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Abstract

Background: There is high number of evidence regarding the involvement of the central nervous
system (CNS) in patients with severe acute respiratory syndrome coronavirus-2 (SARS-COV-2).
The aim of our systematic review study is to evaluate the current state of knowledge regarding
neuroimaging findings after COVID-19 by focusing on longitudinal studies. By limiting our
review to this type of study design, we aimed to provide a more comprehensive and detailed
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Methods: Three electronic databases (PubMed, Scopus, and Web of Science) were searched for
relevant studies. We included studies that investigated longitudinal brain changes in patients with
COVID-19 with available neuroimaging findings at least two different times.

Results: After a two-step review, 10 studies were included in our qualitative synthesis. Brain MRI
was the only imaging modality in seven studies, whereas one used only FDG-PET, one used
CT/MRI, and one used CT/MRI/FDG-PET. Our results demonstrated consistent evidence of
lesions, white matter microstructural, grey matter, metabolism, and blood flow alterations in
comparison with healthy controls.

Conclusion: Our systematic review provides evidence of widespread microstructural, grey matter,
metabolism, and blood flow alterations in patients afflicted with COVID-19. The longitudinal
nature of the included studies highlights the importance of ongoing monitoring and follow-up
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imaging in patients after COVID-19 infection.
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Introduction

COVID-19 is a mild to moderate and self-limited illness in
most cases and it is caused by severe acute respiratory
syndrome coronavirus-2 (SARS-COV-2), a novel coronavirus
(1, 2). Currently, more than 755 million confirmed cases are
reported by WHO worldwide (3). However, most of the
respiratory symptoms and
neurological manifestations have been increasingly reported
(4, 5). Some previous studies reported acute ischemic stroke in
patients infected by SARS-COV-2 (6). Qin C et al
demonstrated a mechanism through cytokines involved in the

studies have focused on

inflammatory procedures which can accelerate endothelial
damage and thus the condition of hypercoagulation in the
vessels (7). Moreover, angiotensin-converting enzyme-2
(ACE-2) as a binding site of SARS-CoV-2 is shown to have an
effective role in the constriction and hypertension of the brain
vessels, which in turn increase the risk of ischemic stroke in
patients with COIVD-19 (8, 9).

Some other studies have reported acute disseminated
encephalomyelitis (ADEM) as a neuroimaging manifestation
of COVID-19 patients (10, 11). ADEM is a monophasic
demyelinating disease that is commonly caused by upper
respiratory tract infections such as COVID-19 (12). Due to the
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Figure 1. PRISMA flow diagram depicting the flow of information through the different phases of a systematic review.

lack of appropriate biomarkers this disease is diagnosed based
on neuroimaging techniques such as MRI (13). Moreover,
some studies have investigated olfactory sensory changes in
patients with COVID-19 demonstrating dysfunction of
olfactory sensory nerve endings (14, 15). Considering the
mechanism of retrograde transmission of this virus through
olfactory nerves, some studies have hypothesized that the
piriform cortex as an important sensory cortical area of the
olfactory brain network can be affected by SARS-CoV-2 in
infected patients (16, 17). Metabolic changes in the central
nervous system (CNS) after COVID-19 are also reported in
recent studies (18). Some of them by using the 18F-FDG PET
method have revealed decreased metabolism of limbic and
paralimbic regions as well as the cerebellum (19). Some also
have demonstrated a depletion of metabolism in the right
parahippocampal gyrus and thalamus which in turn are
associated with the poor performance of the Montreal
Cognitive Assessment (MoCA) in COVID-19 patients (20).

In addition to the aforementioned neuroimaging deficits,
microstructural and structural neuroimaging findings have
also been observed in COVID-19 patients (21, 22). These
findings include changes in white matter (WM) integrity,
reductions in gray matter (GM) volume, and abnormalities in
cortical thickness. These structural changes are thought to be
related to the neuroinflammatory response triggered by the
virus, which can lead to neurodegeneration and neuronal
death (23, 24). Moreover, recent studies have reported the
presence of microhemorrhages and microinfarcts in the brains
of COVID-19 patients, which may contribute to the
neurological complications observed in some cases (25). These
findings highlight the need for increased attention to the

neurological consequences of COVID-19 and the importance
of incorporating neuroimaging into the diagnostic and
treatment protocols for affected patients. Proper identification
and management of neurological complications in COVID-19
patients can improve their overall prognosis and quality of life.
The aim of our systematic review study is to evaluate the
current state of knowledge regarding neuroimaging findings
after COVID-19 by focusing on longitudinal studies. By
limiting our review to this type of study design, we aimed to
provide a more comprehensive and detailed picture of the
long-term effects of COVID-19 on the brain. We believe that
our review will contribute to a better understanding of the
neurological complications associated with COVID-19 and
help guide future research and clinical practice.

