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Cognitive decline is a common symptom of post-COVID-19 syndrome. However, the mechanisms
underlying this deficit remain poorly understood. This study aims to investigate the relationship
between brain metabolic and neurophysiological alteration patterns in patients with persistent
subjective cognitive decline after mild COVID-19 using joint FDG-PET and EEG analyses. The study
was conducted on 28 post-COVID-19 patients with cognitive decline, who underwent comprehensive
clinical evaluation including cogpnitive testing, FDG-PET imaging, and EEG acquisition. Voxelwise
statistical analysis of PET images was performed by comparing post-COVID-19 patients with healthy
controls (p-voxel <0.005 uncorrected, p-cluster<0.005 FWE-corrected, K>599 voxels). EEG spectral
powers were extracted and compared with age and sex-matched controls. The results showed
significant hypometabolism in the bilateral frontal, temporal, and parietal lobes, as well as in the left
occipital lobe, along with predominantly frontal EEG slowing in post-COVID-19 patients compared
to healthy controls. In particular, the EEG alterations were characterized by a significant increase

in relative power in the delta and theta bands, accompanied by a marked reduction in alpha band
power in the frontal, temporal, and central regions. The observed PET hypometabolism and EEG
slowing patterns in anterior brain regions, may help to elucidate the pathophysiological mechanisms
underlying cognitive decline in post-COVID-19 patients.

The global challenge of managing the wide range of symptoms linked to SARS-CoV-2 infection continues,
especially in subjects with persistent symptoms. Post COVID-19 condition is characterized by a range of
symptoms which usually start within 3 months of the initial COVID-19 illness and last at least 2 months'with
cognitive difficulties being among the most commonly reported®*. The reported cognitive deficits, often referred
to as “brain fog’, are particularly concerning, as they significantly impact patients’ quality of life and their ability
to perform daily activities®*. Indeed, the cognitive deficits emerged as particularly troubling, affecting individuals
of all ages including memory deficit, problems with concentration and difficulty focusing.

Recent studies have shown that, even months following COVID-19 acute infection, some individuals
continue to experience neurological, psychiatric, and cognitive symptoms associated with detectable brain
changes®®. In patients reporting cognitive decline post-COVID-19, multiple PET studies have observed
significant hypometabolism, primarily in the frontal and temporoparietal cortical regions®~'* and less frequently
in the occipital and cerebellar regions®!4-16.

The degree of observed metabolic alterations is reported to be apparently transient and positively correlates
with older age, neurological symptoms at the time of neuroimaging assessment, and worse disease severity
scores!®. The hypothesis of large-scale network dysfunction in long COVID patients is further supported by
evidence of marked hypoperfusion, predominantly affecting the frontal, parietal, and temporal cortices, assessed
by ASL-MRI brain perfusion study'”. Finally, electroencephalography (EEG) studies have documented EEG
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alteration patterns in post-COVID-19 subjects!®-22. In particular, predominant bilateral EEG slowing in frontal
areas was observed in subacute patients with brain fog after COVID-19%!.

However, the underlying mechanisms behind the cognitive symptoms observed in the post-COVID-19,
especially after a mild COVID-19 infection, remain a subject of ongoing debate. Given the complexity of these
mechanisms, which may include cytokine storms, blood-brain barrier disruption, hypercoagulability, hypoxia,
GABAergic and glutamatergic transmission dysfunction, neuroinflammation, immune dysregulation, and the
overlap of symptoms with other neurodegenerative diseases**~*>a multimodal approach may offer greater insight
in context of persistent subjective cognitive decline post-covid. Our hypothesis is that a neuroimaging assessment
that combines FDG-PET and EEG enables the evaluation of metabolic and neurophysiological dynamics,
thus may provide a more comprehensive picture of brain functional dysfunction in post-COVID-19 patients,
particularly when considered through the lens of the neurocoupling principle, which emphasizes the functional
interconnection between brain electrical activity and cerebral glucose metabolism. Indeed, the combination of
EEG and PET may provide a clearer view of the brain functional alterations?6-*°. Studies have shown that using
these techniques together in individuals with mild cognitive impairment (MCI) provides insights into the links
between synaptic, neurophysiological, and metabolic impairments associated with cognitive decline?®27-3, This
combined approach may enhance understanding of the broader mechanisms involved, while also may assess the
effectiveness of therapeutic interventions.

