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PE3IOME

AkTyanbHicTb. YepenHo-moskoBa TpaBma (UMT) Byna BusHaHa «dipMoBMM nopa-
HEeHHAM» BiliCbKOBMX Nig yac BinH XXI cToniTTa. Y Ton yac 5K y GinbLliocTi nauieHTiB
MOXHa OYiKyBaTW OAyxaHHs, nauieHTn 3 nerkoto YUMT Hepigko npoaoBXytoTb MOBi-
OOMISATU MPO CTiViki COMaTUYHi, KOTHITUBHI, eMoLiiHi Ta/abo noBepfiHkoBI npobnemu,
SIKi 3a3BUYall Ha3mBalTb NOCTKOMOUiiHUM cuHapomom (MKC).

MeTta po60Tun — oxapakTepnayBaTh Cy4acHe ysIBIEHHSI NPO NMOCTKOMOLNHUIA CUHOPOM
Ta NoLUMpeHiCcTb, GiomexaHiKy i HerpomeTabonivyHWi kackag nerkoi YepenHo-Mo3KOBOi
TpaBMU 3a JaHVMMU BiOKpPUTUX Jkepen iHdopmallii.

Martepianu Tta metoam. [igbip nybnikauin BukoHaHo 3a 6asamu gaHux PubMed,
Clinical Key Elsevier, Cochrane Library, eBook Business Collection Ta iH., y sikux
BMCBITMNIOBANMCb BiJOMOCTi LIOAO CYYaCHOrO YSABMIEHHS MPO MOCTKOMOLINHWUI CUHA-
poM Ta MoLMpeHiCTb, GiomexaHiky i HeipomeTaboniyHW Kackag Nnerkoi yepenHo-
MO3KOBOi TpaBmu. lMolyk niTepaTypHUX mxepern NPOBOAMIN 3a KIHYOBMMU CrOBaMU:
NMOCTKOMOLLIiHUIA CUHAPOM, YepernHo-Mo3koBa TpaBMa, HelpomeTaborniyHuin kackag,
bGiomexaHika Ta giarHocTMka 4epenHo-MO3koBOI TpaBMu. KpuTepismyn BKMOYEHHS
ny6nikauin go Bubipku, sika nignsirana KOHTEHT-aHani3y, 6ynu: 1) BUCBITNEHHSI Cy4acHNX
BiJOMOCTElN LoOO0 INerkoi 4epernHo-mMO3KOBOi TpaBMM Ta MOCTKOMOLIMHOMO CUHA-
pomy; 2) BiANOBIAHICTL AOCNIAXEHb KIOYOBMM 3acajaM [0Ka3oBOi MeauuuHu;
3) BiAKpMTMIA 4OCTYN A0 NOBHOTEKCTOBOI CTATTI.

Pesynbrat Ta ix o6roBopeHHs. [MKC crae Bce Ginbl akTyanbHow npobnemoto,
OCKiNbKM 4YacTtoTa Mnoro nposeiB Bapitoe Big 5 no 80% cepen nauieHTiB i3 YUMT.
[iarHoctuka MKC 6a3yeTbcst Ha HU3Li KpUTEPIiB, MPOTe iCHYIOTb CYTTEBI BiAMIHHOCTI,
WO YCKNagHE TOYHY iaeHTudikauilo cumnTomiB. Baxnueoio npobnemoto 3anwuiia-
€TbCA BU3HAYeHHS TPMBAmNoCTi CUMMTOMIB, OCKINIlbKM KOHCEHCYC LOoAO LibOro MUTaHHSA
BiACYTHI/. BiomMexaHi4Hi YMHHUKN, TaKi SIK KyTOBE MPUCKOPEHHS, BiAirpaloTb Kro4oBY
pornb y PO3BUTKY YLUKOOAXEHb MO3Ky npu nerkin UMT. BpaxyBaHHA MCUXOMOriYHUX
Ta HenpogidyarniszauinHux akTopiB MOXe AO0NOMOITU B KpaLOMy PO3yMiHHI TpuBanux
cumnToMiB | ix nikyBaHHi. Jlerka YUMT Buknukae cknagHuii HeripomeTaboniyHun
Kackag, Lo Npu3BOoAMTb A0 (PYHKUiOHanbHMX 3MiH y MO3Ky 6e3 04eBMOHMX Makpo-
CKOMIYHMX  YLIKOAXKeHb. [lopylueHHS KMiTMHHOTO romeocTasy akTuMByE 3anasbHi
npouecu, BUKIMKaHI MiKpormielo, Ta Npu3BoavTb OO HAAMIPHOTO BUBINIbHEHHS rryTa-
mary, WO, B CBOK Yepry, CNPUYMHSAE HEMPOTOKCUYHICTb. HelponpoTeKTopHi cTpaTerii,
Taki sk mogynsauis NMDA-peuenTopiB, MOXyTb OyTM NEpPCNeKTUBHUMW ANs 3MeEH-
LWWeHHA Hacnigkise TpaBMu. Baxnuey ponb y po3BUTKY CUMNTOMIB  Bidirpae
Herpos3anarneHHs, fKe MoXe MNiATPUMYBATU XPOHIYHI  NopylleHHs. [locnimKeHHs
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AAS LUTYBAHHS:

3ananbHuMx GiomapkepiB MigKpecnoTb 3B'I30K MK 3ananbHUMU  npolecamu
Ta KniHiyHMMK nposisamu MKC.

BucHosku. NMKC € nowwnpeHum siBuwem cepepq nauieHtis 3 UMT. TouHy giarHOCTuUKy
YCKNagHIoOE BIACYTHICTb EAMHUX KPUTEpIiB ANsi BU3HAYEeHHA TPUBANoOCTi CUMMTOMIB.
Jlerka UMT Buknukae cknagHi HeripomeTaboniyHi 3MiHM i 3ananbHi npouecu, siki
MOXYTb  NIATPMMYBaTU  XPOHi3aUil0 ypaXKeHHsi, TOMYy BaXNUBO BpaxoByBaTu
sk BGiomexaHiyHi, Tak i HelpoBisyanizauiiHi acnekTv Ans NOMiMWEHHs PO3yMiHHsI
Ta nikyBaHHs xBopux 3 MKC.

Pynac LLA., MatBeeHko M.C., nagkux @.B. lMowwmpeHictb, BiomexaHika Ta HelipomeTaboniyHuiA kackag uYepernHo-
MO3KOBOI TpaBMu: hOKYC Ha MOCTKOMOUINHUIA cuHApoM. [lcuxiampis, Heeposoeis ma meduyHa ricuxonoeis. 2024.
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ABSTRACT

Background. Traumatic brain injury (TBI) has been recognized as a «signature
wound» of military personnel during XXI century conflicts. While most patients can
expect to recover, those with mild TBI often report persistent somatic, cognitive,
emotional, and/or behavioral issues, commonly referred to as post-concussion
syndrome (PCS).

Purpose — to characterize the current understanding of post-concussion syndrome,
including its prevalence, biomechanics, and the neurometabolic cascade associated
with mild traumatic brain injury, based on data from open sources.

Materials and methods. A selection of publications was conducted using data-
bases such as PubMed, Clinical Key Elsevier, Cochrane Library, and eBook Business
Collection, focusing on current knowledge about post-concussion syndrome, its
prevalence, biomechanics, and the neurometabolic cascade of mild TBI. Literature
searches utilized keywords including «post-concussion syndrome», «traumatic brain
injury», «neurometabolic cascade of traumatic brain injury», «biomechanics of
traumatic brain injury», and «diagnosis of traumatic brain injury». Inclusion criteria
for the publications subjected to content analysis included: 1) discussion of con-
temporary knowledge regarding mild traumatic brain injury and post-concussion
syndrome; 2) adherence to the key principles of evidence-based medicine; and
3) open access to full-text articles.

Results. PCS is increasingly recognized as a significant issue, with its prevalence
ranging from 5 to 80% among patients with TBI. Diagnosis is based on several criteria;
however, substantial differences complicate the accurate identification of symptoms.
A key challenge remains determining the duration of symptoms due to the lack of
consensus on this issue. Biomechanical factors, such as angular acceleration, play
a crucial role in the development of brain injuries associated with mild TBI.
Considering psychological and neuroimaging factors may enhance the understanding
and treatment of persistent symptoms. Mild TBI initiates a complex neurometabolic
cascade, leading to functional changes in the brain without obvious macroscopic
injuries. Disruption of cellular homeostasis activates inflammatory processes driven
by microglia and results in excessive glutamate release, contributing to neurotoxicity.
Neuroprotective strategies, such as NMDA receptor modulation, may show promise
in mitigating the consequences of injury. Neuroinflammation significantly contributes
to symptom development and may sustain chronic disturbances. Research on
inflammatory biomarkers underscores the connection between inflammatory pro-
cesses and the clinical manifestations of PCS.

Conclusions. PCS is a common occurrence among patients with TBI. Accurate
diagnosis is complicated by the absence of unified criteria for determining the
duration of symptoms. Mild TBI triggers complex neurometabolic changes and inflam-
matory processes that may contribute to the chronicity of the injury, making it
essential to consider both biomechanical and neuroimaging aspects to improve
understanding and treatment of patients with PCS.

Rudas IA, Matvieienko MS, Hladkykh FV. Prevalence, biomechanics, and neuro-metabolic cascade of traumatic

brain injury: a focus on
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BCTYN

INTRODUCTION

YepenHo-Mo3koBa TpaBma (UMT) Bu3HaHa «ipMoBMM Traumatic brain injury (TBI) has been recognized
nopaHeHHsAM» BiicbkoBUX Mig yac BinH XXI ctonitts [1,2].  as the «signature wound» of military personnel in
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ComatnyHi Ta ncuxivHi Hacnigkm YMT moxyTb 36epi-
raTucs HaBiTb 4epe3 PoKM nicna TpaBMaTU4YHOI NOAii,
3HAYHO 3HWXKYKYM SKICTb XUTTS Ta couianbHy akTuB-
HicTb [3]. Ue 3anuwaeTbcs BNAMBOBMM hbakTopom Ans
NCUXiIYHOrO 300pOB’Ss BeTepaHiB, 36iMbLuyr4n noLlumpe-
HiCTb MOcTTpaBMaTuyHoro ctpecosoro posnagy (MNTCP),
TPUBOXXHO-AEMPECUBHUX PO3NafiB, BXWUBAHHSA MCUXOAK-
TMBHUX pe4voBUMH Ta cnpob cyiuuay [1, 4]. Came Tomy
UMT € BaxnuBoto npobrnemol rpoMaacbkoro 340poB’s
i OCHOBHOIO MPUYMHOKO CMepTi Ta iHBanigHOCTi B YCbOMY
CBITi cepep yCix 3axBoptoBaHb, MOB’A3aHUX i3 TpaBMaMMu.

Jlerki UMT, Takox Bigomi sk cTpyc Mo3ky [5], € oa-
HUMM 3 HAWNOLUMPEHILLIMX HEBPOSOriYHMX CTaHIB, i 3HaY-
HUM TArapem €K ana Aopocnux, Tak i anda giten [6-8].
Y TOl Yac sk y BinbloCTi nauieHTiB MOXHa OdvikyBaTh
ofyXaHHs, nauieHTn 3 nerkoto UMT Hepigko npogoBxy-
I0Tb CKapPXXUTUCb Ha CTilKi COMATWU4HIi, KOTHITUBHI, eMo-
UinHi Ta/abo noBepiHKOBI NpoGnemu, siki B CyKYMHOCTI
HasmBawTb MocTkomouinHuMm cuHgpomom (MKC, cuH.
«CMHOPOMOM Micns CTPYCY MO3KY»; aHrf. post-concussion
syndrome) [9, 10]. BiiicbkoBi BeTepaHu, NpodecinHi
CMOPTCMEHUN Ta XepTBu (Di3UYHOr0 HaCUNLCTBA MOXYTb
CTpaxgaTu Big HacnigkiB NMOBTOPIOBAHWUX JENKUX TPaBM
ronoBu, siKi NpPU3BOASATb HE NnULle [0 KOPOTKOYACHUX
cumntomie YUMT, a 1 go Ginbw cknagHux Ta TpuBanmnx
HacnigkiB, Takux sk [NIKC Ta XxpoHiyHa TpaBmaTtuyHa
eHuedanonaris [10].

3a ouiHkamn Dewan M.C. Ta cniBaBT. [11] wwopivyHO
y CBIiTi peecTpyeTbca Big 64 oo 74 mnH Bunagkis YUMT,
3 akunx nerka YMT ctaHoBUTbL 75% YyCix 3apeecTpoBaHuX,
3a3Buyal NoB’A3aHuX i3 NagiHHAMKW, Hanagom, CrnopTuB-
HOKO Ta BIMCbKOBOW gianbHicTio [11, 12]. 3a gaHumn
Maas A.ILR. ta cniBaBT. [13] y €Bponeicbkomy Cotosi
LWopoKy Tpannsetbca 2,5 MnH Bunagkis UMT, 3 sakux
woHanveHwe 90% Bunagkis YUMT e nerkumn [14].
Y CWA 3a paHumn Faul M. Ta cniBaBT. LOPOKY
6nmsbko 1,7 MnH nogen otpumytoTe UMT, i noTpebytotb
MeauyHoi gonomorn, 3 skmx noHag 80% nauieHTiB
matoTb nerky UMT [15]. Y Toi 4ac sk GinbLicTe nauieH-
TiB 3 nerkoto YUMT BunucyloTbCs 3 BigdineHHs HeBia-
KnagHoi fonoMoru B TOW caMuil AeHb i ogyxyoTb 6e3
BUSABNEHUX BiggoaneHux Hacnigkis, 30% nauieHTiB
3 nerkoto UMT maloTb CTilKi CMMATOMW MicNsa nerkoi
UMT/cTpycy mosky [8, 16, 17].

