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AHHOTALMA
PasBuTME peum UrpaeT KitoUeBylo posib B NCUXMYECKOM pasBUTUM pebéHKa. Mpu noMoLm peun pebEHOK He TONbKO B3au-
MOJEIMCTBYET C BHELUHUM MUPOM, HO M Y4UTCA 0CO3HABaTb CBOM COBCTBEHHbIE COCTOAHWA U YNPaBNATb CBOMM NOBELEHNEM.
TaKiKe, HECOMHEHHO, OT Pa3BMTUA Peyn 3aBUCAT Nocnepylowme ycnexu pebeHka B 0byd4eHUn U1, Kak cneacTeue, B npo-
deccroHanbHOM Hu3HK. [103TOMY KpaliHe BaxkHO MCCNeAoBaTb MeXaHW3Mbl HapyLLEHWA pa3BUTUA peyn U pa3pabaTtbiBaTh
MeTOfbl MX JUArHOCTUKMN U KOPPEKLUMW.
B HacToslee BpemMA MpoBOAUTCA OOMbLIOE KONMMYECTBO KOTHUTUBHBLIX M HEMPOGM3MONOrMYECKMX MUCCNeSOBaHWUI peym
I MEXaHWU3MOB, NeMalLMX B OCHOBE e€ HapyLueHWi y aeTen. ccnegosanma peun ¢ npumeHennem 331 NoKasbiBaIoOT yCTOM-
uMBble Bbi3BaHHbIE OTBETHI FOIOBHOMO MO3ra Ha CITyXOBbIE U 3pPUTENbHbIE CTUMYJIbI, CBA3AHHbIE C peyblo (0TAeNbHbIe (o-
HeMbl, cforu, ByKBbI U T.0.), @ TaKKe U3MEHeHUA 3TUX OTBETOB Y JeTeil C AMarHOCTUPOBAHHBIMM HapyLLEHUAMU peun. Tem
He MeHee, BOMPOC 0 HEMPOPM3MONOrMYECKMX NPEUKTOPAX U KOPPENATaX TEX UM UHbIX HapYLIEHWI PeYeBOro pa3BUTUA
0CTaeTCA AMCKYCCUOHHBIM. BepoATHaA NpMUMHa 3TOr0 MOMKET 3aKMo4aTbCA B 0CO6EHHOCTAX SKCNEPUMEHTANbHBIX METOLUK:
HarpuMep, MeTo[ BbI3BaHHbIX MOTEHLMAN0B TPEOYET MCMO/b30BaHNA U30NIMPOBAHHBIX «MAEafbHBIX» CTUMYNOB OIS NOMy-
YeHMA YCTOMYMBOr0 OTBETA, @ TaKHKE MHOMOKPATHOr0 MOBTOPEHWA OJHOr0 CTUMYyNa. JKONOrMYecKas BaIMHOCTb TaKMX UC-
CnefjoBaHNM MOXKET BbITb CHUMEHHON: peakLMu Mo3ra Ha NPOJOJTIHKUTENbHBIE, «HATypanbHbIe» CTUMYJTbI MOTYT 0TAMYaTbCA
OT peaKLui Ha U30/IMPOBaHHbIE CTUMYJIbI.
B nocnepHve rogbl B MCCNefoBaHUAX peyun HabupaeT nonynApHOCTb METOf, KOTOPbIM Ha3biBaeTCA «PyHKLMA BPEMEHHOMO
OTKNMKa» (temporal response function). 3ToT MeTo N0O3BONAET OLLEHUBATL HEMPODM3NONOrUYECKUE PEAKLIUM HA MPOJOI-
HUTENbHbIE, ECTECTBEHHbIE, 3KONOrMYecKu BanuaHble cTuMynbl [1-3]. NpUMeHUTENBHO K UCCNE[0BaHUAM PeYn AaHHbIN
MeTOo N03BOJIAET M3Y4nTb OTBET MO3ra Ha U3MEHEHWE aKYCTUYECKUX, TMHIBUCTUYECKMX U CEMAHTUYECKUX XapaKTepPUCTHK,
KOTOpble NPUCYTCTBYIOT B 1060M MOTOKe €CTECTBEHHOW HappaTWBHOM peuu [1].