Methods and materials
The present study was conducted following the Preferred

Reporting Items for Systematic Reviews and Meta-Analyses
“PRISMA” statement (26).

Search strategy

Three electronic databases (PubMed, Scopus, and Web of
Science) were searched for relevant studies. The following
terms were used in our search strategy: “COVID-19” OR
“coronavirus” OR “sars-cov-2” OR “Severe Acute Respiratory
Syndrome Coronavirus 2” OR “2019-nCoV” AND “brain”
AND “DTI” OR “diffusion tensor imaging” OR
“microstructure” OR “anisotropy” OR “Diffusivity” OR
“functional magnetic resonance imaging” OR “functional
MRI” OR “fMRI” OR “rsftMRI” OR “resting-state fMRI” OR
“Brain mapping” OR “Structural MRI” OR “voxel-based
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Table2. Clinical characteristics of the included studies.

Author Number of Inclusion criteria for patients Clinical status of patients Number of
patients with critically ill
Neuroimaging patients
data

Agarwalet 21 Patients diagnosed with COVID-19 via nasopharyngeal ~NR 21

al. 2021 swab PCR with multiple brain MRI scans.

Hellgren et 35 (6 had Laboratory-diagnosed COVID-19 patients who NR 20

al. 2021 previous MRIin  underwent MRI at follow-up
the acute phase)

Kas et al. 7 Hospitalized patients with COVID-19-related Severe executive deficit and frontal behavioral changes NR

2021 encephalopathy with apathy (all patients), psychiatric manifestations (5

patients), cerebellar syndrome (2 patients), myoclonus
(2 patients), oculomotor disturbances (2 patients).
Required mechanical ventilation (3 patients), required
nasal oxygen (3 patients)

Salomon et Test group: 50,  Participants scanned before and after pandemic(test) All participants had no background of neurological NR

al. 2021 Control group:  and participants scanned twice before pandemic disorders, did not show symptoms of COVID-19
50 (control). infection and were not diagnosed as carriers of the virus.

Ammaret 11 COVID-19 patients with self-reported sudden olfactory  All patients were initially anosmic. Seasonal allergy (3 NR

al. 2021 dysfunction patients), septoplasty (2 patients), dysthyroidism (2

patients), hypertension (1 patient), cardiac stent (1
patient), autoimmune disease (1 patient), and
endometriosis (1 patient).

Del Brutto 93 (26 in group  Participants with good sleep quality at baseline, BMI =30 kg/m2 (22 patients), hypertension (34 NR

etal. 2022 land 67in evidence of COVID-19 infection, and MRIs at baseline  patients), persistent poor sleep quality in group 1, good
group 2) and follow-up. sleep quality or transient poor sleep quality in group 2

Douaud et 785 (401 cases Participants that have already attended one of the Hospitalized (15 patients), critical care unit (2 patients), 2

al. 2022 and 384 imaging sites, had no incidental findings in their first invasive ventilation (1 patient), Continuous positive
controls) scans, had high-quality scans from their first imaging airway pressure (1 patient), Non-invasive ventilation (1

visit, had not withdrawn or died, lived within 60km of ~patient), unspecified oxygen therapy (1 patient)
the clinic, and had a valid email and postal address.

Cases were subjects that have been infected with SARS-

CoV-2 identified with antigen tests, their primary care

data or health records, or two antibody tests.

