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Souhrn

Schopnost ¢lovéka odpovédét dohodnutym zpisobem na definovany podnét je
podminéna fadou mozkovych procest, které jsou podkladem senzorického zpracovani podnéta,
kognitivnich a exekutivnich funkci. V pfedkladaném souboru praci jsme se zaméfili na studium
jejich  elektrofyziologickych  korelatd registrovanych intracerebralné wu  pacienti
s farmakorezistenti formou epilepsie. Tito pacienti souhlasili s ucasti ve studiich, schvalenych
etickou komisi Masarykovy univerzity, probihajicich v rdmci epileptochirurgické 1écby
epilepsie na 1. neurologické klinice u Sv. Anny v Brné€. V prub¢&hu hospitalizace pacienti
provadéli rizné kognitivni tkoly pii souCasné intracerebralni registraci EEG. Vyzkumné se
piima registrace elektrické aktivity neurondlnich populaci lidského mozku vyuziva pouze
na nékolika specializovanych svétovych pracovistich. Umoziuje vSak vysettit pouze omezeny
rozsah oblasti mozku, protoze hluboké elektrody jsou implantovany Vv limitovaném poctu a
vyhradné na zakladé klinické potieby bez jakékoli vazby na vyzkumné ukoly.

V tvodni ¢asti habilitacni prace je popsana metodika intracerebralni (intrakranialni)
registrace elektrické aktivity mozku ¢lovéka a jeji vyzkumné vyuziti. V navazujici ¢asti jsou
komentovany vysledky praci, zamé&fenych na studium jednotlivych slozek elektrofyziologické
odpovédi mozku snimané v prubéhu kognitivnich ukolt. Zakladnim ptistupem byla analyza
evokovanych potencialli, oznacovanych jako ,,event-related potentials* (ERPS), které ziskame
zprumérnénim obvykle nékolika desitek EEG odpovédi od okamziku prezentace podnéta.
V nejvice studovaném zrakovém oddball ukolu byla ndhodné prezentovana pismena ,,X*
(terCové podnéty) a ,,0% (neteréové podnéty) v poméru 1:5. Pacienti byli instruovani reagovat
stiskem tlacitka pouze na vyskyt teréového podnétu, ktery soucasné pocitali. Vysledky naSich
studii potvrdily, Ze teréové a neteréové podnéty jsou v mozku zpracovavany dvéma ruznymi
zpusoby. Prvni, obecnéjsi zpiisob zahrnuje procesy senzorické, pozornostni, pamétové a
rozhodovaci, které jsou soucasti zakladni analyzy externich podnéti bez ohledu na jejich
vyznam. V fadé vySetienych struktur (napf. gyrus cinguli, gyrus parahipokampalis, gyrus
temporalis superior, medius a inferior, hipokampus a frontoorbitalni kortex) by tomu odpovidal
nalez identickych ERP komponent po obou typech podnéti. Druhy zplsob zpracovani jiz
zohlediiuje asociaci podnétu s dohodnutou odpovédi, ptipadné jeho méné Casty vyskyt v ramci
ukolu, a zahrnuje opét kognitivni, ale také exekutivni a kontrolni funkce. Elektrofyziologickym
korelatem téchto funkci jsou pravdépodobné jednotlivé kognitivni komponenty ERPs, napf.

vina P3. Na zaklad¢ analyzy ¢asového vztahu této viny k okamziku prezentace podnétu a



motorické odpovédi se nam podafilo prokazat, ze intracercbralni vina P3 je heterogenni
fenomén. Velmi pravdépodobné odrazi bud’ vyhodnoceni vyznamu podnétu, nebo exekutivni
funkce anebo pozornostni a integrativni funkce. Ve studii zaméfené na analyzu kognitivniho
ERP generovaného v hipokampu ¢lovéka v prubéhu jednoduchého senzorimotorického tikolu
jsme nasledn¢ ukazali, Ze hipokampalni kognitivni potencial s latenci kolem 420 ms nesouvisi
s provedenim motorické odpovédi a zifejmé odrazi vyhodnoceni vyznamu podnétu v kontextu
experimentalni situace.

V dalsi studii jsme se zaméfili na lokalizaci neuronalnich populaci, které v pribchu
oddball tkolu po prezentaci podnéti vykazuji fazové nekoherentni zmény EEG aktivity.
Signifikantni zmény amplitudy EEG oscilaci ve frekvenénim pasmu alfa a beta byly
identifikovany v riznych oblastech mozku bez specifické vazby na konkrétni struktury.
Po ter¢ovych podnétech jsme Castéji pozorovali nartust vykonu EEG oscilaci v alfa pasmu, ktery
by mohl ukazovat na aktivaci neuronalnich siti zajistujicich motorickou odpovéd:.
Po neter¢ovych podnétech byl pievazujicim nalezem pokles vykonu EEG oscilaci v alfa i beta
pasmu, ktery by mohl odrazet ptevahu inhibi¢nich procest souvisejicich s neprovedenim stisku
tlacitka. Identifikované zmény vykonu jsou zjevné vazany na odpovéd’ subjekti, jejich jasna
interpretace vSak doposud chybi.

Intracerebralni registraci EEG dat jsme také vyuzili k mapovani potenciald, které
odrazeji aktivaci neurondlnich systémil zajiStujicich kontrolu spravnosti odpovédi jedince
na podnéty z jeho okoli. Generatory tzv. ,.error potencialli vazanych na chybnou odpoveéd’
subjektu v Go/NoGo ukolu jsme nasli v fadé oblasti frontalniho a temporalniho laloku, napf.
v gyrus cinguli anterior (ACC), gyrus frontalis medialis, dorzolateralnim prefrontalnim kortexu
(DLPFC), orbitofrontalnim a lateralnim temporalnim kortexu. Z nasich vysledki navic
vyplynulo, Ze kaudalni a rostralni ¢ast ACC patrné hraji odliSnou roli pfi zpracovani chybné
odpovédi. V dalsi studii jsme se zaméfili na lokalizaci jiné skupiny potenciali vyvolanych
Vv oddball tkolu az po provedeni odpovédi spravné. Opét se ukazalo se, ze v rdmci vySetfenych
mozkovych struktur existuji minimalné dvé funkéné odlisné neurondlni sité, pficemz ucast
jedné byla specificka pouze pro ter¢ové odpovédi, u druhé byla jeji aktivace na typu podnétu
nezavisla. Navic se podatilo identifikovat néktera mista vz ACC, DLPFC, primarnim
motorickém a lateralnim temporalnim kortexu, ktera se podilela soucasné i na hodnoceni
odpovédi chybnych. Z vysledkili vySe uvedenych praci vyplyva, Ze jedna anatomicka struktura
muZe byt soucasti nékolika neurondlnich siti, které jsou strukturdlnim podkladem rtznych

funkeci.



Intracerebralni EEG data snimand ve zrakovém oddball ukolu ndm vSak také umoznila
studovat hierarchicky vyS$i uroven organizace mozkovych funkci, konkrétné funk¢ni
konektivitu aktivovanych oblasti. Vypoctem korelaci EEG signalti ve frekven¢nim pasmu beta
se ukazalo, ze nejvyznamnéjsi roli pti komunikaci mezi frontalnimi a temporalnimi oblastmi
mozku hraje gyrus cinguli. S pouzitim vypoétu ,,directed transformation function® se nam
podafilo také demonstrovat, Ze pti zpracovani podnéta spojenych s aktivni odpovédi se v rdmci
frontalniho laloku informace $ifi smérem z gyrus cinguli do dorzolaterdlniho prefrontalniho
kortexu. Vysledky téchto studii dokladaji klicové postaveni ptedniho gyrus cinguli pii fizeni

chovani jedince.



Summary

The human ability to respond to specific stimuli arises from neuronal activity associated
with sensory processing of information as well as cognitive and executive functions. The
presented set of original papers studies intracerebrally recorded electrophysiological correlates
of neuronal processing in patients with medically intractable epilepsy. All studies were
approved by the Ethical Committee of Masaryk University and all patients agreed to participate
and perform several cognitive tasks while their intracerebral EEG was continuously recorded
during their stay in the hospital. Such direct investigation of the electrical activity of the human
brain is possible only at very few clinical departments in the world. The possible limitation
of the intracerebral EEG method, however, is the fact that the depth electrodes are implanted
solely on clinical grounds and without any reference to the experimental protocols.

The first part of the text introduces the method of intracranial electroencephalography
and explains its value for research. The following part includes comments of our papers where
we examined different components of the electrophysiological brain responses recorded during
various cognitive tasks. We used the analysis of evoked potentials, i.e. event-related potentials
(ERPs), obtained by averaging of several EEG epochs triggered by the presented stimuli. In the
most investigated oddball paradigm, the letter “X” was used as a target stimulus and the letter
“0O” as a nontarget stimulus in the ratio 1:5. Patients were instructed to press a button after the
target stimuli and count them silently. Our findings confirmed that the brain processes the target
and non-target stimuli in two different ways. The first, more general processing, could represent
a basic analysis of the external stimuli regardless of their specific meaning and includes e.g.
sensory processing, attention, memory and decision making. The evidence comes from the
findings of identical early and late ERP components evoked after the target and non-target
stimuli in various brain structures, e.g. cingulate gyrus, parahippocampal gyrus, superior,
middle and inferior temporal gyri, hippocampus, and frontoorbital cortex. The second type of
processing takes into account the association between the stimulus and the required response
or the salience of the stimulus. Electrophysiological correlates of such processes can be
represented by intracerebrally recorded cognitive ERP components, e.g. the P3-like waveform,
that can be associated with cognitive, executive and control functions. Our analysis of the
temporal relationship of the P3-like waveform to the stimulus and motor response demonstrated
that this component is a heterogeneous phenomenon. It might reflect stimulus evaluation,

executive functions or attentional and integrative functions. Our next study analysed



the temporal characteristics of large negative ERP generated in the human hippocampus during
a simple sensorimotor task. We demonstrated that the hippocampal cognitive potential
with latency of about 420 ms occurs independently of motor execution and within the context
of situation it is most likely related to the evaluation of stimulus meaning.

Our next study aimed to localize neuronal populations that exhibit changes of non-phase
locked EEG oscillatory activity after a presentation of stimuli during a cognitive task.
The significant changes in alpha and beta frequency bands were identified in different frontal
and temporal areas without a specific relationship to a particular structure. The target stimuli
induced power increase in EEG oscillations in alpha frequency band. This could be related
to the activation of neuronal networks functionally linked to the motor response. The non-target
stimuli induced power decrease in EEG oscillations in alpha and in beta frequency bands that
could reflect inhibition processes associated with refraining from motor response. It is evident
that identified power changes are locked to the subject’s response but their functional meaning
is not known yet.

