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Approximately 7% of COVID-19 patients (1.3% children) have exhibited symptoms
of post-acute sequelae of SARS-CoV-2 infection (PASC), or Long COVID, and
20% of those present with neuropsychiatric symptoms. While a large number of
MRI-based neuroimaging studies in this population have shown cortical atrophy
in terms of gray matter volume and cortical thickness in patients, there is a
growing body of work showing brain volume enlargements or thickness
increases in patients compared to COVID negative controls. To investigate this
further, we used structural magnetic resonance imaging (MRI) to examine
differences in gray matter thickness for the cortical limbic and the dorsolateral
prefrontal cortical regions between patients with Long COVID and healthy
controls. Results showed increased cortical thickness in the caudal anterior,
isthmus, and the posterior cingulate gyrus as well as the rostral middle frontal
gyrus respectively along with higher gray matter volume in the posterior
cingulate and the isthmus cingulate in patients with Long COVID. Cortical
thickness and gray matter volumes for regions of interest (ROls) were also
associated with the severity measures, clinical dementia rating, and anxiety
scores in the Long COVID group. Our findings provide supporting evidence for
cortical hypertrophy in Long COVID.

KEYWORDS
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1 Introduction

COVID-19 infection is a respiratory disease that took the world by storm after its
emergence in December 2019 and was caused by the SARS-CoV-2 virus. Acute symptoms of
SARS-CoV-2 infection can range in severity, but common symptoms include cough, fever,
chills, etc. or in some more severe cases, kidney failure, nervous system problems, and even
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death. As of April 2024, there have been 775 million confirmed cases
of COVID-19 and over 7 million deaths worldwide as per the World
Health Organization (WHO) (1). Additionally, since the emergence
of the pandemic, a phenomenon known as ‘Long COVID’ or Post-
acute sequelae of COVID-19 (PASC) has affected multiple organs
with an increasing risk with every subsequent re-infection (2).
Although the Long COVID syndrome is still being studied,
currently it is defined by the presence of persistent symptoms and/
or delayed long-term complications of SARS-CoV-2 infection beyond
4 weeks from the onset of symptoms (3). These ‘complications’ range
from brain fog, cognitive impairment, or fatigue and also involve
symptoms such as irregular menstruation and chest pains thus
affecting almost every organ system. Neuropsychiatric symptoms
such as fatigue, subjective cognitive impairment (“brain fog”),
anxiety, and depression are the most common Long COVID
symptoms (4, 5). Currently, it is estimated that around 7% of
COVID-19 cases experience Long COVID (6-8), which may be
underestimated due to reduced awareness of the symptoms and the
disease course among patients and healthcare providers. The
underlying mechanisms and causes of Long COVID are still
unknown, but one study has documented one risk factor- high
levels of cortisol predicted clinical and immunological
manifestations of Long COVID (9). A recent meta-analysis (10)
identified 19 studies, encompassing a total of 11,324 patients. Overall
the rates of psychiatric symptoms in Long COVID were: fatigue
(37%, 95% CI: 24%-50%), brain fog (32%, 9%-55%), memory issues
(27%, 18%-36%), attention disorder (22%, 10%-34%), myalgia (18%,
4%-32%), anosmia (12%, 7%-17%), dysgeusia (11%, 4%-17%) and
headache (10%, 1%-21%). neuropsychiatric conditions included sleep
disturbances (31%, 18%-43%), anxiety (23%, 13%-33%) and
depression (12%, 7%-21%). Neuropsychiatric symptoms
substantially increased in prevalence over longer-term follow up.
Patients who were hospitalized for Long -COVID had much higher
rates of neuropsychiatric symptoms. Cohorts with >20% of patients
admitted to the ICU during acute COVID-19 experienced higher
prevalence of fatigue, anxiety, depression, and sleep disturbances than
cohorts with <20% of ICU admission.

60 years
(Healthy control)

FIGURE 1
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Studies have been largely conducted on older populations over
the age of 50 as well as more severe cases of infection, compared to
milder cases. Several reports detected neural changes and
abnormalities after a COVID-19 diagnosis (11, 12). Brain
imaging, specifically magnetic resonance imaging (MRI), is the
primary technique used for a wealth of these studies to
comprehend structural and functional changes in the brain.
Douaud et al. investigated structural changes in the brain in UK
Biobank in cases of COVID-19 (13). Their research focused
primarily on differences post infection, with 141 days between
scans. Cognitive decline measured through six cognitive tasks was
seen to be higher on average in the experimental group, even after
the exclusion of hospitalized patients. Additionally, structural
changes included reduced global brain size, reduced thickness and
contrast of gray matter in the parahippocampal gyrus and
orbitofrontal cortex, and markers of tissue damage in the
olfactory pathways. Even after excluding hospitalized patients,
these differences were still observed (13). These changes were
hypothesized to be related to the virus’ spread through olfactory
pathways, although further research is needed. Limited research is
available to characterize brain changes in Long COVID. Increased
gray matter volume primarily in the limbic and olfactory systems in
patients with Long COVID 8 months after infection has been
previously reported (5). Additionally, voxel-based morphometry
(VBM) analysis indicated larger gray matter volume in various areas
of the brain including the hippocampus and the amygdala (5).
Furthermore, subcortical nuclei and white matter differences were
dependent on severity of infection and duration of recovery or
rehabilitation (14). These results are conflicting with results of the
COVID studies detailed above, with the primary wealth of literature
surrounding COVID-19 suggesting a reduction in gray matter
volume or thickness. These novel findings could potentially
indicate potentially differing mechanisms of viral infection or
compensatory mechanisms in case with Long COVID and
those without.

