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Abstract: Patients with COVID-19 can require radiological examination, with chest CT being more
frequent than neuro-imaging. The objective is to identify epidemiological, clinical and radiological
factors considered as predictors of neurological involvement in patients with COVID-19 assessed by
neuroimaging and to describe the neuroimaging findings. This retrospective study was performed
with 232 consecutive confirmed COVID-19 patients, from two radiological units, which were divided
into two groups: (1) those who underwent a brain CT/MRI scan (n = 35) versus (2) those who did
not undergo the brain CT/MRI scan, but underwent only chest CT (n = 197). There was a statistically
significant difference with associations regarding the COVID-19 brain scan group for: admission
to ICU, greater severity of lung injuries, the use of a mechanical ventilator and sepsis. Statistical
tendency was found for chronic renal failure and systemic arterial hypertension. Forty-percent of
COVID-19 patients from the brain scan group were abnormal on brain CT and/or brain MRI (22.9%
of the cases with bleeding or microbleeding, 8.6% with restricted diffusion lesions). One ischemic
stroke case was associated with irregularity at the M1 segment of the right middle cerebral artery.
There was a case of left facial nerve palsy with enhancement of the left geniculate ganglia. An
analysis of the olfactory bulbs was possible in 12 brain MRIs and 100% had enhancement and/or
microbleeding. In conclusion, a more severe COVID-19 disease from ICU, a more severe form of
lung disease, the use of mechanical ventilator and sepsis were associated to the COVID-19 patients
with neurological involvement who had undergone brain scans. Microvascular phenomenon was a
frequent finding in the brain and olfactory bulbs evaluated by neuroimaging.
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1. Introduction

Different abnormalities in both peripherical and central nervous systems were re-
ported in patients with COVID-19, such as vessel wall enhancement and/or focal cerebral
arteriopathy; Reference [1] acute ischemic infarct; References [1,2] hemorrhage; Refer-
ences [2,3] acute hemorrhagic necrotizing encephalopathy; Reference [4] cerebral venous
thrombosis; References [5,6] diffuse leukoencephalopathy [7] with microhemorrhage; Ref-
erences [8,9] PRES-like with microvessel enhancement; Reference [10] splenium of corpus
callosum restricted diffusion lesion; Reference [11] edema [12,13] and enhancement and
microbleeds of olfactory bulbs; and Reference [14] as well as bilateral facial palsy and
enhancement of facial nerves [15].

There is a spectrum of severity in the clinical presentation of patients with COVID-19,
from asymptomatic individuals to very severe comatose patients with ventilatory failure.

For this reason, COVID-19 patients are assessed differently, depending on the symp-
toms or signs seen in the course of the disease. This can indicate, or not, the need of further
investigation by laboratorial and radiological exams, such as computed tomography of the
chest or an MRI of the brain.

It is observed that a small number of all patients infected with SARCoV2 need to
have a further investigation by these radiological exams. However, these patients in the
pandemic context are saturating the health system, especially the hospitals and radiology
departments. It is not fully understood why some have the worst evolution with only lung
failure and others also with brain injury.

The identification of clinical, epidemiological factor and those groups of higher risk
that may be more related to neurological manifestation in patients with COVID-19 can help
in the prevention of complications and in early diagnosis of appropriate treatment, in an
effort to minimize the sequelae and fatal cases, thus improving the prognosis of patients.

Based on the principle that patients with neurological complaints and possible in-
tracranial lesions as attributable causes, evaluated with brain magnetic resonance imaging
(MRI) or brain computed tomography (CT), we decided to assess two groups of patients
comparatively: (1) a group of patients with COVID-19 assessed by neuroimaging compared
to (2) a group of COVID-19 without any brain imaging evaluation looking for differences
that may indicate associated factors with neurological impairment.

The purpose of this study is to identify epidemiological, clinical and radiological
factors considered as predictors of neurological involvement in patients with COVID-19
assessed by neuroimaging, and also to describe the neuroimaging findings.

2. Method

The Institutional Review Board of the Ethics Committee of the “Universidade Federal
de Pernambuco” approved this retrospective study. Informed consent was waived.

A survey of the cases was carried out to identify the patients with confirmed COVID-19
who underwent chest CT scan and/or brain MRI/CT in two radiology departments.

The radiological and clinical data were retrospectively collected from 28 March 2020
to 3 September 2020. The origin of the data was from two radiological units in Recife,
Pernambuco, Brazil: “Multimagem Centro Diagnóstico” and “Real Hospital Português de
Beneficência em Pernambuco”.

As is shown in the block diagram of the proposed research (Figure 1), we used
a convenience sample of 232 cases, for which we were able to collect the clinical data
from medical records in time to analyze and write this study which: (a) had laboratory
confirmation of COVID-19, (b) excluded patients under 18 years of age and with co-
infection of another viral infection.
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Figure 1. Block Diagram of the proposed research.

The 232 confirmed COVID-19 patients were divided into two groups: (1) those who
underwent a brain CT/MRI scan (n = 35) and (2) those who did not undergo a brain
CT/MRI scan, but underwent a chest CT (n = 197).

Figure 2 shows the magnetic resonance and Figure 3 shows the computerized tomog-
raphy machines during the exams of two COVID-19 patients who are not of this sample to
illustrate this article.
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Figure 2. Moments during the performance of MRI on the brain of a patient with COVID-19 (A) Pa-
tient being positioned in the MRI machine with the brain coil having been placed. (B) Photograph of
the MRI Control Room during the examination and the acquisition of the brain magnetic resonance
images of a patient with COVID-19.
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Figure 3. Moments during the performance of a chest computerized tomography of a COVID-19
patient. (A) Patient being positioned in the computerized tomography machine for chest examination
without contrast. (B) Photograph of the Computerized Tomography Machine Control Room during a
computerized tomography examination of the chest of this patient.

The Institution’s radiologists initially analyzed all chest and brain scans. Atypical
pneumonia CT patterns for COVID-19 were excluded. The lung opacities qualitative
scoring of COVID-19 (virus pneumonia) patterns was performed independently by the
Institution’s radiologists: (a) less than 25%, (b) between 25% and 50% or (c) equal to or
more than 50%. Our study only considered the evaluation of the Institution´s radiologists
of chest CT reports.

Subsequently, all images of brain CT and MRI were reviewed independently by two
radiologists and neuroradiologists who were certified by the Ministry of Education and
Culture and Brazilian College of Radiology with 30 (M.F.V.V.A.) and 18 years (O.Q.C.F.) of
experience, respectively. In cases where there was disagreement, the results were resolved
by consensus.