CumnTomu, WO BMHUKAOTL nicnst nerkoi UMT/cTpycy
MO3KY, 3a3BMYyal HanexaTtb OO OAHIEi 3 YOTUPbLOX KaTe-
ropin: BecTMOynsipHi (NOpyLeHHs piBHOBaru, HygoTa,
3anamMopoOYeHHs Ta iH.), CEeHCOpHi (pOo3MUTICTL 30pY,
MirpeHb, WyM y Byxax, ¢oTo Ta/abo coHodobis ToLLo),
KOTHITMBHI (TPYAHOLLi 3 KOHLEeHTpaLi€to, 3HWKEHHS yBaru
Ta nam’siti, 3abyabKyBaTiCTb Ta iH.), @ TAKOX €MOLilHi
(BTOMa, Ge3coHHs, ApaTiBnuBiCTb, Aenpecia Towo) [18].
OpHopa3zosi nerki UMT/cTpycu MO3Ky 3a3Buyanm He BU-
KNWKaTb XPOHIYHMX Hacnigkis y Mopdonorii TKaHWH
MO3Ky nauieHTiB [19]. Hacnigku Takoro TpaBmaTtuamy
nepeBakHO KOPOTKOYACHi, @ CUMMNTOMU 3HUKaKTb Npo-
TArOM KinbKox TUxHIB abo micsuis. MpoTe y Aeskux Bunaa-
kax cTinka cumntomatuka NMKC moxe cynpoBoayBaTUCh
noganblUMM MOLUKOAKEHHSIM MO3Ky abo nigBuLLeHUM
pu3MKOM nojanblUMX CYMNyTHiX 3axsoptoBaHb [20, 21].
TakMM 4YMHOM, MOBTOPHOBAHI TpPaBMMW TOMOBHOIO MO3KY
nos’sa3aHi 3 NigBULWEHWM PU3UKOM KOTHITUBHMX MOPY-
WeHb Yy noganbluoMy >XWATTI Ta HelpogereHepaTus-
HUX po3nagis, Y TOMY YMCHi XPOHIYHOK TpaBMaTUYHOIO
eHuedanonarieto [22].

XXI century wars [1, 2]. The somatic and mental
consequences of TBI can persist even years after the
traumatic event, significantly reducing quality of life and
social activity [3]. It remains an influential factor in the
mental health of veterans, increasing the prevalence
of post-traumatic stress disorder (PTSD), anxiety-
depressive disorders, substance abuse, and suicide
attempts [1, 4]. For this reason, TBI is an important
public health issue and a leading cause of death and
disability globally among all trauma-related conditions.

Mild TBI, also known as a concussion [5], is one
of the most common neurological conditions, posing
a substantial burden on both adults and children [6-8].
While recovery can be expected in most patients,
individuals with mild TBI often continue to report
persistent somatic, cognitive, emotional, and/or beha-
vioral issues, collectively known as post-concussion
syndrome (PCS) [9, 10]. Military veterans, professional
athletes, and victims of physical abuse may suffer
from the effects of repeated mild head injuries, which
result not only in short-term TBI symptoms but also
in more complex and prolonged consequences, such as
PCS and chronic traumatic encephalopathy [10].

Dewan M.C. et al. [11] estimate that there are 64
to 74 million TBI cases globally each year, with mild TBI
accounting for 75% of all cases, commonly related
to falls, assaults, sports, and military activities [11, 12].
According to Maas A.lLR. et al. [13], the European
Union sees 2.5 million TBIl cases annually, with at
least 90% classified as mild [14]. In the United States,
over 1.7 million people require medical attention for
TBI each year, with more than 80% of patients experi-
encing mild TBI [15]. While most patients with mild TBI
are discharged from emergency departments the
same day and recover without long-term consequences,
30% will experience persistent symptoms [8, 16, 17].

Symptoms following mild TBI typically fall into
one of four categories: vestibular (balance issues,
nausea, dizziness), sensory (blurred vision, migraines,
tinnitus, photo- or phonophobia), cognitive (concentra-
tion difficulties, reduced attention and memory), and
emotional (fatigue, insomnia, irritability, depression) [18].
Single mild TBIs generally do not lead to chronic tissue
morphology changes in the brain [19]. Such injuries are
typically short-term, with symptoms subsiding within
weeks or months. However, persistent PCS symptoms
can sometimes be accompanied by further brain
damage or an increased risk of comorbidities [20, 21].
Repeated brain injuries are associated with an eleva-
ted risk of cognitive impairments later in life and
neurodegenerative disorders, including chronic trauma-
tic encephalopathy [22].

The Centers for Disease Control and Prevention (CDC)
define TBI as an «alteration in brain function caused by
a bump, blow, or penetrating head injury» [23].
The American Congress of Rehabilitation Medicine
defines mild TBl/concussion by the following criteria:
1) loss of consciousness for up to 30 minutes;
2) altered consciousness for less than 24 hours;
3) post-traumatic amnesia for less than 24 hours; and
4) a Glasgow Coma Scale score of 13-15, 30 minutes
post-injury [24]. These criteria also distinguish bet-
ween moderate TBI (loss of consciousness from
30 minutes to 24 hours, altered consciousness or post-
traumatic amnesia from 24 hours to 7 days, Glasgow
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LleHTp 3 KkOHTponio Ta NpodINaKkTUKM 3axBOpPHO-
BaHb (CLUA) Bu3Hauyae UMT sk «nopyLleHHs HopMarnbHOT
dyHKUiT MO3KY, fike MOXe OyTW CrnpuUYMHEHE «yaapom,
MoLITOBXOM abo MPOHMKa4YoK TpaBMok ronosu» [23].
Jlerka UMT/cTpyc MO3Ky BM3HaAYa€ETLCA AMEPUKAHCHLKUM
KoHrpecom peabinitauiiHoi meguuuHn sk UMT, sika
npu3BoauTb A0: 1) BTpaTtu cBigoMocTi Ha TepMiH 4o 30 XB;
2) 3MiHM CBIiAOMOCTiI NpoTArom MeHwe 24 roa, 3) noct-
TpaBMaTU4HOI aMHesii NpoTArom MeHwe 24 rog Ta
4) ouiHkM 3a wWwkanot komu Masro 13-15 Ganie yYepes
30 xB nicns TpaBmu [24]. Lli kpuTepii TakoX BWKO-
pUCTOBYIOTbCSA ANsi PO3pi3HeHHs nomipHoi YUMT (BTpaTa
ceigomocTi Big 30 xB g0 24 roa, 3MmiHa cBigomocTi abo
nocTtTpaBMaTuU4yHa amHesis Big 24 rog Ao 7 AHiB, 6an
3a wkanoto komu Masro 9-12) ta Taxkoi YMT (BTpaTta
ceigomocTi  >24 rof, nOpyLleHHs CcBigoMocCTi/mocT-
TpaBMaTU4yHa amHesiss npoTaroM >7 AOHiB, Gan 3a LwKa-
noto komu Masro <9), Npu SKOMY OfyXaHHs, sK npa-
BMIo, Ginblw TpuBane, a (yHKUiOHarNbHE BiAHOBIEHHS
MeHLL iMoBipHe [25].

MeTta po6GoTu — oOxapakTepusyBaTu Cy4vacHe YysiB-
NEHHs1 NPO MOCTKOMOUINHUIA CUMHAPOM Ta MOLUMPEHICTb,
GiomexaHiky i HelipomeTaboniyHui kackag —nerkoi
4epenHo-MO3KOBOi TpaBMM 32 [[aHUMK  BigKpUTUX
oxepen iHdhopmalii.

MATEPIAAU TA METOAU AOCAIAXXEHHA

BpaxoBytoun MeTy AOCNIMKEHHS, HamMu NpoBeAeHO
ormnag nitepatypHuxX Xepen y BiANOBIAHOCTI 4O BU3Ha-
YEHHS NOHATTA «ornsaa» [26], 9K «POpPMM CUHTESY 3HaHb,
fAKa po3rnsagaEe MoLWyKoBe OOCNIAHWLBKE MUTaHHS,
CrpsAMOBaHe Ha BiAOOPaXXEHHS KITHYOBUX KOHLEMLUin
Yy [OOCNIMKEHHi, MOB'A3aHOMY 3 MEBHOK CHEPO 4un
noneM, LWNSXOM CUCTEMATMYHOTO MOLWyKy, Bubopy
Ta CUHTE3y ICHYWYMX 3HaHb». FK OMNMCaHO HWXYe,
MW OOTPMMYBAnuCs KOHLEMLUii, 3anponoHoBaHoi [27].
Min6ip nybnikauin BMKOHaHO 3a 6azaMu gaHnx

PubMed (https://pubmed.ncbi.nim.nih.gov/),

Clinical Key Elsevier (https://www.clinicalkey.com),

Cochrane Library (https://www.cochranelibrary.com/),

eBook Business Collection (https://www.ebsco.com/)

Ta Google Scholar (https://scholar.google.com/),
Yy SIKUX BMCBITNIOBANMCb BIiQOMOCTI LIOAO CY4acCHOro
YSBMEHHS MpPO MOCTKOMOLiHWA CMHOPOM Ta nowumpe-
HicTb, BioMexaHiky i HelipomeTaboniyHui kackag nerkoi
YepenHo-MO3KoBOi TpaBMu. Ha nepwomy eTtani nposo-
OVnM  NOWyK nNiTepaTypHMX [HKepen 3a  KI4YoBUMU
CrnoBaMun: MOCTKOMOLIHUA CUHAPOM, YepenHO-MO3KO-
Ba TpaBMa, HeWpomeTaboniyHui kackag, GiomexaHika
Ta [irHOCTMKa 4YepenHo-MO3KoBOi TpaBmu. Ha gpyromy
eTani BMBYaANUCb pes3loMe CcTaTel Ta BUKIIOYanucb
ny6nikauii, Ski He Bignosiganu KpUTEpPISM OOCHIMKEHHS.
Ha TtpeTbomy eTani BMBYanuM MOBHi TEKCTU BidibpaHuXx
cTtaterd Ha BIiONOBIOHICTb KPUTEPIM BKIOYEHHS 00
CMUCKY MniTepaTypu Ta peneBaHTHICTb JOCHiAXKEHb.

KpuTtepismu BknoveHHs nyb6nikauin oo BubipkuM, sika
nignsrana KOHTEeHT-aHani3y, Taki:

1) BUCBITNEHHS Cy4aCHUX BifOMOCTEN Lo JErkoi ye-
PEenHO-MO3KOBOI TPaBMM Ta MOCTKOMOLLIIHOIO CUHAPOMY;

2) BiAMNOBIOHICTL AOCNIMKEHb KMOYOBMM 3acagam
[0Ka30BOI MeANLINHN;

3) BiOKPUTMI JOCTYN 4O NOBHOTEKCTOBOI CTATTI.

KpuTepii BuknioveHHsA: cTatTi 6e3 MOBHUX TeKCTiB
(Te3n KoHdepeHLin ToLwO).

Coma Scale score of 9-12) and severe TBI (loss of
consciousness for over 24 hours, altered conscious-
ness/post-traumatic amnesia for over 7 days, Glasgow
Coma Scale score below 9), with more prolonged
recovery and less likely functional restoration in severe
cases [25].

Objective — of this study is to characterize the current
understanding of post-concussion syndrome, as well as
the prevalence, biomechanics, and neuro-metabolic
cascade of mild traumatic brain injury based on infor-
mation from open sources.

MATERIALS AND METHODS

In line with the study’s objective, a literature
review was conducted according to the definition of
a «review» [26], described as «a form of knowledge
synthesis that addresses a research question aimed at
highlighting key concepts in a study related to a par-
ticular area or field through systematic search, selection,
and synthesis of existing knowledge». Following the
concept proposed in [27], we selected publications
from databases such as

PubMed (https://pubmed.ncbi.nim.nih.gov/),

Clinical Key Elsevier (https://www.clinicalkey.com),

Cochrane Library (https://www.cochranelibrary.com/),

eBook Business Collection (https://www.ebsco.com/),
and Google Scholar (https://scholar.google.com/),
which provided insights into the current understanding
of post-concussion syndrome, prevalence, biomecha-
nics, and the neuro-metabolic cascade of mild traumatic
brain injury.

In the first stage, literature sources were searched
using keywords: post-concussion syndrome, traumatic
brain injury, neuro-metabolic cascade of traumatic brain
injury, biomechanics of traumatic brain injury, diagnosis
of traumatic brain injury. In the second stage, abstracts
were reviewed, and publications that did not meet the
study criteria were excluded. In the third stage, the full
texts of the selected articles were reviewed for inclusion
criteria and research relevance.

Inclusion Criteria for Content Analysis:

1) coverage of current information on mild traumatic
brain injury and post-concussion syndrome;

2) adherence to the core principles of evidence-
based medicine;

3) open access to the full text of the article.

