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Abstract

Background To evaluate the neurological alterations induced by Omicron infection, to compare brain changes
in chronic insomnia with those in exacerbated chronic insomnia in Omicron patients, and to examine individuals
without insomnia alongside those with new-onset insomnia.

Methods In this study, a total of 135 participants were recruited between January 11 and May 4, 2023, includ-

ing 26 patients with chronic insomnia without exacerbation, 24 patients with chronic insomnia with exacerbation,

40 patients with no sleep disorder, and 30 patients with new-onset insomnia after infection with Omicron (a total

of 120 participants with different sleep statuses after infection), as well as 15 healthy controls who were never infected
with Omicron. Neuropsychiatric data, clinical symptoms, and multimodal magnetic resonance imaging data were col-
lected. The gray matter thickness and T1, T2, proton density, and perivascular space values were analyzed. Associations
between changes in multimodal magnetic resonance imaging findings and neuropsychiatric data were evaluated
with correlation analyses.

Results Compared with healthy controls, gray matter thickness changes were similar in the patients who have

and do not have a history of chronic insomnia groups after infection, including an increase in cortical thickness

near the parietal lobe and a reduction in cortical thickness in the frontal, occipital, and medial brain regions. Analyses
showed a reduced gray matter thickness in patients with chronic insomnia compared with those with an aggravation
of chronic insomnia post-Omicron infection, and a reduction was found in the right medial orbitofrontal region (mean
[SD], 2.38 [0.17] vs. 2.67 [0.29] mm; P<0.001). In the subgroups of Omicron patients experiencing sleep deterioration,
patients with a history of chronic insomnia whose insomnia symptoms worsened after infection displayed height-
ened medial orbitofrontal cortical thickness and increased proton density values in various brain regions. Conversely,
patients with good sleep quality who experienced a new onset of insomnia after infection exhibited reduced cortical
thickness in pericalcarine regions and decreased proton density values. In new-onset insomnia patients post-Omicron
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infection, the thickness in the right pericalcarine was negatively correlated with the Self-rating Anxiety Scale
(r=—0538, P=0.002, Prpg=0.004) and Self-rating Depression Scale (r= —0.406, P=0.026, Prg=0.026) scores.

Conclusions These findings help us understand the pathophysiological mechanisms involved when Omicron
invades the nervous system and induces various forms of insomnia after infection. In the future, we will continue
to pay attention to the dynamic changes in the brain related to insomnia caused by Omicron infection.

Keywords Sleep quality deterioration, Post-Omicron infection, Gray matter thickness, Cerebral edema, Perivascular

space

Background

Coronavirus disease 2019 (COVID-19), resulting from
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection, has led to unprecedented global mor-
bidity and mortality. Post-viral infection neurological
damage has emerged as a significant concern, giving rise
to symptoms such as brain fog, insomnia, and motor
retardation [1]. Previous studies have documented struc-
tural and functional brain alterations following Delta
variant infection [2-5], providing valuable insights into
the infection mechanisms and sequela causation. Nev-
ertheless, a gap exists in the realm of imaging evidence,
particularly concerning whether the mechanism of nerv-
ous system invasion by the currently prevalent Omicron
strain parallels that of the Delta strain and whether the
targeted brain regions align with those affected by the
Delta variant.

Insomnia, as a symptom of neurological invasion, is a
prevalent and persistent issue following Delta variant
infection [6], yet our comprehension of the connection
between Omicron strains and insomnia remains limited.
Notably, the prevalence of insomnia is higher in Omi-
cron-infected patients than in those infected during the
dominant phase of the Delta variant or previous variants
[7], and various scenarios, including the exacerbation of
preexisting insomnia and the emergence of new-onset
insomnia, have been documented [6]. While an imag-
ing study has explored the link between neurologic MRI
and sleep disorders post-COVID-19 [2], the association
between insomnia disorders and neurological structures
following Omicron variant infection, as well as the mech-
anisms underlying the deterioration in sleep quality and
the related neurological structural changes across differ-
ent populations, remains unclear.

Multimodal magnetic resonance imaging (MRI) offers
a broader range of complementary physiological and
biochemical insights into the brain than single-modality
MRI. Nonetheless, there is a deficiency of multimodal
imaging data for Omicron-infected individuals, along
with a lack of comprehensive neuropsychological assess-
ment scales. Therefore, we employed three sequences,
namely, three-dimensional = magnetization-prepared
rapid acquisition gradient echo (3D-MPRAGE), magnetic

resonance image compilation (MAGIC) [8], and diffu-
sion tensor imaging analysis along the perivascular space
(DTI-ALPS) [9], to capture structural and functional
brain changes. Our overall objective was to investigate
the associations of 3D-MRPAGE, MAGIC, and DTI-
ALPS findings with neuropsychological factors, encom-
passing measurements of cortical thickness, relaxometry
information, and lymphatic system activity within the
brain [10].

This study had three primary objectives: First, we
evaluated the changes in cortical thickness by compar-
ing four groups of patients with different sleep statuses
after Omicron infection to uninfected healthy controls,
respectively. This aimed to assess the alterations in gray
matter microstructure of the nervous system induced by
Omicron infection. Specifically, we compared chronic
insomnia with exacerbated chronic insomnia in Omi-
cron patients and examined individuals without insom-
nia alongside those with new-onset insomnia. Third, we
aimed to examine the neuropsychological relevance of
the aforementioned changes in Omicron-infected indi-
viduals experiencing a deterioration in sleep quality. We
prospectively collected imaging data, alongside pertinent
clinical information and neuropsychological data, from
both healthy subjects and Omicron-infected individuals
with varying sleep quality. The differences in the brain
were investigated in an MRI data-driven manner.

