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Abstract

:

We performed a systematic literature review of neuroimaging, predominantly focusing on magnetic resonance imaging (MRI) findings associated with neurological manifestations of coronavirus disease-2019 (COVID-19). We screened articles from PubMed, Google Scholar and Scopus, looking for reports that would potentially have neuroimaging findings in patients with COVID-19. Data analysis was performed with patient-based data based on the availability of clinical characteristics and outcomes for each individual patient from the studies. Chi square and Wilcoxon rank-sum tests were used to report COVID-19 severity and outcomes based on neurological imaging indicators and pathophysiology. A total of 171 patients with COVID-19 having neurological complications, from 134 studies, were identified in our review. The most common neuroimaging finding was ischemic stroke (62, 36.2%) cases, followed by CNS inflammatory disorder (44, 25.7%), and hemorrhagic stroke (41, 24.0%). Around 51% of all the fatal COVID-19 cases had an ischemic stroke. Among patients with ischemic stroke, the mean age of those who suffered from COVID-19 infection was 57.5 years (SD = 15.4) whereas it was 50.7 years (SD = 15.1) among those without stroke/other diagnosis. Fatality was more common in patients with ischemic stroke compared to those with other diagnosis (40% vs. 22%, p = 0.011). The most frequently published neuroimaging findings in patients with COVID-19 were ischemic stroke, CNS inflammatory disorder, and hemorrhagic disorder. In those studies, ischemic stroke was associated with fatality, and was more frequently seen in older patients. Based on our findings, early usage of MRI in COVID-19 patients may be recommended.
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1. Introduction


The Coronavirus disease 2019 (COVID-19) outbreak began in Wuhan, China, in December 2019, and has rapidly spread around the world to be declared as a pandemic. As of 31 October 2020, over 45 million COVID-19 cases with more than one million deaths have been reported globally [1,2].



Several new studies have shown neurological complications to be associated among patients with COVID-19 [3,4,5,6]. A study of 214 hospitalized patients in Wuhan reported that 36.4% of patients had neurological symptoms, including dizziness, headache, impaired consciousness, and acute cerebrovascular events [6]. A systematic review of studies reported that one-third of COVID-19 patients were found to have neurological manifestations [7]. Some patients with neurological symptoms have normal imaging findings, while others have findings like stroke (both ischemic and hemorrhagic), cerebral venous thrombosis, encephalitis, microbleed, vasculitis, demyelinating disorders such as acute disseminated encephalomyelitis (ADEM), and encephalopathy, on computed tomography (CT) and magnetic resonance imaging (MRI) [4,5,8,9,10]. Currently, the understanding of the mechanism of these symptoms in COVID-19 patients is sparse, and it is not clear if these symptoms are due to direct viral invasion or indirect neuroinflammatory response. Intense systemic inflammatory response can lead to eventual disruption of the blood–brain barrier (BBB) causing increased permeability to inflammatory cytokines and leading to a cascade of immune cells within the central nervous system (CNS). This is due to the underlying critical illness and systemic complications [11,12,13].



Although COVID-19 typically affects the lungs, clinicians and radiologists should be mindful of the possible concomitant neurological presentations and neuroimaging findings in the affected patients. Definite neuroimaging protocols are not yet established and there is an evident need for a thorough documentation of the neuroimaging findings associated with COVID-19. MRI is the best non-invasive imaging modality to visualize the nervous system and aid in diagnosis of neurological complications in COVID-19 [5,8]. In this study, we conducted a systematic review to collect, analyze, and summarize the neurological findings in the MRI among patients with COVID-19 from studies published worldwide. This review also serves the purpose of being one of the very few literatures on the relevance and clinical importance of the neuroimaging findings in patients with COVID-19, which additionally could also be added to the database for the research to carry out further studies.




