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HIGHLIGHTS

« Clinical manifestations of the long COVID syndrome include cognitive impairments, named “brain fog”.
« Previous literature suggest possible mechanisms that might result in altered cortical excitability.
« This study confirms impaired glutamate and GABAb regulatory pathways in long COVID “brain fog”.

ARTICLE INFO ABSTRACT
Article history: ) Objective: Attention, working memory and executive processing have been reported to be consistently
Accepted 27 April 2023 impaired in Neuro-Long coronavirus disease (COVID). On the hypothesis of abnormal cortical excitability,

Available online 10 May 2023 we investigated the functional state of inhibitory and excitatory cortical regulatory circuits by single

“paired-pulse” transcranial magnetic stimulation (ppTMS) and Short-latency Afferent Inhibition (SAI).

Keywords: Methods: We compared clinical and neurophysiological data of 18 Long COVID patients complaining of
Long COVID persistent cognitive impairment with 16 Healthy control (HC) subjects. Cognitive status was evaluated
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LICI by means of the Montreal Cognitive Assessment (MoCA) and a neuropsychological evaluation of the exec-
ICF utive function domain; fatigue was scored by the Fatigue Severity Scale (FSS). Resting motor threshold
SAI (RMT), the amplitude of the motor evoked potential (MEP), Short Intra-cortical Inhibition (SICI), Intra-
SICI cortical Facilitation (ICF), Long-interval Intracortical Inhibition (LICI) and Short-afferent inhibition (SAI)

were investigated over the motor (M1) cortex.
Results: MoCA corrected scores were significantly different between the two groups (p = 0.023). The
majority of the patients’ performed sub-optimally in the neuropsychological assessment of the executive
functions. The majority (77.80%) of the patients reported high levels of perceived fatigue in the FSS. RMT,
MEPs, SICI and SAI were not significantly different between the two groups. On the other hand, Long
COVID patients showed a reduced amount of inhibition in LICI (p = 0.003) and a significant reduction
in ICF (p < 0.001).
Conclusions: Neuro-Long COVID patients performing sub-optimally in the executive functions showed a
reduction of LICI related to GABAD inhibition and a reduction of ICF related to glutamatergic regulation.
No alteration in cholinergic circuits was found.
Significance: These findings can help to better understand the neurophysiological characteristics of
Neuro-Long COVID, and in particular, motor cortex regulation in people with “brain fog”.
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1. Introduction

As new coronavirus disease (COVID19) variants keep scientists
worried, more and more evidence suggest the existence of a post-
infectious state known as Long COVID, or, more recently, Post-Acute
Sequelae of COVID-19 (PASC, Groff et al., 2021). This clinical entity
is defined by symptoms persisting more than four to twelve weeks
after recovery from COVID-19 infection (Callard and Perego, 2021;
Huang et al., 2021; Nalbandian et al., 2021). Shortness of breath, fati-
gue, hair loss, autonomic dysfunction, neuromuscular disorders, head-
ache, and attention deficits have been frequently described
(Manganotti et al., 2021, Buoite Stella et al., 2022; Cares-Marambio
et al,, 2021; Lopez-Leon et al., 2021; Michelutti et al., 2022). Other
psychiatric and cognitive disorders have also been reported, with
descriptions of low mood and “brain fog”, i.e., minor memory impair-
ments and deficits in focusing (Kingstone et al., 2020; Maury et al.,
2021; Michelutti et al., 2022). A proper clinical definition of a Long
COVID Syndrome has not met experts’ consensus yet. However, this
cluster of symptoms has been recently referred to as “Neuro-Long-
COVID” (Ferrarese et al., 2020; Helbok et al., 2020). The degree of
the impairment has been described to follow a gradient correlated
to the severity of the acute phase of the infection (Blomberg et al.,
2021). Nevertheless, the chance of developing Neuro-Long COVID
has been demonstrated not to be strictly linked to the course of the
acute phase of the infection (Carod-Artal, 2021; Su et al., 2022).

The cognitive deficits involve mainly executive functions such as
working memory, attention, parallel processing, planning and
problem-solving. The cognitive deficits have been described both in
the acute stage of the COVID-19 infection, with severe involvement
of the central nervous system (CNS) (Versace et al.,, 2021), and in
Neuro-Long COVID, with differences in the presentation according
to sex (Becker et al, 2021; Hosp et al, 2021; Michelutti et al.,
2022). The cognitive deficits reported are typical of syndromes char-
acterized by functional or structural impairment of the frontal and
prefrontal lobes (Henri-Bhargava et al., 2018; Jones and Graff-
Radford, 2021; Ajcevic et al., 2023). These are crucial hubs for work-
ing memory, inhibition, cognitive flexibility, planning and problem-
solving (Henri-Bhargava et al., 2018; Jones and Graff-Radford, 2021).