Ippolitoet 64 (13 patients  Critically ill patients with confirmed diagnosis of Pathological arousal levels (41 patients), pathological 64

al. 2022 with follow-up ~ COVID-19. brain stem function (21 patients), pathological motor
imaging) responses (2 patients), unilateral neglect and

hemiparesis (1 patient), sensorimotor deficits of both

legs (1 patient).
Lersyetal. 31 COVID-19 patients with neurological symptoms who Pathological wakefulness (14 patients), Delirium (9 31
2022 underwent MRI. patients), Signs of corticospinal tract involvement (6

patients)

Tianetal. 65 (13 in mild Recovered Covid-19 patients that were 50-70 years old ~ Hypertension (15% in mild, 52% in severe, 35% in NR

2022 COVID-19 and had no clear neurological manifestations and control), diabetes (15 % in mild, 29% in severe, 6% in
group, 21 in lesions on MRI and had no history of stroke, head control), coronary heart disease (8% in mild, 14% in
severe COVID-  trauma, brain tumors, or epilepsy. severe, 3% in control)

19 group, and
31 controls)

NR, not reported

morphometry” OR “gray matter” OR “white matter” OR
“MRI” OR “magnetic resonance imaging”. Additionally, we
manually searched the reference list of review studies for
relevant papers.

Eligibility criteria

We included studies that investigated brain imaging findings
in patients with COVID-19. The eligibility criteria for the
published paper: 1) confirmed COVID-19 diagnosis using
PCR or serum antibody; 2) available neuroimaging findings at
two different times (longitudinal design); 3) reporting
sufficient details on neuroimaging findings. The following
studies were excluded: 1) Review studies; 2) case reports and
case series; 3) Editorials; 4) Studies with cross-sectional design;
5) Non-English papers.

Study selection

Two investigators (S.F, and M.A) independently screened
titles and abstracts in the first step and excluded irrelevant
studies. Then, the same investigators reviewed the full text of

remained articles and selected papers that met our eligibility
criteria. Any disagreements were resolved by consulting with
the third investigator (F.N).

Data extraction

The same researchers (S.F, and M.A) obtained the following
data from included studies using a pre-designed data sheet:
Study’s demographics, follow-up duration, neuroimaging
modality, number of patients, mean age, gender, inclusion
criteria for the patients, clinical status of the patients, number
of critically ill patients, type of neuroimaging analysis, main
neuroimaging findings, and detailed neuroimaging findings.
Quality assessments

The quality of included studies was assessed by two
investigators (S.F, and M. A) using the Newcastle-Ottawa scale
(NOS) in several aspects (27).

Results
Study selection

Neurology Letters | www.neurologyletters.com
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Figure 2. Overview on longitudinal neuroimaging findings after COVID-19 infection.

Our literature search and manual addition yielded 3674
studies (Figure 1). After duplicate removal, 2691 papers
underwent the screening process. First, 2583 studies were
excluded after the title and abstract review. Finally, 10 studies
were included in our qualitative synthesis (28-37).

Study characteristics

The detailed demographic of included studies is presented in
Table 1. Among included studies, six had cohort design (28,
30, 32, 33, 35, 37), three were observational (29, 34, 36) and
one was case-control (31). Brain MRI was the only imaging
modality in seven studies (28-32, 36, 37), whereas one used
only FDG-PET (34), one used CT/MRI (33), and one used
CT/MRI/FDG-PET (35). Overall, 1212 subjects (women=596)
with mean age ranged between 27.4 to 69.4. All patients with
COVID-19 had confirmed diagnoses using PCR or serum
antibodies (Table 2). The quality assessment of included
studies detailed in Supplementary 1 There were no concerns
regarding the quality of studies and risk of bias.
Neuroimaging findings

MRI was the most common imaging technique used in nine
studies (28-33, 35-37), however, one study used FDG/PET
imaging modality as radiological tool (34). Seven studies
conducted a volumetric analysis (28-31, 35-37), one used the
SPM-based analysis (34), and other two studies used statistical
analysis methods based on expert's view (32, 33).

WM alterations

The main outcome of these studies was identifying alteration
in WM, reduction in GM thickness, cerebral blood flow
alterations, and transient volumetric changes in areas in
regions associated with stress and anxiety, and also transient
change in olfactory bulb.