Methods

Participants and study design

We conducted a prospective cross-sectional study on
120 participants with different sleep statuses after infec-
tion with Omicron. All participants were consecutively
recruited through the insomnia clinic in the Department
of Psychiatry and WeChat recruitment advertisements
between February 6 and May 4, 2023.

All subjects infected with Omicron were diagnosed
twice by three experienced psychiatrists according to the
International Classification of Sleep Disorders (ICSD-3)
to determine whether they suffered from insomnia dis-
orders before and after infection. For patients diagnosed
with insomnia disorder before infection, those whose
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sleep disturbances and daytime symptoms persisted
for more than 3 months were diagnosed with chronic
insomnia. Subsequently, chronic insomnia patients were
divided into groups based on subjective perceptions of
changes in sleep status after Omicron infection, namely
the exacerbated chronic insomnia group and the non-
exacerbated chronic insomnia group. Patients who did
not exhibit symptoms of insomnia before infection but
developed symptoms consistent with the ICSD-3 diag-
nostic criteria after infection, which did not persist for
more than 3 months, were diagnosed with acute insom-
nia. Therefore, the 120 participants infected with Omi-
cron were divided into four groups: (a) patients with a
history of chronic insomnia whose sleep status did not
change after infection (CI group), (b) patients with a
history of chronic insomnia whose insomnia symptoms
worsened after infection (CIA group), (c) individuals
with good sleep quality who had no change in sleep status
after infection (NI group), and (d) individuals with good
sleep quality who experienced a new onset of insomnia
after infection (NOI group). Fifteen healthy controls
(HCs) were also recruited through WeChat recruitment
advertisements from January 11 to March 2, 2023, and
they underwent regular SARS-CoV-2 nucleic acid test-
ing to ensure they were not infected with SARS-CoV-2.
The inclusion criteria for the different sleep status groups
were as follows: (a) nucleic acid test result was positive;
(b) the sleep state of chronic insomnia patients and indi-
viduals with good sleep quality changed or remained
unchanged after infection; and (c) did not infect with
Delta variant and infected with Omicron variant for the
first time. The exclusion criteria for all participants were
as follows: (a) an MRI contraindication; (b) a history of

Step 1: Recruit subjects

2a: Effects of Omicron infection on the nervous system
(3D-MPRAGE)

o -- --
o -- --
[

2b: Effects of sleep status changes on the nervous system L
after Omicron infection
(3D-MPRAGE, MAGIC, DTI)

HCs 15 subjects

January 11 — March 2, 2023

. Post-Omicron 120 subjects

CI: chronic insomnia 26 subjects

February 6 - May 4, 2023

CIA:chronic insomnia aggravating 24 subjects
NI: no insomnia 40 subjects

NOI: new onset of insomnia 30 subjects

MR examinations

&

HC: 3D-MPRAGE
Post-Omicron:
3D-MPRAGE, MAGIC, DTI

Questionnaires

=

Characteristics
Neuropsychiatric tests
Neurocognitive tests
Clinical symptoms

o -

3D-MPRAGE

. .

3D-MPRAGE

Step 2: MRI data analysises

Page 3 of 15

structural brain abnormalities, such as epilepsy, trau-
matic brain injury and psychiatric illness; and (c) a his-
tory of tumors and endocrine diseases. This study was
approved by the Ethics Committee of the Second Xiangya
Hospital of Central South University, Hunan, China
(approval number: 2020S004), and all participants signed
informed written consent. The experimental design is
shown in Fig. 1. Comparisons were made as follows:
(a) brain gray matter thickness changes were compared
between the HC group and the CI group, the HC group
and the CIA group, the HC group and the NI group, and
the HC group and the NOI group; (b) brain gray matter
thickness, the index of MAGIC, and the values of ALPS
changes were compared between the CI and CIA groups
and the NI and NOI groups.

Clinical and neuropsychological tests

Demographic characteristics and neuropsychological
test results were collected from 135 individuals follow-
ing MRI scanning, including the Pittsburgh Sleep Qual-
ity Index (PSQI), Self-rating Anxiety Scale (SAS) score,
and Self-rating Depression Scale (SDS) score. The cog-
nitive tests administered included the Logical Memory
(LM) test, the Digit Symbol Substitution Test (DSST), the
Knowledge subscale of the Wechsler Intelligence scale,
the Forward and Backward Digit Span (FDS and BDS,
respectively) tests, and the Word Fluency Test (WFT),
which was assessed in terms of logical memory, process-
ing speed, sustained attention, and working memory. The
inclusion of cognitive tests aimed to control for gray mat-
ter changes in the nervous system caused by differences
in cognitive function among groups. For the one hundred

Step 3: Correlation analysises
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Fig. 1 Flowchart of the study. 3D-MPRAGE, three-dimensional magnetization-prepared rapid acquisition gradient echo; MAGIC, magnetic

resonance image compilation; DTI, diffusion tensor imaging
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and twenty post-Omicron infection patients, informa-
tion on multisystem clinical symptoms, the PSQI, and the
Insomnia Severity Index (ISI) were collected.

MRI acquisition and MR data preprocessing

Patients were scanned on a 3.0-T MR scanner (Signa Pre-
mier, GE Healthcare, Waukesha, W1I) using a 48-chan-
nel head coil. The MRI scanning sequences included
T1-weighted imaging, T2-weighted imaging, fluid-
attenuated inversion recovery imaging, 3D-MPRAGE,
MAGIC, and DTIL. 3D-MPRAGE of HCs was acquired
using a 3.0-T MRI scanner (Siemens Skyra, Siemens
Healthcare, Erlangen, Germany) with 32-channel head
coils. All participants wore earplugs and were placed
supine with a foam pad between the head and the coil to
minimize motion artifacts. The scanning parameters are
shown in Additional file 1.