The clinical variables data, retrospectively collected from the medical records, were: (a)
sex; (b) age; (c) the percentual extent of pulmonary lesions found in the chest CT; laboratory
SARS-CoV2 infection confirmation; abnormalities found in brain CT or MRI, (d) presence
of cough, headache, anosmia, ageusia, dyspnoea, systemic arterial hypertension, dyslipi-
demia, obesity, renal failure, use of mechanical ventilation, and a neurological complaint.
The origins of patients were also assessed, whether they were admitted to the Emergency
Room, hospitalized or admitted to the ICU. It was also assessed whether a patient had
progressed to death before the assessment date.

An analysis of the olfactory bulbs was possible in 12 brain MRIs because the 12 had at
least a sequence of coronal thin slices pre- and/or post-contrast fat suppressed T1WI and
one patient had pre- and post-contrast 3D SPGR T1WI and also 3D FLAIR.

The intensity of olfactory bulbs was defined as normal when the bulbs had the same
cortex intensity, as typically seen in healthy controls. Abnormal olfactory bulb intensity is
when the bulbs are more hyperintense than the cortex on T1WI and STIR.

After gadolinium injection on T1WI, enhancement of the olfactory bulbs is defined
when they become more hyperintense, in comparison to their intensity on pre-gadolinium
T1WI. However, when there is only the post-gadolinium T1WI and the bulb is more hyper-
intense than the normal cortex, this represents olfactory bulb intensity abnormality and
maybe an enhancement or microbleeding (methaemoglobin), as interpreted in the present
study. Microbleeding (methaemoglobin) in the olfactory bulb is considered when there is
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hyperintense olfactory bulb, compared to the normal cortex or the normal contralateral
bulb, on pre-gadolinium fat suppression TIWI.

Statistical Analysis

Softwares SPSS 13.0 (Statistical Package for the Social Sciences) for Windows and Excel
2010 were used; all tests were applied with a 95% confidence.

The results are presented in table form with their respective absolute and relative
frequencies. The numerical variables are represented by measures of central tendency and
measures of dispersion.

To verify the existence of an association: Chi-square Test and Fisher’s Exact Test for
categorical variables were applied.

3. Results

Of 232 confirmed COVID-19 patients, 35 had undergone brain scans. Thirty of these
35 had chest CT performed as well.

Table 1 shows the profile of a group of 35 COVID-19 patients that underwent brain
imaging scans, compared to a group of 197 cases without brain scans (but underwent
chest CT).

Table 1. Comparison of the epidemiological, clinical and radiological factors between the COVID-19 patient groups that
underwent CT and/or MRI of the brain and a control group that did not.

Variables
CT and/or MRI of the Brain

p-Value
Yes No

n (%) n (%)

Sex (Masculine) 20/35 (57.1) 115/197 (58.4) 0.892 *
Chest CT (Extension of pulmonary involvement)

Normal 3/31 (9.7) 0/197 (0.0) <0.001 **
Typical (T) < 25% 13/31 (41.9) 121/197 (61.4)
T beween 25–50% 5/31 (16.1) 61/197 (31.0)

T > 50% 9/31 (29.0) 14/197 (7.1)
Between 25–50% with pleural effusion 0/31 (0.0) 1/197 (0.5)

>50% with pleural effusion 1/31 (3.2) 0/197 (0.0)
Origin

Internal 14/33 (42.4) 103/197 (52.3) <0.001 **
Intensive care unit 11/33 (33.3) 5/197 (2.5)

Urgency 4/33 (12.1) 64/197 (32.5)
External 4/33 (12.1) 25/197 (12.7)

Systemic arterial hypertension 18/34 (52.9) 67/186 (36.0) 0.062 *
Diabetes melitus 10/32 (31.3) 44/184 (23.9) 0.376 *

Dyslipidemia 2/27 (7.4) 17/185 (9.2) 1.000 **
Asthma/COPD 2/29 (6.9) 25/173 (14.5) 0.382 **

Chronic kidney failure 4/30 (13.3) 7/182 (3.8) 0.053 **
Fever 24/29 (82.8) 151/188 (80.3) 0.757 *

Cough 22/29 (75.9) 159/189 (84.1) 0.289 **
Dyspnea 18/30 (60.0) 151/190 (79.5) 0.019 *

O2 catheter 14/29 (48.3) 78/189 (41.3) 0.477 *
Mechanic ventilatory assistance 10/29 (34.5) 19/190 (10.0) 0.001 **

Headache 12/28 (42.9) 78/188 (41.5) 0.891 *
Anosmia 7/11 (63.6) 50/66 (75.8) 0.462 **
Disgeusia 5/9 (55.6) 32/43 (74.4) 0.419 **

Gastric symptoms 7/26 (26.9) 61/190 (32.1) 0.594 *
Sepsis 7/9 (24.1) 12/189 (6.3) 0.006 **

Obesity (qualitative) 5/29 (17.2) 20/186 (10.8) 0.347 **
Death 3/33 (9.1) 10/192 (5.2) 0.413 **

Obesity (BMI ≥ 30) 2/9 (22.2) 35/78 (44.9) 0.289 **
Mean ± DP Mean ± DP

Age (years) 54.3 ± 18.1 49.6 ± 13.7 0.163 ***
Body mass index 27.1 ± 6.3 29.6 ± 5.2 0.179 ***

Median (Q1; Q3) Median (Q1; Q3)
Interval of symptom onset at admission 6.0 (3.7; 7.7) 7.0 (5.0; 8.0) 0.497 ¥

Length of stay 8.5 (5.0; 23.5) 8.0 (5.0; 14.0) 0.630 ¥

* Chi-Squared, ** Fisher’s Exat Test, *** T Test, ¥ Mann-Whitney Test. COPD, chronic obstructive pulmonary disease.
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There were associations regarding the COVID-19 group, which underwent brain-
imaging scans for the origin within the hospital (more frequent in ICU patients), greater
severity of lung injuries, the use of mechanic ventilators, complaints of dyspnea (less
frequent), and sepsis. There was a statistical tendency for chronic kidney failure and
systemic arterial hypertension.

Table 2 shows the individual data of demographic, clinical and radiological charac-
teristics of the 35 adult patients with COVID-19 on whom brain MRI and/or CT scans
were performed because of clinical neurological complications. Among those 35 patients,
the brain CT and/or brain MRI were considered normal in 21 (60.0%) of them. Abnor-
malities were identified in 14 (40% of the patients). Regarding the frequency of abnormal-
ity (Figures 4–10) among the 35 patients with neuroimaging investigation, we observed
the following: (a) 8/35 (22.9%) cases with bleeding or microbleeding (Figure 4K–M,P;
Figure 5E–G; Figure 7A,D,G and Figure 9); (b) 3/35 (8.6%) cases with restricted diffu-
sion lesions being all illustrated here (one case with restricted DWI small areas had also
associated multiple small areas of microbleeding (Figure 4H,I)); one case had restricted
diffusion lesion only in the splenium of the corpus callosum without any microbleeding
in the brain (Figure 6A–E), and with olfactory bulbs injury (Figure 6F); and one case of
ischemic stroke involving the right middle cerebral artery territory (Figure 7A,B, arrows)
with irregularity at the right middle cerebral artery (Figure 7I,J, arrows) and olfactory bulb
injury (Figure 7K,L, arrows)]; (c) 2/35 (5.7%) cases with previous old stroke lesion (no
relation with Covid-19); (d) 1/35 (2,8%) case with left facial nerve palsy and enhancement
of geniculate ganglia (Figure 8A,B) and right olfactory bulb/tract injury with post contrast
enhancement (Figure 8C,D).

