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AIM: To describe the neuroradiological changes in patients with coronavirus disease 2019
(COVID-19).
MATERIALS AND METHODS: A retrospective review was undertaken of 3,403 patients who

were confirmed positive for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection, and admitted to Queen Elizabeth Hospital Birmingham, University Hospitals Bir-
mingham NHS Foundation Trust, Birmingham, UK between 1 March 2020 and 31 May 2020,
and who underwent neuroimaging. Abnormal brain imaging was evaluated in detail and
various imaging patterns on magnetic resonance imaging MRI were identified.
RESULTS: Of the 3,403 patients with COVID-19, 167 (4.9%) had neurological signs or symptoms

warranting neuroimaging. The most common indications were delirium (44/167, 26%), focal
neurology (37/167, 22%), and altered consciousness (34/167, 20%). Neuroimaging showed ab-
normalities in 23% of patients, with MRI being abnormal in 20 patients and computed tomog-
raphy (CT) in 18 patients. The most consistent neuroradiological finding was microhaemorrhage
with a predilection for the splenium of the corpus callosum (12/20, 60%) followed by acute or
subacute infarct (5/20, 25%), watershed white matter hyperintensities (4/20, 20%), and suscep-
tibility changes on susceptibility-weighted imaging (SWI) in the superficial veins (3/20, 15%),
acute haemorrhagic necrotising encephalopathy (2/20, 10%), large parenchymal haemorrhage (2/
20, 10%), subarachnoid haemorrhage (1/20, 5%), hypoxiceischaemic changes (1/20, 5%), and
acute disseminated encephalomyelitis (ADEM)-like changes (1/20, 5%).
CONCLUSION: Various imaging patterns on MRI were observed including acute haemor-

rhagic necrotising encephalopathy, white matter hyperintensities, hypoxic-ischaemic changes,
ADEM-like changes, and stroke. Microhaemorrhages were the most common findings.
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Prolonged hypoxaemia, consumption coagulopathy, and endothelial disruption are the likely
pathological drivers and reflect disease severity in this patient cohort.

� 2020 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
Introduction symptoms, neurological signs and symptoms, basic labo-
Infection with the novel pathogen, severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) has resulted in a
global pandemic, which has claimed the lives of over
630,000 globally (as of 23 July 2020). Severe infection
culminating in acute respiratory distress syndrome (ARDS)
along with relatively high transmission rates, has led to the
greatest global public health crisis in 100 years. There is
predominant respiratory involvement; however, multi-
organ complications have been reported. Cerebrovascular
events and altered mental status have been described as the
most common neurological presentations in COVID-19.1

Recent studies have described abnormal brain imaging
findings of microhaemorrhages, multifocal white matter
hyperintense lesions with variable enhancement, infarcts,
haemorrhagic lesions, acute haemorrhagic necrotising en-
cephalopathy, inflammatory CNS syndromes including acute
disseminated encephalomyelitis (ADEM), and medial tem-
poral lobe abnormalities.2e4 As one of the largest UK centres,
the present study describes the intracranial imaging findings
and likely pathogenesis of patients with COVID-19.

Materials and methods

This retrospective observational study was approved by
the institution’s review board and the need for ethical
approval was waived. Consecutive patients with COVID-19
and neurological manifestations who underwent brain
imaging between 1 March 2020 to 31 May 2020 were
assessed for inclusion. All patients had a confirmed diag-
nosis of COVID-19 based on detection of SARS-CoV-2 by
reverse transcription polymerase chain reaction (RT-PCR)
from sputum or nasopharyngeal swabs. They required
hospitalisation with neurological signs or symptoms during
inpatient admission, warranting brain imaging. Patients
with abnormal brain imaging studies were included (Fig 1).
Informed consent was obtained from patients or where
appropriate, consent was provided by the next of kin.

