outcome 

Mean (range) ± SD 
Studies Reporting (n/k) 

Outcome 
Mean (range) ± SD 

Studies Reporting (n/k) 

SAPS II 46.7 (38-63) ± 2.1 85/3 47.7 (24-88) ± 1.2 224/2 

APACHE II 24 (20–29) 36/2 20.7 (20–30) ± 4.7 192/3 

SOFA 9.8 (2-17) ± 2.2 123/3 11.8 (2-19) ± 0.5 349/3 

Charlson Comorbidity Index 2 (0-2) ± 1.4 84/2 3 (0-4) ± 2.1 2562 

Baseline Laboratory Results 
Outcome 

Mean (range) ± SD 
Studies Reporting (n/k) 

Outcome 
Mean (range) ± SD 

Studies Reporting (n/k) 

WBC (Tsd/µll) 12.3 ± 4.7 147/6 16.2 116/1 

Hemoglobin (g/L) 106 ± 22.2 176/6 101.5 ± 3.5 272/2 

Platelets (109/uL) 199.2 ± 94.2 186/7 77 ± 22.3 349/3 

Procalcitonin (ng/mL) 0.8 ± 0.6 66/2 16 116/1 

Fibrinogen (g/L) 6.3 ± 1.8 123/5 3.2 ± 0.08 233/2 

Lactate (mmol/L) 1.5 ± 0.6 96/3 3.1 ± 2.5 180/2 

pH 7.3 ± 0.2 93/3 7.4 ± 0.06 401/4 

Comorbidities 
Outcome 

n (%) 
Studies Reporting (n/k) 

Outcome 
n (%) 

Studies Reporting (n/k) 

Diabetes 60 (35.8) 165/12 37 (19.5) 211/3 

Heart Disease 87 (56.0) 137/10 13 (8.4) 148/3 

Lung Disease 52 (36.5) 148/10 66 (49.0) 183/4 

Kidney Disease 92 (58.3) 184/11 41 (29.0) 235/4 

Liver Disease 2 (6.25) 50/3 34 (11.2) 341/5 

Cancer 11 (16.8) 91/5 32 (12.7) 250/3 

Treatments 
Outcome 

n (%) 
Studies Reporting (n/k) 

Outcome 
n (%) 

Studies Reporting (n/k) 

Antiplatelets 31 (23.6) 114/5 30 (10.7) 341/3 

Anticoagulants 181 (74.8) 263/13 50 (16.3) 338/3 

Corticosteroids 15 (36.9) 54/4 .. 0/0 

Antivirals 57 (88.5) 62/5 .. 0/0 

Antibiotics 27 (62.7) 43/4 .. 0/0 

Dialysis 85 (49.0) 206/9 84 (22.3) 415/4 
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Data is presented as mean average. Percentages (%) were calculated as weighted averages. Range is included in brackets. Abbreviations: ..: the 

study did not report the value; n: number of patients  

 

Utilization of anticoagulants, dialysis and antiplatelets in the ARDS group was 16.3% 22.3%, and 

10.7% respectively. Prevalence of comorbidities differed, including diabetes as 19.5%, chronic 

kidney injury as 29.0%, heart disease as 8.4%, liver disease as 11.2%, and active malignancy at 

12.7%. The reported laboratory parameters for non-COVID-19 ARDS patients included higher 

levels of white blood cell counts (16.2 Tsd/µll) and procalcitonin (16 ng/mL), but lower levels of 

fibrinogen (3.2 g/L), platelets (77), and hemoglobin (101.5 g/L). The non-COVID-19 ARDS group 

had a SAPS II score of 47.7, APACHE II score of 20.7, SOFA score of 11.8, Charlson Comorbidity 

Score of 3, and RASS score of -3.4. Pulmonary function measures included a PaO2/FiO2 ratio of 

124.7 mmHg, PaO2 levels of 67.3 mm Hg, PaCO2 levels of 44.7 mm Hg, systolic blood pressure 

(SBP) of 124.5 mm Hg, diastolic blood pressure (DBP) of 55.5 mm Hg, and mean arterial pressure 

(MAP) of 87 mm Hg. Additionally, 79.3% of patients in the ARDS group received ECMO therapy 

(see Table 2.3). 

 

In the COVID-19 ARDS group,  59.0% of studies utilized MRI, 21.3% of studies utilized CT, and 

19.7% of studies utilized both MRI and CT. Comparatively, in the non-COVID-19 ARDS group,  

CT was utilized in 46.2% of studies, MRI was utilized in 37.4% of studies, , and both MRI and 

CT were utilized in 16.8% of studies. There is a statistically significant preference to use MRI in 

the COVID-19 ARDS group, as indicated by a Chi-Squared test (p < 0.0001). In comparison, there 

is no statistically significant preference to use MRI or CT for non-COVID-19 ARDS patients 

(p=0.84). Neuroimaging indications also differed between groups, including delayed awakening 

reported in 41.0% of studies with available data in the COVID-19 ARDS group versus 18.1% in 

the non-COVID-19 ARDS group, neurological abnormalities in 81.5% and 81.9% respectively, 

and post-mortem neuroimaging in 14.5% and 2.4% respectively.  In the COVID-19 group, WMH 

were found in 45.2% of patients, while ICH was observed in 32.5% of cases, predominantly IPH 

(27.1%), subarachnoid hemorrhage was found in 21.1% of patients, and subdural/epidural 

hemorrhage (SDH/EDH) was found in 7.5%. Microhemorrhages were present in 37.4% of 

patients, and ischemic stroke was found in 13.0% of cases. The damage localized to white matter 

areas was more common in COVID-19 ARDS patients and included ICH (13.9%), 

microhemorrhages (18.0%), and ischemic stroke (2.3%). COVID-19 ARDS patients were also 
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more likely to have cerebral microhemorrhages that particularly impacted callosal structures 

(33.6%), and WMH were reported in 41.8% of patients.  The non-COVID-19 ARDS group 

exhibited differing frequencies of brain injuries, such as ICH (20.8%), WMH (13.9%), SDH/EDH  

(7.8%), subarachnoid hemorrhage (7.2%), microhemorrhages (7.2%), and ischemic stroke 

(12.5%).  

 

 

Figure 2.3: Surface-rendered projections of pooled neuroimaging findings in COVID-19 

and ARDS across types of brain injuries 

2.7 Outcomes of Meta-Analysis  

A meta-analysis was then conducted to further investigate brain injuries in the COVID-19 ARDS 

group as compared to the non-COVID-19 ARDS group. A post-hoc sensitivity analysis was then 

conducted to remove outliers and influential studies. This analysis identified Helms 2020 as an 

outlying study and Wongtangman 2021 as a study contributing greatly to heterogeneity. After 

removing these studies, a meta-analysis found a very similar pooled proportion of 31% (95% CI 

24% to 40%), with decreased heterogeneity to I2 of 47%. To make the results of the meta-analysis 

of intracerebral hemorrhage more comparable to the COVID-19 ARDS meta-analysis, studies 

published from 2020 to 2022 were included. Heterogeneity was significant with all studies 

included (I2=82%), decreasing to more acceptable levels once limited (I2=57%). The pooled 
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incidence of ICH for studies assessing patients was 12% (95% CI 8% to 18%) (see Figure 2.4) 

(See Appendix C for all meta-analyses conducted with available data). 

