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Abstract

Purpose: Long-haul COVID-19 is a condition of unknown background occurring in COVID-19 survivors regardless
of the severity of the SARS-CoV-2 infection itself. The aim of the study was to evaluate brain changes in patients
suffering from variable symptoms of brain fog after COVID-19.

Material and methods: Eleven patients hospitalized due to symptoms of severe brain fog, i.e. insomnia, sudden impair-
ment of cognitive function, headache, and depression, and 14 healthy volunteers underwent brain imaging including
MR spectroscopy.

Results: Routine MR imaging revealed no specific macroscopic changes in keeping with brain fog. Considering that
the clinical manifestation of brain fog is transient, the evaluation of the metabolic status of the brain remained the
method of choice. The concentration of the major cerebral metabolites, i.e. NAA, Cho, and Cr, remained stable.
However, changes in Glx and Lac concentration were observed in MR spectroscopy.

Conclusions: Following results along with clinical course of the brain for imply probable ischaemic background of
symptoms.
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therapeutic management in this group of patients. Our

Introduction study indicates transient cerebral hypoperfusion as a pos-

According to recent statistics, approximately 1/3 of
COVID-19 survivors suffer from psychiatric and neuro-
logic issues. One of them is so called “brain fog” - a clinical
condition manifesting as transient problems with memory,
multitasking, and sleeping disorders.

“Brain fog” is a cerebral manifestation of COVID-19.
Its origin has not been fully understood yet; hence, mul-
tiparametric brain imaging may have an impact on future

sible cause.

Recently several research studies have been conduct-
ed on the phenomena of brain fog assessing the cognitive
symptoms and their severity among COVID-19 patients
in a number of hospitals around the word in order to bet-
ter understand the underlying causes of those symptoms
and to look closely at the cognitive dysfunctions that
are experienced by those patients [1-5]. However, still
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no clear definitions or explanations have been proposed
when it comes to the term “brain fog”. There are many
interpretations of the cause of this condition. However,
there are several symptoms of cognitive impairment that
can be referred to as “brain fog”, which have been ob-
served in COVID-19 patients, such as decline in memory;,
difficulties concentrating, and trouble finding words
[2,6,7]. It is necessary to point out that that those symp-
toms can persist for months and have a negative impact
of patients when performing everyday activities [1,2,8].
Thus, there is a need for this subject to be studied in an
extensive manner so that further knowledge can be ob-
tained about the underlying mechanisms that cause the
occurrence of “brain fog”

Brain fog is one of the long-term side effects of
COVID-19, which may appear regardless of the severi-
ty of the infection itself. Approximately 1/3 of survivors
have symptoms of brain fog such as short-term memory
decline, confusion, multitasking problems, or sleep dis-
orders. The diagnosis remains clinical because no specific
laboratory finding nor imaging feature has yet been found.
The background of this condition remains unknown al-
though there is a theory that the SARS-CoV2 virus pene-
trates the brain-blood barrier directly through the olfac-
tory nerve causing cerebral inflammation. Another theory
says that it is not the virus itself but the overreaction of
the immune system which results in cerebral impairment.
Another possible cause of brain injury is increased pro-
pensity to blood clotting due to infection. Based on pub-
lished data regarding systemic and cerebral vasculitis in
the course of COVID-19 [9] as well as increased incidence
of stroke being under investigation [10] and other cerebral
diseases based on vascular insufficiency in COVID-19 pa-
tients [11], we decided to investigate the macroscopic and
biochemical status of the brain in patients suffering from
brain fog in order to verify the occurrence of ischaemic
lesions (i.e. lacunar infarctions) or substantial changes in
concentration of cerebral metabolites.

Metabonomics - the analysis of the expression of me-
tabolites in biosamples - is the research method which
could allow an explanation the pathophysiological mecha-
nisms of this condition and aid in the development of
diagnostic tools [12]. MR spectroscopy is one of the tech-
niques used for metabonomic mapping. It is noninvasive
and feasible in patients with various neurological condi-
tions.