“Paired-Pulse” Transcranial Magnetic Stimulation (ppTMS) is a
research tool used to investigate and measure the cortical excita-
tion and inhibition in neurological and neuropsychiatric disorders
including neurodegenerative disorders such as Mild Cognitive
Impairment due to Alzheimer’s Disease (Benussi et al., 2021) and
frontotemporal dementia (Benussi et al., 2018, 2017, 2016;
Padovani et al., 2018a). Short-latency Afferent Inhibition (SAI) is
another TMS parameter that has been largely described to be sen-
sitive to alterations caused by neurodegenerative diseases (Benussi
et al.,, 2021; di Lazzaro et al., 2008, 2007, 2005, 2002; Padovani
et al., 2018b; Tokimura et al., 2000). On the basis of a possible
alteration of the “cortical neurophysiology”, both SAI and ppTMS
have been investigated in patients with neuro-long COVID. These
parameters were found to be abnormal both after severe acute
COVID-19 infection with neurological complications (Versace
etal.,, 2021) and in Neuro-Long COVID (Ortelli et al., 2022) patients.

The aim of this study was to investigate cortical excitability in
sensorimotor areas by SAI and ppTMS in a group of Long COVID
outpatients complaining of cognitive impairment who did not
require hospitalization in their acute infection phase.

2. Methods

2.1. Participants

Participants who were referred to the Neuro-Long COVID ambu-
latory service of the University Hospital of Trieste from January,
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the 1st, 2021 to April, the 1st' 2022 were screened for the presence
of self-reported cognitive impairment in the post-acute COVID-19
period (diagnosis and recovery confirmed by positive and negative
SARS-CoV-2 nasopharyngeal swab, respectively). The Montreal
Cognitive Assessment was administered as a cognitive screening
test (Nasreddine et al., 2005). Subsequently, a neuropsychological
assessment was performed (Michelutti et al., 2022).

All the patients underwent a Magnetic Resonance Imaging (MRI)
scan. Inclusion criteria for the study were: the persistence of self-
reported cognitive impairment at least after 12 weeks from acute
COVID-19 symptoms manifestation; age > 18 years and <75 years,
positivity of a nasopharyngeal swab, full recovery from COVID-19
at the moment of the assessment (i.e., the absence of any acute
COVID-19 symptom). Exclusion criteria for the study were: a history
of COVID-19-related respiratory insufficiency or hospitalization; clin-
ical and/or radiologic evidence of acute phase COVID-19 related
pneumonia; the presence of severe psychiatric diseases that required
management by a psychiatrist in the past; the presence of cardio-
logic, endocrine and neurologic major comorbidities, i.e. dementia
or Mild Cognitive Impairment (MCI) due to other documented neuro-
logical diseases; current treatment with benzodiazepines, steroids,
antidepressants and other drugs altering the brain cortex excitability
(Robol et al., 2004; Ziemann et al., 2015), the presence of cortical
atrophy and/or Fazekas score > 1 (Fazekas et al., 1987) on MRI. No
restriction was considered in respect to the time between the onset
of the symptoms and the time of the evaluation. All procedures were
performed according to the declaration of Helsinki and the study was
approved by the regional ethics board (CEUR FVG number 007-2021).
All the subjects gave verbal consent for the procedures described.

The total number of patients enrolled was 20. Two patients
were discarded due to the finding of previously not-diagnosed psy-
chiatric comorbidities. Eighteen patients (50 + 11 years, 100%
right-handers; 12/18 females) underwent the neurophysiological
assessment of cortical excitability and regulation. Sixteen healthy
controls (HC) were recruited for comparison (50 + 71 years, 100%
right-handers; 10/16 females). All of them were recruited between
hospital personnel undergoing weekly SARS-CoV-2 screening
nasopharyngeal swabs (resulted negative). The recruited subjects
underwent all the TMS protocols of this study.

2.2. Clinical assessment

Demographic characteristics, presence of neurological, psychi-
atric, cardiovascular, respiratory, metabolic, neoplastic, endocrine
comorbidities and both acute and chronic (lasting for more than
12 weeks) COVID-19 symptoms were collected. We collected the
presence of acute upper respiratory symptoms, fever, dyspnoea,
headache, myalgia or joint pain, hyposmia or anosmia, palpita-
tions, diarrhea or gastrointestinal tract symptoms and fatigue in
the COVID-19 acute phase. Additional acute phase data were col-
lected for the requirement of ventilation for respiratory failure
(Michelutti et al., 2022). The presence of Long COVID was exten-
sively studied, screening for symptoms lasting for more than
12 weeks after the infection onset: the patients were investigated
for the presence of persistent fatigue, respiratory symptoms, palpi-
tations, gastrointestinal tract symptoms, myalgia or joint pain, tin-
nitus, vertigo, visual disturbances, persistent fever. The patients
were especially investigated for the presence of persisting neuro-
logical symptoms, such as paraesthesia, hyposmia or anosmia/
ageusia, cognitive deficits, mood disturbances, headache, weakness
of the arm/leg and insomnia (Michelutti et al., 2022).

