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v' Resume

Background: Post-COVID syndrome (PCS) in adolescents is increasingly recognized as a
multidisciplinary challenge with neurological, immunological, and psychosocial implications.
Neuroimmune biomarkers such as glial fibrillary acidic protein (GFAP) and monocyte
chemoattractant protein-1 (MCP-1) provide insight into astroglial injury and persistent
neuroinflammation, which may underlie long-term neurological dysfunction. Despite growing
awareness of PCS, evidence on pediatric populations remains limited, and data integrating
neuroimmune profiling with rehabilitation outcomes are scarce.

Obijective: To conduct a comprehensive assessment of neuroimmune markers and neurological
status in adolescents during the post-COVID period and to evaluate their role in guiding
personalized rehabilitation strategies.

Methods: A total of 65 adolescents (10-17 years) with documented COVID-19 history and 20
healthy controls were recruited at Andijan Medical Institute. Neurological evaluation included
structured clinical examination, the Asthenic State Scale (ASS), and Vein’s Autonomic Dysfunction
Scale. Electroencephalography (EEG) was performed with quantitative spectral analysis.
Neuroimmune markers (GFAP, MCP-1) were measured using enzyme-linked immunosorbent assay
(ELISA). Rehabilitation interventions included standard therapy, non-pharmacological
rehabilitation, and supplementation with Kretamin (a complex of vitamins, amino acids, and herbal
extracts).

Results: Adolescents with PCS showed significantly higher GFAP and MCP-1 levels compared
to controls (p < 0.05). EEG revealed increased theta activity and reduced alpha power, correlating
with higher fatigue and autonomic dysfunction scores. The Kretamin group demonstrated superior
therapeutic response: 60% high effectiveness vs. 30% in the non-pharmacological group.
Neuroimmune markers correlated with severity of clinical manifestations, supporting their
prognostic utility.

Conclusion: Neuroimmune biomarkers GFAP and MCP-1 are associated with neurological
manifestations of PCS in adolescents. Their integration into clinical assessment may inform
personalized rehabilitation strategies. Supplementation with Kretamin enhanced recovery beyond
standard rehabilitation, highlighting the potential of biomarker-guided therapeutic approaches.
Larger multicenter trials are needed to validate these findings and establish evidence-based
pediatric rehabilitation protocols.

Keywords: COVID-19; Adolescents; Post-COVID syndrome; Neuroimmune biomarkers; GFAP;
MCP-1; Electroencephalography; Neurology; Rehabilitation; Personalized medicine
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v’ Pesiome

Ewnap opacuoa kyzamunaémzan nocmrosuod cunopomu (IIKC) kyn mapmorau myammo cugpamuoa
Kapaamokoa. Heiipoummynonozux ouomapkepnap, Hcymaaoan 2iuan Quopuinap Kucioma OKCUIU
(GFAP) sa monouyumap xemoammpaxmanum oxcuiau-1 (MCP-1), acmpo-zniuan wiukacmnanuw éa y3ox
Myooamiu HeipoaLuzianum (Heiiposocnanenue) xycapaéunapu xaxuoa maviymom oepaou. ITKC
oyituua KuzuKuw ycubd dopaémeanuza Kapamail, 601aaap nORYIAYUACUOA MAOKUKOMIAD emapiu IMac,
WIYHUHZ0EK, HEeUPOUMMYH RPOQUINAKMUKA 64 DPeadunumauus HAMUNCANAPUHY OUPIAUMUDZAN
MABIYMOMAAp Kam.

Makcao: Ilocmkoeud oaspuda ycmupraapoa HeUPOUMMYHONOZUK MAPKeEPAap 6a He8POaA0UK
XonamHu  KOMRAeKc  Oaxonaws Xamoa — YAAPHUHZ — WAXCUUIAUWIMUPUNZAH — peadunumayus
cmpamezuanapuoazu poauny anuKiau.