 

Figure 2.4: Meta-analysis of COVID-19 ARDS and non-COVID-19 ARDS ICH frequency 

indicating pooled proportions 

A comparison of the risk of ICH for COVID-19 and patients was possible for only four studies. 

The risk of ICH was found to be twofold higher in COVID-19 patients, with a pooled risk ratio of 

2.09 (95% CI 1.68 to 2.59). This result was statistically significant, as the 95% confidence interval 

did not cross 1.00 (no effect), and the p-value was 0.0017. There was no between study 

heterogeneity (I2=0%) for this analysis (see Figure 2.5).  
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Figure 2.5: Risk for developing ICH in COVID-19 ARDS versus non-COVID-19 ARDS 

2.8 Discussion  

In this review and meta-analysis involving 390 patients with COVID-19 ARDS and 677 patients 

with non-COVID-19 ARDS of other causes, we found differences in the type, pattern and location 

of brain injuries, in critically ill patients with COVID-19 ARDS versus non-COVID-19 ARDS 

patients which may implicate distinct pathophysiology and functional outcomes. Our results 

indicate the likelihood of developing ICH was found to be 31% in COVID-19 ARDS patients, 

whereas for non-COVID-19 ARDS patients, the pooled incidence was 12%. The study suggested 

that the risk of ICH in COVID-19 patients was twice that of patients, and this difference was 

statistically significant. The pooled risk ratio for the four studies which compared COVID-19 

ARDS to non-COVID-19 ARDS was 2.09, and this difference was statistically significant. These 

results suggest that the risk of ICH in COVID-19 ARDS patients is twice that of non-COVID-19 

ARDS patients. COVID-19 ARDS patients showed a higher percentage of brain injury localized 

to white matter areas, including intracerebral hemorrhage, microhemorrhages, and ischemic 

stroke. Cerebral microhemorrhages particularly affected callosal structures, and WMH were 

reported to a greater extent. 

Frequency of ICH in a recent analysis of COVID-19 registry data was indicated to be 48 (0.2%) 

of 21,483 patients, 90% of whom were in the ICU, nominally older, predominantly male (73% 

versus 54%), and had more vascular risk factors (Leasure et al. 2021). Patients presented an 

unusual pattern of damage preferentially targeting white matter, in contrast to neuroimaging 

findings acquired from non-COVID-19 ARDS patients. Several studies have reported evidence of 

white matter injury in COVID-19 patients, particularly those with severe respiratory symptoms. A 

study published in the journal Radiology in June 2021 found that COVID-19 patients with severe 
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respiratory symptoms had a higher prevalence of white matter abnormalities on MRI compared to 

patients with mild or moderate symptoms, which may relate to incidence and severity of illness 

(Kandemirli et al. 2020). The study also found a correlation between the severity of respiratory 

symptoms and the extent of white matter injury Another study published in the journal Annals of 

Neurology in November 2020 reported that COVID-19 patients who developed neurological 

symptoms had evidence of white matter injury on MRI, including abnormalities in the corpus 

callosum (Kremer et al. 2021). The COVID-19 patient group included in this review presented 

with increased prevalence of several comorbidities, risk factors, and advanced age, which may 

increase the risk for developing critical illness and associated sequalae following COVID-19 

infection. It is important to acknowledge that the neuroimaging outcomes documented in this 

patient group may relate to propensity for developing a more severe clinical course of illness rather 

than instead being directly related to COVID-19 infection itself.  (Kremer et al. 2021). The 

protracted course of COVID-19 illness, complicated clinical course and treatments, and pre-

existing comorbidities and risk factors limit conclusions regarding causal relationships between 

COVID-19 infection and brain injuries seen on neuroimaging. More data are needed to determine 

the impact of the SARS-CoV-2 virus in the brain outcomes documented in the COVID-19 ARDS 

patient population. 

These results suggest that patients with COVID-19 ARDS may have a higher risk of neurological 

complications, including cognitive impairment and delirium, compared to those with non-COVID-

19 ARDS. Helms et al. found the incidence of delirium in COVID-19 to be significantly higher 

compared to ARDS patients, indicating a difference in acute brain dysfunction (Helms et al. 2020). 

There seems to be a similar effect in patients who have recovered from mild COVID-19, with a 

recent cohort study finding that these patients had lasting neurocognitive deficits that included 

impaired short-term memory, attention, and concentration. A meta-analysis found that impaired 

concentration and attention were common in 19.9% and impaired memory in 18.9% of patients 

after recovery of mild COVID-19 (Woo et al. 2020).  It remains unclear if impairments relate to 

the incidence of illness or if COVID-19 may itself contribute risk for developing complications.  

A recent retrospective cohort study examined the health records from 68 health organizations and 

collected data from 410,748 participants with a past documented incidence of COVID-19 infection 

and compared them to 5,834,534 control group participants without a past documented COVID-
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19 infection. They found participants with a documented past COVID-19 infection to be at higher 

risk for a new AD diagnosis within 360 days after the initial COVID-19 diagnosis, especially those 

aged 85 years and older (Wang et al. 2022). It remains unclear whether causal links between 

COVID-19 and the incidence of neurological abnormality exists, or if comorbidities, age, or other 

risk factors may influence results or accelerate pre-existing illness. Patients who have experienced 

the most severe forms of COVID-19 infection were susceptible to both direct and indirect brain 

injury (Wang et al. 2022). By learning about the type, frequency and location of brain injury, we 

may start to better understand the pathophysiology underlying these impairments. If the long-term 

effects of COVID-19 on the brain are not well understood, it may be difficult to anticipate and 

mitigate the cognitive and functional consequences of future pandemics.  

While the results of our review provide novel insights, they are limited by several key factors. 

Firstly, location of brain injury was inconsistently and relatively underreported across the included 

studies. There was a clear difference in reporting of findings between ARDS and COVID-19 

publications, such that the latter included more detailed and comprehensive neuroimaging results 

which may contribute to underreporting in ARDS. Secondly, there was a lack of comprehensive 

paraclinical tests in many of the studies and not all patients had the same set of clinical tests 

performed. Thirdly, obtaining in vivo neuroimaging, especially MRI, in critically ill COVID-19 

patients, with high infectious potential is limited due generally to contraindications to imaging 

critically ill patients, leading to underestimation of neurological involvement in these patients. 

Neuroimaging was typically acquired in subsets of patients frequently recruited selectively rather 

than being subject to randomization procedures. Finally, patients included in this review received 

multiple forms of treatments and medications which may confer heightened vulnerability to brain 

damage, including ECMO, which is independently associated with brain injury and presents an 

important confounding factor (Combes et al., 2018; Matthay et al., 2019). 
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Chapter 3 

3  Evaluating the impact of intensity normalization on automated 

quantification of White Matter Hyperintensities  

WMH are commonly found in healthy older adults on T2-weighted brain MRI and their prevalence 

increases with age. WMH are commonly associated with various risk factors such as hypertension, 

aging, diabetes, and smoking, causing significant structural changes in small vessels of the brain. 

WMH can lead to cognitive decline, mild cognitive impairment, dementia, stroke, and gait 

disturbances. Given the results of the systematic review described in Chapter 2, indicating damage 

to white matter in COVID-19 ARDS, we have focused on examining and validating accurate and 

efficient segmentation methods for WMH for automated quantification of lesion loads and 

volumes on MRI.  

Manual segmentation by trained experts is time-consuming and can face reliability challenges. 