2.3. Cognitive assessment

Cognitive impairment was screened by means of the Montreal
Cognitive Assessment — MoCA test. The cut-off used was that sug-
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gested by Aiello (Aiello and Depaoli, 2022; Aiello et al., 2022), cor-
rected for age and scholarity. A neuropsychological assessment by
trained neuropsychologists was performed on all the patients. It
was made of a series of psychometrically validated tests investigat-
ing attention and executive functions domain. The Fatigue Severity
Scale (FSS) investigated the burden of fatigue on the daily activities
of the subjects (Krupp et al., 1989): the subjects had to give a rating
from 1 to 7 for every item, with 1 representing full disagreement
and 7 representing full agreement. The pre-established cut-off
was >4.67 (Krupp et al., 1989).

2.4. Neuropsychological evaluation of attention and executive
functions

The Trail Making Test (Siciliano et al., 2019) is a neuropsycho-
logical evaluation tool consisting of two parts: part A of the test
requires joining a series of numbers arranged in various spatial
positions on a sheet of paper as quickly as possible; part B requires
quickly joining numbers and letters variously arranged on a sheet
of paper alternating between the two categories of stimuli. This
test is designed to assess visual-spatial search ability, psycho-
motor speed and set-shifting skills, i.e. the ability to alternate
attention between two different categories of visual stimuli and
to perform two cognitive tasks simultaneously. The Symbol Digit
Modalities Test (SDMT) (Nocentini et al., 2006) requires quickly
associating symbols with numbers, and measures the speed of pro-
cessing visual information, oculomotor coordination, sustained
attention and learning new visual information. The Paced Auditory
Serial Addition Task (Saetti et al., 2021) consists in a task in which
numbers are presented orally at a rate of 3 seconds and the person
must quickly perform serial additions, adding each number to the
previous one. The test measures the speed of processing auditory-
verbal information, sustained attention in auditory mode, divided
attention and verbal working memory. The Stroop test (Brugnolo
et al., 2016) assesses attentional control and inhibition, i.e., the
ability to inhibit interfering or irrelevant information in order to
select the information that is relevant to the task goals. Finally,
the graphical fluency tests (Cattelani et al., 2011) assess mental
productivity and creativity, the ability to monitor one’s own beha-
viour and to inhibit actions that have already been implemented
but are no longer appropriate.

2.5. Neurophysiological evaluation

2.5.1. Transcranial magnetic stimulation (TMS) protocol

The subjects were instructed to sit in a quiet room in a resting
position with eyes open. Stimuli were delivered with a stimulating
figure-of-eight coil by using a MagPro® magnetic stimulator
(MagVenture Inc., Alpharetta, GA, USA) delivering monophasic
pulses. This was connected to an electromyography device (Syn-
ergy®, Natus®, Middleton, WI, USA). The electromyography signals
were recorded with a bandpass of 10 to 1000 Hz. Ten stimuli were
delivered for each ISI and protocol in a pseudo-randomized
sequence. For all the protocols, the amplitude of the conditioned
responses was expressed as a percentage of the corresponding
mean unconditioned response.

Motor Evoked Potentials (MEPs) were recorded from the First
Dorsal Interosseus (FDI) muscle of the dominant side with Ag/AgCl
surface electrodes attached in a belly-tendon montage. We used a
7 cm figure-of-eight coil, tangentially oriented over the optimum
scalp position to elicit MEPs in contralateral FDI, with the induced
current flowing in a posterior-anterior direction (Rossini et al.,
2015). Intensities were expressed as a percentage of maximum
stimulator output (% MSO). The coil, whose position was continu-
ously monitored during the entire experiment, was placed over
the optimal site for eliciting MEPs in the contralateral FDI muscle.
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The optimal scalp position was determined by moving the coil
around the area corresponding to the left M1 (approximately
between C3 and P3) in 0.5 cm steps. Then, the optimal scalp posi-
tion where the stimulation constantly produced the largest MEPs
was marked in a tight-fitting plastic swimming cap. For each
assessment peak-to-peak amplitude was measured and averaged
offline for each participant. No substantial difference in the laten-
cies of the MEPs of all the subjects was recorded.

