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Abstract

Encephalopathy is a neurological complication of COVID-19. The objective of this exploratory study is to investigate the
link between systemic inflammation and brain microstructural changes (measured by diffusion-weighted imaging) in patients
with COVID-19 encephalopathy. 20 patients with COVID-19 encephalopathy (age: 67.3 + 10.0 years; 90% men) hospital-
ized in the Geneva University Hospitals for a SARS-CoV-2 infection between March and May 2020 were included in this
retrospective cohort study. COVID-19 encephalopathy was diagnosed following a comprehensive neurobiological evalua-
tion, excluding common causes of delirium, such as hypoxemic or metabolic encephalopathy. We investigated the correla-
tion between systemic inflammation (measured by systemic C-reactive protein (CRP)) and brain microstructural changes in
radiologically normal white matter (measured by apparent diffusion coefficient (ADC)) in nine spatially widespread regions
of the white matter previously associated with delirium. Systemic inflammation (CRP=60.8 +50.0 mg/L) was positively
correlated with ADC values in the anterior corona radiata (p =0.0089), genu of the corpus callosum (p =0.0064) and external
capsule (p =0.0086) after adjusting for patients’ age. No statistically significant association between CRP and ADC was
found in the other six white matter regions. Our findings indicate high risk of white matter abnormalities in COVID-19
encephalopathy patients with high peripheral inflammatory markers, suggesting aggressive imaging monitoring may be
warranted in these patients. Future studies should clarify a possible specificity of the spatial patterns of CRP-white matter
microstructure association in COVID-19 encephalopathy patients and disentangle the role of individual cytokines on brain
inflammatory mechanisms.
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Introduction

Coronavirus disease 2019 (COVID-19) induced by severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
infection has been associated with neurological complica-
tions, such as idiopathic encephalopathy (Helms et al. 2020a,
b). The clinical spectrum of the COVID-19 encephalopathy
is broad, ranging from delirium to coma. An inflammatory
hypothesis has been suggested for the neuropathogenesis of
this encephalopathy (Teuwen et al. 2020; Najjar et al. 2020;
Fotuhi et al. 2020). Although a possible disruption of brain
microstructural integrity has been demonstrated in COVID-
19 patients (Lu et al. 2020; Newcombe et al. 2020), the rela-
tionship between systemic inflammation and microstructural
brain changes has been poorly investigated in patients with
COVID-19 encephalopathy.

The apparent diffusion coefficient (ADC), a measure
derived from diffusion-weighted imaging (DWI) quantify-
ing the local amount of water molecule diffusion, has been
largely used to assess white matter microstructure (Alex-
ander et al. 2007). White matter changes in the corpus cal-
losum, thalamocortical, limbic, and cerebellar circuits have
been associated with delirium (Nitchingham et al. 2018).
To investigate the link between systemic inflammation and
brain microstructural changes in COVID-19 encephalopa-
thy patients, we studied the association between C-reactive
protein (CRP) levels and ADC in nine white matter regions
previously associated with delirium.

Materials and methods

Standard protocol approvals, registrations,
and patients consents

The study was approved by the institutional review board
of Geneva University Hospitals (protocol #2020-01206—
approved May 25, 2020) and has been performed in accord-
ance with the ethical standards laid down in the 1964 Dec-
laration of Helsinki and its later amendments.
De-identified data will be made available to qualified
investigators upon written request to the last author.

Patient cohort

From March to May 2020, 41 patients had been diagnosed
with COVID-19 encephalopathy out of 707 COVID-
19 patients hospitalized in Geneva University Hospitals.
SARS-CoV-2 infection was confirmed by a positive SARS-
CoV-2 reverse transcription polymerase chain reaction
(RT-PCR) assay from a nasopharyngeal swab at the time
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of hospitalization. Diagnosis of COVID-19 encephalopathy
was defined by a rapidly developing (less than 4 weeks) brain
pathological process leading to delirium, decreased level of
consciousness or coma (Helms et al. 2020b), excluding clas-
sical etiologies for delirium such as hypoxemia, electrolyte
disturbances, infection, drug or alcohol toxicity, metabolic
disorders, low perfusion state or acute central nervous system
conditions such as meningitis. The severity of the encepha-
lopathy was assessed with the Richmond Agitation—Sedation
Scale (RASS) (a patient with an RASS score of — 5 being
unarousable (unresponsive to voice and physical stimula-
tion) and a patient with an RASS score of +4 being com-
bative (attempts to stand or get out of bed; danger to self or
staff)), and with the duration of encephalopathy. Clinical data,
CSF RT-PCR for SARS-CoV-2, CSF white blood cell count
(WBC), CSF/serum quotient of albumin (QAlb), and blood
CRP levels at the time of brain magnetic resonance imag-
ing (MRI) were retrospectively collected from the patients’
records. Patients with incomplete MRI data, image processing
failure or more than 48-h delay between CRP assessment and
MRI were excluded. Twenty patients were included in the
final analyses (67.3 +10.0 years; 18 men), of which 11 had
CSF analysis (Tablel).