Agarwal et.al evaluated serial imaging of 21 patients and found
an increase in ventricle size and alterations in WM, specifically
in the periventricular area in all patients on both initial and

follow-up imagings (28). WM changes in other regions were
as follow on both initial and follow-up imagings respectively:
juxtacortical (81%, 81%), subcortical (81%, 91%), brainstem
(29%, 33%), precentral gyrus (29%, 24%), and cerebellum
(19%, 19%). In another study, Hellgern et. al showed presence
of multiple WM lesions (71%, n=25) located in the cerebral
hemispheres near the grey-WM junction, particularly in the
frontal and parietal lobes. Moreover, all the patients who
underwent MRI during the acute phase of COVID-19 had
acquired multiple new WM lesions when examined at follow-
up.

Another study found changes in markers of tissue damage
such as diffusion measures in regions functionally connected
to the temporal piriform cortex (31). Douaud et. al compared
401 cases with 384 controls and showed significant
longitudinal differences in a network of regions that is
functionally connected to the piriform cortex, mainly
consisting of the anterior cingulate cortex and orbitofrontal
cortex, as well as the ventral striatum, amygdala, hippocampus
and parahippocampal gyrus.

GM alterations

In another study Tian et. al investigated the changes in the
brain volume, tractography, and blood flow in recovered
COVID-19 patients (37). They reported increased GM
thickness in the left limbic areas, right parahippocampus,
bilateral frontal cortex, and left temporal-parietal cortex in the
mild group after 10 months follow-up. In the severe group,
thicker GM in the left limbic areas and left temporal-frontal
cortex and GM atrophy was displayed in the right
sensorimotor areas and right temporal-parietal cortex after 10
months follow-up. Another study, done by Douaud et.al
which was investigated the impact of SARS-CoV-2 infection
on brain structure, found a greater reduction in GM thickness
and tissue contrast in the orbitofrontal cortex and

Neurology Letters | www.neurologyletters.com
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parahippocampal gyrus, greater changes in markers of tissue
damage in regions functionally connected to primary olfactory
cortex, and a greater reduction in global brain size in these
cases (31). The infected patients also showed on average a
greater cognitive decline between the two time points.

In another study, done by Salmon et. al, they analyzed
volumetric changes in 50 individuals who received MRI scans
before and after the COVID-19 outbreak and lockdown in
Israel (36). Their scans were contrasted with those of 50
control participants who underwent two scans before the
pandemic. After the COVID-19 outbreak and lockdown, the
test group participants displayed unique volume increases in
the bilateral amygdalae, putamen, and anterior temporal
cortices. As time passed since the easing of lockdown
restrictions, changes in the amygdalae decreased, indicating
that the intense experience related to the pandemic caused
temporary volume changes in brain areas typically linked to
stress and anxiety. In another study, Del Brutto et al found
enlarged basal ganglia-perivascular spaces as another
morphologic alteration expressed in individuals with long
COVID persistent poor sleep quality (30). However, despite
the longitudinal design, they were unable to establish a causal
link between the continuous presence of poor sleep quality and
the advancement of enlarged basal ganglia-perivascular
spaces.

Olfactory bulb alteration

Ammar et al. performed a study to seek the neuroimaging
characteristics of COVID-19 patients who reported sudden
olfactory dysfunction (29). They found a transient change in
the olfactory bulb including partial olfactory cleft obstruction
(5/11), and bilateral olfactory bulb obstruction (3/11). MR
imaging in COVID-19 anosmic patients showed initial
increase in signal intensity and volume of olfactory bulbs with
a normalization on 6 months-MRI-follow-up whilst 90% of
our patients clinically recovered smell. Douaud et al. found
notable consequences linked to SARS-CoV-2 infection,
mainly involving increased atrophy and tissue harm in cortical
regions directly related to the primary olfactory cortex, as well
as alterations in overall brain and cerebrospinal fluid volume
measurements (31). Longitudinal variation was observed in
diffusion measures regions that are functionally connected to
the piriform cortex (diffusion index: orientation dispersion),
olfactory tubercle (diffusion index: isotropic volume fraction)
and anterior olfactory nucleus. However, no differences were
seen in the olfactory bulbs or piriform cortex per se.

