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ARTICLE INFO ABSTRACT
Keywords: COVID-19, the infectious disease caused by the most recently discovered severe acute respiratory syndrome
COVID-19 coronavirus-2 (SARS-CoV-2), has become a global pandemic. It dramatically affects people’s health and daily life.
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Neurological complications are increasingly documented for patients with COVID-19. However, the effect of
COVID-19 on the brain is less studied, and existing quantitative neuroimaging analyses of COVID-19 were mainly
based on the univariate voxel-based morphometry analysis (VBM) that requires corrections for a large number of
tests for statistical significance, multivariate approaches that can reduce the number of tests to be corrected have
not been applied to study COVID-19 effect on the brain yet. In this study, we leveraged source-based
morphometry (SBM) analysis, a multivariate extension of VBM, to identify changes derived from computed
tomography scans in covarying gray matter volume patterns underlying COVID-19 in 120 neurological patients
(including 58 cases with COVID-19 and 62 patients without COVID-19 matched for age, gender and diseases).
SBM identified that lower gray matter volume (GMV) in superior/medial/middle frontal gyri was significantly
associated with a higher level of disability (modified Rankin Scale) at both discharge and six months follow-up
phases even when controlling for cerebrovascular diseases. GMV in superior/medial/middle frontal gyri was also
significantly reduced in patients receiving oxygen therapy compared to patients not receiving oxygen therapy.
Patients with fever presented significant GMV reduction in inferior/middle temporal gyri and fusiform gyrus
compared to patients without fever. Patients with agitation showed GMV reduction in superior/medial/middle
frontal gyri compared to patients without agitation. Patients with COVID-19 showed no significant GMV dif-
ferences from patients without COVID-19 in any brain region. Results suggest that COVID-19 may affect the
frontal-temporal network in a secondary manner through fever or lack of oxygen.

1. Introduction et al., 2020), neurologic complications have been increasingly reported
in COVID-19. The most frequently reported neurological complications

Coronavirus disease 2019 (COVID-19) continues to affect people’s are impaired consciousness, confusion, and agitation, which were more
health and daily life. Besides the most characterized symptoms such as common in severe patients (Helms et al., 2020; Kremer et al., 2020;

fever, cough, fatigue, dyspnea, and headache (Kooraki et al., 2020; Tian Lovell et al., 2020; Mao et al., 2020; Moro et al., 2020). Some COVID-19
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patients also developed encephalopathy (Benussi et al., 2020; Espinosa
et al., 2020; Filatov et al., 2020; Pilotto et al., 2020; Benussi et al., 2021;
Pilotto et al., 2021), seizure (Asadi-Pooya 2020; Sohal and Mansur
2020), anosmia, and dysgeusia (Agyeman et al., 2020; Carrillo-Larco
and Altez-Fernandez, 2020; Wong et al., 2020; Xydakis et al., 2020),
which may be caused by the invasion of the virus in the central and
peripheral nervous systems (Asadi-Pooya and Simani 2020; Moriguchi
et al., 2020; Paniz-Mondolfi et al., 2020; Pezzini and Padovani 2020;
Puelles et al., 2020, Yavarpour-Bali and Ghasemi-Kasman, 2020).
Recently, direct invasion of the virus in the central nervous system was
reported in an animal study (Kumari et al., 2021), where mice presented
a much higher amount of SARS-CoV-2 virus in the brains than in the
lungs.

Neuroimaging data provide us a good opportunity to study links
between COVID-19 and the central nervous system. However, to date,
only a few studies have examined the effect of COVID-19 on the brain,
and previous findings are inconsistent. Egbert and colleagues (Egbert
et al., 2020) summarized that about a third of COVID-19 patients with
neuroimaging in the acute/subacute phase presented brain abnormal-
ities, where cerebral white matter hyperintensities (derived from mag-
netic resonance imaging, MRI)/hypodensities (derived from computed
tomography, CT) are the primary manifestation, and these abnormalities
were spread across cerebral hemispheres rather than occurring in focal
regions. Kandemirli and colleagues (Kandemirli et al., 2020) reported
that among 27 adult COVID-19 patients in the intensive care unit, ten
presented MRI signal intensity abnormalities, and these abnormalities
were located in multifocal brain regions, including frontal, parietal,
occipital, and temporal lobes, insular cortex, and cingulate gyrus. A
more recent and comprehensive review paper (Choi and Lee 2020)
revealed that acute/subacute infarcts were the most prevalent neuro-
logical complications of COVID-19, followed by cerebral micro-
hemorrhages, spontaneous intracranial ~ hemorrhage, and
encephalitis/encephalopathy, in line with clinical evidence based on
consecutive subjects evaluated for neurological alterations in acute
settings (Frontera et al., 2020; Pilotto et al., 2021). Kremer et al. (Kremer
et al., 2020) investigated brain abnormalities in 37 severe COVID-19
patients without ischemic infarcts. They reported that the most
frequent MRI characteristic were signal abnormalities in the medial
temporal lobe (43%), followed by nonconfluent multifocal white matter
hyperintense lesions on fluid-attenuated inversion recovery images with
variable enhancement and hemorrhagic lesions (30%), and extensive
and isolated white matter microhemorrhages (24%). However, most of
the aforementioned studies were based on experienced neurologists’
visual assessment. This qualitative approach does not scale and may not
be reproducible across patients and sites and does not provide detailed
and quantified information about changes in brain patterns.

