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ABSTRACT

Background and purpose: Cerebral hypoperfusion has been reported in patients with COVID-19 and neurolog-
ical manifestations in small cohorts. We aimed to systematically assess changes in cerebral perfusion in a
cohort of 59 of these patients, with or without abnormalities on morphological MRI sequences.

Methods: Patients with biologically-confirmed COVID-19 and neurological manifestations undergoing a brain
MRI with technically adequate arterial spin labeling (ASL) perfusion were included in this retrospective mul-
ticenter study. ASL maps were jointly reviewed by two readers blinded to clinical data. They assessed abnor-
mal perfusion in four regions of interest in each brain hemisphere: frontal lobe, parietal lobe, posterior
temporal lobe, and temporal pole extended to the amygdalo-hippocampal complex.

Results: Fifty-nine patients (44 men (75%), mean age 61.2 years) were included. Most patients had a severe
COVID-19, 57 (97%) needed oxygen therapy and 43 (73%) were hospitalized in intensive care unit at the time
of MRI. Morphological brain MRI was abnormal in 44 (75%) patients. ASL perfusion was abnormal in 53 (90%)
patients, and particularly in all patients with normal morphological MRI. Hypoperfusion occurred in 48 (81%)
patients, mostly in temporal poles (52 (44%)) and frontal lobes (40 (34%)). Hyperperfusion occurred in 9
(15%) patients and was closely associated with post-contrast FLAIR leptomeningeal enhancement (100%
[66.4%-100%] of hyperperfusion with enhancement versus 28.6% [16.6%-43.2%] without, p = 0.002). Studied
clinical parameters (especially sedation) and other morphological MRI anomalies had no significant impact
on perfusion anomalies.

Conclusion: Brain ASL perfusion showed hypoperfusion in more than 80% of patients with severe COVID-19,

with or without visible lesion on conventional MRI abnormalities.

© 2023 Elsevier Masson SAS. All rights reserved.

The current outbreak of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is a major health issue, with more
than 615 million cases of coronavirus disease 2019 (COVID-19)
worldwide as of September 26th, 2022,! causing 6.5 million
deaths. In France, in 2020, 46,000 patients were admitted in
intensive care unit (ICU) for COVID-19, corresponding to almost
one tenth of the hospitalization days in these units. An opera-
tional retrospective definition of severe COVID-19 is the need for
hospitalization (in ICU or in conventional ward) and oxygen ther-
apy, as such care is required for patients with respiratory signs
usually used to define severe illness (marked tachypnea and hyp-
oxia).? In such hospitalized patients, neurological manifestations
were initially seldom described, probably masked by the severity
of the respiratory and systemic symptoms, but are increasingly
reported.>~> About half of these patients with neurological mani-
festations have pathological findings on “classical” morphological
magnetic resonance imaging (MRI).%’

Arterial spin labeling (ASL) is a versatile non-contrast MRI
sequence routinely used to assess cerebral perfusion, which quantita-
tively measures cerebral blood flow (CBF).® Among many other appli-
cations, it has been used to unveil cerebral perfusion alterations in
central nervous system infections® or in autoimmune encephalitis.'°
Cerebral perfusion impairment has been seldomly reported in
patients with COVID-19.*7 Using ASL perfusion sequence, this study
aimed to systematically assess cerebral perfusion changes in a multi-
centric retrospective cohort of patients with severe COVID-19 and
neurological symptoms.

Material and methods

This retrospective national multicenter observational study was
approved by an ethical committee and was conducted in accordance
with the 1964 Helsinki Declaration and its later amendments. Given
its retrospective and observational design, the requirement for
patients’ written informed consent was waived.

Consecutive patients with COVID-19 infection and neurologic
manifestations requiring brain MRI were included from February
14th, 2020, to May 1st, 2020, in 17 French centers, including 11
university hospitals and 6 general hospitals. Inclusion criteria
were: (i) diagnosis of COVID-19 validated with a detection of
SARS-CoV-2 by reverse transcriptase-polymerase chain reaction
(RT-PCR) assays on the nasopharyngeal, throat or lower

respiratory tract swabs; (ii) neurologic manifestations; (iii) brain
MRI with ASL perfusion. ASL perfusion was preferred for two rea-
sons. First, it allows quantitative measurement of CBF with read-
ily available maps without the variability induced by manual
post-processing of dynamic susceptibility contrast perfusion. Sec-
ond, it is less sensitive to susceptibility artifacts as hemorrhagic
lesions are frequent in patients with COVID-19.'" Exclusion crite-
ria were: (i) patients with non-contributory data regarding ASL
sequence (artifacts); (ii) perfusion anomalies related to a chronic
lesion (i.e. unrelated to the current event, like porencephalic cavi-
ties or surgical sequalae), (iii) acute perfusion anomalies related
to an intracranial large vessel occlusion or significant stenosis. A
brief description of cerebral perfusion data of 11 patients has pre-
viously been published.* These patients are still included in the
present study where their data were more extensively analyzed.

Fourteen healthy volunteers matched for age without psychi-
atric or neurological history (except for migraine) were enrolled
after written informed consent was obtained and underwent 3D
pseudo-continuous (the most common method of spin-labeling)
ASL perfusion at one of the participating centers equipped with a
3T scanner.