Blood flow alteration

Cerebral  hypoperfusion, intracerebral
hemorrhage and ischemic stroke and have been reported in
several studies as COVID-19 complications. The next study
(Ippolito) which involved 64 critically ill patients with a
confirmed diagnosis of COVID-19 reported intracerebral
hemorrhage (9 severe, 4 mild), acute cerebral infarction (8
patients, 4 with secondary ICH), innumerable, punctuate
microhemorrhages that predominantly involved the
juxtacortical WM (2 patients) (33). Lersy et. al aimed to find
changes in cerebral blood flow of 24 patients who had brain

hyperperfusion,

perfusion imaging at different time points (35). Among these
24 patients, 19 (79%) had abnormal brain perfusion on the
initial imaging: 16 (66.7%) patients had hypoperfusion and 4
(17%) had hyperperfusion. Overall, 16 (84%) patients showed
at least partial normalization of their brain perfusion. Diffuse
brain microhemorrhages predominantly happened in the
corpus callosum, the subtentorial juxtacortical WM, the
internal capsule, the brainstem, the middle cerebellar
peduncles, and the cerebellum. Additionally, acute ischemic
strokes and suspected cerebral vasculitis were observed in 4
patients. Moreover, Tian et. al reported significant differences
regarding extensive lower cerebral blood flow values were
observed between severe group at 10 months after discharge
and control groups, especially in bilateral frontal cortices and
temporal cortices (37). In another study, Agarwal et al,
reported most patients (86%) had microhemorrhages. Other
cerebrovascular complications were as follows: ischemic
stroke (5/21 patients), cortical ribboning (3 patients),
hemorrhagic stroke (1 patient), subarachnoid and
intraventricular hemorrhage (1 patient), and pachymeningeal
enhancement (1 patient) (28).

Hypometabolism in several cerebral networks

Kas et. al used 18F-FDG-PET/CT imaging and detected
prominent hypometabolism of the prefrontal cortex, bilateral
insula, and right and left caudate nucleus in the acute phase of
COVID-19 (34). Furthermore, at the follow-up brain
metabolism returned to almost normal with mild
hypometabolism in the rectus/ olfactory gyrus, right insula,
anterior cingulate, and right caudate nucleus.

Discussion

The aim of the present study was to provide a complete
overview of the effect of COVID-19 on brain. This is the first
systematic review investigating longitudinal neuroimaging
findings of COVID-19 patients.

Our results demonstrated consistent evidence of WM and GM
microstructural, metabolism, and blood flow alterations in
comparison with healthy controls. The results of this study
provide data on neuroimaging alterations in patients suffering
from COVID-19 and therefore, may aid radiologists in
determining the imaging findings of COVID-19.

Agarwal et al. reported WM alteration across various regions
of the brain, indicating a widespread impact of the virus (28).
The periventricular area, which is crucial for transmitting
nerve signals, was affected in all patients. Also, the changes in
the juxtacortical, subcortical, brainstem, precentral gyrus, and
cerebellum regions suggest that COVID-19 may disrupt
various cognitive and motor functions. The presence of
multiple WM lesions, particularly in the frontal and parietal
lobes, could potentially affect executive functions and sensory

processing. The fact that new lesions were acquired even
during the follow-up period indicates a persistent effect of the
COVID-19 on the brain and subsequent cognitive function.

Recent studies indicates that COVID-19 has the potential to
affect the WM in the brain, a critical component for cognitive
functioning (38). The WM is particularly susceptible to
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alterations in cerebral blood flow, which can be observed in
conjunction with diffuse small vessel dysfunction and has been
documented in COVID-19 cases (38). Patients with COVID-
19 may experience damage to the WM, resulting in cognitive
deficits such as memory loss, short-term memory
impairments, attention problems, difficulties with abstraction,
long-term memory issues, visuoperception challenges, and
disturbances in spatial and temporal orientation (38, 39).
However, a study conducted in 2022 observed no substantial
decline in cognitive function among individuals who had
recovered from COVID-19 after one year of follow-up (40).
GM alterations were also significant. The increased thickness
in the left limbic areas, right parahippocampus, bilateral
frontal cortex, and left temporal-parietal cortex could be a
compensatory response to the virus's impact (37). However,
the GM atrophy in the right sensorimotor areas and right
temporal-parietal cortex suggests a potential long-term impact
on sensory processing and motor functions. The greater
reduction in GM thickness and tissue contrast in the
orbitofrontal cortex and parahippocampal gyrus, regions
associated with cognitive and emotional processing, could
explain the cognitive decline observed in some patients.