In contrast, automated data-driven approaches can quantify changes
in brain patterns across participants with much less time, and the
identified patterns were more reproducible compared to that from
qualitative approaches. However, analytical neuroimaging studies of
COVID-19 are still rare. Lu et al. (Lu et al., 2020) examined the differ-
ence of gray (derived from structural MRI)/white (derived from diffu-
sion tensor imaging (DTI)) matter volume between 60 recovered
COVID-19 patients and 39 controls at a three-month follow-up by con-
ducting voxel-based morphometry (VBM) and atlas-based analyses.
They reported that recovered COVID-19 patients presented higher gray
matter volume (GMV) in widespread brain regions such as olfactory
cortices, hippocampi, insulas, and right cingulate gyrus, lower mean,
axial and radial diffusivities, as well as higher fractional anisotropy.
Some of these brain regions and global GMV were related to COVID-19
related clinical measurements. More recently, Crunfli and colleagues
(Crunfli et al., 2020) conducted a cortical surface-based morphometric
analysis on MRI scans of 145 healthy controls and 81 COVID-19 patients
that had mild respiratory symptoms. They revealed that COVID-19 pa-
tients demonstrated reduced cortical thickness in the left lingual gyrus,
calcarine sulcus, and olfactory sulcus and increased cortical thickness in
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the precentral and postcentral gyrus, and superior occipital gyrus.
Another surface-based morphometric study (Salomon et al., 2020)
showed that the lockdown remedy for slowing down COVID-19 spread
affected the brain structure of 50 healthy individuals in Israel
(T1-weighted MRI were obtained prior to the outbreak and after the
lockdown period), which introduced increased GMV in bilateral amyg-
dala, putamen, and the anterior temporal cortices, and GMV increase in
the amygdala diminished as time elapsed from lockdown alleviation.
Current analytical neuroimaging studies examining structural changes
introduced by COVID-19 mainly focus on structural MRI and DTI data,
considering regions of interest (ROIs) of the involved brain defined by
different atlases or whole brain based on univariate VBM analyses. Other
data modalities (for example, CT) and multivariate approaches (for
example, multivariate source-based morphometry (Xu et al., 2009))
have not yet been applied to study COVID-19.

To further study patterns of gray matter change, we investigate GMV
alterations underlying COVID-19 in a cohort of 120 older adults (58
COVID-19 patients and 62 non-COVID-19 participants) by applying
source-based morphometry (SBM (Xu et al., 2009)) to GMV data derived
from CT images. SBM is a multivariate blind source separation method
to capture covarying patterns of GMV among individuals. SBM assumes
GMV sources are statistically independent and enables source-level
analysis, which reduces the number of tests to be corrected and
further boosts the statistical power. Moreover, we compare SBM results
with results from univariate VBM to further evaluate the main findings.
To our best knowledge, this is the first study to investigate CT-derived
GMYV alterations underlying COVID-19 by using a multivariate analyt-
ical approach.

2. Materials and methods
2.1. Participants

The observational study included consecutive patients evaluated for
neurological symptoms at the Hospital “Azienda Socio Sanitaria Terri-
toriale Spedali Civili”, Brescia, Italy. The Hospital is located in a
metropolitan area of more than 1,200,000 people and hosted the
greatest number of admitted COVID-19 patients in Italy to date (Pado-
vani 2020). Since March 8th, most hospitals were transformed into
COVID Hospitals and neurological units were closed, but the Neurology
Department of the ASST-Spedali Civili Hospital was designated as a hub
for neurological disorders including stroke and established a dedicated
Special Neuro-COVID Acute Unit during the COVID-19 outbreak. The
study was approved by the local ethics committee of the ASST Spedali
Civili di Brescia Hospital and the requirement for informed consent was
waived by the Ethics Commission (NP 4067, approved 08.05.2020)
(Pilotto et al., 2020).

2.2. Data collection and clinical measurements

Epidemiological, demographical, clinical, laboratory, treatment, and
outcome data were extracted from both printed and electronic medical
records using standardized anonymized data collection forms. All data
were imputed and checked by four physicians (AB, AP, MG, and IL). The
admission data of included patients ranged from February 21 to April 5,
2020 (Benussi et al., 2020).

Our study enrolled all adult inpatients who were hospitalized for
neurological diseases and had a definite outcome (discharged home or to
a rehabilitation facility, or death). The criteria for discharge for patients
with COVID-19 were an absence of fever for at least 24 hours, a respi-
ratory rate <22/min, and substantial improvement at chest x-ray or CT
scan. SARS-CoV-2 detection in respiratory specimens was performed by
real-time RT PCR methods; nasopharyngeal and oropharyngeal swabs
were performed in all patients. If two consecutive tests obtained at least
24 hours apart resulted negative, and there was a high suspicion of
COVID-19 (i.e., interstitial pneumonia at chest x-ray, the low arterial
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partial pressure of oxygen), bronchoalveolar lavage was performed.