We also utilised the intracerebral EEG data to map the distribution of the ERPs related
to the activation of the brain’s performance monitoring system. We found generators of the
potentials elicited after erroneous responses during Go/NoGo task in various cortical areas
of frontal and temporal lobes, e.g. anterior cingulate gyrus (ACC), medial frontal gyrus,
dorsolateral prefrontal cortex (DLPFC), orbitofrontal and lateral temporal cortices. Our
findings demonstrated a different involvement of the rostral and caudal ACC in error
processing. A follow-up study aimed to localise late postperformance ERPs evoked after correct
responses to the oddball task. We found two functionally distinct neural networks within the
examinand brain regions. While the first network responded only to the target stimuli, the
second network responded independently of a stimulus type. Furthermore, we were able to
identify several sites in ACC, DLPFC, primary motor and lateral temporal cortices that were
simultaneously engaged in evaluation of erroneous responses. Overall, our findings
demonstrated that one anatomical structure can be part of functionally distinct neuronal
networks.

The intracerebral EEG data recorded during the visual oddball task allowed us the
investigation of functional organization of the brain and particularly the investigation of
functional connectivity between the activated brain areas. Correlation analysis of EEG signals
in beta2 frequency band revealed a prominent role of cingulate gyrus in communication

between frontal and temporal brain areas. Using the calculation of “directed transformation



function”, we also showed that the directionality of the information flux in frontal lobe during
processing of stimuli associated with active response was from anterior cingulate gyrus to
dorsolateral prefrontal cortex. The findings of these two studies demonstrate the key role of

cingulate gyrus in human behaviour control.
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Seznam pouzitych zkratek

ACC anterior cingulate cortex (pfedni cingularni kortex)

CNS centralni nervovy systém

CRN correct-related negativity

DLPFC dorsolateral prefrontal cortex (dorzolateralni prefrontalni kortex)
DTF directed transformation function

EEG elektroencefalografie, elektroencefalogram

ERD event-related desynchronization

ERN error-related negativity

ERPs  event-related potentials

ERS event-related synchronization

FFT fast Fourier transform (rychla Fourierova transformace)

IEEG intracerebralni (intrakranialni) elektroencefalografie

fMRI functional magnetic resonance imaging (funk¢ni magneticka rezonance)
LFPs local field potentials

MEG  magnetoencefalografie

MRI magnetic resonance imaging (magnetick4 rezonance)

P3 vina P3

P3-like intracerebralni vina P3

SEEG stereoelektroenecefalografie

SMA suplementarni motoricka area
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I. Uvod

Pfi studiu mozku a chovani se pouziva tada vySetiovacich technik, napf.
elektroencefalografie (EEG), magnetoencefalogratie (MEG) nebo funkéni magneticka
rezonance (fMRI). Elektroencefalografie ma ve zminéné skuping technik zvlastni postaveni,
protoze umoznuje zaznamenavat jeden ze zakladnich projevi Cinnosti nervového systému, tedy
elektrickou aktivitu mozku. Vedle rutinniho skalpového zplsobu snimani lze elektrickou
aktivitu neuronti a neuronalnich populaci registrovat také pfimo pomoci -elektrod
implantovanych do mozku ¢lovéka. V takovém piipadé hovofime o intracerebralni

elektroencefalografii (IEEG; nékdy se pouziva obecnéjsi ndzev intrakranialni EEG, ktery

oznacuje i snimani subduralnimi nebo intrakortikalnimi elektrodami). Metodu IEEG zaved|
do klinické praxe v Ceské republice v 90. letech minulého stoleti prof. MUDT. |. Rektor, CSc.
z 1. neurologické kliniky u Sv. Anny v Brné. Dodnes je na tomto pracovisti vyuZzivana
za ucelem lokalizace epileptického loziska u pacientli s farmakorezistentnim typem epilepsie
vybranych do epileptochirurgického programu.

Po mém nastupu na Fyziologicky tGstav LF MU bylo klicovym momentem volby mé
védecké orientace navazani spoluprace prof. MUDr. M. Kuklety, CSc. z naseho tstavu s prof.
MUDr. I. Rektorem, CSc. z 1. neurologické kliniky u Sv. Anny v Brné¢ Vv ramci projektu
»Plasticita fidicich systému centralniho nervového systému a moznosti jejiho ovlivnéni
(MSM141100001)* a nasledné projektu ,,Vnitini organizace a neurobiologické mechanismy
funk¢nich systémi CNS (MSM0021622404), na jejichz feseni jsem se podilel. V ramci obou
projektti probihaly na neurologické klinice studie schvalené etickou komisi Masarykovy
univerzity, ve kterych pacienti se zavedenymi hlubokymi elektrodami v pribéhu
diagnostického monitorovani souhlasili s tim, Zze budou provadeét rizné jednoduché kognitivni
ukoly pti soucasném iEEG nahravani.

Stal jsem se ¢lenem fesitelského tymu, ktery spolupracoval na nékterych studiich s prof.
MUDr. M. Brazdilem, PhD. Ze za¢atku jsme vyuzili moZnost analyzovat iEEG data, ktera prof.
Brazdil nasnimal u skupiny 20 pacientll v prib¢hu jednoduchého zrakového oddball tkolu.
V dalsich letech jsme se vedle analyzy iEEG dat podileli 1 na jejich ziskavani u dalSich pacienta
Vv prib¢ehu jinych kognitivnich tkold, jako napt. jednoduchého senzorimotorického ukolu nebo
tzv. Go/NoGo tkolu. Jejich spolecnym jmenovatelem je prezentace jednoho nebo stiidaveé dvou
typll podnétl, pficemz ukolem subjektu je domluvenym zplsobem (napf. stiskem tlacitka)
reagovat na vyskyt pouze jednoho typu podnétu. Uvedené ukoly tak nabizeji jedine¢nou

moznost studovat intracerebralni elektrofyziologické koreldty neuronalnich procest
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souvisejicich napf. se senzorickou diskriminaci podnéti, hodnocenim vyznamu podnéti,
paméti, rozhodovanim, ptipravou a provedenim motorické odpovédi. Zminované funkce jsou
podkladem schopnosti ¢lovéka odpoveédét dohodnutym zplisobem na definovany podnét.
Vsechny uvedené prace predlozeného souboru vychazeji z analyz IEEG registrovaného
v prubéhu kognitivnich ukoli u epileptickych pacienti a jsou vzdy vysledkem tymové
spoluprace. Osobné jsem se rtiznou mérou podilel na ziskavéani, analyze dat a publikovani
vysledkd, které v habilitaéni praci uvadim se souhlasem spoluautori. V komentovaném
souboru osmi praci jsem u ¢tyt z nich (ptiloha 1,2,4 a 6) prvni nebo korespodujici autor, u

zbyvajicich pak jako spoluator.

I1. Intracerebralni (intrakranialni) elektroenecefalografie

S intracerebralnim EEG se poprvé setkavame jiz ve 30. letech 20. stoleti (Jaspers a
Carmichael, 1935) relativné brzy po prvnim pouziti skalpové elektroencefalografie u lidi
(Berger, 1929). Za tcelem diagnostickym a terapeutickym byla iEEG do klinické praxe
zavedena ve 40. letech 20. stoleti. V poptedi zajmu byla v té¢ dobé bazalni ganglia (Meyers a
Hayne, 1948; Knott et al., 1950) nebo thalamus (Ishikawa, 1957). Od 50. let se hluboké EEG
zaCalo vyuzivat u pacientt s epilepsii (Penfield a Baldwin, 1952; Rasmussen a Jasper, 1958),
protoze se Vv té dobé vylepsila technika umisténi elektrod (Talairach et al., 1952, 1958).
K SirSimu vyuziti se dostavdme az se vznikem stereotaktického atlasu, ktery poskytoval
prostorové koordinaty pro stereotaktickou exploraci riznych struktur (Talairach a Tournoux,
1988; Talairach et al., 1967). Na zdklad¢ vySetifeni nékolika desitek epileptickych pacientl
potom vznikl i atlas intrakranialni elektroencefalografie (Sperling, 1993).

Metodou iEEG je nejvice vySetfovana skupina pacientti s farmakorezistentnim typem

epilepsie, méné Casto pak pacienti s onemocnénim bazalnich ganglii, t€Zkymi bolestmi anebo
s mozkovym nadorem (Niedermeyer, 2005). U epileptickych pacientd jsou elektrody
ponechany v mozku nékolik dni za G¢elem lokalizace epileptogenni zony v ramci piipravy
operacni 1écby epilepsie. V prubéhu hospitalizace pacienti mohou souhlasit, ze budou provadét
rizné kognitivni tkoly pfi souasném iEEG nahravani. Na tomto misté je nutné uvést, Ze
umisténi elektrod a trvani diagnostického postupu je urceno vyhradné klinickymi pozadavky

bez jakékoli vazby na vyzkumné ukoly. I ptesto vSak ziskand data poskytuji unikatni pohled

na fungovani lidského mozku. Pacienti mohou z ucasti ve zminovanych ukolech také profitovat,
protoze na zakladé ziskanych informaci je mozné urcit specifické funk¢ni oblasti mozku

v blizkosti epileptického zdroje, které nemohou byt chirurgicky odstranény pravé z divodi

12



jejich prokazaného funkcniho zapojeni do klicovych kognitivnich procest. Zkoumani
mozkovych funkci touto cestou navic umoziuje pochopit, jak mohou kognitivni procesy
souviset s mozkovou aktivitou, podilejici se na vzniku zachvatu (Lachaux et al., 2003).
Intracerebralni (intrakranialni) EEG registruje extracelularni elektrickou aktivitu mozku
dvojiho typu. Jednak mutze snimat akéni potencialy generované jednotlivymi neurony nebo
malym poctem neurond — ,,single* nebo ,,multi units recording®. Tento typ aktivity odpovida
vystupnim signdlim nervovych bun¢k. Druhy typ predstavuji elektrické signély, které jsou
vysledkem cinnosti vétSich populaci neuront v blizkosti snimaciho kontaktu. V zahrani¢ni
literatufe se oznacuji terminem ,,local field potentials* (LFPs). Pfedpoklada se, ze odrazeji
sumarni synaptickou aktivitu na dendritech neuront, tedy vstupni signaly neuront (Mukamel

et al., 2012; Lachaux et al., 2003).

11.1. Typy snimacich elektrod
Pfi registraci intrakranidlni EEG se pouziva nékolik typil elektrod — subdurdlni,

intrakortikalni a hluboké (Marusi¢ et al., 2006). Subduralni elektrody se implantuji pod tvrdou

plenu a umist'uji se nejcastéji nad konvexitou hemisfér, pripadné mohou zasahovat i na jejich

bazalni plochu. Vyrabéji se ve dvou variantach, jako tzv. gridy nebo stripy (obr.1).