Brain imaging

All 20 patients underwent an MRI scan at Geneva Uni-
versity Hospitals on a 1.5 Tesla Philips Ingenia system
equipped with a multi-channel head coil. The MRI scan
included a structural and a diffusion-weighted sequence
with the following parameters: 2D gadolinium-enhanced
T1-weighted gradient echo sequence, transverse acqui-
sition, in-plane resolution 0.4 x 0.4 mm?, acquisition
matrix =512 X 512 pixels; slice thickness =5 mm, spacing
between slices =5.3 mm, number of slices =30, number of
averages =2, flip angle=80°, TE=2.4 ms, TR =259 ms;
2D diffusion-weighted spin echo sequence, transverse
acquisition, in-plane resolution = 1.3 x 1.3 mm?, acquisition
matrix =176 X 176 pixels, slice thickness =4 mm, spacing
between slices =4.4 mm, number of slices =34, number of
averages =2, flip angle=90°, TE=75 ms, TR =4061 ms,
diffusion b-value = 1000 s/mm?.

Image analyses

The average DWI b1000 images were inspected by two certi-
fied neuroradiologists to assess the presence of stroke. Acute
stroke lesions were semi-automatically segmented on the
b1000 images using the Clusterize SPM12 toolbox (Clas
et al. 2012). The T1-weighted volumes were segmented into
brain tissue compartments and co-registered to the diffusion
volumes using SPM12 (Penny et al. 2006). Regions of inter-
est in the white matter were extracted using an automatic
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Table 1 Clinical characteristics

All participants

No. of participants
Age (years), mean =+ SD (range)
Sex, men N (%)

BMI? (kg/mz), mean + SD (range)

Stroke, N (%)

CRP (mg/L), mean + SD (range)

Severity of encephalopathy
RASSP, median (range)

COVID-19 encephalopathy duration (days), mean =+ SD (range)

CSF analyses

White blood cell count, mean + SD (range)
CSF/serum quotient of albumin, mean + SD (range)

20

67.3 +10.0 (46.6 to 80.03)
18 (90%)
27.3+2.8(21.9t0 31.2)

2 (10%)

60.8 +50.0 (8.0 to 153.0)

-1(-4t0-2)
13.6 +8.6 (4.0 to 32.0)

2.09+2.47 (0.00 to 9.00)
12.37 +7.49 (4.56 to 28.58)

“Body mass index

PRichmond Agitation-Sedation Scale

segmentation based on the ICBM-DTI-81 white matter atlas
(Mori et al. 2008). In particular, the atlas was warped to indi-
vidual T1-weighted images to identify white matter regions
in native space. Voxel not belonging to the white matter
according to the SPM12 segmentation were excluded from
the regions of interest (threshold on individual white mat-
ter tissue probability maps: 0.8). In addition, to ensure that
results were not driven by the presence of stroke, all analy-
ses were repeated excluding the patients with acute stroke
(N=2). Based on previous literature on delirium (Nitching-
ham et al. 2018), nine bilateral white matter regions were
retained for further analyses, namely, the genu and splenium
of the corpus callosum, the posterior thalamic radiation,
the anterior corona radiata, the cingulum, the uncinate fas-
ciculus, the hippocampal white matter, the external capsule
and the middle cerebellar peduncle. Of note, the uncinate
fasciculus is part of a dense network of white matter fib-
ers that interconnect different structures of the olfactory
sensory pathway, and the investigation of this region may
further elucidate the possible implication of the olfactory
route regarding neuro-invasion (Lopez-Elizalde et al. 2018).
An average ADC value was computed for each white matter
region (average between left and right hemispheres), exclud-
ing voxels belonging to acute stroke lesions. In addition,
analyses were repeated considering regions belonging to
the left and right hemispheres separately to assess possible
lateralization effects. Image analyses were performed with
MATLABV9.7 and SPM12.

Statistical analyses

Linear regression analyses were used to assess the asso-
ciations between the average ADC in nine white matter
regions and CRP levels. Age was added as covariate. False
discovery rate was controlled at FDR =0.05 to correct for

multiple comparisons (Benjamini and Hochberg 1995).
Spearman’s rank correlation was used in exploratory analy-
ses to assess possible relationships between CRP levels or
ADC in different brain regions, and severity of encepha-
lopathy as quantified with the RASS score and the duration
of encephalopathy.