Clinical condition scales were assessed, including the quick sequen-
tial organ failure assessment (QSOFA) score, the Glasgow Coma Scale
(GCS), and the Modified Rankin Scale (mRS) (a 6-point disability scale,
the larger the value, the more severe the disability (Wilson et al., 2002)).
The mRS was evaluated pre-admission, at discharge, and at 6-month
follow-up. Patients were further grouped as having a good/bad
outcome based on their mRS scores at discharge (mRS scores in the
range of [0, 2]: good outcome; mRS scores in the range of [3, 6]: bad
outcome) (Weisscher et al., 2008). COVID-19 symptoms, such as (i) the
severity of COVID-19 disease classified according to the Brescia-COVID
Respiratory Severity Scale (BCRSS) to stratify patients into mild, mod-
erate, and severe levels (Piva et al., 2020). BCRSS ranges from 0 to 3 and
with larger values indicating severe COVID-19 symptom,; (ii) diagnosis of
pneumonia, fever, respiratory rate; (iii) treatments including oxygen
therapy and antibiotic/antiviral treatment, (iv) neurological complica-
tions including cerebrovascular events and agitation (an emotion that is
more likely to show up when an individual is under intense stress), and
(v) diagnosis of diabetes and hypertension, were also collected. Note,
fever and receipt of oxygen therapy happened roughly at the time of CT
scan.

2.3. CT images and preprocessing

CT images were collected 1-17 (4.5 + 3.34) days following COVID-
19 onsite and were acquired at the same site with two scanners: 1)
Aquilon Prime, Toshiba (Toshiba Medical Systems, Tokyo, Japan), slice
thickness = 5 mm, kilovoltage peak (KVp) = 120, pixel size (mm): 0.43 x
0.43; 2) Somatom Definition Edge, Siemens (Siemens, Erlangen, Ger-
many), slice thickness = 5 mm, kilovoltage peak (KVp) = 120, pixel size
(mm): 0.52 x 0.52.

All included CT images were downsampled to 1 mm x 1 mm x 1 mm
and jointly normalized into Montreal Neurological Institute (MNI) space
and segmented into six types of tissues (gray matter (GM), white matter,
cerebrospinal fluid, skull, soft tissue, and background) using the CTseg
toolbox (https://github.com/WCHN/CTseg (Brudfors 2020; Brudfors
et al., 2020)). The CTseg toolbox is an extension of the popular unified
segmentation routine in SPM 12 (https://www.fil.ion.ucl.ac.uk/spm/
software/spm12/ (Penny et al., 2011)), which leveraged priors on the
Gaussian mixture model parameters and an atlas learned from both
magnetic resonance imaging (MRI) and CT data to yield improved
registration and more robust segmentation. Normalized GM images
were then modulated and smoothed with a 10 x 10 x 10 mm® Gaussian
kernel. Further quality control was performed to retain participants with
a correlation larger than 0.9 with the mean GM map (no samples were
removed for this procedure since all samples had a correlation value
larger than 0.9 with the mean GM map). Gray matter refinement (i.e.,
masking) selected voxels with mean GMV larger than 0.2, yielding 1,
607,344 voxels for further analyses. Total GMV was approximated as the
sum of voxel values in the masked GM images for each participant.

2.4. Source-based morphometry analysis on GMV data

We employed SBM, a multivariate extension of VBM built into the
GIFT toolbox (http://trendscenter.org/software/gift), to identify maxi-
mally independent GMV spatial patterns that covary among individuals.
SBM leverages the multivariate blind source separation approach, in-
dependent component analysis (ICA) (Bell and Sejnowski 1995), to
decompose 120 subjects GMV data into a component matrix and a
loading matrix, where the independence of components/sources was
maximized (Xu et al., 2009). Each row of the component matrix is one
independent component, and values in one component reflect contri-
butions of individual variables (voxels) to the component. Each column
of the loading matrix is the loading vector, and values of the loading
vector represent expression levels of the corresponding component
across participants. The component number was estimated to be 15
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based on the minimum description length principle (Rissanen 1978,
1983; Calhoun et al., 2001; Li et al., 2007). Subject-wise mean removal
and principal component analysis were employed prior to ICA. ICASSO
(Himberg et al., 2004) with 10 ICA runs was used to guarantee a stable
decomposition, and the run with the highest stability index was selected
as the final ICA decomposition.

2.5. Statistical inference

The loading parameters of the 15 independent GMV components and
total GMV were further examined for their ability to discriminate
COVID-19 patients from participants without COVID-19 by using the
regression model:

Loadings of a GMV component/total GMV = diagnosis (COVID-19/non-
COVID-19) + age + gender.

Moreover, the associations between loadings of 15 GMV components
and clinical measures showing significant COVID-19 vs. non-COVID-19
difference were tested with the regression model:

Loadings of a GMV component = a clinical measure + diagnosis (COVID-19/
non-COVID-19) + age + gender.

Results were corrected for multiple comparisons using a microarray
experiments-adjusted false discovery rate (MAFDR (Storey and Tib-
shirani 2003)) of p < 0.05. MAFDR can take dependencies among tested
dependent variables into account while measuring the probability of
significance. Confounding effects from the cerebral vascular event,
diabetes, and hypertension were examined by treating each of them as a
covariate separately.

The previous study (Chen et al., 2014) has shown that scanner/site
effect can be identified and corrected by SBM, and SBM correction
provided more flexibility and ability to handle collinear effects than
general linear model-based correction. Thus, in this study, the scanner
effect was corrected on SBM results (loadings of components) by adding
scanner allocation into the abovementioned models.

2.6. Voxel-based morphometry analysis on GMV data

To further evaluate the results, we performed a univariate analysis,
VBM, on the same preprocessed GMV data to identify GM regions
discriminating COVID-19 patients from individuals without COVID-19
by using a similar regression model: a GM voxel = diagnosis (COVID-
19/non-COVID-19) + age + gender. Similarly, associations between
each voxel and COVID-19 discriminative clinical measures were exam-
ined using the regression model: a GM voxel = a clinical measure +
diagnosis (COVID-19/non-COVID-19) + age + gender. Multiple com-
parisons were corrected at FDR p < 0.05.