Our study aimed to investigate brain functional alterations and the underlying mechanisms using PET
and EEG in post-COVID-19 subjects with subjective cognitive decline following mild SARS-CoV-2 infection,
compared to healthy controls.

Materials and methods

Study population and protocol

This study employed a cross-sectional design to investigate brain alterations in patients with neuro-cognitive
sequelae following COVID-19. Participants were recruited from the post-COVID-19 neurological outpatient
clinic at the University Hospital of Trieste, Italy, between March 1, 2021, and March 31, 2022. Inclusion criteria
required participants to have a confirmed SARS-CoV-2 infection, verified by RT-PCR, and to report persistent
subjective cognitive decline that began within 3 months of the initial COVID-19 illness, lasted for at least 2
months, and were still present at the time of inclusion. Eligible participants were older than 18 and had no
history of major neurological or psychiatric disorders or cognitive impairments prior to COVID-19 infection.
Additionally, participants were required to have neuroimaging without major vascular alterations and to be free
from the use of substances affecting the nervous system. Exclusion criteria included any contraindications to
PET or EEG procedures, as well as moderate-to-severe COVID-19, defined by clinical and radiographic signs of
lower respiratory tract disease or hospitalization due to COVID-19. All participants underwent a comprehensive
clinical evaluation, which included medical history, neurological examination, cognitive testing via the Montreal
Cognitive Assessment (MoCA), FDG-PET imaging, and EEG recording. EEG and FDG-PET assessments were
performed within a maximum interval of 15 days.

As a control group for the FDG-PET analysis, we included twenty-eight healthy controls (HC) randomly
selected from the AIMN (Associazione Italiana di Medicina Nucleare ed Imaging Molecolare) database, ensuring
they were within the same age range and sex-matched (10 M/18F; 60.0 + 8.1y). The database, previously validated
for extracting SPM-based brain metabolism maps in patients*!~**is available on the AIMN website (https://aimn
.it/brain-fdg/). These subjects exhibited no global cognitive impairment and maintained cognitive stability after
an average 4-year clinical follow-up. No significant differences in age and sex were observed.

A total of 28 age- and sex-matched healthy controls were retrospectively selected for the EEG analysis. These
subjects had undergone EEG recordings at our University Hospital as part of a prior research project conducted
before the SARS-CoV-2 outbreak. None had a history of cognitive impairment or any other neurological
disorders.

The research was conducted according to the principles of the Declaration of Helsinki. All participants
released their informed consent for treatment of clinical data after all procedures had been fully explained, as
for standard institutional procedure. This study was approved by the Local Ethics Committee CEUR (Comitato
Etico Unico Regionale, FVG, Italy).

Cognitive assessment

Cognitive function was evaluated using the Montreal Cognitive Assessment (MoCA) during the initial visit,
administered by a trained neurologist utilizing the validated Italian version®*. The MoCA evaluates multiple
cognitive domains**and individual domain scores were calculated based on specific item responses. These
domains included orientation (spatial and temporal), attention (digit span, letter A tapping, subtraction),
executive function (trail making, abstraction, word fluency), visuo-constructive skills (cube copying, clock
drawing), language (naming, sentence repetition), and memory (delayed word recall). The global MoCA score
was adjusted for years of education (YoE), with an additional point added for individuals with 12 or fewer years
of education. In addition, the MoCA score was also calculated using the correction for the Italian population®.
Fatigue was assessed using the Fatigue Severity Scale (FSS), a nine-item questionnaire where participants rated
the interference of fatigue on daily activities on a 7-point Likert scale, with 1 indicating “strongly disagree” and
7 indicating “strongly agree“”’. The included subjects were also evaluated with the Prospective-Retrospective
Memory Questionnaire (PRMQ)*®a tool used to assess prospective and retrospective memory abilities in
individuals. It includes 16 items measuring the frequency of memory failures in everyday life situations. The
questionnaire provides normative data and assesses the latent structure of memory functioning in non-clinical
populations. It has been used to assess cognitive decline similar to those reported by long-COVID patients.
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Additionally, the patients’ psychological well-being was evaluated through the anxiety and depression subscales
of the SCL-90-R questionnaire®.