Exclusion Criteria: publications without full texts
(conference abstracts, etc.).
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PE3YABTATU TA iX OBFOBOPEHHS

MOCTKOMOLLIMHUIA CUHAPOM: TEPMIHOAOTIS,

eniaeMioAoris Ta AiarHocTUYHI KpuTepii

UMT HasmBaloTb «HaANCKMNAZHILIMM 3aXBOPIOBAHHAM
HalcKnagHiWoro opraHa Tinay, i BoHa ctae Bce Ginblu
aKkTyanbHOK NpoGnemMold  OXOpPOoHM  370poB’s  [28].
TepMiH «NOCTKOMOLIHUA CUHOPOMY» BUKOPUCTOBYETHCS
3 1934 poky [29]. Okpemi OOCMIAHUKM HaromnoLyTh,
WO AouinbHille BUMKOPUCTOBYBaTU AediHiLilo «CUHAPOM
nicna YMT», OCKiNbKM BiH TakKoX MOXe BUHUKATK nicns
nomipHoi Ta Tskkoi UMT abo yanapis ronosu [30].

3a pavumu Dwyer B. ma cnieaem. (2018 p.) [31]
3axsoptoBaHicTb Ha [MKC y nauieHTiB i3 nerkoto YMT
3HaYyHO BapilOETLCS, 3@ MNOBIOOMITEHHSIMU, YacToTa KOnu-
BaeTbcs Big 30 oo 80% uux BUNAAKIB, MOXINBO, Yepes
BIOMIHHOCTI B MONynsAuisX Ta AiarHOCTUYHUX KpUTepisx.
Y pesiknx gocnigkeHHsiX 3axBoptoBaHicTe Ha MKC konu-
Banacs Big 5 oo 15% [29, 32, 33], Toai sk B iHWKNX BOHA
mMorna gocsarath 58% [34]. CuctemaTuyHuii ornsa Oo-
cnigxeHe McCauley S.R. ma cnieaem. [35] BusiBuB,
Wo nowmpeHicTb cTiiknx cumntomie MKC y popocnux
konueaeTbcs Big 7 0o 58%, i3 3aranbHOO CyKyMHOK Mo-
winpeHicTio 32% (95% posipunii iHTepean: 24—41%) [5].
Okpemi pocnigHukn HaBogsaTh Aadi, wo [MKC ypaxye
5-43% ocib 3 nerkoto YUMT/cTpycoMm MO3Ky, SKi 3a iHLLIMX
YMOB MOBHICTIO oy>anu 6 npotarom nepmx 3 mic. [36].

MKC 3a3Buyal giarHocTyeTbCcs BigMnoBigHO [0 Kpu-
Tepiis DSM-IV (Diagnostic and Statistical Manual of
mental disorders V) a6o ICD-10 (International Classifi-
cation of Diseases 10" Revision), siki 30cepemxXyTbcs
Ha nposBi cuMmnTomiB [37]. Y LMX KepiBHULTBAX Y3rogxy-
€TbCs iHpopmaLisi Npo nNepegyMoBy TpaBMW FONOBHOMO
MO3Ky 41151 AiarHoCTMKM po3nagy nicns nerkoi YMT/cTpycy
mo3ky (DSM-1V) [38] abo MKC (MKX-10) [39]. BigmiHHOCTi
MiX AiarHOCTUYHUMKM cuCTeMaMu NpeacTaBneHi B Tabn. 1.

RESULTS AND DISCUSSION

Post-Concussion Syndrome: Terminology,
Epidemiology, and Diagnostic Criteria

Traumatic brain injury (TBI) is often referred to as
«the most complex disease of the most complex organy,
and it is becoming an increasingly significant public
health concern [28]. The term «post-concussion syn-
drome» (PCS) has been in use since 1934 [29]. Some
researchers suggest using the term «post-TBI syndrome»,
as it can also occur following moderate and severe TBI
or head trauma [30].

According to Dwyer B. et al. (2018) [31], the incidence
of PCS in patients with mild TBI varies significantly,
with reported prevalence ranging from 30 to 80%, likely
due to differences in populations and diagnostic criteria.
In certain studies, PCS prevalence ranged from 5
to 15% [29, 32, 33], while in others, it reached as high
as 58% [34]. A systematic review by McCauley S.R.
et al. [35] found that the prevalence of persistent
PCS symptoms in adults varies from 7 to 58%, with
an overall pooled prevalence of 32% (95% confidence
interval: 24-41%) [5]. Some researchers report that
PCS affects 5-43% of individuals with mild TBl/con-
cussion, who otherwise would typically recover fully
within the first three months [36].

PCS is typically diagnosed according to DSM-IV
(Diagnostic and Statistical Manual of Mental Disorders,
4% Edition) or ICD-10 (International Classification of
Diseases, 10" Revision) criteria, both of which focus
on symptom presentation [37]. These guidelines agree
on the requirement of a brain injury for diagnosing
a disorder following mild TBl/concussion (DSM-1V) [38]
or PCS (ICD-10) [39]. Differences between the diag-
nostic systems are presented in Table 1.

Tabnuus 1. MNopiBHAHHA AiarHOCTUYHNX KPUTEPITB MOCTKOMOLINHOIO CMHAPOMY (aganTtoBaHo 3a [9])
Table 1. Comparison of Diagnostic Criteria for Post-Concussion Syndrome (adapted from [9])

CumnTtom / Symptom MKX-10/ ICD-10 DSM-IV DSM-5

[onosHwn 6inb / Headache + + -
3anamopoyeHHs / Dizziness + + -
Brtoma / Fatigue + + -
HenepeHocumicTtb wymy / Noise intolerance + + -
[paTienuBicTb / NabinbHiCTb / TpMBOra / fgenpecis + + _
Irritability / lability / anxiety / depression

Mpo6nemu 3i cHom / Sleep problems + + -
Mpobnemu 3 koHUeHTpauieto / Concentration problems + + +
Hediunt nam’ati / Memory deficit + + +

HenepeHocumictb ankoronto / Intolerance of alcohol

CrypboBaHicTb cumntomamm / Preoccupation with symptoms

3miHa ocobucTocTi / Personality change

Anaris / Apathy

MepuenTnBHO-MOTOPHMIA po3nag / Perceptual-motor disorder

CoujanbHe nisHaHHs / Social cognition

Baxnueoto BigMiHHicTIO € Te, wo DSM-IV Bumarae
HerarHoi MosiBM CUMMTOMIB i X 306epexeHHs npoTsarom
npuvHanmHi 3 mic., Toai gk MKX-10 uboro He Bumarae.
Kpim Toro, DSM-IV Bumarae o6’ekTmBHMX Aoka3iB gedi-
unty nam’ati abo yearu, ane MKX-10 sBHO BuKntovae

A key distinction is that DSM-IV requires symptoms
to appear immediately and persist for at least
three months, while ICD-10 does not. Additionally,
DSM-IV requires objective evidence of memory or
attention deficits, which ICD-10 explicitly excludes.
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Taki Aokasn. BapiaTMBHiCTb TepMiHoMorii Ta BignoBigHMX
kputepiie DSM-IV Ta MKX-10 nepeLukoaxae TOuHin igeH-
Tndbikauii Ta giarHoctuui nauieHTis i3 NMKC [41]. Pi3Hi me-
ToaM knacudikauii MOXyTb MpM3BECTUM A0 MNEepeoLiHKM
abo HedooLiHKM CMMNTOMIB, 0COBNMBO SIKLWO NoKnaga-
TMCA Ha CYO'€KTUBHY OLHKY CUMMTOMIB NalieHTaMu.
Lle 6yno nokasaHo B NepexpecHOMy AOCHiaXEHHI, B sIKO-
My 61 nauieHT 6yB HanpaBneHun o0 KNiHiku 3i cTpycoMm
Mo3Ky nicns nerkoi UMT [9, 42]. Poanag nicns cTpycy mos-
Ky He OyB BKMO4YEHUI B ocTaHHe BuaaHHs DSM-5 [40].
Hatomictb DSM-5 MicTUTb «nerkuim HeMpOKOrHITUBHWUI
po3nag 4vepe3 UMT», HEMpPOKOrHITUBHUIA po3nag, SKun
Hanonernveo nepeabayae, ane popmanbHO He BUMarae,
KINbKICHO BM3Ha4veHi [Jokasn HabyToro KOrHiTMBHOIO
pedpiunty nicna nerkoi YMT [9].

Kpim Toro, Ha cborogHi Hemae 3aranbHoil 3rogn Wwoao
nepiogy 4acy, HeobxigHoro Ans Toro, wWo6 cumnTomu
nicna nerkoi YUMT/cTpycy MO3Ky cTanu «TpuBanummy».
Y BepniHcbkin KOHCeHCYCHIN 3asBi 2017 poky [43] BU3Ha-
YEHO, Lo «CTiMKi cumnToMM» TpuBatoTb gosLue 10—14 gHis
y gopocnux i ogHoro micaus y giten. MNMpote enigemiono-
riYHi OOCNIAXEHHsT HeOOQHO3HaYHI LWoao LOCTOBIPHOCTI
UMX KpuUTepiiB TPMBanocCTi, OEeMOHCTpyKuYM Jiana3oH
pesynbTaTiB, Bif MOBHOro ofyXaHHA 4depe3 3 mic. [44]
0O TpuBanoro ogyXaHHs, wo Tpusae Oo 1 poky [45].
Posnapg nicns nerkoi YUMT/cTpycy mo3sky 6yno Buknto-
yeHo 3 DSM-5, akuin 3amicTb LbOro BKasye ncuxiatpam
JiarHoctyBatn abo cepiro3Huii, abo nerknii HempoKOorHi-
TUBHWI po3nag vyepe3 UMT, 3anexHo Big CTyneHs KOrHi-
TMBHOro Ta dyHKUiOHanbHoro Aediunty. Y nigpo3aini
«Po3Butok i nepebir» DSM-5 3a3HauyeHo, WO B Ginb-
wocTi Bunagkis nerkoi YMT cUMOTOMM MOBHICTIO 3HU-
KaloTb Yepes 3 mic. [23].

Mpuknagamn 3aranbHOBXUBAHMX BamnigoBaHWUX LuKan
ouiHOBaHHA cumnToMmiB nicnsa nerkoi UMT/cTpycy mMosky
BUCTYnNatoTb «Onuc HemponoBeiHKOBUX CUMMATOMIBY [46],
«OnuTyBanbHMK CMMNTOMIB Micns cTpycy mo3ky Pisep-
Miga» [47] Ta «Lkany cumnToMiB nicns cTpycy Mo3ky» [48].

€OnHMIA cTaHOapTU30BaHWIA Habip KpuTepiiB Ans Tpu-
Banux cumnTomiB nicnsa nerkoi YMT mictutbesa B MKX-10,
[e He BU3HAYeHO KpUTepIili TPUBAroCTi Ta No3Ha4YeHo CTaH
K «MOCTMO3KOBMI cCuMHOPOM». Yepes HecneundivHicTb
ckapr GinbLUICTb HACTAHOB TeMNep NOCUIAOTLCA HA KCUMI-
TOMMU» MNiCNsl KOHTY3il, a He Ha «cuHapomy» [39, 49, 50].
Y 1o vac sk kputepii DSM-5 opieHTOoBaHi Ha TpuBani
MKC sk HeBponorivyHuiA po3nag (MoBMHHI MaTu 06’eKTUBHI
O3HaKM KOTHITMBHMX nopyLueHs), kputepii MKX-10 nigxo-
oatb oo TpuBanux NKC gk 0o coMaTUYHMX CUMMTOMIB
po3naay (Hanpuknag, pe3ynsraTi HeMpOmNCUXOMOriYHOro
TECTYBaHHA MOXYTb OyTW HOpManbHUMU, Moxe OyTu
inoxoHApIs Ta iH.). Y TOW Yac SK YACNEHHI AOCNIMXEeHHS
OEMOHCTPYIOTb, WO TpuBani CUMATOMM Micns nerkoi
UMT/cTpycy MO3Ky CUIbHO MOB’A3aHi 3 NCUXOMOriYHUMMU
dakTopamun, He noe’szaHummn 3 YMT [51, 52], Takox
3'ABnseTbc Bce Oinblle [JokasiB  HerpoBidyanisauil
Ta HenpodisioNnoriMHMX AOCnigKeHb TOro, WO B OCHOBI
TpUBanuMx CUMNTOMIB NEXUTb MNpuxoBaHa AUCKYHKLis
MO3Ky [23, 53, 54].

Kputepii DSM-5 ansa TaXKOro/nerkoro HempoKOrHi-
TMBHOro poanagy BHacnigok YMT Taki [40]:

A. KpuTtepii BignosigatoTe cepiio3HoMy abo nerkomy
HEMPOKOrHITUBHOMY po3nagy (To6To 3HayHe/MmoMipHe
3HUWXKEHHSI KOTHITUBHUX 30i0OHOCTEN Ha OCHOBI KMiHIYHOrO
3aHEMNOKOEHHS YW TECTyBaHHS; 3aBaXkae/He 3aBaxae
He3anexHoCTi B NOBCAKAEHHOMY XUTTi).