2. Material and Methods


2.1. Study Selection and Criteria


Using the keywords “COVID-19 and CNS”, “COVID-19 and PNS”, “SARS-CoV-2 and CNS”, “COVID-19 and neurological manifestation”, “SARS2 and neurological manifestation”, “COVID-19 and Neuroimaging”, we searched databases including PubMed, Google Scholar, and Scopus from 1 December 2019 to 30 September 2020. Two reviewers independently performed the literature search. Neuroimaging findings and pathophysiology comparisons that were considered within the scope of our review were mainly focused on, but not limited to, ischemic disorder, hemorrhagic disorder, disorders of the CNS and peripheral nervous system (PNS), encephalitis, encephalopathy, olfactory bulb and cranial nerve enhancement, and Guillian-Barre Syndrome (GBS) variants, and their association with severity and outcomes for COVID-19. Neurological manifestations, which were considered minor and thus excluded from this analysis, were as follows: no specific neurologic diagnosis, nerve pain, dizziness, and skeletal muscle injury. Furthermore, we checked the references of the included studies in order not to miss any other eligible studies. Severity of COVID-19 was measured using Infectious Disease Society of America/American Thoracic Society (IDSA/ATS) criteria [14]. We used the preferred reporting items for systematic reviews and meta-analyses (PRISMA) for our study [15].



Our final inclusion and exclusion criteria in order to incorporate the studies were:




	
Inclusion criteria



The inclusion criteria for the published studies were: (1) Patient age ≥ 18 years; (2) COVID-19 diagnosis confirmed by real-time reverse transcription polymerase chain reaction (RT-PCR) nasopharyngeal or serum antibody IgG test; (3) Established neurological diagnosis in the patients with COVID-19; (4) Neuroimaging findings of CNS and PNS complications not accounted for by another neurological process.



	
Exclusion criteria



The exclusion criteria for the studies were: (1) Duplicate studies which involved repetition of cases; (2) Studies in languages other than English; (3) Studies with no individual data on severity and/or fatality of COVID-19, and (4) Studies with missing clinical information.








Cases were categorized into the following groups: (i) Ischemic disorders including ischemic stroke: both large vessel and small vessel, cardio-embolic, stroke of unknown origin and dural sinus venous thrombosis; (ii) Hemorrhagic disorders including subarachnoid hemorrhage, large and small intracranial hemorrhage, and microhemorrhages; (iii) GBS and its variants; (iv) Encephalitis and meningoencephalitis; (v) Encephalopathy; (vi) CNS inflammatory disorder including multiple sclerosis (MS) exacerbation, acute disseminated encephalomyelitis (ADEM), vasculitis, cytotoxic lesion of corpus callosum (CLOCC) or Mild encephalitis/encephalopathy with reversible splenial lesion (MERS), posterior reversible encephalopathy syndrome (PRES), optic neuritis (ON), transverse myelitis, acute hemorrhagic necrotizing encephalopathy (AHNE); (vii) Olfactory bulb enhancement; (viii) Other cranial nerve enhancement; and (ix) others which includes parenchymal leptomeningeal enhancement and nonspecific findings such as fluid-attenuated inversion recovery (FLAIR) hyperintensity in deep white matter. The cases were further classified based on underlying neurological pathophysiology into: Vascular pathology (including ischemic disorders and hemorrhagic disorders) and CNS inflammatory pathology (including MS exacerbation, ADEM, ON, CLOCC or MERS, transverse myelitis, and AHNE). While we reviewed findings of CT scan, positron emission tomography (PET) scan and MRI scan, we only considered MRI scan findings in our analysis as it was the most commonly reported and it provided the best method of characterizing neuro-imaging findings in COVID-19 infections.




2.2. Quality Assessment


The critical appraisal checklist for case reports provided by the Joanna Briggs Institute (JBI) was used to perform assessment of overall quality of case series and case reports [16].




2.3. Data Acquisition


From the selected studies, we extracted the following data for our analysis: study type, date of publication, age, gender, clinical presentation of COVID-19, diagnostic tests for SARS-CoV-2 infection including RT-PCR nasopharyngeal and serum antibodies, and imaging markers including MRI scan and severity of COVID-19 (based on IDSA/ATS criteria) [14].