Table 2. Characteristics of COVID-19 patients undergoing brain imaging (CT/MRI).

#. Sex Age Anosmia
Other

Neurological
Symptoms

Fever Cough Dyspnea Oxygen
Support Brain Imaging Thorax

ct
Type of

Care Death

1 M 31 yes seizure yes yes yes ventilator normal (CT/MRI) >50% ICU no

2 M 54 - seizure yes yes yes O2
catheter normal (CT) <25% urgency no

3 F 72 no headache no no no no normal (CT) <25% urgency no

4 M 46 - headache no no no no normal (CT) <25% internal no

5 M 29 - headache,
seizure yes yes no no cavernous sinus

gaseous foci (CT) <25% urgency no

6 M 60 -
dysesthesia,

inferior limbs
paresthesia

yes yes yes ventilator normal (CT) >50% internal no

7 M 73 - syncope no yes no no hypodensity foci (CT) 25–50% internal no

8 F 84 - no no no no
intraparanchymal
temporoparietal
hematoma (CT)

25–50% internal yes

9 F 43 yes headache yes yes yes no normal (MRI) 25–50% urgency no

10 M 67 no myopathy yes yes yes ventilator normal (CT) >50% internal no

11 F 53 - headache yes yes yes no normal (CT) <25% internal No

12 F 69 - seizure yes yes yes no normal (CT) <25% internal No

13 M 55 - - no yes no no normal (CT) <25% internal no

14 M 81 -
alteration of
conscious-

ness
yes yes no ventilator normal (CT) <25% internal yes

15 M 26 seizure,
hemiparesis no no no no

temporo-occipital
hypersignal on FLAIR,
hemosiderosis (MRI)

>50% ICU no

16 F 34 yes headache yes yes no no olfactory bulb injury
(MRI) <25% internal no

17 F 43 no headache,
dizziness no yes yes no olfactory bulb injury

(MRI) - internal no
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Table 2. Cont.

#. Sex Age Anosmia
Other

Neurological
Symptoms

Fever Cough Dyspnea Oxygen
Support Brain Imaging Thorax

ct
Type of

Care Death

18 M 40 yes

headache,
hemipares-

thesia, visual
field fog

yes yes no no

corpus callosum
restricted DWI lesion

and olfactory bulb
injuries (MRI)

- internal no

19 F 35 yes headache yes yes no no olfactory bulb injury
(MRI) normal internal no

20 F 43 - seizure no no no no normal <25% internal no

21 M 83 -
lowering of
level of con-
sciousness

yes yes no O2
catheter

signs of past frontal
and cerebellar injuries

(MRI)
25–50% ICU no

22 M 62 -

severe
depression,
parkinson-

ism,
coma

yes no yes ventilator olfactory bulb injury
(MRI) >50% ICU no

23 M 66 -

ischemic en-
cephalopathy

due to
cardiac arrest

yes yes no ventilator normal (CT/MRI) 25–50% ICU no

24 F 25 yes headache yes no no no olfactory bulb injury
(MRI) normal external no

25 F 36 - headache - - - no olfactory bulb injury
(MRI) normal external no

26 M 71 - Neurologic
sequel - - - no parietal subcortical

microbleeding (MRI) >50% ICU no

27 F 61 - headache - - - no

cortical/subcortical
hematomas and pale

globes microbleedings
+ olfactory bulb injury

(MRI)

>50% internal no

28 M 80 -
seizure,

recurrent
syncope

yes yes yes O2
catheter

frontal microbleeding
and olfactory bulb

injury (MRI)
<25% ICU no

29 M 49 yes seizure yes yes yes O2
catheter normal (MRI) <25% ICU no

30 F 70 - yes yes yes ventilator
microbleedings in base
ganglia, brainstem and

cerebellum (MRI)
>50% ICU yes

31 M 62 - coma yes yes yes ventilator

cerebellum, corpus
callosum and parietal
white matterbleeding

and restricted DWI
small lesions (MRI)

>50% ICU no

32 M 40 left facial
palsy yes No no no

geniculate ganglion
injury and olfactory
bulb injury (MRI)

- external no

33 M 41 encephalitis - - - - olfactory bulb injury
(MRI) - ICU no

34 F 34 stroke and
seizure - - - -

old ischemic lesion
with restricted DWI
areas/right middle

cerebral artery
stenosis/areas of
hemorrhage and

olfactory bulb injury
(MRI)

<25% external no

35 M 82 desorientation - - - - Small right parietal
cortical gliosis (MRI) >50% internal no

CT: computed tomography; MRI: magnetic radiology image; ICU: Intensive Care Unit; FST1: fat suppressed T1; FST1C post contrast fat
suppressed T1; OB: olfactory bulb.
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Figure 4. Case 31—The Chest CT on admission shows areas of alveoellar consolidation and ground glass in more than
50% of lung area (arrows A,C,E). Three days later, there was a severe increase of the lung disease (arrows, B,D,F). The
brain MRI shows some hyperintense small areas on FLAIR (arrows, G) and in DWI (arrows, H) which are hypointense on
ADC-Map (restricted diffusion lesions, arrows, I) in both cerebral hemispheres. Small areas of microbleeding are observed,
being hyperintense on T1WI (J, arrows) and hypointense on T2* (K, arrows) localized on the medial part of left pre and
postcentral gyrus. There is also a large oval hematoma located at the vermis of the cerebellum, being hyperintense on
sagittal T1 (L, arrow) and on coronal T2WI (M, arrow) with peripheric hypointense ring of hemosiderin. Some small lesions,
which represent microbleeding (methemoglobin), are also located on the splenium of the corpus callosum hyperintense on
FLAIR (N, arrow) and on DWI (O, arrow) being hypointense on T2* (P, arrow). The CT (Q–U) without contrast made one
month later showed that the lesions described above on previous MRI are hypointense and that a new sequel in the right
parietal lobe (S,T, arrow) had appeared.
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Figure 5. Case 30—The brain MRI shows multiple and confluent areas of diffuse hyperintensity on FLAIR (A–C, arrows)
and liquid in the mastoid cells (A, short head of arrows). A small linear hyperintense subcortical on sagittal T1 (D, arrow),
which represents methemoglobin, is observed. There are multiple small dots of micro bleeds at the cerebellum and middle
cerebellar peduncle (E, arrows), intern capsule (F, long arrows), splenium of corpus callosum (F, head of arrow) and
subcortical white matter (F,G, arrows) of the brain. The 3D chest CT reconstruction shows that there is more than 50% of
opacification in both lungs (H).Viruses 2021, 13, x  11  of  20 
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Figure 7. Case 34—The MRI shows a predominantly chronic ischemic stroke, located in the cortical and subcortical region 

of the right middle cerebral artery territory (M8 and M10) (A–F, long arrows). In the right M10 territory, the lesion has a 