The variability in terminology and criteria between
DSM-IV and ICD-10 complicates accurate identification
and diagnosis of PCS patients [41]. Different classifi-
cation methods may lead to over- or underestimation
of symptoms, especially if relying on patients’ subjec-
tive symptom assessments. This was demonstrated
in a cross-sectional study of 61 patients referred to
a concussion clinic following mild TBI [9, 42]. Post-
concussion disorder was excluded from the latest
DSM-5 edition [40]. Instead, DSM-5 includes «mild
neurocognitive disorder due to TBI», a neurocognitive
disorder that strongly suggests but does not formally
require quantifiable evidence of acquired cognitive
deficits after mild TBI [9].

Moreover, there is no consensus on the timeframe
needed for post-mild TBl/concussion symptoms to be
considered «persistent» The 2017 Berlin Consensus
Statement [43] defines «persistent symptoms» as those
lasting more than 10-14 days in adults and one month
in children. However, epidemiological studies show mixed
findings on these duration criteria, with outcomes ranging
from full recovery within three months [44] to extended
recovery times of up to a year [45]. Post-concussion
disorder was excluded from DSM-5, which instead
directs psychiatrists to diagnose either major or mild
neurocognitive disorder due to TBI, depending on the
level of cognitive and functional impairment. In the
«Development and Course» section, DSM-5 notes
that in most cases of mild TBI, symptoms completely
resolve within three months [23].

Examples of commonly used validated scales for
assessing post-mild TBl/concussion symptoms include
the «Neurobehavioral Symptom Inventory» [46], «River-
mead Post-Concussion Symptoms Questionnaire» [47],
and «Post-Concussion Symptom Scale» [48].

The only standardized set of criteria for persistent
symptoms after mild TBI is found in ICD-10, where no
duration criterion is specified, and the condition is
labeled as «post-brain syndrome». Due to the nonspe-
cific nature of complaints, most guidelines now refer
to «post-concussion symptoms» rather than «synd-
rome» [39, 49, 50]. While DSM-5 criteria treat persistent
PCS as a neurological disorder (requiring objective
signs of cognitive impairment), ICD-10 criteria approach
persistent PCS as somatic symptom disorder (e.g., neuro-
psychological testing may yield normal results, hypo-
chondriasis may be present). Although numerous
studies show that persistent symptoms after mild TBl/con-
cussion are closely associated with psychological
factors unrelated to TBI [51, 52], growing neuroimaging
and neurophysiological evidence suggests under-
lying brain dysfunction is at the root of persistent
symptoms [23, 53, 54].

DSM-5 Criteria for
Disorder Due to TBI [40]:

A. Criteria meet the requirements for major or
mild neurocognitive disorder (i.e., significant/moderate
cognitive decline based on clinical concern or testing;
impairs/does not impair independence in daily life).

B. There is evidence of TBIl, such as a blow to
the head or other mechanisms of rapid movement or
displacement of the brain within the skull, with one
or more of the following:

— Loss of consciousness;

— Post-traumatic amnesia;

Major/Mild  Neurocognitive
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B. IcHytotb gokasu YMT, To6TO0 yoapy ronosu abo
HLUMX MEeXaHi3MiB LUBMAKOrO pyxy abo 3MiLLEHHsSI MO3KY
BCepeauHi Yepena 3 ogHMM abo Aekinbkoma 3 Takux:

— BTpaTa CBiJOMOCTi;

— NoCTTpaBMaTU4Ha aMHesis;

— AesopieHTauisd Ta cnnyTaHiCTb CBiAOMOCTI;

— HEeBPOMOriyHi 03HaKkW (Hanpuknag, HernpoBisdyanisa-
Uis, WO OeMOHCTpye TpaBMy; HOBUIA Hanag cyaom;
MOMITHE TMOripLUEHHS HAsIBHOrO CYOOMHOrO po3nagy;
CKOPOYEHHS MOrs 30pYy; aHOCMIs; reMinapes).

C. HeWpokorHiTMBHWI po3nag nposiBRseTbCs Bigpasy
nicns BWHUKHEHHS YMT abo Bigpa3y nicns BigHOB-
NEeHHs cBigomocTi i 36epiraeTbesl nicns rocTporo nepiogy
nicnsa TpaBmMu.

BiomexaHika Aerkoi YMT

3B’s130Kk MiXk BiomexaHi4YHMMK cunamm Ta HenponaTo-
norieto € kn4YoBMM Anga posdymiHHA YMT [55]. PisHi
MeXaHi3mu, BKMYaluM yaap, iHepuito Ta BMOyxoBwiA
HaONULLKOBUIM TUCK, MOXYTb npussecTn o nerkoi YMT.
HannowwupeHiwi npuyMHM UMBINBHUX TpaBM rOMoOBM —
CMOPTMBHA AisNbHICTbL Ta aBapii TpaHCNoOpTHUX 3acobiB —
3a3BuUYal € pesynsTaTtoM yaapy no rornosi, KU Npu3Bo-
OWTb 0O BUCOKOIO TEMMY NPUCKOPEHHS ab0 yNoBiNbHEHHS
rornosu. Jedopmalii B LboMy BUNagky nepegarotbes i3
30BHILLHIX BiadiniB MO3Ky Yy BHYTpILLHIi, WO Np1M3BOAUTH
00 Andy3Ho-nowmpeHux natonorin [56]. Xoya ponb niHin-
HOrO MPUCKOPEHHS B MEPBUMHHOMY YLUKOMKEHHI Npwu
nerkin. UMT Oyna 3posymina npoTArom AecsATUNITh,
OCTaHHi eKcnepuMeHTarnbHi AOCMIAKEHHST BUSIBAMM, LLO
KyTOBE MPUCKOPEHHS € Habarato Ginbl LWKignMBMM ons
mMo3ky. [lokaszaHo, wo 90% 3aranbHux Aedopmadin
y TKaHWHaX rOMOBHOrO MO3KYy MPU «PO3rOHi» TrOnoBu
€ pesynsratom obepTanbHOro KOMMoHeHTa, i nuwe 10%
reHepyeTbCcs MNOCTynanbHUM KOMMoHeHToMm [57]. Tpeta
MOXNMBa cuna, MMOBiIpHa OCHOBa BMOYXOBOIO YLLUKOA-
XEHHsl, 6a3yeTbCsl Ha CTepeoTaKkCWUYHIn Teopii, sika
CTBEpOXYye, WO B pesynbrati B3aemofil cdepuyHoi
dopmu Yyepena Ta Toro pakTy, WO TKaHUMHA MO3KYy Mae
OOHaKOBY LLiNMbHICTb Y KOHLEHTPUYHMX MNIOLWMHAX, XBUIi
MOXYTb MoOLIMplOBATUCA SK CEpUYHA XBUMS, ska €
GinbL cdokycoBaHOW, i NpsiMa eHepris gocsrae rmunb-
LUMX CTPYKTYpP MO3KY [58, 59].

KiHemaTuka, Taka sik KyTOBE NMPUCKOPEHHS, LUBUAKICTb
obepTaHHsl Ta TpMBaniCTb MPUCKOPEHHS!, BU3HAYEHi SK
OCHOBHI JeTepMiHaHTW, WO BM3HAYalTb CTyMiHb Andy3-
HOrO YpaXXeHHs1 TONOBHOIO MO3KY, CNpUYMHEHOro obep-
TaHHAM. Yepes 3pocTatode KhiHiYHe BM3HAHHS XPOHIYHOT
KOTHITMBHOI Ta eMOUiNHOI AMCAYHKLUIT BHAcnigok ogHopa-
30BOi1 41 NOBTOPHOI nerkoi YMT, po3yMiHHs1 GiomexaHiqHoT
TonepaHTHocTi Ao nerkoi YMT/cTpycy MO3Ky 3 TOYKM 30pYy
BUMIPIOBaHOI KIHEMaTWKM ronoBu € BupiwanbHum [59].

BubyxoBi ygapHi xBuni Ta ygap TynuMm npeameToM
€ ABOMa TUMamy HaBaHTaXeHb, SKi NPU3BOASATL A0 ner-
koi UMT vy BincekoBux. UMT npussogntb 4O nuile HeBe-
NMKoi BTpaTU HEMPOHIB, MPUYOMY HEMPOHM rinokamny
BUSIBNSATLCA 0OCOONMMBO BpasnuBUMKW [0 BUBYXOBUX
yoapHUX XBunb. [locnigXeHHs BUOYXy Ha eKcrnepuMeH-
TanbHUX MOZENSIX MOKa3ylTb YHiKanbHy KapTUHY nepu-
BEHTPUKYMSAPHOIO YLIKOMKEHHS!, sike BiOpi3HAETbCA BiA
KNnacu4Horo Andy3HOro YLIKOAXKEHHSI akcoHa. AKTuBaLis
K aCTpouuTiB, TaK i MIKporfii TakoX crnocTepiraeTbcs
npu BUOYXOBOMY YpaXKeHHI, @ TakoX Npu yaapHin Tpasmi,
ane ue Moxe OyTM W 3aranbHa BTOPMHHA peakuis Ha
TpaBMY rOfIOBHOrO MO3KY, HecneumdivyHa ans Bubyxosoi
abo Tynoi Tpasmu [60].

— Disorientation and confusion;

— Neurological signs (e.g., neuroimaging showing
injury; new onset of seizures; worsening of a pre-existing
seizure disorder; field vision loss; anosmia; hemiparesis).

C. The neurocognitive disorder manifests immedia-
tely following the onset of TBI or immediately after
regaining consciousness and persists beyond the
acute post-injury period.

Biomechanics of Mild TBI

The relationship between biomechanical forces
and neuropathology is key to understanding TBI [55].
Various mechanisms, including impact, inertia, and
blast overpressure, can lead to mild TBl. The most
common causes of civilian head injuries-sports acti-
vities and motor vehicle accidents-typically result from
a head impact that induces rapid head acceleration
or deceleration. In such cases, deformations transmit
from the outer regions of the brain to inner regions,
leading to diffuse pathology [56]. While the role of linear
acceleration in primary injury for mild TBI has been
recognized for decades, recent experimental studies
have shown that angular acceleration is much more
damaging to the brain. It has been demonstrated
that 90% of the overall deformation in brain tissue during
head acceleration results from rotational components,
while only 10% is generated by translational compo-
nents [57]. A third potential force, theorized as the
basis for blast injuries, is based on the stereotactic
theory, which posits that due to the skull’'s spherical
shape and the brain tissue’s equal density in concentric
planes, waves can propagate as a spherical wave.
This concentrated and direct energy can reach deeper
brain structures [58, 59].

Kinematic factors, such as angular acceleration,
rotational speed, and acceleration duration, are primary
determinants of the degree of diffuse brain injury caused
by rotation. Due to the growing clinical recognition of
chronic cognitive and emotional dysfunction resulting
from single or repeated mild TBI, understanding the
biomechanical tolerance of mild TBl/concussion in terms
of measurable head kinematics is crucial [59].

Blast shock waves and blunt impacts are two types
of forces that cause mild TBI in military personnel.
TBI results in only minor neuron loss, with hippocampal
neurons being particularly vulnerable to blast shock
waves. Blast studies in experimental models reveal
a unique pattern of periventricular damage distinct
from classic diffuse axonal injury. Activation of both
astrocytes and microglia is observed in blast injuries
as well as blunt trauma, but this may also represent
a general secondary response to brain injury rather
than being specific to blast or blunt trauma [60].
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HeMpomeTaGoAi4HUI Kackaa npu Aerkin YMT

OpHieto 3 xapakTepHux o3Hak nerkoi YMT/cTpycy
MO3Ky € Te, O HEBPOMOriYHi 03HaKW Ta CUMNTOMU 3'SB-
naATLCA nicna Aii 6iomexaHiyHOT cMnNn Ha MO30K 3a Bif-
CYTHOCTi MakpOCKOMiYHOr0 HEPBOBOMO MOLUKOAXEHHS [61].
3aranom, ue 6yno iHTepnNpeToBaHO K pesynbraT nepe-
BaXKHO (PYHKLIiOHaNbHOro abo MIKpOCTPYKTYPHOIO MOLLKOA-
KEHHS HepBOBOI TKAHUHU. PYHKLiOHaNbHE MOLUKOAKEHHS
MOXe CTOCYBaTWCS NOpYLLEHb KNITMHHOI abo disionoriyHoi
cbyHKLUii, BKMoYaroum, ane He OOMEXYHYW, IOHHI 3CyBM,
mMeTaboniyHi 3MiHM abo NopyLUEHHS HepoTpaHCMmicii [62].