Clinical and laboratory data (SARS-CoV-2 RT-PCR, CSF sample
analysis) were extracted from the patients’ electronic medical records
in the Hospital Information System. Clinical data included medical
history (neurological history, history of hematological malignancies
or autoimmune diseases), symptoms and signs (psychomotor agita-
tion, ageusia, anosmia, headaches, seizures, confusion, clinical signs
of corticospinal tract involvement, disturbance of consciousness,
acute respiratory distress syndrome), chest CT findings, oxygen ther-
apy and sedation. Symptoms or oxygen therapy were considered
present if they occurred at any time before MRI. Data on oxygen ther-
apy and anesthetic drugs used at the time of MRI were not available.
In accordance with Berlin criteria, acute respiratory distress syn-
drome was defined as a ratio between partial pressure of arterial oxy-
gen (Pa0,) and fraction of inspired oxygen (FiO,) below 300 mmHg.
Death from any cause was registered up to 30 days after MRI.

Alike ASL perfusion, electroencephalogram (EEG) provides func-
tional information on the brain. This might help understand perfu-
sion abnormalities. Hence, all available EEGs were reviewed by one
expert neurologist and classified into five groups (normal, under
sedation, nonspecific, encephalopathy or seizures) for comparison
with brain perfusion.
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Imaging studies were conducted either on 1.5 Tesla or 3 Tesla MRI
(90% were performed at 3T). All MRI were performed in supine posi-
tion. The multicenter nature of the study and the various clinical set-
ups did not allow standardization of sequences. All centers used
standard dose (0,1 mmol/kg) of macrocyclic gadolinium-based con-
trast agent. Most post-contrast FLAIR were three-dimensional
sequences, with repetition times, echo times and inversion times
respectively ranging from 4800 ms to 6000 ms, 290 ms to 393 ms
and 1650 ms to 1842 ms, and slice thickness usually less or equal
1 mm. All ASL perfusion used pseudo-continuous tagging, with post-
labeling delay ranging from 1525 ms to 2025 ms. All centers but one
(12 patients) used 3D readouts for ASL. CBF maps were automatically
created by the MRI scanners at the time of acquisition for all patients
but two that provided only perfusion weighted images (Siemens MRI
scanner). Imaging studies were jointly reviewed by two neuroradiol-
ogists (F-D.A. and S.B., with eight and nine years of experience,
respectively), with the help of a third one in case of discordance (S.K.,
with 20 years of experience). Raters were blinded to clinical data
except for the SARS-CoV-2 infection to prevent potential bias in MRI
review (in case a link between MRI abnormalities and clinical data
had emerged during review and induced changes in MRI evaluation
based on clinical data). Based on preliminary observations,* perfusion
images (CBF maps or perfusion weighted images) were analyzed in 4
regions in each brain hemisphere: frontal lobe, parietal lobe, poste-
rior temporal lobe, and temporal pole extended to the amygdalo-hip-
pocampal complex. Occipital lobes were excluded from the regional
analysis due to high perfusion variability along with visual attention
which was not retrospectively assessable. Brainstem and cerebellum
were excluded because they were only partially included in most ASL
sequences. Examples of altered perfusion are provided in Fig. 2. All
perfusion maps were displayed as color maps using the Acute Stroke
Imaging Standardization Group (ASIST) lookup table. Using a clinical
set-up, cerebral perfusion was visually rated in each region as hypo-
perfusion, normal perfusion or hyperperfusion. This qualitative anal-
ysis was not strictly standardized, and reviewers were instructed to
evaluated CBF maps as they would have in a routine reading to
approximate “real-life”. For further analysis, perfusion was consid-
ered abnormal (either hyperperfusion or hypoperfusion) at the
patient level if perfusion was abnormal in at least one brain region.

Morphological analysis followed the eight patterns described by
Kremer et al."" These patterns are descriptive, based on the spatial
distribution of FLAIR and/or diffusion abnormalities and the presence
or absence of hemorrhagic lesions. In addition, leptomeningeal
enhancement (on post-contrast FLAIR sequence), ischemic stroke and
miscellaneous acute findings were assessed. An example of leptome-
ningeal enhancement is provided in Fig. 3.

Quantitative subgroup analysis

For the sake of data homogeneity, we conducted a quantitative
analysis of perfusion data by considering a restricted subgroup of 11
patients and 14 healthy volunteers that all underwent a 3D pseudo-
continuous ASL perfusion on the same 3T GE Signa HD scanner (vox-
els: 1.875 x 1.875 x 4 mm, repetition time: 4599 ms, echo time:
9.8 ms, post-labeling delay: 1525 ms). CBF maps were generated
using MRI manufacturer software. To allow voxel-based analysis, all
these images were affinely registered in the MNI-space using the
ANTs library (http://stnava.github.io/ANTs/). Intensity was then nor-
malized by the average whole brain CBF and smoothed with an 8 mm
FWHM gaussian kernel. Voxel-based group comparison was con-
ducted using Statistical Parametric Mapping (SPM, https://www.fil.
ion.ucl.ac.uk/spm/) while considering age and sedation as covariate.
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Statistical analysis

Statistical analyses were performed with R 4.0.3'? (R Foundation
for Statistical Computing, Vienna, Austria). Continuous data are
reported as mean, median and range, discrete data as frequency and
proportion. Categorical data were compared using Fischer exact test.
Quantitative data were compared using Student’s t-test for normally
distributed variables and Wilcoxon rank-sum test otherwise. Uncor-
rected 95% confidence intervals (bootstrapped for medians) are
reported. A false discovery rate of 5% (with Benjamini-Hochberg pro-
cedure) was used to correct p-values for multiple testing (i.e. a cor-
rected p-value lower than 0.05 was considered significant).