Resting motor threshold (RMT) was defined as the lowest TMS
intensity (expressed in percentage of the maximum stimulator
output) that evoked motor potentials (MEPs) of at least 50 pV
peak-to-peak amplitude in five of ten successive trials (Rossini
et al., 2015). Paired-pulse TMS protocols were used to investigate
inhibitory and excitatory intracortical networks; the chosen stim-
ulation intensity and interstimulus interval (ISI) underlie different
regulatory circuits (Kujirai et al., 1993). Short-Interval Intracortical
Inhibition (SICI) at 3 ms and 5 ms ISI (henceforth SICI 2 and SICI 5)
and Intracortical Facilitation (ICF) at ISI 10 and 15 ms (henceforth
ICF 10 and ICF 15) were evaluated (Kujirai et al., 1993; Rossini
et al., 2015). SICI reflects GABA4 receptor-mediated fast inhibitory
post-synaptic potentials (IPSPs) in corticospinal neurons; Intracor-
tical Facilitation (ICF) reflects glutamatergic signaling (Ziemann
et al., 2015). Stimulation intensities were 70% RMT for the condi-
tioning stimulus and 130% RMT for the test stimulus. Long-
interval Intracortical Inhibition (LICI) at ISI 100 ms (henceforth LICI
100) was evaluated; the stimulation intensity was of 130% RMT for
both conditioning and test stimulus. LICI depends on slow IPSPs
mediated through GABAg receptors (Kujirai et al., 1993; Ziemann
et al., 2015).

2.5.2. Short afferent inhibition (SAI)

Short-latency Afferent Inhibition (SAI) was assessed to evaluate
sensory afferents-mediated M1 inhibition. SAI is caused by the
excitatory effect of cholinergic thalamocortical projections onto
the inhibitory GABAergic cortical network (Tokimura et al., 2000;
Valls-Solé et al., 1992). The conditioning stimulus was delivered
to the ulnar nerve at the wrist (at an intensity just above the motor
threshold for evoking a visible twitch in FDI) and preceded the TMS
by an ISI of N20 —4 +0, 4, 8, ms (hence SAI 16, 20, 24, 28) relative to
the latency of the N20 component of the ulnar nerve somatosen-
sory evoked potentials (Alle et al., 2009; di Lazzaro et al., 2007).
The intensity of the TMS test pulse over M1 was adjusted to elicit
stable MEPs of more than 1 mV peak-to-peak amplitude in the
relaxed FDIL

2.6. Statistics and data analyses

All statistical analyses were performed with SPSS version 23
(IBM). This is the primary analysis of these data. Data are reported
as the medians, (25th—75th percentile) or counts and proportions
(%) as appropriate. Two-tailed testing was performed. Mann-
Whitney U test was used to assess differences between people
with Long COVID and HC. To account for differences between
groups in SAI, SICI and ICF considering the different ISI applied,
the independent and interactive effect of health status (2 levels
between subjects: Long COVID vs. healthy controls) and ISI (4
levels repeated measures for SAIl: 16, 20, 24, 28 ms; 2 levels
repeated measures for SICI: 3 ms and 5 ms; 2 levels repeated mea-
sures for ICF: 10 ms, 15 ms) was performed with a two-way mixed
ANOVA. These analyses established the generalized effect of Long
COVID MEPs over the different paired pulse protocols (different
ISI), and their interaction. In the event of a statistically significant
main group effect, a Bonferroni’s correction for multiple testing
was performed for each ISI. Greenhouse-Geisser correction was
applied in case of lack of sphericity. Normality testing using the
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Shapiro-Wilk test was performed for all datasets. Significance was
set for p < 0.05.

2.7. Data availability

The authors confirm that the presented data of this study are
saved at the Clinical Unit of Neurology, Trieste University Hospital
ASUGI, Italy. They are available upon reasonable request and
according to the local institutional and ethics regulation.

3. Results

The demographic and clinical features of our patients both for
acute and Long COVID stage of the infection are shown in Table 1.
The average time from the diagnosis of COVID-19 infection to the

Table 1
Demographic and clinical features of our Long COVID patients (n = 18). Data
presented as mean + standard deviation and frequencies.
Characteristics (n=18)
Demographic Features
Age [y] 55+ 10.90

Right-handedness [n (%)]
Sex: female [n (%)]
Acute COVID19 symptoms

18 (100.0%)
12 (66.7%)

Acute Upper Respiratory Symptoms [n (%)] 9 (50.0%)
Acute Dyspnea [n (%)] 0 (0.0%)
Acute Fever [n (%)] 12 (66.7%)
Acute Headache [n (%)] 11 (61.1%)
Acute Myalgia/Joint Pain [n (%)] 7 (38.9%)
Acute Hyposmia/Anosmia [n (%)] 7 (38.9%)
Acute Palpitations [n (%)] 2 (11.1%)
Acute Gastrointestinal Tract Symptoms [n (%)] 4 (22.2%)
Acute Fatigue [n (%)] 10 (55.5%)

Acute Respiratory Failure [n (%)] 0
Ventilation [n (%)] 0
Administration of Heparine [n (%)] 0
Administration of Steroids [n (%)] 0
Administration of Antibiotics [n (%)] 0
Long COVID symptoms