Clinical, laboratory, and imaging data

CT brain imaging was performed using a 64-section
multidetector CT system (Siemens, Erlangen, Germany).
MRI was performed using a 1.5 T system (Siemens, Erlangen,
Germany) with a 32-channel phased-array head coil. The
following sequences of the whole-brain were obtained: T1-
weighted sagittal, axial T2-weighted, fluid attenuation
inversion recovery (FLAIR), susceptibility-weighted imaging
(SWI), and diffusion-weighted imaging (DWI), b-value
1,000. Clinical and laboratory data were obtained in those
patients with abnormal MRI studies, including de-
mographic information, risk factors, initial presenting
VID-19-related intracranial i
ratory investigations, treatment, and outcome. Where
available, chest radiography, electroencephalogram (EEG),
and cerebrospinal fluid (CSF) findings were obtained. Clin-
ical indications were recorded for imaging, and MRI was
reviewed by two consultant neuroradiologists and
consensus was achieved. Patients with age-related, chronic,
and incidental findings were excluded with consensus.
Continuous variables were presented as mean and standard
deviation, while categorical variables were presented as
frequencies and proportions.
Results

Between 1 March 2020 and 31 May 2020, 3,403 patients
were confirmed positive for SARS-CoV-2 via RT-PCR and
hospitalised at Queen Elizabeth Hospital Birmingham,
University Hospitals Birmingham NHS Foundation Trust,
Birmingham, UK, of which approximately 10% needed
intensive care. Neuroimaging studies were performed in
167 patients (CT¼172, MRI¼36), for various clinical in-
dications (Table 1). The most common indications were
delirium (n¼44), focal neurology (n¼37), and altered con-
sciousness (n¼34). Brain MRI was abnormal in 20 patients
and CT was abnormal in 18 patients. Results of abnormal CT
studies are summarised in Table 2. Findings included sub-
acute infarct, acute infarct, basal ganglia haemorrhage, and
subarachnoid haemorrhage, with most patients presenting
with focal neurology. The majority of patients presenting
with altered consciousness and delirium were investigated
by brain MRI. For patients who had an abnormal MRI brain
study, the mean age was 59.7 (range 32e91) years, and the
male-to-female ratio was approximately 2:1. Sixty percent
were of White ethnicity and 25% were from an Asian
background. Eighteen of 20 (90%) patients had typical
symptoms of COVID-19 and 17/20 (85%) patients had clas-
sically described pulmonary changes on chest imaging. D-
dimer concentrationswere raised in themajority of patients
with a mean of 6,795 (range 382e36,381; normal range
0e250) ng/ml, and 76% had vascular risk factors. Most of the
neurological complications were noticed later on in the
illness, with a mean of 10.1 days from onset of respiratory
symptoms to onset of neurological symptoms. Outcome
was variable with seven patients discharged home, six un-
dergoing rehabilitation, four patients died, and the
remaining three patients continued to remain as inpatients
for at least 1 month. Patient demographic and clinical in-
formation is summarised in Table 3.

MRI brain findings

A number of neuroradiological findings were identified
in patients with abnormal MRI brain studies (n¼20). MRI
maging findings: a large single-centre experience, Clinical Radiology,



Figure 1 Flowchart of patient inclusion and exclusion.
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patterns and likely pathogenesis are described in detail in
Electronic Supplementary Material Table S1. Findings
included microhaemorrhages (n¼12), watershed white
matter hyperintensities (n¼4), susceptibility changes on
SWI in superficial veins (n¼3), acute infarct (n¼3), subacute
infarct (n¼2), acute haemorrhagic necrotising encephalop-
athy (n¼2), large parenchymal haemorrhage (n¼2), sub-
arachnoid haemorrhage (n¼1), hypoxiceischaemic changes
(n¼1), and ADEM-like changes (n¼1). Results for MRI
findings are summarised in Table 4.

Microhaemorrhage was present in 60% of patients (Fig 2c
and d, 3b, 4d), with all of these patients demonstrating
microhaemorrhage in the splenium of corpus callosum.
Table 1
Indications for brain imaging in hospitalised patients with confirmed COVID-
19.

Indication for brain imaging No. of patients (%)

Delirium/confusion 44 (26.3)
Focal neurological signs 37 (22.1)
Altered consciousness/reduced GCS 34 (20.3)
Trauma 28 (16.7)
Slow return to consciousness 13 (7.8)
Headache 5 (3.0)
Seizure 3 (1.8)
Suspected intracranial infection 3 (1.8)

GCS, Glasgow coma score.
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Concurrent parenchymal microhaemorrhage was present in
66% of these patients with callosal microhaemorrhage. One
patient had twoMRI studies performedwithin a time interval
of 72 h, which showed progression of microhaemorrhages.