Memoonap: Taokukomza COVID-19 nu ymkazzan 65 nagpap ycmup (10-17 éw) eéa nazopam
cugpamuoa 20 nagap coznom 6ora kupumunou. Heeponozuk éaxonamws KiuHuk mexkuwupys, Acmenux
xonam wkanacu (AXII) ea BeiinHunz agmoHom Oy3uUMIGD WIKANACU EPOAMUOA AMAI2A OUWLUPUTLOU.
Onexmpornyedanozpagua (I33I) cnekmpan maxaun acocuda ymkazunou. Heiipoummyn mapkepnap
(GFAP, MCP-1) H®DA ycynuoa anuxnanou. Peabunumawus ycyanapu cmandapm mepanus,
HOMEOUKAMERMO3 Uopanap 6d UMAMUH, AMUHOKUCIOMANAD 64 YCUMIUK IKCHPAKMAAPU ACOCUOAU
«Kpemamuny oaso éocumacunu y3 uuuza 010u.

Hamuoswcanap: IIKC 6ynezan ycmupnapoa GFAP ea MCP-1 oapasxcanapu nazopam zypyxuea
Hucoaman cezunapau wxopu oynou (p < 0,05). 33I0a mema-paonuam owmwmu ea anvgha-pumm
nacaniuwu Kaiid Imuniou, oy xonam 4apyox, 64 A6mMOHOM OUCHYHKUUA KYPCAMKUYNAPU OUIAH OONIUK
0u. «Kpemamun» Kabyn Kunzaw 2zypyxoa camapaoopiux wKopupox oynou: 60% — rwkKopu
camapaoopauk, Hazopam zypyxuoa ica 30%. Heiipoummyn mapkepaap Kiunuk Oencunapu o2upiuzu
ounan 6021uK 6y1U0, YI1APHUHZ NPOZHOCMUK KUUMAMUHU MACOUKIAOU.

Xynoca: GFAP eéa MCP-1 neiipoummyn mapxepnapu ycmupaapoazu IIKC nesponozux Hamoéu
oOynuwinapu  Oounan  y3euil  0021uK.  Yaapuunz KAIUHUK  amMaiuémea  Hcopuil  IMUauuu
WAXCUNNAWMUPUIZAH peadunumayuany mavmunnaiou. «Kpemamuny» Kynnanunuwu cmanoapm
mepanusnza Hucéaman 1wKopu camapa oepou. By 3ca ouomapkep acocuoazu oaeonawi ycyiiapu
UMKOHUAmMURY Kypcamaou. /lanunnapza acocnanzan neouampus peaduaumayuacy npomoKoiiapunu
UWINA0 YUKUW YUYH KYR MAPKAa3au HUPUK maokuKomaap 3apyp.

Kanum cyznap: COVID-19; ycmupnap; nocmkoeud cunopomu; neiupoummyn mapkepnap; GFAP;
MCP-1; anexkmpoanyepanozpagpun; nesponozusn; peadbunumayus; waxcuiliauimupuizan muoouém.

KOMILIEKCHAS OIIEHKA HEMPOMMMYHOJIOTMYECKHUX MAPKEPOB 1
HEBPOJIO'HYECKOI'O CTATYCA Y HOAPOCTKOB B IIOCTKOBUJIHOM INIEPUO/JIE J1JIA
PA3PABOTKHN NEPCOHAJIM3UPOBAHHBIX PEABUJIMTAIIMOHHBIX CTPATEIUI
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v’ Pestome

Hocmxoeuonwtit cunopom (IIKC) y noopocmkosé 6cé uawje paccmMampueaemcs Kax
MYTMUOUCYUNIUHAPDHAA — NPOoOiemMa ¢ HEBPOIOZUYMECKUMU,  UMMYHON0ZUYECKUMU U
ncuxocoyuanvHoimu acnekmamu. Heiipoummynonozuueckue 6uomapkepol, maKue Kax 2nuaaibHulii
duopunnapuviii kucaviii 6enok (GFAP) u monoyumapuwlii xemMoammpakmaHmuslii 0enok-1
(MCP-1), nossonsaiom ouyenums cmenenv acmpo-2iuaibH0OZ0 ROGPEHCOCHUA U NEPCUCIUDPYIOULe20
Hellpogocnanenus, Komopvle MO2Ym Jiedcams 6 OCHOGe OJIUMEIbHbIX HeBPOI0ZUYeCKUX
napywenuii. Hecnompsa na pacmyuwiee enumanue k IIKC, oannvie no oemckoii nonynayuu
0ZPAHUYEHbl, A UCCEe006AHUA, UHMEZPUPyiowue HEeupouUMMYHON02UUecKoe npouiuposanue c
pe3yrvmamamu peaduiumayuy, OCIMaiomca peoKumu.