The transient changes in the olfactory bulb, including partial
olfactory cleft obstruction and bilateral olfactory bulb
obstruction, provide a explanation for the sudden olfactory
dysfunction reported by many COVID-19 patients (29). The
normalization of these changes over time aligns with the
clinical recovery of smell, suggesting a direct impact of the
virus on the olfactory system.

The alterations in cerebral blood flow, including both
hypoperfusion and hyperperfusion, could potentially lead to
various cerebrovascular complications (28, 33-35). The
occurrence of intracerebral hemorrhage, ischemic stroke, and
microhemorrhages indicates a significant impact of the
COVID-19 on the cerebrovascular system. The extensive
lower cerebral blood flow values observed in severe cases
suggest a potential long-term impact on cerebral perfusion
(35). While most of changes were mostly normalized in the
follow-up period, the persistent mild hypometabolism in some
regions indicates a potential long-term effect which should be
considered in patients recovered from COVID-19.

The pathophysiology underlying the correlation between
neuroinflammation induced by COVID-19 and brain
alterations, including WMH, olfactory bulb changes, lesions,
and hemorrhages, remains an active area of investigation (41-
46). Nevertheless, several molecular and cellular mechanisms
contributing to the neurological complications of SARS-CoV-
2 have been elucidated (42). Among the pathophysiological
processes associated with COVID-19-induced
neuroinflammation and neuroimaging changes, the infection
of neurons by SARS-CoV-2, leading to neuroinflammation, is
noteworthy (42). Furthermore, COVID-19 has been
implicated in the induction of neuroinflammation and the
subsequent loss of hippocampal neurogenesis (44). Also,
systemic infection has been observed to activate glial cells,
thereby modulating neuroinflammatory responses. This
suggests that the infiltration of immune cells and pro-
inflammatory mediators into the CNS via the BBB may play a

role in glial activation post-COVID-19 (42). Furthermore, the
entry of SARS-CoV-2 into the brain parenchyma may result in
damage and loss of brain neurons and endothelial cells,
thereby induces COVID-19-related neurological symptoms
(43). It should be mentioned that vascular risk factors across
various age groups appear to augment susceptibility to severe
COVID-19 infection. Moreover, clinically evident or
subclinical age-related vascular and degenerative diseases in
older individuals may exacerbate this risk. The outcomes are
likely influenced by acute ischemic lesions and hemorrhages,
which are the most prevalent brain findings associated with
severe COVID-19 (41).

Results of longitudinal studies revealed that COVID-19 effect
on brain returned to normal most of the time. However,
several changes remained after recovery, which might be
responsible for cognitive impairment and various neurological
and psychiatric symptoms. These findings underscore the
need for comprehensive neurological assessment and follow-
up in COVID-19 patients.

Limitations and future directions

Several limitations must be acknowledged. First, there was
considerable heterogeneity in the study design, sample size,
and imaging methods of the included studies, which in turn
may have caused some variability in the reported results.
Second, most of the studies included in this systematic review
were observational studies and there should be more
longitudinal studies with larger sample sizes to confirm these
findings and assess disease progression over time. Third, there
was another drawback to our study and it was the varieties in
the follow-up durations which may disturb the results.
Furthermore, the inclusion criteria of the studies included
were heterogenous and it can be taken into consideration for
further studies. The type of neuro-imaging analysis was overall
volumetric; however, in two studies expert’s view and in
another one glucose metabolism changes were used which
may affect the results.

Conclusion

In conclusion, our systematic review provides evidence of
widespread microstructural, metabolism, and blood flow
alterations in patients afflicted with COVID-19. The
longitudinal nature of the included studies highlights the
importance of ongoing monitoring and follow-up imaging in
patients after COVID-19 infection. The observed
microstructural changes may have implications for cognitive
function and neurological outcomes, underscoring the need
for multidisciplinary care in the management of COVID-19
patients. Radiologists and other healthcare providers should
remain vigilant about these findings and consider targeted
interventions to mitigate potential long-term effects. Overall,
this systematic review provides valuable insights into the
neuroimaging manifestations of COVID-19 and offers
important implications for clinical practice and future
research directions and may have a crucial role in the
development of novel therapeutic strategies targeting the
specific brain regions affected by this virus.
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