Automated segmentation methods including emerging approaches based on machine learning 

techniques are promising, but may be biased by image preprocessing steps, particularly intensity 

normalization. Unlike computed tomography (CT) or positron emission tomography (PET) where 

measurements are in absolute physical units, structural MRI scans used in quantifying WMH are 

arbitrary units that differ between scans, individuals, and scanners, making it challenging to 

compare image intensities to derive WMH index. By scaling the distribution of image intensities 

across subject/scans/scanners, intensity normalization is crucial in quantitative MRI for 

standardizing image intensities to enhance image registration and fusion, facilitate group 

comparisons enable accurate quantitative analysis, which improves biomarker detection 

(Shinohara et al. 2014).  While many intensity normalization methods exist to improve MRI data 

quality, there remains little evidence as to which methods are most efficacious in improving 

subsequent segmentation of WMH.  Our aim is to evaluate the performance of five different 

intensity normalization methods and assess their impact on automated WMH segmentation and 

subsequent quantification (Fooroshani et al. 2022). The robustness of intensity normalization 

methods was evaluated in a cohort of stroke patients with WMH of presumed vascular origin who 

are part of an ongoing post-stroke cognitive impairment (PSCI) study. The optimal intensity 

normalization was then used in pre-preprocessing MRI data for automated segmentation using the 
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HyperMapp3r deep learning tool (Fooroshani et al., 2022). This analysis pipeline will ultimately 

be applied to MRI data acquired from patients with COVID-19 and ARDS enrolled in the ongoing 

Neuro-SedAting with Volatile Anesthetics (SAVE)-ICU study (n=30). 

3.1 Clinical Motivation for Assessing WMH  

WMH are foci of hyperintensity detected on anatomical MRI and are of presumed vascular origin 

as a manifestation of small vessel ischemic disease. WMH are a common incidental finding in 

healthy older adults, with prevalence rates ranging between 39 and 96% (Prins et al, 2015; 

Wardlaw et al, 2013a; Wardlaw et al, 2015). While WMH are common in asymptomatic 

individuals, their prevalence increases with age from approximately 10% to 20% in those 

approximately 60 years old to close to 100% in those older than 90 years (Garde et al, 2000; Smith 

et al, 2017; Ylikoski et al, 1995). WMH can accumulate in the brain at a rate of 0.1 to 2.2 mL/year, 

the presence of which increases the likelihood of developing mild cognitive impairment (MCI), 

dementia, stroke, and gait disturbances (Jochems et al, 2022; van Leijsen et al, 2017). Aging and 

hypertension are the main predictors of WMH, and genome-wide association studies have 

identified associations with genes involved in blood pressure regulation, particularly in those with 

sustained exposure to vascular risk factors including hypertension (Hirose et al, 2011; Persyn et 

al, 2020), chronic kidney disease (Marini et al, 2020; Rensma et al, 2018), diabetes, and 

dyslipidemia (Lin et al, 2017; Wardlaw et al., 2013a; Wardlaw et al., 2013b). Other risk factors 

associated with WMH include hypercholesterolemia, smoking, carotid artery disease, and heart 

failure (Shao et al, 2019; Wardlaw et al, 2013a). These risk factors cause significant structural 

changes in the small vessels of the brain including narrowing of the lumen and loss of smooth 

muscle cells, which ultimately result in impaired vascular tone, endothelial damage, and can 

contribute to blood–brain barrier breakdown (Pantoni, 2010; Wardlaw et al, 2013a; Wardlaw et al, 

2013b).  

While WMH have received significant attention in recent years due to their association with 

cognitive decline, understanding regarding the pathophysiology underlying their development and 

optimal treatment strategies remains limited, largely due to difficulty related to detection and 

accurate quantification of WMH. Research indicates that manual segmentation of WMH is not 

only time-consuming, but yields large intra- and inter-observer variabilities, ranging from 10 to 

68% (Grimaud et al., 1996; Zijdenbos et al., 2002; Styner et al., 2008; Zhu et al, 2022). There is a 



 

60 

 

need for accurate and efficient WMH segmentation methods to decrease the burden on clinicians 

to identify lesion loads and volumes accurately. Two areas where more research is needed are 

accurate segmentation and volume quantification, as well as the performance of these methods on 

multi-center, multi-scanner datasets (Kuijf et al., 2019). Although various segmentation methods 

have been proposed, their performance is typically evaluated on single-center, single-scanner 

datasets, and there is a lack of studies comparing their performance in multi-center, multi-scanner 

datasets, which is an important knowledge gap (Kuijf et al., 2019; Valdés Hernández et al., 2013a; 

Valdés Hernández et al., 2013b). Achieving accurate and precise WMH segmentations can be 

challenging across MRI scanners of different vendors, field strengths, and scanning protocols, 

leading to variability in MRI acquisition and potential quantification bias (Kuijf et al., 2019; 

Valdés Hernández et al., 2013a; Valdés Hernández et al., 2013b).  

3.2 Automated White Matter Hyperintensity Segmentation with 

HyperMapp3r  

Manual segmentation is used as the benchmark for WMH analysis and is conducted to distinguish 

WMH from other tissue types and normal-appearing white matter. However, manual segmentation 

is time-consuming and requires extensive training. As a result, there is a need for automated 

methods for segmenting WMH. Klauschen et al. (2021) investigated the performance of several 

medical imaging networks and found that MR-based segmentation methods are highly sensitive to 

various factors such as acquisition protocols, scanners, noise-level, and image contrast. While 

many automated segmentation methods exist, studies conducted on the accuracy of WMH 

segmentations have produced varying results (Klauschen et al. 2021).  

HyperMapp3r is a three-dimensional (3D) deep learning (U-Net model) method developed by 

Fooroshani et al. 2022 as a Bayesian network designed to automatically segment WMH from T1-

weighted and FLAIR MRI scans and generate volume quantification of detected lesions 

(Fooroshani et al., 2022).  The algorithm was initially trained on MRI data from 432 patients from 

varying diagnostic groups, including patients with small vessel ischemic disease and 

cerebrovascular diseases. HyperMapp3r was designed for handling variations in imaging 

acquisition protocols using augmentation of training data to learn permutations to noise level, 
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resolution, and contrast, making it insensitive to different MRI acquisition protocols and scanners 

and essentially, a highly robust segmentation tool.  

3.3  Intensity Normalization Methods  

Normalization methods in MRI scans increase the accuracy of segmentations by decreasing 

erroneous image variability, thereby standardizing the data, and increasing comparability between 

images. Intensity normalization reduces differences in image intensity across images and improves 

the consistency of the signal range, accounting for differences in scanner, protocol, and noise. 

Reducing intensity variations allows for more accurate comparisons and statistical analyses in 

group studies, thereby increasing the reliability of conclusions from MRI datasets. Additionally, it 

enables identification and investigation of subtle anatomical differences between images and 

patients, thus playing a crucial role in imaging research (Dai et al, 2008). 

In a study by Reinhold et al. (2019), the authors presented several intensity normalization 

algorithms, including: Z-score, Fuzzy C-Means (FCM)-based, Kernel Density Estimate (KDE) 

based, and WhiteStripe. The Z-score method calculates the mean and standard deviation of 

intensities within the brain mask, then subtracts the mean and divides the image by the standard 

deviation. The FCM-based normalization uses fuzzy c-means to create a white matter (WM) mask. 