PET imaging protocol and analysis

The brain glucose metabolism patterns were assessed using [18 F] FDG-PET. Prior to the scan, all patients fasted
for at least 6 h. Each patient received an intravenous injection of approximately 200 MBq of FDG, administered
40 min before the scan. To minimize external stimuli during the 40-minute FDG uptake period, participants
were placed in a quiet room under resting conditions and wore eye masks. PET scans were acquired using a PET/
CT Discovery MI DR scanner (G.E. Healthcare) with an 8-minute acquisition time. Acquisition parameters:
for PET Field of View 30 cm, matrix 256 x 256 (pixel 2-4 mm), acquisition time 8 min, TC parameters for
attenuation correction 140 kV, 80-150 mA. Scanning time generally 10 s. Image reconstruction was carried out
using an ordered subset expectation maximization algorithm with 32 subsets and 5 iterations, and images were
displayed on a 128 x 128 matrix with a pixel size of 2.35 mm.

Images were processed and analyzed using SPM12 (http://www.fl.ion.ucl.ac.uk/spm/software/spm12/) run
on MATLAB (MathWorks Inc., Sherborn, MA, USA). The preprocessing steps included spatial normalization
to a specific [18 F]-FDG-PET template in the MNI space’spatial smoothing with an isotropic 8-mm 3D
Gaussian kernel of FWHM and a proportional global mean scaling*!. A comparison between PET images of
post-COVID-19 patients and age- and sex-matched healthy controls was conducted using a voxelwise statistical
analysis. The statistical threshold was set at T-score 2.63 (p=0.005 uncorrected at the voxel level, familywise
error (FWE)-corrected for multiple comparisons at the cluster level, K> 599 voxels).

EEG recording and analysis

EEG recordings were conducted using a Be Plus PRO amplifier (EB NEURO, Florence, Italy) with Ag/AgCl
electrodes and a nineteen-channel electro-cap following the International 10/20 System. Electrode impedances
were maintained below 5 k(, and the sampling rate was set to 128 Hz. Artifacts were identified by visual
inspection performed independently by two experienced neurophysiologists (PM and GF). For each subject, the
first 120-second artifact-free EEG segment was extracted for analysis. All channels were digitally filtered with
the 0.1-30 Hz second-order bandpass filter. Power spectral density (PSD) for each EEG channel was estimated
using Welch’s method applied to the extracted 120-second artifact-free segment. The signal was divided into
successive 10-second Hamming-windowed segments with 50% overlap, resulting in 23 overlapping windows
averaged to obtain the final PSD estimate. Relative power for each spectral band (delta: 1-4 Hz; theta: 4-8 Hz;
alpha: 8-13 Hz; beta: 13-30 Hz) was calculated by normalizing the power in each band to the total power in
the 1-30 Hz range. Relative band power was then averaged across channels within each brain region (frontal,
temporal, central, parietal, and occipital). The extracted EEG features were compared to an age- and sex-matched
control group. Additionally, average topographic EEG maps were generated for the post-COVID-19 and healthy
control groups for each spectral band.

Statistical analysis
Descriptive analysis was used to summarize the results. Continuous variables with a normal distribution are
reported as mean and standard deviation (mean + SD), while those with a skewed distribution are presented as
median and interquartile range (IQR), indicating the first and third quartiles. Categorical variables are expressed
as counts and percentages (%).