Persistent Fatigue [n (%)]

Persistent Respiratory Symptoms [n (%)]
Persistent Tinnitus [n (%)]

17 (94.4%)
5 (27.8%)

(
Persistent Vertigo [n (%)] 1 (5.6%)
Persistent Headache [n (%)] 3 (16.7%)
Persistent Visual Disturbances [n (%)] 1 (5.6%)
Persistent Fever [n (%)] 0 (0.0%)
Persistent Paresthesia [n (%)] 0 (0.0%)
Persistent Myalgia/Joint Pain [n (%)] 6 (33.3%)
Persistent Hyposmia [n (%)] 4 (22.2%)
Persistent Palpitations [n (%)] 1 (5.6%)
Persistent Gastrointestinal Tract Symptoms [n (%)] 0 (0.0%)
Persistent Insomnia [n (%)] 3(16.7%)
Persistent Focal Weakness [n (%)] 0 (0.0%)
Persistent Mood Disturbances [n (%)] 2 (11.1%)
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evaluation was 165 * 45 days. The time to access our outpatient
service was always shorter than one year from SARS-COV2
nasopharyngeal swab positivity.

3.1. Cognitive assessment

The results of the cognitive assessment are shown in Table 2. All
the patients self-reported being cognitively impaired at the time of
the examination (18/18, 100%). Regarding the MoCA none of the
patients totalized a score lower than the cut-off for pathological
impairment, according to the normative data. The patients’ median
MoCA corrected score was significantly lower than the healthy
controls’ median score (p = 0.023). All the patients underwent a
neuropsychological assessment of attentive and executive func-
tions. The prevalence of the patients performing sub-optimally
(Equivalent Score, ES < 3.00, 2.00 and 1.00) in at least one of the
items of the assessment are shown in Table 2. All the patients were
administered the Fatigue Severity Scale: 14 patients totalized a
score higher than the cut-off for the scale.

3.2. Neurophysiological findings

The results of the neurophysiological assessment are shown in
Table 3. We did not find any significant difference in the resting
motor threshold (RMT, p = 0.410) and mean evoked motor poten-
tials (MEP, p = 0.980) recorded at 130% intensity between the two
groups. Regarding SAI no significant ISI effect (F;96 = 2.352,
p = 0.077, ,n? 0.068), group effect (F;3, = 0.764, p = 0.389, ,n?
0.023), nor ISI x group effect (F396 = 2.113, p = 0.104; an 0.062)
was found (Fig. 1). Regarding SICI a significant ISI effect
(F132 = 7.299, p = 0.011, pnz 0.186) was found, in contrast to the
non-significant group effect (F;3, = 2.054, p = 0.161, ,n? 0.060)
and ISI x group effect (F;3; = 2.913, p = 0.098; ,n? 0.083) was
found. Regarding ICF no significant ISI effect (Fi3, = 3.795,
p = 0.060, ,n? 0.106), whereas a significant ISI x group effect
(Fy32 = 4.290, p = 0.046; ,n? 0118) and a significant group effect
were found (F;3, = 20.215, p < 0.001, ,n? 0.387) (Fig. 2). Post-
hoc analysis with Sidak’s correction showed that a lower MEP
amplitude was found in the long-COVID group compared to the
HC (-2.160, 95 CI: —3.139 - —1.181, p < 0.001). Finally, LICI at
100 ms ISI was found to be significantly reduced in the Long-
Covid group compared to HC (p = 0.003) (Fig. 3).

4. Discussion

The main outcomes from this study suggest that LICI and ICF
can be lower in people with Neuro-Long COVID with subjectively
reported cognitive impairment than in healthy controls, whereas
SICI and SAI are not significantly different. The finding of LICI dys-
regulation with suboptimal executive performances is partially in

Table 2
Neuropsychological assessment in long COVID (n = 18) and healthy controls (n = 16). Data are presented as median (25th-75th percentile), and frequencies.
Long COVID (n = 18) HC (n = 16) Significance
MoCA assessment
MoCA (raw score) 26 (25-28) 30 (28.75-30) <0.001
MoCA (corrected score) 24.74 (23.13-25.05) 26.25 (25.83-26.74) 0.023

Neuropsychological assessment of executive functions in Long COVID patients
ES < 1.00 (%) 6 (33.33%)

ES < 2.00 (%) 9 (50.00%)

ES < 3.00 (%) 14 (77.77%)

Notes: Montreal Cognitive Assessment: MoCA (Nasreddine et al., 2005); Healthy Controls: HC; Equivalent Score: ES. Correction of the raw MoCA scores as indicated by Aiello
et al. (Aiello et al., 2022). ES < 1.00: at least one test resulted < 1.00 in the neuropsychological assessment of executive functions. The ES was not assessed in HC. ES < 2.00: at
least one test resulted < 2.00 in the neuropsychological assessment of executive functions. ES < 3.00: at least one test resulted < 3.00 in the neuropsychological assessment of
executive functions. Significance for the median score comparison between the two groups was calculated with a Mann-Whitney U test. Bold values for p < 0.05.
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Table 3

Clinical Neurophysiology 151 (2023) 83-91

TMS assessment in long COVID (n = 18) and healthy controls (n = 16). Data are presented as median (25th-75th percentile).