For illustrative purposes, Figure 1 shows T1-weighted MR
images for a healthy control of age 60 years and a participant who

62 years
(Long COVID)

T1-weighted MR images for a healthy control of age 60 years and a participant diagnosed with Long COVID of age 62 years. The red circle denotes

white matter hyperintensities.
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was diagnosed with Long-COVID of age 62 years. The subject with
Long-COVID showed white matter hyperintensities in the regions
associated with the corona radiata.

In this study, we used structural MRI to investigate the
anatomical brain differences between subjects with Long COVID
and COVID-negative participants (COVID-) along with the
associations between structural measures and the severity of
chronic medical illness as well as anxiety scores. Since the focus is
on Long COVID, we selected the dorsolateral prefrontal cortex
(DLPFC) comprising the rostral middle frontal gyrus and the
caudal middle frontal gyrus, and the cingulate gyrus (caudal
anterior cingulate, posterior cingulate, and the isthmus cingulate),
the entorhinal cortex, and the insular cortex. The DLPFC is primarily
selected as it is implicated in cognitive function including working
memory and executive function and has shown to be susceptible to an
inflammatory immune response due to PASC (15, 16). Further, the
DLPFC is also being investigated as a potential neuromodulatory
target to relieve the symptom severity associated with PASC (17-19).
Finally, the cingulate gyrus was selected as its role in emotion
regulation and episodic memory processing is impaired in Long
COVID (20, 21). The insula has been implicated in Long-COVID in
several recent studies (5, 22). Finally, the entorhinal cortex was
selected because cognitive impairments in Long-COVID
participants show common features with those of Alzheimer’s
disease and related dementias (23). Our study aims to investigate
these regions, to map the structural changes and their associations
with clinical measures in PASC.

2 Methods
2.1 Participants and clinical assessments

Participants for this study were recruited from the UCLA
hospital and the broader Los Angeles community. They included
36 individuals (14 males and 22 females) ranging from ages 20 to 67
years. 28 of these participants who had received a COVID-19
diagnosis approximately one year prior of performing the study.
The remaining 8 were COVID negative (no prior history of
COVID) and were classified as COVID negative controls. Of the
28 COVID-19 diagnosed participants, 21 participants were scanned
successfully, of which 15 subjects were deemed to have Long
COVID (Long-COVID), while 6 subjects were previously
diagnosed with COVID but did not exhibit any symptoms of
Long COVID. Owing to the small sample size of the non-Long
COVID participants, in this paper, we only focused on a
comparative analysis between Long-COVID participants and
COVID- controls. COVID-19 tests were not conducted at the
time of the study, participants self-reported their test results along
with their test date in the case of Long-COVID groups. Additional
demographic information collected included years of education,
handedness, race, and native language. Participants received UCLA
IRB-approved telephone screening or online screening for patients
followed by an in-person screening (either remote or onsite) for
those eligible. Clinical measures assessed on the participants
included: the Montreal Cognitive Assessment (MoCA), the 24-
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item Hamilton Depression Scale (HAMD), the Hamilton Anxiety
Scale (HAMA), the Stroke Risk Factor Prediction Chart (CVRF) of
the American Heart Association for rating cerebrovascular risk
factors, the Cumulative Illness Rating Scale-Geriatric (CIRS-G)
used for rating the severity of chronic medical illness in several
organ-systems, the Connor-Davidson resilience scale (CDRISC),
and the clinical dementia rating (CDR) evaluation used to score the
presence or absence of mild dementia. These measures were
selected based on the prevalence of symptoms of Long COVID.
The HAMA and HAMD are widely used measures to quantify
anxiety and depressive symptoms, among the most common
neuropsychiatric symptoms of COVID-19. The MoCA is used to
assess multiple cognitive domains including memory and executive
function and it also used to screen for mild cognitive impairment.
The impact of COVID on resilience has also been studied (24).
Additionally, the CIRS-G assessed for cognitive symptoms such as
brain fog, memory loss, sleep disturbances, etc., while the CVRF was
used as a measure of cardiovascular risk and has been established as
a hallmark of COVID-19 (25).