Quantitative voxel-based statistical analysis of CBF maps were
conducted using the general linear model to objectify differences
between patients and control while considering age and sedation as
covariates. Thresholded p-value maps (p < 0.001, uncorrected) were
superimposed on the T1 weighted MRI of MNI brain template.

Results

Among the 192 screened patients (Fig. 1) with a brain MRI, 83
(43%) had an ASL perfusion sequence. Twenty patients were
excluded: (i) 17 patients with technically inadequate ASL perfusion
(movements artifacts, aliasing artifacts, or severe arterial transit time
artifact); (ii) 1 patient with left hemisphere apparent hypoperfusion
with unknown cervical artery status; (iii) 1 patient with proximal
right middle cerebral artery occlusion; (iv) 4 patients with clinically
diagnosed COVID-19 but without a positive RT-PCR for SARS-CoV-2.

Ultimately, 59 patients from 3 university hospital were analyzed.
Most patients suffered from severe COVID-19: 57 (97%) needed oxy-
gen therapy during hospitalization and 43 (73%) were hospitalized in
ICU at the time of MRI. 49 (83%) had an intracranial MR angiography,
none of them with significant intracranial arterial stenosis. Other
demographic and clinical data are shown in Table 1.

Qualitative analysis

Morphological brain MRI was abnormal in 44 patients (75%), lep-
tomeningeal enhancement being the most frequently encountered
feature (see Table 2). Fifty-three (90%) patients had an abnormal cere-
bral perfusion, without significant difference across hospitals
(p = 0.85) or across variations of ASL sequence parameters (post-
labeling delay (p > 0.999) and type of readout (p = 0.73)). All patients
with a normal morphological MRI had abnormal cerebral perfusion,
whereas 6 (14%) patients with abnormal morphological MRI had nor-
mal perfusion. Hypoperfusion was more frequently encountered
than hyperperfusion (48 (81%) versus 9 (15%), p < 0.001). Leptome-
ningeal enhancement was positively associated with hyperperfusion:
all patients (100% [66.4—100%]) with hyperperfusion had leptome-
ningeal enhancement whereas 28.6% [16.6—43.2%] patients without
hyperperfusion had leptomeningeal enhancement, p = 0.002. Among
14 patients with leptomeningeal enhancement but without hyper-
perfusion, 11 (79%) had hypoperfusion and 3 (21%) had no perfusion
abnormality. Cerebral perfusion was not significantly different for
patients in ICU at the time of MRI compared to patients admitted in
conventional wards (91.0% [58.8—99.8%] of patients without hypo-
perfusion being in ICU versus 68.8% [53.8—81.4%] of patients with
hypoperfusion, p = 0.92, and 68% [53.4—80.4%] of patients without
hyperperfusion being in ICU versus 100% [66.4—100%] of patients
with hyperperfusion, p = 0.77). Perfusion was also not significantly
different for sedated patients compared to awake ones (36.4% [11.0
—69.2%] of patients without hypoperfusion being sedated versus
43.8% [29.4—58.8%] of patients with hypoperfusion, p > 0.999, and
38% [24.6—52.8%] of patients without hyperperfusion being sedated
versus 66.6% [30—92.6%] of patients with hyperperfusion, p = 0.85).
Patients with abnormal cerebral perfusion tended to have a non-


http://stnava.github.io/ANTs/
https://www.fil.ion.ucl.ac.uk/spm/
https://www.fil.ion.ucl.ac.uk/spm/

JID: NEURAD

F.-D. Ardellier, S. Baloglu, M. Sokolska et al.

artery status,

for SARS-CoV-2

109 patients without arterial
spin labeling (ASL) perfusion
were excluded

24 patients exluded:
17 patients with technically inadequate
ASL perfusion (movements artifacts,
aliasing artifacts, or severe arterial
transit time artifact),

1 patient left hemisphere apparent
hypoperfusion with unknown cervical

1 patient with proximal right middle
cerebral artery occlusion,
4 patients without a positive RT-PCR

[m5G;January 31, 2023;22:43]

Journal of Neuroradiology 00 (2023) 1-12

192 patients with clinically
diagnosed COVID-19, neurological
manifestations and brain MRI

83 patients with ASL perfusion

59 patients included in this study

11 patients with ASL perfusion on

the same MRI scanner included in

subgroup analysis and compared
to 14 healthy subjets

Fig. 1. Flowchart of patient inclusion.

significant shorter delay between symptoms onset and MRI (mean
delay 25.3 [22.5—28] days versus 32.3 [28—36.7] days, p = 0.12). There
was no significant difference for the delay between hospitalization
and MRI (median delay 7 [5-7] days versus 6.5 [2-9.5] days,
p > 0.999). The other clinical (either comorbidities or symptoms), bio-
logical, and morphological imaging recorded parameters were not
significantly associated with cerebral perfusion changes (see Tables 3
and 4). Patients with extensive white matter microhemorrhage had a
longer delay between symptoms onset and MRI (mean delay 34.6
[30.9-38.4] days versus 23.9 [21.2—26.7] days, p = 0.001).