Differences between post-COVID-19 patients and healthy controls were evaluated with the two-sample t-test
for continuous parameters or Mann-Whitney U test when the data were not normally distributed, and the chi-
square test for proportions. A significance value was selected for p<0.05.

Results

The demographic, clinical, and cognitive characteristics of the 28 post-COVID-19 patients with subjective
cognitive decline studied with PET and EEG are summarized in Table 1. Pre-existing comorbidities and risk
factors included hypertension (21.4%), obesity (21.4%), smoking (14.3%), dyslipidemia (17.9%), diabetes
mellitus (7.1%), atrial fibrillation (7.1%), ischemic heart disease (3.6%), and autoimmune disease (3.6%). During
the acute phase of SARS-CoV-2 infection, the most frequently reported symptoms were fever (78.6%), upper
respiratory tract involvement (57.1%), asthenia (53.6%), myalgia/arthralgia (46.4%), dyspnea (39.3%), hyposmia
(39.3%), headache (35.7%), hypogeusia (28.6%), gastrointestinal distress (14.3%), and palpitations/tachycardia
(10.7%). None of the patients required hospitalization or oxygen therapy during the acute phase.

All patients reported persistent subjective cognitive decline, including memory deficits, reduced attention,
and executive function impairments, as well as fatigue. The cognitive assessment in post-COVID-19 subjects
showed that the median MoCA score was 25 (24-26), with a population-corrected median MoCA score of 22.7
(21.9-24.6) based on Italian norms [34]. No patients scored below the pathological impairment cut-off (< 18)
as per the Italian normative data. Domain-specific MoCA scores were as follows: orientation 6 (6-6), attention
5 (4-6), language 5 (5-6), visuospatial function 4 (3-4), memory 3 (1-4), and executive function 4 (3-4). The
average Fatigue Severity Scale (FSS) score was 5.64 + 1.39, with 53.6% of patients exceeding the cut-oft for fatigue.
Within our cohort, 11 participants exhibited clinically significant depressive symptoms and 8 demonstrated
clinically relevant anxiety symptoms during the post-COVID-19 period, as assessed by the Symptom Checklist-
90-Revised (SCL-90-R). The Prospective and Retrospective Memory Questionnaire (PRMQ) revealed a high
incidence of subjective memory decline: 52.9% of post-COVID-19 patients scored more than 1.5 standard
deviations above the normative sample on both the prospective and retrospective memory scales.

In addition to cognitive decline, post-COVID-19 symptoms at the time of evaluation included asthenia
(46.4%), persistent dyspnea (35.7%), hyposmia (28.6%), headache (25.0%), myalgia/arthralgia (17.9%),

Scientific Reports |

(2025) 15:23141 | https://doi.org/10.1038/s41598-025-04815-6 nature portfolio


http://www.fl.ion.ucl.ac.uk/spm/software/spm12/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(n=28)
Age (years) 56.2+9.9
Sex (M/F) 9 M/19F
Education (years) 13.7+2.6
A COVID-19 symptom—Post-COVID-19 assessment (days) | 161.0+93.4
A Post-COVID-19 assessment—EEG assessment (days) 7.4+22
A Post-COVID-19 assessment—PET assessment (days) 19.3+8.1
Pre-existing comorbidities and risk factors
Ischemic heart disease 1(3.6%)
Hypertension 6(21.4%)
Atrial fibrillation 2(7.1%)
Dyslipidemia 5(17.9%)
Diabetes mellitus 2(7.1%)
Obesity 6(21.4%)
Smoke 4 (14.3%)
Autoimmune disease 1(3.6%)
Clinical features during COVID-19 acute phase
Fever 22 (78.6%)
Upper respiratory airways involvement 16 (57.1%)
Asthenia 15 (53.6%)
Myalgia/arthralgia 13 (46.4%)
Dyspnea 11 (39.3%)
Headache 10 (35.7%)
Hyposmia 11 (39.3%)
Hypogeusia 8 (28.6%)
Diarrhea/gastrointestinal distress 4 (14.3%)
Palpitations/tachycardia 3(10.7%)
Post-COVID-19 manifestations
Number of associated symptoms per patient 2.5(2-4)