Watershed white matter hyperintensities on T2/FLAIR
were seen in 20% of patients, which demonstrated variable
apparent diffusion coefficient (ADC) values. Two patients
with vascular risk factors (diabetes, hypertension, and
hypercholesterolaemia) showed symmetrical white matter
changes in the cerebral deep watershed areas, with
restricted diffusion and low ADC values (Fig 2). Similar le-
sions were also seen in the corpus callosum and cerebellar
whitematter. In addition, microhaemorrhages were noticed
in the splenium of the corpus callosum and brainstem. The
other watershed pattern was of scattered DWI high signal
lesions in centrum semiovale with micro- and macro-
haemorrhages (Fig 3).
Table 2
Summary of findings for patients with abnormal computed tomography (CT)
brain imaging.

CT head findings No. of patients (%)

Subacute infarct 8 (44.4)
Acute infarct 7 (38.9)
Basal ganglia haemorrhage 2 (11.1)
Subarachnoid haemorrhage 1 (5.6)

maging findings: a large single-centre experience, Clinical Radiology,



Table 3
Summary of demographic and clinical features of the 20 confirmed COVID-19
positive patients with abnormal findings on magnetic resonance imaging
(MRI) of the brain.

Demographic and clinical parameters Patients with abnormal MRI
head study (n¼20)

Sex, M:F (%) 13:7, (65:35)
Age (years), mean (range) 59.7 (32e91)
Ethnicity
White 12 (60%)
Asian 5 (25%)
Mixed 1 (5%)
Not specified 2 (10%)

Presenting symptoms at admission
Shortness of breath 16 (80%)
Fever 9 (45%)
Cough and shortness of breath 7 (35%)
Focal neurology 2 (10%)
Fall 1 (5%)

Presence of vascular risk factors 17 (85%)
D-dimer level, mean (range)

(normal range 0e250)
6,795 (382e36,381)

Lymphocyte count (�109/l), mean (range)
(normal range 0.7e4)

0.74 (0.15e1.40)

Onset of neurological signs or symptoms
from admission (days), mean (range)

10.1 (1e39)

Outcome
Full recovery/discharged 7 (35%)
Requiring ongoing rehabilitation 6 (30%)
Death 4 (20%)
Slow clinical improvement 3 (15%)

Table 4
Summary of findings for patients with abnormal magnetic resonance im-
aging (MRI) of the brain.

MRI brain findings No. of patients (%)

Microhaemorrhage 12 (60)
-Parenchymal and callosal 8 (40)
-Callosal only 4 (20)

Watershed white matter hyperintensities 4 (20)
Susceptibility changes on SWI in superficial veins 3 (15)
Acute infarct 3 (15)
Acute haemorrhagic necrotising encephalopathy 2 (10)
Subacute infarct 2 (10)
Large parenchymal haemorrhage 2 (10)
Hypoxiceischaemic changes 1 (5)
Subarachnoid haemorrhage 1 (5)
ADEM-like changes 1 (5)

ADEM, acute disseminated encephalomyelitis; SWI, susceptibility-weighted
imaging.

Figure 2 (aed) MRI images showing deep watershed white matter hype
high diffusion signal in the white matter, and (b) ADC map shows corresp
the pons, right parietal white matter, and right side of the splenium of co
ADC images showing multiple deep watershed white matter hyperintensi
hyperintensities in the corpus callosum and dentate nuclei of the cerebe
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Susceptibility changes on SWI were seen in superficial
veins in 15% of patients, in conjunction with micro-
haemorrhages, likely representing microthrombi (Fig 4f).
All of these patients had diabetes and two of these three
patients also had hypertension as a predisposing risk factor.