This mask is then used to normalize the entire image based on the mean intensity of the WM. The 

KDE-based normalization estimates the probability density function of intensities over the brain 

mask using kernel density estimation, identifies maxima in the WM, which are then used to 

normalize the image. Finally, WhiteStripe normalization performs a Z-score normalization based 

on the intensities of normal appearing white matter (NAWM). The highest peak in the histogram 

of the image represents the normal appearing white matter, and a segment around that peak is used 

to normalize (Reinholds et al. 2019). While these and various other intensity normalization 

methods have been proposed, it is unclear if these methods improve or even bias segmentation of 

WMH on MRI. In this study, we evaluated the effect of five intensity normalization methods in 

quantifying WMH segmented using HyperMapp3R to understand potential areas of bias and 

identify optimal methods that can enhance analysis of WMH in cases where its burden is unclear, 

such as in ARDS populations. As a secondary aim, we examined the performance of the novel 

WMH automated segmentation tool, HyperMapp3R in quantifying WMH lesions and volume.  
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3.4 Participant Characteristics  

Anatomical MRI from 14 patients (average age 75.7, 66-84, ± 7.2) with ischemic stroke was 

utilized to test the normalization methods and validate HyperMapp3R. All participants were 

recruited from a single center, prospective study from the regional stroke centre for southwestern 

ontario located at London Health Sciences Center (LHSC), urgent transient ischemic attack (TIA) 

clinic at LHSC and Parkwood Institute who are admitted for a confirmed supratentorial 

hemispheric ischemic stroke with a diameter of the ischemic lesion of 15 mm or greater. Patients 

with a history of previous symptomatic stroke, presence of other neurological or psychiatric 

disease, such as dementia or mild cognitive impairment, prior to study entry, significant aphasia, 

evidence of other chronic co-morbid conditions or unstable acute systemic illnesses which could 

shorten the patient’s survival or limit their ability to complete the study were excluded. All 

participants in the study underwent a whole-brain MRI scan on a 3T MRI scanner (Biograph mMR, 

Siemens Healthineers, Erlangen, Germany) equipped with 12-channel head array coils. White 

matter hyperintensity was assessed using a Sagittal T2-weighted sampling perfection with 

application optimized contrasts using different flip angle evolution (SPACE) fluid-attenuated 

inversion recovery (FLAIR) sequence and the following parameters: isotropic voxel resolution = 

1.0 mm3; repetition time = 4800 ms, echo time = 343 ms, inversion time = 1800 ms, and an 

acceleration factor = 2. Sagittal T1-weighted images were acquired for spatial normalization and 

group wise analysis using a three-dimensional (3D) magnetization-prepared rapid gradient-echo 

imaging sequence and the following parameters: isotropic voxel resolution = 1.0 mm3; repetition 

time = 2300 ms, echo time = 2.98 ms,  inversion time = 900 ms,  acceleration factor = 2, and flip 

angle = 9°.  All participants provided written informed consent. The study was approved by 

Western University Human Studies Research Ethics Board and conducted in accordance with the 

Declaration of Helsinki ethical standards.  

Table 3.1: Patient Demographics and MRI Acquisition Parameters 

 

 
PSCI (n=14) 

Variable Outcome 

Total MR Images/Sample Size (n) 14/14 
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Age (years) Mean (range) ± SD 75.7 (66-84) ± 7.2 

Sex (female) (%) 37.5 

WMH volume (mm3, Manual 

Segmentation) Mean (range) ± SD 
6538.1 (368.9-16660.7) ± 6078.1 

3.5  Methods  

For each participant, the MRI data were preprocessed using the following steps (see Figure 3.2): 

1)  conversion from Digital Imaging and Communications in Medicine (DICOM) to Neuroimaging 

Informatics Technology Initiative (NIfTI)  using SPM 12 (Maldjian et al. 2003), 2) separation of 

the brain from non-brain tissues in SPM12 by segmenting the brain into gray matter, white matter 

and cerebrospinal fluid, 3) the brain tissue segments were summed to generate a brain mask and 

crop the background such that all voxels outside the brain space were zero-valued,  4) the N4 bias 

correction algorithm implemented in 3D Slicer (Fodorov et al. 2012) was then used to correct 

native image intensity inhomogeneities from the spatial and time varying radiofrequency field. 

The image intensities of the preprocessed images were scaled using five intensity normalization 

methods: 1) WhiteStripe, 2) Z Score, 3) FCM, 4) KDE, and by 5) clipping the intensities (Reinhold 

et al. (2019), to generate five processed images for each participant. Manual segmentation was 

performed by two neuroradiologists, M.T.J. and P.O., to generate ground truth annotations using 

ITKSnap implemented in 3D Slicer (Fodorov et al. 2012; Yushkevich et al. 2006).   

 

Figure 3.1: Schematic of  MR image analysis pipeline 
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To quantify WMH lesion loads and volumes, the HyperMapp3r tool was used to segment WMH 

on preprocessed and intensity normalized images and generate lesion maps and volume.  The 

lesion volume from manual segmentation was computed in Matlab (R2022a; MathWorks, Natick, 

USA). All WMH lesion volume was quantified in mm3 and was normalized by total brain volume. 

Statistical analysis to compare automated WMH lesion maps and volumes to the manual 

segmentation reference was performed in Matlab using metrics for image similarity (Dice 

Similarity Index (DSC) and Jaccard Index (JI) and bias (percent relative volume difference 

(RVD%) = automated segmentation – manual segmentation/manual segmentation). 

DSC(A,B)= 2(A∩B)/(A+B) 

JI(A,B) = |A∩B|/|A∪B| 

Metrics reported as mean ± standard deviation (SD), unless otherwise noted. A DSC or JI of 1 

indicates close similarities, while a near zero RVD% indicates no difference between measures. A 

within subject repeated measures ANOVA was also conducted to compare the WMH volumes 

from the five intensity normalization methods.  
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Figure 3.2: Patient 19 WMH segmentation on a FLAIR scan (axial, sagittal, and coronal 

views), showing HyperMapp3r’s total WMH prediction (blue), and ground truth labels 

overlayed onto the model’s predictions (red) 

3.6  Results  

The participant demographics and clinical profile are summarized in Table 3.1. Results of intensity 

normalization across the 14 MRI images are summarized in Table 3.2. WhiteStripe normalization 

achieved a DSC of 0.7 and JI 0.56. Z-score normalization, Fuzzy C-Means (FCM), Kernel Density 

Estimate (KDE) and clipped  intensity normalization had the same moderate level of overlap and 

similarity (see Figures 3.2, 3.3).  
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Figure 3.3: WMH volumes in mm3 depicted across intensity normalization methods and 

patients  

 

The mean WMH volumes calculated from HyperMapp3r automated segmentations for the five 

intensity normalization methods are outlined in Table 3.2 and an illustration of degree of overlap 

of WMH lesion maps between automated and the manual reference segmentations is shown in 

Figure 3.2 and 3.3. A within subject repeated measures ANOVA was conducted to compare the 

WMH volumes from the 5 intensity normalization methods and indicated there was not a 

statistically significant difference between the five intensity normalization methods (p < 0.557513; 

F-ratio value = 0.75777; between-treatments degrees of freedom = 4; within treatments degrees of 

freedom = 65).  