2.4. Data Analysis


We conducted statistical analysis to report demographic characteristics such as age, gender, severity and outcomes of all COVID-19 cases presenting with neurological manifestations. Pooled descriptive analyses were performed to assess differences in these markers among groups including severe vs. non-severe, fatal vs. non-fatal, vascular vs. CNS inflammatory disorders. Data analysis was performed with patient-based data based on the availability of characteristics and outcomes for each individual patient from the studies. In particular, we conducted the following analyses: (1) Severity and outcomes of COVID-19 based on neuroimaging findings confirmed through MRI; (2) Age distributions of all COVID-19 patients based on neurological diagnoses through MRI findings; and (3) Severity and outcome status of COVID-19 by type of neurological pathophysiology. Chi square test and Wilcoxon rank-sum test were used in the data analysis for categorical and continuous variables, respectively. All statistical tests were two-sided and a p-value < 0.05 implied the statistical significance in this study. Statistical analysis was performed using SAS (version 9.2) and R software (version 3.6.3, R foundation, Vienna, Austria).





3. Results


Based on our search criteria, we found a total of 4465 studies from all the databases including PubMed (n = 589), Google Scholar (n = 3720) and Scopus (n = 156); 745 of these were identified as duplicates. Finally, we screened 934 studies for title and abstracts, and reviewed 195 full-text studies in accordance with our study objective. Finally, we conducted a systematic review and quantitative analysis of 134 studies (comprising of 171 patients) in accordance with our inclusion and exclusion criteria. Of the 134 included studies, 106 were case reports, 28 were case series. Additionally, 16 retrospective observational studies were not included in statistical analysis but were reported separately, as the substantial data for severity and fatality of COVID-19 was not available from these studies (Figure 1)



Table 1 displays the demographic characteristics of 171 patients with COVID-19 from the 134 studies identified in our review. The most common neuroimaging finding observed in our study was ischemic stroke (n = 62, 36.2%), followed by CNS inflammatory disorder (n = 44, 25.7%), hemorrhagic stroke (n = 41, 24%), encephalitis (n = 24, 14%), encephalopathy (n = 11, 6.4%), and GBS (n = 3, 2%). Over half of the cases (n = 96, 56.2%) were categorized to have severe COVID-19, while the remaining (n = 75, 43.8%) were categorized to have non-severe COVID-19. An outcome of around 30% of the cases (n = 49) were reported as fatal.



Table 2 shows the severity and outcomes of COVID-19 based on neurological pathophysiology confirmed through MRI findings for patients included in statistical analysis. Overall, half of the fatal COVID-19 cases (n = 25) reported having an ischemic stroke, based on their MRI findings (p = 0.011). We found that fatality was more common in patients with ischemic stroke with 40% (25/62) compared to 22% (24/109) among those with non-ischemic stroke/other diagnosis (p = 0.011). Furthermore, among patients with hemorrhagic stroke, the majority of the patients (30/41) had a severe infection, while only 51% (66/130) of the patients without a hemorrhagic stroke developed a severe COVID-19 disease. Additionally, we observed that a greater proportion of patients with hemorrhagic stroke reported a fatal COVID-19 condition (n = 17, 41%) compared to those with a non-hemorrhagic stroke (n = 32, 25%) (p = 0.015). None of the 96 patients with a severe COVID-19 infection had evidence of olfactory bulb enhancement on MRI. However, three patients (4%) with non-severe COVID-19 indicated olfactory bulb enhancement on MRI (p = 0.048). Similarly, cranial nerve enhancement was not observed in any patients with a severe COVID infection but was seen in 8% of the non-severe cases (p = 0.005).



Table 3 displays the age distributions of all COVID-19 patients based on neurological diagnoses through MRI findings. We tabulated the mean age by outcome and severity of COVID-19, along with distributions by each neurological diagnosis. We found significant differences with respect to mean age among patients with ischemic stroke and olfactory bulb enhancement. Among patients with ischemic stroke, the mean age of COVID-19 patients was 57.5 years (SD = 15.4), significantly different compared to 50.7 years (SD = 15.1) among those without stroke/other diagnosis (p = 0.005). Among patients showing olfactory bulb enhancement, the mean age was 29 years (SD = 5.3), significantly lower than 53.6 years (SD = 15.3), among those without olfactory bulb enhancement.



Table 4 displays the sub-analysis of severity and outcome status of COVID-19 by type of neurological pathophysiology. Of the 90 patients with a vascular pathology (including ischemic, hemorrhagic stroke, dual sinus venous thrombosis, hypoxic ischemic encephalopathy (HIE), microhemorrhages), 38% (n = 34) reported a fatal outcome as compared to 19% (n = 15) who did not report vascular pathology (n = 81) (inclusive of ADEM, CNS vasculitis, CLOCC, PRES, MS exacerbation, ON, AHNE), p = 0.005).