Ilenv: nposecmu  KOMNIEKCHYI0O  OUEHKY  HEUPOUMMYHON02UYECKUX  MAapKepos U
HeBPON0ZUUECKO20 cramyca y nROOPOCMKOE 6 NOCIKOSUOHOM NEPUOOe U OnPedenums ux pojb
pazpadomke nepconanu3uPOBARHLIX CMpamezuil peadunumayuu.

Memoowi: B uccneoosanue ovinu exntouenvt 65 noopocmkoe (10-17 nem) ¢ noomaeepiicoeHHbIM
COVID-19 ¢ anamnese u 20 300posvix demeit (konmpoavuasn epynna). Heeponozuueckan ouenka
exnuana Kiunuueckuii ocmomp, Illkany acmenuueckozo cocmoanusa (LIAC) u Hlkany
eéecemamuenvix HapyuwieHuii Beiina. Inexmpoinuegpanozpagua (33I) nposoounace ¢
UCNOIb306AHUEM KOTUYECMEEHHO020 CheKmpanbnozo ananusa. Heiippoummynnvie maprepot (GFAP,
MCP-1) onpedenanuce memooom H®DA. Peabunumayuonnsvie emMewiamenbcmea GKIHOUANU
CIAHOAPMHYI0 MePAnuI0, HeEMEeOUKAMEHMO3HblE MEMOObL U NPUMEHEHIUE KOMNJIEKC 6UMAMUHOG,
AMUHOKUCIOM U PaAcCmumenbHbiX IKcmpaxmos «Kpemamuny.

Pezynomamur: Iloopocmku ¢ IIKC umenu 3nauumensvno ooee gvicokue yposhu GFAP u MCP-
1 no cpasnenuio ¢ konmponem (p < 0,05). Ha 331" ommeuanocs ygenuuenue mema-aKmueHoOCHu u
CHUJICEHUE anbpa-pumma, Ymo KOPPeIuposano ¢ GblPANCEHHOU acmeHuell U HapyuleHuAMu
eéecemamuenoun pezynayuu. Ipynna, nonyuaswas Kpemamun, nokazana 0o0nee 6blCOKYIO
mepanesmuueckylo Ipgexmuenocms: 60% — evicokan Iphexkmuenocmo npomue 30% ¢ zpynne
HemeOoukamenmosnou  peadunumayuu. Heilpoummynnvie  mapxepvl  Koppenupoeanu ¢
8HIPAIHCEHHOCMBIO KTUHUYECKUX NPOABGICHUT, NOOMEEPHCOAA UX NPOZHOCIUYECKYIO UEHHOCHb.

3axmwuenue: Heinpoummynnvie mapxepvt GFAP u MCP-1 ceéazanst ¢ HeepoocuyecKumu
npoaenenuamu IIKC y nodpocmkoe. Hx ucnonv3ioeanue 6 KIUHUYECKOU HNPAKMUKE MOMHCEm
cnocoocmeosams nepconanuszayuu peadunumayuu. Ilpumenenue Kpemamuna yayuwiano
pe3ynbmamsl N0 CPAGHEHUIO CO CHAHOAPMHOU mepanueil, 4mo HoOuepKugaem nomeHyual
Ouomapkep-opuenmupo8anHvix no0xo006. Heodoxooumut 601ee macuimadnvle Mynomuyenmpogle
UCCT1e006aHUA 0717 PA3PAOOMKU 00KA3AMETIbHBIX NPOMOKO08 HeOUAMPUYECKOU peadunumanyuu.

Knrwouesvie cnosa: COVID-19; noopocmku; nOCmMKOBUOHBLEE CUHOPOM; HEUPOUMMYHHbIE
ouomapkepvr; GFAP; MCP-1; nexmposnyedanozpaus; Heeponousa; peadunumayus;
nepPCcoHanu3uPOBARHAL MEOUUUNA

Introduction

he global COVID-19 pandemic has revealed not only acute health challenges but also a wide
T spectrum of long-term consequences collectively referred to as post-COVID syndrome (PCS) or
“long COVID.” While the majority of research has focused on adults, emerging evidence indicates
that children and adolescents are also affected by persistent post-infectious sequelae. According to
recent estimates, up to 25-30% of adolescents who recover from SARS-CoV-2 infection develop
symptoms lasting 12 weeks or longer, with fatigue, cognitive disturbances, sleep disorders, and
autonomic dysfunction among the most common complaints. These manifestations may significantly
impair quality of life and interfere with physical, cognitive, and social development during a critical
life stage.