Y 3aranbHin KapTuHi UMT NOLWKOMKEHHSA KNITUHHMX
MeMOpaH BUKIMKAE akTuMBaLito MiKpornii Ta actpouuTis,
BMBINIbHEHHS BHYTPILUHLOKNITUHHOIO  KanbLito, BUPO6-
NEHHA XEeMOKIHIB Ta LMTOKIHIB, O aKTUBYHOTb IMYHHY
cuctemy [59]. Kpim Toro, cnoctepiraloTbCsl 3MiHU Y QOYHK-
LiOHYBaHHi rmianbHOro TpaHcrnoptepa rnytamary 1 Tuny
(GLT-1 — glial glutamate transporter 1), Togi Sk Hagnu-
WOK rrAyTamMaTy BWKMMKAE eKCaMTOTOKCUYHICTb [62].
Y CYKYNHOCTI Ui ¢akTopu ClpusitoTb 3MiHAM KPOBOTOKY,
MOTipLIEHHI0 HacCMiOKIB OKMCHIOBANbHOMO CTPECy, 3HW-
JKEHHIO BWXKMBAHHSA HEWPOHIB i, B AOBroCTPOKOBIN nep-
CMEeKTMBI, MOTPLUEHHIO KOTHITUBHUX (OYHKUIN Ta Henpo-
3ananeHHio (puc. 1).
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Neuro-Metabolic Cascade in Mild TBI

One of the hallmarks of mild TBIl/concussion is the
emergence of neurological signs and symptoms following
biomechanical force on the brain in the absence of
macroscopic neural damage [61]. This has been inter-
preted as predominantly functional or microstructural
damage to neural tissue. Functional damage can involve
cellular or physiological dysfunctions, including, but not
limited to, ionic shifts, metabolic changes, or disruptions
in neurotransmission [62].

In the broader context of TBI, cell membrane damage
triggers the activation of microglia and astrocytes, the
release of intracellular calcium, and the production
of chemokines and cytokines, thereby activating the
immune system [59]. Additionally, changes are observed
in the functioning of the glial glutamate transporter 1
(GLT-1), with excess glutamate leading to excitotoxi-
city [62]. Collectively, these factors contribute to
alterations in blood flow, worsening oxidative stress,
reduced neuron survival, and, in the long term, impaired
cognitive function and neuroinflammation (see Fig. 1).
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Puc. 1. XpoHomeTpax HellpomeTaboniyHoro kackagy ctpycy mosky/nerkoi UMT (aganTtoBaHo 3a [62])
Fig. 1. Chronology of the neuro-metabolic cascade in concussion/mild TBI (adapted from [62])

Ak 3a3HayeHo BuLe, iHiUitor4YMM hakTopom npu UMT
BUCTYNa€E MOPYLUEHHSA KIITUHHOMO rOMeocTasy, BUWKIU-
KaHEe MEXaHiYHOK CUIOH, O MPUKMAAAETLCA A0 MO3KY
nig Yac TpaBMu, BUKMWKAE CKNaaHUA Kackag Hempoximiy-
HUX Ta HenpomeTaboniyHux 3miH (Tabn. 2) [63]. Cunn
3CyBy Ta PO3TANyBaHHA BUWKIIMKAKTb MexaHomnopauito
nnasMaTnyHoi Memb6panu nicns gisnyHoro BNAMBY nep-
BMHHOTO MOLUKOMKEHHS!, O NPU3BOAUTbL OO HEKOHTPO-
NbOBAHOMO BIATOKY BHYTPILUHBOKAITUHHUX (OHIB Kanito
Ta noganbLioi genonspusauii [59, 63, 64]. La wenaka
Jenonsapusalisi BUKIIMKAE BIiOKPUTTS HanpyrosanexHux
KanbLieBMX KaHaniB Ta CUHAMNTUYHE BWUBINbHEHHS B
OCHOBHOMY 30yIKyH4MX HEMpOMeaiaTopiB, Takux sK rny-
Tamart. lMonepegHi OOCNimMKEHHS (BKMoYakoumM Mikpogia-
ni3 Ta NPOTOHHY MAarHiTHO-PE30HAHCHY CMEeKTPOCKOMito)
nokasanu, Lo 3MiHW B KOHLEHTpaUisax HenpomegiaTopis
3anexarb Big AiNgHKM Ta Big yacy. Bigpasy nicnst nerkoi

As noted, the initiating factor in TBI is a disruption
of cellular homeostasis caused by the mechanical
force applied to the brain during trauma, which
triggers a complex cascade of neurochemical and
neuro-metabolic changes (see Table 2) [63]. Shear and
stretch forces cause mechanoporation of the plasma
membrane following physical impact from primary injury,
resulting in uncontrolled efflux of intracellular potassium
ions and subsequent depolarization [59, 63, 64].
This rapid depolarization triggers voltage-dependent
calcium channels and synaptic release, primarily of
excitatory neurotransmitters like glutamate. Previous
studies (including microdialysis and proton magnetic
resonance spectroscopy) have shown that changes
in neurotransmitter concentrations depend on the site and
timing. Immediately after mild TBI, there is an increase
in brain glutamate concentration (see Fig. 1), which
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UMT cnocTtepiraetbcsl NigBULLEHHS KOHLEHTpaUii rnyTa
MaTy B MO3Ky (aMB. puc. 1), sika NoBepTaeTbCA 4O HOPMU
npoTsarom roguH. [ligBuWeEHUn piBeHb MNO3aKNiTUHHOIO

rmytamarty nicns TpaBMu OyB MNOB’'SI3aHWIA i3 TSKKICTIO
TpaBMM Ta CKnagHicTio 1T Hacnigkie [59, 65, 66].

normalizes within hours. Elevated extracellular gluta-
mate levels post-injury have been associated with i
njury severity and complexity of outcomes [59, 65, 66].

Tabnuus 2. PaHHi HelipomeTaboniyHi 3miHu nicns nerkoi YUMT (agantoBaHo 3a [63])

Table 2. Early Neuro-Metabolic Changes Following Mild TBI (adapted from [63])

[Noka3Huk 3MmiHa nicns TpaBMm MexaHi3m [NaTodisionoriyHnn ecpekt Yac BigHOBMNEHHSA
Indicator Change after injury Mechanism Pathophysiological effect Ecovery time
MwuTTeBe 3BinbHeHHS Big | «MexaHonopauis» Cnpusie 3BOPOTHOMY MoyaTkoBe 36inbLUEHHS
NOLLUKOAXXEHNX HENPOHIB | BUKIMKAE Aenonsipusadiio | 38’a3ky genonspusadii Ta | HopManisyetbes
3 nodanbLlUMM 3HWKEHHSIM, | HEAPOHIB | BUBIMbHEHHS | rinep30yanmnBOCTi HEMPOHIB. | NPOTArOM AEeKiNbKoX
XapaKTepHVIM Ans perioHy | HevipomeaiaTopis Cnpusie HaaXOMKEHHIO XBUINWH Nicns TpaBmu.
HaTpito i KanbLito PerioHanbHe 3HWXeHHS
yepes 72 rognHn
Fnyramar BiHOBMIOETbCS Yepes
Glutamate

2 TVDKHI nicnsa TpaBmu

Immediate release from
injured neurons followed
by region-specific
decrease

«Mechanoporation»
produces neuronal
depolarization and neu-
rotransmitter release

Promotes feedback loop
of depolarization and
neuron hyperexcitability.
Promotes influx of sodium
and calcium

Initial increase normalizes
within minutes of injury.
Region-specific decrease
at 72 h recovers by

2 weeks post-injury

[amma-amiHomacnsiHa
kucrnota (FAMK)
Gamma-amino-
butyric-acid (GABA)

3MEeHLUYETLCH 3anexHo
Bif perioHy Ta yacy

Byna npunyuwieHa
BTpata FAMK-epriyHnx
iHTEpHENPOHIB

3HWKEHHS HeMpPOHaNbHOro
ranbMiBHOrO eeKkTy

PerioHanbHe 3HMXEHHSI
[0 2 TUXHIB

Decreased in
a region-specific and
time-dependant manner

Loss of GABA-ergic
interneurons has been
suggested

Decreased neuronal
inhibitory effect

Region-specific
decrease up to 2 weeks

Global as well as region-
al and time-dependant
decreases

Autoregulatory and
vasoreactive disturbances
induced by CO,,. Local
and diffuse structural
vessel damage

EkcTpaHenpoHanbHe myTtamat ctumynioe Ctumynsuisa 3sopoTtHoro | MpoTsrom 10 xB nicns
36inbLUEeHHs BIATIK Kanito Yepes niraHA- | 38’A3Ky Aenonspu3aadii TpaBMu
Kanii KepoBaHi kaniesi kaHanu | Ta rinep3byanuBocTi
P?)J:alnlgsium Extraneuronal increase | Glutamate stimulates Stimulation of feedback Within 10 min from injury
potassium efflux via loop of depolarization
ligand-gated potassium | and hyperexcitability
channels
IHTpaHenpoHanbHe MNoyatkoBa MOWKOMKEHHS KIMiTUH MpunbnmaHo yepes
36inbLUEHHS/HaKOMMYEHHsT | «MexaHonopaLisi» i MiTOXOHApianbHe 3-4 gHi nicnsa TpaBmun
HelpoHiB. Cnpusie NopyLUEeHHs
KanbLiit BUAINEHHIO ryTamary
Calcium Intraneuronal Initial neuronal Cell damage and Approximately
increase/accumulation «mechanoporationy». mitochondrial impairment | 3 to 4 days after injury
Promoted by glutamate
release
36inbLIeHHs, MigBuLweHnn 3HmKeHHS AT® yepes FineprnikoniTnyHa dasa:
a noTiM 3MEHLLEHHS! HepoHarnbHUi HeL0CTaTHil okvcHIoBanbHUIA | 30 xB 40 6 rog.
rnikonia 3 noganbLumMm meTaboniam. linomeTtaboniyHa dhasa:
rinometaboniamom + HeedekTnBHun 5-10 gHis
gl"o'“”a po3’eQHaHHs KPOBOTOKY | aHaepobHui meTtaboniam
ucose Increased followed Increased neuronal Decreased ATP from Hyperglycolitic phase:
by decrease glycolysis followed by deficient oxidative 30 minto 6 h.
hypometabolism + blood | metabolism. Ineffective Hypometabolic phase:
flow-uncoupling anaerobic metabolism 5to 10 days
moGanbHe, a Takox AyToperynstopHi Ta Cnpusie aHaepobHomy Mpn6numaHo 10 gHis
perioHanbHe Ta Ba30PEaKTVBHI NMOpyLLEHHS!, | MeTaboniamy.
3anexHe Big vacy inaykosaHi CO,. «BikHO BpasnuBocTi» go
3MEHLUEHHA JlokanbHi Ta NMOBTOPHKMX yOapiB ronoBoto
e
Blood flow

Promotes anaerobic
metabolism. «Window of
vulnerability» to repeated
head impacts

Approximately 10 days

[myTamat 3B’s3yeTbCA 3 iIOHHMMW KaHanamu kaiHary,
N-metun-D-acnaptaty (NMDA) ta D-amiHo-3-rigpokcu-
5-meTtun-4-isokcason-nponioHosoi kucrnotn (AMPA), wo
npu3BoAMTb OO MOAanbLIOro BiATOKY Kanito Ta CTBO-
peHHs1 3BOPOTHOrO 3B’AA3KY NeTni Aenonsipusadii Ta rinep-

Glutamate binds to kainate, N-methyl-D-aspartate
(NMDA),

and D-amino-3-hydroxy-5-methyl-4-isoxazo-

lepropionic acid (AMPA) ion channels, resulting in further
potassium efflux and creating a feedback loop of depo-
larization and hyperexcitability [67]. The release of exci-
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36yanvBocTi [67]. BuBINbHEHHS 30ymKyHOUMX HeWpo-
MefiaTopiB  CTUMYNIOE BHYTPILUHBOKNITUHHUIA NPUNIuB
i HAKOMMYEHHS HaTpilo Ta KanbLito, BUKMMKAOUYN PYNHY-
BaHHA KNiITUHHUX, Y TOMY YMChi MITOXOHApPIanbHUX CTPYK-
Typ [59, 68]. HaBegeHi Buwe paHi cnyrywoTb MiarpyH-
TAM BukopucTtaHHa mogynsatopis  NMDA-peuenTopis
sK uepebponpoTtekTopis npy YUMT [69].

o6 wBuako BiOHOBUTW iOHHWI romeocTas nicns
nerkoi YUMT, miToxoHApii NOBMHHI 3a40BONLHUTA NigBKU-
LWEHUA KNiITUHHUIA MmeTaboniyHuin nonut. Exkcnepumen-
TanbHi JOCHiAXEHHS NOKa3yloTb, LU0 WBUAKICTb FMiKONisy
HelpoHiB 36inblyeTbcs Ha 30—46% npotsrom 30 xB
nicns ygapHoi TpaBMM Ta Moxe 36epiraTucsi NpoTsirom
6 rog. Llen rinepmeTtaboniyHuii nepiog CynpoBOMAXY-
€TbCSl BiQHOCHUM rinomMeTaboniaMoM [MoKO3M, WO Tpu-
Bae Big 5 go 10 gHiB nicnga TpaBmu (ams puc. 1) [70].
BogHouac cnocrtepiraetbcsl HeeEeKTUBHUIN OKUCHIOBArb-
HUA MeTaboniam Ta 3HWXKEHHS MO3KOBOMO KPOBOTOKY.
Lli nBa kodakTopu cnpusoTbL aHaepobHOMY MeTaboniamy
3i 3HMXKEHHAM BUpOONeHHA AT® i HagMipHMM Hakonu-
YEHHSIM NakTaTy, Lo Npu3BOAUTbL A0 (POPMYBaHHS KUC-
noro mikpocepegosuila [63, 71, 72].