Results

The clinical characteristics of the COVID-19 encepha-
lopathy patients are presented in Table 1. The majority of
patients were men and their CRP levels ranged from 8.0 to
153.0 mg/L. The RASS scores ranged from — 4 to — 2, with
a median of — 1, indicating that the majority of patients suf-
fered a mild form of encephalopathy. Duration of encepha-
lopathy ranged from 4 to 32 days, with a mean duration
of 13.6+8.6 days. 11 out of 20 patients had a CSF analy-
sis: the mean CSF white blood cell count was 2.09 +2.47
leukocytes/mm?, whereas CSF/serum quotient of albumin
(QAlb—measured in 8 out of 20 patients) was increased in
75% (mean QAlb=12.37+7.49). CSF RT-PCR for SARS-
CoV-2 was negative for all patients (measured in 10 out of
20 patients).

Regression analyses with the average ADC in a white
matter region as predicted variable, the CRP level as pre-
dictor variable, and the age as covariate, showed that higher
CRP levels were significantly associated with increased
ADC in the genu of the corpus callosum (=0.60,
1(13)=3.16, p=0.0064), anterior corona radiata (= 0.60,
1(15)=2.95, p=0.0089), and external capsule ($=0.61,
1(15)=2.97, p=0.0068) (Fig. 1). These associations sur-
vived multiple comparison correction. No CRP-ADC asso-
ciation was found in the other six white matter regions.
Repeating the analyses only on patients with no acute
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Fig. 1 Association between systemic inflammation and white matter
microstructure. a Example of ADC map. Colored regions represent
the genu of the corpus callosum (light blue), anterior corona radiata
(lilac), external capsule (violet), splenium of the corpus callosum
(dark blue) and cingulum (green). b—d Scatter plots representing the

stroke (N=18) did not change results (genu of the corpus
callosum: f=0.49, 1(11)=2.58, p=0.023; anterior corona
radiata: f=0.69, 1(13) =3.44, p=0.0036; external capsule:
p=0.66, t(13)=3.11, p=0.0072; associations between
anterior corona radiata and external capsule ADC, and CRP
levels survived FDR correction). No hemispheric lateraliza-
tion of CRP-ADC associations was found when perform-
ing the analyses considering the left and right hemisphere
separately (linear associations between CRP and ADC
were significant with uncorrected p value <0.05 for both
left and right anterior corona radiata (=0.58, 1(15) =2.86,
p=0.011; $=0.60, 1(15)=2.75, p=0.014; respectively),
and left and right external capsule (f=0.51, #(15)=2.32,
p=0.033; $=0.62, 1(15)=3.11, p=0.0063; respectively)).
Finally, there were no significant associations between CRP
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association between CRP levels and average ADC in the genu of the
corpus callosum, anterior corona radiata and external capsule. Stand-
ardized beta coefficients and p values are reported. Each dot in the
plots represents a patient; the dashed lines represent the best linear
fits

levels or ADC in different brain regions, and severity of
encephalopathy as measured with the RASS score or the
encephalopathy duration.

Discussion

In this preliminary study, we found that in COVID-19
encephalopathy patients, systemic inflammation (measured
by CRP levels at the time of brain MRI) is associated with
white matter microstructural changes (measured by ADC)
in the anterior corona radiata, genu of the corpus callosum
and external capsule. This association was specific to frontal
(genu of the corpus callosum, anterior corona radiata) and
cholinergic (external capsule) projections—no association
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was found in other limbic, thalamocortical, cerebellar, or
olfactory regions. These findings are consistent with the cog-
nitive profile of COVID-19 patients with encephalopathy,
mainly presenting a fronto-subcortical syndrome (Beaud
et al. 2020), and with the pathogenesis of delirium that can
be triggered by acute inflammation (Wilson et al. 2020). Fur-
ther analyses including comprehensive neuropsychological
assessments are needed to understand whether neuropatho-
logical mechanisms related to systemic inflammation may
impact frontal lobe functions.