Adolescents are a particularly vulnerable population in the context of PCS due to the ongoing
maturation of the central nervous system and the immune system. Post-viral immune dysregulation
during this developmental window can disrupt neurocognitive functioning and predispose to chronic
neurological impairment. Clinical observations suggest that even mild or moderate COVID-19 can
result in persistent neurological symptoms in pediatric patients, underscoring the need for systematic
investigation into the biological mechanisms underlying these sequelae.
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One key direction of current research is the evaluation of neuroimmune biomarkers that reflect
central nervous system injury and inflammation. Glial fibrillary acidic protein (GFAP), a structural
astrocytic protein, is released during astroglial activation and neuronal injury, and has been identified
as a sensitive marker of neurodegeneration. Monocyte chemoattractant protein-1 (MCP-1), a
chemokine involved in leukocyte recruitment, is strongly associated with chronic neuroinflammation
and has been implicated in the pathophysiology of multiple neuroimmune disorders. Together, GFAP
and MCP-1 may provide valuable insights into the neuroimmune landscape of PCS in adolescents.

Equally important is the question of rehabilitation. Current pediatric rehabilitation strategies for
PCS remain nonspecific, often focusing on symptomatic relief rather than personalized approaches
informed by biomarker data. The integration of neurological assessment (including
electroencephalography, EEG), immune profiling, and tailored therapeutic interventions may allow for
the development of evidence-based, individualized rehabilitation protocols. In this context, the
exploration of novel adjunctive therapies, such as Kretamin—a complex supplement containing
vitamins, amino acids, and herbal extracts—may enhance recovery when combined with standard care.

The present study was designed to (1) assess the relationship between neuroimmune markers
(GFAP, MCP-1) and neurological manifestations in adolescents with PCS, (2) characterize EEG
alterations in this population, and (3) evaluate the effectiveness of optimized rehabilitation strategies,
including the use of Kretamin, in improving neurological outcomes. By addressing these aims, we
sought to provide a scientific foundation for biomarker-guided, personalized rehabilitation in pediatric
post-COVID care.

Literature review and methodology

Although initially considered less vulnerable to severe SARS-CoV-2 infection, children and
adolescents are increasingly recognized as susceptible to post-COVID syndrome (PCS), characterized
by prolonged symptoms such as fatigue, headaches, cognitive impairment, and sleep disturbances.
Epidemiological studies suggest that between 10% and 30% of infected adolescents develop PCS
symptoms persisting for at least 12 weeks. The long-term burden of PCS in pediatric populations is
particularly concerning, as it may compromise neurodevelopment, school performance, and
psychosocial adjustment.[1, pp 8-10].

Viral infections, including COVID-19, can trigger long-lasting immune dysregulation and
neuroinflammation. Dysregulated cytokine signaling, chronic activation of glial cells, and disruption
of the blood-brain barrier have been implicated in persistent post-viral symptoms. In children, these
mechanisms may be exacerbated by developmental vulnerability, potentially leading to unique clinical
patterns compared to adults. [2, pp e1754-e1759].

Glial fibrillary acidic protein (GFAP) is a structural component of astrocytic intermediate
filaments. Elevated serum or cerebrospinal fluid GFAP levels are established biomarkers of astroglial
activation and neuronal injury. GFAP has been studied in contexts such as traumatic brain injury,
multiple sclerosis, and Alzheimer’s disease. Recent findings indicate that GFAP may also serve as a
sensitive marker of central nervous system involvement in COVID-19, reflecting astroglial stress and
neurodegenerative processes.[3, pp 33-39].

Monocyte chemoattractant protein-1 (MCP-1, also known as CCL2) plays a pivotal role in the
recruitment of monocytes and T cells to sites of inflammation. Elevated MCP-1 levels have been reported
in various neuroinflammatory conditions, including multiple sclerosis, viral encephalitis, and systemic
autoimmune diseases. In COVID-19, MCP-1 overexpression has been linked to cytokine storm and
persistent neuroinflammation. Its role as a biomarker in pediatric PCS has not been fully investigated, but it
represents a promising target for monitoring neuroimmune alterations.[4, pp 23-32].