Regional qualitative perfusion did not differ significantly across
cerebral hemispheres (p = 0.29) but varied significantly across the
four analyzed brain regions (p < 0.001), with abnormal perfusion
ranging from 22.9% to 49.6% of the cases (Table 5). Temporal pole and

frontal lobe were the most frequent sites of hypoperfusion (in respec-
tively 52 (44%) and 40 (34%) of the analyzed brain hemispheres),
whereas hyperperfusion occurred most frequently in parietal and
temporal lobe (in respectively 18 (15%) and 16 (14%) of the analyzed
brain hemispheres). Leptomeningeal enhancement was associated
with hyperperfusion in temporal, parietal and frontal lobe (leptome-
ningeal enhancement being present in 28.6% [16.6—43.2%] of patients
without hyperperfusion in temporal and parietal lobe, and 30% [17.8
—44.,6%] in frontal lobe, versus 100% [66.4—100%] of patients with
hyperperfusion in temporal and parietal lobe, and 100% [63—100%] in
frontal lobe, p = 0.006, p = 0.006 and p = 0.01, respectively). There
was no other significant association between regional hypoperfusion
or hyperperfusion and clinical, biological or morphological MRI find-
ings.
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Fig. 2. Examples of perfusion anomalies qualitatively assessed on cerebral blood flow maps. (A) bilateral frontoparietal hyperperfusion (color scale on the left in mL/100 mg/min).
Arrowheads: hypoperfusion in right frontal (B) and temporopolar (C) regions in the same patient.

Subgroup analysis

Fourteen controls (5 men (36%), mean age 52.9 years, median age
52 years, range [48—61]) were compared to a subgroup of 11 patients
(7 men (64%), mean age 62 years, median age 66 years, range [20
—81]). Controls were significantly younger than patients (p = 0.006).
No hyperperfusion was seen in controls (0 (0%) versus 8 (73%),
p = 0.0008). There was more hypoperfusion in patients than in the
control group (respectively 1 (7%) and 7 (64%) in controls and
patients, p = 0.009).

Mean perfusion maps (Fig. 4) show a large fronto-temporal pat-
tern of hypoperfusion in patients with COVID-19. Quantitative analy-
sis corrected for age and sedation retains significant bilateral
posterior fronto-opercular, insular and temporopolar clusters of
hypoperfusion (Fig. 5). There were also bilateral clusters of

hyperperfusion along precentral and frontal superior gyrus, and
smaller parietal clusters. Significant hyperperfusion was also seen at
the superior part of the cerebellum.

Discussion

In this large cohort of patients with severe COVID-19, we found
frequent cerebral perfusion alteration. Hypoperfusion occurred in a
bilateral frontal and temporo-polar pattern. Hyperperfusion was less
frequent, affecting bilateral parieto-temporal regions, with a strong
association with leptomeningeal enhancement. Smaller hyperperfu-
sion clusters were detected in subgroup analysis near motor and pre-
motor cortices.

In the qualitative analysis, the absence of systematic measure-
ments of CBF could have led to errors, with areas of normal perfusion
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Fig. 3. Example of leptomeningeal enhancement in a patient with COVID-19. Spin-echo T1-weighted and FLAIR sequences before (A and B) and after (C and D) injection of gadolin-
ium-based contrast agent, showing a diffuse leptomeningeal enhancement after injection. In this study, post-contrast FLAIR was the reference sequence used to assess leptomenin-

geal enhancement.

near areas of hyperperfusion being wrongly identified as hypoperfu-
sion near normal perfusion, or vice versa. However, the pattern of
brain hypoperfusion in patients with COVID-19 visible on mean per-
fusion maps and quantitative analysis matched the pattern of the
qualitative analysis. This supports the results of the qualitative analy-
sis and the existence of (non-mislabeled) brain hypoperfusion in
patients with severe COVID-19 detectable not only in group analysis
but also in individual patients in a clinical set-up.

Could perfusion abnormalities be related to COVID-19?

Various cerebral perfusion abnormalities have previously been
described in encephalitis, whether of auto-immune or viral origin.
Hypoperfusion and hyperperfusion can either develop simulta-
neously in different brain locations or arise sequentially in the same
location. In Herpes simplex virus encephalitis, there is an initial phase

of temporal hyperperfusion, followed by a subsequent
hypoperfusion.”'* A similar evolution pattern is described in Japa-
nese encephalitis, with thalamus hyperperfusion in the acute phase,
followed by a fronto-parietal hypoperfusion in the subacute phase
and thalamus hypoperfusion in the chronic phase.' In tick-born
encephalitis, hyperperfusion can be detected in thalamus.'® Both
hypoperfusion and hyperperfusion have been described in progres-
sive multifocal leukoencephalopathy due to John Cunningham
virus.>'® Human immunodeficiency virus encephalopathy is associ-
ated with a reduced CBF in frontal and parietal lobes, and in lenticular
nuclei.!” Occipito-parietal and mesial temporal hypoperfusion have
been reported in N-methyl-D-aspartate receptor (NMDAR) encepha-
litis with normal conventional MRIL.'® The similarities in patterns of
perfusion abnormalities between these encephalitis and the ones
reported in this study suggest that COVID-19 induces these abnor-
malities. In COVID-19, the trend observed between short symptoms-
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Table 1
Demographic and clinical characteristics of the patients.