2.2 Image acquisition and processing

Images were acquired using a Siemens 3T Prisma MRI system
at UCLA’s Brain Mapping Center with a 32-channel phased array
head coil. Acquisition sequences were identical to the Human
Connectome Project Lifespan studies for Aging and Development
(https://www.humanconnectome.org). Structural MRIs included T1-
weighted (T1w) multi-echo MPRAGE (voxel size=0.8mm isotropic;
repetition time (TR)=2500ms; echo time (TE)=1.81:1.79:7.18ms;
inversion time (TI)=1000ms; flip angle=8.00; acquisition time (TA)
=8:22 min) and T2-weighted (T2w; voxel size=0.8mm isotropic;
TR=3200 ms; TE=564ms; TA=6:35 min) acquisitions with real-time
motion correction. Multimodal imaging data were visually
inspected and preprocessed with the HCP minimal pipelines
(36,37) using the BIDS-App. Utilizing T1lw and T2w structural
MRI data, PreFreeSurfer, FreeSurfer, and PostFreeSurfer
preprocessing streams were used to obtain accurate cortical
surface reconstructions for the estimation of cortical gray matter
thickness and segmented using the Desikan-Killiany Atlas (26).

Regions of interest (ROIs) were parcellated based on the
Desikan atlas separately for each participant after their brains
were warped to the atlas space, and the average gray matter
volume and cortical thickness was measured for each ROI for
each participant. Both gray matter thickness and volumes were
analyzed for these regions of interest (ROIs). For the cingulate
gyrus, both the individual subdivisions and the combined (adding
measures for caudal anterior, isthmus, and posterior cingulate)
thickness and volume measures were analyzed.

2.3 Statistical analysis
We first compared the Long-COVID and COVID- participants

on demographic and clinical characteristics using Fisher’s exact tests
for categorical variables and nonparametric Kruskal-Wallis tests for
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continuous variables. Statistical analysis of gray matter thickness and
volumes for group differences between Long-COVID and COVID-
participants was conducted using linear regression models with age,
sex, and intracranial volumes (ICV) as covariates for the ROIs in R
version 4.3.1. Further, fixed effects linear models were used to
determine relationships between gray matter structures and clinical
variables while controlling for the above covariates. The resulting p-
values showing statistical significance were not corrected for multiple
comparisons (7 ROIs x 2 hemispheres x 2 measures (GM thickness,
GM volume) = 28 measurements).

3 Results

3.1 Clinical differences between long-
COVID and COVID- participants

Table 1 presents the demographic and clinical characteristics of
the study groups. In this sample, participants with Long-COVID
were significantly younger than COVID- participants; in addition,
they had significantly greater depressive and anxiety symptoms
than the COVID- group. The two groups did not differ significantly
in their MoCA scores, cardiovascular risk or their cumulative illness
ratings (controlling for age).

3.2 Structural MRI differences between
long-COVID and COVID- participants

The Long-COVID group showed bilaterally higher cortical
thickness for the caudal anterior cingulate (left: F=5.75, p=0.03;
right: F=5.56, p=0.03), the right posterior cingulate (F=4.69,
p=0.04), the right isthmus cingulate (F=8.67, p=0.01), and the
right rostral middle frontal gyrus (F=5.65, p=0.03) compared to
the COVID- group. Higher gray matter volume was observed in the
Long-COVID group in the bilateral posterior cingulate (left, right:
F=5.01, p=0.04), and the right isthmus cingulate (F=6.97, p=0.02).
Finally, the combined total cingulate showed significant difference
in the right hemisphere for both thickness (F=6.06, p=0.02) and
volume (F=9.13, p=0.01). Table 2 lists the groups differences
between all the selected ROIs. Figure 2 (left) shows plots of
cortical thickness differences between the Long-COVID and the
COVID- groups for the left and right caudal anterior cingulate, the
right posterior cingulate, and the right isthmus cingulate. Figure 3
(top row) shows plots of gray matter volume differences between
the Long-COVID and the COVID- groups for the left and right
posterior cingulate and the right isthmus cingulate ROIs. None of
the differences survived multiple comparisons correction.

3.3 Structural MRI associations with clinical
symptoms in the long-COVID group

In the Long-COVID group alone, we found significant

(uncorrected for multiple comparisons) positive associations for
the ROI gray matter thickness between the right caudal anterior
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TABLE 1 Characteristics of study participants.

Demographics®

Age (years) 41.0 (13.5), 22-62 | 53.8 (18.3), 20-67 0.05
Sex 7M/8F 3M/5F 1
Education (years) 16.1 (2.0), 13-20 15.8 (1.9), 14-20 0.5
Race 0.3
White 7 4
Black 0 1
Asian 2 2
Other 6 1
Hispanic ethnicity 7 1 0.2
Mean interval between
COVID-19 diagnosis and 9.3 (6)
Imaging (months)
Clinical characteristics™
MoCA
» o e 257 (2.6), 1829 | 24.9 (3.1), 20-27 0.9
(cognitive domains, MCI)
HAMD
K 11.3 (4.9), 4-19 49 (4.4), 1-14 0.01
(depression)
HAMA
R 9.6 (4.2), 3-17 4.1 (3.7), 1-12 0.01
(anxiety)
CVRF
) ) 4.1(23), 1-9 7.0 (3.9), 2-12 0.2°
(cardiovascular risk)
CIRS-G
4.1 (4.8), 0-15 1.8 (1.4), 0-4 0.1°

(chronic medical illness)

CDRISC s
. 63.8 (12.1), 48-98 = 67.8 (12.6), 48-88 0.28°
(resilience)
CDR  N=8 (CDR=0), N=7 (CDR=0), | s
(dementia) 0-1 0-1 ’

*p-values determined using Fisher’s exact tests for categorical variables and nonparametric.
Kruskal-Wallis tests for continuous variables.