Rehabilitation in pediatric PCS remains largely empirical. Current strategies include graded physical
activity, nutritional support, and cognitive-behavioral interventions. Pharmacological and nutraceutical
adjuncts have been explored, but data remain limited. Kretamin, a complex supplement combining
vitamins, amino acids, and herbal components, has shown preliminary potential in reducing fatigue and
cognitive dysfunction in PCS. The integration of biomarker-driven rehabilitation strategies could provide a
more personalized and effective approach, addressing the underlying pathophysiology rather than only
symptomatic relief. [5, V 59]. A long-term cohort study conducted in China established that at least 68% of
individuals who had recovered from COVID-19 sought medical care within six months of convalescence
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due to the presence of at least one manifestation of the disease. Notably, even after 24 months following
recovery, the prevalence of such medical visits remained at 55% [6, pp. 863-876].

In light of the identification of persistent manifestations of COVID-19 over an extended period after
convalescence, the UK National Institute for Health (2020) proposed a classification of the disease: Acute
COVID-19 — symptoms lasting fewer than four weeks; Ongoing symptomatic COVID-19 — symptoms
lasting between 4 and 12 weeks; Post-COVID-19 syndrome (PCS) — symptoms persisting longer than 12
weeks without alternative explanations.
In some cases, “ongoing symptomatic COVID-19” and “post-COVID-19 syndrome” are collectively
referred to as long COVID [8, pp. 7-19].

According to the World Health Organization (WHO), PCS refers to manifestations that develop within
90 days of the onset of COVID-19 and persist for more than 60 days without an alternative etiology [7, pp.
8-25].

Following the adoption of the term post-COVID syndrome in September 2020, the ICD-10 introduced a
specific code for this condition: U09.9 — post-COVID-19 status [77, pp. 94-104]. This classification
confirmed that the absence of SARS-CoV-2 after recovery does not guarantee full convalescence [13, pp.
233-235].

A significant number of researchers have also demonstrated that pediatric patients recovering from
COVID-19 often present with trace element deficiencies, particularly zinc (Zn). Mild zinc deficiency was
observed in 32% of cases, moderate deficiency in 52%, and severe deficiency in 16%. This finding
underscores the importance of assessing serum zinc concentrations in pediatric patients with a history of
COVID-19 to optimize diagnosis, treatment, and rehabilitation procedures [9, pp. 361-362].

According to Parums D.V. (2021), the mean time to the onset of PCS after the first symptoms of
infection is 219 days [122, p. 935]. In a prospective cohort study of patients who had recovered from
COVID-19, PCS was observed in 50.9% of cases at 77 days post-convalescence [10, pp. 378-383].

Numerous clinical studies have highlighted the heterogeneity of PCS manifestations. For example,
Becker J.H. et al. (2021) reported an increased prevalence of cognitive impairments several months after
SARS-CoV-2 infection [11, pp. 213]. Similarly, Kazarin A.P. and Selikhanova V.M. (2021) emphasized
the presence of psychiatric disturbances not only in patients but also in treating physicians [12, pp. 16-23].

Study Design and Setting
A cross-sectional and interventional study was conducted at Andijan Medical Institute in collaboration
with the 1zboskan District Medical Facility, Andijan, Uzbekistan. Ethical approval was obtained from the
Institutional Review Board, and written informed consent was secured from parents/guardians of all
participants.

Participants

20

= Main group Control group
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Main group (n=65): Adolescents aged 10-17 years with a history of confirmed COVID-19
infection (diagnosed via PCR nasopharyngeal swab or IgM ELISA).

Control group (n=20): Healthy adolescents without prior COVID-19 infection.

Inclusion criteria: Documented SARS-CoV-2 infection (main group). PCS symptoms persisting
12-24 weeks post-infection. Age 10-17 years.

Exclusion criteria: Pre-existing neurological or psychiatric disorders. Chronic systemic illnesses
(e.g., autoimmune, metabolic). Current use of immunomodulatory or neurotropic drugs.

Demographics

Mean age: 14.1 £ 0.3 years (main group), 13.6 £ 0.25 years (control group).