Long COVID HC Significance
n=18 n=16
Baseline parameters
RMT (% SO) 60 (55-70) 65 (60-74) 0410
Baseline MEP (mv) 1.30(0.83-1.57) 1.20 (0.80-1.60) 0.980
Latency (ms) 22.40 (20.90-23.90) 24.00 (23.83-24.28) 0.575
Paired Pulse parameters (% of Baseline MEP)
SAI 0.389
16 ms 37 (22-42) 40 (22-78)
20 ms 38 (34-50) 56 (38-64)
24 ms 42 (36-55) 41 (35-53)
28 ms 40 (21-55) 36 (27-42)
SICI 0.161
3 ms 14 (11 -25) 17 (0-62)
5 ms 33 (19-63) 74 (22-95)
ICF <0.001
10 ms 100 (67-121) 242 (159-420)
15 ms 107 (86-111) 317 (159-540)
LICI 100 ms 15 (11-23) 1(0-9) 0.003

Notes: Healthy Controls: HC; MEP: motor evoked potential; rMT: resting motor threshold (% of stimulator output, SO); Short Afferent Inhibition: SAI; Short Interval
intracortical Inhibition: SICI; Intracortical Facilitation: ICF; Long Interval intracortical Inhibition: LICIL. Significance for group effect in the mixed factors ANOVA; in case of
significant effect, post-hoc Sidak’s correction for the single ISI testing. Bold values for p < 0.05.

line with previous works held on patients after a severe COVID-19
infection complicated with neurological symptoms (Versace et al.,
2021) and in patients with Long COVID (Ortelli et al., 2022)
affected by a dysexecutive syndrome and an alteration in the per-
ception of fatigue (Ortelli et al.,, 2022). Both our study and the
study from Ortelli et al. (2022) did not find an alteration of GABAa
circuits. Differently from them, we did not find any alteration in
SAI; furthermore, we did find a reduction in ICF. The neurobio-
chemical circuits investigated by the TMS paired-pulse protocols
(LICI, SICI, ICF) are regulated by GABAb, GABAa (Kujirai
et al,,1993; Ziemann et al., 1996) and glutamate (Ziemann et al.,
2015, 1996), respectively. SAI is regulated by a thalamocortical
cholinergic circuit (Tokimura et al., 2000; Valls-Solé et al., 1992).
These TMS parameters have been often considered as early
biomarkers for neurodegenerative diseases. Indeed, SICI (Benussi
et al, 2016, 2018, 2021), and ICF (Benussi et al., 2016, 2017,
2018, 2021) have been correlated with frontotemporal neurode-
generation. SICI is also reduced in central nervous system disorders
inducing chronic fatigue (Liepert et al., 2005; McDonald et al.,
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Fig. 1. Short afferent inhibition (SAI) at 16, 20, 24 and 28 ms interstimulus
intervals, in Long COVID (n = 18, violet) and healthy controls (HC, n = 16, blue).
Motor evoked potentials (MEP) expressed as the percentage of baseline MEP (i.e.,
the MEP measured without any previous conditioning stimulus). Mixed-way
ANOVA was used. No significant ISI effect (F396 = 2.352, p = 0.077, ,n? 0.068),
group effect (Fy 32 = 0.764, p = 0.389, ,n? 0.023), nor ISI x group effect (F3 96 = 2.113,
p = 0.104; ,n? 0.062) was found.
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2010; Vucic et al., 2011). In particular, reductions in LICI have been
described in patients affected by frontotemporal dementia (FTD,
Benussi et al., 2020), and could be related to working memory in
healthy middle-aged adults (Redondo-Camos et al., 2022). In addi-
tion, a trend for decreased LICI, although not significant, has also
been observed in Mild Cognitive Impairment (MCI) due to FTD
(Benussi et al, 2021) and in pre-symptomatic genetic FID
(Benussi et al., 2016). Abnormal LICI has also been considered a
possible biomarker in different neuropsychiatric disorders such
as mood disorder, schizophrenia, epilepsy, and amyotrophic lateral
sclerosis (Fatih et al., 2021).