Table 3.2: WMH outcomes and comparative analysis of automated and manual 

segmentations 

 

 
WhiteStripe Z Score 

KDE FCM Clipped 

Variable Outcome Outcome Outcome Outcome Outcome 

Dice 

Similarity 0.7 ± 0.21 0.67 ± 0.21 0.62 ± 0.18 0.61 ± 0.18 0.61 ± 0.18 
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Coefficient 

Mean, ± SD 

Jaccard Index 

Mean, ± SD 0.56 ± 0.25 0.54 ± 0.23 0.47 ± 0.19 0.47 ± 0.19 0.47 ± 0.18 

Relative 

volume 

difference 

Mean (%), ± 

SD 

-0.11 ± 0.56  -0.10 ± 0.52 -0.16 ± 0.50 -0.16 ± 0.52 -0.18 ± 0.50 

WMH 

volume 

(mm3, 

HyperMapp3r

) Mean 

(range) ± SD 

 

4569.3 (562.7-

17055.6) ± 

4790.5 

4705.9 

(537.9-

17054.1) ± 

4753.4 

4421.0 

(537.0-

14965.6) ± 

4474.3 

4394.2 

(446.8-

14336.7) ± 

4182.9 

4430.8 

(525.5-

14542.7) ± 

4457.2 

3.7  Discussion  

In this study, we compared multiple intensity normalization methods designed to improve intensity 

signal bias common in MRI, particularly seen in clinical imaging studies. 

While similar overlap measured as DSC were observed among normalization methods, the 

WhiteStripe method yielded relatively higher match between automated and manual segmentation. 

The DSC values calculated for MRI segmentations are known to vary, (Valdés-Hernández et al, 

2013a; Valdés Hernández et al., 2013b) ranging from 0.71 to 0.99 using high quality data and 

machine learning algorithms (Bakx et al, 2023; Conte et al, 2021; Malla et al, 2019). A systematic 

review of available automated segmentation performance indicated average DSC values ranging 

from 0.54 to 0.91, the higher values being obtained using data with higher spatial resolution 

(Balakrishnan et al. 2021). While methods differ, our results indicate normalization methods may 
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not meaningfully alter volume estimates, suggesting variations in reported DSC values may instead 

relate to imaging artifacts and noise, with lower image quality generally reducing DSC values. The 

standard deviations across each method and the ground truth manual segmentations indicate a high 

degree of data variability between scans, which may suggest variability amongst the patient data 

and differing presentations of pathologies. In the case of aberrant structural lesions, it may be 

necessary to control for resultant bias when implementing normalization methods. WhiteStripe 

could be considered for cases with the presence of other anatomical lesions, such as stroke, to 

minimize the bias of these lesions which may confound this method. Other novel normalization 

methods such as Ravel (Fortin et al. 2016), have been reported to improve WhiteStripe by 

estimating the mitigating data variations using an additive model and information such as scanner 

variability and clinical covariates, including individual cerebrospinal fluid image intensities to 

model and correct for potential sources of inter-subject variability (Fortin et al. 2016).   . This 

method could be considered for longitudinal and multi-center studies, especially if the influence 

from scanner differences, pathologies, and other physiological confounders could significantly 

bias results.   

The significance of estimating accurate WMH load in stroke populations are well understood, 

given that the risk for stroke recurrence increases with increasing WMH load, both in ischemic 

and more so in hemorrhagic stroke (Ryu et al. 2019). Estimates of WMH load and volume have 

been linked to slower cognitive and psychomotor processing speed, indicating significant impact 

on quality of life and potentially accelerating progression of cognitive decline (Guo et al, 2022; 

Yang et al, 2007). Decreased white matter integrity has also been linked to executive control 

dysfunction in COVID-19, manifesting as slow speed of processing in a recent study of 38 

COVID-19 patients hospitalized for complications of SARS-CoV-2 infection. In the study, 42.1% 

of COVID-19 patients experienced processing speed deficits and 26.3% showing delayed verbal 

recall deficits (Ferruci et al. 2021), which is thought to relate to changes in white matter integrity 

of the brain. Taken together, the burden of WMH in vulnerable patient groups places emphasis on 

accurate quantification to guide improved and adaptive healthcare strategies. Post-acute sequelae 

characterizing COVID-19 ARDS will likely have a profound impact not only on patients’ quality 

of life, but on public health systems globally, requiring an immediate and coordinated response.  

Given the stress on the healthcare system by the aging population and the consequences of 
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neurological impact in a post-pandemic world, a better understanding of WMH pathogenesis, 

accurate segmentation and quantification of lesion loads and volumes, and increased efficiency 

quantifying WMH will be essential to support the growing elderly population, particularly in the 

post-pandemic era. Utilizing automatic segmentation methods to enable timely and efficient 

analysis of WMH burden and lesion volumes will be essential for gaining a better understanding 

of the extent of white matter injury. For populations where white matter pathologies are unclear, 

such as COVID-19, careful consideration should still be paid on the choice of intensity 

normalization methods, particularly for analysis of MRI data from clinical scans, where image 

quality may be reduced due to acquisition on clinical strength (1.5T) scanner and protocols. 

Although the findings of this study highlight the importance of intensity normalization methods in 

WMH analysis, there are methodological drawbacks that should be considered. First, the results 

were limited by a small sample size, which may decrease representativeness of the patient group 

and restricts the sensitivity and accuracy in detecting differences between intensity normalization 

methods. Second and most important, the datasets utilized were acquired from post-stroke patients 

from a single scanner and single site, further limiting generalization of findings to datasets acquired 

from other MRI scanners, sites, or patient groups.  WMH present differently across pathologies 

due to differing pathophysiological factors,  brain injury types, patterns, and location of lesions. 

This can affect the performance of normalization methods, which were not examined in this study 

.  Future studies in larger cohort of mixed pathologies (COVID-19 ARDS small vessel disease, 

stroke, multiple sclerosis, etc.) and including other types of normalization techniques, is required 

to confirm the influence of intensity normalization on automated estimation of WMH lesion 

volumes. 
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Chapter 4 

4.1 Conclusions  

COVID-19 infection leading to acute respiratory distress syndrome (ARDS) has been associated 

with impaired brain function and is implicated in damage to the vasculature of the brain. Research 

indicates inflammatory-induced damage, hypoxemia due to direct and indirect lung damage, and 

endothelial dysfunction may contribute to the prevalence of brain injuries in COVID-19 and 

ARDS. In Chapter 2, a systematic review and meta-analysis was conducted to better understand 

brain outcomes in these populations. The results suggests that the combination of ARDS and 

COVID-19 increases the risk of developing ICH relative to ARDS, and that there may be higher 

prevalence of impact to the white matter of the brain in COVID-19 ARDS, commonly manifesting 

as WMH. Given the findings of the review, the impact of intensity normalization methods on the 

performance of novel deep learning-based methods for WMH segmentation was explored in 

Chapter 3 and the methods assessed were found to yield similar segmentation results. 