“mean (SD), range for continuous measures; number for categorical variables.

“p-value determined using Logistic regression.

Scontrolling for age.

cingulate and CIRS-G (t=2.73, p=0.02, adj.r2 = 0.49), the left and
right isthmus cingulate with CIRS-G (left: t=2.35, p=0.04, adj.r2 =
0.33 right: t=3.47, p=0.01, adj.r2 = 0.68), the left and right posterior
cingulate and CIRS-G (left: t=2.30, p=0.04, adj.r2 = 0.44 right:
t=4.27, p=0.001, adj.r2 = 0.69), and the left insula with HAMA
(t=2.39, p=0.04, adj.r2 = 0.25). The left and the right insular cortical
thickness was positive associated with CDRISC (t=3.52, p=0.01, adj.
r2 = 0.76) and HAMA (t=2.39, p=0.04, adj.r2 = 0.25). Further, the
cortical thickness for the left rostral middle frontal gyrus (t=2.87,
p=0.02, adj. r2 = 0.39), the left isthmus cingulate (t=3.45, p=0.01,
adj. r2 = 0.53), and the right posterior cingulate (t=2.97, p=0.01,
adj.r2 = 0.53) showed positive associations with CDRISC.

Finally, the ROI gray matter volumes in the Long-COVID
group showed positive associations between the left caudal middle
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TABLE 2 Structural MRI differences between Long-COVID and COVID- participants.

Brain Region Hemisphere F-value Sig.
(uncorrected)
Thickness Thickness
Volume Volume
Dorsolateral Caudal middle frontal gyrus L 0.02 0.89
prefrontal cortex
(DLPFEC) 0.27 0.61
Rostral middle frontal gyrus L 0.28 0.60
0.08 0.78
Limbic system Caudal anterior cingulate L 5.75 0.03 *
1.48 0.24
Posterior cingulate L 3.38 0.08
5.01 0.04 *
Isthmus cingulate L 244 0.14
0.66 0.43
Entorhinal cortex L 0.97 0.34
0.72 0.41
Insula L 3.29 0.09
293 0.10
Dorsolateral Caudal middle frontal gyrus R 0.00 0.96
prefrontal cortex (DLPFC)
0.00 0.95
Rostral middle frontal gyrus R 5.65 0.03 *
1.40 0.25
Limbic system Caudal anterior cingulate R 5.56 0.03 *
2.40 0.14
Posterior cingulate R 4.69 0.04 *
5.01 0.04 *
Isthmus cingulate R 8.67 0.01 *
6.97 0.02 *
Entorhinal cortex R 0.15 0.71
0.27 0.61
Insula R 4.40 0.05 *
0.25 0.62

* denotes ROIs with p < 0.05 (uncorrected).

frontal gyrus and HAMA (t=2.31, p=0.04, adj.r2 = 0.31), and a
negative association for the left caudal anterior cingulate (t=-3.92,
p=0.002, adj.r2 = 0.719818) and the right posterior cingulate (t=-
2.60, p=0.03, adj.r2 = 0.48) with CDR, while the right entorhinal
cortical volume showed positive associations with CIRS-G (t=2.79,
p=0.02, adj.r2 = 0.47) and CDRISC (t=2.45, p=0.03, adj.r2 = 0.41).

Figure 2 (right) shows the thickness associations between the
right caudal anterior cingulate, right posterior cingulate, and the
right isthmus cingulate with CIRS-G, and between the left insula
and HAMA within the Long-COVID group. The associations for

Frontiers in Psychiatry

gray matter volume for the left caudal anterior cingulate and the
right posterior cingulate with CDR, and between the left caudal
middle frontal gyrus and HAMA are shown in Figure 3
(bottom row).

4 Discussion

In a small sample of Long COVID participants, we were able to
show differences in cortical thickness between the Long-COVID
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FIGURE 2

Left: Cortical thickness differences between the Long COVID (Long-COVID) and the COVID- groups for the left and right caudal anterior cingulate
and the right isthmus and posterior cingulate ROIs. Right: Structural associations with clinical measures in the Long-COVID group. The right caudal
anterior, isthmus, and the posterior cingulate thickness is associated with illness severity (CIRS-G), while the left insular thickness is associated with

anxiety (HAMA).