GABAa and GABAD receptors are both involved in the sponta-
neous fluctuation of the persistent activity, i.e., a sustained change
in action potential discharge that long outlasts a stimulus (Major
and Tank, 2004) in cortical networks (Mann et al., 2009). GABAa

ICF
p<0.001
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Fig. 2. Resting motor threshold (RMT), short interval intracortical inhibition (SICI)
at 3 and 5 ms interstimulus intervals, and intracortical facilitation (ICF) at 10 and
15 ms interstimulus intervals, in Long COVID (n = 18, violet) and healthy controls
(HC, n = 21, blue). Motor evoked potentials (MEP) expressed as the percentage of
baseline MEP (i.e., the MEP measured without any previous conditioning stimulus).
Mixed-way ANOVA was used. Regarding SICI no significant ISI effect (F; 3, = 7.299,
p = 0.011, ,n? 0.186), group effect (F;3, = 2.054, p = 0.161, ,n? 0.060), nor
ISI x group effect (Fy 32 = 2.913, p = 0.098; pnz 0.083) was found. Regarding ICF no
significant ISI effect (Fy32 = 3.795, p = 0.060, ,n* 0.106), whereas a significant
ISI x group effect (Fy 3, = 4.290, p = 0.046; ,n? 0118) and a significant group effect
were found (F; 35 = 20.215, p < 0.001, pnz 0.387).
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Fig. 3. Long interval intracortical inhibition (LICI) at 100 ms interstimulus interval
in Long COVID (n = 18, violet) and healthy controls (HC, n = 21, blue). Motor evoked
potentials (MEP) expressed as the percentage of baseline MEP (i.e., the MEP
measured without any previous conditioning stimulus). The difference was tested
with the Mann-Whitney U test (p = 0.003).

and GABADb receptor-mediated inhibition would have distinct roles
in respectively balancing and terminating “Up” and “Down” states
of activity (Mann et al., 2009). Disruption of GABAD signaling in the
prefrontal cortex has been linked to the impairment of many exec-
utive functions such as working memory (Redondo-Camés et al.,
2022, Bafiuelos et al., 2014; Luo et al.,, 2016; Major and Tank,
2004; Mederos et al., 2021) and goal-directed behavior (Mederos
etal., 2021). In our study, the pp-TMS findings could highlight pos-
sible alterations of GABAb-mediated inhibition in Long COVID
patients. Such alterations could underlie an inefficient regulation
of persistent activity states, as GABA represents one of the main
inhibitory neurotransmitters in the brain. The decrease in its levels
has been observed in patients with cognitive deficits (Porges et al.,
2017; Sumner et al.,, 2010) and behavioral disinhibition in FTD
(Murley et al., 2020). A rationale could be suggested considering
persistently disinhibited up states of activity due to non-effective
GABAD signaling.

In our study we also found an abnormal ICF pattern in Long
COVID patients. This has not been shown in previous studies
(Ortelli et al., 2022; Versace et al., 2021). ICF is related to gluta-
matergic excitatory signaling (Ziemann et al., 2015, 1996), and it
has been reported to be impaired in dementia (Benussi et al,
2020, 2017) and MCI (Benussi et al., 2021) due to frontotemporal
degeneration. Our observation could be linked to the hypothesis
of a neuroinflammation-induced increase in glutamate levels,
which could be considered among the putative mechanisms of cog-
nitive deficits in Long-COVID (Mohamed et al., 2022).

We did not find any significant difference between the two
groups in all the ISIs (16, 20, 24, 28 ms) of SAIL SAI is largely
accepted as a neurophysiological biomarker of severe chronic neu-
rodegenerative disorders such as Alzheimer’s Disease (AD) di
Lazzaro et al, 2002, 2004, 2005, 2008; Koch et al, 2016;
Martorana et al.,, 2012; Nardone et al., 2006, 2008; Noh et al.,
2015) and Parkinson’s Disease (PD)/Dementia with Lewy Body
(LBD) (Benussi et al., 2018; di Lazzaro Vincenzo, Pilato F, Dileone
M, Saturno E, Profice P, Marra C, et al., (2007), di Lazzaro, Pilato,
Dileone, Saturno, et al., 2007; Marra et al., 2012). Conversely, nor-
mal SAI has been found in syndromes with a dysexecutive profile
of cognitive deficits such as those that belong to the spectrum of
frontal neurodegeneration (Benussi et al., 2021, 2018, 2017,
2016), whereas no correlation was demonstrated between frontal
executive functioning and SAI in normal subjects and in patients
with MCI (Young-Bernier et al., 2014).
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Our findings show alterations in the TMS-elicited output of the
motor cortex in subjects reporting persisting cognitive impairment
months after COVID-19 infection. However, our assessment of
motor descending pathways by means of single-pulse TMS showed
no differences between the two groups of subjects. This indicates
the integrity of motor signaling in our subjects. The finding of
abnormal GABAb and glutammatergic (investigated by LICI and
ICF respectively), as opposed to normal cholinergic (investigated
by SAI) regulation of the excitability of M1 likely reflects a more
widespread alteration in the regulatory crosstalk between a dis-
tributed network of regions that includes frontal and pre-frontal
cortical hubs (Balzekas et al., 2018; Du et al., 2019). This taps into
previous stages of motor processing such as planning and execu-
tive programming. The strength of the connections between motor,
pre-motor and pre-frontal cortices during cognitive executive pro-
cessing has been extensively supported by structural and func-
tional connectivity data (Higashihara et al., 2021; Leisman et al.,
2016; Mendoza and Merchant, 2014). For this reason, alterations
in the regulation of the M1 output measured by ppTMS could be
interpreted as a surrogate marker of activity happening elsewhere
in the brain. In fact, alterations of ppTMS parameters in neurode-
generative and psychiatric diseases reflect alterations of cognitive
rather than motor functions (Benussi et al., 2020, 2018, 2017,
2016; Fatih et al., 2021). Given the correlation between LICI and
executive functions (Redondo-Camés et al., 2022), whose heavy
reliance on frontal processing has been extensively demonstrated
(Peters, 2006; Sanger et al., 2001), one could suspect that the Long
COVID dysexecutive deficits that have been reported in our sample
of patients could be partially explained by pathogenetic processes
involving the frontal areas of the brain. Unfortunately, to obtain a
measurable TMS output from regions different than the motor cor-
tex is technically demanding. Future studies including a TMS-EEG
in their design would be useful to better localize the dysfunctions
in the processes that underlie motor cortical regulation in Long
COVID.