Obr. 1 Subduralni elektrody: vlevo - grid, vpravo - strip. (zdroj: http://www.diximedical.com)
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V obou piipadech se jedna o diskové elektrodové kontakty z neparamagnetického kovu
(platinové piipadné platino-iridiové) nebo z oceli o velikosti 2-5 mm, které jsou uchycené
v biologicky inertnim flexibilnim materidlu. V provedeni strip jsou kontakty sefazeny do jedné
fady v poctu 4 az 8 na jednom prouzku. Ve varianté grid jsou kontakty uspotadany do miizky
v poctu 8x2 az 8x8. Vzdalenost mezi stiedy sousednich kontaktii v obou variantach byva 1 cm.
Vyhodou subduralnich elektrod (zejména gridt) je registrace LFPs z relativné velké plochy
hemisfér.

Intrakortikalni elektrody jsou v porovnani se subdurdlnimi elektrodami invazivnéjsi,

protoze pronikaji do kortexu do hloubky nékolika milimetr. Registrovanym signalem v tomto
pfipadé je jednotkova aktivita neuronii. Snima se z malého prostoru napi. ze 100 kontaktii
pii usporadani elektrod do miizky v po¢tu 10x10 na plose cca 3x3 mm (tzv. ,,Utah array®,
Hochberg et al., 2006). Jiny zptsob usporadani kontaktli na jedné elektrod¢ tvaru pripinacku
umoznuje snimani z 22-24 kontakti o priméru 40 mikrometri vzdalenych od sebe 75-200
mikrometrti (Ulbert et al., 2001a). V souvislosti s prvnim typem intrakortikélni registrace mize
byt zajimavé, Ze s pomoci téchto elektrod dlouhodobé implantovanych do primarniho
motorického kortexu kvadruplegického pacienta byl zdznam aktivity neuronalnich populaci
vazanych na zamysleny pohyb pocitatové dekddovan a nasledné uspésné vyuzit kK ovladani
perifernich zatizeni - pohyb robotickou pazi, zapinani televize a otevirani mailt. Jedna se
0 prvni studii dokladajici moznosti funkéniho pouziti rozhrani mozek-stroj (Hochberg et al.,
2006).

Hluboké elektrody jsou nejinvazivnéj$i variantou pii snimani iIEEG, protoZe pronikaji

hluboko do mozkového parenchymu. V eské odborné literatuie se také oznacuji terminem
intracerebralni. Vyuzivaji se zejména pro registraci z hlubokych mozkovych struktur, které
nelze snimat vySe uvedenymi typy elektrod. NejCastéji jsou vySetfovany struktury
meziotemporalni — amygdala a hipokampalni formace, déale inzularni, cingularni a
frontoorbitalni kortex, bazalni ganglia, ptipadné thalamus. Z diivodi MRI kompatibility se
pouzivaji platinové kontakty v poctu 4 az 18 na jednu jednorazovou semiflexibilni elektrodu.
Primeér elektrody je 0,8 mm, velikost kontaktu je 2 mm a vzdalenost mezi kontakty 1,5 mm
(obr. 2). Pouzivaji se ruzné délky elektrod v zavislosti na hloubce uloZeni cilové vySetfované
struktury - 5, 10, 15 nebo 18 kontaktd. Elektrody mohou byt zavadény ortogonalné (obr. 3),
tedy z lateralniho pfistupu kolmo na sagitalni rovinu nebo diagondlné, tzn. Sikmo z frontalniho

nebo okcipitalniho ptistupu (Marusic et al., 2006).
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snimaci kontakty (2 mm) izolaéni ¢ast (1,5 mm)
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Obr. 2 Nahote: hluboka elektroda pouzivana v klinické praxi pii registraci iEEG. V elipsovém
vybéru je detail koncové ¢asti elektrody se tfemi kontakty. Dole: schematické znazornéni

elektrody. (Zdroj: http://www.diximedical.com).

Vlastni implantaci elektrod predchazi ziskani detailnich strukturalnim MRI snimkd,
které¢ se ptrevadéji do trojrozmérného modelu mozku ve vztahu ke kontrastnim znackdm a
stereotaktickému keramickému MRI kompatibilnimu ramu. Pfi nasledném planovani se hleda
co mozna nejpiesnéjsi pozice elektrody ve vztahu k anatomické struktute, ktera ma byt
vySetiena. Soucasné se vybird cesta implantace s nejmensSim rizikem poskozeni cévnich
struktur. Zavedeni elektrody provadi neurochirurg pomoci specialni dvojité miizky upevnéné
na stereotakticky ram (Marusic et al., 2006). Po zavedeni elektrod se provadi kontrolni MRI k
upiesnéni jejich lokalizace. Vlivem nehomogenity magnetického pole na rozhrani elektroda-

tkan je Sitka elektrody v tomto zobrazeni vEtsi, nez je jeji Sifka skute¢na (obr. 3).
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Obr. 3 Piiklady MRI snimkd mozku s hlubokymi elektrodami implantovanymi ortogonalné
do temporalniho laloku. Vlevo: fez horizontalni, vpravo: fez koronalni. Tloustka zobrazenych
elektrod je na snimcich z divodu nehomogenity magnetického pole vétsi nez ve skutecnosti,

kdy je jeji primér 0,8 mm.

Popsané hluboké elektrody s kontakty o velikosti 2 mm a nizké impedanci registruji
LFPs. Pii urcité modifikaci vSak mohou snimat i jednotkovou (nebo vicejednotkovou) aktivitu.
Lze toho naptiklad dosahnout umisténim mikrokontaktti na $picku makroelektrody (Fried et al.,

1999). Jinou moZnosti je tzv. hybridni elektroda, na které se stfidaji kontakty s nizkou

impedanci s kontakty s vysokou impedanci (Howard et al., 1996).

Synonymem monitorace elektrické aktivity pii pouziti hlubokych elektrod je termin

stereoelektroencefalografie (SEEG), ktery zacali prosazovat stoupenci Patizské Skoly
(Bancaud, 1959; Talairach et al., 1952). Tento pojem zdiraziiuje skute¢nost, Ze metoda je
zalozena na stereotaktickych principech a s jeji pomoci se elektricka aktivita registruje ve 3D
prostoru a navic soucasné se skalpovym snimanim EEG (Niedermayer, 2005).

Dle trvani implantace elektrod do nervové tkané lze snimani elektrické aktivity délit
na akutni (na operacnim sale), kratkodobé (za hospitalizace v nemocnici) a dlouhodobé
(pro rozhrani mozek-stroj). Akutni snimani se provadi béhem neurochirurgického vykonu a trva
fadové v minutach, zatimco u hospitalizovanych pacientli se zavedenymi elektrodami se

elektricka aktivita snima kontinualné fadové ve dnech.
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11.2. Referen¢ni elektroda

Stejné jako u skalpového EEG, i pro intrakranialni snimani je kliCova co mozna nejvic
neutralni referencni elektroda, vici které se signal na kazdém kontaktu méfi. Kolisani
elektrického pole v blizkosti referen¢ni elektrody by mélo byt minimalné o fad niz$i nez
kolisani elektrického pole zachycené hlubokymi elektrodami a to ve vSech frekvencnich
pasmech (Lachaux et al., 2003). Tuto podminku spliiuji napt. spojené elektrody usni, které v§ak
na druhou stranu mohou byt kontaminovany svalovymi artefakty pfipadné o¢nimi pohyby.
Minimalizovat vliv externich zdroji umoziiuji referencni elektrody umisténé uvnitf lebky.
V praxi se pouziva tzv. snimani bipolarni, kdy se méfi napéti mezi sousednimi kontakty a
referencni elektroda je tak pro kazdou dvojici jina. Druhou moznosti je pouziti pramérné
hodnoty ze vsech intrakranidlnich kontaktti. K uréeni zdroje elektrické aktivity je pak vyhodné
data prohlizet v obou zpiisobech zapojeni.

Pomér signal-Sum je u iEEG vyS$si nez u skalpového EEG, protoze mezi registracni

elektrodou a nervovou tkani se nenachdzi bariéry (kost, kiize, vlasy), které by signaly z mozku
oslabovaly. Pfi pouZziti vhodné referen¢ni elektrody jsou iEEG data zatizena svalovymi
artefakty a pohyby o¢i minimalné. Diky uvedenym skutecnostem pak tato metoda umoziuje
jako jedind snimat vysokofrekvencni slozky elektrické aktivity mozku, které jsou jinymi

metodami nedostupné (Lachaux et al., 2012).

11.3. Casové a prostorové rozliSeni iIEEG

Casové rozliseni iEEG, stejné jako EEG a MEG, je v milisekundach. Je limitovano

pouze vzorkovaci frekvenci pouzitych registracnich zatizeni. V soucasné dob¢ se dostavame
k hodnotam 30 kHz, coz umoziuje registrovat prave i jednotkovou aktivitu neurontl.
Jednou z dalsich vyhod intracerebralni registrace v porovnani se skalpovym EEG nebo

jinymi technikami je prostorové rozliSeni. TO je ur¢eno typem snimaci elektrody (impedanci a

velikosti kontaktll), jejim umisténim a také vodivosti mozkové tkané¢ kolem elektrody.
Pti pouziti intrakortikdlnich elektrod nebo vysokoimpedancnich mikroelektrod umisténych
na téle nebo na Spicce hlubokych elektrod je mozné snimat jednotkovou aktivitu jednotlivych
neuroni nebo vicejednotkovou aktivitu malé skupiny neuront v bezprostfedni blizkosti
kontaktu. Takové extrémni rozliSeni se vyuzivd pii mapovani struktur behem
neurochirurgického zdkroku. Naptiklad u pacientli s Parkinsonovou chorobou se postupné
zavadi elektroda do bazalnich ganglii a dle registrované neurondlni aktivity se identifiku;ji

oblasti, které mohou byt nasledné cilené poskozeny nebo naopak chronicky stimulovany, ¢ehoZz
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se vyuziva pfi tzv. hluboké mozkové stimulaci. Pii vyzkumu kognitivnich funkci se registrace
jednotkové aktivity na opera¢nim sale vyuziva ziidka (napt. Ojemann et al., 2002; Ulbert et al.,
2001b), protoze klade vysoké pozadavky jak na technické provedeni, tak na trvani a volbu
kognitivniho protokolu.