Material and methods

Patient recruitment

We prospectively recruited patients with brain fog ad-
mitted to the neurology departments of our hospitals -
CSK MSWiA in Warsaw and Medical Centre Hospital
in Lancut. The study was approved by the Institutional
Research Ethics Committee, and written informed con-
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sent was obtained from the patient or assent from their
relatives.

Inclusion criteria were defined as endured COVID-19
proven by positive test results (RT-PCR and/or antigen)
followed by symptoms included in the spectrum of severe
brain fog — defined as cognitive impairment described in
detail in the following part of this chapter.

Patients who had metal inserts or were MR incompat-
ible for other medical reasons, or who turned out to have
a clinical condition mimicking brain fog, were excluded.

On admission, each patient underwent exclusion
of COVID-19 as well as a blood test confirming recent
COVID-19 infection, intoxication of alcohol and drugs
(cannabis and cocaine), neurological urgencies such as
stroke and intracranial bleeding, and chronic neurologic
conditions such as migraine or neuroborreliosis (based
on anamnesis).

Neuropsychological testing for cognitive impairment
(referred to as brain fog)

Patients were screened by extensive neuropsychologi-
cal tests for the presence of cognitive deficits using Ad-
denbrooke’s cognitive examination III (ACE III), which
is composed of tests of attention, orientation, memory,
language, visual perceptual, and visuospatial skills; the
Rey Complex Figure Test (RCFT), which evaluates dif-
ferent functions, such as visuospatial abilities, memory,
attention, planning, working memory, and executive func-
tions; the California Verbal Learning Test (CVLT), which
assess the verbal learning and memory deficits; the Trail
Making Test (TMT) Parts A & B, which measures atten-
tion, visual screening ability and processing speed; and
subtests of Wechsler Adult Intelligence Scale (WAIS-R) -
a similarities test to assess verbal reasoning, a coding test
to measure visual-motor coordination, motor and mental
speed, and a digit span test to examine attention, concen-
tration, and mental control. Patients were also tested for
any symptoms of anxiety and depression using the Hos-
pital Anxiety and Depression Scale (HADS).

The neuropsychological testing was performed after
detailed examination of the patient’s medical history, re-
lated to COVID-19, especially symptoms of brain fog and
mental state. Screening took place in a quiet clinical set-
ting to ensure no disturbance was present at the time, to
obtain the most accurate results. Patients were given clear
instructions and were informed of the right to withdraw
from the tests at any time, in line with the code of ethics.
All the patients were tested under the same conditions.
None of the patients refused to take part in the neuropsy-
chological tests, and all the patients showed the appropri-
ate level of engagement and motivation at screening.

Patients with brain fog who suffered from long
COVID-19 complained of wide-ranging fluctuating
symptoms, such as general fatigue, slowness, and cog-
nitive dysfunctions such as memory loss, speech deficit
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(lack of words, problems with fluency), and a decline in
performance and learning abilities. Many of the patients
also experienced confusion, difficulties concentrating,
a sense that their thinking is slowed, depression, anxiety,
and a reduction in their ability to carry out certain every-
day activities or return to work many weeks after the ini-
tial COVID-19 diagnosis. According to the patients, the
symptoms of cognitive impairment referred to as brain fog
gradually appeared during the infection and continued to
develop after the infection. Patients claimed that they had
not suffered from the above-mentioned syndromes before
the infection and that they first started to occur during
the infection and persisted for a long time after. Some
of those patients also stated that those symptoms had be-
come less severe over time. Some patients also reported
experiencing problems similar to psychosis (various prob-
lems with their senses, e.g. hearing non-existing sounds
of instruments around them, noticing non-existing
smells). However, most patients experienced mainly
memory loss and problems with concentration.

The presence of cognitive impairment was confirmed
during neuropsychological screening tests, which revealed
dysfunctions in memory processing, poor concentration,
executive functioning deficits, and episodic and visuospa-
tial memory. In some of those patients an increased level
of anxiety and depression was also seen. The general cog-
nitive functioning of those patients was reduced.