MpuBepTae yBary, WO ripwi KOrHITUBHI pesynbratu
B YMOBax MOBTOPHMX TPaBM rOMOBW BigMIYEHO Mg Yac
ypasnuBoro BikHa rinomeTtaboniamy rnwoko3u [63, 73].
Lle € ocHoBolO Ans Teopii «cMHApPOMY Apyroro yaapy»,
sika NpoTe 3anulaeTbes cynepeunusoto. Cy4vacHi aaHi
nigTBEpOXYIOTh KMiHIYHY NpakTUKy Moaudikauii npodi-
NaKkTUYHOI aKTUBHOCTI, WOG 3MEeHWUTM WNMOBIPHICTb
NOBTOPHOI TPaBMM B MEXax LibOro BpasnmBoro BikHa [63].

JlakTat cnyrye anbTepHaTUBHUM KeperoMm eHeprii
Ons MO3Ky Ta, WMOBIPHO, BUKOPUCTOBYETbCSA Mig 4ac
eHepreTuyHoi kpu3n nicna nerkoi YUMT, geMoHCTpytoun
HEepONpPOTEKTOPHY [Ail0 B eKCrepuMeHTi i3 nerkowo Ta
Tshkkoto UMT [74-76]. Hesaxatoun Ha Te, WO Aocnia-
XKEHHs1 3’sicyBann HU3KY acnekTiB MeTaboniamy ronos-
Horo mMo3ky nicns nerkoi YMT, meTaboniyHi nopyLUeHHs,
MMOBIpHO, € Ginbll cknagHMMKM Ta GaraTodaKkToOPHUMU,
HiXX BBaXXAETbCSA Ha JaHUN MOMEHT [63].

Xo4ya [ocChifXeHHs, WO MiATBEpOXKYOTb 3B’SI30K MiX
HaCTYMHUMKU NaToi3ioNOriYHMMKM 3MiHaMK nicns nerkol
UMT/cTpycy MO3Ky, e He 3'iCOBaHi, € Crokyca npunyc-
TUTW, SIK TOCTPI HerpobionoriyHi 3aMiHM NpM3BOAUTL A0 Kri-
HiYHMX cMMNTOMIB, NOB’A3aHnX 3 nerkoto YMT. MoxHa 3po-
OUTK Kinbka NpunyLLeHb, siki npeacTaeneHi B Tabn. 3 [62].

tatory neurotransmitters stimulates intracellular sodium
and calcium influx and accumulation, leading to cellular,
including mitochondrial, structural damage [59, 68]. These
findings support the use of NMDA receptor modulators
as neuroprotectants in TBI treatment [69].

To quickly restore ionic homeostasis following
mild TBI, mitochondria must meet the increased cellular
metabolic demand. Experimental studies indicate
that neuronal glycolysis increases by 30-46% within
30 minutes after an impact injury and may persist for up
to 6 hours. This hypermetabolic period is followed by
a relative glucose hypometabolism lasting from 5
to 10 days post-injury (see Fig. 1) [70]. Simultaneously,
inefficient oxidative metabolism and reduced cerebral
blood flow are observed. These two factors contribute
to anaerobic metabolism with decreased ATP produc-
tion and excessive lactate accumulation, leading to the
formation of an acidic microenvironment [63, 71, 72].

Notably, poorer cognitive outcomes are observed
with repeated head injuries during the glucose hypo-
metabolic window [63, 73]. This underpins the «second-
impact syndrome» theory, although it remains controver-
sial. Current evidence supports modifying preventive
activity to reduce the likelihood of re-injury during this
vulnerable window in clinical practice [63].

Lactate serves as an alternative energy source for
the brain and is likely utilized during the energy crisis
post-mild TBI, demonstrating neuroprotective effects
in experimental models of both mild and severe
TBI [74-76]. While research has illuminated certain
aspects of brain metabolism post-mild TBI, metabolic
disruptions are likely more complex and multifactorial
than currently understood [63].

Although studies confirming the link between sub-
sequent pathophysiological changes post-mild TBl/con-
cussion are not yet conclusive, it is tempting to suggest
how acute neurobiological changes result in clinical
symptoms associated with mild TBI. Several hypotheses
are presented in Table 3 [62].

Ta6nuus 3. PisionoriyHi NopyLLEHHS Nicns CTPYCY MO3Ky Ta 3arnponoHOBaHi KMiHiYHI KopensiTu (aganTtoBaHo 3a [62])
Table 3. Physiological Disruptions Following Concussion and Proposed Clinical Correlates (adapted from [62])

Matodizionoria nicna YMT
Pathophysiology Post-TBI

locTpuin cuMmnToM / KniHIYHWIA KOPEnAT
Acute Symptom / Clinical Correlate

loHHWIA NOTiK
lonic flux

MirpeHo3HWI ronoBHWI Binb, CBITNOBOSA3Hb, POHOD OIS
Migraine headache, photophobia, phonophobia

EHepreTuyHa kpusa
Energy crisis

BpasnuBicTb 40 NOBTOPHOI TpaBMu
Vulnerability to second injury

MoLLKOAXEHHS aKCOHIB
Axonal injury

MopyLueHHs ni3HaHHSA, ynosinbHeHa 06pobka,
YMOBINbHEHWI Yac peakuii
Impaired cognition, slowed processing, slowed reaction time

MopyLueHHs HempoTpaHCMicii
Impaired neurotransmission

MopyLueHHs ni3HaHHSA, ynosinbHeHa obpobka,
YMOBINbHEHWI Yac peakuii
Impaired cognition, slowed processing, slowed reaction time

Protease activation, altered cytoskeletal proteins, cell death

AkTuBaUisa npoTeaswn, 3miHeHi B6inku uMTockeneTa, 3armbenb KNiTUH

XpoHivHa aTpodisi, PO3BUTOK CTiNKMX NOPYLLEHb
Chronic atrophy, development of persistent impairments

Y He HarBaXknuBiwy porb y natoreHesi nerkoi YUMT
Bifirpae HenposananeHHs, s$Ke BKMYae akTueaLito
Ta MOCWNEHHS perynsuii 3ananbHUX LMTOKIHIB i Mikpo-

Neuroinflammation plays an important role in the pa-
thogenesis of mild TBI, which involves the activation
and enhancement of the regulation of inflammatory cyto-
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rmii Ta MOXe CNPUATU NOLLKOKEHHIO KMiTUH. Mikpornis,
aKTMBYKYMCH Y BIAMNOBIAb HA CUrHANM Big MOLLKOMKEHMX
KniTH, HabyBae ameboigHoi dopmn Ta Mmirpye y Gik
ypaxeHux ainsHok [77]. Lli akTMBoBaHi knitTuHWM BUpobns-
I0Tb K Npo3anarnbHi Megiatopu, Tak i NpoTM3ananbHi Ln-
TOKiHW, Bigirpatoyumn noaginHy ponb y po3sutky UMT [59].

Y ocTtaHHi poboTi Mavroudis I. ma cnieaem. (2024 p.)
NnofaHo CUCTEMATUYHMI OrNsA Ta MeTa-aHani3 3ananbHux
6iomapkepiB npu nerkin YMT (Tabn. 4) [5].

kines and microglia and can contribute to cell damage.
Microglia, activated in response to signals from damaged
cells, acquires an amoeboid form and migrates towards
the affected areas [77]. These activated cells produce both
pro-inflammatory mediators and anti-inflammatory cyto-
kines, playing a dual role in the development of TBI [59].

The latest work of Mavroudis I. et al. (2024) presents
a systematic review and meta-analysis of inflammatory
biomarkers in mild TBI (Table. 4) [5].

Tabnuus 4. Xapaktepuctuka nopyLLeHb OKpeMUX 3ananbHux 6iomapkepis npu nerkin YMT (agantoBaHo 3a [5])
Table 4. Characteristics of shifts of individual inflammatory biomarkers in mild TBI (adapted by [5])

Onuc aocnigXeHHs OuiHeHi Giomapkepu OCHOBHi BUCHOBKM
Description of the study Rated Biomarkers Main conclusions
1 2 8

106 yyacHwukiB [78]:

1) noBTopHa UMT (n=44);
2) 1-2 YMT (n=33); TNF-o.
3) rpyna KOHTPOnto — BiAcyTHicTb YUMT (n=29). IL-6
106 participants [78]:
1) Repeated TBI (n=44); IL-10
2) 1-2 TBI (n=33);

3) Control group — absence of TBI (n=29).

1) IL-6 3HayHo BuLLe B rpyni noBTopHOT YUMT nopiBHsiHO
3 iHWKUMU rpynamu;

2) BuLLi KOHUeHTpaLii IL-6 Ta IL-10 kopentoBanu

3 cumntomamu MNTCP.

1) IL-6 is significantly higher in the repeated TBI group
compared to other groups;

2) Higher concentrations of IL-6 and IL-10 correlated
with PTSD symptoms.

313 yyacHukiB [79]:

1) monogi nauieHTn 3 nerkoto YMT (n=96);
2) niTHi nauieHTn 3 nerkoto UMT (n=75);
3) 3gopoBuii kKoHTponb (=80, n=62).

IL-6

IL-7

IL-8
313 participants [79]: IL-10
1) Young patients with mild TBI (n=96); TNF-a.

2) Elderly patients with mild TBI (n=75);
3) Healthy control (n=80, n=62).

®dpakrankiH/Fractalkin

1) nigsuieHHs piBHa IL-6, IL-8 i dpakTankiHy y niTHIX
nauieHTiB 3 nerkoto YMT, NOPIiBHAHO 3 KOHTPOMbLHOK
rpynoto Ta MOMNoALWMMK navieHTamu 3 nerkoto YMT (roctpa);
2) nigBueHHs piBHA IL-10 y NiTHIX nauieHTiB 3 Nerkoto
YMT, nopiBHSAHO 3 KOHTPOMBLHO rPYNoto (rocTpa);

3) niasuwennn TNF-o y nauienTis 3 nerkoto UMT

(1 micaup nicns TpaBmu);

4) nigBuLLeHWn i nocTinHuM IL-6 Ta IL-8 y nauieHTiB

3 nerkoto UMT (4epes 6 micauis nicns Tpasmu);

5) 3HWXeHHS piBHiB IL-7 y niTHiX nauieHTis 3 nerkoto YMT,
NOPIBHAHO 3 MOMNOALWNMM.

1) Increased levels of IL-6, IL-8 and fractalkin in elderly
patients with mild TBI compared to the control group
and younger patients with mild TBI (acute);

2) Increase in the level of IL-10 in elderly patients with
mild TBI compared to the control group (acute);

3) Elevated TNF-a in patients with mild TBI

(1 month after injury);

4) Elevated and permanent IL-6 and IL-8 in patients
with mild TBI (6 months after injury);

5) Reduction of IL-7 levels in elderly patients with

mild TBI compared to younger patients.

104 piroui BincbkoBi [80]:
1) nerka YMT BnepLue;
2) aHamHe3 nerkoi UMT npoTArom XuTTs.

1) nigBuLLeHi koHueHTpauii NSE y BilicbkoBuMX 3 icTOpiEto
nerkoi YMT noOpiBHSAHO 3 TUMW, XTO HE MaB aHaMHe3y
nerkoto YUMT;

2) 3Ha4YHMIN OCHOBHWUI BMAMB Ha koHUeHTpauii NSE ta
S100B 3axBoptoBaHOCTi Ha nerky YMT nNpoTsrom xuTTs;

NfL 3) 3HaYHMIM OCHOBHWUI BMAMB Ha KOHLUEeHTpauito NfL
NSE peunamsy nerxkoi YMT.
104 active soldiers [80]: S100B 1) Increased NSE concentrations in soldiers with
1) Easy TBI for the first time; IL-6 a history of mild TBI compared to those who did not have
2) History of mild TBI during life. a history of mild TBI;
2) Significant major effects on NSE and S100B
concentrations of the incidence of mild TBI during life;
3) Significant main effect on the concentration
of NfL relapse of light TBI.
106 yyacHukiB [81]: IL-1p 1) IL-1B, IL-6 i CCL2 3Ha4HO 3pocnu y nauieHTiB
1) nauieHTun 3 nerkoto YMT (n=52), IL-4 3 nerkoto YMT, NOPIBHSAHO 3 KOHTPOMBHOIO FPYMOto;
2) 300poBUii KOHTpOrb (N=54). 2) 36inbweHHA CCL2 y npsimin kopensuii 3 TspkkicTio MKC;
IL-6 3) 36inbLeHHs IL-1B y 3BOpOTHIN kopensuii
IL-8 3 NPOAYKTUBHICTIO poBoYOi Nam’siTi.
106 participants [81]: IL-10 1) IL-1B, IL-6 and CCL2 increased significantly in patients
1) Patients with mild TBI (n=52), IL-12 with mild TMI compared to the control group;
2) Healthy control (n=54). cCL2 2) Increase in CCL2 in direct correlation with the
severity of PCC;
IFN-y 3) Increase in IL-1 in inverse correlation with working
TNF-a memory performance.
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MpopoexeHHs Tabnuui 4
Continuation of table 4