The increased risk of ICH in COVID-19 ARDS poses a particular area of concern within this 

patient group. ICH following COVID-19 infection has been associated with a longer ICU stay, 

more time mechanically ventilated and a higher risk for mortality (Daly et al., 2021; Dhamoon et 

al., 2021). Daly et al. 2021 indicated the rate of ICH as being between 0.1% and 3.3% of 

hospitalized COVID-19 patients, with increased risk for patients >80 years old. ICH in COVID-

19 is linked to increased morbidity and higher prevalence of vasopressor support across differing 

types of ICH, including SAH, SDH/EDH, and IPH (Daly et al. 2021). Several mechanisms have 

been proposed to explain the neurological impact contributed by COVID-19 infection, including 

direct neurotropism, dysregulation of the renin-angiotensin system (RAS) system due to ACE-2 

binding, coagulopathy due to endothelial damage, release of inflammatory factors activating 

macrophages, microglia and astrocytes, systemic hypoxemia due to breakdown of pulmonary 

surfactant, and endothelial dysfunction (Ackermann et al. 2020; Wang et al., 2023). White matter 

may be at greater risk for inflammatory-induced damage due to higher concentrations of cytokine 

and glutamate receptors along myelinated tracts, potentially conferring greater sensitivity to 

release of inflammatory factors (Lin et al., 2020). Subsequent endothelial dysfunction and 

coagulopathy in COVID-19 due to extensive tropism of SARS-CoV-2 could contribute to the 
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higher reported incidence of WMH and ischemic stroke in COVID-19 ARDS patients.  While 

researchers speculate regarding a potential direct effect of SARS-CoV-2 infection and neurological 

impact, current data indicates COVID-19 ARDS patients present with higher incidence of pre-

existing risk factors, particularly diabetes, obesity, and immunodeficiencies, and are likelier to be 

affected by socioeconomic factors (Bain et al., 2020; Brault et al., 2020; Wang et al., 2022). It is 

therefore difficult to ascertain the likelihood of a causal link between COVID-19 infection and 

observed patterns of brain injuries, additionally due to the complex course of treatments and high 

prevalence of mechanical ventilation in COVID-19 ARDS patients, which also poses risk for 

adverse health outcomes including brain damage, bleeding, and vascular injury (Combes et al., 

2018; Matthay et al., 2019). 

 

Taken together, the systematic review presented in Chapter 2 indicates there is an increased risk 

for developing ICH in COVID-19 ARDS relative to non-COVID-19 ARDS, and COVID-19 

ARDS patients may present with a higher prevalence of  white matter injury. The burden of 

COVID-19 is substantial and distinct from ARDS as indicated by increased risk of developing 

ICH and other brain injuries of other causes. This places emphasis on the need for sensitive 

imaging biomarkers to identify ARDS-related brain injuries, quantify their impact and understand 

their underlying mechanisms to develop adaptive healthcare strategies to support survivors in the 

post-pandemic era. Several methods have been proposed to automatically quantify WMH 

including emerging techniques based on deep learning.  However, the influence of image 

preprocessing steps that could alter the image intensities and bias automated segmentation 

approaches have been underexplored and not well tested. In Chapter 3, we illustrated the effect of 

intensity normalization methods on deep learning segmentation accuracy, while preliminary, 

suggests careful consideration of normalization approach may be required for WMH analysis in 

ARDS populations including those with COVID-19.  

While several important and novel findings were achieved in this work, the results presented were 

impacted by several methodological limitations. Systematic review relies on available 

retrospective data and the quality of the data. The sparse description and demographic information 

in published studies  documenting clinical and imaging outcomes in critical illness patients, 

comprehensive list of comorbidities and medications of the cohort, limits the understanding of 
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brain findings,  which is further complicated in the case of infectious disease. The brain findings 

could also be limited by the sheer feasibility in conducting imaging in very sick patients, which 

will result in imaging being conducted in the more compliant patients, especially those who have 

MRI contraindications, due in part to severity of their illness (i.e., no contrast administration from 

renal function impairments, etc.). The difficulty in recruiting and mitigating attrition in this patient 

group due to the fragility and health complications inherent to patients with ARDS limits 

consistency and generalizability of results. In addition, the patients were frequently recruited 

selectively rather than being subject to randomization procedures which increases variability in 

available data. There was also a difference in reporting of clinical and brain imaging findings 

between non-COVID-19 ARDS and COVID-19 ARDS publications, such that the latter included 

more detailed and comprehensive neuroimaging results. There was also a difference in the 

neuroimaging modality used between the two groups, as evidence by the Chi-Squared test included 

in the results of Chapter 2 which indicated that there was a statistically significant preference for 

the use of MRI in the COVID-19 ARDS studies, whereas there was no statistically significant 

preference for the use of MRI or CT in the non-COVID-19 ARDS studies. This may contribute to 

underreporting in ARDS and potentially increasing the likelihood of underestimation of 

neurological involvement in these patients. For the findings described in Chapter 3, the relatively 

small sample sized data acquired from a single disease group in a single site study, limits the ability 

to effectively gauge the impact of normalization techniques on automated WMH segmentation 

approaches.  

 

Finally, it is important to highlight that COVID-19 ARDS patients as a population receive multiple 

forms of treatments and medications and typically present with higher prevalence of comorbidities 

and risk factors independently associated with brain injury, potentially conferring heightened 

vulnerability to brain damage, and presenting an important confounding factor (Combes et al., 

2018; Matthay et al., 2019).  

 

Future studies should seek to establish neuroimaging findings in COVID-19 ARDS populations 

with larger sample sizes and with consideration for baseline characteristics including comorbidities 

and treatments and aim to document longitudinal outcomes following brain injury to investigate 

the likelihood and prevalence of long-term damage and potential functional impairments. Ideally, 
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these studies should be designed to quantitatively estimate WMH and its role on long-term brain 

health post-ARDS, especially post-COVID-19 ARDS. This will require careful consideration of 

image processing including choice of intensity normalization techniques for automated WMH 

segmentation and lesion volume estimation. A study evaluating the varying performance of 

intensity normalization methods is still needed in a larger cohort of mixed pathologies (COVID-

19 ARDS small vessel disease, stroke, multiple sclerosis, etc.), and in brain images from 

longitudinal and multi-center studies  to confirm the influence of intensity normalization on 

automated estimation of WMH lesion volumes. Current efforts are underway to explore additional 

intensity normalization approaches using the methodology outlined in Chapter 3 including 

methods such as Ravel (Fortin et al. 2016), on the Neuro-Save ICU data to determine the optimal 

approach for WMH analysis in COVID-19 ARDS patients enrolled in the study. As we emerge 

from the COVID-19 pandemic, the consequences of associated impairments will become 

increasingly important to understand. Given a potential difference COVID-19 ARDS and non-

COVID-19 ARDS, our findings highlight the need for the attention towards the use of brain 

imaging analysis techniques and to white matter injury in considerations of public health 

assessment. 
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Appendices 

Appendix A: Comprehensive search strategies 

Table A1. Comprehensive search strategy for Embase 

Database Ovid EMBASE ALL 

1 adult respiratory distress syndrome/ (51879) 

2 (respirator$ adj2 distress$ adj2 syndrom$).tw,kw. (46195) 

3 ARDS.tw,kw. (29669) 

4 ((acute$ or adult$ or severe$) adj3 (respirator$ adj3 distress$)).tw,kw. (38964) 

5 (lung$ adj2 shock$).tw,kw. (1037) 

6 (((post traumatic$ or posttraumatic$) adj3 (respirator$ or lung$)) and failure$).tw,kw. (108) 

7 ((post traumatic$ or posttraumatic$) adj3 pulmonar$ adj3 insufficienc$).tw,kw. (107) 

8 exp *respiratory failure/ (30818) 

9 
(respirat$ adj3 (distress$ or failure$ or insufficien$ or paralysis$ or deficienc$ or disturbanc$ or 

depression)).tw,kw. (169639) 