[m5G;January 31, 2023;22:43]
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Patients (n = 59)

Sex (Men / Woman)
Age (years) (Mean / median / range)
Time from symptoms onset to first hospital admission (days) (Mean / median / range)
Time from symptoms onset to brain MRI (days) (Mean / median / range)
Chest CT findings suggestive of COVID-19

Positive

Negative

Not realized
RT-PCR SARS-CoV-2 on upper or lower respiratory tract swabs
RT-PCR SARS-CoV-2 on CSF

Positive

Negative

Not realized
Oxygen therapy at any time during hospitalization
Acute respiratory distress syndrome
Hospitalized in intensive care unit at time of MRI
Sedation during MRI or up to 24 h before MRI
Death up to 30 days after MRI
Medical history

History of stroke

History of seizures

Other neurological history

History of autoimmune diseases

History of hematological malignancies
Symptoms at any time before MRI

Headaches

Seizures

Anosmia

Ageusia

Clinical signs of corticospinal tract involvement

Disturbance of consciousness

Confusion

Agitation
Electroencephalogram

Normal

Under sedation

Nonspecific

Encephalopathy

Seizures

Not realized

44 (74.6%) [ 15 (25.4%)
61.2/63/20-81
84/7/2-31

2627 | 5-47

50 (84.7%)
4(6.8%)
5(8.5%)
59 (100%)

3(5.1%)
33(55.9%)
23 (39%)
57 (96.6%)
51(86.4%)
43 (72.9%)
25 (42.4%)
6(10.2%)

12(20.3%)
2(3.4%)
7(11.9%)
7(11.9%)
16 (27.1%)
40 (67.8%)
25 (42.4%)
21(35.6%)
4(6.8%)
9(15.3%)
10 (16.9%)
7(11.9%)
0(0%)

29 (49.2%)

Table 2
Neuroimaging findings.

Patients (n = 59)

Number of enhanced brain MRI
Number of abnormal morphological brain MRI*
Ischemic stroke
Leptomeningeal enhancement
Mesial temporal lobe diffusion/FLAIR hyperintensity
Non-confluent multifocal white matter diffusion/FLAIR hyperintense lesions with hemor-
rhage and variable enhancement
Extensive and isolated white matter microhemorrhages
Extensive and confluent supratentorial white matter FLAIR hyperintensities
Diffusion/FLAIR hyperintense ovoid lesion in the corpus callosum
Non-confluent multifocal white matter diffusion/FLAIR hyperintense lesions with variable
enhancement
Acute necrotizing encephalopathy
Diffusion/FLAIR hyperintense lesions involving both middle cerebellar peduncles
Other
Number of abnormal ASL perfusion*
Hypoperfusion
Hyperperfusion

58
44

(98.3%)
(74.6%)
(10.2%)
(39%)'
(
(

* Patient can have more than one MRI anomaly.
T assessable only in 58 patients with enhanced MRI.
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Table 3

Relationship between cerebral hypoperfusion and clinical, biological and morphological parameters.

[m5G;January 31, 2023;22:43]
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No hypoperfusion’ (N=11)

Hypoperfusion' (N = 48)

Corrected p-value'