The presence of an association between systemic inflam-
mation and white matter microstructure in the corpus cal-
losum is coherent with studies describing cytokine-induced
injury in the corpus callosum in critical illnesses, such as
acute respiratory distress syndrome and COVID-19 (Cannac
et al. 2020), and a more frequent occurrence of white matter
neurological events in this very same region in COVID-19
patients (Parsons et al. 2020). Furthermore, the increased
quotient albumin reported in the majority of our patients
with available CSF analyses suggests a blood-brain barrier
disruption associated with this systematic inflammation,
which may explain the observed white matter microstruc-
tural changes. However, fronto-cholinergic white matter
microstructural changes may be particularly prevalent in
COVID-19 encephalopathy, as research on other pathogen-
driven encephalopathies found different brain regions. For
example, acute necrotizing encephalopathy has been associ-
ated with restricted diffusion imaging in the centrum semio-
vale, thalami, pontine tegmentum, cerebellar vermis, and
deep cerebellar hemispheres (Bailey 2020). In the case of
influenza-associated acute encephalopathy, restricted dif-
fusion has been found in widespread white matter regions
(Tsuchiya et al. 2000) and in the hippocampus (Koll et al.
2020). Moreover, the CRP-ADC associations in the anterior
corona radiata and the external capsule highlighted by our
analyses are consistent with previous research conducted on
COVID-19 patients (Lu et al. 2020). However, we did not
find any hemispheric lateralization of association between
CRP and ADC changes in our analyses. Associations
between CRP levels and white matter microstructure should
be further investigated in future studies on larger cohorts, to
explore the possible spatial specificity of effects to different
virus-related encephalopathies.

White matter microstructure was assessed with the ADC,
a measure of water molecule diffusion in brain tissues. ADC
changes are considered to unspecifically reflect multiple
microstructural mechanisms including axonal degenera-
tion, loss of microstructural integrity as well as local inflam-
mation (Alexander et al. 2007). Our findings suggest that
systemic inflammation may support one or more of these
neuropathological mechanisms resulting in ADC alteration.
Inclusion of more advanced diffusion MRI sequences beyond
DWI and diffusion tensor imaging remains mandatory for a

thorough characterization of the microstructural mechanisms
relating to inflammation, which, however, is impractical in
critical clinical settings (Novikov et al. 2018; Alexander
et al. 2017).

Our exploratory correlation analyses between systemic
inflammation or white matter microstructure and the sever-
ity of encephalopathy, as recorded with the RASS score and
the duration of encephalopathy, did not show any significant
association between these variables. Various alternate mech-
anisms may contribute to the severity of encephalopathy,
such as medication or comorbidities. Furthermore, delirium
is highly fluctuating, and a RASS score recorded at a sin-
gle time point may not fully represent the patients’ clinical
condition. The use of more sensitive measures of encepha-
lopathy may help to better address the relationship between
biological markers and clinical presentation.

Various mechanisms have been suggested to explain
COVID-19 encephalopathy, involving a direct viral inva-
sion through the olfactory retrograde route or an inflamma-
tory mechanism during the so-called cytokine storm induc-
ing blood-brain barrier (BBB) alterations (Iadecola et al.
2020). Several findings support the latter hypothesis, such
as an increased CSF/serum quotient albumin in COVID-
19 encephalopathy patients suggestive of a leaky BBB, and
SARS-CoV-2-associated cytokines (interleukin-6, IL-1p,
tumor necrosis factor and IL-17, among others) which are
known to disrupt the BBB (Iadecola et al. 2020). Moreover,
COVID-19 patients with encephalopathy have negative PCR
SARS-CoV-2 in the CSF, suggesting that encephalopathy
is not directly related to viral infection but to the inflam-
matory response. Post-mortem biopsy evidence of direct
viral involvement in the brain or olfactory nerve is limited
although this might be due to technical limitations (Mukerji
and Solomon 2021; Butowt et al. 2021). On this line, we
did not find any significant associations between systemic
inflammation and white matter microstructure of the unci-
nate fasciculus, a fiber bundle that is part of the olfactory
pathways (Lopez-Elizalde et al. 2018). The current findings
showing an association between systemic inflammation and
white matter microstructure in frontal and cholinergic pro-
jections support the inflammatory hypothesis.

Associations between serum lactate dehydrogenase
(LDH) levels and DTI metrics have been observed in
COVID-19 patients in a 3-month follow-up study (Lu et al.
2020), which is in line with our conclusion regarding the
associations between microstructural changes in the white
matter and CRP. Elevated LDH is a consequence of tissue
damage (Augoff et al. 2015) and has been observed in vari-
ous pathologies, such as encephalitis, ischemic stroke or
head injuries (Valvona et al. 2016). Moreover, LDH levels
have also been correlated with acute encephalopathy and
could be related to prognosis as a significant difference in
serum LDH levels was observed between pediatrics patients
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with and without developmental regression following acute
encephalopathy (Motojima et al. 2016). Future research
should evaluate if this association between serum LDH lev-
els and DTI metrics in COVID-19 patients is related to neu-
rological complications, such as encephalopathy, and if it is
the case, whether it is a good predictor of outcome regarding
neurological sequelae.