Lokalizovat zdroj iEEG odpoveédi nékdy nazyvany jako generator, tedy oblast nervové
tkan¢€, jejiz koherentni nervova aktivita vytvaii meéfitelné elektrické pole, je mozné diky
specifické prostorové distribuci elektrického potencialu, ktery vytvari. Piikladem mize byt

tzv. zvrat fdze sledovaného potencidlu na sousednich kontaktech (tzv. ..phase reversal®,

obr. 4). Zdroj charakteru dipolu bude v tomto piipadé se spojnici kontaktt pravdépodobné

orientovan rovnobézné. Jinym piikladem lokalizace zdroje je vyraznd zména amplitudy signalu

na sousednich kontaktech (tzv. ,,steep voltage gradient®, obr. 5).

F6 Mw
7~ “/\\\/\.«

F8 f”‘\mvx\\/v*

FO 7MW

F10 *’“w K

Obr. 4 Ptiklad lokalizace generatoru evokované odpovédi zachycené na elektrodé F v pribéhu
jednoduchého senzorimotorického ukolu. Vlevo: mezi kontakty F7 a F8 ma potencial opacnou

polaritu, jedna se o tzv. zvrat faze (,phase reversal®, oznaCeno Sipkou). Podnéty jsou

prezentovany v Case 0 s. Vpravo: MRI fez v roviné horizontalni s elektrodou F zavedenou
do predni ¢asti frontalniho laloku, kontakty F6-F10 v bilé elipse se nachazeji v gyrus frontalis

medius, Brodmannova area 9.
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Obr. 5 Ptiklad lokalizace generatoru evokované odpovédi zachycené na elektrodé B v prib&hu
jednoduchého senzorimotorického tikolu. Vlevo: mezi sousednimi kontakty Bl az BS lze

pozorovat vyrazné zmény amplitudy evokované odpovédi, kontakt B3 je pak nejblize zdroji.

Podnéty jsou prezentovany v Case 0 s. Vpravo: MRI fez v roviné koronalni s elektrodou B
zavedenou do temporalniho laloku, kontakty B1-B4 v bilé elipse se nachézeji v hipokampu,
kontakt B5 v bil¢ hmot¢.

Pfevazna vétSina intrakranialniho snimani u lidi vyuzivd subduralnich nebo
nizkoimpedanénich kontakti na hlubokych elektrodach, které snimaji mistni potencialy pole.
Urcit prostorové rozliSeni v téchto pfipadech neni tak jednoduché, protoze kazdy kontakt
uvedenych elektrod snima sumarni elektrickou aktivitu, kterd pochdzi z rGznych zdroji
v mozku. Sila elektrického pole zdroji vSak klesa se ¢tvercem jejich vzdalenosti od kontaktu.
To nevylucuje teoretickou moznost ovlivnéni ze vzdalengjsich zdrojli v ptipadé, Ze tyto generuji
velmi silné elektrické pole v porovnani se zdroji bliz§imi. Lachaux a spol. (2003) vSak uvad¢ji,
ze vliv jednotlivych zdroji vzdalenéjsich vice nez 1 cm od kontaktu je zanedbatelny.

I kdyz jsou hluboké elektrody zavadény do mozkové tkan¢ s milimetrovou piesnosti,
je prostorova lokalizace zdroju elektrické aktivity v mozkové tkani limitovana pfesnosti urceni

anatomické pozice elektrod po jejich implantaci. V soucasné dobé nejcastéji pouzivané MRI
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zobrazeni elektrod in situ umoziuje urit jejich pozici s piesnosti fadové v milimetrech.
Shrneme-li vySe uvedené informace, iEEG snimana hlubokymi elektrodami se srovnava
s prostorovym rozliSenim funkéni magnetické rezonance a pozitronové emisni tomografie.
Diky vysokému casovému rozliSeni vSak predstavuje zajimavy nastroj pro funkéni mapovani

mozku (obr. 6).

A

centimetry
EEG
MEG
fMRI PET
SEEG
neurony
o
milisekundy minuty

Obr. 6 Schematické porovnani ¢asového (0sa X) a prostorového (0sa y) rozliSeni nékterych

vySetiovacich technik (upraveno dle Lachaux et al., 2003).

K doplnéni seznamu vyhod je nutné také zminit, Ze diky intracerebralnim elektroddm
zavedenym do lidského mozku je, na rozdil od téze techniky pouzivané u zvirat, mozné

s vysokym ¢asovym a prostorovym rozliSenim Studovat procesy souvisejici s funkcemi

typickymi pouze pro ¢lovéka, jako je napf. fe€, piedstavivost apod.

I1.4. Limitace vyuziti IEEG pro vyzkumné ucely

Na prvnim misté je nutno uvést, ze vySetfovanymi subjekty nejsou zdravi jedinci, ale

pacienti s riznymi typy onemocnéni. Pfi analyze intrakranidlnich dat ziskanych nejéastéji
u pacientl s farmakorezistentnim typem epilepsie je vzdy otazkou, zda jejich mozkové okruhy

nejsou organizovany vlivem patologie nebo medikace jinak, nez u zdravé populace. Vysledky
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studii ukazuji, Zze na behavioralni Grovni je vétSina pacienti schopna kognitivni ukoly provadét
bez vétSich problémi. Predpoklada se, ze vliv patologické tkané neni vdzan na okamziky
prezentace podnéti a miize meénit elektrickou aktivitu v pribéhu ¢asu nezavisle na jednotlivych
ukolech. Proto se pfi analyze dat vybiraji pouze Gseky bez zjevné epileptiformni aktivity a
vybiraji se signaly z téch elektrod, které se nachazeji dale od epileptického loziska.
Z metodického hlediska je také nevyhodné, ze vySetfovani pacienti tvoii méné homogenni
skupinu, napft. v parametrech véku nebo kognitivnich schopnostech provadét pozadované
ukoly, nez vybrani zdravi dobrovolnici ve studiich skalpovych (Mukamel et al., 2012).

Podstatnym omezenim IEEG je moznost vySetieni pouze limitovaného objemu

mozkové tkan€. Nelze tedy zachytit aktivitu vSech ¢asti neurondlnich siti, které se na

experimentalnich ukolech podileji. Tento nedostatek je mozné Castecné eliminovat tak, ze se
porovnavaji data iEEG a fMRI ziskana napf. u stejnych pacienti ze stejného tkolu. Je zajimavé,
ze napt. v oddball ukolu struktury generujici vinu P3 vykazuji ¢asto zvySenou aktivaci ve fMRI
(Clark et al., 2000; Stevens et al., 2000). Ukazuje se, Ze narust tzv. ,blood-oxygen-level
dependent signalu v fMRI se v nékterych strukturach shoduje se zvySenim vykonu v pasmu
60-200 Hz (Brovelli et al., 2005), v pasmu 40-150 Hz (Lachaux et al., 2007), v pasmu 70-190
Hz (McDonald et al., 2010) nebo v pasmu 30-70 Hz (Privman et al., 2007). Jaky je vztah mezi

metabolickou a elektrickou aktivitou neuronalnich populaci zatim neni zcela jasné.

11.5. Elektrofyziologické korelaty mozkovych operaci

Jako jedna z metod funk¢niho mapovani lidského mozku umoznuje intrakranialni EEG
studovat neuronalni pochody pfinejmensim na dvou trovnich. Na jedné Grovni se védci snazi
identifikovat jednotlivé slozky neuronalnich siti, tzn. hledaji oblasti mozku, které¢ vykazuji
zmény elektrické aktivity (at’ uz jednotkové nebo LFPS) napft. v pribéhu kognitivnich tkold.
Na druhé urovni se studuji dynamické vztahy v neurondlnich sitich, tzn. ¢asové-prostorova
aktivace a synchronizace jednotlivych zacastnénych oblasti. V obou urovnich se studované déje
odehravaji v ur€itych frekvencnich pasmech, jejichZz oznaeni nej€astéji vychazi z klasické
EEG klasifikace jako delta, theta, alfa, beta nebo gama pasma. Nékdy se l1ze setkat s pfesnéjSim
délenim, napf. na horni, dolni-1 a dolni-2 alfa pasmo (Klimesch, 2000). ProtoZe se u riznych
autorl hranice jednotlivych pasem mohou lisit, uziva se vedle vyse uvedeného také rozdéleni
s oznacenim Ciselnym, napf. frekvencni pasmo 15-40 Hz, 8-15 Hz apod.

Pfi studiu kognitivnich funkci s pomoci intrakranidlnich elektrod se pouZzivaji stejné

postupy analyzy, jako u registrace ze skalpu. Jednou z nich je zpramérovani EEG odpovédi
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Casové vazanych na opakovanou prezentaci stejného podnétu nebo na provedeni jednoduché
akce. Vypocet prumérné amplitudy EEG odpovédi umoziuje studovat fazové koherentni slozku

signalu (,,phase-locked), tedy evokované déje, které jsou podkladem tzv. ,.event-related

potentials (ERPs). Do cestiny lze pielozit jako ,,mozkové odpovédi na zamétené udalosti®
(Stejskal et al., 1993). Pro zkratku a srozumitelnost se vSak v Ceské odborné literatufe pouziva
oznaceni ERP nebo ERPs. Ty se skladaji z n¢kolika komponent — vin (obr. 7), které jsou
definovany latenci, polaritou, distribuci na skalpu a behavioralnimi korelaty (napt. Halgren et
al., 1998).

Casné senzorické pozdni kognitivni
ERP komponenty ERP komponenty
N1
W‘" = terova odpoveéd
—— neterCova
P2 20 uv
S— vInaP3-like 4
I I

0 0.4 0.8 s

Obr. 7 Ptiklad ERPs po teréovych (silnda ¢ara) a neterCovych podnétech (tenka cara)
registrovanych v priibéhu zrakového oddball tkolu z gyrus cinguli anterior vpravo. Podnéty
jsou prezentovany v €ase 0 S. Z ¢asnych ERP komponent je vidét vinu N1 a P2. Kognitivni vlna
P3 se v intracerebralnim EEG oznacuje jako P3-like.

(Obrazek z prednasky ,,Electrophysiological correlates of neuronal processing during cognitive
tasks studied by the intracranial EEG in humans* prezentované na 25. mezinarodni CIANS

konferenci v Bratislavé, Slovensko, 2016).