2.7. mRS prediction based on identified GMV loadings and clinical
variables

We examined the ability of identified GMV components for mRS
prediction. Specifically, we used the loadings of identified GMV com-
ponents (we called it CT model) to predict mRS score at discharge and 6-
month follow-up by employing support vector regression (SVR) with the
least absolute shrinkage and selection operator (LASSO) regularization.
SVR with LASSO can select features of importance and yield stable re-
sults. SVR with LASSO was cross-validated with the leave-one-out
strategy on the training samples. Regularization parameter A produc-
ing the smallest mean square error among all leave-one-out trials was
selected, which was applied to all training samples to generate the final
model. The finalized model was applied to the hold-out testing set to
evaluate its performance. The performance measures included mean
square error (MSE) and correlation coefficient (r) between the predicted
mRS and true mRS scores.


https://www.webmd.com/balance/stress-management/default.htm
https://github.com/WCHN/CTseg
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://trendscenter.org/software/gift

K. Duan et al.

In this study, 84 (70% samples) out of 120 patients were used for
training, and the remaining 36 (30% samples) were for testing. Beyond
identified GMV loadings, clinical and demographic variables, including
COVID-19 diagnosis, fever status, receipt of oxygen therapy, hyperten-
sion, cerebrovascular event, diabetes, age, and gender (we named it as
CT + clinic model), were also tested for mRS prediction.

3. Results
3.1. Summary of demographic and clinical measures

CT scans from fifty-eight adults with COVID-19 (28 female, age:
73.41 + 10.95) and sixty-two adults without COVID-19 (30 female, age:
69.46 + 16.62) were analyzed in this study (see Table 1 for detailed
demographic information, clinical diagnosis, and outcomes (disability)).
For each variable in Table 1, the p value and effect size (Chi-square or t
statistic value) reflecting COVID-19 vs. non-COVID-19 difference were
computed using the Chi-square test (for categorical variables) or two-
sample t-test (for continuous variables) (the same for Table 2).

Age and female vs. male ratio were comparable between the COVID-
19 group and non-COVID-19 group (p values of COVID-19 vs. non-
COVID-19 difference were larger than 0.05). The clinical diagnosis
was relatively balanced between the COVID-19 group and the non-
COVID-19 group. Among 120 included participants, 66 were with
normal CT (without apparent vascular lesions). 33 out of these 66 in-
dividuals were COVID-19 patients.

Table 1
Demographic information, clinical diagnosis and outcome measures.
Total (N = 120) COVID-19 Non-COVID-19 p value Effect
patients (n participants (n size
= 58) =62)
Age (mean =+ std) 73.41 £ 69.46 + 16.62 0.13 t(118) =
10.95 1.52
Gender (Female/ 28/30 30/32 0.99 x2(1) =
Male) 1.48 x
1074
Scanner (Siemens/ 28/30 26/36 0.49 x2(1) =
Toshiba) 0.49
Clinical diagnosis
Brain tumor, (n) 0 2 NA NA
Encephalopathy, 10 8
(n)
Epilepsy, (n) 7 12
Headache, (n) 1 3
ICH, (n) 4 7
Peripheral nerves 2 3
alterations, (n)
SAH, (n) 2 1
Stroke, (n) 27 24
TIA, (n) 5 2
Disability
mRS pre admission 1.19 + 1.26 + 1.31 0.75 t(118) =
(mean =+ std) 1.05 -0.31
mRS at discharge 3.78 + 2.34 + 1.66 4.81x10°°  t(118)=
(mean + std) 2.06 4.22
mRS at 6 months 3.79 + 2.23 +1.79 2.03x107° t(118)=
(mean + std) 2.08 4.44
Outcome (dead/ 21/37 3/59 1.76x107°  x*(1)=
discharged) 18.43
Good outcome 18/40 36/26 2.94x107% ()=
(yes/no) 8.85

Note, the p value and effect size are for COVID-19 vs. non-COVID-19 difference.
¥ and t denote chi-square and t statistic values with degree of freedom inside the
parentheses (the same for Table 2), respectively. The Chi-square statistic was not
available (NA) for clinical diagnosis since it does not satisfy the assumptions of
the Chi-square test. Rows in bold are outcome measures showing significant
COVID-19 vs. non-COVID-19 difference (corrected for 5 tests). Abbreviations:
ICH, intracerebral Hemorrhage; mRS, modified Ranking Scale; SAH, Subarach-
noid Hemorrhage; TIA, Transient Ischemic Attack; DF, degree of freedom; std,
standard deviation.
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Table 2
COVID-19 symptoms and treatment, its neurological complications, and con-
founding variables.

Total (N = 120) COVID-19 Non-COVID-19 p value Effect
patients (n participants (n size
=58) =62)

COVID-19 symp and tr

BCRSS (0/1/2/3) 4/28/19/7  NA NA NA

Pneumonia (0/1)  10/48 60/2 1.04x1071%  y2(1)=

77.99

Respiratory 11/47 1/61 1.54x107°% 2=
rate>21 (yes/ 10.03
no)

Fever (yes/no) 29/29 9/53 2.97x107° (D)=

17.44

GCS<15 (yes/no) 38/20 35/27 0.31 Q) =

1.03

Oxygen therapy 40/18 11/51 1.41x107% 2=
(yes/no) 32.18

Antibiotic 43/15 17/45 3.14x1077 (D)=
treatment (yes/ 26.16
no)