10 (acute$ and ((respirat$ adj2 insufficienc$) or (respirat$ adj2 failure$))).tw,kw. (34532) 

11 *acute lung injury/ (8510) 

12 (acute$ and (lung$ adj2 injur$)).tw,kw. (30226) 

13 ((lung$ or pulmonary$) adj3 (failure$ or insufficien$)).tw,kw. (18906) 

14 or/1-13 [Seach Concept: adult respiratory distress syndrome MEDLINE ] (240598) 

15 (critical$ adj2 ill$).tw,kw. or *Critical Illness/ or critically ill patient/ or critically$.tw,kw. (232892) 

16 

intensive care/ or intensive care unit/ or (ICU or ICUs or ((intensive care$ or intensive therapy$ or 

intensive treatment$ or high dependency$ or (coronary$ adj2 care$) or critical$ care) adj2 unit$) or 

MICU or CICU or CVICU or CCU$1 or SICU or POCCU$1 or HDU?ITU or ITU$1 or HDU$1).mp. or 

(critical$ and (intensive adj care)).mp. or (intensiv$ therap$ or intensiv$ treat$).tw,kw. (505388) 

17 
exp artificial ventilation/ or ((ventilat$ adj2 (artificial$ or mechanical$)) or (respirat$ adj2 (artificial$ or 

assisted$ or mechanical$)) or (respirat$ adj2 failure$)).tw. (306503) 
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18 

(ventilat$ adj2 (weaning or support$)).tw,kw. or ((positive adj3 pressure adj5 (ventilat$ or respir$)) or 

(PPV and (pressure or ventilat$))).tw. or (ventilat$ adj3 patient$).ti. or (ventilat$ and patient$).ab. /freq=3 

(83451) 

19 or/15-18 (886438) 

20 14 and 19 (122988) 

21 exp *neurologic examination/ or exp *neuroradiology/ or *neuronavigation/ (177265) 

22 
exp neuroimaging/ or (neuronavigat$ or neuro-navigat$ or neuroimag$ or neuro-imag$ or (neurolog$ 

adj3 (evaluat$ or assess$ or examin$)) or neuroradiogr$ or neuro-radiogr$).tw,kw. (266103) 

23 "cortical thickness (brain)"/ or (thickness$ adj3 (cortical$ or brain or cerebral$ or cortex$)).tw,kw. (18760) 

24 
exp *computer assisted emission tomography/ or "Fluorodeoxyglucose F 18"/ or (f-18$ or f18$ or 

fluorine-18$ or 18f$ or 18-f$ or fluorodeoxyglucose$ or FDG$).tw,kw. (218813) 

25 
((PET$ or "P.E.T.") and (scan$ or imag$3 pr stag$ or F-18$ or f18$ or 18f$ or 18-f$ or fluorine-18$ or 

fluorodeoxyglucose$ or FDG$)).tw,kw. (130976) 

26 
(magnetic resonance imag$ or imaging$ or mri$ or fMRI$ or (fluid?attenuat$ inversion$ recover$ or 

FLAIR)).tw,kw. (1648161) 

27 
((cat or ct$) adj2 (scan$ or x?ray or examination or imag$ or compute$ or electron or beam$ or 

diagnos$)).tw,kw. (379708) 

28 PET?CT.tw,kw. (9272) 

29 or/21-28 [imaging filter_EMBASE ] (2246739) 

30 
(cerebr$ or intra?cerebral$ or cortical$ or subcortical$ or sub-cortical$ or cortex or brain$ or 

neurolog$).tw,kw. or exp *brain disease/ or (brain$ adj5 (disease$ or disorder$)).tw,kw. (3618760) 

31 

(hyperintens* or ((white$ or white?gr?y$) adj3 matter$) or lepto?mening$ or meningitis$ or 

meningo?encephalitis or demyelination or dysmyelination or myelitis or leukoencephalopath$ or 

encephal* or ADEM).tw,kw. (434019) 

32 or/30-31 (3763324) 

33 29 and 32 (768941) 

34 20 and 33 [Q 1 set_Non-COVID-ARDS cohorts _Neuroimaging_Brain Injury ] (3439) 

35 

(((exp Coronavirus/ or exp Coronavirus Infections/ or (coronavirus* or corona virus* or OC43 or NL63 or 

229E or HKU1 or HCoV* or ncov* or covid* or sars-cov* or sarscov* or Sars-coronavirus* or Severe 

Acute Respiratory Syndrome Coronavirus* or D614G).mp.) not (SARS or SARS-CoV or MERS or 

MERS-CoV or Middle East respiratory syndrome or camel* or dromedar* or equine or coronary or 

coronal or covidence* or covidien or influenza virus or HIV or bovine or calves or TGEV or feline or 
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porcine or BCoV or PED or PEDV or PDCoV or FIPV or FCoV or SADS-CoV or canine or CCov or 

zoonotic or avian influenza or H1N1 or H5N1 or H5N6 or IBV or murine corona*).mp.) or (((pneumonia or 

covid* or coronavirus* or corona virus* or ncov* or 2019-ncov or sars*).mp. or exp pneumonia/) and 

Wuhan.mp.) or (coronavirus disease 2019 or 2019-ncov or ncov19 or ncov-19 or 2019-novel CoV or 

severe acute respiratory syndrome coronavirus 2 or sars-cov2 or sars-cov-2 or sarscov2 or sarscov-2 or 

Sars-coronavirus2 or Sars-coronavirus-2 or SARS-like coronavirus* or coronavirus-19 or covid19 or 

covid-19 or covid 2019 or ((novel or new or nouveau) adj2 (CoV or nCoV or covid or coronavirus* or 

corona virus or Pandemi*2)) or ((covid or covid19 or covid-19) and pandemic*2) or (coronavirus* and 

pneumonia)).mp. or (coronavirus disease 2019 or severe acute respiratory syndrome coronavirus 

2).sh,dj.) and 20191201:20301231.(dc). (361582) 

36 14 and 33 and 35 [Q2 set_COVID-19-ARDS cohorts _Neuroimaging_Brain Injury ] (372) 

37 34 or 36 (3537) 

38 limit 37 to english language (3317) 

39 38 not (exp Animals/ not (Human/ and exp Animals/)) (3278) 

40 

(mice or rat or rats or cat$1 or cattle$1 or dog$1 or goat$1 or horse$1 or rabbit$1 or sheep$1 or swine$1 

or pig$1 or canine$1 or feline$1 or porcine$ or calf or (pediatr$ or paediatr$ or fetal or fetus or child$ or 

adolescent$ or infan$ or newborn$ or boy$1 or neonat$)).ti. (4361892) 

41 39 not 40 (2825) 

42 limit 41 to (adult <18 to 64 years> or aged <65+ years>) (1823) 

43 limit 41 to (embryo <first trimester> or infant <to one year> or child <unspecified age>) (271) 

44 41 not (43 not (42 and 43)) (2631) 

45 
exp case control study/ or (case$ and control$).tw,kw. or exp case study/ or (case$ and series).tw,kw. 