We explored further literature to report grouped patients that were not included in our study analysis. Table 5 displays the MRI findings and associated neurological manifestations along with severity and outcomes for COVID-19 for all the observational studies included in our review. In sixteen observational studies, 681 patients had findings on neuroimaging [3,5,8,9,10,17,18,19,20,21,22,23,24,25,26,27]. Of those, the most common neuroimaging findings were: ischemic stroke/infarction including lacunar infarct (201, 29.5%) followed by hemorrhagic stroke/ICH (77, 11.3%), encephalitis and encephalopathy (40, 5.9%), and microhemorrhages (36, 5.2%), which is similar to our findings. CNS features (667, 97.9%) were more common than PNS features (14, 2.1%). Severity and fatality data were unavailable for most of these studies, and thus clinical significance could not be analyzed.




4. Discussion


In one of most comprehensive reviews on neurological imaging findings and COVID-19 according to our knowledge, we found that more than one third of hospitalized patients with COVID-19 developed some form of neurologic symptoms. These included headache, dizziness, myalgia, alteration of consciousness, anosmia and dysgeusia, strokes, and seizures [4,6,7]. Severe infections were associated with greater neurologic involvement [6,28]. In this paper, we reviewed the CNS and PNS radiological findings in patients with COVID-19 and described the neuroimaging findings in COVID-19 patients and assessed its clinical significance.



Ischemic stroke (36%) was the most common neuroimaging finding in this study. Intense inflammatory changes and cytokine storm triggers hypercoagulability in COVID-19 patients, which, along with vascular endothelial injury, is thought to promote stroke in these patients [29]. Although more patients with severe COVID-19 reported having an ischemic stroke in our study, there was no significant association between ischemic stroke and the severity of COVID-19. The possible explanation could be that ischemic stroke might result from viral pathogenesis and not merely an occurrence in critically ill patients. The fatality in COVID-19 patients was significantly higher in patients with ischemic stroke (40%) compared to patients without ischemic stroke. A systematic review by Tan et al. reported a mortality rate of 38% in their study [30], which is similar to our research.



CNS inflammation (25.7%), hemorrhagic stroke (24%) and encephalitis (14%) were other common neuroimaging findings observed in our study. Direct invasion of the brain by the SARS-CoV-2 virus or immunological response to the virus is implicated in the pathogenesis of encephalitis [31]. Anticoagulation and hemorrhagic transformation of ischemic stroke are thought to cause hemorrhagic stroke [32]. There was a significant association between the presence of hemorrhages on imaging and the severity of the COVID-19, with 73% of hemorrhages being associated with severe disease. This could be because patients with severe disease may develop severe neurovascular injury and are likely to receive multiple interventions like anticoagulation, leading to hemorrhages. A review by Pan et al. also reported that the prevalence of a hemorrhage was more specific for severe COVID-19 patients [33].



Overall, vascular pathology seen in imaging was significantly associated with fatality. A retrospective study by Benussi et al. also concluded that COVID-19 in patients with the cerebrovascular disease had significantly higher mortality than in-patients without COVID-19 [34]. The inflammatory pathology was significantly associated with the severity of the disease (refer Table 4 and Table 5). Severe COVID-19 patients may have developed neurological inflammation due to an intense inflammatory response or immunological phenomenon [13,35,36]. We present the MRI sections of two COVID-19 patients, one with multifocal ischemic stroke and another with encephalitis in Figure 2 and Figure 3, respectively.



Anosmia is a common neurological manifestation of COVID-19 patients and is thought to be mediated by microvascular pathology due to the SARS-CoV-2 virus [37,38]. In our study, the imaging finding of olfactory bulb enhancement was seen in a very small fraction of patients (2%). This may be because most patients with mild–moderate COVID-19 do not routinely undergo neuroimaging evaluation, leading to an underreporting of these findings. Additionally, patients with smell disorders due to nasal obstruction or rhinorrhea may have normal findings in imaging. Olfactory bulb enhancement was seen in only three patients, all of which were non-severe COVID-19 patients. Similarly, six patients with non-severe infection had enhancement of other cranial nerves (refer Table 4 and Table 5). None of the patients with severe COVID-19 demonstrated olfactory nerve enhancement or cranial nerve enhancement. This is similar to the reports by the study by Pan et al., where cranial nerve abnormalities were exclusively seen in patients with mild infection [33].