Magnetic resonance imaging protocol

Patients underwent MRI within 3 days of admission.
The images were acquired on a Philips 3T Ingenia scan-
ner (Philips Healthcare, Best, The Netherlands) with
self-shielding gradients (33 mT/m maximum) using
a 32-chanel head coil. We obtained axial T2-weighted
fast spin-echo and fluid attenuated inversion recov-
ery imaging, axial diffusion-weighted imaging (DWTI)
with ADC maps, and axial T1-weighted point resolved
spectroscopy (PRESS)-localized 1HMRS. Because we
were focused on variability of concentration (ratios) of
such compounds such as glutamate and glutamine, we
performed short-time echo MRS. The PRESS-localized
IHMRS was performed with VOI 12 x 12 x 12 mm,
echo time 35 ms, and repetition time 2000 ms. We
used 3-pulse chemical shift selective water suppres-
sion and shimming, optimized on the slice of interest.
Two additional saturation bands were placed around

Table 1. Scanning parameters

the PRESS box to minimize lipid contamination.
The "HMRS voxel grid was carefully centred on the slic-
es in 3 perpendicular planes placed within the brain to
avoid contamination of the spectra by a lipid signal from
the bone marrow or subcutaneous tissue, but to include
as much of the deep grey matter as possible. We coregis-
tered "HMRS and FLAIR data and visualized the single
voxel MR spectroscopy box superimposed onto the cor-
responding anatomical images using in-house software.
Spectroscopic processing was performed on a voxel-by-
voxel basis after setting the residual water signal in each
voxel to a chemical shift of 4.69 ppm. All spectroscopic
data were modelled in the time domain by 7 Gauss-
ian components (corresponding to choline, creatine,
N-acetyl aspartate containing compounds, glutamine and
glutamate, and the 2 components of lactate). We trans-
formed the data to spectra for display and visual qual-
ity control. We discarded spectra with fitted line widths
<1 Hz or > 10 Hz, and metabolite peaks > 0.1 ppm offset
from their expected values and from voxels containing
> 20% cerebrospinal fluid. Each "HMRS data set took
~7 minutes to acquire. Metabolites from both cerebral
hemispheres were quantified using Cr as a reference; the
Lac/Cr and Glx/Cr ratios were calculated.

Then, axial DWI with spin echo-planar imaging,
fat-suppression, b values of 0 and 1000 s/mm?, TR 14528
ms, TE 93 ms, slice thickness 4 mm, number of excitations
(NEX) 2, and matrix 192 x 165 were obtained. DWT as-
sessment included both qualitative interpretation of DWI
for lesion detection and possible quantitative measure-
ment of ADC for lesion characterization. Eventually, the
ADC values were not calculated on the ADC maps be-
cause none of the patients nor healthy volunteers mani-
fested lesions with restricted diffusion.

A brief presentation of scanning parameters is shown
in Table 1.

Statistical analysis

We compared values between deep grey matter regions
of both cerebral hemispheres between patients who were
suffering from brain fog after confirmed COVID-19 and
healthy volunteers, using the Kruskal-Wallis and Mann-
Whitney U tests. Not all available data were used (e.g.
a patient who suffered from SM was excluded). The ab-
normality of Glx and Lac concentration was compared
with results acquired in the control group by brain subre-

Pulse sequence | TR/TE (msec/msec) | Slice thickness | Matrix | NEX
T2-weighted (FSE) 3800/108 4mm 308 x 280 1
FLAIR 4800/125 3mm 192 X 165 2
DWI 4440/91 4mm 192 % 165 2
THMRS-PRESS 2000/31
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gion (Wilcoxon test). On this studies’ purpose the correla-
tion with clinical data has not been made.

In order to quantify the concentration of metabolites
the linear combination model (“LCModel”) method was
used, because it includes automatic phase correction and
baseline correction. We did not attempt to quantify ab-
solute metabolite concentrations but decided to estimate
ratios of Glx and Lac using Cr as a reference.

Patient recruitment

We initiated recruitment with 14 healthy controls and
14 non-brain-fog patients in both hospitals, but 1 patient
with severe leukoaraiosis and 1 with multiple sclerosis
were excluded, leaving 12 patients with brain fog. One pa-
tient was unable to tolerate MRI and produced no images,
leaving 11 patients with performed imaging for analysis.