MateMaTuyeckylo 0cHoBY GyHKLMM BpeMeHHOro oTknmka (DBO) cocTaBnAeT peLleHne ypaBHEHHA:

w=(S'S+AE)™"-STR,
roe S — MaTpuua, cofepiKallan paccMaTpuBaeMble CTUMYTIbHBIE XapaKTepPUCTUKKM; R — MaTpuua, COAeprKallan Hermpo-
GU131ONOrMYECKUI CUMHA, COOTBETCTBYIOLLMIA CTUMYAY; W — (QYHKLMA BPEMEHHOIO OTKAMKA — MaTpuLa KoagPuumeHToB
JIMHEMHOMO Npeobpa3oBaHMA U3 NMPOCTPAHCTBA CTUMYSIOB B MPOCTPAHCTBO peakLuyii.
TakmM obpasoM, OBO fABnseTca cBoeobpasHbIM «MOCTOM» MEMy CTUMY/IOM M HeMpodU3MONOrMyecKUM OTBETOM Ha Hero
N 0TOBparKaeT Te HeMpOHHbIE OMepaLym, KOTopble CTOAT MeMdy CTUMYNOM U peakumei [1]. Matpuubl S 1 R sBnaioTca Ma-
TPMLAMM BPEMEHHBIX J1aroB, 4T0 MO3BOJIAET OLEHUTb OTBET MO3ra Ha NpeLbABNEHHbIN CTUMYN B 3aaHHOM BPEMEHHOM OKHE.
®BO B nocnegHee BpeMA LUMPOKO UCMONb3YeTCA B UcCnefoBaHUAX peum [2, 3. OgHaKo NpMMeHeHWIM AaHHOro MeToaa B UC-
CNef0BaHMAX C y4acTUeM AeTeit CpaBHUTENBHO Mano [4, 5]. Micnonb3oBaHWe 3K0NOrMYeCKM BaNnAHbIX PeYeBbIX CTUMYTIOB
B MCCIE0BaHMAX C AETbMU 3HAUYMTESIbHO YMPOLLAET BbIMOSIHEHWE UMM 3KCMEPUMEHTANIbHBIX NapagurM, a TaKHKe Mo3Bo-
NAET OLEHWUTb MO3roBOM OTBET Ha Ty peyb, KOTOPYID MOMKHO CTbILLATh U B PeanbHOM MM3HW, @ He TOMbKO B IKCMEPUMEH-
TanbHO CMOMENMPOBaHHbIX ycnoBuAX. PasHoobpasue npuMeHeHnin OBO Kak K aKyCTUMYECKUM, TaK U K JIMHIBUCTUYECKUM
0C06EHHOCTAM peuM NpefcTaBiAeT 0COOEHHbIA UHTEPEC MPU U3YYeHUM NCUXOPU3MONOTMYECKMX MEXAaHU3MOB pa3BUTUA
peuu y oeTert € pasnuyHbIMK TPAeKTOPUAMM pa3BuTUA. B Halel paboTe npefcTaBieHo NpUMEeHeHWe [aHHOro NOAXoAa
K UCCNea0BaHMI0 pa3BUTUA peun y AeTei oT 3 4o 8 ner.
B uccnepnoBaHum npuHAnmM yydactue 56 eteit (33 ManbumKa, 23 oeBoykw) B BospacTe oT 3 go 8 net (M=5,64; SD=1,33 ner).