Older patients (mean age 57.5 years) were significantly more likely to show ischemic stroke than younger patients. This is an important finding as it might suggest an underlying vascular pathology in the older population. Similarly, a review by Tan et al. reported the mean age of 63.4 years for COVID-29 patients with ischemic stroke [30]. Most strokes in non-COVID-19 patients usually occur in people with age >65 years [39], which is much higher than what we found in our study. Anosmia or ageusia was significantly more prevalent in younger patients (mean age 36.5 years) in a study by Lee et al. [40] Our study also showed that the younger patients were more likely to have olfactory bulb enhancement (mean age 29 years) compared to older patients (refer Table 3).



Our study had several limitations. First, a subset of neuroimaging findings, particularly those in the critically ill elderly patients, may be due to comorbidities or other factors and may not be directly related to the COVID-19 infection. Second, there might have been an underreporting of neurological findings, as neuroimaging is not done in all patients, especially those with mild disease. Third, as this is still an emerging disease and there are only a few hundred cases in the literature on neurological manifestations in COVID-19 (refer Supplementary Table S1), we believe further studies on this topic are still required to prove the validity of our results, as bias can be a contributing factor. Fourth, pertaining to our study design, our reported frequencies may not be generalizable to the population and hence there may be a limited external validity as well as a presence of publication bias due to more publications specific to this topic. It would thus be challenging to imply how frequent the imaging findings were among the patients with COVID-19. Hence, these findings should be interpreted with caution. Finally, some relevant studies might have been missed or some studies with unremarkable findings might have gone unpublished.



As the number of cases of COVID-19 is increasing rapidly, there is a rapid emergence of studies showing neuroimaging findings. We now know that neurological manifestations and neuroimaging findings are not uncommon with the disease. We found that ischemic stroke was associated with fatality in COVID-19 infection. Our review also indicates that older patients are at higher risk of stroke. Based on these findings, we recommend the usage of early neuroimaging studies, especially MRI, to be performed in severe COVID-19 patients with neurological complications or unexplained neurological findings, in order to provide early and aggressive intervention if needed. Further studies and data are required to provide a substantial basis and formulation for guidelines on the early implementation of MRI in COVID-19 patients.
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Abbreviations