3D-MPRAGE

The gray matter thicknesses were calculated by free-
surfer 6.0 (http://surfer.nmr.mgh.harvard.edu). The pre-
processing pipeline encompassed a sequence of essential
procedures, commencing with the assessment of image
quality and followed by motion correction; the removal
of nonbrain tissues including the neck, scalp, and skull;
subsequent intensity normalization; Talairach registra-
tion; precise segmentation of subcortical white matter;
and meticulous demarcation of gray and white matter
boundaries. Further refinement was achieved through
topology correction and surface deformation processes.
Ultimately, each individual’s cerebral structure was co-
registered with a standardized spherical atlas. Addition-
ally, manual interventions were carried out to rectify any
inaccuracies in cortical segmentation within the image
dataset.

MAGIC

The whole-brain T1, T2, and proton density (PD) values
of each patient were automatically extracted based on the
anatomical labeling gray matter template and the Johns
Hopkins University White Matter Template using an in-
house code embedded in MATLAB 2013b (V8.2.0.701)
after MAGIC data were affined to 3D T1-weighted imag-
ing using affine parameters of 3D T1-weighted images
to rigidly register, segment, and normalize into a Mon-
treal Neuroscience Institute space. Detailed brain region
information is provided in Additional file 2: Table S1 [11].

DTI-ALPS

The DTI data were processed using FSL V. 6.0.3 (https://
fsl.fmrib.ox.ac.uk/fsl). In this process, the brain mask was
initially estimated, and the raw images were subsequently
cropped. Eddy-current artifacts were then corrected for
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the computation of diffusivity values along the x-axis,
y-axis, and z-axis directions within each image. Based on
the Johns Hopkins University atlas, three regions of inter-
est (ROIs) were positioned within the projected fiber area
along the z-axis, the associated fiber area along the y-axis,
and the subcortical fiber area along the x-axis. This pro-
cedure facilitated the computation of diffusion metrics
along the x-axis, y-axis, and z-axis for both the left and
right hemispheres. Finally, the ALPS indexes were cal-
culated for each case: ALPS index=(mean (x-axis dif-
fusivity in the projection area, x-axis diffusivity in the
association area))/(mean (y-axis diffusivity in the projec-
tion area, z-axis diffusivity in the association area)). The
ALPS indexes for the left sides and right sides of the pro-
jection areas and association areas, as well as the average
bilateral ALPS indexes, were calculated [9, 12].

Statistical analysis

Clinical information, scale scores, and T1, T2, PD, and
ALPS index values were evaluated by using IBM SPSS
Statistics 24.0. Quantitative data are presented as either
the mean + standard deviation or median and quartiles,
while categorical data are presented as frequencies and
percentages. Two-sample Wilcoxon-Mann—Whitney U
tests, two-sample ¢ tests, and chi-square tests were used
in the statistical comparisons. For the 3D-MPRAGE data,
multiple comparisons were corrected for using Monte
Carlo simulation cluster analysis. For MAGiC and ALPS
data, we applied false discovery rate (FDR) correction
for multiple comparisons. Statistical significance was
denoted by P values less than 0.05.

Post hoc ROIs and correlation analysis

The gray matter thicknesses were extracted from each
subject and displayed in a violin image. Pearson or Spear-
man correlation analyses were applied as appropriate
based on the normal distribution of the data. Linear
regression analysis was used to calculate the correlation
between continuous variables and binary data. For all
correlation analysis results, we also conducted FDR cor-
rection for multiple comparisons.

Results

Participant characteristics and clinical symptoms

The summary of participant characteristics is presented
in Table 1 and Additional file 2: Table S2. There was no
statistically significant difference in age, sex, education
level, or neurocognitive test scores between the HC and
CI groups, HC and NI groups, CI and CIA groups, and
NI and NOI groups. Compared with HCs, CI patients
demonstrated significantly increased PSQI (mean [SD],
5.07 [2.19] vs. 12.00 [3.25]; P<0.001), SAS (mean [SD],
31.27 [7.54] vs. 39.50 [8.62]; P=0.004), and SDS (mean
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[SD], 32.71 [7.93] vs. median, 39.00 [IQR, 33.25-50.00];
P=0.005) scores, but there were no statistically signifi-
cant differences in neuropsychiatric test scores between
HCs and NI patients. CIA patients had significantly
increased ISI (mean [SD], 10.62 [7.78] vs. 14.67 [5.49];
P=0.040), SAS (mean [SD], 39.50 [8.62] vs. 46.29 [10.88];
P=0.018), and SDS (median, 39.00 [IQR, 33.25-50.00]
vs. mean [SD], 48.67 [10.83]; P=0.010) scores compared
with CI patients, but there was no significant difference
in PSQI scores between the two groups. PSQI (mean
[SD], 4.03 [1.98] vs. 12.97 [2.31]; P<0.001), ISI (mean
[SD], 2.40 [2.31] vs. 14.50 [5.53]; P<0.001), SAS (mean
[SD], 32.98 [7.72] vs. 47.17 [10.49]; P<0.001), and SDS
(median, 31.00 [IQR, 26.00-36.00] vs. mean [SD], 49.20
[11.91]; P<0.001) scores were significantly different
between the NI and NOI groups.

As shown in Table 2, there were no significant differ-
ences in the clinical symptoms between CI and CIA
participants. Compared with respiratory and digestive
system symptoms, patients with a history of chronic
insomnia had a higher frequency of neurological symp-
toms after being infected with Omicron, such as fever (CI
vs. CIA, 16 participants [61.53%] vs. 16 [66.67%]), head-
aches (14 [53.85%] vs. 16 [66.67%]), fatigue (18 [69.23%]
vs. 22 [91.67%]), myalgia (15 [57.69%] vs. 14 [58.33%]),
and taste loss (15 [57.69%] vs. 14 [58.33%]). Among the
respiratory and digestive system symptoms, cough (CI
vs. CIA, 14 participants [53.85%] vs. 18 [75.00%]) and
decreased appetite (13 [50.00%] vs. 16 [66.67%]) had
the highest incidence. Compared with the NI group,
the NOI group showed a significant increase in the fre-
quency of headache (NI vs. NOI, 23 participants [57.50%]
vs. 25 [83.33%]; P=0.021), myalgia (22 [55.00%] vs. 24
[80.00%]; P=0.029), slower reaction time (9 [22.50%] vs.
16 [53.33%]; P=0.008), expectoration (17 [42.50%)] vs. 24
[80.00%]; P=0.002), dyspnea (4 [10.00%] vs. 10 [33.33%];
P=0.016), and chest tightness (5 [12.50%] vs. 13 [43.33%];
P=0.003).