Figure 6. Case 18—On MRI, there is a small round lesion on the splenium of the corpus callosum which could represent
a cytotoxic lesion due to a cytokine storm and differential diagnosis is with small acute infarct. It is hypointense on T1
(A, arrow) with restricted diffusion, being hyperintense on DWI (B, arrow) and hypointense on ADC-Map (C, arrow).
This lesion is also hyperintense on FLAIR (D, arrow) and T2* (E, arrow) without microbleeding. The olfactory bulbs are
hyperintense on coronal post contrast fat suppressedT1WI (F, arrows) in comparison to the gray matter of the frontal lobes,
which can represent enhancement, but we cannot exclude microbleeding.
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Figure 7. Case 34—The MRI shows a predominantly chronic ischemic stroke, located in the cortical and subcortical region
of the right middle cerebral artery territory (M8 and M10) (A–F, long arrows). In the right M10 territory, the lesion has a
small hyperintense “line” on T1 (A, short arrow) probably methemoglobin; the cortical enhances with contrast (B, long
arrows); is hyperintense on T2 and T2*(C,D, long, arrow), being hyperintense in DWI (E, long arrows) and hyperintense on
ADC-Map (F, long arrows), representing facilitates diffusion (T2 shine through effect). However, there is still a small area in
M10 lesions that shows restricted diffusion of probably more recent ischemic injury being hyperintense in DWI (E, small
arrow) and hypointense in ADC-Map (F, small arrow). There are small areas of bleeding with magnetic susceptibility in
T2 * (D, arrow head) located in the medial cortical of the right cerebral hemisphere and in the left wall of hypothalamus
(G, arrow) which is reduced in volume on coronal T2WI (H, arrow). On the angio MRI, parietal irregularity and narrowing
in the right M1 is observed (I,J, arrow) and also in the origin of right anterior artery. Small dot of hyperintensity in the right
olfactory bulb (K, arrow) observed on pre contrast fat suppressed T1WI, which seems have increased signal with contrast
(L, arrow) representing probably methemoglobin and enhancement.
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Figure 8. Case 32—The MRI shows both hypointense geniculate ganglions on axial fat suppressed T1 WI (A, arrows), but 

the left geniculate ganglion has abnormal stronger enhancement on axial post contrast (B, arrow) fat suppressed T1 WI. 
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Figure 8. Case 32—The MRI shows both hypointense geniculate ganglions on axial fat suppressed T1 WI (A, arrows), but
the left geniculate ganglion has abnormal stronger enhancement on axial post contrast (B, arrow) fat suppressed T1 WI.
The coronal fat suppressed T1 WI shows olfactory bulbs with normal hypointense signal (C, arrows), but the post contrast
coronal fat suppressed T1WI shows abnormal enhancement in the right olfactory bulb (D, arrow).
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poral lobe and occipital lobe (long arrow A–D) with hyperintense methemoglobin inside on T1WI (A, long arrow), FLAIR 

(B, long arrow), DWI (C, long arrow) and T2* (D, long arrow) and with hemosiderin in the periphery being hypointense 

ring. There is vasogenic edema near the left temporal hematoma being hyperintense on FLAIR (B, short arrow). There is 

also microbleeding in pale globes (A,D, short arrows). Another cortical hematoma in the right parietal lobe (E–H, long 

arrow), with the same characteristics described above with methemoglobin inside and hemosiderin in the periphery. There 

Figure 9. Case 27—On MRI, there is a subcortical hematoma located respectively in transition between left posterior
temporal lobe and occipital lobe (long arrow A–D) with hyperintense methemoglobin inside on T1WI (A, long arrow),
FLAIR (B, long arrow), DWI (C, long arrow) and T2* (D, long arrow) and with hemosiderin in the periphery being
hypointense ring. There is vasogenic edema near the left temporal hematoma being hyperintense on FLAIR (B, short
arrow). There is also microbleeding in pale globes (A,D, short arrows). Another cortical hematoma in the right parietal
lobe (E–H, long arrow), with the same characteristics described above with methemoglobin inside and hemosiderin in the
periphery. There are small dots of subcortical microbleeding in the left frontal and parietal lobes (H, short arrows). Two
months later there was regression on MRI (I–P) of both hematomas in size, but deposition of hemosiderin remained being
hypointense on all sequences [T1, (I and M); FLAIR, (J); DWI, (K,O, arrow); T2, (N, arrow); and T2* (L,P arrows)] and in the
lentiform nuclei (L, small arrows).
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Figure 10. Case 27—The Chest CT shows more than 50% of typical lung opacity of COVID 19
pulmonary injury, bilaterally (A, arrows). The MRI shows hyperintense lesion on 3D FLAIR
(B, arrow) [16] and also on pre (C, arrow) [16] and post contrast SPGR T1 WI (D, arrow) [16].
This is suggestive of component of probably methemoglobin in this left olfactory bulb lesion which
seems be little bigger and asymmetric compared with the apparently normal right olfactory bulb.
This asymmetry in size is better seen on FLAIR (B) [16]. There is also a small round hyperintense
lesion in the subcortical white matter in the left frontal lobe on FLAIR (B, short arrow) which is
hypointense on T1WI (C, short arrow) and does not enhance on post-contrast T1WI (D, short arrow)
being nonspecific [16]. The MRI performed 3 months later shows on pre contrast fat suppression T1
WI (E) that there is reduction on hyperintensity of the left olfactory bulb lesion.

All 12 brain MRIs (100%), where it was possible to evaluate the olfactory bulbs
(Table 2), had injury in the olfactory bulbs, suggestive of enhancement and/or methehe-
moglobine (Figure 6F; Figure 7K,L, Figure 8C,D and Figure 10B,D). Six of them (50%)
had normal brain MRIs and the other six (50%) showed brain MRI abnormalities as well
(Table 2).
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It was only possible to evaluate the olfactory bulbs in only 12 brain MRIs (Table 2).
In all of them, injury in the olfactory bulbs, suggestive of enhancement and/or methahe-
moglobine, was found (Figure 6F, Figure 7K,L, Figure 8C,D and Figure 10B,D). Six of the
12 (50%) had normal brain MRI. The abnormalities encountered in 6/12 (50%) are shown
in Table 2.