Asthenia 13 (46.4%)
Dyspnea 10 (35.7%)
Hyposmia 8 (28.6%)
Headache 7 (25.0%)
Myalgia/arthralgia 5(17.9%)
Dizziness/gait instability 5(17.9%)
Palpitations/tachycardia 3(10.7%)
Hypogeusia 5(17.9%)
Diarrhea/gastrointestinal distress 3(10.7%)
MoCA 25 (24-26)
MoCA domain scores

Orientation (max 6) 6 (6-6)
Attention (max 6) 5(4-6)
Language (max 6) 5(5-6)
Visuospatial function (max 4) 4 (3-4)
Memory (max 5) 3(1-4)
Executive function (max 4) 4(3-4)
MoCA corrected according (Aiello et al.) 22.7 (21.9-24.6)
Fatigue Severity Scale (FSS) 5.64+1.39

Table 1. Demographic, clinical and cognitive characteristics of long COVID-19 patents.

hypogeusia (17.9%), dizziness/gait instability (17.9%), palpitations/tachycardia (10.7%), and gastrointestinal

distress (10.7%).

The mean time between the onset of COVID-19 symptoms and the post-COVID-19 clinical evaluation,
including cognitive assessment, was 5.3+3.1 months. EEG recordings were performed within 15 days of
cognitive assessment (mean 7.4 + 2.2 days), while PET imaging occurred within 1 month of cognitive assessment

(mean 19.3 8.1 days).
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Compared to healthy controls, patients with post-COVID-19 exhibited significant hypometabolism (p < 0.005
uncorrected, p <0.005 FWE corrected) in eight distinct clusters (Fig. 1).

The largest cluster was located in the right frontal lobe (T =10.49, k=2917), followed by two clusters in the
left frontal lobe (T =8.48, k=2195; T=8.44, k=1010). Additional clusters were observed in the right temporal
lobe (T'=8.79, k=1087), left temporal lobe (T =8.00, k=778), left parietal lobe (T =6.70, k=997), right parietal
lobe (T=5.87, k=618), and left occipital lobe (T =7.35, k=599). Detailed anatomical locations of these clusters
are provided in Table 2. No areas of hypermetabolism were identified.

Figure 2 presents the average EEG topographic maps of calculated spectral parameters for each group.
Higher relative delta and theta power, along with lower relative alpha power, can be observed in post-COVID-19
subjects compared to the healthy control (HC) group, particularly in the frontal, central, and temporal areas.
These alterations in brain electrical activity, particularly pronounced in the frontal regions, indicate region-
specific changes in oscillatory patterns.

Table 3 reports the median values of delta, theta, alpha, and beta relative power for each group and brain
region, along with comparisons between post-COVID-19 subjects and healthy controls. Specifically, post-
COVID-19 subjects exhibited significantly higher relative delta power in frontal, central, and temporal EEG
channels compared to the HC group. Relative theta power was also significantly higher in post-COVID-19

Fig. 1. Brain '8F-FDG PET hypometabolic clusters in patients with post-COVID-19 in comparison to healthy
subjects (p=0.005 uncorrected at the voxel level, FWE-corrected at the cluster level, K> 599 voxels). The
clusters are projected onto sagittal, coronal, and axial slices (top panel) and onto 3D volume-rendered images
(bottom panel).
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Frontal lobe
Frontal lobe

2917 |20 42 -8 |10.40 <0.001

R
L 2195 | -34 |8 54 8.48 <0.001
Frontal lobe L 1010 | -20 | 44 -8 8.44 0.001
Temporal lobe | R 1087 |52 |-34|-18 | 879 <0.001
L
L
R
L