B xoge BbINONHEHMA 3KCMEPUMEHTANBHOMO 3aaHNA YY4aCTHUKM MPOCYLLMBANIW TPY 3apaHee 3anucaHHbIX HEHCKUM rono-
COM ayAMOMCTOPUM: ETCKUIA paccKas Mpo exel, afanTMpoBaHHbIe BapuaHTbl CKa3ok «Kupnuy u Bock» 1 «30noTas yTKar.
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Bce ayamocTMynbl cOMpoBOXKaNMCh BUAEOPAAOM ANA MOALEPHaHUA BHUMaHWA aeTel. 06wwas OnUTenbHOCTb CTUMY-
noB — 15 MuHyT. CTUMYNbI NpeabABNANMCL NOCPEACTBOM NporpaMMHoro obecneyenns Presentation® (Neurobehavioral
Systems, Inc., Berkeley, CA). Mocne npocnylwmBaHMa Kasooro M3 paccKasoB [JeTAM 3afaBajock 8 BOMpocoB Tvna «aa/
HeT», HanpaBJieHHbIX Ha OLLEHKY MOHMMaHUA COLEpPHaHWA NPOCyLIaHHOro ayavMoMatepuana. B otgenbHbii geHb uccne-
L0BaHUA U3y4yancs aKTyasnbHbIA YPOBEHb Pa3BUTHA PELENTUBHOM M SKCMPECCUMBHOM peyn pebEHKa Npy NoMOLLM UrpoBOM
MeToamkm Preschool Language Scales Bepcuu 5 (PLS-5).

MpoBoamnack peructpaumsa 32-kaHanbHon 330 ¢ ucnonb3oBaHWeM 3anekTposHuedanorpada Brain Products actiCHamp
(Brain Products GmbH, Gilching, Germany). PedepeHT 6bin ycTaHoBneH Ha no3uumm FCz. MNpenobpabotka I3l ocywiecTena-
nack npu nomotuy brubnmotekn MNE gna Python v BKnlouana B ce6a dunbTpaumio aaHHbIX B AnanasoHe ot 1 go 15 'y, Bu-
3yanbHYyI0 UHCMEKLMIO 3aMUCK Ha Haiume 3allyMIIEHHbIX KaHanoB, MHTEPNONIALMIO NAI0OXMX KaHanoB (Mpy HeobxoauMocTH),
yoaneHue rnasonsuratenibHbix aptedaktoB npu noMowm ICA, nepepedepupoBaHme 3anmncK Ha YCPeOHEHHDBIA 3NEKTPOL.
CuHxpoHu3auma 331 1 cTMyna npov3BoaMnach No MeTKe Ha Havano ctumyna. danee v 331, u cTuMyn bbinn conocTaene-
Hbl B paMKax BblOpaHHbIX 3rox. [anbHeiiwan 0bpaboTka BbinonHsanack B cpeae MATLAB (sepcum 2021b) npu nomolum na-
keta mTRF Toolbox [1]. Mpu noMoLum ¢yHKLMIA NaKeTa BbIMOHANOCH BbIYKCIEHME OrMbaIOLLEN peYeBoro CTUMYA, KoTopas
3aTeM nofaeanack B KadecTse cTumyna Ha Bxog OBO. [ponsBoaunock CHUMKeHWe YacToTbl AMCKpeTU3aumm ctumyna u 330
£o 128 'u. [inA u3yyeHma 6bino BbibpaHo BpeMeHHoe okHo oT —200 go 800 Mc. [InA aHanu3a 6bin BbibpaH KoapduLMeHT
nporxo3uposaiusa OBO, KoTopbli npeAcTaBnseT coboi KoadGULMUEHT KOPPENALMM MEHK Y peanbHbIMU AaHHBIMU U JaHHbI-
MW, KOTOpble NpefcKa3bliBaeT Mogesb NOC/e KPOCC-BanMaaLumm U 0byveHus.