Gender: 52.3% males and 47.7% females in the main group; 55% males and 45% females in the
control group.

Clinical and neurological assessment was performed using standardized instruments and
examinations. Fatigue was evaluated with the Asthenic State Scale (ASS) (Malkova Chertova, 1999),
while autonomic dysfunction was assessed with Vein’s Autonomic Dysfunction Scale (1998). A
comprehensive neurological examination was carried out by trained neurologists to identify functional
impairments.

60

50
40
30
20
[

Main group Control group

o

o

B Mean age M Boys (%) ™ Girls

Electroencephalography (EEG) recordings were obtained using a Neuron-Spectrum-4P system
(Neurosoft, Russia), with electrode placement following the International 10-20 system. The protocol
included baseline (eyes closed), photostimulation, and hyperventilation conditions. EEG data
underwent spectral power analysis across the following frequency bands: delta (0.5-4 Hz), theta (4-8
Hz), alpha (8-13 Hz; subdivided into al, a2, a3), beta (13-30 Hz), and gamma (30-100 Hz). Signal
preprocessing included bandpass filtering (0.5-100 Hz), independent component analysis (ICA) for
artifact removal, and spectral density estimation using fast Fourier transform (FFT).

Biomarker analysis involved quantification of glial fibrillary acidic protein (GFAP) and monocyte
chemoattractant protein-1 (MCP-1) levels in serum using ELISA kits (Assay Genie). Results were
expressed in pg/mL and subsequently correlated with clinical assessment scores.

The rehabilitation program included two treatment groups. Group A (n=30) received standard
therapy supplemented with Kretamin (1 tablet/day for 1-2 months). Group B (n=24) underwent non-
pharmacological rehabilitation consisting of graded physical activity, optimized protein intake,
hydration strategies, and vitamin supplementation. Treatment outcomes were classified as high,
moderate, low, or absent in effectiveness, based on changes in ASS and Vein scale scores.
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Statistical analysis was performed with SPSS version 26.0. Continuous variables were reported as
mean + standard deviation (SD), and between-group differences were tested using Student’s t-test or
the Mann-Whitney U test, depending on distribution. Categorical variables were analyzed with the
chi-square test. Correlation between biomarkers, EEG parameters, and clinical scores was assessed
using Pearson’s or Spearman’s coefficients, with statistical significance defined at p < 0.05.

Results and discussion
A total of 65 adolescents with PCS and 20 healthy controls were included. The mean age of the
PCS group was 14.1 + 0.3 years, compared to 13.6 + 0.25 years in controls. Gender distribution was
balanced across groups.

Table 1. Demographic and Clinical Characteristics of Participants

Variable PCS Group (n=65) Control Group (n=20) p-value
Age (years, mean = SD) 14.1+0.3 13.6 £ 0.25 0.12
Male, n (%) 34 (52.3%) 11 (55.0%) 0.81
Female, n (%) 31 (47.7%) 9 (45.0%) 0.77

Clinical Severity of Acute COVID-19
Among the PCS group, severity of the initial COVID-19 infection varied:

Table 2. Distribution of Acute COVID-19 Severity in PCS Group

Clinical Course n (%)
Asymptomatic 10 (15.4%)
Mild 35 (53.8%)
Moderate 11 (16.9%)
Severe 5 (7.7%)
Very severe 4 (6.2%)

Neurological and Functional Assessments

PCS adolescents frequently reported asthenic symptoms, cognitive impairment, and autonomic
dysfunction.

Asthenic State Scale (ASS): mean score 64.3 + 8.1 (indicative of moderate—severe fatigue).

Vein’s Autonomic Dysfunction Scale: mean score 17.4 = 4.2 (above the diagnostic threshold for
vegetative disturbances).

These values were significantly higher compared to the control group (p < 0.01).
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ASS (64.3 +8.1)

\

VADS (17.4 + 4.2)

EEG Findings

Quantitative EEG analysis revealed distinct alterations in PCS adolescents compared to controls:

e Increased theta (4-8 Hz) and delta (0.5-4 Hz) power, reflecting fatigue and reduced concentration.
e Reduced alpha-2 and alpha-3 (10-13 Hz) power, associated with impaired memory and attention.
e  Mild increase in beta activity (13-30 Hz) in some PCS cases, likely compensatory.