Antiviral 41/17 1/61 2.23x1071%  ¥2(1)=
treatment (yes/ 62.85
no)

qSOFA (0/1/2) 19/29/10 27/34/1 110 x 1072 ¥%2) =

9.03

Neurological complications and confounding variables

Agitation (yes/ 25/33 10/52 1.20x107% 2=
no) 10.55

Cerebrovascular 39/19 36/26 0.30 (1) =
event (yes/no) 1.08

Diabetes (yes/no) 15/43 7/55 393 %1072 (1) =

4.25

Hypertension (yes/  30/28 41/21 0.11 Q) =

no) 2.57

Note, the p value and effect size are for COVID-19 vs. non-COVID-19 difference.
Rows in bold are variables showing significant COVID-19 vs. non-COVID-19
difference (corrected for twelve tests)). Pneumonia value of 1 denotes COVID/
interstitial pneumonia, and pneumonia value of 0 denotes other/no pneumonia.
Abbreviations: GCS, Glasgow Coma Score; qSOFA, quick Sequential Organ
Failure.

Among 120 CT images, 54 were scanned with the Somatom Defini-
tion Edge, and the remaining 66 were acquired with the Aquilon Prime.
The scanner allocation was relatively balanced between COVID-19 and
non-COVID-19 groups (p = 0.49 for COVID-19 vs. non-COVID-19).
Outcome (dead/discharged), good outcome, mRS at discharge and six
months follow-up showed significant COVID-19 vs. non-COVID-19 dif-
ference. Given the relatively small sample size and the observation that
mRS scores provided more information of outcome, mRS scores at
discharge and six months follow-up were selected to further test their
associations with GMV loadings of decomposed 15 GMV.

3.2. Summary of COVID-19 characteristics and confounding variables

Table 2 lists the clinical characteristics (symptoms and treatments) of
COVID-19 and its neurological complications as well as the confounding
factors. Diagnosis of pneumonia, fever, an indicator of a respiratory rate
greater than 21, oxygen therapy, antibiotics and antiviral treatments,
and agitation presented significant COVID-19 vs. non-COVID-19 differ-
ence. COVID-19 patients receiving oxygen therapy had significantly
larger BCRSS values (i.e., severe COVID-19 symptom) compared to
COVID-19 patients not receiving oxygen therapy (p = 3.28 x107°).
BCRSS values of COVID-19 patients with fever were not different from
that of COVID-19 patients without fever (p = 0.42). Due to the relatively
small sample size and high prevalence of fever and lack of oxygen in
COVID-19 patients, receipt of oxygen therapy and fever status were
selected as the most important COVID-19 variables to further test their
associations with loadings of decomposed 15 GMV components.

Note that the scanner allocation was significantly related to mRS at
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discharge (p = 2.51 x 1072) and at six months follow-up (p = 2.73 x
1072), as well as the status of oxygen therapy (p = 2.47 x 10~2) (see
details in Supplemental Table S1). Thus, the interaction term between
scanner allocation and the clinical variable was considered as an addi-
tional predictor while correcting the scanner effect.

3.3. Results from source-based morphometry analysis

The total GMV did not show significant COVID-19 vs. non-COVID-19
difference (p > 0.5). Among 15 independent GMV components, no
components showed significant COVID-19 vs. non-COVID-19 difference
(p > 0.05).

Two GMV components were significantly related to clinical measures
of COVID-19 after MAFDR at p < 0.05 correction of 60 tests (15 GMV
components x 4 clinical variables (mRS at discharge, mRS at 6 months
follow-up, fever, receipt of oxygen therapy)). As plotted in Fig. 1, GMV
component 1 (IC 1, Fig. 1(a)) in superior/medial/middle frontal gyri
was significantly and negatively associated with the mRS score at
discharge (Fig. 1(b), p = 1.03 x 1073, R% = 11.55%, t = —3.37, degree of
freedom (DF) = 115, MAFDR corrected p = 3.50 x 10~2) and at 6-month
follow-up (Fig. 1(c), p = 1.71 x 1073, R? = 10.28%, t = —3.21, DF =
115, MAFDR corrected p = 2.92 x 10~2), showing that the higher the
mRS score (higher level of disability) at discharge and at 6-month
follow-up phases, the lower the GMV in superior/medial/middle fron-
tal gyri. Moreover, participants received oxygen therapy showed
significantly lower GMV in superior/medial/middle frontal gyri
compared to individuals not received oxygen therapy after controlling
for COVID-19 diagnosis (Fig. 1(d), p = 3.48 x 10’3, t=—-2.98, DF =
115, MAFDR corrected p = 2.97 x 10~2). When narrowing the sample
down to 58 COVID-19 patients, we observed that COVID-19 patients
received oxygen therapy presented GMV reduction in superior/medial/
middle frontal gyri compared to COVID-19 patients not received oxygen
therapy (p = 1.73 x 1072, t = —2.46, DF = 54).

Fig. 2 plots that GMV IC 2 in inferior/middle temporal gyri and
fusiform gyrus (Fig. 2(a)) was significantly related to fever status (Fig. 2
(b), p =2.31 x 1073, t= —3.12, DF = 115, MAFDR corrected p = 2.62 x
1072), where participants with fever had significantly lower GMV
compared to individuals without fever. Focusing on 58 COVID-19 pa-
tients, we observed that COVID-19 patients with fever presented GMV
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reduction in inferior/middle temporal gyri and fusiform gyrus compared
to COVID-19 patients without fever (p = 9.44 x 1073, t = —2.69, DF =
54). COVID-19 patients showed nonsignificant GMV reduction in GMV
IC 1 and IC 2 compared to patients without COVID-19 (IC 1: p = 0.09; IC
2: p = 0.25). The identified associations were not confounded with ce-
rebrovascular events, hypertension or diabetes (see Supplemental
Table S2 for details). Brain regions (|Z| > 2, cluster volume > 1 cms), the
corresponding volume, and peak voxel coordinates of GMV IC 1-2 are
listed in Table 3.