Acute and subacute infarcts were seen in 25% of patients,
which included middle cerebral artery (MCA), posterior
cerebral artery (PCA), brainstem perforator territories, and
both unilateral and bilateral in distribution. One patient
showed haemorrhagic transformation.
rintensities with microhaemorrhages. (a) DWI shows multiple foci of
onding low ADC. (c,d) SWI images show foci of microhaemorrhage in
rpus callosum. (eeh) MRI images from another patient. (e,f) DWI and
ties, suggestive of acute infarcts. (g,h) DWI images show white matter
llar hemispheres, likely to represent infarcts.

maging findings: a large single-centre experience, Clinical Radiology,



Figure 3 MRI images showing right occipital lobe haemorrhage. (a) FLAIR image. (b) In addition, SWI image shows microhaemorrhages, and
(c,d) DWI images show deep watershed white matter hyperintensities, likely subacute infarcts (ADC was not low, not shown).

V. Sawlani et al. / Clinical Radiology xxx (xxxx) xxx 5
Acute haemorrhagic necrotising encephalopathy was
seen in 10% of patients, with bilateral cortical and subcor-
tical lesions in the parieto-occipital lobes showing
restricted diffusion and microhaemorrhages (Fig 4). The
symmetrical cortical and subcortical involvement in the
parieto-occipital lobes appeared similar to a posterior
reversible encephalopathy syndrome (PRES)-like pattern.
One of the patients had received treatment with extracor-
poreal membrane oxygenation (ECMO).

Parenchymal haemorrhage was seen in 10% of patients
and subarachnoid haemorrhage was seen in 5% of patients.
Parenchymal haemorrhage was seen in occipital lobes of
two patients (Figs 3 and 5). One patient demonstrated
subarachnoid haemorrhage in bilateral cerebral sulci on
SWI and FLAIR sequences and intraventricular haemorrhage
in the occipital horns.

Hypoxiceischaemic changes were seen in one patient
who had a cardiac arrest. MRI showed bilateral
hypoxiceischaemic changes with restricted diffusion in the
Please cite this article as: Sawlani V et al., COVID-19-related intracranial i
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basal ganglia, tail of hippocampi and cerebral peduncles
(Fig 6). There were also necrotic changes seen in the
nigrostriatal tract. Dentate nuclei and thalami were also
involved, showing high signal on T2/FLAIR. Micro-
haemorrhages were seen in the splenium of corpus cal-
losum. This patient had two MRI studies within an interval
of 6 days; the first study demonstrated restricted diffusion
in the tail of hippocampi and thalami. Second MRI showed
more marked changes in the basal ganglia including the
nigrostriatal tract. Pseudonormalisation of ADC was noticed
in the thalami on this second study, reflecting evolving
ischaemic changes.

ADEM-like changes were seen in one patient who was
slow to regain consciousness and had a background of
diabetes and hypertension. MRI demonstrated bilateral
symmetrical white matter hyperintensities with micro-
haemorrhages in the posterior frontal lobes (Fig 5).
Subcortical white matter changes were also present in the
left occipital lobe with parenchymal haemorrhage.
maging findings: a large single-centre experience, Clinical Radiology,



Figure 4 MRI images showing acute haemorrhagic necrotising encephalopathy. (a) FLAIR, (b) DWI, (c) ADC, and (d) SWI images show bilateral
symmetrical cortical and subcortical lesions in parieto-occipital lobes, with restricted diffusion and microhaemorrhages, giving a PRES-like
appearance. In addition, there is a focus of microhaemorrhage in the splenium of corpus callosum on SWI (bold arrow). (e) FLAIR image
showing multiple cerebral infarcts. (f) SWI image shows curvilinear susceptibility artefact, likely to represent microthrombi in the superficial
veins. (g,h) FLAIR and SWI images showing focal infarct with microhaemorrhages in the right cerebellar hemisphere.
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Discussion

There is growing urgency to understand the pathological
basis of neurological changes associated with SARS-CoV-2
infection, particularly as these have been associated with
disease severity and ongoing neurocognitive symptoms. In
the present patient cohort, a number of patterns on brain
MRI were seen, which included microhaemorrhages,
watershed white matter hyperintensities, susceptibility
changes on SWI in superficial veins, hypoxiceischaemic
changes, parenchymal and subarachnoid haemorrhage,
acute and subacute infarcts, acute haemorrhagic necrotising
encephalopathy, and ADEM-like changes. On CT, patterns
consisted of acute and subacute infarcts, basal ganglia
haemorrhage, and subarachnoid haemorrhage. There is
emerging evidence that the underlying pathogenesis for
these presentations is closely linked to a combination of
prolonged hypoxaemia, consumption coagulopathy, and
endothelial dysfunction.5,6