and the COVID- groups with an increase in gray matter thickness
in Long COVID patients compared to the COVID negative group.
We were also able to demonstrate cortical thickness associations of
the cingulate ROIs and the insula with clinical variables including
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FIGURE 3
Top row: Gray matter volume differences between the Long-COVID and the COVID- groups for the left and right posterior cingulate and the right
isthmus cingulate ROIs. Bottom row: Structural associations with clinical measures in the Long-COVID group. The left caudal anterior and the right
posterior cingulate volume is associated with the clinical dementia rating score (CDR) while the left caudal middle frontal gyrus volume is associated
with anxiety (HAMA).
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Our findings of group differences in structural neural changes

contrast with some prior studies. For example, in a large population
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from the UK Biobank, Douaud et al. (13) show reduced cortical
thickness in orbitofrontal cortex and parahippocampal gyrus in
patients in a pre-post comparison. Other studies have shown
reduced gray matter volume (27) in older adults with COVID-19
(although the participants had also received oxygen therapy when
hospitalized) as well as reduced cortical thickness and gray matter
volume in patients with varying neurological symptom severity.
Our study analyzed cortical thickness, which has a different
anatomical interpretation than gray matter volume despite being
strongly correlated with each other.

In our sample, within the participants with Long COVID,
higher thickness in selected regions of the cingulate was
associated with increased severity of chronic medical illness (CIR-
G) while higher thickness in the insula was associated with an
increased anxiety (HAMA). Additionally, higher gray matter
volume in the left caudal middle frontal gyrus was associated with
increased anxiety (HAMA), whereas reduced gray matter volume in
the Long COVID participants was associated with mild cognitive
impairment (CDR). Thus, the more severe the symptoms of illness
and anxiety, the greater was the cortical thickness and gray matter
volume for the selected regions. These findings are in line with those
studies that have found an increase in gray matter thickness (or
volume) in participants who are survivors of COVID-19 or those
who have Long COVID. For example, our thickness findings trend
in the same direction as the volume findings reported by (5, 28, 29)
although their findings are longitudinal. Further, it is observed that
cortical thickness is more sensitive to aging compared to gray
matter volume (30, 31). A COVID-19 imaging study (5) from a
VBM (32) analysis have shown an increase in gray matter volumes
in the limbic and the olfactory systems and replicates a previous
VBM study (29) that also report an increase in gray matter volume.
In another pre-post 3 month within-patient, follow up study by 28
(28) COVID-19 patients showed significantly higher bilateral gray
matter volumes (GMV) in the olfactory cortex, the hippocampus,
insular cortex as well as right cingulate gyrus among other regions.
Another study focusing on COVID-19 survivors exhibiting fatigue
showed higher gray matter volume in the limbic system and basal
ganglia, and the posterior cingulate in particular. Our findings also
agree with a recent Long COVID study that showed increase in
cortical thickness across multiple groups comprising uninfected
healthy participants, COVID-19 survivors, and participants who
went on to have Long COVID (with and without cognitive deficits)
(22). Particularly they showed greater cortical thickness in the
prefrontal and temporal gyri, insula, posterior cingulate,
parahippocampal gyrus, and parietal areas.

The disparity in the direction of the effects may be a
consequence of the heterogeneous sample of participants with
varying levels of symptoms as well as acute- and non-acute
presentation of illness. Among several possible reasons, brain
tissue swelling due to neuroinflammation and the resulting
migration of immune cells (22) or from persistent neurovascular
injuries (33) has been suggested to be a putative cause. Alternatively,
a compensatory mechanism resulting in neurogenesis and
hypertrophy (34) or persistent neuroinflammation (35) may also
be considered as explanations for thickness increase.
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4.1 Study limitations

Limitations of our study include a relatively small and
homogeneous sample, two groups not well matched by age with
COVID- subjects being older, and the lack of longitudinal follow
up. Due to the small sample, the study lacked sufficient power for
achieving statistical significance post multiple comparisons
correction. Since we did not have neuroimaging data pre- and
post-infection, it was not straightforward to determine if the brain
changes were transient in nature or long-lasting. While the
cardiovascular risk factor was measured in participants, neither
markers of cerebrovascular disease nor specific imaging modalities
such as CT or angiography were acquired. Similarly, biomarkers of
neurodegenerative disease or other comorbidities such as any
metabolic/autoimmune were not collected. Another limitation of
our study is the lack of peripheral inflammatory markers to
investigate the neuroinflammatory correlates of brain imaging
data. Besteher et al. showed elevated levels of cytokines including
IL-10, IFNYy, and sTREM2 in Long COVID patients, especially in
those suffering from cognitive impairment, however, the association
between the neuroinflammatory markers and cortical thickness was
not presented (22). Since our work focused on structural MRI,
investigation of the various brain networks that reflect altered brain
function in Long COVID was not possible. Future studies involving
functional MRI may help to formulate and resolve network level
hypotheses in Long COVID.