The association between systemic inflammation and
white matter microstructure highlighted by our results is
a snapshot of COVID-19 patients at the time of clinical
presentation of encephalopathy. Regarding the long-term
consequences of COVID-19 encephalopathy, recent stud-
ies suggest that this encephalopathy could have long-term
effects on brain and cognition. First, microstructural changes
in the white matter have been reported not only at the time
of infection, but also up to 3 months after hospital discharge
(Lu et al. 2020; Raman et al. 2021). A longitudinal PET
study showed brain hypometabolism in prefrontal, insular,
and middle temporal regions, with abnormalities persist-
ing at 6 months follow-up (Kas et al. 2021). These findings
indicate that brain integrity remains affected even months
after SARS-CoV-2 infection. Persistent neuroinflammation
has also been proposed as a possible explanation regarding
long-term MRI changes seen in COVID-19 patients (Gold-
berg et al. 2020), and follow-up inflammatory markers cor-
relate with severity of COVID-19 at admission (Raman et al.
2021). Second, impaired cognitive performances have been
observed in COVID-19 patients compared to a control group
in a follow-up study (Raman et al. 2021). Moreover, the inci-
dence of neurological or psychiatric diagnoses—including
dementia—following COVID-19 has been estimated at 34%,
higher than in a control group of patients who had influenza
or other respiratory tract infection, and it increases to 62%
for patients who presented a COVID-19 encephalopathy
(Taquet et al. 2021). COVID-19, especially when compli-
cated by COVID-19 encephalopathy, may therefore reveal,
amplify, or accelerate subjacent neurological or psychiatric
diagnosis and may lead to long-term clinical sequelae.

Although this highly selected sample of COVID-19
encephalopathy patients with brain imaging during acute
presentation and CRP assessment at the time of imaging
are major strengths of this exploratory study, the retrospec-
tive nature of this study has limitations. First, only blood
C-reactive protein levels were available for these patients
at the time of MRI, which limits our ability to draw con-
clusions using other inflammatory markers than CRP that
might be more specific to central nervous system inflamma-
tion. Future studies should include a cytokine profile to dis-
entangle the pathogenesis of this encephalopathy and other
inflammatory markers, such as fibrinogen and IL-6, as CSF
cytokine alterations have been highlighted in COVID-19
encephalopathy patients (Benameur et al. 2020). Second,
we did not compare COVID-19 encephalopathy patients
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with another group of patients with virus-related encepha-
lopathy (e.g., influenza), or with a group of Intensive Care
Unit patients (independently from the type of pathology).
Therefore, we cannot conclude that our results are specific
to SARS-CoV-2 infection. Future studies should compare
the strength of association between CRP and ADC values
between different pathogen-driven encephalopathy groups
to be able to conclude if these associations are specific to
certain pathogens or to pathogen-related encephalopathies
in general. Indeed, CRP levels have been correlated with
white matter lesions in multiple pathologies not related
to COVID-19, such as cerebral small vessel disease, neu-
rodegenerative processes and obesity (Mitaki et al. 2015;
Eagen et al. 2012; Lampe et al. 2018), which may occur as
comorbidities in COVID-19 encephalopathy patients. The
limited sample size of this preliminary study did not allow
to control for confounders and comorbidities that could
affect both the white matter integrity and the CRP val-
ues. We believe that a robust investigation in this direction
will need to include larger samples and multiple patient
groups to disentangle the role of specific pathophysiologi-
cal mechanisms, inflammation markers and brain structure.
In particular, it will be of interest to understand whether the
fronto-cholinergic spatial patterns of association between
white matter integrity and systemic inflammation are spe-
cific to COVID-19 encephalopathy. Finally, in this study
white matter microstructure was assessed with the ADC
parameter only. Future studies including more advanced
diffusion MRI sequences as well as T2/FLAIR and sus-
ceptibility weighted imaging MRI contrasts among oth-
ers (O’Donovan et al. 2021; Rahmanzade et al. 2020) are
needed for a thorough characterization of white matter sig-
nal abnormalities and cerebrovascular factors to further
explore the inflammatory damage and its relation to viral
infections.

Conclusions

In conclusion, our findings demonstrate an association
between a peripheral inflammatory marker and white matter
microstructural changes in frontal and cholinergic projec-
tions, supporting an inflammatory pathogenesis to COVID-
19 encephalopathy. These results may provide a rationale to
support the use of anti-inflammatory drugs for treating this
encephalopathy.
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