A frontal epicentre for the deficits in executive functions found
in COVID-infected patients has also been suggested by frontopari-
etal hypometabolism revealed by PET imaging in a study con-
ducted on patients in an early post-infectious time frame (Hosp
et al,, 2021) and in Long COVID patients complaining of persistent
fatigue (Guedj et al., 2021). A recent study has also indicated struc-
tural damage to frontal lobe-located, olfactory network-adjacent
areas in Long COVID patients (Douaud et al., 2022). These areas
are also thought to be involved in executive processing (Arnold
et al., 2020; Jones and Graff-Radford, 2021). Preferential involve-
ment of frontal lobes and frontal-adjacent hubs of executive pro-
cessing has been putatively explained by means of trans-synaptic
direct viral transfer (Baig et al., 2020), or immune-mediated dam-
age due to micro-glial reactive activation (Matschke et al., 2022;
Poloni et al., 2021) and leakage of pro-inflammatory cytokines
through the ematoencephalic barrier (Krasemann et al., 2022)
caused by the proximity of the olfactory bulb, where a high
amount of the virus-targeted ACE2 receptor are expressed
(Douaud et al., 2022). Alterations in regulatory circuits in the brain
might reflect a mild, often transitory, encephalopathy caused (di-
rectly or indirectly) by SARS-CoV2 (Buoite Stella et al., 2022;
Liotta et al., 2020; Manganotti et al., 2021; Michelutti et al., 2022).

TMS could be a useful and interesting tool to test intracortical
excitability in Long COVID patients complaining of cognitive
impairment. We have described a neurophysiological phenotype
corresponding to sub-optimal executive processing in Long COVID
patients. Our findings attribute this to the sole glutamate and
GABAb-dependent circuits’ dysfunction. We aimed to exclude the
involvement of cholinergic circuits through an extensive investiga-
tion of SAI at multiple ISIs. These findings contribute to provide a
more detailed and circumscribed picture of the cognitive Long
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COVID syndrome. Interesting implications for GABAb-dependent
physiopathological mechanisms and therapeutic applications are
warranted. Findings from the present study should be cautiously
considered and could represent a preliminary investigation due
to the limited sample size of both Long COVID and healthy con-
trols; nevertheless, the Neuro-Long COVID participants who volun-
teered in this study were selected among the people who present
to our Neuro-Long COVID ambulatory service and are character-
ized by symptoms persisting several months after the infection
and therefore could be considered as chronically affected by this
condition. In addition, to provide a fast and easily implementable
protocol in this category of patients, the protocol used in this study
applied 10 trials for each condition, and this might have affected
the findings, recommending protocols considering a larger number
of trials. Future studies on larger samples could not only confirm
current literature, including the present findings, but could also
assess if associations are present between the neurophysiological
alterations and symptoms’ severity.

5. Conclusions

Neuro-Long COVID patients with self-reported persistent cogni-
tive deficits and suboptimal executive functions could present a
reduction of LICI and of ICF, related to GABAb inhibitory and gluta-
matergic facilitatory circuits, respectively. Conversely, GABAa and
cholinergic-dependent regulation seems not to be significantly
impaired. TMS might be useful in individuating pre-clinical cogni-
tive impairment in Long COVID. Future studies could provide ther-
apeutic suggestions targeted at the specific neurotransmitters
involved in such condition.
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