Since in our present study, the COVID- subjects were older
compared to the Long-COVID population, future studies need to
acquire an age-matched large sample with longitudinal follow up
and between group comparison to include COVID- subjects with
matching neuropsychiatric symptoms and Long-COVID without
neuropsychiatric symptoms to further validate our findings. The
relationships between brain and behavior examined using structural
MRI is subject to limitations of the sample size or functional
disruption rather than gross structural abnormalities. In the
absence of immunological or markers of neurodegeneration, the
non-significant imaging results as well as the associations with
behavioral and neuropsychological measures should be interpreted
with caution. Additionally, a follow up study may also present
opportunities to investigate whether the cortical thickness or gray
matter volume increases diminish over time. In summary, our
findings should be interpreted in the context of the small sample
size of our study compounded with the heterogeneous
manifestations of Long COVID. More research is needed along
with a comprehensive stratification of the COVID-19 subtypes,
which include Long COVID, to explore whether there are
compensatory mechanisms of neuroinflammation at play and
whether brain imaging in conjunction with neuropsychiatric
battery is useful in unraveling these subtypes.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

frontiersin.org


https://doi.org/10.3389/fpsyt.2024.1412020
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Joshi et al.

Ethics statement

The studies involving humans were approved by UCLA Institutional
Review Board under the Office of the Human Research Protection
Program (OHRPP). The studies were conducted in accordance with the
local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

Author contributions

SJ: Conceptualization, Formal analysis, Funding acquisition,
Investigation, Methodology, Software, Visualization, Writing -
original draft, Writing — review & editing. PS: Conceptualization,
Formal analysis, Methodology, Writing — original draft, Writing -
review & editing. HL: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology,
Resources, Writing — original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by funding from the UCLA W.M. Keck Foundation
COVID-19 Research Award to SJ and HL and partially supported
by the NIH NCCAM AT009198 research award to HL.

References

1. Sohrabi C, Alsafi Z, O’Neill N, Khan M, Kerwan A, Al-Jabir A, et al. World Health
Organization declares global emergency: A review of the 2019 novel coronavirus
(COVID-19). Int ] Surg. (2020) 76:71-6. doi: 10.1016/j.ijsu.2020.02.034

2. Adjaye-Gbewonyo D, Vahratian A, Perrine CG, Bertolli J. Long COVID in adults:
United States 2022. NCHS Data Brief. (2023) 480:1-8. doi: 10.15620/cdc:132417

3. Nalbandian A, Sehgal K, Gupta A, Madhavan MV, McGroder C, Stevens JS, et al. Post-
acute COVID-19 syndrome. Nat Med. (2021) 27:601-15. doi: 10.1038/s41591-021-01283-z

4. Badenoch JB, Rengasamy ER, Watson C, Jansen K, Chakraborty S, Sundaram RD,
et al. Persistent neuropsychiatric symptoms after COVID-19: a systematic review and
meta-analysis. Brain Commun. (2022) 4:fcab297. doi: 10.1093/braincomms/fcab297

5. Besteher B, Machnik M, Troll M, Toepffer A, Zerekidze A, Rocktischel T, et al.
Larger gray matter volumes in neuropsychiatric long-COVID syndrome. Psychiatry
Res. (2022) 317:114836. doi: 10.1016/j.psychres.2022.114836

6. Al-Aly Z, Davis H, McCorkell L, Soares L, Wulf-Hanson S, Iwasaki A, et al. Long
COVID science, research and policy. Nat Med. (2024) 30:2148-64. doi: 10.1038/
541591-024-03173-6

7. Greenhalgh T, Sivan M, Perlowski A, Nikolich ]Z Long COVID: a clinical update.
Lancet. (2024) 404:707-24. doi: 10.1016/S0140-6736(24)01136-X

8. van der Feltz-Cornelis C, Turk F, Sweetman J, Khunti K, Gabbay M, Shepherd J,
et al. Prevalence of mental health conditions and brain fog in people with long COVID:
A systematic review and meta-analysis. Gen Hosp Psychiatry. (2024) 88:10-22.
doi: 10.1016/j.genhosppsych.2024.02.009

9. Yavropoulou MP, Tsokos GC, Chrousos GP, Sfikakis PP. Protracted stress-
induced hypocortisolemia may account for the clinical and immune manifestations
of Long COVID. Clin Immunol. (2022) 245:109133. doi: 10.1016/j.clim.2022.109133

10. Premraj L, Kannapadi NV, Briggs ], Seal SM, Battaglini D, Fanning J, et al. Mid and
long-term neurological and neuropsychiatric manifestations of post-COVID-19 syndrome:
A meta-analysis. ] Neurol Sci. (2022) 434:120162. doi: 10.1016/j.jns.2022.120162

11. Hellgren L, Birberg Thornberg U, Samuelsson K, Levi R, Divanoglou A, Blystad
L. Brain MRI and neuropsychological findings at long-term follow-up after COVID-19
hospitalisation: an observational cohort study. BMJ Open. (2021) 11:e055164.
doi: 10.1136/bmjopen-2021-055164

Frontiers in Psychiatry

10.3389/fpsyt.2024.1412020

Acknowledgments

We acknowledge the contributions of Ms. Yesenia Aguilar, Ms.
Raquel Hernandez, Ms. Mary Susselman, and Mr. Trent Thixton of
the UCLA Brain Mapping Center for their valuable contributions to
MRI acquisition.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