778 |-50 | -38 | -14 | 8.00 0.004
997 | =24 | -60 | 54 6.70 0.001
618 |16 —58 |48 5.87 0.015
599 | -20 |-86 |4 7.35 0.018

Temporal lobe

Parietal lobe

Parietal lobe

Occipital lobe

Table 2. The summary of cluster-level statistics for the identified hypometabolic regions in post-COVID-19
patients, compared to healthy controls, includes anatomical regions, cluster sizes, MNI coordinates of peak
locations, t-scores, and p-values.
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Fig. 2. Average EEG topographic maps of calculated spectral parameters, including relative delta, theta, alpha,
and beta power, for each group; (Post-COVID-19—top panel; Healthy Control—bottom panel)

Frontal 0.23 0.08 | 0.001 0.21 0.14 | 0.009 0.26 0.42 | 0.002 0.20 0.19 | 1.000
Temporal | 0.13 0.05 | 0.004 0.17 0.13 | 0.178 0.43 0.54 | 0.046 0.17 0.17 | 0.728
Central 0.16 0.05 | 0.005 0.19 0.12 | 0.027 0.35 0.51 | 0.082 0.19 0.22 | 0.745
Parietal 0.12 0.06 | 0.112 0.17 0.13 | 0.186 0.46 0.46 | 0.307 0.18 0.21 | 0.626
Occiptal | 0.10 0.05 | 0.083 0.15 0.10 | 0.057 0.54 0.66 | 0.120 0.18 0.21 | 0.781

Table 3. Median values of relative power, including relative delta, theta, alpha, and beta power, calculated for
each group (Covid-19: Post-COVID-19 subjects; HC: healthy Control), with comparisons between the two
groups for each lobe. Significant p-values are indicated in bold (p <0.05). Significant values are in bold.
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subjects in the frontal and central areas. Meanwhile, relative alpha power was significantly lower in post-
COVID-19 subjects in the frontal and temporal regions, confirming the predominant frontal EEG slowing trend.

The regional alterations in brain oscillatory activity, expressed as EEG slowing in the frontal, central, and
temporal regions (Table 3), align with the hypometabolism patterns identified by significant clusters in the PET
analysis (Table 2).

Discussion

Long COVID syndrome can occur regardless of the severity of symptoms during the acute phase’with cognitive
decline being one of the most prevalent and impactful symptoms on patients’ quality of life>. Despite the growing
recognition of this issue, the underlying mechanisms driving post-COVID-19 cognitive decline remain poorly
understood.

The main finding of this study is the identification of significant hypometabolism and EEG slowing in
anterior brain regions in patients with persistent subjective cognitive decline after mild COVID-19. Specifically,
FDG-PET analysis revealed significant hypometabolism clusters in the bilateral frontal, temporal, and parietal
lobes, as well as in the left occipital lobe. EEG analysis showed a significant increase in relative power in the
delta and theta bands, along with a marked reduction in alpha band power in the frontal, temporal, and central
regions. These findings were observed in patients who experienced mild acute COVID-19 that did not require
hospitalization or ventilatory support.