The spike protein of SARS-CoV-2 has a strong affinity for
angiotensin-converting enzyme 2 (ACE2) receptor, which
allows it to enter host cells. This protein is expressed on
alveolar epithelial cells, intestinal enterocytes, and arterial
and venous endothelial cells.7 Using electron microscopy,
SARS-CoV-2 viral elements have been demonstrated within
endothelial cells themselves, associated with profound
inflammation and tissue oedema in COVID-19 patients at
autopsy.6 A recent neuropathological series of 18 patients
Please cite this article as: Sawlani V et al., COVID-19-related intracranial i
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has shown that although the virus was detected at low
levels in five patients, there was no evidence of encephalitis
and the explanation for this could have been due to in situ
virions or viral RNA from blood.8 All the patients in this
neuropathological series demonstrated acute
hypoxiceischaemic damage. Hypoxiceischaemic damage
has been shown to cause leukoencephalopathy and white
matter cytotoxic oedema in critically ill patients. Leu-
koencephalopathic changes with or without cytotoxic
oedema are seen in many other condition including poste-
rior reversible encephalopathy syndrome (PRES), sepsis,
ADEM, hypotension, hypoxia, prolonged ventilator support,
drug therapy, and toxic metabolic diseases.9,10 SARS-CoV-2
infection initiates a pro-inflammatory cytokine storm led
by tumour necrosis factor a (TNF-a), interleukin 6 (IL-6),
and interleukin 1b (IL-1b).11 This results in a downstream
increase in vascular permeability, bloodebrain and
bloodeCSF barrier dysfunction, neuroinflammation and
subsequent leukoencephalopathy, thought to be due to
oligodendroglial cell death and consequent demyelination
predominantly in the deep watershed regions.12 One pa-
tient, who had sustained a cardiac arrest, showed restricted
diffusion in the basal ganglia bilaterally, in keeping with
hypoxiceischaemic changes. In this patient, the imaging
appearances were likely secondary to hypoxia from cardiac
arrest, which could have been a complication of COVID-19
infection involving the myocardium. A neuropathological
study has also demonstrated similar appearances in the
maging findings: a large single-centre experience, Clinical Radiology,



Figure 5 MRI images showing symmetrical white matter signal change. (a) T2W, (b) FLAIR, (c) DWI, and (d) ADC images show white matter
hyperintensities in the deep watershed territory bilaterally in the posterior frontal lobes, giving an ADEM-like appearance. (e) SWI image shows
small foci of blooming within these lesions indicating microhaemorrhages. In addition, there are subcortical white matter changes in the left
occipital lobe with parenchymal haemorrhage on (f) T2W, (g) FLAIR, and (h) SWI images.
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brain after cardiac arrest in one COVID-19 patient, thought
to be secondary to hypoxia.13

Microvascular disruption of the endothelium in brain
tissue may be responsible for extravasation of red blood
cells and extensive microhaemorrhages.6,14 Micro-
haemorrhages have been reported previously in a number
of locations including lobar, subcortical, deep, corpus cal-
losum, pontine, and cerebellar.2,3 A few studies have re-
ported the splenium of corpus callosum as a predominant
location for microhaemorrhages, with or without
oedema.4,15 Microhaemorrhages in the splenium of the
corpus callosum have been reported previously in severe
ARDS and high-altitude cerebral oedema, thought to be due
to hypoxaemia.16 It is increasingly recognised that respira-
tory failure may be due tomicro-emboli, and thesemay also
affect the cerebral microcirculation resulting in micro-
thrombosis and microvascular ischaemia. Linear structures
resembling vessels were observed with susceptibility arte-
facts on SWI, which are probably microthrombi. This in-
creases the risk of stroke or ischaemia amplifying the
cytokine-induced injury to the brain.17