4. Discussion

The profile of the COVID-19 patients’ group which needed to undergo brain CT
and/or MRI was associated with more severe disease and admission to ICU, severe lung
disease, use of mechanical ventilator and sepsis. They also had a statistical tendency for
association with chronic renal failure and systemic arterial hypertension.

The knowledge of these factors can help clinicians to better monitor these patients
an rate highly signs and symptoms that, when investigated, can lead to early diagnosis
and treatment of neurological disorders, especially hemorrhagic events, the most frequent
finding in our study (Table 2), which have morbidity and mortality directly related to the
identification and decision-making as promptly as possible.

Despite the COVID-19 patients’ group which needed to undergo brain CT and/or
MRI having severe lung disease and using mechanical ventilator, the complaint of dyspnea
was statistically less frequent. However, this should be evaluated with caution because
dyspnea complaint information was retrieved retrospectively from the medical record, and
there may be underreporting.

When anosmia was being analyzed in our study, we did not find statistical differences
when comparing the radiological group with brain scans to the radiological group without
brain scans (but with chest CT). Another explanation may be because a bias arising from
this information, which was only presented in 33.2% of the medical records.

Regarding brain imaging findings (without considering olfactory bulbs injury), 40%
of the patients had abnormal imaging scans and all of them had vascular brain lesions.
Brain haemorrhage lesions (bleeding or microbleeding) were a more frequent finding in
our study and all the patients were ≥60 years old. The second main neuroradiological
finding was the presence of lesions showing restricted diffusion, which can represent new
ischemic lesions.

As in previous studies, the most frequent neuroimaging finding was single or multiple
T2* punctiform hypointense lesions (microbleeding) [8,17–20] (frequently associated with
white matter lesions on T2 [8,20], which sometimes have restricted diffusion) [8] located
mainly at the subcortical white matter junction and sometimes at the splenium of the
corpus callosum [17–20].

Several mechanisms for the SARS-CoV-2-related neurological complications are being
considered: (a) a direct viral invasion (haematogenic or retrograde axonal by olfactory
mucosa to olfactory bulbs) to the brain, which can lead to intracellular virus accumulation
in endothelial cells (endothelitis with thrombotic microangiopathy) [17–21], neurons, Refer-
ence [22] glial cells, macrophages; (b) an indirect process resulting from hypercoagulability-
related [23]; (c) an exaggerated cytokine [20]/immune-mediated response to viral infection
causing damage to blood vessel wall or cells in the brain [24] with (d) ischemia, hypoxic,
References [17,24] and (e) treatment complications [25] or (f) a combination of some or all
of them [17].

We had one case in our study of splenium of corpus callosum restricted diffusion lesion
without microbleeding. This finding was also described in previous studies [11,26,27],
probably secondary to a cytotoxic lesion due to a cytokine storm, but even so, the possibility
of acute ischemic injury cannot be ruled out.

The Wuhan study found that severe nervous system disease manifestations were more
common in severe infections according to the American Thoracic Society guidelines for
community-acquired pneumonia compared to nonsevere infections (45.5% vs. 30.2%) [28].Our
study found almost the same information in relation to greater pulmonary extension of injury
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on chest CT, which was significantly associated with a radiological group of patients on whom
brain scans had been performed because of neurological complication.

The primary role of the positive renin angiotensin system is to increase the sympathetic
nervous system tension, cause vasoconstriction, increase blood pressure, and promote
inflammation, fibrosis, and myocardial hypertrophy [29]. As an organ protector, the whole
negative regulatory axis mediated by angiotensin couvert enzyme 2 (ACE2) can antagonize
these effects [29]. However, the ACE2 is known to be a cell receptor for SARS-CoV [29] and
now confirmed for SARS-Cov2 [29].

A study demonstrates that the ACE2 expression is increased in ischemic brains and
vessels of patients with diabetes melitus and exposed to smoking, making them vulnerable to
COVID-19 infection [30]. However, in our study, there was 25% of the patients with diabetes
melitus and we did not find any differences between the two radiological groups studied. On
the other hand, as a statistical tendency, systemic arterial hypertension was more frequent in
the group submitted to neuroimaging investigation (52.9% vs. 22.0%; p = 0.062).

It is worth noting that in COVID-19 the “flu-like syndrome” and mild neurological
symptoms [31] (e.g., headache) are very common, Reference [32] but that these symptoms are
usually transient, disappearing in around half of the cases within 15 days [13,33–36], and for
this reason, brain imaging (CT or MRI) is not regularly indicated for diagnostic clarification.

COVID-19 patients have presented symptoms of smell dysfunction that is frequently
reported in various studies, from 5.1% to 88% of patients [13,28,33,35,37,37].

It was also described that the occurrence of anosmia or hyposmia has lower frequency
(16%) for other viruses (as for example with influenza) when compared to COVID-19 [32].
Thus, there are clinical differences that can help the clinicians during the co-circulation of
influenza and SARS-CoV-2 [32]. Due to this, anosmia is now considered as a criterion for
testing for COVID-19 [38].

We only found 12 patients with COVID-19 with coronal thin slices on their brain MRI,
thus making it possible to study the olfactory bulbs. All these patients (12/12) had anor-
malities in olfactory bulbs, suggesting microvascular phenomenon, such as microbleeding
and/or enhancement by blood-brain barrier breakdown. Of those who had an olfactory
bulb injury, 33.3% reported anosmia, 8.3% denied anosmia, and in the remaining 58.3%,
there was no note in the hospital’s Records/Radiology Department about this complaint.

If we have evidence that there are lesions in the olfactory bulbs in patients with
COVID-19, the anosmia/hyposmia symptom should be considered to be a frequent central
neurological symptom and not only a flu-like symptom due only to involvement of the
olfactory mucosa.

Despite these 12 cases (100%) with olfactory bulb injury having been investigated for
a major neurological complication and not for anosmia, only six (50%) had other brain
lesions not related to the olfactory bulbs. This finding can be the MRI documentation of
which the olfactory bulbs injury has been related to the entry of the SARS-CoV-2 from the
olfactory mucosa through the cribriform plate into the skull [14].

The natural history of SARS-CoV-2-induced anosmia has not yet been fully understood.
Perhaps the damage to the olfactory epithelium (more related to an inflammatory process)
or indirect damage to the neural cells would probably explain the cases of evolution with
complete recovery. However, there are patients who evolve partial late recovery or even
have not yet recovered.

Our study also suggests and supports the hypothesis that vascular phenomenon could
be the main mechanism of COVID-19 in the brain and in the olfactory bulbs injuries as our
previous scientific publications [14,16] and may also be the main mechanism of anosmia.
Therefore, anosmia should be considered to be a neurological symptom and not just part of
the flu syndrome in COVID-19.