Men 7 (63.6% [30.8—89%]) 37 (77% [62.6—88%]) >0.999
Oxygen therapy 11 (100% [71.6—100%]) 46 (95.8% [85.8—99.4%]) >0.999
Acute respiratory distress syndrome 11 (100% [71.6—100%]) 40 (83.4% [69.8—-92.6%]) 0.962
Hospitalized in intensive care unit at time of MRI 10(91% [58.8—99.8%]) 33(68.8%[53.8—-81.4%]) 0.919
Sedation during MRI or up to 24 h before MRI 4(36.4% [11-69.2%]) 21(43.8%[29.4-58.8%]) >0.999
Death up to 30 days after MRI 0 (0% [0—28.4%]) 6 (12.4% [4.8—25.2%]) >0.999
Chest CT findings suggestive of COVID-19' 8(100% [63—100%]) 42 (91.4%[79.2-97.6%]) >0.999
Medical history
History of stroke 2(18.2%[2.2-51.8%]) 5(10.4% [3.4—22.6%]) >0.999
History of seizures 0 (0% [0—28.4%]) 3(6.2%[1.4-17.2%]) >0.999
Other neurological history 0 (0% [0—28.4%]) 8(16.6% [7.4-30.2%]) 0.962
History of hematological malignancies 0 (0% [0—28.4%]) 3(6.2%[1.4-17.2%]) >0.999
History of autoimmune diseases 1(9%[0.2-41.2%]) 3(6.2%[1.4-17.2%]) >0.999
Symptoms
Agitation 6 (54.6% [23.4—83.2%]) 15(31.2%[18.6—46.2%]) 0.852
Ageusia 1(9%[0.2-41.2%]) 6(12.4% [4.8—25.2%]) >0.999
Anosmia 1(9%[0.2-41.2%]) 6(12.4% [4.8—25.2%]) >0.999
Headaches 2(18.2%[2.2-51.8%)) 10 (20.8%[10.4—35%]) >0.999
Seizures 1(9%[0.2—41.2%]) 1(2%[0-11%]) 0.962
Confusion 6 (54.6% [23.4—83.2%]) 19(39.6% [25.8—54.8%]) >0.999
Clinical signs of corticospinal tract involvement 2(18.2%[2.2-51.8%]) 14 (29.2% [17—-44%]) >0.999
Disturbance of consciousness 9(81.8% [48.2—97.8%]) 31(64.6% [49.4-77.8%]) >0.999
Electroencephalogram
Normal 1(14.2% [0.4—57.8%]) 3(13%[2.8—-33.6%]) >0.999
Under sedation 1(14.2% [0.4—57.8%]) 8(34.8%[16.4-57.2%])  >0.999
Nonspecific 4(57.2% [18.4—90.2%]) 6 (26%[10.2—48.4%]) 0.852
Encephalopathy 1(14.2% [0.4—57.8%]) 6(26%[10.2—-48.4%]) >0.999
Morphological MRI findings
Ischemic stroke 2(18.2%[2.2-51.8%]) 4(8.4% [2.4-20%]) 0.962
Leptomeningeal enhancement 8(72.8%[39-94%]) 15 (32% [19-47.2%]) 0.292
Mesial temporal lobe diffusion/FLAIR hyperintensity 3(27.2%[6—61%]) 10(20.8% [10.4—35%]) >0.999
Non-confluent multifocal white matter diffusion/FLAIR hyperintense lesions with hemor- 1(9%[0.2—41.2%]) 6(12.4% [4.8—25.2%]) >0.999
rhage and variable enhancement
Extensive and isolated white matter microhemorrhages 5(45.4% [16.8—76.6%]) 8(16.6% [7.4-30.2%]) 0.504
Extensive and confluent supratentorial white matter FLAIR hyperintensities 1(9%[0.2—41.2%]) 0 (0% [0—7.4%]) 0.852
Non-confluent multifocal white matter diffusion/FLAIR hyperintense lesions with variable 0 (0% [0—28.4%]) 4(8.4% [2.4—20%]) >0.999
enhancement
Diffusion/FLAIR hyperintense lesions involving both middle cerebellar peduncles 0 (0% [0—28.4%]) 1(2%[0-11%]) >0.999
Other 0 (0% [0—28.4%]) 2(4.2%[0.6—14.2%]) >0.999
Normal MRI 0 (0% [0—28.4%]) 15(31.2%[18.6—46.2%]) 0.504
Cerebrospinal fluid’
Positive RT-PCR SARS-CoV-2 0 (0% [0—41%]) 3(10.4% [2.2—27.4%)) >0.999
High white blood cell count 1(14.2% [0.4—57.8%]) 2(6.8%[0.8—22.8%]) >0.999
High proteinorachia 3(37.6%[8.6—75.6%]) 8(25%[11.4—-43.4%]) >0.999
Low glycorrhachia 1(12.4%[0.4-52.6%]) 0(0% [0—11.2%]) 0.887
Elevated Immunoglobulin G 2 (40% [5.2—85.4%)) 9(37.6%[18.8—59.4%])  >0.999
Presence of oligoclonal IgG bands 1(20% [0.6—71.6%]) 6 (25%[9.8—46.8%]) >0.999

' Uncorrected confidence intervals, p-values corrected for multiple testing with a 5% false discovery rate.

' Data not available for all patients.

MRI delays and abnormal cerebral perfusion might suggest that cere-
bral perfusion anomalies occur in the first weeks of the disease and
that brain perfusion later normalize.

The mechanisms underlying brain hypoperfusion in severe
COVID-19 is uncertain. Proof of direct viral CNS infection are
scarce,'®?° and the low number of positive RT-PCR on CSF in our
cohort does not support this mechanism. Rare cases of small-vessel
vasculitis related to COVID-19 have been described, mostly with
cutaneous and renal manifestations®'*> but CNS lesions have also
been suspected,” and this mechanism could explain some cases of
hypoperfusion.

Hyperperfusion has been previously described in infectious lepto-
meningitis,” which probably arise from dilation of subarachnoid ves-
sel that has long been described with arteriography in such cases.>
As hyperperfusion in our cohort was associated with leptomeningeal
enhancement, this suggests that the visually detectable parieto-tem-
poral hyperperfusion is not specific for COVID-19 but results from
meningeal hyperperfusion. The mechanism of clusters of hyperperfu-
sion in motor cortex is less clear, but may be related to hypoxia: brain

lesions (especially hemorrhage) in severe cases of COVID-19 seems
frequently related to hypoxia,' "' and hypoxia induces an increase in
CBF to (try to) maintain oxygen delivery to the brain, which can be
detected with ASL perfusion.?®

Could perfusion abnormalities be related to other factors than COVID-
19?

Decreased cerebral perfusion (most often global) has been
described during sedation®’*® but no significant association with
sedation was found in our cohort. Hyperoxia has been shown to
reduce CBF measured with ASL>%*? (even if the underlying mech-
anism is unclear between true CBF reduction or measurement
errors induced by blood T1 reduction®'?) and may play a role in
brain hypoperfusion in COVID-19 as several patients had oxygen
therapy and supraphysiological PaO, levels. However, CBF reduc-
tion usually reported during hyperoxia appears to be more global
than the regional hypoperfusion shown in patients with COVID-
19.2° Moreover, oxygen therapy in patients with COVID-19 is
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Table 4

Relationship between cerebral hyperperfusion and clinical, biological and morphological parameters.