CpefnHee 3HaueHWe Ko3dMLMEHTOB NPOrHO3MPOBaHMA Mo Bcei Boibopke coctaBuno 0,041 (pasbpoc ot —0,002 go 0,106)
M CTaTUCTMYECKM 3HA4YMMO OTMYaeTca oT Hyna (t(55)=13,1; p <0,001). BeiaBneHa CTaTUCTUYECKM 3HAYMMAA NONOMUTENb-
HafA KoppenAuuA Mexay 3HaYeHUAMM Ko3ahPULMeHTa NPOrHo3MpoBaHWs, YCPeAHEHHBIMU MHTPAUHAMBUAYANbHO MO0 BCEM
KaHanam J3I, v Bo3pactoM yyacTHuKoB (r=0,379; p=0,004). CnocobHOCTb NMHelHoM Mogenu, newallen B ocHose OBO,
npeAckasbiBaTh I3[ -CUrHaN YBENMYMBAETCA C BO3PAcTOM pebEHKa.

BbisiBNieHa NONOMUTENbHAA CTAaTUCTUYECKM 3HAYMMaA KOpPPENALMA MeXay 3Ha4eHNAMM Ko3gPuLmeHTa NpOrHO3MpoBaHuUA
1 3HAYEHMAMM MO LUKane peLenTuBHOM peun MeToaukm PLS-5 (r=0,33; p=0,026). 3Hayenuna PLS-5 cunbHO NonokmTeNbHO
KoppenupyioT ¢ BO3pacToM y4acTHuKoB (r=0,596; p <0,001).

TaKkKe BbifiBNEHA MOMOMWUTENbHAA KOPPENALMA Meway Ko3IhPULMEHTOM NpOrHO3MPOBaHWA MOLENM WU pesynbTaTamu
OMPOCHWMKA Ha MOHWMaHWe NpochyLlaHHoro ayamoMartepmana (r=0,39; p=0,012). Kpome Toro, 6annbl ONPOCHWKa Koppenu-
PYIOT CO 3HAYeHWUAMM Mo LKane peuenTuBHoM peumn PLS-5 (r=0,82; p <0,001) 1 c Bo3pacToM yyactHukos (r=0,51; p=0,001).
CopfepatenbHo KoahdMLMEHT NPOrHO3MpoBaHNA GYHKLMKM BPEMEHHO0 OTKNMKA AEMOHCTPUPYET NPOLIECC KOPTUKANbHOr0
OTC/NIEUBAHUA CTUMYIIA, HA KOTOPOE B JaHHbIA MOMEHT 06paLLeHo BHUMaHWe, U 3HAYMMO KOPPEeNnpyeT C MOHUMaHWEM YC-
NblLWaHHOM peum [2, 3]. B Hawwe paboTe NoKasaHo, YTo KOIQOULMEHT NPOrHO3MPOBAHMA CTATUCTUHECKM 3HAUMMO MOJIOKM-
Te/IbHO CBA3aH C BO3PaCcTOM [eTel U C UX CMOCOBHOCTbI0 K MOHMMaHUIO peyn, U3MEPEHHON Npy NoMoLLmM MeToaukm PLS-5,
a TaKKe C pe3ynbTaTaMy ONPOCHWMKA Ha MOHUMaHWe NPOCAYLIAHHOMO, NOTY4YEHHBIMU HEMOCPELCTBEHHO MOC/E BbIMOSHEHMA
3KCNEepPUMEHTaNbHOM 3afauu. TakuM 06pasoM, NpuMeHeHne GyHKLMM BpEMEHHOIO OTK/IMKA NO3BOMAET OLeHUBATbL Crocob-
HOCTb KOpbl FO/IOBHOTO MO3ra K OTCIEXKMBAHMI0 PEYEBOr0 aKyCTUYECKOro CUrHana y feTeid. Takxe npuMeHeHne MeToaa
npeaocTaBnsAeT HeMpodU3MONOrMUeckne KoppenaTbl peLenTMBHOM PeYM 1 MPOLECCOB, CBA3AHHBIX C MOHUMAHWEM YCIibl-
LaHHOro. Bo3MOMHO NpUMeHEHMEe 3KCMepUMEHTaNbHOWM NapagurMbl ONIA AUArHOCTURU HeMpogM3MONorMyeckmx Koppe-
NIATOB PeLLenTMBHOM peyn B pasnMyHbIX BO3PACTHbIX MPYMMax Y Y4aCTHUKOB C PasnnyHbIMU YPOBHAMU PasBUTUA A3bIKOBbIX
W peyeBblx criocobHocTew. MpeacTaBneHHan IKCNepUMeHTabHaA napagurma sBAfeTCcA YacTbio MCCeR0BaHMA, NPOBOAM-
MOro HanpaeneHneM «Hempobronorva ycTHOM U NMCbMEHHOW Peym Npy paccTporcTBax pasBuTMA» HayyHoro LieHTpa Kor-
HUTMBHBIX UCCNeA0BaHUN YHMBepcuTeTa «Crpmycy.