1 2 3
64 yyacHuku [82]: 1) nigBuLeHHs piBHiB IL-1f Ta IL-6 nicns mTBI;
1) 41 nauieHT i3 roctpoto ctagieto nerkoi YUMT 2) HagmipHa ekcnpecis IL-8 i Hu3bka ekcnpecis IL-4
(17 xiHOK Ta 24 YonoBiku); Y XIiHOK, siki nepeHecnn mTBI.
2) 23 xBOpPUX rpynu KOHTPOMIO IL-1B
(13 xiHok Ta 10 YonosikiB). IL-4
64 participants [82]: IL-6 1) Increasing IL-1B and IL-6 levels after mTBI;
1) 41 patients with acute stage of mild TBI IL-8 2) Excessive expression of IL-8 and low expression
(17 women and 24 men); of IL-4 in women who have suffered mTBI.
2) 23 patients in the control group
(13 women and 10 men).
83 yyacHuku [83]: 1) nigBuweHHs IL-6 | TNF-a y nauienTis i3 YUMT nopiBHsAHO
1) 63 BificbkoBOCNYX00BLi 3 Ta 6e3 icTopii UMT; 3 KOHTPOIBHOIO rPynoto;
2) 20 nauieHTiB rpynu KOHTPOIHO. TNF-a 2) no3utusHa kopensuis mMix IL-6 i TNF-a. i TsxkicTio MTCP.
83 participants [83]: IL-6 1) Increase in IL-6 and TNF-c. in patients with
1) 63 servicemen with and without history of TBI; IL-10 TBI compared to the control group;
2) 20 patients of the control group. 2) Positive correlation between IL-6 and TNF-a and the
severity of PTSD.
157 yyacHwukis [85]: 1) nigBuweHi piBHi IL-2 Ta IL-6 y nauieHTiB 3 nerkoto YUMT
1) 104 xBopux 3 nerkoto YMT; (4epe3s 24 roamHu nicnsa TpaBmuM), NMOPIBHSIHO 3 KOHTPOEM;
2) 53 naujieHTn rpynu KOHTPOTHO. 2) 3HauyLa Kopensuis Mix piBHaIMu IL-2 y nnaswmi
(24 roguHu) Ta TsKkicTio MNKC NpoTaroM 1 TxHS;
IL-2 3) cytTeBa kopensuia mix IL-10 y nna3mi (6 micauis)
L6 Ta TsHKKiCTIO cumnTomie MNTCP.
157 participants [85]: 1) Elevated levels of IL-2 and IL-6 in patients with mild
1) 104 patients with mild TBI; IL-10 TBI (24 hours after injury), compared to control;
2) 53 patients in the control group. 2) A significant correlation between plasma IL-2 levels
(24 hours) and the severity of PCS for 1 week;
3) Significant correlation between plasma IL-10
(6 months) and the severity of PTSD
Notes: Mpumimku:
CCL2 -  C-C motif chemokine ligand 2; niraHg xemokiHy C-C moTtuBy 2;
IFN-y —  interferon-gamma; iHTepdepoH-ramma;
IL— interleukin; iHTEepnewKiH;
NfL — neurofilament light chain; Ginok HenpoinameHTHOro naHLra;
NSE — neuron-specific enolase; HenpoHcneumgiyHa eHonasa;
S100B — S100 calcium-binding protein B; 6inok S100, wo 38’A3yeTbCA 3 KanbLiem B;
TNF-o — tumor necrosis factor-alpha; haKTop HEKPO3Yy NyXMuHK anbda.

Y3aranbHeHHs pe3yneraTtiB MeTa-aHanisy Mavroudis |.

Ta CniBaBT. 3a OUHAMIKOO OKpPeMMX LMTOKIHIB nogaHo

The generalization of the results of the meta-analysis
of Mavroudis I. and co. on the dynamics of individual

B Tabn. 5 [5]. cytokines is presented in Table. 5 [5].
Tabnuus 5. XapaktepucTuka 3miHV OKpeMmUx LMTOKIHIB npu nerkin YMT (aganTtoBaHo 3a [5])
Table 5. Characteristics of changes in individual cytokines in mild TBI (adapted by [5])
KinbkicTb gocnigkeHb 3 meTa-aHaniay, Pesynstatu gocnigpkeHs (nerka YMT npoTun KOHTPOMbHUX rpyn).
LinTokiH KiNbKICTb YYaCHUKIB Y [OCNIOKEHHAX KoHLueHTpaList UMTOKIHIB
Cytokin Number of meta-analysis studies. Study results (mild TBI versus control groups).
Number of participants in the studies Concentration of cytokines
IdH-y 6 gocnigxeHb, 546 y4acHUKIB IcTOTHMX BiOMIHHOCTEW MiX rpynamu Hemae
6 studies, 546 participants There are no significant differences between groups
TNF-a. 9 pocnigxeHb, 687 y4acHUKIB IcTOTHMX BiOMIHHOCTEW MiX rpynamu Hemae
9 studies, 687 participants here are no significant differences between groups
IL-2 1 ,qocni,qx(eHHﬂ,_ 7_7 y4yacHuKiB MigBuweHnn p?BeHb y r_pyni nerkoi UMT
1 study, 77 participants Elevated level in the mild TBI group
IL-6 9 pocnigxeHb, 795 y4acHuUKIB MigBuLLeHnn piBeHb y rpyni nerkoi UMT
9 studies, 795 participants Elevated level in the mild TBI group
IL-1B 6 pocnigpkeHb, 421 y4acHuK MigBuLeHnn piseHb y rpyni nerkoi UMT
6 studies, 421 participants Elevated level in the mild TBI group
IL-4 5 pocnigxeHb, 469 yyacHukiB MigBrwweHW piBeHb y rpyni nerkoi YUMT
5 studies, 469 participants Elevated level in the mild TBI group
IL-8 5 pocnigxeHb, 469 y4acHukiB MigBuLeHn piBeHb Yy rpyni nerkoi YUMT
5 studies, 469 participants Elevated level in the mild TBI group
IL-10 7 pocnipxeHb, 608 yyacHukiB MigBurLeHn piBeHb y rpyni nerkoi YUMT
7 studies, 608 participants Elevated level in the mild TBI group
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Takum umHoMm, Mavroudis |. Ta cniBaBt. [5] 6yno
nokasaHo, Lo nigBuweHHsa piBHAa IL-6, TNF-a 1a IL-1B
y nnasmi moxe OyTM npuyeTHUM [O PO3BUTKY PaHHiX
cumnTomiB nicna nerkoi YTM/ctpycy mosky. 3 iHworo
OoKy, 30epexeHHs nigBUWEHUX KoHUeHTpauin IL-10
Ta IL-8 y nnasmi npoTarom wwecTu micauiB nicns TpaBmu
FONIOBHOTO MO3KYy MOXE CBiJUMTM NP0 XPOHiYHe 3ana-
MEHHS, WO NpM3BOAMTbL OO Herpo3anareHHs Ta MisHix
ab0o NOCTIMHNX CUMMTOMIB.

KAiHi4Hi nposBKM Ta «NiABOAHI KOMEHIN

OLLIHKK HacAiakiB YMT

MauieHTn 3 nerkoro YUMT/cTpycom MO3Ky MatoTb Liny
HWU3KY CKapr — ronoBHui Oinb, Ae3opieHTauis, po3naau
MOBMEHHS, BTpaTa CBiJOMOCTIi, po3nagun HacTpo, KOrHi-
TUBHI po3nagw, po3nagu CHy, YyTnuBICTb OO CBiTna Ta
3BYKY, @ TaKOX Npobrnemu 3 piBHOBArow Y XO04o0H, — Xxo4a
He BCi CUMNTOMM MOXYTb OYyTW NPUCYTHIMU B KOXXHOMY
okpemomy Bunagky [8, 28, 37, 84].

Kpim TOro, Bapto 3as3HauuTu, LIO CKMALHICTIO MOXe
OyT 11 BCTAHOBMEHHS!, YN KOTHITMBHI Ta/abo eMOUiiHi
pediuntn 6GesnocepenHbO noB’si3aHi 3 nerkoto YMT,
ockinbkn 6arato npobnem (Hanpwknag, genpecis, 6inb,
BeCcTUOynsipHa AMCYHKUIS Ta iH.) MOXYTb He3anexHo
Npu3BOAMTK A0 NoaidHUX cumnToMmiB. AndepeHLuiiHa giar-
HOCTMKA KOMHITUBHUX Ta €MOUiNHUX koMnoHeHTiB [KC
MOXe CTaHOBWUTW CKNagHe KriHiYHe 3aBAaHHs. AKWOo €
KOTHITMBHMI AediunT, skuin 6e3nocepeaHbO NOB’sA3aHUI
3i CTPYKTYPHUM MOLLKOMKEHHAM MO3KY abo 06’€KTUBHOIO
BECTUOYNSAPHOK/30pOBOK  ANCKYHKLED, BiANOBIAHUMYN
iarHo3amu € 3Ha4yHu abo Nerknii HeMPOKOTHITUBHUI PO3-
napa 4vepes nerky YUMT, 3anexHo Big TSDKKOCTI AediuunTy
Ta pyHKUiOHanbHOro nopyLueHHs [23, 84]. Akwo auctpec
i TpmBora, noe’si3aHi 3 nerkoto YUMT, He nponopuiiHi
CTYNeHo OO’EKTUBHOIO MOPYLUEHHA BHACNIQOK TpaBMu
(Hanpuknag, 3HayHe 3aHEMNOKOEHHS 3 NPUBOAY KOTHITMB-
HOI AMCEYHKLUIT, HE3BaXaloun Ha HopMarbHi pe3ynsraTu
HEeNpOnNCUXororiYHoOro TeCTyBaHHS), TOAI MOXHa AiarHoc-
TyBaTu po3nag i3 cCoOMaTM4HUMU CUMMTOMaMu. FAKWO €
Aokasu cpanbcudikauii abo nocunenns MNMKC, Hanpuknag,
BMKOPUCTaHHS Ge3peLenTypHUX MikiB Ans BUMKIMKaHHSA
3anamMopoYeHHs abo po3MUTOCTi 30py, i HEMae OoKasiB
martepianbHOi BUroau, cnig posrnsaat iKTUBHUIA pos-
nap, Hae'si3aHu camoMy cobi. 3MoBXMBaHHS X cnig
po3rngaartu, SKWo € AoKasn maTepiansHoil Buroan [23].

HaujioHanbHWin IHCTUTYT HEBPONOriYHWX posnagis Ta
iHcynbTy (CLWA) 3a nigtpumkm Acouiauii yepenHo-mos-
koBux TpaBM AmMepuku, LleHTpy oBGopoHu Ta BeTepaHiB
YepenHo-Mo3koBmx TpasM (CLUA) i HauioHanbHoro iHCcTu-
TYTy OocnifXeHb iHBanigHocTi Ta peabinitauii (CLUA)
po3pobunn pekomeHaauii WoAo NiABWLLEHHS KOPWCTI
iHCTpyMeHTiB aiarHocTukn UMT [22]. Y Tabn. 6 HaBeaeHo
NOPIBHANBHY  XapakTepucTuky MeTodiB  Bidyanisauil
CTPYKTYPHUX Ta natodisionoriyHmx Hacnigkis YUMT.

Kenzie E.S. ma cnieaem. (2017 p.), cnupatoumnce Ha
BMCHOBKM Ha OCHOBI HasiBHWX AaHux npo nerky YMT, pe-
3ynbTaTh KNiHIYHUX JOCNigKEeHb Ta EKCNEPTHI KOHCEHCYCMH,
3anponoHyBanu CTPYKTYPHO-NOMYHWUIA 4-piBHEBUIA NiAXiA,
(Tabn. 7), npu3HaYeHnii anst po3pooKM CMinbHOI KOMMNMeKc-
HOI rinoTesu Wwoao natodisionorii Ta hakTopis, LLO BNMBa-
I0Tb Ha BigHOBMEeHHs nicnsa nerkoi YUMT/cTpycy mosky [28].

Thus, Mavroudis I. and sang. [5] It was shown
that increased levels of IL-6, TNF-a, and IL-1f in plasma
may be involved in the development of early symptoms
after mild CTM/concussion. On the other hand, the
retention of elevated concentrations of IL-10 and IL-8
in plasma for six months after brain injury may indicate
chronic inflammation leading to neuroinflammation and
late or persistent symptoms.

Clinical manifestations and «pitfallsy
of assessment of the effects of TBI

Patients with mild TMI/concussion have a number of
complaints — headache, disorientation, speech disorders,
loss of consciousness, mood disorders, cognitive dis-
orders, sleep disorders, sensitivity to light and sound,
as well as problems with balance or gait, among others —
although not all symptoms may be present in each indivi-
dual case [8, 28, 37, 84].

In addition, it is worth noting that it can also be difficult
to determine whether cognitive and/or emotional deficits
are directly related to mild TBI, since many related prob-
lems (e.g. depression, pain, vestibular dysfunction, etc.)
can independently lead to such symptoms. Differential
diagnosis of the cognitive and emotional components
of PCS can be a difficult clinical task. If there is a cognitive
deficit that is directly related to structural brain damage or
objective vestibular/visual dysfunction, the corresponding
diagnoses are significant or mild neurocognitive disorder
due to mild TBI, depending on the severity of the defi-
ciency and functional impairment [23, 84]. If the distress
and anxiety associated with mild TBI are not proportional
to the degree of objective impairment due to trauma
(for example, significant concern about cognitive dysfunc-
tion despite normal neuropsychological testing results),
then the disorder with somatic symptoms can be diag-
nosed. If there is evidence of falsification or aggravation
of PCS, such as the use of over-the-counter medications
to cause dizziness or blurred vision, and there is no
evidence of material benefit, a fictitious disorder imposed
on oneself should be considered. Abuse should be
considered if there is evidence of material gain [23].