Multimodal brain MRI alterations

Effects of Omicron infection on the nervous system
Compared with HCs, the gray matter thickness showed
a significant reduction in the left medial orbitofrontal
(HCs vs. CI, mean [SD], 2.52 [0.18] to 2.26 [0.12] and
2.65 [0.19] to 2.36 [0.18] mm; P<0.001 for both), lingual
(mean [SD], 1.96 [0.13] to 1.70 [0.11] mm; P<0.001),
pericalcarine (mean [SD], 1.97 [0.18] to 1.74 [0.18] mm;
P<0.001) and right lateral occipital (mean [SD], 1.90
[0.06] to 1.70 [0.12] mm; P<0.001) regions, and a sig-
nificant increase in the left inferior parietal (mean [SD],
2.11 [0.15] to 2.34 [0.13] and 2.26 [0.15] to 2.49 [0.11]
mm; P<0.001 for both) and right superior parietal (mean
[SD], 2.13 [0.13] to 2.33 [0.13] mm; P<0.001) regions in
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the CI group (Fig. 2A). The NI group showed a signifi-
cantly reduced gray matter thickness of the left medial
orbitofrontal (HCs vs. NI, mean [SD], 2.54 [0.18] to 2.30
[0.13] mm; P<0.001), cuneus (mean [SD], 1.98 [0.17]
to 1.81 [0.19] mm; P=0.001), lingual (mean [SD], 2.11
[0.17] to 1.85 [0.20] mm; P<0.001), and right pericalcar-
ine (mean [SD], 1.80 [0.12] to 1.59 [0.14] mm; P<0.001)
regions and an increased gray matter thickness in the
left inferior parietal (mean [SD], 2.21 [0.10] to 2.45 [0.08]
mm; P<0.001), supramarginal (mean [SD], 2.41 [0.20] to
2.65 [0.15] mm; P<0.001), and bilateral superior parietal
(L, mean [SD], 2.12 [0.12] to 2.39 [0.16] mm and R, 2.20
[0.16] to 2.43 [0.20]; P<0.001 for both) regions compared
with the HC group (Fig. 2B). Details and post hoc ROI
analysis are shown in Table 3. There was no correlation
between the gray matter thickness and the neuropsychi-
atric test scores (SAS and SDS scores) in the CI group.
The differences between the HC and CIA groups and
the HC and NOI groups are shown in Additional file 2:
Table S3.

Effects of sleep status changes on the nervous system

after Omicron infection

3D-MPRAGE data analyses showed a lower gray mat-
ter thickness in the CI group than in the CIA group, and
a reduction was found in the right medial orbitofrontal
region (CI vs. CIA, mean [SD], 2.38 [0.17] to 2.67 [0.29]
mm; P<0.001) (Fig. 2C). Compared with the CI group,
the CIA group showed a significant decrease in T1 values
(left occipital and right olfactory and temporal lobes) and
an increase in T2 values (left occipital and parietal and
right precuneus lobes) and PD values (bilateral frontal
and right occipital and precuneus lobes) (Fig. 3). ALPS-L
had a significant increase in the CI (L vs R, mean [SD],
1.55 [0.24] to 1.38 [0.19]; P<0.001) and CIA (L vs R,
mean [SD], 1.53 [0.27] to 1.36 [0.18]; P<0.001) patients
compared with ALPS-R. Details and post hoc ROI anal-
ysis results are shown in Tables 3 and 4. There was no
correlation between the gray matter thickness and neu-
ropsychiatric test scores (SAS and SDS scores) in the CIA
patients.

An analysis of NOI patients revealed reduced gray
matter thickness in the right pericalcarine region (NI vs.
NOI, mean [SD], 1.62 [0.16] to 1.50 [0.15] mm; P=0.002)
compared to NI patients (Fig. 2D). The NOI group had
a significant decrease in PD values (right lingual, fusi-
form, parietal, and temporal lobes) compared with the
NI group (Fig. 3), but there was no significant difference
in T1 and T2 values. The results of the MAGiC among
groups did not pass FDR correction.

There were no significant differences in ALPS-L, ALPS-
R, and ALPS-mean scores between the CI and CIA
groups or the NI and NOI groups. But compared with
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Table 2 Clinical information between Cl and CIA groups and NI and NOI groups