[m5G;January 31, 2023;22:43]
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No hyperperfusion’ (N = 50)

Hyperperfusion' (N =9)

Corrected p-value

Men
Oxygen therapy
Acute respiratory distress syndrome
Hospitalized in intensive care unit at time of MRI
Sedation during MRI or up to 24 h before MRI
Death up to 30 days after MRI
Chest CT findings suggestive of COVID-19'
Medical history
History of stroke
History of seizures
Other neurological history
History of hematological malignancies
History of autoimmune diseases
Symptoms
Agitation
Ageusia
Anosmia
Headaches
Seizures
Confusion
Clinical signs of corticospinal tract involvement
Disturbance of consciousness
Electroencephalogram’
Normal
Under sedation
Nonspecific
Encephalopathy
Morphological MRI findings
Ischemic stroke
Leptomeningeal enhancement
Mesial temporal lobe diffusion/FLAIR hyperintensity
Non-confluent multifocal white matter diffusion/FLAIR hyperintense lesions with hemor-
rhage and variable enhancement
Extensive and isolated white matter microhemorrhages
Extensive and confluent supratentorial white matter FLAIR hyperintensities
Non-confluent multifocal white matter diffusion/FLAIR hyperintense lesions with variable
enhancement
Diffusion/FLAIR hyperintense lesions involving both middle cerebellar peduncles
Other
Normal MRI
Cerebrospinal fluid'
Positive RT-PCR SARS-CoV-2
High white blood cell count
High proteinorachia
Low glycorrhachia
Elevated Immunoglobulin G
Presence of oligoclonal IgG bands

39 (78% [64—88.4%])

48 (96% [86.2—99.6%])
43 (86% [73.2-94.2%])
34 (68% [53.4-80.4%])
19 (38% [24.6-52.8%])
5(10% [3.4-21.8%])

44(91.6% [80-97.6%])

6 (12% [4.6-24.4%])
3(6%[1.2-16.6%])
8 (16%[7.2—29.2%])
2 (4% [0.4-13.8%])
3(6%[1.2-16.6%])

17 (34% [21.2-48.8%])
7 (14% [5.8—26.8%])
7(14% [5.8—26.8%])
11 (22% [11.6-36%])
2 (4% [0.4-13.8%])

20 (40% [26.4—54.8%])
13 (26% [14.6-40.4%])
32 (64% [49.2-77%])

4(17.4% [5-38.8%])

8 (34.8% [16.4—57.2%])
7(30.4% [13.2-53%])
4(17.4% [5-38.8%])

5(10% [3.4-21.8%])
14(28.6% [16.6-43.2%])
12 (24% [13-38.2%])
6 (12% [4.6—-24.4%])

11 (22% [11.6-36%])
1(2% [0-10.6%])
4(8%[2.2-19.2%])

1(2% [0-10.6%])
2 (4% [0.4-13.8%])
15 (30% [17.8—44.6%])

3(10.8% [2.2-28.2%])
2(7.2%[0.8-23.6%])
9(28.2% [13.8—46.8%])
0 (0% [0-10.8%])

10 (47.6% [25.8—70.2%])
5(23.8% [8.2—47.2%))

5 (55.6% [21.2-86.4%])
9(100% [66.4-100%])
8 (88.8% [51.8—99.8%])
9(100% [66.4-100%])
6 (66.6% [30—92.6%])
1(11.2%[0.2—-48.2%])
6 (100% [54—100%])

1(11.2%[0.2-48.2%])
0 (0% [0—33.6%])
0(0%[0-—33.6%])
1(11.2%[0.2-48.2%])
1(11.2% [0.2-48.2%])

4(44.4% [13.6-78.8%])
0 (0% [0—33.6%])

0 (0% [0—33.6%])
1(11.2%[0.2-48.2%])
0 (0% [0-33.6%])

5 (55.6% [21.2-86.4%])
3(33.4% [7.4-70%])

8 (88.8% [51.8—99.8%])
0 (0% [0-41%])
1(14.2% [0.4-57.8%])
3 (42.8% [9.8—81.6%])
3 (42.8%[9.8-81.6%])

1(11.2% [0.2-48.2%])
9 (100% [66.4—100%])
1(11.2% [0.2-48.2%])
1(11.2%[0.2-48.2%])

2(22.2%[2.8-60%])
0 (0% [0-33.6%])
0 (0% [0—33.6%])

0 (0% [0-33.6%])
0 (0% [0—33.6%])
0 (0% [0—33.6%])

(0% [0-37%])
(12.4% [0.4-52.6%])
(25% [3.2-65%])
(14.2% [0.4-57.8%])
(12.4% [0.4—52.6%])
(25%[3.2-65%])

0.887
>0.999
>0.999

0.772

0.845
>0.999
>0.999

>0.999
>0.999

0.962
>0.999
>0.999

>0.999
>0.999
>0.999
>0.999
>0.999
>0.999
>0.999

0.919

>0.999
>0.999
>0.999

0.962

>0.999
0.002*

>0.999

>0.999

>0.999
>0.999
>0.999

>0.999
>0.999
0.772

>0.999
>0.999
>0.999
0.852
0.810
>0.999

' Uncorrected confidence intervals, p-values corrected for multiple testing with a 5% false discovery rate.

¥ Data not available for all patients
*significant result

Table 5
Perfusions anomalies in each region of interest by cerebral hemisphere.