Po sobé jdouci viny lze rozdelit na casné senzorické potencidly, které jsou zejména

ovlivnitelné fyzikalnimi vlastnostmi vyvoldvajiciho podnétu (Jewett et al., 1970; Cracco a
Cracco, 1976) a na pozdni kognitivni potencialy, podminéné kognitivnimi procesy (Sutton et
al., 1965; Donchin et al., 1978; Hillyard et al., 1978, Halgren et al., 1998). Mezi ERP
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komponenty ¢asné fadime viny s latenci obvykle krat$i nez 250ms, oznacované nejcastéji jako
P1, N1, P2, vyjime¢n¢ nékterymi autory uvadéna i N2 (Antal et al., 2000). ERP komponenty
s latenci delsi nez 250 ms jsou pak oznacovany jako kognitivni a patii sem napi. viny N2, P3,
N400. Pouzité déleni je vSak pouze orientacni, protoze pfesna hranice mezi senzorickymi a
kognitivnimi potencialy neni doposud jednozna¢né urCena. Na tomto misté je zapotiebi jesté
uvést, ze polarita jednotlivych komponent evokovanych odpovédi u intracerebralnich dat nema
stejnou vypoveédni hodnotu, jako pii registracich na skalpu. Navic neni také doposud jasné,
jakym zpiisobem se v mozkové tkani identifikované generatory ERP podileji na skalpovych
signalech. Detailné;si popis problematiky ERPs 1ze nalézt v dizertacni praci (Roman, 2004).

Interpretace ERPs vychazi z ptedpokladu, ze pii opakované prezentaci stejného podnétu
se shodné méni i neuronalni aktivita ve stejnych anatomickych oblastech a ve stejném ¢asovém
okn¢. N¢kteti autofi popisuji tuto skuteCnost jako ,,phase resetting (Brandt, 1997).
Zprimérnénim takto vyvolanych EEG odpovédi se pravidelnd aktivita zvyrazni, zatimco
neuronalni aktivita, kterd neni vadzana na prezentaci podnétu (Sum), se potlaci. Tento
jednoduchy matematicky postup je pouzitelny i tehdy, kdyZ evokovana odpovéd’ pii nckteré
prezentaci podnétu chybi nebo, kdyz jeji latence od podnétu neni konstantni. Takové kolisani
vSak musi byt mnohem mensi nez trvani studovaného evokovaného potencialu. Z uvedené¢ho
pak vyplyva i jisté omezeni. Napi. timto postupem nelze detekovat evokované potencialy
o frekvenci vyssi nez 30 Hz, pokud jednotlivé odpovédi nejsou S podnétem synchronizovany
s milisekundovou ptesnosti (Lachaux et al., 2003).

Prezentace podnéti vsak vedle evokované odpovédi muze vyvolat takové zmény LFPs,
pii kterych jednotlivé EEG oscilace nejsou fazové koherentni. Hovofime o tzv. odpovédi
indukované. V tomto ptipadé se analyzuje pfedev§im zména amplitudy nebo vykonu oscilaci,
nikoliv faze ("time-locked; nonphase-locked"), ktera se navic obvykle objevuje s delsim
Casovym odstupem od okamziku stimulace nez odpovéd’ evokovana. Ptredpoklddanym
podkladem tohoto typu EEG odpovédi je zména poétu aktivovanych oscilatort (tj. oscila¢nich
neuronalnich celkll) v daném frekvencnim pasmu (Klimesch, 1999).

U indukovanych odpovédi vyhodnocujeme piedevSsim relativni zmény amplitudy
oscilaci EEG signalu ve vymezeném frekvenénim pasmu vzhledem k amplitudé signalu
v kratkém Casovém okné pred prezentaci podnétu (Pfurtscheller, 1992). Nartust amplitudy je
oznacovan ERS (,,event related synchronization) a pokles ERD (,event related
desynchronization®). Pro analyzu indukovanych zmén se pouziva vypocet amplitudovych nebo

vykonovych obalek pomoci Hilbertovy transformace s vyuzitim FFT nebo vlnkové
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transformace. Pro riizna frekvencni pasma lze vytvéret Casové-frekvencni mapy. Jednotlivé
mapy nebo obalky se priméruji po jednotlivych EEG epochach (,,EEG trials®).
Pro analyzu ¢asové-prostorové aktivace zucastnénych neurondlnich oblasti, tzn. miry

jejich funkéniho vztahu — tzv. funkéni konektivity, se napf. pouziva vypocet korelace signalt

ze dvou a vice mist mozku v ¢asové oblasti (korelace; napt. Kukleta et al., 2009) nebo
ve frekvenéni oblasti (koherence vykonovych spekter; Rappelsberger et al., 1993). Kromé
linearni korelace a koherence patii v sou¢asné dobé mezi nejpouzivanéj$i metody analyzy
funk¢ni konektivity i metody zalozené na vypoctu okamzité faze signalu, nelinedrni a kauzalni
metody. Z metod vyuzivajicich okamzitou fazi signalu lze uvést napiiklad ,,Phase
Synchronization®, ,,Mean Phase Coherence* (Mormann et al., 2000) nebo ,,Phase-lag Index*
(Stam et al., 2007). Kromé zachyceni okamzitych fazovych zmén mezi dvojci EEG signalti maji
tyto postupy schopnost 1épe potlacit spole¢né, nezadouci slozky v signéalech. Z nelinearnich
metod lze pouzit napt. h2 — nelinedrni korelaci. I pifesto, ze je pouziti nelinedrnich analyz
v signalech EEG z mnoha divoda diskutabilni, dosahuje tato metoda dobrych vysledkd,
pfedevs§im v kontextu dynamickych zmén vyraznych behaviorélnich stavil, jako jsou naptiklad
epileptické zachvaty (Wang et al., 2014, Jirsa et al., 2014).

Pro posouzeni kauzality zkoumanych déji v EEG, mohou vySe zminéné konvencéni
metody nabidnout pouze omezenou informaci. Pro popis ¢asovych posloupnosti v EEG
signalech je proto Casto pouZivana Grangerova kauzalita, ktera na zaklad¢ predikce a vysledné
chyby urcuje, ktery EEG signal kauzalné ovliviiuje prubéh signald okolnich (Granger, 1969).
V ptipadé€ zkoumani kauzalni konektivity (tzv. efektivni konektivity) mezi vice neZ dvéma EEG
signaly jsou vyuzivany multivarietni metody zaloZeny na principu Grangerovy kauzality —
,Directed Transfer Function* a ,,Partial Directed Coherence* (Baccala a Sameshima, 2001).
Pti analyzach konektivity vSak obecné plati, Ze hodnota vyslednych parametrl je vyznamné
zavisla na strukturalnich spojich mezi odpovidajicimi anatomickymi oblastmi a je ovlivnéna

ptitomnou patologii (Tucker et al., 1986).

11.6. Vyzkumné vyuZiti iIEEG

Vyzkumné vyuziti iEEG u lidi pfedstavuje minoritni podil mezi modernimi technikami
funkéniho mapovani mozku z divodl vysoké narocnosti na jeji provedeni a relativné malého
poctu pacientt, ktefi z klinickych diivodu tuto exploraci podstoupi. K naro¢nosti do jisté miry

pfispiva nutnost multidisciplindrniho pfistupu - vétSinou se na vyzkumu podileji odbornici

24



Z oboru neurologie, neurochirurgie, neurofyziologie, neuropsychologie a kognitivnich
neuroveéd. I pfes uvedené skuteCnosti vSak tato metoda poskytuje unikatni data diky jeji
milimetrové a milisekundové rozliSovaci schopnosti.

V nasledujicich odstavcich jsou uvedeny nékteré zajimavé nalezy humannich iEEG
studii, které prisp€ly k rozsifeni naSich znalosti v riznych oblastech vyzkumu mozku (fec,
motorika, percepce, emoce a pamét). Sir§i vycet praci lze nalézt v prehledovych ¢lancich
Lachaux a spol. (2003), Jacobs a Kahana (2010) nebo Mukamel a Fried (2012).

Pii vyzkumu fe¢i a fecovych funkci Penfield a Roberts (1959) a pozdéji Ojemann a spol.
(1989) prokazali ucast mnoha kortikalnich oblasti v feCové dominantni hemisféfe pomoci
elektrické stimulace kortexu b&hem neurochirurgickych zakroku. Sahin a spol. (2009)
na zaklad¢ registrace potenciali mistniho pole zase ukazuji, Ze lexikalni, gramatické a
fonologické procesy feci jsou v Brokové oblasti zpracovavany v odliSnych casovych obdobich.
Dal$im zajimavym nalezem je, Ze napf. premotorické oblasti béhem mluveni moduluji
neurondlni aktivitu ve sluchovém kortexu (Greenlee et al., 2011).

Somatotopicka organizace primarniho motorického 1 senzorického kortexu byla
prokézana pomoci elektrické stimulace kortexu (Penfield a Boldrey, 1937) a také sledovanim
vykonu v alfa, beta a gama pasmech pro pohyby riiznych ¢asti téla (Crone et al., 1998a,b).
S vyuzitim stimulace nervus medianus se Allison a spol. (1989) podafilo zmapovat ¢asoveé
prostorovou reprezentaci odpovédi na tuto stimulaci v odpovidajicim senzorimotorickém
kortexu. Fried a spol. (1991) jako prvni prokazuji somatotopickou organizaci lidské
suplementarni motorické oblasti (SMA). Navic elektrickou stimulaci této oblasti spustili
u pacientd potiebu provést pohyb, demonstrujice tak spojeni mezi SMA a volnim pohybem.
Podobny vztah k volnimu ftizeni pohybu naléza Desmurget a spol. (2009) i u dolniho
parietalniho kortexu, kdy jeho stimulace vedla k vyvolani pocitu, Ze pacient by m¢l provést
pohyb. Pfi vyssi intenzité stimulace dokonce doslo k navozeni iluze, Ze pohyb byl proveden.
Nezavisle na vili pacienta vSak skute¢ny pohyb spousti stimulace v premotorické korové
oblasti (area 6). Tankus a spol. (2009) demonstruji, ze neuronalni aktivita SMA oblasti je
nepifimo Umérna rychlosti provaddéného pohybu. Odpovédi neuronti téze oblasti byly
registrovany i pii pouh¢ piedstavé pohybti (Amador a Fried, 2004).

V lidském hipokampu a parahipokampalnim gyru Ekstrom a spol. (2003) jako prvni
demonstruji existenci ,,place” a ,,view*™ neurontl, jejichZ aktivita je podkladem prostorové
orientace. V jiné studii Allison a spol. (1999) identifikovali komponenty ERPs souvisejici

s percepci lidskych tvafi a podrobné zmapovali jejich lokalizaci v okcipitotemporalnim
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kortexu. V jiné studii byly meziotemporaln¢ identifikovany takové neurony, které se aktivovaly
jak pti prohlizeni zrakovych podnéti, tak pii jejich pfedstavovani pii zavienych o€ich (Kreiman
et al., 2000a,b). Jina studie ukazala, Ze stupen fazové shody jednotkové aktivity s pomalymi
oscilacemi mistnich potenciald pole v pasmu 3-8 Hz v hipokampu a amygdale je ukazatelem
vykonnosti paméti (Rutishauser et al., 2010).