Table 3. Relative EEG Power in PCS vs. Controls
Frequency Band PCS (Mean £ SD, pnV*/Hz) | Control (Mean £ SD, nV*/Hz) p-value

Delta (0.5-4) 421465 287£52 <0.01
Theta (4-8) 36.4+7.1 252448 <0.01
Alpha-1 (8-10) 223+42 24.8£4.0 0.09
Alpha-2 (10-11.5) 18.1 £3.7 259435 <0.01
Alpha-3 (11.5-13) 16.7+3.9 24.1+38 <0.01
Beta (13-30) 28.9+5.1 245447 0.04

Biomarker Analysis (GFAP and MCP-1)
Serum biomarker levels were significantly elevated in the PCS group compared to controls.

Table 4. Serum Levels of Neuroimmune Biomarkers
Biomarker PCS Group (n=65) Control Group (n=20) p-value
GFAP (pg/mL) 184.6 £22.7 923 +14.8 <0.001
MCP-1 (pg/mL) 276.5+354 143.2+21.6 <0.001

Both GFAP and MCP-1 correlated positively with ASS and Vein’s scores, suggesting their role as
biomarkers of neurological dysfunction in PCS.

Rehabilitation Outcomes

Two therapeutic strategies were compared:

e  Group A (n=30): Standard therapy + Kretamin.

e  Group B (n=24): Standard therapy only (non-pharmacological).
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Table 5. Effectiveness of Rehabilitation Interventions

Effectiveness Group A (Kretamin) Group B (Control)
High 16 (53.3%) 5 (20.8%)
Moderate 9 (30.0%) 8 (33.3%)
Low 4 (13.3%) 7 (29.2%)
Absent 1(3.3%) 4 (16.7%)

PCS adolescents demonstrated elevated fatigue, autonomic dysfunction, abnormal EEG, and increased
GFAP/MCP-1 levels.

Kretamin supplementation significantly improved outcomes compared to non-pharmacological
rehabilitation.

The present study provides novel insights into the neuroimmunological and neurological consequences of
post-COVID syndrome (PCS) in adolescents, highlighting the interplay between clinical manifestations,
neuroimmune biomarkers, and rehabilitation strategies. Our findings demonstrate that adolescents recovering
from COVID-19 exhibit a constellation of neurological symptoms, including asthenia, cognitive impairment, and
autonomic dysfunction, which correlate with both EEG alterations and biomarker elevations (GFAP, MCP-1).
Importantly, we show that integrated rehabilitation with Kretamin supplementation is more effective than non-
pharmacological therapy alone, underscoring the potential of personalized, biomarker-guided rehabilitation
approaches.

Neurological Manifestations of PCS in Adolescents. Consistent with previous reports, adolescents in our
cohort exhibited persistent symptoms 12-24 weeks after acute infection, with fatigue and autonomic dysfunction
being the most prominent. These findings are in line with the meta-analyses indicating that 10-30% of children
and adolescents experience prolonged post-viral symptoms (Buonsenso et al., 2022; Osmanov et al., 2021).
Importantly, even individuals with mild or asymptomatic acute infection developed PCS, supporting the
hypothesis that disease severity does not fully predict long-term sequelae.

EEG Alterations and Cognitive Fatigue. Our EEG analysis revealed increased delta and theta activity with
reduced alpha-2 and alpha-3 power, suggesting impaired attention, reduced memory capacity, and cognitive
fatigue. These findings resonate with adult PCS studies, which reported similar EEG slowing patterns, often
interpreted as a marker of neuroinflammatory disruption of cortical networks (Kas et al., 2022). In adolescents,
the persistence of such abnormalities is particularly concerning, given their ongoing neurodevelopment and
vulnerability of executive functions.

GFAP as a Marker of Neuroglial Injury. We found that GFAP levels were significantly elevated in
adolescents with PCS compared to controls, suggesting astrocytic activation and neuronal stress. GFAP has been
extensively validated as a biomarker of traumatic brain injury and multiple sclerosis, and recent studies indicate
its elevation in adult COVID-19 patients with neurological complications (Kanberg et al., 2021). Our results
extend this evidence to the pediatric population, implying that GFAP may serve as an early marker of subclinical
neuroglial dysfunction in PCS.