Frontal lobe (n=118)

Temporal pole (n=117)*

Parietal lobe (n=118)

Temporal lobe (n =118)

Hypoperfusion 40 (33.9%) 52 (44.4%)
Normoperfusion 67 (56.8%) 59 (50.4%)
Hyperperfusion 11(9.3%) 6(5.1%)

14(11.9%) 11(9.3%)
86 (72.9%) 91(77.1%)
18 (15.3%) 16 (13.6%)

* 1 patient with history of left temporal pole resection not assessable.

used to fight against hypoxemia and is tightly monitored (pulse
oximetry, arterial blood gas test...), and long-lasting hyperoxia is
unlikely to happen in such patients. Nevertheless, for safety pur-
poses, some patients may have been exposed to transient high
FiO, levels during MRI, as MRI-compatible monitoring devices
sometimes provide unreliable values.

Age is a known confounding factor when studying cerebral
perfusion, as CBF diminishes with age.>*** In this study, there

was however no significant age difference between patients
with brain hypoperfusion and patients without it. In subgroup
analysis, the younger age of control subjects may have
biased results towards more hypoperfusion in patients with
COVID-19 on mean perfusion maps. However, quantitative
analysis was adjusted for age, and suggested the existence of
hypoperfusion in patients with COVID-19 independently of age
difference.
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Fig. 4. Mean CBF maps of controls (C) and patients (P) in subgroup analysis.
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Fig. 5. Comparison of cerebral blood flow (CBF) adjusted for age and sedation from patients with COVID-19 and healthy subjects. Z-score maps thresholded with p-value < 10~3
projected on a template brain image. Blue areas: lower CBF in patients with COVID-19. Red areas: higher CBF in patients with COVID-19.

Links between ASL perfusion and other modalities of brain exploration

EEG has been widely used to assess neurological manifestations in
patients with COVID-19. Results vary across studies, as several EEG
features have been analyzed. Our findings, with 57% of patients (who
had an EEG) with either non-specific or encephalopathic alterations,
are in accordance with previous findings.>* Brain electrical activity is
coupled with perfusion, and EEG alterations have been associated
with hypoperfusion in Alzheimer’s disease.*® Interestingly, in COVID-
19, EEG modifications are more frequent in the frontal regions.>” This
predominant frontal pattern may be linked to the fronto-temporal
hypoperfusion that we report. We did not find a significant associa-
tion between perfusion and EEG abnormalities, but this might come
from the global “clinical” classification we used instead of detailed
regional electrical abnormalities.

Frontal lobe hypometabolism has been described*® with 18-fluo-
rodeoxyglucose positron emission tomography in a 77 year old
woman suffering from COVID-19 during a transient frontal encepha-
lopathy and normal morphological MRI. Cerebral perfusion was not
assessed. The metabolic pattern described by Fox et al. is however
similar to the hypoperfusion pattern we are reporting, and the cou-
pling between brain glucose metabolism and perfusion is well
established.*®

Abnormal functional findings (with ASL perfusion or with 18-fluo-
rodeoxyglucose positron emission tomography) might be helpful to
understand some symptoms exhibited by patients with severe

11

COVID-19, especially in the absence of morphological MRI alteration.
We hypothesize that focal hyperperfusion in motor cortex might
have a link with signs of corticospinal tract involvement reported in
some of our patients. And even if we did not find a significant rela-
tionship between psychomotor agitation and frontal hypoperfusion
in this study, such a relationship has been shown in patients with
fronto-temporal forms of dementia or frontal lobe syndrome who
exhibit frontal hypoperfusion“® which severity correlates with the
severity of their symptoms.*!

The short- and long-term functional outcome of patients with
severe COVID-19 and brain perfusion abnormalities needs to be fur-
ther investigated. However, a recently published follow-up of
patients with COVID-19 and initial neurological symptoms,** of
whom 68% had MRI abnormalities (including perfusion abnormali-
ties), shows that nearly half of them had persistent slightly dimin-
ished results in working memory and executive functions testing.
Alteration of such frontal neurocognitive functions might have a link
with the fronto-temporal pattern of hypoperfusion that we report.

This study has some limitations. The most important one is that
we did not have intensive care patients with other conditions as con-
trols, to limit confounding factors like sedation. However, cerebral
perfusion did not significantly differ in our study between patients
admitted to intensive-care units and those admitted to other wards.
This study is also at risk of bias due to its retrospective nature: for
example, data on oxygen therapy and anesthetic drugs used at the
time of MRI were missing. In addition, MRI from multiple centers
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with different MRI scanners increased the heterogeneity of ASL data.
Classification of the morphological MRI anomalies was based on pre-
viously described lesions'! but there is presently no consensus or
general guideline regarding the classification of brain MRI abnormali-
ties in COVID-19.

Conclusion

We report cerebral perfusion anomalies in a large multicentric
cohort of patients with severe COVID-19. Hypoperfusion was the
most frequently encountered anomaly, occurring in frontal and tem-
poropolar pattern. Hyperperfusion was more uncommon, mostly
located in parieto-temporal regions, and linked to leptomeningeal
enhancement. Mechanisms underlying hypoperfusion remains
unclear, but our data suggest that sedation in ICU patients is not suffi-
cient to explain it. ASL perfusion may be helpful to assess patients
with neurological symptoms during COVID-19.
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