Results

The mean age was 47 years, range 21 to 88 years, includ-
ing 13 males and 12 females. The groups did not differ in
age or gender.

The mean Lac/Cr ratio for healthy controls was 0.153
(SD =0.039, p < 0.05), Lac/Cr in the patient group was
0.106 (SD = 0.0349, p = 0.07). The mean Glx/Cr ratio for
healthy controls was 0.530 (SD = 0.352, p < 0.05), Glx/Cr
in the patient group was 9.489 (SD = 13.282, p < 0.05).

The results of the statistical analysis are presented in
Figures 1 and 2.

Discussion

The main findings of the present study are that patients
suffering from brain fog may exhibit subtle changes in
brain metabolites, similar to those seen in patients suf-
fering from insufficiency of brain blood circulation.
Moreover, these patients do not present any other specific
radiological symptoms of cerebral injury. A significantly
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Figure 1. Box plots showing the distribution of the Lac/Cr in healthy con-
trols and patients with brain fog symptoms
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higher concentration of Glx has been found in deep ce-
rebral grey matter in patients suffering from brain fog, as
shown in Figure 3, comparing to the metabolic status of
a healthy volunteer, as shown in Figure 4. We extrapolate
the knowledge of biochemical changes seen in stroke
and recognize the metabolic features suggestive of cere-
bral hypoperfusion. As in stroke, the brain becomes low
in energy substrates including glucose and oxygen, and
resorts to anaerobic respiration. This leads to increased
lactic acid, a byproduct of anaerobic glycolysis. Lactic
acid has a negative impact on tissue metabolism and can
potentially destroy cells [13,14]. In our case the lactic
acid concentration was mildly reduced, which may be
considered either as an effect of activation of mechanisms
aiming on retrieval of intracellular homeostasis or as an
error caused by the relatively small number of probes.
The further cascade of cerebral injury is initiated when
the energy production such as ATP fails, leading to fail-
ure of energy-dependent processes [13] and the release
of excitatory neurotransmitters such as glutamate. It acts
on receptors in neuronal cells and therefore produces
an influx of calcium that activates enzymes that digest
cellular proteins, lipids, and nuclear materials. Unlike in
stroke, in brain fog the deterioration of cerebral func-
tion in limited. Macroscopic manifestation on neuronal
disintegration of blood brain barrier was not seen in any
of the cases.

Lactates are not detectable under normal circumstanc-
es; however, in pathological conditions such as neoplasm,
hypoxia, or ischaemia the Lac (lactates) are often detected.

Glutamate (Glu) overlaps with glutamine (Gln), and they
are detected as a Glx peak. It can be elevated in MS [15],
liver failure, and Raye’s syndrome [16]. In the current study,
we analysed consecutive MR brain imaging scans in patients
with brain fog proceeding from 2 major regional COVID-19
hospitals and found that these 11 patients had a higher con-
centration of Glx and mild reduction of Lac in the deep grey
matter of both cerebral hemispheres compared to healthy
controls not suffering from brain fog.
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Figure 2. Box plots showing the distribution of the GIx/Cr in healthy con-
trols and patients with brain fog symptoms
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PHILIPS

Figure 3. Short-time SV MRS spectrum acquired from the region of deep brain structures of a patient suffering from brain fog after COVID-19 infection;
Cho — choline, Cr — creatine, Naa — N-acetyl-aspartate, Glx — glutamine/glutamate and GABA, Lac — lactates

PHILIPS

Figure 4. Short-time SV MRS spectrum acquired from the region of deep brain structures of a healthy control; Cho — choline, Cr — creatine, Naa — N-acetyl-
aspartate, Glx — glutamine/glutamate and GABA, Lac — lactates
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Brain fog remains a common long-term side effect of
COVID-19 of unknown mechanism. A wide range of un-
specific lingering symptoms and the impossibility to ex-
plain who will suffer from it and who will not point out
the necessity of research into this matter. Taking into con-
sideration our knowledge regarding cerebral manifestation
of other viral infections, we anticipate a variety of possible
scenarios. Brain fog is one of the long-covid symptoms oc-
curring in all subpopulations of patients regardless of age,
sex, severity of COVID-19, comorbidities, or vaccination
status.