CI (N, %) CIA (N, %) X P NI (N, %) NOI (N, %) X P
Fever 16,61.53% 16, 66.67% 0.142 0.706 33,82.50% 26,86.67% 0.02 0.887
Headache 14,53.85% 16, 66.67% 0.855 0.355 23,57.50% 25,83.33% 5309 0.021"
Fatigue 18,69.23% 22,91.67% 2,649 0.104 32,80.00% 28,93.33% 1519 0218
Myalgia 15,57.69% 14,58.33% 0.002 0.963 22,55.00% 24, 80.00% 4755 0.029"
Olfactory loss 7,26.92% 7,29.17% 0.031 0.86 13,32.50% 10, 33.33% 0.005 0.941
Taste loss 15,57.69% 14,58.33% 0.002 0.963 21,52.50% 17,56.67% 0.12 0.729
Slower reaction time 10, 38.46% 11,45.83% 0278 0.598 9,22.50% 16, 53.33% 7.099 0.008"
Motor delay 4,15.38% 9,37.50% 3.172 0.075 18,20.00% 12,40.00% 336 0.067
Cough 14,53.85% 18, 75.00% 2424 0.119 28,70.00% 25,83.33% 1657 0.198
Expectoration 10, 38.46% 12, 50.00% 0674 0412 17,42.50% 24,80.00% 9935 0.002"
Dyspnea 6,23.08% 7,29.17% 0.241 0.624 4,10.00% 10, 33.33% 5833 0.016"
Chest tightness 5,19.23% 8,33.33% 129 0.256 5,12.50% 13,4333% 8532 0.003"
Chest pain 1,9.80% 3,12.50% 0.366 0.545 3,7.50% 5,16.67% 0.662 0416
Decreased appetite 13, 50.00% 16, 66.67% 1423 0.233 24, 60.00% 22,73.33% 1353 0.245
Nausea 1,9.80% 3,12.50% 0.366 0.545 9,22.50% 4,13.33% 0.953 0.329

Cl Patients with a history of chronic insomnia whose sleep status did not change after infection, CIA Patients with a history of chronic insomnia whose insomnia
symptoms worsened after infection, NI Individuals with good sleep quality who had no change in sleep status after infection, NOI Individuals with good sleep quality
who experienced a new onset of insomnia after infection, N Number of subjects

" P values less than 0.05 indicate statistical significance
2 Chi-square test
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Fig. 2 Results of gray matter thickness analysis and post hoc ROl analysis between HCs and Cl groups, HCs and NI groups, Cl and CIA groups, and NI
and NOI groups. A Compared with the HCs, the gray matter thickness significantly reduced in the left medial orbitofrontal, lingual, pericalcarine,
and right lateral occipital and significantly increased in the left inferior parietal and right superior parietal in the Cl group. B Compared with the HCs,
the NI group had significantly reduced gray matter thickness of the left medial orbitofrontal and lingual and increased in the left inferior parietal,
supramarginal, and bilateral superior parietal. C Significant difference in the right medial orbitofrontal between Cl and CIA groups. D NOI patients
revealed reduced gray matter thickness in the right pericalcarine compared to NI group. In the violin image, red and blue showed the gray matter
thickness difference in the left brain, and yellow and green showed the gray matter thickness difference in the right brain. RO, region of interest;

R, right; L, left; Cl, patients with a history of chronic insomnia whose sleep status did not change after infection; CIA, patients with a history

of chronic insomnia whose insomnia symptoms worsened after infection; NI, individuals with good sleep quality who had no change in sleep status
after infection; NOI, individuals with good sleep quality who experienced a new onset of insomnia after infection
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Table 3 Significant gray matter thickness differences between HCs and Cl groups, HCs and NI groups, Cl and CIA groups, and NI and

NOI groups
Index Brain regions Side (R/L) Size MNI coordinate Values P
X Y z
HCs vs CI (15 vs 26)
Thickness (mm) Medial orbitofrontal L 934.09 -119 25.2 -16.9 252+0.18 226+0.12 <0.001
415.82 -10.3 399 —-42 265+0.19 236+0.18 <0.001
Inferior parietal L 52347 —289 —84.2 122 2.11£0.15 234£0.13 <0.001
380.10 —39.2 —-624 29.7 226+0.15 249+0.11 <0.001
Lingual L 462.16 -37 -87.1 -54 196+0.13 1.70+£0.11 <0.001
Pericalcarine L 332.09 -7.0 —-93.7 82 1.97+0.18 1.74+0.18 <0.001
Lateral occipital R 1542.30 226 -91.7 -79 1.90+0.06 1.70+0.12 <0.001
Superior parietal R 423.87 202 —-592 554 2.13+0.13 2.33+0.13 <0.001
HCs vs NI (15 vs 40)
Thickness (mm) Inferior parietal L 3835.17 —40.2 —-70.0 14.5 221+0.10 245+0.08 <0.001
Medial orbitofrontal L 803.98 —-125 26.1 —-17.1 254+0.18 230+0.13 <0.001
Supramarginal L 296.95 -523 —-414 313 241+0.20 265+0.15 <0.001
Cuneus L 283.66 -49 -92.7 9.1 1.98+0.17 1.81+0.19 0.001
Lingual L 276.64 -6.8 -92.7 -10.2 211+0.17 1.85+0.20 <0.001
Superior parietal L 382.95 -169 —65.1 50.2 212£0.12 239+0.15 <0.001
R 23391 293 -49.0 63.5 220+0.16 243+0.20 <0.001
Pericalcarine R 644.63 89 —-728 57 1.80+0.12 1.59+0.14 <0.001
Clvs CIA (26 vs 24)
Thickness (mm) Medial orbitofrontal R 22642 59 471 -183 238+0.17 2.67+0.29 <0.001
NI vs NOI (40 vs 30)
Thickness (mm) Pericalcarine R 705.06 235 -69.5 40 1.62+0.16 1.50+0.15 0.002

R Right, L Left, MNI Montreal Neurological Institute, HCs Healthy controls, Cl Patients with a history of chronic insomnia whose sleep status did not change after
infection, CIA Patients with a history of chronic insomnia whose insomnia symptoms worsened after infection, NI Individuals with good sleep quality who had no
change in sleep status after infection, NO/ Individuals with good sleep quality who experienced a new onset of insomnia after infection

ALPS-R, ALPS-L showed a significant increase in the NI
(L vs R, mean [SD], 1.49 [0.23] to 1.36 [0.16]; P<0.001)
and NOI groups (L vs R, mean [SD], 1.49 [0.23] to 1.37
[0.17]; P=0.005). Details and post hoc ROI analysis
results are shown in Tables 3 and 4. In NOJ, the thickness
in the right pericalcarine was negatively correlated with
SAS (Fig. 4A, r=-0.538, P=0.002, Pppz=0.004) and
SDS (Fig. 4B, r= —0.406, P=0.026, Pypr =0.026) scores.
No significant correlation was found between differential
clinical symptoms in the NI and NOI groups and differ-
ential cortical thickness in brain regions.