Another interesting finding is that, despite mortality not being statistically different
when comparing the two groups, it was slightly higher among patients investigated by
brain neuroimaging (9.1% vs. 5.2%).
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Fajnzylber and collaborators [39] found that the higher prevalence of detectable SARS-
CoV-2 plasma viral load was associated to the greater the likelihood of developing the
most severe forms of COVD-19 (with worse respiratory disease severity). The SARS-CoV-2
viral loads (specially plasma viremia) are also associated with increased risk of mortality.
Unfortunately, in Brazil, the SARS-CoV-2 viral load assessment is not available in clinical
practice. As our study is retrospective, information was collected from patients’ medical
records without this information.

Thus, as a future perspective, we see the importance of deepening research mainly in
the groups of greatest risk to developing the most serious forms of COVID-19. The groups
of greatest risk should be studied in depth to find out why, and thus try to control (a) this
factor, which increases the likelihood of complications in these groups, and (b) probably
allow for major multiplication of the virus in these patients. In the future, science will
be able to completely understand the pathophysiology of COVID-19 severe forms and
develop some specific medication that can block the ease of SARS-CoV-2 viral action and
multiplication of the virus in the patients in the high-risk groups.

The limitation of our study is that it is a retrospective one. The variables analyzed
were not always noted in the medical records of all patients. Patients underwent brain
scans because of major neurological complications and not on account of anosmia. For
this reason, the MRI of most patients did not have an adequate sequence to evaluate
the olfactory bulbs. Despite the anterior fossa region being analyzed with coronal fat
suppression, T1WI can have susceptibility artifacts between the interface with the air, these
artifacts are generally well recognized by radiologists and did not hinder the investigation
nor the analysis [14,16,40,41].

In conclusion, more severe COVID-19 disease from ICU, a more severe form of lung
disease, use of mechanical ventilator and sepsis were associated with the COVID-19 patients
with neurological involvement who underwent brain scans. There was a statistical tendency
to chronic renal failure and systemic arterial hypertension. Regarding brain imaging
findings, 40% of the patients with neuroimaging investigation had abnormal imaging
scans with all of them showing a vascular brain injury lesion, being more frequently
microbleeding or bleeding, followed by restricted diffusion lesions. All the olfactory bulbs
evaluated showed injury by microvascular phenomenon, probably methahemoglobine by
microbleeding or microthrombus and/or abnormal enhancement by blood–brain barrier
breakdown. Only one patient showed the left facial nerve palsy with enhancement of
geniculate ganglia.

Prospective studies will be needed to better assess the risk groups, as well as the
vascular neurological phenomena found, especially haemorrhagic ones and to relate them
to viral load. This information is extremely important for the development of an adequate
management of the treatment of severe forms of COVID-19 through adequate monitoring,
early diagnosis and intervention, aiming to reduce morbidity and mortality. It can also
contribute to the possibility of developing specific treatments for this terrible disease.
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T.M.; Cartaxo Filho, O.Q.; Valença, M.M. Reply. Am. J. Neuroradiol. 2020, doi:10.3174/ajnr.A6943. The
previous version of this article with 876 cases of suspected Covid-19 was posted in the preprint server
(MedRxIV) in January 2021 <https://www.medrxiv.org/content/10.1101/2020.12.28.20248957v1>
on medRxiv (accessed on 29 March 2021). It was also published in the World Health Organization
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Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mirzaee, S.M.M.; Gonçalves, F.G.; Mohammadifard, M.; Tavakoli, S.M.; Vossough, A. Focal Cerebral Arteriopathy in a COVID-19

Pediatric Patient. Radiology 2020, 297, E274–E275. [CrossRef] [PubMed]
2. Li, Y.; Li, M.; Wang, M.; Zhou, Y.; Chang, J.; Xian, Y.; Wang, D.; Mao, L.; Jin, H.; Hu, B. Acute cerebrovascular disease following

COVID-19: A single center, retrospective, observational study. Stroke Vasc. Neurol. 2020, 5, 279–284. [CrossRef]
3. Franceschi, A.; Ahmed, O.; Giliberto, L.; Castillo, M. Hemorrhagic Posterior Reversible Encephalopathy Syndrome as a Manifes-

tation of COVID-19 Infection. Am. J. Neuroradiol. 2020, 41, 1173–1176. [CrossRef]
4. Poyiadji, N.; Shahin, G.; Noujaim, D.; Stone, M.; Patel, S.; Griffith, B. COVID-19–associated acute hemorrhagic necrotizing

encephalopathy: CT and MRI features. Radiology 2020, 296, E119–E120. [CrossRef] [PubMed]
5. Francesco, G.; Francesca, D.G.; Eliseo, P.; Valerio, D.R.; Roberto, F. Venous cerebral thrombosis in COVID-19 patient. J. Neurol. Sci.

2020, 29, 105379. [CrossRef]
6. Hughes, C.; Nichols, T.; Pike, M.; Subbe, C.; Elghenzai, S. Cerebral Venous Sinus Thrombosis as a Presentation of COVID-19. Eur.

J. Case Rep. Intern. Med. 2020, 7, 001691. [CrossRef] [PubMed]
7. Lang, M.; Buch, K.; Li, M.D.; Mehan, W.A., Jr.; Lang, A.L.; Leslie-Mazwi, T.M.; Rincon, S.P. Leukoencephalopathy Associated with

Severe COVID-19 Infection: Sequela of Hypoxemia? Am. J. Neuroradiol. 2020, 41, 1641–1645. [CrossRef]
8. Radmanesh, A.; Derman, A.; Lui, Y.W.; Raz, E.; Loh, J.P.; Hagiwara, M.; Borja, M.J.; Zan, E.; Fatterpekar, G.M. COVID-19-associated

Diffuse Leukoencephalopathy and Microhemorrhages. Radiology 2020, 297, E223–E227. [CrossRef]
9. Agarwal, S.; Jain, R.; Dogra, S.; Krieger, P.; Lewis, A.; Nguyen, V.; Melmed, K.; Galetta, S. Cerebral Microbleeds and Leukoen-

cephalopathy in Critically Ill Patients with COVID-19. Stroke 2020, 51, 2649–2655. [CrossRef]
10. Conte, G.; Avignone, S.; Carbonara, M.; Meneri, M.; Ortolano, F.; Cinnante, C.; Triulzi, F. COVID-19–Associated PRES–like

Encephalopathy with Perivascular Gadolinium Enhancement. Am. J. Neuroradiol. 2020, 41, 2206–2208. [CrossRef]
11. Rasmussen, C.; Niculescu, I.; Patel, S.; Krishnan, A. COVID-19 and Involvement of the Corpus Callosum: Potential Effect of the