12. Bispo DD, de C, de P. PR, Pereira DA, Maluf FB, Dias BA, et al. Brain
microstructural changes and fatigue after COVID-19. Front Neurol. (2022)
13:1029302. doi: 10.3389/fneur.2022.1029302

13. Douaud G, Lee S, Alfaro-Almagro F, Arthofer C, Wang C, McCarthy P, et al.
SARS-CoV-2 is associated with changes in brain structure in UK Biobank. Nature.
(2022) 604:697-707. doi: 10.1038/s41586-022-04569-5

14. Tian T, WuJ, Chen T, LiJ, Yan S, Zhou Y, et al. Long-term follow-up of dynamic
brain changes in patients recovered from COVID-19 without neurological
manifestations. JCI Insight. (2022) 7(4):¢155827. doi: 10.1172/jci.insight.155827

15. Cysique LA, Jakabek D, Bracken SG, Allen-Davidian Y, Heng B, Chow S, et al.
The kynurenine pathway relates to post-acute COVID-19 objective cognitive
impairment and PASC. Ann Clin Transl Neurol. (2023) 10:1338-52. doi: 10.1002/
acn3.51825

16. Tandon P, Abrams ND, Avula LR, Carrick DM, Chander P, Divi RL, et al.
Unraveling links between chronic inflammation and long COVID: Workshop report.
Immunol. (2024) 212:505-12. doi: 10.4049/jimmunol.2300804

17. Oliver-Mas S, Delgado-Alonso C, Delgado-Alvarez A, Diez-Cirarda M, Cuevas
C, Fernandez-Romero L, et al. Transcranial direct current stimulation for post-COVID
fatigue: a randomized, double-blind, controlled pilot study. Brain Commun. (2023) 5:
fcad117. doi: 10.1093/braincomms/fcad117

18. Klirova M, Adamova A, Biackova N, Laskov O, Renkova V, Stuchlikova Z, et al.

Transcranial direct current stimulation (tDCS) in the treatment of neuropsychiatric
symptoms of long COVID. Sci Rep. (2024) 14:2193. doi: 10.1038/s41598-024-52763-4

19. Markser A, Vockel J, Schneider A, Baumeister-Lingens L, Sigrist C, Koenig J.
Non-invasive brain stimulation for post-COVID-19 conditions: A systematic review.
Am J Med. (2024) 0. doi: 10.1016/j.amjmed.2024.07.007

20. Hugon J, Msika E-F, Queneau M, Farid K, Paquet C. Long COVID: cognitive
complaints (brain fog) and dysfunction of the cingulate cortex. ] Neurol. (2022) 269:44—
6. doi: 10.1007/s00415-021-10655-x

21. LiZ, Zhang Z, Zhang Z, Wang Z, Li H. Cognitive impairment after long COVID-
19: current evidence and perspectives. Front Neurol. (2023) 14:1239182. doi: 10.3389/
fneur.2023.1239182

frontiersin.org


https://doi.org/10.1016/j.ijsu.2020.02.034
https://doi.org/10.15620/cdc:132417
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.1093/braincomms/fcab297
https://doi.org/10.1016/j.psychres.2022.114836
https://doi.org/10.1038/s41591-024-03173-6
https://doi.org/10.1038/s41591-024-03173-6
https://doi.org/10.1016/S0140-6736(24)01136-X
https://doi.org/10.1016/j.genhosppsych.2024.02.009
https://doi.org/10.1016/j.clim.2022.109133
https://doi.org/10.1016/j.jns.2022.120162
https://doi.org/10.1136/bmjopen-2021-055164
https://doi.org/10.3389/fneur.2022.1029302
https://doi.org/10.1038/s41586-022-04569-5
https://doi.org/10.1172/jci.insight.155827
https://doi.org/10.1002/acn3.51825
https://doi.org/10.1002/acn3.51825
https://doi.org/10.4049/jimmunol.2300804
https://doi.org/10.1093/braincomms/fcad117
https://doi.org/10.1038/s41598-024-52763-4
https://doi.org/10.1016/j.amjmed.2024.07.007
https://doi.org/10.1007/s00415-021-10655-x
https://doi.org/10.3389/fneur.2023.1239182
https://doi.org/10.3389/fneur.2023.1239182
https://doi.org/10.3389/fpsyt.2024.1412020
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Joshi et al.