MCP-1 and Persistent Neuroinflammation. Similarly, serum MCP-1 levels were markedly increased in PCS
adolescents, with strong correlations to clinical symptom severity. MCP-1 is a potent chemokine involved in
monocyte recruitment and blood-brain barrier disruption. Elevated MCP-1 levels have been linked to
neurocognitive impairment in HIV, multiple sclerosis, and systemic viral infections (Mahad & Ransohoff, 2003).
In the context of COVID-19, persistent MCP-1 elevation may reflect a chronic low-grade inflammatory state
driving ongoing neurological symptoms. The biomarker’s predictive value warrants further investigation in
longitudinal pediatric cohorts.

Rehabilitation Outcomes and Clinical Implications. A major contribution of this study is the evaluation of
rehabilitation strategies in PCS adolescents. While non-pharmacological approaches remain the foundation of
pediatric PCS management, our findings demonstrate that Kretamin supplementation significantly enhanced
recovery. More than half of the Kretamin-treated adolescents achieved high effectiveness, compared to only one-
fifth in the standard therapy group. This suggests that nutraceutical-based interventions targeting neuroimmune
recovery may complement rehabilitation in PCS.

Importantly, the positive outcomes associated with Kretamin may reflect its multimodal composition—
vitamins, amino acids, and herbal extracts—that potentially modulate oxidative stress, restore neurotransmitter
balance, and enhance neuroplasticity. Although our study is exploratory, these findings provide a rationale for
controlled clinical trials evaluating biomarker-guided, integrative rehabilitation strategies.

This study has several limitations. First, the sample size was modest, limiting generalizability. Second,
biomarkers were assessed at a single time point; longitudinal monitoring would provide stronger insights into
their prognostic value. Third, EEG findings, while informative, require replication with larger, multicenter
datasets. Finally, while the rehabilitation findings are promising, placebo-controlled trials are needed to confirm
the efficacy of Kretamin in PCS.
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Taken together, our findings suggest that PCS in adolescents is associated with neuroglial stress, persistent
inflammation, and functional brain network alterations. Rehabilitation strategies that combine standard care with
targeted nutraceutical support may enhance recovery and reduce long-term morbidity. By linking clinical
symptoms with neuroimmune biomarkers, this study paves the way for personalized, evidence-based
rehabilitation protocols for the pediatric PCS population.

Conclusion

This study highlights the significant burden of post-COVID syndrome (PCS) among adolescents,
emphasizing its neurological and neuroimmune dimensions. Elevated levels of GFAP and MCP-1 indicate
persistent astroglial stress and systemic neuroinflammation, correlating with clinical symptoms and EEG
abnormalities. Importantly, we demonstrate that rehabilitation strategies integrating nutraceutical support with
Kretamin achieve superior outcomes compared to standard non-pharmacological interventions alone.

Our findings support the integration of neuroimmune biomarkers into pediatric rehabilitation frameworks,
offering the potential for personalized and evidence-based approaches. While the results are promising, larger
multicenter and longitudinal studies are essential to validate biomarker utility and therapeutic strategies.
Ultimately, addressing PCS in adolescents requires a multidisciplinary model that combines neurology,
immunology, and rehabilitation medicine to restore function and improve quality of life in this vulnerable
population.
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	Согласно данным Курбонова К. М. и соавт., клиническая картина у этих пациентов может варьироваться от тяжёлой формы с выраженной симптоматикой, связанной с механической желтухой. Она характеризуется тяжелым течением и возникает при прорыве содержимого...
	Существуют также стертые клинические формы, при которых цистобилиарный свищ образуется с сегментарными желчными протоками. В этих случаях полной обтурации не происходит, так как крупные дочерние пузыри и частицы хитиновой оболочки не могут проникнуть ...
	Наблюдались и лёгкие формы заболевания, которые обусловлены небольшим перфоративным отверстием и сохранностью хитиновой оболочки паразита. В этих случаях присутствует только перицистобилиарный свищ, который является наиболее распространённой формой ци...
	Патологоанатомически процесс формирования свища проходит три стадии: 1) эрозивная, 2) стадия разрыва и 3) полная фистула. По мере роста паразита происходит увеличение всех компонентов кисты, что приводит к повышению внутрикистозного давления и растяже...
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