Moreover, the associations identified from full samples were held in
58 COVID-19 patients (see Supplemental Table S3 for details). The
severity of COVID-19 disease (BCRSS score) marginally and negatively
associated with loadings of GMV IC 1 among 58 COVID-19 patients (p =
0.08), but not related to that of GMV IC 2 (p > 0.5). Among all included
120 participants, patients with COVID/interstitial pneumonia showed
GMYV reduction in IC 1 compared to patients with other/no pneumonia
after controlling for COVID-19 diagnosis (p = 3.84 x1072). GMV
reduction was not presented in patients with COVID/interstitial pneu-
monia for IC 2 (p > 0.5).

After controlling the scanner effect on full samples, we observed that
associations between IC 1 and mRS scores at both discharge and 6-
month follow-up were still significant (discharge: p = 3.11 x 1075
follow-up: p = 3.46 x 10™3). IC 2 was still significantly related to fever
status (p = 2.76 x 107%). The association between IC 1 and oxygen
therapy was held with reduced significance (p = 1.16 x 10~2). The in-
ferences were the same as those without controlling the scanner effect.
Most of the identified associations were held in subsamples acquired
from the individual scanner (Toshiba or Siemens) (see details results in
Supplemental Table S4).

Focusing on 66 individuals with normal CT scans, we observed that
the association between IC 1 and receipt of oxygen therapy was still
significant (p = 1.80 x 1073, t = —3.27, DF = 61); The association be-
tween IC 2 and fever status was held (p = 0.03, t = —2.16, DF = 61). The
remaining associations were marginally significant (p < 0.1) and shared
similar trends as that from full samples (see Supplemental Table S5 for
details).
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Fig. 1. (a) GMV IC 1 in superior/medial/middle frontal gyri (|Z|>2) significantly associated with the mRS score at (b) discharge and (c) 6-month follow-up, and (d)
oxygen therapy status. Note, for loadings of GMV IC 1 in Fig. 1(b-d), effects from age, gender, and COVID-19 diagnosis were regressed out.
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Fig. 2. (a) GMV IC 2 in inferior/middle temporal gyri and fusiform gyrus (|Z|>2) significantly related to (b) fever status (for loadings of GMV IC2, effects from age,

gender, and COVID-19 diagnosis were regressed out).

Table 3
Talairach labels, peak voxel coordinates in Talairach space and volume of GMV
IC 1-2 (|Z] > 2, cluster volume > 1 cm®).

GMV Brain regions (Brodmann L/R volume L/R: max Z (%, y, z)

IC area) (cm3)

IC1 Superior Frontal Gyrus 4.8/5.0 4.7 (-9, 57, —19)/4.7
(10,11) (30, 54, —11)
Medial Frontal Gyrus (10, 1.8/1.9 4.7 (-10, 58, —16)/4.7
11, 25) (10, 60, —16)
Middle Frontal Gyrus (10, 2.3/1.5 4.1 (-31, 53, —-3)/4.1
11, 47) (31, 55, -7)

IC2 Inferior Temporal Gyrus 3.9/5.4 4.6 (—59, —27, —17)/5.1
(20, 21, 37) (59, —22, —20)
Fusiform Gyrus (20, 36, 2.0/1.9 4.0 (-56, —32, —19)/5.1
37) (57, —16, —23)
Middle Temporal Gyrus 1.2/5.1 3.5 (61, —30, —13)/4.6

(20, 21, 37,38) (62, —32, —11)

3.4. Results from voxel-based morphometry analysis

Similar to the SBM analysis, no voxels showed significant COVID-19
vs. non-COVID-19 differences after FDR correction for VBM. Given the
relatively small sample size and the large number of association tests
conducted, no voxels showed significant associations with the mRS score

Y =57 mm

at discharge or 6 months follow-up, presence of oxygen therapy, or fever
status after FDR correction. However, the highlighted brain regions (|
T|>2, Fig. 3, the positive and negative signs were flipped to be consis-
tent with the spatial map plots of GMV IC 1-2 in Figs. 1(a) and 2(a))
were largely overlapped with the identified GMV ICs 1-2 and shared the
same inference with SBM results regarding the mRS score at discharge
and 6 months follow-up, oxygen therapy status and fever status.