	ADEM
	Acute Disseminated Encephalomyelitis



	AHNE
	Acute Hemorrhagic Necrotizing Encephalopathy



	CNS
	Central Nervous System



	CT
	Computed Tomography



	COVID-19
	Coronavirus infectious disease -2019



	CLOCC
	Cytotoxic Lesion of Corpus Callosum



	GBS
	Guillain-Barré Syndrome



	IDSA/ATS
	Infectious Disease Society of America/American Thoracic Society



	MRI
	Magnetic Resonance Imaging



	MERS
	Mild encephalitis/encephalopathy with reversible splenial lesion



	MFS
	Miller-Fisher syndrome



	MS
	Multiple Sclerosis



	nCov
	Novel Coronavirus



	ON
	Optic Neuritis



	PNS
	Peripheral Nervous System



	PET
	Positron emission tomography



	PRES
	Posterior Reversible Encephalopathy Syndrome



	PRISMA
	Preferred Reporting Items for Systematic reviews and Meta-Analyses



	RT-PCR
	Reverse Transcription Polymerase Chain Reaction



	SARS-CoV-2
	Severe Acute Respiratory Distress Syndrome coronavirus 2
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Figure 1. PRISMA flow diagram of systematic review. The flow diagram depicts the flow of information through the different phases of the systematic review. It maps out the number of records identified, included and excluded, and the reasons for exclusions. 
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Figure 2. 51-year-old man COVID-19 RT-PCR positive presented with dysarthria and change in mentation. MR Diffusion image (a) showing multiple foci of restricted diffusion (red arrow) involving centrum semiovale with the corresponding hypointense signal on ADC image (b), suggestive of embolic infarcts. (c) Showing multiple small foci of restricted diffusion (red arrow) involving centrum semiovale and periventricular white matter with the corresponding hypointense signal on ADC image (d), suggestive of embolic infarcts. 
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Figure 3. 54-year-old man with COVID-19 RT-PCR positive and history of fever, cough for 7 days with recent onset headache and vomiting. MRI DWI (a) and ADC (b) showed diffusion restriction with corresponding hypointensity on ADC (red arrow) in the medial aspect of right anterior temporal lobe, hippocampus and sylvian cortex. MRI DWI (c) and ADC (d) showed diffusion restriction with corresponding hypointensity on ADC (red arrow) in the medial aspect of right anterior temporal lobe, hippocampus and sylvian cortex. 
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Table 1. General characteristics of COVID-19 (n = 171) patients with neurological manifestation.






Table 1. General characteristics of COVID-19 (n = 171) patients with neurological manifestation.





	Characteristics
	N (%)





	Mean Age, SD, IQR
	53.2, 15.5, 40–64



	Gender *
	159



	Male, n (%)
	106 (66.7)



	Female, n (%)
	53 (33.7)



	Neurological manifestation
	171



	Ischemic stroke, n (%)
	62 (36.2)



	Hemorrhagic stroke, n (%)
	41 (24)



	Encephalitis, n (%)
	24 (14)



	CNS inflammatory, n (%)
	44 (25.7)



	Encephalopathy, n (%)
	11 (6.4)



	GBS and its variant, n (%)
	3 (2)



	Olfactory bulb enhancement, n (%)
	3 (2)



	Other cranial nerve enhancement, n (%)
	6 (3.5)



	Others **, n (%)
	6 (3.5)



	Severity of COVID-19 ***
	171



	Severe
	96 (56.2)



	Non-Severe
	75 (43.8)



	Outcomes
	171



	Fatal
	49 (28.7)



	Non-fatal
	122 (71.3)







Abbreviations: SD, Standard Deviation; IQR, Interquartile Range. * Gender data on 12 cases not available. ** Other includes pachymeningeal enhancement and nonspecific findings such as FLAIR hyperintensities in deep white matter. *** Severity based on Infectious Disease Society of America/American Thoracic Society. IDSA/ATS criteria.
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Table 2. Severity and outcomes of COVID-19 based on neurological pathophysiology confirmed through MRI findings for patients (n = 171).






Table 2. Severity and outcomes of COVID-19 based on neurological pathophysiology confirmed through MRI findings for patients (n = 171).





	Pathophysiology
	N
	Severe

n (%)
	Non-Severe

n (%)
	p-Value
	Fatal

n (%)
	Non-Fatal

n (%)
	p-Value





	Ischemic stroke

Non-ischemic stroke
	62

109
	35(36)

61(64)
	27(36)

48(64)
	0.951
	25(51)

24(49)
	37(30)

85(70)
	0.011 *



	Hemorrhagic stroke

Non-hemorrhagic stroke
	41

130
	30(31)

66(69)
	11(15)

64(85)
	0.012 *
	17(35)

32(65)
	24(20)

98(80)
	0.037 *



	Encephalitis

Non-encephalitis
	24

147
	17(18)

79(82)
	7(9)

68(91)
	0.118
	3(6)

46(94)
	21(17)

101(83)
	0.059



	CNS inflammatory

Non-inflammatory
	44

127
	24(25)

72(75)
	20(27)

55(73)
	0.805
	11(22)

38(78)
	33(27)

89(73)
	0.534



	Encephalopathy

Non-encephalopathy
	11

160
	11(11)

85(89)
	0(0)

75(100)
	0.002 *
	6(12)

43(88)
	5(4)

117(96)
	0.049 *



	GBS and its variant

Non-GBS
	3

168
	1(1)

95(99)
	2(3)

73(97)
	0.422
	0(0)

49(100)
	3(2)

119(98)
	0.268



	Olfactory bulb enhancement

No olfactory bulb enhancement
	3

168
	0(0)

96(100)
	3(4)

72(96)
	0.048 *
	0(0)

49(100)
	3(2)