Brain hypometabolism patterns have been identified in several studies analyzing FDG-PET images of
both acute and post-COVID-19 patients® 142, In particular, focal hypometabolism in bilateral frontal,
parietal, occipital, and posterior temporal lobes has been observed during the first two months from infection
and completely disappeared at 12 months'®. In cases of long COVID, FDG-PET scans revealed bilateral
hypometabolism in regions such as the rectal/orbital gyrus, right temporal lobe, pons/medulla brainstem, and
cerebellum, correlating with cognitive and neurological symptoms’. Frontoparietal hypometabolism has been
reported in hospitalized individuals with neurological symptoms!®while diffuse hypometabolism affecting
the right frontal and temporal lobes was observed in outpatients with post-COVID-19 conditions'®. Follow-
up FDG-PET scans up to six months post-COVID-19 revealed persistent prefrontal hypometabolism*2as well
as frontoparietal and temporal hypometabolism!!. Persistent hypometabolism in the limbic region, pons, and
cerebellum has also been documented up to 16 months post-infection!®. Cognitive deficits in post-COVID-19,
especially in concentration and memory, have been associated with reduced metabolism in the prefrontal and
mesial/inferior temporal regions'*. Moreover, cognitive abnormalities and abnormal brain metabolism were still
detectable in nearly half of cases 12 months after COVID-19 infection'2. Although the aforementioned studies
report hypermetabolism in slightly discordant areas, they all converge on the anterior hypometabolism pattern
observed in our study, which coincides with EEG alterations which we detected in the same regions.

Recent studies have reported heterogeneous EEG abnormalities in post-COVID-19 patients, without
considering other neuroimaging techniques'®'??!. Quantitative EEG analysis in subjects experiencing post-
COVID-19 brain fog revealed increased right-hemisphere theta, alpha, and sensorimotor rhythm power, elevated
beta 2 versus SMR bilaterally, and an increase in beta 1 in the left hemisphere!®. Fifty recovered COVID-19
patients with cognitive decline had significantly higher theta/beta ratios in central and parietal areas than fifty
matched healthy controls'®. Furthermore, another study reported EEG alterations in 65% of participants, with
69% of them exhibiting slowed activity and 31% showing epileptic discharges, primarily in the frontal regions?!.
These results show that EEG changes in post-COVID-19 subjects are still debated regarding the alteration
pattern, though with a predominance of slowing. Our study identified a shift in EEG rhythms from higher
frequencies, such as alpha, to lower frequencies like theta and delta, particularly in anterior regions, which
aligned with the observed hypometabolism clusters.

The presence of hypometabolism and altered brain electrical activity has been observed in studies that
investigated EEG and FDG-PET separately, as well as together, in patients with mild cognitive impairment
unrelated to COVID-19263043-45 The significant hypometabolism in the temporal lobe was observed in
subjects with MCI due to Alzheimer’s disease (AD) compared to healthy controls***4. The reduction in alpha
and beta activity and an increase in theta power was detected in subjects with mild cognitive impairment
due to Alzheimer’s or Parkinson’s disease®®. The joint investigation of FDG-PET and EEG showed that may
support the differential diagnosis between AD, vascular dementia, and healthy controls, identifying frontal
and temporoparietal hypometabolism in AD patients compared to healthy individuals, as well as significantly
higher relative theta power in cognitively impaired subjects in the frontal, central, and temporal regions®.
Moreover, another study has demonstrated that combining FDG-PET and EEG in subjects with MCI allows
for a comprehensive evaluation of both the neurochemical and neurophysiological changes that precede the
clinical onset of AD, thus improving predictions of disease progression and providing insights into therapeutic
efficacy®.

Hypometabolism clusters and areas with EEG slowing identified in our study, particularly in anterior regions,
could justify the reduced post-COVID-19 cognitive performance in executive, attention, language and memory.
The observed PET EEG pattern is complementary to identified marked hypoperfusion, assessed by ASL-MRI
in cognitively impaired post-COVID-19 subjects, predominantly affecting the frontal, parietal, and temporal
cortices!’. Specifically, the frontal lobes play a pivotal role in functions such as working memory, inhibition,
cognitive flexibility, planning, and problem-solving*®¥’. The cognitive issues observed in our cohort are
consistent with the common clinical patterns reported in post-COVID-19 studies!®484°,