Discussion

This study employed a multimodal MRI approach to
investigate changes in gray matter thickness in individu-
als with and without Omicron infection and with and
without a decline in sleep quality. Comparative analysis
with an HC group revealed that both CI and NI indi-
viduals exhibited similar patterns of gray matter thick-
ness alterations. These patterns included an increase in
cortical thickness near the parietal lobe and a reduction
in cortical thickness in the frontal, occipital, and medial

brain regions. In the subgroups of Omicron patients
experiencing sleep deterioration, CIA patients displayed
heightened medial orbitofrontal cortical thickness and
increased PD values in various brain regions. Conversely,
NOI patients exhibited reduced cortical thickness in per-
icalcarine regions and decreased PD values, with cortical
thickness demonstrating a negative correlation with anxi-
ety and depression scores. The findings from DTI-ALPS
indicated a lateralized distribution, with all patients dis-
playing decreased DTI-ALPS values in their right hemi-
sphere compared to the left hemisphere.

Neuropsychiatric symptoms and clinical sequelae

Patients infected with the Omicron variant exhibited
varying degrees of exacerbation in anxiety when com-
pared to a control group of healthy subjects. These
findings are consistent with prior research [13]. Irre-
spective of the patient type, those experiencing a
decline in sleep quality demonstrated significant dif-
ferences in anxiety and depression levels compared to
their pre-worsening condition. Notably, the disparity
was most pronounced when contrasting the NOI group
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Fig. 3 Results of MAGIC analysis between Cl and CIA groups and NI and NOI groups. Compared with the Cl group, the CIA group showed

a significant decrease in T1 values in the left occipital and right olfactory and temporal lobes (A) and an increase in T2 values in the left occipital
and parietal, and right precuneus lobes (B), and in PD values in the bilateral frontal and right occipital and precuneus lobes (C). D The NOI group
had a significant decrease in PD values in the right lingual, fusiform, parietal, and temporal lobes) compared with the NI group. Cl, patients

with a history of chronic insomnia whose sleep status did not change after infection; CIA, patients with a history of chronic insomnia whose
insomnia symptoms worsened after infection; NI, individuals with good sleep quality who had no change in sleep status after infection; NOI,
individuals with good sleep quality who experienced a new onset of insomnia after infection; MAGIC, magnetic resonance image compilation; PD,

proton density

with the NI group, whereas no such difference was dis-
cerned between NI patients and HCs. Patients grap-
pling with insomnia displayed higher levels of anxiety
and depression than those without this condition [14].
These results suggest that anxiety and depressive symp-
toms are likely linked to Omicron-induced insomnia
rather than the infection itself. Furthermore, chronic
insomnia represents a substantial risk factor for the
onset of anxiety and depression [15]. It is plausible
that individuals in the CIA group already had elevated
levels of anxiety and depression prior to the exacerba-
tion of their insomnia, which may have contributed to
the observed lesser differences. Among the symptoms
assessed, insomnia patients frequently experienced
fatigue, fever, cough, headache, myalgia, and decreased
appetite, listed in order of frequency. The NOI group
exhibited more pronounced symptoms in the nerv-
ous, respiratory, and musculoskeletal systems than the

NI group. These intensified symptoms likely hindered
patients from achieving restful sleep and consequently
contributed to a decline in overall sleep quality.

Effects of infection on patients with Cl and NI

Our findings indicate that structural brain changes result-
ing from Omicron infection are characterized by similar-
ities in individuals in the CI and NI groups. Specifically,
we observed multiple regions displaying a reduction in
cortical thickness, primarily concentrated in the frontal,
temporal, and occipital lobes. These regions included the
middle orbitofrontal lobe, lingual gyrus, pericalcarine,
and cuneus. Prior investigations have reported a decline
in cerebral blood flow in the frontal lobe three months
after recovery in patients with severe COVID-19 [16].
The reduction in frontal lobe volume was correlated with
elevated inflammatory markers during hospitalization
[16], possibly indicating mechanisms associated with the
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Table 4 Significant MAGIC and DTl index differences between Cl and CIA groups and NI and NOI groups

Index Brain regions Side (R/L) Values t P
Clvs CIA (26 vs 24)
" Occipital L 1196.50+7843 1152.64+3864 2.537 0.016
Olfactory R 1242.96+71.79 120646 +4521 2.168 0.036"
Temporal R 1416.05+5195 1381104265 0.146 0.013"
T2 Occipital L 9490+4.11 100.28+10.88 2345 0.025
Parietal L 111.33+9.86 118.13+12.36 —2137 0.038"
Precuneus R 95.11+475 0835+647 —2024 0.049’
PD" Frontal L 79.03+2.03 80.59+2.46 —2458 0.018"
R 85324359 87.81+244 2838 0.007"
Olfactory R 80.72+2.15 8193+137 2347 0.023
Precuneus R 7637+1.28 7721101 2458 0.018"
ALPS-L - L 1554024 1534027 0.308 0.759
ALPS-R - R 138+0.19 136+0.18 0414 0681
ALPS Lvs R (Cl) - - 1554024 (L) 138+0.19 (R) 5839 <0.001"
ALPS L vs R (CIA) 1534027 (L) 136+0.18 (R) 5.164 <0.001"
ALPS-mean - - 146+0.20 144+0.22 0.351 0.727
NI vs NOI (40 vs 30)
PD" Lingual R 76.81+0.78 76.54+1.05 2.881 0.005"
Fusiform R 80.72+1.21 79.90+1.28 2.738 0.008"
Parietal R 8168+122 80.55+1.30 3.724 <0.001"
Temporal R 82.89+205 8184+163 2326 0.023"
ALPS-L - L 1494023 1494023 0.064 0.949
ALPS-R - R 136+0.16 1374017 0442 0.660
ALPS L vs R (NI) - - 149+023 (L) 136+0.16 (R) 5832 <0.001"
ALPS L vs R (NOI) - - 149+0.23 (L) 137+0.17 (R) 3.042 0.005"
ALPS-mean - - 142+0.18 143+0.18 -0.118 0.907