KnioueBble cnoBa: BoCMpuATUE peuy; pasBUTME PeUM; IKONOMMYECKU BaNMAHbIE CTUMYNbl; QYHKLMA BPEMEHHOMO
oTKnwmKa; 33I; preschool language scales.
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Neural tracking of natural speech listening in children:
temporal response function (TRF) approach
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ABSTRACT
Speech development is crucial for a child’s mental growth. Moreover, speech development significantly impacts a child’s
educational and professional achievements. It enables the child to interact with the external environment and develop self-
awareness and behavioral skills. Thus, the study of the mechanisms of speech development disorders and the development
of diagnostic and remediation strategies is essential.
Numerous cognitive and neurophysiological investigations into speech and its associated disorders among children are
presently being conducted. Electroencephalography (EEG) studies demonstrated constant evoked reactions in response to
auditory and visual stimuli associated with speech, including individual phonemes and syllables. Moreover, alterations in these
reactions were detected among children with diagnosed speech ailments. The debate surrounding the neurophysiological
predictors and correlates of specific speech development disorders continues. The use of isolated “ideal” stimuli and multiple
repetitions of a single stimulus, as required by the method of evoked potentials, may create peculiarities in experimental
techniques. Thus, brain responses to prolonged, “natural” stimuli may differ from those obtained with isolated stimuli. This
could potentially reduce the ecological validity of such studies.
In recent years, the temporal response function has become increasingly popular in speech research. This method enables
estimating neurophysiological responses to continuous, natural, and ecologically valid stimuli [1-3]. When applied to
speech research, this method allows for the study of the brain’s response to changes in acoustic, linguistic, and semantic
characteristics present in natural narrative speech [1].
The mathematical basis of the temporal response function (TRF) is the solution of the equation:

w=(S'S+AE)~"-STR,
It is calculated from the stimulus characteristics, represented by the matrix S, the neurophysiological signal corresponding
to the stimulus, represented by matrix R, and the temporal response function, represented by matrix w, a matrix of linear
transformation coefficients from stimulus space to response space [1]. The TRF serves as a “bridge” between the stimulus
and the neurophysiological response as it reflects the neural operations that occur between the two. The S and R matrices are
matrices with time lags, enabling estimation of the brain's response to the presented stimulus within a specific time period.
The TRF has been utilized extensively in speech studies [2, 3]. Nevertheless, few studies have used this approach in research
that involves children [4, 5]. The use of ecologically valid speech stimuli in child studies simplifies their performance in
experimental paradigms and enables the evaluation of brain responses to speech as it occurs in real-life situations, not only in
experimentally created conditions. The TRF has various applications to both linguistic and acoustic features of speech, which
attracts particular interest in studying the psychophysiological mechanisms of speech development in children with various
developmental trajectories. This approach is applied in our study of speech development in children aged 3 to 8 years.