3.4. mRS prediction results

Based on SVR with LASSO, loadings of frontal and temporal com-
ponents (CT model) significantly predicted mRS scores at both discharge
(r =0.50,p = 2.04 x 10’3, MSE = 4.43) and 6-month follow up (r =
0.39, p = 1.77 x 1072, MSE = 5.19) for the testing set. Adding clinical
and demographic variables into the model (CT + clinic model), the mRS
prediction accuracy increased for both discharge (r = 0.67, p = 9.10 x
1075, MSE = 3.22) and 6-month follow up (r=0.67,p =7.06 x 1076,
MSE = 3.27). The prediction accuracies for mRS at discharge from CT
model and CT + clinic model, and weights of selected variables from CT
+ clinic model are plotted in Fig. 4(a) and (b), respectively (results for
mRS at follow-up are plotted in Supplemental Fig. S1). Age, loadings of
the GMV IC 1 (frontal region), and receipt of oxygen therapy were strong
predictors (with large weights) for mRS at discharge and follow-up
predictions, where older age, lower GMV in the frontal region and

2
Z=-22mm [|X=58 mm

Fig. 3. Results of VBM analysis (|T| > 2). Colors are coded for T values (the positive and negative signs were flipped) of association results. GMV in superior/medial/
middle frontal gyri was negatively correlated with the mRS score at discharge (subplot A) and 6 months follow-up (subplot B) and associated with the presence of
oxygen therapy (subplot C, participants receiving oxygen therapy had lower GMV compared to individuals not receiving oxygen therapy). Individuals suffering from
fever had lower GMV in the inferior/middle temporal gyri and fusiform gyrus compared to individuals without a fever (subplot D). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. (a) Prediction accuracies of mRS at discharge based on CT and CT + clinic models, (b) weight of selected variables from CT + clinic model. Note, cyan and
magenta colors in (b) denote negative and positive weights, respectively (same for Fig. S1 (b)). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

lack of oxygen were associated with larger mRS score (i.e., higher level
of disability).

4. Discussion

This study investigated CT-derived GMV alterations underlying
COVID-19 in 120 older adults by using SBM analysis. No brain regions
showed a significant difference between adults with COVID-19 and
adults without COVID-19. However, lower GMV in superior/medial/
middle frontal gyri was related to higher mRS score (i.e., a higher level
of disability) at both discharge and 6 months follow-up phases. Patients
who received oxygen therapy presented reduced GMV in superior/
medial/middle frontal gyri compared to patients who not received ox-
ygen therapy. GMV in inferior/middle temporal gyri and fusiform gyrus
was significantly reduced in patients with fever compared to patients
without fever. These associations/alterations were still significant after
controlling for cerebrovascular diseases, diabetes, and hypertension.
SBM results were also consistent with the voxel-wise patterns identified
in the VBM results. The reported associations were largely held in sub-
samples of normal CT images and in full samples with controlling
scanner effect, indicating that the identified associations were less likely
driven by vascular lesions or scanner difference.

The associated clinical measures are well characterized by COVID-
19. COVID-19 patients had higher mRS scores (i.e., a higher level of
disability) than individuals without COVID-19 at discharge, even though
both groups shared similar baseline mRS scores (Pilotto et al., 2020).
Fever has been recognized as the most common symptom of hospitalized
COVID-19 patients (Benussi et al., 2020; Ng et al., 2020; Qiu et al., 2020;
Wang et al., 2020). Oxygen therapy has been widely taken for COVID-19
patients (Barrett et al., 2020; Hassan et al., 2020; Kayem et al., 2020; Liu
et al., 2020; Paganini et al., 2020).

The result that patients who received oxygen therapy presented
reduced GMV in frontal regions can be supported by the observations
that individuals who were lack of oxygen supply to the brain demon-
strated regional GMV reduction (Zhang et al., 2013; Harch and Fogarty,
2017). Patients with chronic obstructive pulmonary disease that can

cause reduced oxygen supply to the brain have shown GMV reduction in
widespread regions, including the frontal cortex, the cingulate cortex,
and other subcortical regions (Zhang et al., 2013). A two-year-old girl
who suffered from water drowning demonstrated GMV atrophy in
temporal, parietal, and cerebellar lobes, and the GMV atrophy was
dramatically improved after receiving oxygen therapy (Harch and
Fogarty 2017).

Brain structure/function/metabolism/activity of frontal and tem-
poral lobes are increasingly reported as being affected by COVID-19. In
T2-weighted MRI studies, COVID-19 patients presented white matter
hyperintensity in frontal cortical region/right frontal lobe/right pre-
frontal cortex with (Kaya et al., 2020) or without oxygen therapy
(Anzalone et al., 2020; Koh et al., 2020; Le Guennec, Devianne et al.,
2020; Umapathi et al., 2020). Recovered COVID-19 patients manifested
lower mean diffusivity and axial diffusivity in the right superior
frontal-occipital fasciculus (Lu et al., 2020). In studies of CT head im-
ages, COVID-19 patients showed hypodensity in right/posterior frontal
gyri in white matter (Princiotta Cariddi, Tabaee Damavandi et al. 2020)
or white and gray matter (Goel et al., 2020). In EEG studies, COVID-19
patients demonstrated slow delta waves with diffuse projection but
greater amplitude in frontal regions (Vellieux et al., 2020). In
18F-FDG-PET studies, COVID-19 patients presented hypometabolism in
widespread cerebral regions, including the frontal cortex, insular and
subcortical regions, which still existed at six months post COVID-19
diagnosis (Kas et al., 2021). A series of COVID-19 patients presented
hypometabolism in prefrontal and orbitofrontal cortexes (Delorme et al.,
2020; Karimi-Galougahi et al., 2020) and hypermetabolism in cerebellar
vermis (Delorme et al., 2020). Particularly, frontal hypometabolism was
related to new-onset cognitive disturbance (Delorme et al., 2020).
Another study reported that GM cortical thickness of orbitofrontal re-
gions was negatively associated with the Beck Anxiety Inventory score of
COVID-19 patients (Crunfli et al., 2020). Moreover, COVID-19 patients
with fever demonstrated white matter hyperintensities in the temporal
lobe (Anand et al., 2020a,b) and bilateral medial temporal lobes
(Poyiadji et al., 2020), and hypometabolism in bilateral prefrontal and
left-sided parietal-temporal lobes (Delorme et al., 2020). COVID-19
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patients also presented symmetric bilateral hypodensity in the temporal
region in CT head images (Princiotta Cariddi, Tabaee Damavandi et al.
2020) and EEG dysfunction (occasional independent sharp waves) in the
right posterior temporal region (Anand et al., 2020a). Bilateral fronto-
temporal hypoperfusion was also recognized in COVID-19 patients
(Helms et al., 2020). More importantly, a different population of
COVID-19 patients, i.e., patients with long COVID-19 (enduring func-
tional impairments after apparent recovery from COVID-19), presented
hypometabolism in focal brain regions including frontal and right
temporal lobes, brainstem and cerebellum, where metabolism values in
frontal and temporal lobes correctly classified patients with long
COVID-19 and healthy controls and were associated with enduring
pain/high blood pressure/insomnia (Gued;j et al., 2021). These findings
together with our results indicate that frontal and temporal abnormal-
ities are presented in acute COVID-19 patients, and these abnormalities
are likely persistent even after recovery from COVID-19.