MAGIC Magnetic resonance image compilation, DT/ Diffusion tensor imaging, R Right, L Left, MNI Montreal Neurological Institute, C/ Patients with a history of chronic
insomnia whose sleep status did not change after infection, CIA Patients with a history of chronic insomnia whose insomnia symptoms worsened after infection,

NI Individuals with good sleep quality who had no change in sleep status after infection, NOI Individuals with good sleep quality who experienced a new onset of
insomnia after infection, ALPS Analysis along the perivascular space

" Pvalues less than 0.05 indicate statistical significance
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Fig. 4 Correlation analysis results. In the NOI group, the thickness in the right pericalcarine was negatively correlated with SAS and SDS. SAS,
self-rating anxiety scale; SDS, self-rating depression scale

immune response or inflammatory cascades. Similarly, orbitofrontal cortex, even in those with milder cases [17].
a brain MRI study conducted on UK Biobank COVID-  SARS-CoV-2 can access the brain through various routes,
19 patients noted reduced gray matter thickness in the including the olfactory bulb, cerebrospinal fluid, and
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compromised blood—brain barriers [18]. Although direct
infection of the nervous system by SARS-CoV-2 is rare,
relevant autopsies have found the presence of the virus
in nerve and capillary endothelial cells in the frontal lobe
tissues of SARS-CoV-2-infected patients [19]. The olfac-
tory tract extends from the olfactory bulb along the base
of the frontal cortex [20], and the target of SARS-CoV-2
virus, angiotensin-converting enzyme 2, is commonly
expressed in vessels of various calibers in the frontal cor-
tex [21]. Extensive connectivity exists between the occip-
ital lobe and the olfactory bulb [22], and the amygdala,
located in the medial part of the temporal lobe, receives
inputs from the olfactory bulb and the associated cortex
[23]. During viral brain infections, microglia and infiltrat-
ing macrophages secrete various inflammatory factors
aimed at viral clearance. However, an excessive release
of inflammatory factors can induce neuronal apoptosis,
leading to a severe central nervous system inflammatory
response and neuronal damage within the cortex [24],
where neurons converge. The Omicron viral particles are
likely propagated through the olfactory bulb and its con-
nections with the frontal lobe, similar to previous strains,
thus inciting neuroinflammation and neuronal destruc-
tion in these regions. These mechanisms may underlie
the observed reduction in cortical thickness.

Furthermore, post-Omicron infection, patients exhib-
ited an increase in cortical thickness in regions proxi-
mate to the parietal lobe, including the superior parietal
lobe, inferior parietal lobe, and supramarginal gyrus.
Notably, previous neuroimaging studies focusing on
COVID-19-related neuroimaging have reported exten-
sive white matter edema in the parietal lobe [25] and
perfusion deficits [26], but no prior research has docu-
mented alterations in the parietal cortex. COVID-19 can
induce neurological damage through a variety of mecha-
nisms. Immune responses to SARS-CoV-2 can trigger
neuroinflammation, leading to an elevation in cytokines,
chemokines, and immune cell transport within the brain.
This cascade of events induces a reactive state in micro-
glia and other immune cells in the brain and its borders
[27]. The proliferation of associated immune cells in
the cortex may represent one of the mechanisms con-
tributing to the observed increase in cortical thickness.
In-depth exploration of the associated mechanisms is
imperative to uncover the underlying intricacies.

Given the prior observation of reduced cortical thick-
ness in the orbitofrontal cortex among individuals with
a history of insomnia [28], there exists a potential over-
lap in the cortical areas affected by both insomnia and
the Omicron variant. The changes in cortical thick-
ness observed in the CI group are likely a result of the
combined impact of insomnia and Omicron infection.
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Further investigation is required to elucidate the precise
mechanisms and effects.

Mechanisms of insomnia exacerbation in Cl

In a comparison between patients with chronic insom-
nia exacerbation and chronic insomnia, we observed an
increase in the thickness of the right medial orbitofron-
tal cortex in patients with CIA. However, this increase
in cortical thickness was not significantly correlated
with neuropsychological test scores. In further analy-
ses using MAGIC, we identified elevated values for T2
and PD in several brain regions. Notably, PD values can
offer insights into tissue water content and reflect struc-
tural damage within the brain [29]. The increased PD
values observed in the MAGIC analyses may indicate
higher water content in the frontal lobe. The entry of
SARS-CoV-2 Omicron viral particles may have induced
edema in the medial orbitofrontal cortex through the
mechanisms previously discussed, potentially result-
ing in functional impairment in this region. This, in
turn, may mediate the exacerbation of sleep disorders
in patients with insomnia. Notably, prior studies have
revealed a positive correlation between the thickness of
the right orbitofrontal cortex and the severity of primary
insomnia in patients [30]. In line with this, our findings
demonstrated that individuals with CIA, experiencing
exacerbated insomnia, exhibited increased thickness in
the right medial orbitofrontal cortex. This finding sug-
gests that the initially affected brain region may be more
susceptible to viral impact. However, some studies have
reported contrasting results, including bilateral gray mat-
ter deficits in the frontal lobes and smaller orbitofrontal
cortex volumes [31] or thicknesses [28] in patients with
more severe insomnia. We believe that these variations in
results may be attributed to differences in subject char-
acteristics, sample size, or variations in the mechanisms
of nervous system damage. In summary, our results pro-
vide further insights into previous research, emphasizing
the pivotal role of the right medial orbitofrontal cortex in
the further deterioration of sleep quality induced by the
Omicron variant in patients with CL