Fifty-six children, consisting of 33 boys and 23 girls aged between 3 and 8 years, participated in this study with a mean
age of 5.64 (SD=1.33 years). Participants were required to listen to three audio stories, including a children’s story about
hedgehogs and adapted versions of the tales “Brick and Wax” and “The Golden Duck”, all of which were recorded by
a female voice. All audio stimuli were accompanied by video to maintain children’s attention. The total duration of the
stimuli was 15 minutes. The audio stories were presented using Presentation® software from Neurobehavioral Systems,
Inc. in Berkeley, CA. The comprehension of the stories was assessed by asking children 8 “yes/no” questions after each
story. Furthermore, on a different day of the study, the Preschool Language Scales Fifth Edition (PLS-5) method was used
to examine the child’s current level of receptive and expressive speech development.
A 32-channel EEG was obtained using a Brain Products actiCHamp (Brain Products GmbH, Gilching, Germany) with reference
electrodes positioned at the FCz location. EEG pre-processing was completed with the MNE library for Python, which entailed
data filtering between 1 and 15 Hz, visually examining record for any noisy channels, interpolation of deficient channels (as
needed), removal of oculomotor artifacts using independent component analysis, and re-referencing the EEG recording
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to an average electrode. The EEG and stimulus were synchronized by labeling at the start of the stimulus. They were
subsequently aligned during specific epochs. Processing was carried out with MATLAB (version 2021b) using the mTRF
Toolbox [1]. The Toolbox’s functions were employed to assess the speech stimulus envelope, which was then introduced as
input to the TRF. The stimulus and EEG sampling rate were reduced to 128 Hz, and the analysis used a time window ranging
from —200 to 800 ms. The TRF prediction coefficient, representing the correlation coefficient between actual data and data
predicted by the model post-training and cross-validation, was selected for analysis.

The mean value for prediction coefficients across the entire sample was 0.041 (range: —0.002 to 0.106). These coefficients
were significantly different from zero (t(55)=13.1, p <0.001). Additionally, a significant positive correlation was found between
the prediction coefficients averaged intraindividually across all EEG channels and the age of the participants (r=0.379,
p=0.004). The linear model underlying the TRF was able to predict the EEG signal better as the age of the child increased.
A significant positive correlation was observed between the prediction coefficient values and the values on the receptive
speech scale of the PLS-5 (r=0.33, p=0.026). In addition, PLS-5 scores were strongly correlated with age (r=0.596, p <0.001).
There was a positive correlation observed between the model prediction coefficient and the scores obtained from
the listening comprehension questionnaire (r=0.39, p=0.012). Additionally, the questionnaire scores were found to be
significantly associated with scores from the PLS-5 receptive speech scale (r=0.82, p <0.001) as well as with the age
of study participants (r=0.51, p=0.001).

Substantively, the predictive coefficient of the temporal response function illustrates the cortical tracking process of the
stimulus currently receiving attention and is significantly associated with listening comprehension [2, 3]. Our research
indicates a significant and positive correlation between children’s age, their comprehension of speech as measured
by the PLS-5 method, and the results of the listening comprehension questionnaire conducted immediately after
the experimental task. The prediction coefficient supports this finding. Thus, the use of the temporal response function
enables the evaluation of the cerebral cortex’s capacity to follow the acoustic signal of speech in children. Additionally,
this approach yields neurophysiological markers of speech reception and comprehension processes. It is feasible to apply
an experimental framework to identify neurophysiological correlations of receptive speech across various age groups and
participants with varying levels of language and speech skills. The experimental paradigm presented here is a component
of research carried out by the Neurobiology of Oral and Written Speech in Developmental Disorders division at the Center for
Cognitive Sciences, Sirius University. The authors extend their gratitude to the study participants and project team.

Keywords: speech perception; speech development; ecologically valid stimuli; temporal response function; EEG; pre-
school language scales.
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