22. Besteher B, Rocktischel T, Garza AP, Machnik M, Ballez J, Helbing D-L, et al. Cortical
thickness alterations and systemic inflammation define long-COVID patients with cognitive
impairment. Brain Behav Immun. (2024) 116:175-84. doi: 10.1016/j.bbi.2023.11.028

23. Jiang Y, Neal J, Sompol P, Yener G, Arakaki X, Norris CM, et al. Parallel
electrophysiological abnormalities due to COVID-19 infection and to Alzheimer’s
disease and related dementia. Alzheimers Dement. (2024) 20:7296-319. doi: 10.1002/
alz.14089

24. Fernandez-Alonso V, Rodriguez-Fernandez S, Secadas-Rincon L, Perez-Gomez
M, Moro-Tejedor MN, Salcedo M. Resilience after COVID-19: A descriptive, cross-
sectional study. Clin Nurs Res. (2023) 32:618-28. doi: 10.1177/10547738231154326

25. Giacca M, Shah AM. The pathological maelstrom of COVID-19 and
cardiovascular disease. Nat Cardiovasc Res. (2022) 1:200-10. doi: 10.1038/s44161-
022-00029-5

26. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. An
automated labeling system for subdividing the human cerebral cortex on MRI scans
into gyral based regions of interest. Neuroimage. (2006) 31:968-80. doi: 10.1016/
jneuroimage.2006.01.021

27. Duan K, Premi E, Pilotto A, Cristillo V, Benussi A, Libri I, et al. Alterations of
frontal-temporal gray matter volume associate with clinical measures of older adults
with COVID-19. Neurobiol Stress. (2021) 14:100326. doi: 10.1016/j.ynstr.2021.100326

28. LuY, Li X, Geng D, Mei N, Wu P-Y, Huang C-C, et al. Cerebral micro-structural
changes in COVID-19 patients - an MRI-based 3-month follow-up study.
EClinicalMedicine. (2020) 25:100484. doi: 10.1016/j.eclinm.2020.100484

Frontiers in Psychiatry

09

10.3389/fpsyt.2024.1412020

29. TuY, Zhang Y, LiY, Zhao Q, Bi Y, Lu X, et al. Post-traumatic stress symptoms in
COVID-19 survivors: a self-report and brain imaging follow-up study. Mol Psychiatry.
(2021) 26:7475-80. doi: 10.1038/s41380-021-01223-w

30. Lemaitre H, Goldman AL, Sambataro F, Verchinski BA, Meyer-Lindenberg A,
Weinberger DR, et al. Normal age-related brain morphometric changes: nonuniformity
across cortical thickness, surface area and gray matter volume? Neurobiol Aging. (2012)
33:617.e1-9. doi: 10.1016/j.neurobiolaging.2010.07.013

31. Gennatas ED, Avants BB, Wolf DH, Satterthwaite TD, Ruparel K, Ciric R, et al.
Age-related effects and sex differences in gray matter density, volume, mass, and
cortical thickness from childhood to young adulthood. J Neurosci. (2017) 37:5065-73.
doi: 10.1523/JNEUROSCI.3550-16.2017

32. Mechelli A, Price C, Friston K, Ashburner J. Voxel-based morphometry of the
human brain: Methods and applications. Curr Med Imaging Rev. (2005) 1:105-13.
doi: 10.2174/1573405054038726

33. Hafiz R, Gandhi TK, Mishra S, Prasad A, Mahajan V, Di X, et al. Higher limbic
and basal ganglia volumes in surviving COVID-negative patients and the relations to
fatigue. NeuroImage Rep. (2022) 2:100095. doi: 10.1016/j.ynirp.2022.100095

34. Lu Y, Li X, Geng D, Mei N, Wu P-Y, Huang C-C, et al. Letter response to the
brain after COVID-19: Compensatory neurogenesis or persistent neuroinflammation?
EClinicalMedicine. (2021) 31:100687. doi: 10.1016/j.eclinm.2020.100687

35. Goldberg E, Podell K, Sodickson DK, Fieremans E. The brain after COVID-19:
Compensatory neurogenesis or persistent neuroinflammation? EClinicalMedicine.
(2021) 31:100684. doi: 10.1016/j.eclinm.2020.100684

frontiersin.org


https://doi.org/10.1016/j.bbi.2023.11.028
https://doi.org/10.1002/alz.14089
https://doi.org/10.1002/alz.14089
https://doi.org/10.1177/10547738231154326
https://doi.org/10.1038/s44161-022-00029-5
https://doi.org/10.1038/s44161-022-00029-5
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.ynstr.2021.100326
https://doi.org/10.1016/j.eclinm.2020.100484
https://doi.org/10.1038/s41380-021-01223-w
https://doi.org/10.1016/j.neurobiolaging.2010.07.013
https://doi.org/10.1523/JNEUROSCI.3550-16.2017
https://doi.org/10.2174/1573405054038726
https://doi.org/10.1016/j.ynirp.2022.100095
https://doi.org/10.1016/j.eclinm.2020.100687
https://doi.org/10.1016/j.eclinm.2020.100684
https://doi.org/10.3389/fpsyt.2024.1412020
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Structural MRI correlates of cognitive and neuropsychiatric symptoms in Long COVID: a pilot study
	1 Introduction
	2 Methods
	2.1 Participants and clinical assessments
	2.2 Image acquisition and processing
	2.3 Statistical analysis

	3 Results
	3.1 Clinical differences between long-COVID and COVID- participants
	3.2 Structural MRI differences between long-COVID and COVID- participants
	3.3 Structural MRI associations with clinical symptoms in the long-COVID group

	4 Discussion
	4.1 Study limitations

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