The National Institute of Neurological and Stroke
Disorders (USA), with the support of the Traumatic
Brain Injury Association of America, the Center for
Defense and Veterans of Traumatic Brain Injury (USA)
and the National Institute for Research on Disability and
Rehabilitation (USA) have developed recommendations
to increase the use of TBI diagnostic tools [22]. Table 6
provides a comparative description of the methods
of visualizing the structural and pathophysiological
consequences of TBI.

Based on the conclusions based on available data
on mild TBI, clinical research results and expert con-
sensus, Kenzie E.S. et al. (2017) proposed a struc-
tural-logical 4-level approach (Table 7) designed to
develop a joint comprehensive hypothesis on patho-
physiology and factors affecting recovery after mild
TBIl/brain concussion [28].
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Tabnuus 6. Metoau Bisyanisauii Hacnigkis UMT (aganTtoBaHo 3a [22])
Table 6. Methods of visualization of the effects of TBI (adapted by [22])

Cyb6nypanbHa APE R
. PR . aKcoHarnbHe . Cna3sm cyauH
[iarHocTnyHWM Migxig lematoma | KoHTysis rematoma lwemis
X . . MOLUKOAKEHHS : Vascular
Diagnostic approach Hematoma | Contusion Subdural . Ischemia
Diffuse axonal spasm
hematoma
damage
Komn'toTepHa Tomorpadis . -+ et +0 +0 0
Computed tomography
Komm’toTepHa Tomorpa(bl;! 3 aHrlgrpadvlero 0 0 + 0 + et
Computed tomography with angiography
I'IepqoysiﬁHa KoMm’toTepHa ToMorpadis + + 0 0 -+ -+
Perfusion computed tomography
T2-3BaxxeHe 306pakeHHs
3 ocnabneHHAM pianHn
T2-weighted fluid attenuated * A A * * 0
inversion recovery
1,5T-3BaXXEHUN rpagieHTHUIA exo
1.5T-weighted gradient echo * * T * 0 0
3T-3BaXKeHUN rpagdieHTHUIA exo
3T-weighted gradient echo * * A i 0 0
Blsyanns:‘au‘lg, 3BakeHa sa CI'IplfII7IHF|TJ'II/IBICT}O . + - .t 0 0
Susceptibility-weighted imaging
OudbysinHa TeH3opHa Bidyanisauis + + 0 et et 0
Diffusion tensor imaging
MepdpysinHo-3BaxeHa Bidyanisauis
3 KOHTPaACTOM A5 OLiHKN ANHAMIYHOT
YyTNMBOCTI + + 0 + ++ ++
Dynamic susceptibility contrast
perfusion-weighted imaging
MarHiTHO-pe3oHaHCHa cneKkTpocKonis 0 0 0 o + 0
MR spectroscopic imaging
3D yacoBo-nponboTHa
MarHiTHo-pe3oHaHcHa aHriorpadis 0 0 + 0 ++ +++
3D time-of-flight MR angiography
PyHKUiOHanbHa MarHiTHO-pe3oHaHcHa
Tomorpadisi 5
Blood oxygenation level dependent 0 0 0 ’ 0 0
functional magnetic resonance imaging
I'Ioa!ATpOHHq-eMiciVlHa Tomorpadis 0 + 0 ” .t 0
Positron emission tomography
lMpumimku: Notes:
«?» — Marno/Hemae AaHuXx; little/no data;
«0» — MeToz BidyanisaLii HevyTnueui; insensitive;
«+/0» — MeToZ Bidyanisauii MiHiManeHo YyTnveur;  minimally sensitive;
<ty — meTog Bidyanisauii cnabko 4yTnvBuii; mildly sensitive;
<ty — MeToZ Bidyanisauii MTOMipHO YyTNMBUN; moderately sensitive;
«+++» —  MeTOp Bidyanisauii BUCOKOYYTNBUI, highly sensitive.
Ta6nuus 7. OujiHka nerkoi YUMT/cTpycy mMo3ky 3a piBHsaMM (aganToBaHo 3a [28])
Table 7. Assessment of mild TBl/brain concussion by levels (adapted by [28])
PiBeHb LLlo BuMiptoeTbCsi? MeToaum oujiHloBaHHA Buknuku
Level What is being reconciled? Evaluation methods Challenges
1 2 8 4

CTpykTypa Ta dyHKLUis

HENpOHiIB, Mii, Backynatypu

Ta untoapxitektypu; biomapkepu
MOLUKOMKEHHS TKaHWH

MpoTeowmika (Hanpuknag, rmianbHU iGPUNAPHUNA
kvucnui 6inok); 6iomapkepu cMpoBaTKW KPOBI
(ranpuknag, remocuaepvH); TBApUHHI Moaeni
TpaBM rorioBHOrO MO3Ky (Hanpwukrnag, pisHi moaeni
yaapiB); Ta NOCMEpPTHI riCTONOriYHi aHani3mn

OOBMeXeHHHs ekcTpanonsauii

i3 MoZienel TBapWH; BiACYTHICTb
HeiHBa3UBHMX AaHUX in vivo

y nogew

Structure and function

of neurons, glia, vasculature,
and cytoarchitecture; biomarkers
of tissue damage

KniTuHHUIA
Cellular

Proteomics (e.g., glial fibrillary acidic protein);
blood serum biomarkers (e.g., hemosiderin
and SB-100); animal models for brain injury
(e.g., LFPI and various impact models); and

postmortem histological analyses

Limited translation from animal
models; lack of non-invasive

in vivo human data; and no
successful Phase 3 clinical trials
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MpogoexeHHs Tabnuui 7
Continuation of table 7

1 2

3

4

MepeX MO3KY

3B’A30K, Yac i pyHKLiOHyBaHHSI

Heviposisyanisauis (Hanpvknag, avgysinHa
TEeH30pHa Bi3yanisauisi, MarHiTHO-pe3oHaHCcHa
Tomorpadisi, PyHKUIOHanbHa MarHiTHO-pe3oHaHCHa
ToMorpadisi, MarHiTHO-pe3oHaHCHa CNEeKTPOCKOMis,
NO3NTPOHHO-EMiICINHa ToMorpadis,

MarHiTHa eHuedanorpadis, KinbkicHa
enekTpoeHuedanorpadis); BiACTEXEHHSI O4eN;
3axo[u Yacy peakuii; Mipy piBHOBaru Ta xoau;
HEBPOMOTiYHi OLiHKM; Ta OLIHKN CHY

HelipoaiarHoCTUYHI 06MeXeHHs
(BuMoOru go 3aiicHeHocCTi Ta
pecypciB; HEMOMIPHO BMCOKa
BapTICTb Y KNiHIYHMX yMOBaXx);
BiAcyTHicTb 6a3oBoro abo
Bi4NOBIOHOrO KOHTPOSBHOMO
CKkaHyBaHHS

Connectivity, timing,

Neuroimaging (e.g., diffusion tensor imaging,

Neurodiagnostic limitations

MepexeBuii
Network

and functioning of brain networks | magnetic resonance imaging, fMRI (functional
magnetic resonance imaging), MRS (magnetic
resonance spectroscopy), PET (positron emission
tomography), MEG (magnetoencephalography),
event-related potentials, quantitative EEG
(quantitative electroencephalography));

eye tracking; reaction time measures; balance
and gait measures; neurological assessments;
and sleep assessments

(feasibility and resource
requirements; prohibitive cost in
clinical settings); lack of baseline
or matched control scans

CumnTtomu; gediumnt
KOMHITUBHOrO, NMCUXOMOrYHOro
Ta eMOoLiiHOro OyHKLiOHyBaHHS

HenponcuxonoriyHi oLiHKK; peecTpauis CMMNTOMIB
Ta icTopis 340pPOB’S; TECTM XOAM Ta piBHOBArw;
ncuxodisuka (4yTnuBICTb A0 cBiTna abo 3Byky)

[lOCTOBIpHICTb i| TOYHICTH CamMO3BiTY;
NOTOMHI HEMPOMCUXOIONiYHi OLHKN,
He Npu3HaYveHi Ans CTpycy MO3KY;
i BapiabenbHicTb y camocBifoMocTi

functioning

©
= E Ta NposiBi CUMNTOMIB
[}
85 | Symptoms; deficits in cognitive, | Neuropsychological assessments; self-reported Reliability and accuracy of self-
= u% psychological, and emotional symptom logs and health history; gait and balance | report; current neuropsychological

tests; and psychophysics (light or sound sensitivity) | assessments not designed

for concussion; and variability
in self-awareness and symptom
expression

3Haku; MiLUHiCTb colianbHuX
3B’A3KIB i coujianbHOro
PYHKLIIOHYBaHHS

MeauyHi ouiHkK; 3BiTW iHOpMmaTopIB;
Ta iHopmaLito NPO KOHTEKCT TpaBMM1

TouHICTb BUSIBNEHHS; 4OCTOBIPHICTb
3BiTiB iH(bOpmaTopiB;

Ta audbepeHLinoBaH1n focTyn

[0 MeguyHoi JOMOMOru

Signs; strength of social
relationships and social
functioning

CoujanbHui
Social

Medical evaluations; informant reports;
and information about context of injury

Detection accuracy; reliability of
informant reports; and differential
access to health care

BUCHOBKHU

[MocTKOMOUINHMI CUHAPOM CTae Bce GinbLu akTyarnb-
HO NpPOGEMOLo, OCKiNbKM YacToTa Moro NposiBiB Bapitoe
Big 5 0o 80% cepepg nauienTis i3 YMT. [iarHocTuka MNKC
6a3yeTbCsl Ha HU3Li KpUTEpIiB, NPOTE ICHYHOTb CYTTEBI Bid-
MiHHOCTI, L0 YCKNaAHIE TOYHY igeHTudiKauiio cumnTo-
MiB. Baxnueoi npobnemMol 3anuiiaeTbCs BU3HAYEHHS
TPUBArOCTi CUMMNTOMIB, OCKifIlbKM KOHCEHCYC LLOAO LbOro
NUTaHHS BiACYTHIN. BioMexaHiYHi YNHHUKW, TaKi ik KyToBe
NPUCKOPEHHS, BifirpatoTb KMOYOBY POrib Y PO3BUTKY YLLIKOA-
XeHb MO3Ky npu nerkin UMT. YpaxyBaHHA ncuxomnoriy-
HWX Ta HEMpPOBI3yani3auinHNX akTopiB MOXe A0NOMOITH
B KpaLLOMYy PO3yMiHHi TpMBanNux CUMMNTOMIB i X FliKyBaHHi.

Jlerka UMT BUKNUKaE cKNagHUn HelpomeTaboniyHui
Kackag, Lo Npu3BOAUTb A0 PyHKUIOHANbHMX 3MiH Y MO3KY
6e3 04EeBUOHMX MaKpPOCKOMIYHMX YLIKOAXEHb. MopyLueH-
Hs1 KNITMHHOrO rOMEeoCTa3y akTMBYeE 3amnarbHi npouecy,
BUKNWKaHI MiKpOrnieo, Ta npu3BoAUTb OO0 HaAMIPHOro
BMBINIbHEHHS rryTamary, Lo, Y CBOK 4epry, CrpUYMHSIE
HENPOTOKCUYHICTb. HeMponpoTeKTOpHi cTpaTerii, Taki sk
moaynsuis NMDA-peLenTopiB, MOXyTb OyTV nepcnekTuns-
HUMMW NS 3MEHLUEHHS Hacniakie TpaBmu. Baxnuey ponb
y PO3BUTKY CUMMTOMIB Bigirpae HemposananeHHsl, ke
MOXe MiATPUMYBATU XPOHIiYHi nopyLleHHs. [JocnimKeHHs
3ananbHux GioMapkepiB NigKPecnolTb 3B’A30K  MiX
3ananbHUMK npouecamn Ta KniHidyHuMKn nposisamu MNKC.

CONCLUSIONS

PCS is becoming an increasingly urgent problem,
as the frequency of its manifestations varies from 5
to 80% among patients with TBI. The diagnosis of PCS
is based on a number of criteria, but there are significant
differences, which makes it difficult to accurately identi-
fy the symptoms. Determining the duration of symptoms
remains an important issue, as there is no consensus
on this issue. Biomechanical factors, such as angular
acceleration, play a key role in the development of brain
damage in mild TBI. Taking into account psychological
and neuroimaging factors can help in a better understan-
ding of long-term symptoms and their treatment.

Mild TMI causes a complex neurometabolic cascade
that leads to functional changes in the brain with no appar-
ent macroscopic damage. Violation of cellular homeo-
stasis activates inflammatory processes caused by
microglia and leads to excessive release of glutamate,
which in turn causes neurotoxicity. Neuroprotective
strategies, such as NMDA receptor modulation, may be
promising for reducing the effects of trauma. An impor-
tant role in the development of symptoms is played
by neuroinflammation, which can support chronic
disorders. Studies of inflammatory biomarkers empha-
size the link between inflammatory processes and clinical
manifestations of ACS.
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Prospects for further research

The generalization of information on the mechanisms and
consequences of TBI and the severity of the development of
ACL has been carried out. The review data serve as a basis
for conducting studies of various categories of patients with
a history of TBI regarding the distribution of PCS manifestations.
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