Ischaemic strokewas a commonpattern seen onbothMRI
andCT. Fifteenpatients presentedwith largevessel stroke on
CT and five patients on MRI; most were severe, including
bilateral MCA infarct, as noted previously.2 Acute stroke
seems to be the most common neuroradiological presenta-
tion in a large cohort of COVID-19 patients.18 Similarfindings
with ischaemic changes and microhaemorrhages have also
Please cite this article as: Sawlani V et al., COVID-19-related intracranial i
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been published in isolated case reports.19 Elevated D-dimer
levels were observed in most of the present patients, prob-
ably due to a hypercoagulable environment. Four patients
presented with intracerebral bleeds on CT and MRI; causes
could be due to predisposing vascular risk factors (in 76% of
the patient cohort) such as hypertension, anticoagulation
treatment as prophylaxis from thromboembolism, and
ECMO.

Acute haemorrhagic necrotising encephalopathy was
seen in two patients with a similar pattern of bilateral
cortical and subcortical lesions in the parieto-occipital lobes
showing restricted diffusion and microhaemorrhages, giv-
ing a PRES-like appearance. PRES-like appearances in
COVID-19 have been noted previously in a few case
reports20e23. The DWI restriction (cytotoxic oedema)
observed in these patients is thought to reflect failure of the
sodiumepotassium pump across cell membranes and
vasogenic oedema due to failure of autoregulation in the
posterior circulation. Microhaemorrhages were again seen
in both of these patients. The pathogenesis of this appear-
ance again could be multifactorial, including endothelial
dysfunction, hypoxaemia, cytokine inflammation, and labile
blood pressure.

ADEM-like presentation was seen in one patient, with
evidence of haemorrhage, also reported in a previous
study.2 Although scattered white matter demyelinating le-
sions and perivenular tracking raises the possibility of a
para-infectious ADEM-like process, the authors’ impression
maging findings: a large single-centre experience, Clinical Radiology,



Figure 6 MRI images showing bilateral hypoxiceischaemic changes. (a,b) DWI and ADC images show high diffusion signal with corresponding
low ADC in the basal ganglia (thin arrow), tail of hippocampi (bold arrow), and (c) cerebral peduncles. (d) FLAIR image demonstrates high signal
in the thalami and (e) dentate nuclei. (f) SWI shows microhaemorrhages in the splenium of the corpus callosum.
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of the overall phenotype suggested a primarily vascular
insult, with secondary white matter injury. A detailed
neuropathological examination of one patient has been
reported recently,14 which concluded that vascular insult
was the primary driver of the neurological sequelae.

At the peak of the pandemic, although delirium and
neuro-cognitive symptoms were encountered commonly, it
is likely that many patients may not have had neuroimaging
performed and this series is likely to be a selected group of
patients with acute and sub-acute complications of COVID-
19. This was a retrospective study with a bias towards
severely ill, hospitalised patients, most of them having
predisposing vascular risk factors. In addition, there were
logistic limitations in clinical examination, CSF examina-
tion, and other laboratory tests as well as organising MRI in
these patients. Although CT imaging was performed in a
large number of patients, which were apparently normal,
small infarcts, micro-haemorrhages, subtle hypoxic
changes, or even pre- and para-infectious abnormalities
would not have been detected in the absence of MRI. Similar
limitations are being observed in other large studies.

The spectrum of MRI findings observed in the present
series and other large series reflects a combination of po-
tential mechanisms as described above. The pattern of PRES,
Please cite this article as: Sawlani V et al., COVID-19-related intracranial i
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ADEM, microhaemorrhages, parenchymal haemorrhages,
and large vessel stroke are either atypical or severe, prob-
ably due to the combination of a hypercoagulable state,
endothelial dysfunction, critical illness, septicaemia, hyp-
oxia, and predisposing risk factors. With the recent limited
histological correlates and emerging imaging evidence of a
high incidence of reported microhaemorrhages and
hypoxiceischaemic changes, longstanding hypoxaemia,
endothelial disruption, and pro-thrombotic conditions
appear to be likely contributing factors for most of the im-
aging appearances in the present study. Understanding
evolution of neuropathological processes in SARS-CoV-2
infection is directly relevant in managing these patients
both in the early and late phases of the disease course and
requires long-term follow-up of these patients.
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