Cytokine Storm? Am. J. Neuroradiol. 2020, 41, 1625–1628. [CrossRef]
12. Laurendon, T.; Radulesco, T.; Mugnier, J.; Gérault, M.; Chagnaud, C.; El Ahmadi, A.A.; Varoquaux, A. Bilateral transient olfactory

bulb edema during COVID-19–related anosmia. Neurology 2020, 95, 224–225. [CrossRef]
13. Chetrit, A.; Lechien, J.R.; Ammar, A.; Chekkoury-Idrissi, Y.; Distinguin, L.; Circiu, M.; Saussez, S.; Ballester, M.C.; Vasse, M.;

Berradja, N.; et al. Magnetic resonance imaging of COVID-19 anosmic patients reveals abnormalities of the olfactory bulb:
Preliminary prospective study. J. Infect. 2020, 81, 816–846. [CrossRef]

14. Aragão, M.d.F.V.V.; Leal, M.D.C.; Filho, O.Q.C.; Fonseca, T.M.; Valença, M.M. Anosmia in COVID-19 associated with injury to the
olfactory bulbs evident on MRI. Am. J. Neuroradiol. 2020, 41, 1703–1706. [CrossRef] [PubMed]

15. Hutchins, K.L.; Jansen, J.H.; Comer, A.D.; Scheer, R.V.; Zahn, G.S.; Capps, A.E.; Weaver, L.M.; Koontz, N.A. COVID-19–Associated
Bifacial Weakness with Paresthesia Subtype of Guillain-Barré Syndrome. Am. J. Neuroradiol. 2020, 41, 1707–1711. [CrossRef]

16. Aragão, M.F.V.V.; Leal, M.C.; Fonseca, T.M.; Cartaxo Filho, O.Q.; Valença, M.M. Reply. Am. J. Neuroradiol. 2020. [CrossRef]
17. Dixon, L.; McNamara, C.; Gaur, P.; Mallon, D.; O’Callaghan, C.; Tona, F.; Jan, W.; Wilson, M.; Jones, B. Cerebral microhaemorrhage

in COVID-19: A critical illness related phenomenon? Stroke Vasc. Neurol. 2020. [CrossRef] [PubMed]
18. Klironomos, S.; Tzortzakakis, A.; Kits, A.; Öhberg, C.; Kollia, E.; Ahoromazdae, A.; Almqvist, H.; Aspelin, Å.; Martin, H.;

Ouellette, R.; et al. Nervous system involvement in COVID-19: Results from a retrospective consecutive neuroimaging cohort.
Radiology 2020, 297, E324–E334. [CrossRef]

https://www.medrxiv.org/content/10.1101/2020.12.28.20248957v1
http://doi.org/10.1148/radiol.2020202197
http://www.ncbi.nlm.nih.gov/pubmed/32484418
http://doi.org/10.1136/svn-2020-000431
http://doi.org/10.3174/ajnr.A6595
http://doi.org/10.1148/radiol.2020201187
http://www.ncbi.nlm.nih.gov/pubmed/32228363
http://doi.org/10.1016/j.jns.2020.116871
http://doi.org/10.12890/2020_001691
http://www.ncbi.nlm.nih.gov/pubmed/32399457
http://doi.org/10.3174/ajnr.A6671
http://doi.org/10.1148/radiol.2020202040
http://doi.org/10.1161/STROKEAHA.120.030940
http://doi.org/10.3174/ajnr.A6762
http://doi.org/10.3174/ajnr.A6680
http://doi.org/10.1212/WNL.0000000000009850
http://doi.org/10.1016/j.jinf.2020.07.028
http://doi.org/10.3174/ajnr.A6675
http://www.ncbi.nlm.nih.gov/pubmed/32586960
http://doi.org/10.3174/ajnr.A6654
http://doi.org/10.3174/ajnr.A6943
http://doi.org/10.1136/svn-2020-000652
http://www.ncbi.nlm.nih.gov/pubmed/33208493
http://doi.org/10.1148/radiol.2020202791


Viruses 2021, 13, 845 17 of 17

19. Kremer, S.; Lersy, F.; de Sèze, J.; Ferré, J.C.; Maamar, A.; Carsin-Nicol, B.; Collange, O.; Bonneville, F.; Adam, G.; Martin-Blondel,
G.; et al. Brain MRI findings in severe COVID-19: A retrospective observational study. Radiology 2020, 297, E242–E251. [CrossRef]

20. Sachs, J.R.; Gibbs, K.W.; Swor, D.E.; Sweeney, A.P.; Williams, D.W.; Burdette, J.H.; West, T.G.; Geer, C.P. COVID-19-Associated
Leukoencephalopathy. Radiology 2020, 296, E184–E185. [CrossRef]

21. Varga, Z.; Flammer, A.J.; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.; Schuepbach, R.A.; Ruschitzka,
F.; Moch, H. Endothelial cell infection and endotheliitis in COVID-19. Lancet 2020, 395, 1417–1418. [CrossRef]

22. Li, Y.C.; Bai, W.Z.; Hashikawa, T. The neuroinvasive potential of SARS-CoV2 may play a role in the respiratory failure of
COVID-19 patients. J. Med. Virol. 2020, 92, 552–555. [CrossRef] [PubMed]

23. Spiezia, L.; Boscolo, A.; Poletto, F.; Cerruti, L.; Tiberio, I.; Campello, E.; Navalesi, P.; Simioni, P. COVID-19-related severe
hypercoagulability in patients admitted to intensive care unit for acute respiratory failure. Thromb. Haemost. 2020, 120, 998–1000.
[CrossRef]

24. Jaunmuktane, Z.; Mahadeva, U.; Green, A.; Sekhawat, V.; Barrett, N.A.; Childs, L.; Shankar-Hari, M.; Thom, M.; Jäger, H.R.;
Brandner, S. Microvascular injury and hypoxic damage: Emerging neuropathological signatures in COVID-19. Acta Neuropathol.
2020, 140, 397–400. [CrossRef] [PubMed]

25. Toledano-Massiah, S.; Badat, N.; Leberre, A.; Bruel, C.; Ray, A.; Gerber, S.; Zins, M.; Hodel, J. Unusual Brain MRI Pattern in 2
Patients with COVID-19 Acute Respiratory Distress Syndrome. Am. J. Neuroradiol. 2020, 41, 2204–2205. [CrossRef] [PubMed]

26. Lin, J.; Lawson, E.; Verma, S.; Peterson, R.; Sidhu, R. Cytotoxic Lesion of the Corpus Callosum in an Adolescent with Multisystem
Inflammatory Syndrome and SARS-CoV-2 Infection. Am. J. Neuroradiol. 2020, 41, 2017–2019. [CrossRef] [PubMed]

27. Gaur, P.; Dixon, L.; Jones, B.; Lyall, H.; Jan, W. COVID-19-Associated Cytotoxic Lesions of the Corpus Callosum. Am. J. Neuroradiol.
2020, 41, 1905–1907. [CrossRef]