GMYV in the frontal-temporal network was not related to the severity
of COVID-19 symptoms (BCRSS score) and did not show a significant
difference between COVID-19 patients with diabetes and COVID-19
patients without diabetes (p > 0.05), although more diabetes was
observed in COVID-19 patients compared to participants without
COVID-19 (p = 3.93 x 1072). However, GMV in a frontal-temporal
network was reduced in patients receiving oxygen therapy or with
fever compared to those not receiving oxygen therapy or without fever.
Moreover, COVID-19 patients receiving oxygen therapy or with fever
presented GMV reduction (p < 0.05, Supplemental Table S3) in the
identified frontal-temporal network compared to COVID-19 patients not
receiving oxygen therapy or without fever. The previous study has re-
ported hypoxic injuries in the cerebrum and cerebellum with loss of
neurons in the cerebral cortex, hippocampus, and cerebellar Purkinje
cell layer in 18 patients who died from COVID-19, and no encephalitis or
other specific brain changes were observed directly caused by the virus
for these 18 patients (Solomon et al., 2020). These findings, together
with our results, indicate that COVID-19 may not affect the brain
directly. Instead, it may affect the frontal-temporal network in a sec-
ondary manner through fever or lack of oxygen (hypoxia).

The absence of findings of GMV networks presenting COVID-19 vs.
non-COVID-19 difference may be caused by two reasons: (1) This study
analyzed CT images, which were widely used for clinical diagnosis but
may not well capture (subtle) GMV alterations introduced by COVID-19.
(2) brain alterations caused by COVID-19 may not have occurred yet or
were at the early stage of progression at the time CT scans were taken. To
date, MRI scans employed in two published studies that detected GM
alterations related to COVID-19 were taken three months (Lu et al.,
2020) or with a median of 54 days (Crunfli et al., 2020) after a COVID-19
diagnosis. CT scans of COVID-19 patients included in this study were
taken 1-17 (4.5 + 3.34) days following COVID-19 diagnosis.

The current study should be considered in light of strengths and
limitations. This study employed SBM, a multivariate version of VBM, to
decompose GMV data derived from CT scans into independent sources,
and further statistical inferences were conducted at the source level,
which reduced the number of tests and boosted statistical power. SBM-
identified brain regions related to clinical measures of COVID-19 were
consistent with those from VBM. The limitations may include (i) the
findings presented in this study may not be generalizable to COVID-19
patients without brain complications, since this study mainly included
acute COVID-19 patients that more likely had neurological complica-
tions; (i) this study may fail to detect some COVID-19-related focal brain
alterations (for example, brainstem and cerebellum alterations (Guedj
et al., 2021)) since CT imaging may not evaluate these regions well; (iii)
the absence of CT images of healthy controls may hinder identifications
of brain regions potentially discriminating COVID-19 patients from
healthy controls; (iv) collecting imaging data prior to COVID-19 is
challenging since we cannot predict who will contract the virus. Thus,
we cannot rule out the possibility that fever and lack of oxygen existed
prior to COVID-19 onsite or definitively link the identified imaging
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markers to fever/lack of oxygen introduced by COVID-19; (v) as the
sample size of this study is relatively small, the generalizability of the
findings awaits future validation.

5. Conclusions

This study leveraged a multivariate blind source separation method,
SBM, to identify CT-derived GMV alterations underlying COVID-19 in
120 older adults. Results showed that GMV in a frontal-temporal
network was reduced in patients receiving oxygen therapy or with
fever compared to those not receiving oxygen therapy or without fever.
Moreover, patients with higher mRS score (higher level of disability)
had lower GMV in superior, medial, and middle frontal gyri at both
discharge and at six months follow-up even when controlling for cere-
brovascular diseases, indicating that the frontal networks could repre-
sent a core/hub region for the brain involvement in COVID-19, beyond
the presence of specific (focal) damage related to clinical manifestations
(i.e., stroke, ICH, encephalitis) of COVID-19. GMV in the frontal region
was reduced in patients with agitation compared to patients without
agitation, implying that alterations in the frontal region likely underlie
the mood disturbance introduced by COVID-19. Importantly, GMV al-
terations in the identified frontal-temporal network can predict indi-
vidual disability levels (i.e., mRS) at both discharge and 6 months
follow-up for the hold-out testing samples, implying that the frontal-
temporal network can be potentially employed as a biomarker for
prognosis and evaluation of treatment of COVID-19.
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