Notably, the neurochemical basis of these findings may be linked to disrupted neurotransmitter systems,
particularly involving GABAergic and glutamatergic pathways. FDG-PET hypometabolism in the frontal and
temporal cortices may reflect reduced synaptic activity, which could arise from astrocytic dysfunction and
impaired glutamate uptake capacity, contributing to excitotoxicity and neuroinflammation®. In line with this,
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previous TMS study in post-COVID-19 patients performing sub-optimally in the cognitive functions has also
shown reduced long-interval intracortical inhibition (LICI, GABAb-mediated) and intracortical facilitation (ICE,
glutamatergic), highlighting the impact of COVID-19 on synaptic inhibitory-excitatory balance®*. Therefore,
the glutamatergic dysregulation and a concomitant reduction in GABAergic inhibitory control may create
a state of neural dysfunction and metabolic stress. This imbalance could account for both the PET-detected
hypometabolism (due to disrupted energy demands of excitatory/inhibitory neurons) and the EEG slowing (as a
marker of altered network synchrony and thalamocortical dysrhythmia). The determined metabolic, perfusional
and neurophysiological brain changes may help to elucidate the pathophysiological mechanisms underlying
cognitive decline in post-COVID-19 patients.

Reduced metabolism often serves as a marker of neuronal dysfunction, where brain cells become less active
and consume less glucose®. In contrast, a decrease in alpha power, typically associated with relaxed wakefulness
and cognitive processing, can signal disrupted brain activity, as often seen in the early stages of cognitive
decline’!. Both hypometabolism and changes in spectral power are indicators of underlying neuronal stress
or damage®>>. Our results reinforce the idea that cognitive decline in long COVID may be linked to both
metabolic and electrical dysfunction in the brain.

The metabolic PET changes and EEG changes observed in post-COVID-19 patients may result from
a parainfectious inflammatory process that appears to predominantly affect the frontal lobes and/or
frontal networks®. Potential pathophysiological mechanisms underlying SARS-CoV-2 infection include
neuroinflammation, autoimmunity, must cell activation, vascular changes with blood brain barrier disruption,
gut brain axis dysregulation, or direct viral effects on neural tissues!®>>->%. These mechanisms could plausibly
account for cortical and blood-brain barrier dysfunction, leading to hypometabolism, altered EEG spectral
power, and cognitive decline.

Our study has some limitations. It is a single-center study with a moderate sample size considering the
multimodal nature of the study. A larger sample size would strengthen the generalizability of the findings.
Another possible limitation is the temporal gap between the FDG-PET and EEG assessments, which were
conducted within a 15-day window. No follow-up was performed, and future longitudinal imaging studies are
needed to determine the persistence or resolution of these brain changes. Patients were assessed using the MoCA
test, which, although widely used, has limited sensitivity for detecting subtle or domain-specific cognitive deficits.
A more comprehensive neuropsychological assessment would provide a more nuanced characterization of the
cognitive profile and allow for a stronger linkage between the neuroimaging, neurophysiological findings, and
cognitive outcomes. Moreover, a higher incidence of anxiety and depression among post-COVID-19 patients
observed in our cohort may have potential psycho-affective contributions to reported cognitive alterations
and findings. Another limitation is the heterogeneity in time since COVID-19 infection, ranging from 2 to 8
months after symptom onset, that may affect the interpretation of results. Nevertheless, this reflects the natural
variability in patient presentation at post-COVID-19 outpatient clinic. All participants reported persistent
cognitive symptoms at the time of evaluation.

Conclusions

In conclusion, in patients with persistent subjective cognitive decline after mild COVID-19 we identified
concomitant PET hypometabolism and EEG slowing patterns in anterior brain regions. FDG-PET analysis
revealed significant hypometabolism clusters in the bilateral frontal, temporal, and parietal lobes, along with
the left occipital lobe. EEG analysis showed a significant increase in relative power in the delta and theta bands,
along with a marked reduction in alpha band power in the frontal, temporal, and central regions. The determined
metabolic and neurophysiological brain changes may help to elucidate the pathophysiological mechanisms
underlying cognitive decline in post-COVID-19 patients.

Data availability

Anonymized data are available upon reasonable request to the corresponding author.
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