[EMBASE case series ] (1287438) 

46 case report/ or case report$.tw,kw. (2998972) 

47 44 not (46 not (45 and 46)) (1185) 

48 47 not case report.ti. [Removing case Reports and retaining Case Series ] (1156) 

49 limit 48 to embase (383) 
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Table A2. Comprehensive search strategy for Cochrane Central Register of Controlled 

Trials 

Database Cochrane Central Register of Controlled Trials 

1 Respiratory Distress Syndrome/ (1524) 

2 (respirator$ adj2 distress$ adj2 syndrom$).tw. (4239) 

3 ARDS.tw. (2432) 

4 ((acute$ or adult$ or severe$) adj3 (respirator$ adj3 distress$)).tw. (2715) 

5 (lung$ adj2 shock$).tw. (9) 

6 (((post traumatic$ or posttraumatic$) adj3 (respirator$ or lung$)) and failure$).tw. (9) 

7 ((post traumatic$ or posttraumatic$) adj3 pulmonar$ adj3 insufficienc$).tw. (3) 

8 exp Respiratory Insufficiency/ (3085) 

9 
((respirat$ adj3 (distress$ or failure$ or insufficien$ or paralysis$ or deficienc$ or disturbanc$ or 

depression)).tw. (13982) 

10 (acute$ and ((respirat$ adj2 insufficienc$) or (respirat$ adj2 failure$))).tw. (2538) 

11 Acute Lung Injury/ (577) 

12 (acute$ and (lung$ adj2 injur$)).tw. (1376) 

13 ((lung$ or pulmonary$) adj3 (failure$ or insufficien$)).tw. (991) 

14 or/1-13 (18021) 

15 
Critical Care/ or Critical Illness/ or (critical$ or intensive*).jn,jw. or critically$.tw. or (critical$ adj2 ill$).mp. 

(19278) 

16 

exp intensive care units/ or (ICU or ICUs or ((intensive care$ or intensive therapy$ or intensive 

treatment$ or high dependency$ or (coronary$ adj2 care$) or critical$ care) adj2 unit$) or MICU or CICU 

or CVICU or CCU$1 or SICU or POCCU$1 or HDU?ITU or ITU$1 or HDU$1).mp. or (critical$ and 

(intensive adj care)).mp. or (intensiv$ therap$ or intensiv$ treat$).tw. (35433) 

17 

exp Respiration, Artificial/ or exp Ventilators, Mechanical/ or (ventilat$ adj2 (artificial$ or 

mechanical$)).tw. or (respirat$ adj2 (artificial$ or assisted$ or mechanical$)).tw. or (respirat$ adj2 

failure$).tw. (21088) 

18 
((ventilat$ adj2 (weaning or support$)) or ((positive adj3 pressure adj5 (ventilat$ or respir$)) or (PPV and 

(pressure or ventilat$)))).tw. or (ventilat$ adj3 patient$).ti. or (ventilat$ and patient$).ab. /freq=3 (13316) 

19 or/15-18 (59572) 
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20 14 and 19 (9586) 

21 exp diagnostic techniques, neurological/ (10421) 

22 
(neuronavigat$ or neuro-navigat$ or neuroimag$ or neuro-imag$ or (neurolog$ adj3 (evaluat$ or 

assess$ or examin$)) or neuroradiogr$ or neuro-radiogr$).tw. (6304) 

23 (thickness$ adj3 (cortical$ or brain or cerebral$ or cortex$)).tw. (599) 

24 
Positron-Emission Tomography/ or "Fluorodeoxyglucose F 18"/ or (f-18$ or f18$ or fluorine-18$ or 18f$ 

or 18-f$ or fluorodeoxyglucose$ or FDG$).tw. (7447) 

25 
((PET$ or "P.E.T.") and (scan$ or imag$3 pr stag$ or F-18$ or f18$ or 18f$ or 18-f$ or fluorine-18$ or 

fluorodeoxyglucose$ or FDG$)).tw. (4582) 

26 exp Magnetic Resonance Imaging/ (8991) 

27 
(magnetic resonance imag$ or imaging$ or mri$ or fMRI$ or (fluid?attenuat$ inversion$ recover$ or 

FLAIR)).tw. (59225) 

28 exp Tomography, X-Ray Computed/ (5591) 

29 ((cat or ct$) adj2 (scan$ or x?ray or examination or imag$ or compute$ or diagnos$)).tw. (13395) 

30 PET?CT.tw. (33) 

31 or/21-30 (89327) 

32 
(cerebr$ or intra?cerebral$ or cortical$ or subcortical$ or sub-cortical$ or cortex or brain$ or 

neurolog$).mp. or exp Brain Diseases/ or (brain$ adj5 (disease$ or disorder$)).tw. (159256) 

33 

(hyperintens* or ((white$ or white?gr?y$) adj3 matter$) or lepto?mening$ or meningitis$ or 

meningo?encephalitis or demyelination or dysmyelination or myelitis or leukoencephalopath$ or 

encephal* or ADEM).tw. (9213) 

34 or/32-33 (163095) 

35 31 and 34 (33252) 

36 20 and 35 (86) 

37 
(exp pneumonia/ or (pneumonia or covid* or coronavirus* or corona virus* or ncov* or 2019-ncov or 

sars*).mp.) and Wuhan.mp. (262) 

38 

(2019-ncov or ncov19 or ncov-19 or 2019-novel CoV or sars-cov2 or sars-cov-2 or sarscov2 or sarscov-2 

or Sars-coronavirus2 or Sars-coronavirus-2 or SARS-like coronavirus* or coronavirus-19 or covid19 or 

covid-19 or covid 2019 or ((novel or new or nouveau) adj2 (CoV on nCoV or covid or coronavirus* or 

corona virus or Pandemi*2)) or ((covid or covid19 or covid-19) and pandemic*2) or (coronavirus* and 

pneumonia)).mp. (13367) 
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39 or/37-38 (13372) 

40 14 and 35 and 39 (7) 

41 36 or 40 (86) 

42 limit 41 to english language (86) 

43 

(mice or rat or rats or cat$1 or cattle$1 or dog$1 or goat$1 or horse$1 or rabbit$1 or sheep$1 or swine$1 

or pig$1 or canine$1 or feline$1 or porcine$ or calf or (pediatr$ or paediatr$ or fetal or fetus or child$ or 

adolescent$ or infan$ or newborn$ or boy$1 or neonat$)).ti. (148703) 

44 42 not 43 (66) 
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Appendix B: Cortical projection of brain injury frequency stratified by type of 

brain injury 

 

Figure A1. Brain injuries stratified by COVID-19 status and types of injuries  
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Appendix C: Additional meta-analyses of COVID-19 ARDS and non-

COVID-19 ARDS neuroimaging findings 

 

Figure A2. Risk for developing intraparenchymal hemorrhage (IPH) in COVID-19 ARDS 

versus non-COVID-19 ARDS  

 

Figure A3. Meta-analysis of COVID-19 ARDS intraparenchymal hemorrhage (IPH) 

frequency, indicating pooled proportions 
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Figure A4. Meta-analysis of non-COVID-19 ARDS intraparenchymal hemorrhage (IPH) 

frequency, indicating pooled proportions 

 

Figure A5. Meta-analysis of COVID-19 ARDS subarachnoid hemorrhage (SAH) 

frequency, indicating pooled proportions 
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Figure A5. Meta-analysis of non-COVID-19 ARDS subarachnoid hemorrhage (SAH) 

frequency, indicating pooled proportions 

 

Figure A6. Risk for developing ischemic stroke in COVID-19 ARDS versus non-COVID-19 

ARDS  

 

 

 

Figure A7. Meta-analysis of COVID-19 ARDS ischemic stroke frequency, indicating pooled 

proportions 
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