There may be several explanations as to why MR spec-
troscopy did not show an increase of Glx/Cr ratio in every
patient. First of all, the brain fog may linger for a non-defined
period. Therefore, some patients might have undergone MRS
in the recovery phase when the level of Glx was normalizing.
Secondly, we performed SV MRS only and not MV MRS
acquiring the signal from the voxel positioned in the basal
ganglia. This may be a drawback if vascular changes would
not distribute evenly showing a predilection to specific cere-
bral regions. Thirdly, MR spectroscopy is a very demanding
imaging method, and the lack of consistent results in other
patients may be caused by various reasons such as motion
artifacts, lack of proper suppression of water signal, or mag-
netic field heterogeneity.

Study limitations

Our study has several limitations. First, the only patients who
were examined were suffering from severe brain fog, requir-
ing hospital admission. Hence, we cannot confirm whether
similar changes occur in patients with mild or moderate
symptoms of brain fog; therefore, the findings need to be
confirmed by a larger randomized clinical trial. The total
number of examined brain fog patients was limited because
the majority of them were not treated by a neurologist or
a GP. Currently, there is no proper definition of “brain fog’,
and no specific quantitative criteria can be taken into consid-
eration in order to perform the statistical analysis of gathered
data. We are aware that the presented results should be con-
sidered as preliminary, and we should compare them with
the data from patients who suffered from COVID-19 and
did not present further symptoms of brain fog. Then it would
still require long-term follow-up to complete the mortality,
stroke, neurological, and cognitive function assessment.
Cognitive screening tools to assess patients for cog-
nitive symptoms after COVID-19 have some limitations
because there are no tools that have been designed specif-
ically for use in a COVID-19 population. Thus, cognitive
screening tests developed for other patient populations
must be implemented because there is an increasing need
for COVID-19 patients to be tested for brain fog. It is
also important to note that psychological and cognitive
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symptoms may occur simultaneously. It can be challeng-
ing to determine the aetiology of symptoms and whether
a person is experiencing true cognitive impairment or
impairment secondary to psychological distress related
to the infection. Despite that, development of neuropsy-
chological tools in the future, specifically designed for the
purpose of diagnosing and assessing brain fog, may help
many clinicians to determine the presence of brain fog in
COVID-19 patients and propose adequate treatment and
rehabilitation in order to improve the cognitive function-
ing of those patients [5,7].

None of the patients who were included in the study
had a history of neurological or psychiatric disorders pri-
or to COVID-19 infection. Having said that, we must ad-
mit that it is not possible to exclude that patients suffered
from conditions that may result in changes in the Glx level
within the brain not being properly diagnosed.

It should be also taken into account that the quantifi-
cation of Glx and Lac was based on their relative amounts
using Cr as a reference. It is possible that Cr concentration
changes its concentration simultaneously and therefore
the results are misleading.

Conclusions

A significantly higher concentration of Glx and mild
reduction of Lac has been found in deep cerebral grey
matter in patients suffering from brain fog, which needs
to be further confirmed by future studies. Extrapolating
knowledge from other inflammatory processes we would
assume that the results or biochemical status of our pa-
tients’ brains returned to normal as the rehabilitation pro-
cess finished and their symptoms disappeared.

This leads to several important conclusions:

« brain fog is a result of transient inadequate brain blood
administration,

« possible insufficiency of cerebral microvasculature may
be an explanation,

o possible correlation with virus type and pathomecha-
nism remains unclear,

o possible occurrence of brain fog and increased risk of
further impairment of cognitive function and long-term
dementia needs to be investigated.

The presented study is the first to provide insights into
the risk of transient brain ischaemia during brain fog. We
propose to examine whether this poorly understood con-
dition potentially deteriorates patients’ long-term neuro-
logical and cognitive functioning.
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