Mechanisms of new-onset insomnia in NI participants

The pericalcarine region of patients after Omicron
infection demonstrated reduced cortical thickness and
showed increased anxiety and depressive symptoms
compared to HC. Further comparisons of NOI with
NI, we observed reduced cortical thickness in the right
pericalcarine regions and significantly higher levels of
anxiety and depression in patients with NOI. Relevant
studies on the pericalcarine region are relatively limited.
In a comprehensive MRI study involving the brains of
6503 patients with bipolar disorder and healthy subjects,
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it was observed that, in adult bipolar disorder patients,
an extended duration of the disease was associated with
the reduced cortical thickness of the pericalcarine in the
brain bilaterally [32]. In addition, studies have shown that
patients with major depressive disorder have reduced
gray matter volume in the right pericalcarine [33]. Simi-
larly, our correlation analysis showed that lower right
pericalcarine cortical thickness was associated with
higher levels of anxiety and depression in patients with
NOL In the context of MAGIC analysis, diminished PD
values were observed in several brain regions. This sug-
gests that, unlike the situation observed in CIA, the
mechanism underlying NOI may not be related to edema
in key brain regions but rather linked to symptoms such
as anxiety and depression. Prior research has consistently
shown that mental health conditions, particularly depres-
sion and anxiety, are linked to sleep disturbances fol-
lowing SARS-CoV-2 infection [34-36]. The relationship
between insomnia and anxiety and depression appears to
be bidirectional, as insomnia can contribute to the devel-
opment of anxiety and depression symptoms. Conversely,
the presence of anxiety and depression can disrupt sleep
patterns [37-39]. Our findings indicate that Omicron
infection led to damage in the cortex of the pericalcar-
ine area, which may be associated with negative emotions
such as anxiety and depression. A combination of factors,
including heightened anxiety and depression levels and
a more pronounced set of clinical symptoms in patients
with NOI, likely mediated the deterioration of sleep
quality.

Exploration of possible mechanisms of deteriorating sleep
quality

While we did not observe significant differences in DTI-
ALPS values between participants with varying sleep
quality, we identified significant variations in DTI-ALPS
values between the left and right hemispheres in all
patients. This damage was predominantly localized on
the right side, consistent with a prior study on COVID-
19 brain imaging that reported a tendency for damage
to be concentrated in the right cerebral hemisphere [40].
SARS-CoV-2 can induce neurological damage through
neuroinflammatory mechanisms [27]. The glymphatic
system functions to transport fluid to all regions of the
brain, and any disruption in this system has the poten-
tial to impact the brain’s drainage capabilities [41]. A
recent study on the response of the choroid plexus to
local and peripheral inflammation has indicated that
acute inflammation is associated with an overproduc-
tion of cerebrospinal fluid [42]. Increased cerebrospinal
fluid secretion can enhance the clearance of antigens
such as viruses, particularly following localized injury.
Moreover, as blood flow and blood volume are typically
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higher in the dominant hemisphere of the right hand, the
dominance of the left glymphatic system may be associ-
ated with differences in bilateral hemispheric blood vol-
ume [43]. Increased cerebral blood volume can stimulate
the metabolism and activity of choroid plexus cells [44],
potentially leading to heightened cerebrospinal fluid
secretion. Lower DTI-ALPS values in the right hemi-
sphere of the brain may signify a less effective clearance
response following SARS-CoV-2 infection, which could
explain the lateralized distribution observed in our
results. Further exploration of the relevant mechanisms
warrants investigation in the future. Unfortunately, DTI
sequences were not collected from the HC patients in our
study, which limited our ability to make comparisons.
This study has several limitations. First, due to chal-
lenges in recruiting healthy subjects who were not previ-
ously infected given the surge in BA.5/BE.7 breakthrough
infections among Chinese residents between Decem-
ber 2022 and January 2023, we opted to include healthy
subjects who had participated in a previous study as our
HC group. The determination of exacerbated insom-
nia symptoms in patients relied on their subjective
self-assessments, which may vary due to the differing
sensitivities of individuals to these symptoms. The results
of the MAGIC groups did not pass multiple comparison
correction; however, they may reflect a trend in cortical
T1, T2, and PD value changes across the groups, indicat-
ing the potential utility of the MAGIC sequence. In the
future, we aim to increase the sample size to increase the
statistical power, thereby allowing us to detect changes
in MAGIC. Finally, and importantly, this study is cross-
sectional in nature, which limits our ability to establish
causal relationships. In the future, we plan to conduct
longitudinal follow-up studies to provide a more compre-
hensive and dynamic understanding of these factors.

Conclusions

In summary, individuals with CI and NI exhibited com-
parable alterations in cortical thickness relative to HCs.
However, considerable disparities in cortical thickness
changes and MAGIC features were evident in patients
with varying sleep quality, and the negative correla-
tion between cortical thickness and anxiety-depressive
symptoms in those with NOI suggests distinct mecha-
nisms underlying sleep quality deterioration in CI and NI
patients. These findings contribute to our understanding
of the pathophysiological mechanisms involved when
SARS-CoV-2 invades the nervous system and leads to
different forms of insomnia following infection. They also
offer novel insights into the early clinical diagnosis of dis-
tinct types of sleep quality deterioration through multi-
modal imaging, opening avenues to target these diverse
mechanisms for treatment. In the future, our research
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will continue to include dynamic tracking, with a specific ~ Availability of data and materials
focus on the neurological consequences associated with No datasets were generated or analysed during the current study.

insomnia symptoms triggered by the Omicron variant. .
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