28. Mao, L.; Jin, H.; Wang, M.; Hu, Y.; Chen, S.; He, Q.; Chang, J.; Hong, C.; Zhou, Y.; Wang, D.; et al. Neurologic manifestations of
hospitalized patients with coronavirus disease 2019 in Wuhan, China. JAMA Neurol. 2020, 77, 683–690. [CrossRef]

29. Li, W.; Moore, M.J.; Vasilieva, N.; Sui, J.; Wong, S.K.; Berne, M.A.; Somasundaran, M.; Sullivan, J.L.; Luzuriaga, K.; Greenough,
T.C.; et al. Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus. Nature 2003, 426, 450–454.
[CrossRef]

30. Choi, J.Y.; Lee, H.K.; Park, J.H.; Cho, S.J.; Kwon, M.; Jo, C.; Koh, Y.H. Altered COVID-19 receptor ACE2 expression in a higher risk
group for cerebrovascular disease and ischemic stroke. Biochem. Biophys. Res. Commun. 2020, 528, 413–419. [CrossRef]

31. Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J.; Gu, X.; et al. Clinical features of patients infected
with 2019 novel coronavirus in Wuhan, China. Lancet 2020, 395, 497–506. [CrossRef]

32. Zayet, S.; Kadiane-Oussou, N.J.; Lepiller, Q.; Zahra, H.; Royer, P.Y.; Toko, L.; Gendrin, V.; Klopfenstein, T. Clinical features of
COVID-19 and influenza: A comparative study on Nord Franche-Comte cluster. Microbes Infect. 2020, 22, 481–488. [CrossRef]

33. Yan, C.; Faraji, F.; Prajapati, D.; Boone, C.; De Conde, A. Association of chemosensory dysfunction and Covid-19 in patients
presenting with influenza-like symptoms [published online 12 April 2020]. Int. Forum. Allergy Rhinol. 2020, 10, 806–813.
[CrossRef]

34. Kosugi, E.M.; Lavinsky, J.; Romano, F.R.; Fornazieri, M.A.; Luz-Matsumoto, G.R.; Lessa, M.M.; Piltcher, O.B.; Sant’Anna, G.D.
Incomplete and late recovery of sudden olfactory dysfunction in COVID-19. Braz. J. Otorhinolaryngol. 2020, 86, 490–496. [CrossRef]
[PubMed]

35. Lechien, J.R.; Chiesa-Estomba, C.M.; De Siati, D.R.; Horoi, M.; Le Bon, S.D.; Rodriguez, A.; Dequanter, D.; Blecic, S.; El Afia, F.;
Distinguin, L.; et al. Olfactory and gustatory dysfunctions as a clinical presentation of mild-to-moderate forms of the coronavirus
disease (COVID-19): A multicenter European study. Eur. Arch. Otorhinolaryngol. 2020, 277, 2251–2261. [CrossRef]

36. Vaira, L.A.; Deiana, G.; Fois, A.G.; Pirina, P.; Madeddu, G.; De Vito, A.; Babudieri, S.; Petrocelli, M.; Serra, A.; Bussu, F.; et al.
Objective evaluation of anosmia and ageusia in COVID-19 patients: Single-center experience on 72 cases. Head Neck 2020, 42,
1252–1258. [CrossRef] [PubMed]

37. Giacomelli, A.; Pezzati, L.; Conti, F.; Bernacchia, D.; Siano, M.; Oreni, L.; Rusconi, S.; Gervasoni, C.; Ridolfo, A.L.; Rizzardini,
G.; et al. Self-reported Olfactory and Taste Disorders in Patients With Severe Acute Respiratory Coronavirus 2 Infection: A
Cross-sectional Study. Clin. Infect. Dis. 2020, 71, 889–890. [CrossRef]

38. Pauline, V.; Lan, V.D.; L’Huillier Arnaud, G.; Manuel, S.; Laurent, K.; Frederique, J. Clinical features of covid-19. BMJ 2020, 369,
m1470. [CrossRef]

39. Fajnzylber, J.; Regan, J.; Coxen, K.; Corry, H.; Wong, C.; Rosenthal, A.; Worrall, D.; Giguel, F.; Piechocka-, A.; Atyeo, C.; et al.
Massachusetts Consortium for Pathogen Readiness.SARS-CoV-2 viral load is associated with increased disease severity and
mortality. Nat. Commun. 2020, 11, 5493. [CrossRef] [PubMed]

40. Lee, M.H.; Perl, D.P.; Nair, G.; Li, W.; Maric, D.; Murray, H.; Dodd, S.J.; Koretsky, A.P.; Watts, J.A.; Cheung, V.; et al. Microvascular
Injury in the Brains of Patients with Covid-19. N. Engl. J. Med. 2021, 384, 481–483. [CrossRef]

41. Aragao, M.F.V.V.; Oliveira, A.D.P.; Lima, A.R.M.C.; Leal, M.C.; Valenca, M.M. Virtual Biopsy: A Reality Thanks to Advances in
Radiology. AJNR Am. J. Neuroradiol. 2021. [CrossRef] [PubMed]

http://doi.org/10.1148/radiol.2020202222
http://doi.org/10.1148/radiol.2020201753
http://doi.org/10.1016/S0140-6736(20)30937-5
http://doi.org/10.1002/jmv.25728
http://www.ncbi.nlm.nih.gov/pubmed/32104915
http://doi.org/10.1055/s-0040-1714350
http://doi.org/10.1007/s00401-020-02190-2
http://www.ncbi.nlm.nih.gov/pubmed/32638079
http://doi.org/10.3174/ajnr.A6817
http://www.ncbi.nlm.nih.gov/pubmed/32883665
http://doi.org/10.3174/ajnr.A6755
http://www.ncbi.nlm.nih.gov/pubmed/32819898
http://doi.org/10.3174/ajnr.A6713
http://doi.org/10.1001/jamaneurol.2020.1127
http://doi.org/10.1038/nature02145
http://doi.org/10.1016/j.bbrc.2020.05.203
http://doi.org/10.1016/S0140-6736(20)30183-5
http://doi.org/10.1016/j.micinf.2020.05.016
http://doi.org/10.1002/alr.22579
http://doi.org/10.1016/j.bjorl.2020.05.001
http://www.ncbi.nlm.nih.gov/pubmed/32534982
http://doi.org/10.1007/s00405-020-05965-1
http://doi.org/10.1002/hed.26204
http://www.ncbi.nlm.nih.gov/pubmed/32342566
http://doi.org/10.1093/cid/ciaa330
http://doi.org/10.1136/bmj.m1470
http://doi.org/10.1038/s41467-020-19057-5
http://www.ncbi.nlm.nih.gov/pubmed/33127906
http://doi.org/10.1056/NEJMc2033369
http://doi.org/10.3174/ajnr.A7092
http://www.ncbi.nlm.nih.gov/pubmed/33766826

	Introduction 
	Method 
	Results 
	Discussion 
	References