Déle pii vyzkumu emoci se napt. ukdzalo, ze aktivita amygdaly se pfi rozliSovani
averzivnich, neutrdlnich a pozitivnich podnéti 1isi jak v indukované (Oya et al., 2002; Sato et
al., 2010) tak v evokované odpovédi (Krolak-Salmon et al., 2004). Pocity znechuceni byly
vyvolany elektrickou stimulaci téch oblasti inzuly, které vykazuji nariast amplituy ERP pii
pozorovani vyrazi znechuceni (Krolak-Salmon et al., 2003). Dalsi studie mapuji lokalizaci tzv.
zrcadlovych neurontl, které se aktivuji v pripad¢, ze vysetfovany subjekt sdm provadi néjakou
¢innost nebo stejnou Cinnost pozoruje u ostatnich. Jejich existence byla prokdzana nejen
v motorickém a senzorickém kortexu, ale i v SMA nebo hipokampu (Mukamel et al., 2010a).
Analogicky aktivni neurony lze nalézt i v pfednim cinguldrnim kortexu u subjektil v situacich,
kdy sami jsou vystaveni bolestivé stimulaci nebo kdyZ pozoruji jiné osoby vystavené stejné

bolestivé stimulaci (Hutchison et al., 1999).
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I11. Elektrofyziologické projevy mozkovych funkci studované v pribéhu kognitivnich
ukolu.

V Sesti predkladanych studiich (ptiloha 1,3,4,6,7,8) jsme zpracovavali prof. Brazdilem
dfive nahrana intracerebralni EEG data, ktera byla ziskana v pribéhu jednoduchého zrakového
oddball tkolu u souboru 20 epileptickych pacientt (ve ve€ku od 23-45 let). V dalSich studiich

byl pouzit jednoduchy senzorimotoricky ukol (pfiloha 2; vySetieno 11 epileptickych pacientu,

prumérny vék 35+11 let) a tzv. Go/NoGo tkol (ptiloha 5; vysetieno 7 epileptickych pacient,
prumérny veék 29+4 roky), jejich detailné;jsi popis je uveden v komentati k dané publikaci.

Ve vsech studiich byly pii registraci EEG signalu pouzity standardni semiflexibilni
vicekontaktové elektrody ALCIS o priméru 0,8 mm. EEG bylo nahrdvano 128 kanalovym
TrueScan EEG systémem na vzorkovaci frekvenci 1024 Hz.

Studované elektrofyziologické korelaty jsou generovany v riznych frekvencnich
pasmech. Z toho divodu jsou EEG data v kazdé studii po odstranéni artefaktd a pred vlastni
segmentaci filtrovana offline ve frekvencnich pasmech odpovidajicich studovanému korelétu.
Nasledné pak do analyzy vstupuji EEG pteb&hy (synonyma: EEG segmenty, EEG epochy,
,,EEG trials®) v trvani nékolika stovek milisekund pied a po okamziku prezentace podnétii nebo
registrované odpovédi.

EEG data ziskana pii soucasné registraci ze skalpové CPz elektrody, umisténé
V polovi¢ni vzdélenosti mezi elektrodami Cz a Pz mezinarodniho 10-20 systému, byla v nasich
studiich malo vyuzitelnd z dGvodd niz§iho poméru signal/Sum a pouzitych analyz. Ojediné€lé
nalezy z této elektrody zminujeme Vv nasledujicich komentatich jen vyjimeéné.

Pro analyzu iEEG dat jsme ve vétSiné pripadid pouZili software ScopeWin, jehoz
autorem je ing. Pavel Jurdk, CSc, pfipadné software Physioplore, jehoZ autorem je ing. Jan
Chladek, PhD., oba autofi jsou zaméstnanci Ustavu piistrojové techniky Akademie véd

CR, Brno.

Oddball kol

V zékladni varianté oddball tikolu (jednoduchy rozhodovaci tikol; pro anglické slovo
,»oddball“ nemame v Cestiné pieklad) jsou nahodné prezentovany dva typy senzorickych
podnéti stejné modality — teréové (Synonymum yvzacné; angl. ,rare, target, deviant”) a
neterové (Synonymum casté; anglicky standard, frequent, non-target*) v poméru 1:5 (obr. 4).
Mezi jednotlivymi podnéty se nachazi kratka pauza (cca 2-5 S). V naSem piipadé zrakové

stimulace s pouzitim pismen jako podnétd piedstavovalo pismeno ,,X* podnéty teréové,
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pismeno ,,0* podnéty neterCové. Pokusna osoba byla instruovana reagovat na vyskyt kazdého
ter¢ového podnétu stlacenim ru¢niho spinace a v duchu tyto podnéty pocitat, zatimco ostatni

podnéty nechavat bez povSimnuti (napt. Polich, 2007).

ter¢ové
neteréové podnéty

podnéty - ~a

ol

~ g

10's

Obr. 4 Schematické znazornéni jednoduchého oddball ukolu. V nasi studii bylo teréovym
podnétem pismeno ,,X“ a neteréovym podnétem pismeno ,,0° (horni zaznam). Na vyskyt
teréového podnétu pokusna osoba reagovala stiskem tla¢itka (dolni zaznam). Oba zaznamy jsou

vzdy nahravany do ptidavnych kanall zesilovace soucasné s kanaly EEG.

Oddball tkol je do jist¢é miry zna¢né jednoduchy (percepce dvou podnéti stejné
modality) a tudiz velmi snadno pouzitelnym pro zakladni i aplikovany neurofyziologicky
vyzkum s vyuzitim riznych vySetfovacich metod. Na druhé strané vSak urceni vyznamu
podnéti a jejich randomizovany vyskyt v pribéhu ukolu vyzaduje zapojeni mentalnich operaci,
kter¢ jsou hlavnim cilem zkoumani v této oblasti neurofyziologie a pfi kterych se angazuje fada
kortikalnich a subkortikalnich struktur. S vyuZitim modernich vySetfovacich metod s lepSim
prostorovym i ¢asovym rozlisenim, jednou z nich je prave intracerebralni elektroencefalogarfie,
je mozné ziskat detailngjsi informace o zicastnénych neuronalnich sitich a ¢aso-prostorovych
vztazich mezi neuroanatomickymi strukturami, které jsou aktivovany v pribéhu zdkladnich

mentélnich operaci.
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I11.1. Intracerebralni vina P3-like je heterogenni fenomén

V nasi prvni studii (pfiloha 1) jsme se zaméiili na detailnéj$i analyzu kognitivni
komponenty ERP oznaCované jako vilna P3, konkrétn¢ na jeji intracerebralni variantu
oznacovanou jako vina P3-like. V oddball ukolu je typicky pfitomna po ter¢ovych podnétech.
Jeji dalsi nazev je vina P300, coz souvisi s primérnou vrcholovou latenci této komponenty
(kolem 300 ms) u zdravych jedinci pfi pouziti sluchové modality stimulace. Latence vizualni
viny P3 se pohybuje v rozmezi 250-600 ms od zacatku podnétu a miize se ménit v zavislosti
na typech podnéta, slozitosti ukolu a na vySetfovanych osobach (Comerchero a Polich, 1998).
Casové se viak Gasto piekryva s okamzikem pohybu, miiZe jej pfedchazet nebo nasledovat, a
proto na pohyb-vazané potencialy mohou zkreslit jeji skalpovou distribuci a zménit jeji latenci
(Jentzsch a Sommer, 2001; Salisbury et al., 2001; Brazdil et al., 2003).

I pies nejednoznacné nalezy ve studiich zaméfenych na analyzu vztahu mezi latenci
viny P3 a reak¢ni dobou (napi. Gehring et al., 1992; Mecklinger et al., 1992; Gunter et al.,
1994), povazuje vétSina autord vinu P3  obecnéji za koreldt procestt souvisejicich
s vyhodnocovdnim podnéth (,,stimulus-related”) a nesouvisejicich s procesy vybéru a
provedenim odpovédi (Pfefferbaum et al., 1986). Tento kognitivni potencial byva tedy
interpretovan jako meétitko rychlosti zafazeni nebo vyhodnoceni podnétu (Polich, 1986), jako
ukonéeni poznavaciho procesu v mozku (,,cognitive closure“), ¢i jako korelat aktualizace
pamétovych funkei pfed dalsi akci nebo byva spojovan s mechanismy pozornosti a orientace
(Paller et al., 1987).

Ve studiich vyuzivajicich intracerebralnich elektrod u epileptickych pacientt byly
nalezeny generatory viny P3 v riznych strukturach (Baudena et al., 1995; Halgren et al.,
1995a,b; Brazdil et al.,, 1999). Byly popsany dva charakteristické, na modalit¢ podnétu
nezavislé, intracerebralni vzorce viny P3. Prvni pfedstavuje trifazicka vlna s ostrymi vrcholy
(negativni—pozitivni—negativni) oznacovana jako N2a-P3a-SW. Byva spojovana se systémem
zaméfené pozornosti a byla pozorovana opakované v téchto oblastech: gyrus temporalis
medius, gyrus fusiformis, gyrus parahipokampalis, gyrus cinguli, dorzolateralni prefrontalni
kortex a dolni parietalni kortex. Druhym vzorcem je Siroka vina P3b, kterd je soucésti viny
N2b-P3b a ktera je spojovana se systémem ,kodujicim udalosti, byla nalezena napf.
Vv lateralnim orbitofrontalnim kortexu, amygdale a hipokampu (Halgren et al., 1995a,b;
Brazdil et al., 1999).
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Na rozdil od vSech do t¢ doby znamych intrakranialnich studii zabyvajicich se lokalizaci
kognitivnich potencialti v mozku jsme se v této studii zaméfili na Casovy vztah intracerebralni
viny P3-like k podnétu a motorické odpovédi. Vyuzili jsme pfitom skuteénosti, ze 1) EEG
zaznamy z hlubokych elektrod maji vyssi pomér signal/Sum a tudiz staci zprimérnit mensi
pocet EEG piebéht k vykresleni studovaného potencialu; 2) u kazdého EEG piebehu jsou vedle
piesné Casové identifikace prezentace podnétu jesté zaznamenany okamziky stisku tlacitka; 3)
reakcni doba, tj. Cas od prezentace podnétu po okamzik stisku tlacitka, neni v jednotlivych EEG
ptebézich u kazdého subjektu stejnd a individudln€ je tak mozné rozdélit EEG piebehy

do podskupin s kratkou a dlouhou reak¢éni dobou.

Priloha 1. Roman R, Brazdil M, Jurak P, Rektor |, Kukleta M. Intracerebral P3-like waveforms

and the length of the stimulus-response interval in a visual oddball paradigm. Clinical
Neurophysiology 2005;116:160-171.