119(98)
	0.268



	Other cranial nerve enhancement

Non-cranial nerve enhancement
	6

165
	0(0)

96(100)
	6(8)

69(92)
	0.005 *
	0(0)

49(100)
	6(5)

116(95)
	0.114



	Others (Yes)

Others (No)
	6

165
	4(4)

92(96)
	2(3)

73(97)
	0.597
	3(6)

46(94)
	3(2)

119(98)
	0.239







* p-value significant (bold) at <0.05.
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Table 3. Age distributions of all COVID-19 patients based on neurological diagnoses through MRI findings.
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Characteristics

	
n = 170

	
Age in Years

	
p-Value




	
Mean

	
SD






	
Severity




	
Yes

	
96

	
54.5

	
14.7

	
0.305




	
No

	
74

	
51.5

	
16.5

	




	
Fatality




	
Yes

	
49

	
55.2

	
15.8

	
0.331




	
No

	
121

	
52.4

	
15.4

	




	
Ischemic stroke




	
Yes

	
62

	
57.5

	
15.4

	
0.005 *




	
No

	
108

	
50.7

	
15.1

	




	
Hemorrhagic stroke




	
Yes

	
41

	
51.2

	
13.1

	
0.226




	
No

	
129

	
53.8

	
16.2

	




	
Encephalitis




	
Yes

	
23

	
48.5

	
13.8

	
0.108




	
No

	
147

	
53.9

	
15.7

	




	
Encephalopathy




	
Yes

	
11

	
50.3

	
11.8

	
0.406




	
No

	
159

	
53.4

	
15.8

	




	
CNS inflammation




	
Yes

	
44

	
53.3

	
15.8

	
0.859




	
No

	
126

	
53.2

	
15.5

	




	
Olfactory bulb enhancement




	
Yes

	
3

	
29.0

	
5.3

	
0.011 *




	
No

	
167

	
53.6

	
15.3

	




	
Cranial nerve enhancement




	
Yes

	
6

	
49.2

	
19.7

	
0.657




	
No

	
164

	
53.3

	
15.4

	




	
GBS and its variant




	
Yes

	
3

	
51.7

	
13.7

	
0.836




	
No

	
167

	
53.2

	
15.6

	




	
Others




	
Yes

	
6

	
62.3

	
10.3

	
0.147




	
No

	
164

	
52.9

	
15.6

	








* p-value significant at <0.05. Others include pachymeningeal enhancement and nonspecific findings such as FLAIR hyperintensities in deep white matter.
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Table 4. Severity and outcome status of COVID-19 by type of neurological pathophysiology (n = 171).
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	Pathophysiology
	N
	Severe

n (%)
	Non-Severe

n (%)
	p-Value
	Fatal

n (%)
	Non-Fatal

n (%)
	p-Value





	Vascular

Non-vascular
	90

81
	53(59)

43(53)
	37(41)

38(47)
	0.445
	34(38)

15(19)
	56(62)

66(81)
	0.005 *



	Inflammatory

Non-inflammatory
	57

114
	36(63)

60(53)
	21(37)

54(47)
	0.191
	17(30)

32(28)
	40(70)

82(72)
	0.811







* p-value significant (bold) at <0.05.
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Table 5. Studies with grouped data with detailed MRI findings and associated neurological manifestations with severity and outcomes for COVID-19.
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	Author/Country

All Studies from Year/Year Published 2020
	No. of Patients with Neuroimaging Findings
	Neurological Manifestation

CNS = 1,

PNS = 2
	MRI Findings
	Severity of COVID-19 * (Non-Severe = 1,

Severe = 2)
	Outcome

(Non-Fatal = 1,

Fatal = 2)





	Freeman C.W et al. [17]/USA
	59
	1 = 59

2 = 0
	MS = 3

Small vessel ischemic = 23

Acute infarction = 6

Subacute infarction = 4

Chronic infarction = 4

Basal ganglia hypoxia = 1

Microhemorrhage = 4

CRDL = 6
	NA
	NA



	Chougar L. et al. [9]/France
	73
	1 = 68

2 = 2
	Acute infarction = 17

Venous infarction = 1

Microhemorrhage = 8

Perfusion abnormalities = 22

Corpus callosum cytotoxic = 3

Hypoxic Ischemic lesion = 3

Non-specific white matter and BG changes = 8

PRES = 2

Metabolic abnormalities = 3

Neuritis = 2

Meningeal enhancement = 3

Corticospinal tract flair hyperintensity = 1
	NA
	NA



	Conklin J. et al. [18] (c)/USA
	11
	1 = 11

2 = 0
	Microbleed = Punctate and linear SWI lesions in the subcortical and deep white matter = 11
	NA
	1 = 15