K analyze jsme pouzili intracerebralni data registrovana v prib&hu zrakového oddball
ukolu u 17 epileptickych pacientl (4 Zeny a 13 muzi). K odstranéni vlivu vysokofrekvenénich
slozek EEG signalu, které nepfispivaji ke generovani viny P3-like, jsme EEG data nejdiive
digitaln¢ filtrovali (pasmova propust 0,5-5,5 Hz). U kazdého pacienta bylo zprimérnéno
ptiblizné 50 piebéhii po teréovych podnétech a 150 piebéhti po podnétech neteréovych. Vina
P3-like v rozsahu latenci 250-600 ms byla identifikovana ve 180 mistech frontalniho,
temporalniho a parietalniho laloku. V dal§im kroku jsme EEG ptebehy po tercovych podnétech
rozdélili do dvou podskupin s kratsi a del§i reakéni dobou. Pieb&hy (pocet 16+3)
v podskupinach byly poté zprimérmény dvéma zpisoby a to od podnétu a od stisku spinace.

Porovnani latenci vin P3-like v obou podskupinach pii dvou zplisobech zprimérnéni
nam umoznilo rozdéglit viny P3-like na tfi typy s difuzni intracerebralni distribuci. Jednotlivé
typy nebyly specifické pro urcité struktury a u vétSiny pacientli jsme mohli identifikovat vice
neZ jeden piipad P3-like viny kazdého typu v riiznych strukturach.

Prvnim typem byla vlna casové véazand na podnét (primérnd latence 393 ms).
Zpramérnénim od podnétu vykazovala tato vina stejnou latenci v obou podskupinach.
Zpramérnénim od stisku spinace se vSak latence lisily (del$i byla v podskupiné s delsi reak¢ni
dobou) rozdilem, ktery piedstavoval primérné 91,1£22,9 % odpovidajiciho rozdilu v primérné
reak¢ni dobé obou podskupin. Takovy typ potencialu mize predstavovat procesy souvisejici se
senzorickou diskriminaci a vyhodnocenim podnétu. Mize byt podkladem skalpovych P3 vin

generovanych po ,,distraktorech® (Knight, 1998), registrovanych v pasivnim oddball ukolu
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(Polich, 1989) nebo P3 vin, jejichZ latence se ménila s reakéni dobou pii snizovani intenzity
podnétl (Verleger et al., 1991) nebo pii snizovani diskriminability podnétu (Novak et al., 1990).

Druhym typem byla vlna ¢asové vézand na odpovéd (primérna latence 440 ms).
Stejnou latenci v obou podskupindch vykazovala tato vlna pfi zpraimérnéni od stisku spinace.
Pii zprimérnéni od podnétu se vSak latence liSily (byla delsi v podskupiné s delsi reakcni
dobou) rozdilem, ktery piedstavoval primérné 95,1+£20,1 % odpovidajiciho rozdilu v primérné
reakéni dobé obou podskupin. Takova vina P3-like pravdépodobné reprezentuje procesy
souvisejici s vytvofenim vnitini reprezentace odpovédi, jeji pfipravou, zahdjenim a vlastnim
provedenim. Jeji existence by mohla napt. vysvétlit, pro¢ v tkolech s minimélnimi pozadavky
na vyhodnoceni podnétu vedlo provedeni odpovédi k ovlivnéni latenc skalpové viny P3
(Doucet a Stelmack, 1999) nebo pro¢ zménilo jeji skalpovou distribuci (Salisbury et al., 2001).

Nejcastéji jsme pozorovali tieti typ viny bez jasné ¢asové vazby na podnét a odpoveéd
(pramérna latence 425 ms). U tohoto typu viny predstavoval rozdil latenci mezi obéma
podskupinami pii zpramérnéni od podnétu 57,4+26,0 % a pii zpramérnéni od odpovédi
51,9+18,8 % rozdilu v primérné reakéni dob& obou podskupin. Zd4 se, Ze posledni typ viny
P3-like by mohl souviset s pamétovymi a pozornostnimi operacemi nebo procesy integrujicimi
zpracovani podnétu a provedeni odpovédi, tzn. rozhodnuti o odpovédi na zaklad¢ analyzy
senzorické informace. Stémito operacemi byva asociovdna skalpova vlna P3b
S centroparietdlnim maximem (McCarthy et al., 1997). Redukce viny P3b u pacientli
s temporoparietalni 1ézi je doprovazena deficity pozornosti a paméti (Woods et al., 1993).
Nalezy tretiho typu P3-like viny v hipokampu, parahipokampalnim gyru, amygdale a na dalSich
mistech mohou podpofit vyse uvedené zjisténi. Je pravdépodobné, Ze rozhodovani, pozornostni
a pamé&tové procesy nemusi byt presné Casoveé vazany na okamzik prezentace podnétu a jejich
¢asova vazba muize kolisat v zavislosti na okamzitych podminkach. Stejné vysvétleni mize byt
pouzito pro procesy pocitani terovych podnétl, které pak mohou pfispivat ke vzniku tfetiho
typu viny P3-like.

Vysledky nasi studie tedy prokéazaly, ze vina P3-like vyvoland v pribéhu zrakového
oddball ukolu je heterogenni fenomén odrazejici vice mozkovych funkci. Zajimavym vedlejSim
nalezem bylo zjiSténi, Ze oba intracerebralni vzorce — trifazicka vina N2a-P3a-SW i Siroké vina
P3b — byly nalezeny u vsech tii typt P3-like vIn. Z uvedeného vyplyva, ze tyto vzorce
evokované EEG odpovédi registrované piimo v mozkové tkani odrazeji spiSe urcitou

elektrofyziologickou zdkonitost nez specifické kognitivni operace.
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I11.2. Hipokampalni kognitivni potencial s latenci kolem 420 ms vyvolany V pribéhu
jednoduchého senzorimotorického tukolu nesouvisi s motorickou odpovédi

V praci Roman a spol. (2005) zamétené na analyzu viny P3-like vyvolané v oddball
ukolu jsme pozorovali, ze se v hipokampu ¢loveka pravidelné vyskytuje vyznamny pomaly
ERP s latenci kolem 450 ms. Stejny nalez pii pouziti téhoz ukolu popisuje také jina skupina
(Ludowig et al., 2010). Potencial velmi podobného charakteru byl v hipokampu nalezen také
pfi pouziti jinych experimentdlnich tkolt, napt. pii studiu pamétovych procest (Paller a
McCarthy, 2002). Pro svoji ptitomnost v fadé¢ humannich studii (napf. Grunwald et al., 1995;
Brazdil et al., 2001; Fell et al., 2005; Boutros et al., 2008; Axmacher et al., 2010) je tento
potencial chapan jako korelat kognitivnich procesii zprostfedkovanych hipokampem v riiznych
kognitivnich ukolech. V nékterych studiich byl tento potencidl povazovan za jeden z generatora
skalpové viny P300 a proto jej n€ktefi autoti oznacuji napi. jako MTL-P300 (Fell et al., 2004),
jako hluboka P3b (Halgren et al., 1995b) nebo P3-like vlna (Brazdil et al., 2003). Protoze tento
hipokampalni ERP neni vazan na nékteré funkce asociované s funkcemi viny P300, Paller a
McCarthy (2002) navrhuji pouZzivat popisny termin ,,large negative ERP*.

Vysledky vétSiny intracerebralnich studii prokazuji ti€ast hipokampu v kognitivnich
procesech, jako jsou napt. hodnoceni vyznamu podnétii (Rosburg et al., 2007; Grunwald et al.,
1998; Strange a Dolan, 2001) a pti pamétovych tkolech - prostorova pamét’ (napi. Watrous et
al., 2011), kodovani a vybavovani epizodické paméti (napt. Fernandez el al., 2002; Amaral a
Lavenex, 2007; Eichenbaum et al., 2012). N¢ckteré animalni studie vSak ukazuji, zZe
hipokampalni theta aktivita je spojena s motorickym chovanim (Vanderwolf, 1969; Wyble et
al., 2004; Shin, 2011). Intracerebralni studie u ¢lovéka také v hipokampu prokazuji na pohyb
vazany narust theta oscilacni aktivity (Ekstrom et al., 2005). Tyto nalezy jsou v souladu se
senzorimotorickou integracni teorii, kterd predpoklada, Ze hipokampalni theta aktivita odrazi
jak zpracovani senzorickych informaci souvisejicich s pfipravou pohybu tak jeho provedenim
(Bland a Oddie, 2001).

Dalsi doklady pro ucast hipokampu pii provadéni pohybu pochazeji ze studii, které
ukazuji zmény hipokampalni evokované aktivity v prib&hu motorické odpovédi. Naptiklad
v oddball tkolech, je amplituda hipokampalniho pomalého ERP vzdy vys§i po terCovych
podnétech, vyzadujicich stisk tlacitka, v porovnani s odpovédi po neteréovych podnétech, kdy
motorickd odpoveéd’ neni pozadovéana (Brazdil et al., 1999; Fell et al., 2005; Ludowig et al.,
2010). Amplituda hipokampalniho pomalého ERP po terCovych podnétech je také vyssi

v ptipad¢€, kdy pacient ozna¢i pifitomnost terového podnétu stiskem tlacitka v porovnani
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s mentalnim pocitanim (Brazdil et al., 2003). Navic v nasi ptedchozi studii (Roman et al., 2005)
jsme pozorovali, Ze hipokampalni P3-like vlna mize byt Casové vazana jak na okamzik
prezentace podnétu, tak na okamzik motorické odpovédi. Tyto nalezy naznacuji, Ze
hipokampalni pomald evokovand aktivita muize souviset vedle vyhodnoceni podnéti a
pamétovych procesi také s provedenim pohybu.

Abychom objasnili tuto moznou souvislost, zaméfili jsme se v dal§i nasi intracerebralni
studii (pfiloha 2) na analyzu ¢asového vztahu mezi latenci hipokampalniho pomalého ERP a
okamzikem motorické odpovédi. Zvolili jsme jednoduchy ukol, pti kterém byl prezentovan
pouze jeden typ podnétu (1 kHz ton; celkem 150 podnéti; interstimulus interval 4-6s). Pacienti
byli instruovani stisknout tladitko spinace po zaznéni tonu, pficemz nebyl kladen diraz

na rychlost odpovédi.

Priloha 2. Roman R, Brazdil M, Chladek J, Rektro I, Jurdk P, Svétlak M, Damborska A, Shaw

DJ, Kukleta M. Hippocampal negative event-related potential recorded in humans during a
simple sensorimotor task occurs independently of motor execution. Hippocampus
2013;23(12):1337-1344.

Tato prace ziskala v roce 2014 ocenéni Ceské spolecnosti pro klinickou neurofyziologii CLS

JEP - I.misto v soutézi o nejlepsi védeckou prdci za rok 2013.