2 = 1



	Hernández- Fernández F. et al. [19] (c)/Spain
	23
	1 = 23

2 = 0
	cerebral ischemia = 17

Intracerebral hemorrhage = 5

PRES = 1
	1 = 6

2 = 17
	1 = 15

2 = 8



	Helms J. et al. [3] (c)/France
	13
	1 = 13

2 = 0
	Leptomeningeal enhancement = 8/13

Perfusion abnormalities = 11/11

Ischemic stroke = 3/13
	NA
	NA



	Giorgianni A. et al. [20]/Italy
	26
	1 = 20

2 = 0
	Ischemic = 4

Cerebral hemorrhage = 5

Encephalitis = 1

Non-acute changes = 16
	NA
	NA



	Kremer S. et al. [8] (c)/France
	37
	1 = 37

2 = 0
	Non-hemorrhagic = 17

Hemorrhagic = 20
	NA
	1 = 32

2 = 5



	Feugeas MCH. et al. [21] (c)/France
	25
	1 = 22

2 = 3
	PRES =8

Brain infarcts = 7

Microbleeds = 4

Hemorrhagic transformation of brain infarct = 1

Subacute subdural hematoma = 1

Old deep-brain hematoma = 1

Moderate or marked enlargement of optic nerve sheaths = 3
	NA
	1 fatal rest NA



	Jain R. et al. [22] (c)/USA
	38
	1 = 38

2 = 0
	Large infarct = 17

Lacunar = 9

hemorrhagic stroke = 9

Encephalitis = 1

Hypoxic ischemia = 2
	NA
	1 = 22

2 = 16



	Lin E. et al. [10] (c)/USA
	58
	1 = 52

2 = 6
	Cerebral infarctions = 31

Parenchymal hematoma = 10

Cranial nerve = 6

Critical illness–associated Microhemorrhage = 3

PRES = 3

Non-traumatic SDH = 3

SAH = 2
	NA
	NA



	Delorme C. et al. [23] (c)/France
	4
	1 = 4
	Encephalopathy = 4

FDG-PET/CT pattern of abnormalities, namely frontal hypometabolism and cerebellar hypermetabolism.
	NA
	1 = 4



	Scullen T. et al. [24] (c)/USA
	27
	1 = 27

2 = 0
	COVID-19-associated encephalopathy = 20

COVID-19–associated acute necrotizing encephalopathy = 2

COVID-19–associated vasculopathy = 5
	NA
	NA



	Radmanesh A. et al. [27] (c)/USA
	205
	1 = 205

2 = 0
	Nonspecific white matter microangiopathy = 134

Chronic infarct = 47

Acute/subacute infarct = 13

ICH=11
	NA
	NA



	Mahammedi A. et al. [5] (c)/Italy
	51
	1 = 48

2 = 3
	Acute ischemic infarct = 34

Intracerebral hemorrhage = 6

C.N enhancement = 1

Cauda Equina = 2

Acute encephalopathy = 1

PRES = 1

Nonspecific encephalopathy = 2

MS exacerbation = 2

Cerebral venous thrombosis = 2
	NA
	NA



	Kandemirli S. et al. [26] (c)/Turkey
	27
	1 = 12

2 = 0
	CVT = 1

Acute ischemic infarction = 1

Cortical FLAIR MRI signal intensity abnormality =10
	NA
	NA



	Radmanesh A. et al. [25] (c)/USA
	27
	1 = 27

2 = 0
	Diffuse Leukoencephalopathy = 4

Microbleed = 1

Combination of both = 5

Acute/subacute infarct = 11

ICH = 4

Presumed AHNE = 1
	11/27
	6/11







* Severity based on Infectious Disease Society of America/American Thoracic Society. IDSA/ATS criteria.
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