Z metodického hlediska se jedna o prvni IEEG studii, ve které byly pro stanoveni latence
intracerebralniho ERP pouzity parametry odvozené z plochy studovaného potencialu.

Vychazeli jsme z obdobné metodiky doporucené pro analyzu skalpovych ERP (Luck, 2005).

2%

v ¢asovém okné, jehoz pocatecni a koncovy bod lezely na priseciku potencidlu a pomyslné
¢ary, ktera jej protinala v poloviné jeho amplitudy (,,50% peak amplitude®).

Vyhodou tohoto parametru je, ze ziskané hodnoty jsou mnohem méné€ ovlivnény
Sumem. V porovnani s vrcholovou latenci tak pfesnéji odrdzi casovou pozici potencialu
od okamziku prezentace podnétu a je proto pro analyzu vztahu latence studovaného potencialu
areak¢ni doby, konkrétné medidnu reakéni doby, vhodnéjsi. Pocate¢ni bod vymezeného
casového okna jsme potom pouzili i pro ureni latence zacatku studovaného potencidlu,
tzv. ,,onset latency” (obr. 5). Uvedena méteni jsme provadéli pomoci software Physioplore,

jehoz autorem je ing. J. Chladek, Ph.D. z Ustavu piistrojové techniky Akademie véd CR, Brno.
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Obr. 5 Schematické znazornéni parametri odvozenych z plochy studovaného potencialu

(popis parametrd je uveden v textu).

Vysettili jsme celkem 11 pacientli (9 Zen a 2 muzi) s farmakorezistentnim typem
epilepsie. Z celkového pocétu 91 hlubokych elektrod implantovanych do frontalnich,
parietalnich a temporalnich lalokli jsme analyzovali data z 22 elektrod (9 v pravé, 13 v levé
hemisféfe) umisténych do hipokampu.

Studovany pomaly ERP je evokovanou odpovédi v pasmu delta (kolem 3 Hz) a proto
jsme v prvnim kroku analyzy EEG data filtrovali (pAsmova propust 0,1-5,5 Hz). Vybrané EEG
prebéhy bez artefakti (primérny pocet 92+21) jsme zpramérnili od okamziku prezentace tonu.
U vSech vySettenych hipokampl jsme nasSli lokalné generovany pomaly ERP s primérnou
ve 14 ptipadech krat§i nezZ median reak¢éni doby, ve zbyvajicich 8 ptipadech byla delsi nez
median reak¢ni doby.

V dal§im kroku analyzy jsme pouZili originalni postup, pii kterém jsme EEG pieb&hy
rozdélili dle reak¢éni doby do péti podskupin a odd€lené¢ zprimérnili. U takto ziskanych
potenciall jsme opét zméfili jejich latenci téziste, které jsme navic piepocitali na procentudlni
podil reakéni doby a ziskali jsme tak relativni latenci. Parametr latence a relativni latence jsme
korelovali s reakéni dobou méfenou v jednotlivych podskupinach. Vysledky korela¢ni analyzy

prokazaly, Ze latence hipokampalniho pomalého ERP métfena v péti podskupindch EEG
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piebéht nekorelovala s medianem reakcni doby téchto podskupin. Hodnota korelace relativni
latence s medidnem reak¢ni doby naopak dosahla v 16 z 22 piipadt signifikantni hladiny
vyznamnosti. Vysledky na$i analyzy ukézaly, Zze hipokampalni pomaly ERP u cloveka
vyvolany v pribéhu jednoduchého senzorimotorického ukolu je Casové nezavisly na okamziku
provedeni motorické odpovédi. Jedna se tedy o elektrofyziologicky korelat velmi

pravdépodobné souvisejici s vyhodnocovanim vyznamu podnétu v kontextu situace.

111.3. Intracerebralni pozdni ERP komponenty neter¢ovych odpovédi se mohou ve svém
prubéhu shodovat s odpovédi tercovou

Pribéh evokované odpovédi priblizné od 200-250 ms po prezentaci terCovych a
netercovych podnéti v oddball ukolech je ve skalpovych studiich odlisny. Po neter¢ovych
podnétech je evokovand zména minimalni, pokud vibec, zatimco po terCovych se napf.
objevuje vyznamna vlna P3. Tato skutecnost se stala 1 jednim z kritérii pro identifikaci viny P3.
Podobny nalez Ize najit i u intrakranialnich registraci (nap¥. Halgren et al., 1998; McCarthy et
al., 1989; Ludowig et al., 2010). Nepfitomnost evokované odpovédi po neter¢ovém podnétu je
davana do souvislosti s tim, Ze po jeho detekci neni vyzadovana zadna akce, tj. pokusné osoby
si jej nemaji v§imat. Z toho diivodu byla evokovana odpovéd’ po netercovych podnétech pfi
analyzach ERP opomijena.

Z podstaty oddball ukolu vSak 1ze predpokladat, ze i neteréovy podnét vyzaduje procesy
navazujici na zékladni senzorickou diskriminaci, jejimz koreldtem jsou jiZ znamé ¢asné ERP
komponenty. Pfinejmensim by se mohlo jednat 0 porovnani s informaci uloZzenou v paméti,
konkrétné, Ze s neter¢ovym podnétem neni spojena zadna akce a z toho vyplyvajici rozhodnuti
nic nedélat.

K ovéfeni vySe uvedeného piedpokladu jsme zvolili opaény postup, nez pii identifikaci
viny P3-like. Hledali jsme, ve vysetienych strukturach mista, kde se odpovédi po terCovém a
neteréovém podnétu shoduji. Pro zvyseni vérohodnosti analyzy jsme odpovédi po netercovych
podnétech rozdélili do dvou skupin. Do jedné skupiny jsme vybrali odpovédi na kazdy prvni
neterCovy podnét prezentovany po podnétu terCovém, oznacili jsme je jako ,,nehabituované®.
Do druhé skupiny jsme zatadili odpovédi na kazdy Sesty, sedmy ptipadné dal§i netercovy

podnét, které nasledovaly po tercovém podnétu, oznaceny byly jako ,,habituované® (ptiloha 3).
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Piiloha 3. Kukleta M, Brazdil A, Roman R, Jurak P. Identical event-related potentials to target
and frequent stimuli of visual oddball task recorded by intracerebral electrodes. Clinical
Neurophysiology 2003;114:1292-1297.

Do této studie byla zafazena data ze zrakového oddball tkolu od 20 pacientt (6 Zen a
14 muzt). EEG signal jsme hodnotili v jeho celé §ifi frekvenéniho pasma 0,1-40 Hz. Celkem
bylo vysetfeno 660 mist ve frontalnich, temporalnich a parietalnich lalocich. Pocet vybranych
EEG odpovédi po terovych podnétech byl primémé 52. Do skupiny netercovych
nehabituovanych bylo vybrano primérné 42 a habituovanych primérné 89 odpovéedi. Prubéhy
zpramérnénych odpovédi po terCovych a dvou skupinach neterCovych podnéti byly vizualné
porovnany a hodnoceny jako identické nebo neidentické dvéma nezévislymi pozorovateli.

ERPs byly identifikovany na 530 mistech. Identicky pribéh ERP po terovych a
netercovych podnétech byl pozorovan v 88 piipadech, nejcastéji v amygdale, gyrus
parahipokampalis, gyrus temporalis superior, medius a inferior, gyrus fusiformis a lingualis,
méné Casto pak v senzorimotorickém kortexu, bazalnim a dorzolateralnim prefrontalnim
kortexu a hipokampu. Ve zbylych 442 ptipadech se evokované odpovédi po obou typech
podnéta zacaly ve svém priabéhu lisit cca 300-470 ms od prezentace podnétd. Identické ERP
nebyly nalezeny v bazalnich gangliich a parietalnim kortexu.

Vysledky této studie jako prvni ukazuji, Ze v urcitych strukturdch mozku probiha
kognitivni zpracovani senzorického podnétu bez vztahu k jeho vyznamu (tzn. nezavisle
na zpusobu odpovédi). I ptes zdanlivou ,,nevyznamnost* netercového podnétu v tomto tkolu
se po jeho detekci velmi pravdépodobné musi aktivovat pamétové, ptipadné rozhodovaci nebo
kontrolni procesy, které jsou potiebné pro spravné plnéni tkolu. V porovnani s vyskytem
odlisnych ERPs se po obou typech podnétli shodné ERPs vyskytuji 1) mnohem méné Casto a
2) hlavné v meziotemporalnich strukturach. Uvedené skutenosti by potom mohly vysvétlovat,

pro¢€ tyto elektrofyziologické korelaty nejsou pozorovatelné na skalpu.

I11.4. Tercové podnéty cCastéji indukuji pokles vykonu EEG aktivity v alfa pasmu,
netercové podnéty naopak Castéji narist vykonu EEG aktivity v alfa i beta pasmu

EEG aktivita béhem volniho pohybu, pamétovych a dalSich kognitivnich procesii
souvisi se zménami vykonu alfa, beta a theta oscilaci. Zmény vykonu v theta pasmu jsou
pozorovany V pamétovych ukolech a souvisi pravdépodobné s kodovanim a vybavovanim

informaci v pracovni paméti (Klimesch, 1999). SniZzeni vykonu v alfa pasmu (ERD;
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,event-related desynchronization) byva u skalpovych studii interpretovano jako
elektrofyziologicky korelat aktivovanych procest tcastnicich se zpracovani senzorickych a
kognitivnich informaci, pozornosti nebo spusténi motorické odpovédi. Nartst vykonu
ve stejném pasmu (ERS; ,,event-related synchronization) je chapan jako korelat inhibice
Zpracovavani informaci nebo pamétovych procest (Klimesch, 1996; Mazaheri a Picton, 2005).
Zvyseni vykonu v pasmu beta je pozorovano u fady senzorimotorickych ukolt a v téchto
ptipadech je spojovano s inhibici kortikalnich procest. N€kteti jini autofi vSak fenomén ERS
v riznych frekvencnich pasmech povazuji za korelat aktivniho zpracovani (Crone et al., 1998b,
2001).

Studium vykonovych zmén EEG signalu v pribéhu oddball tkolu bylo v minulosti
realizovano vyjimec¢né. Ve skalpovych studiich pti zrakové stimulaci byl pouze po ter¢ovych
podnétech prokézan signifikantni pokles vykonu v alfa pasmu (Sergeant et al., 1987),
u sluchové varianty ukolu nartist vykonu v gama pasmu s maximem kolem 37 Hz (Gurtubay et
al., 2001). Jedind humanni intracerebralni studie, kterda se zaméfila na studium ERD/ERS
fenoménti v oddball tkolu, prokazala po teréové odpovédi v hipokampu ERS v pasmu theta a
ERD v pasmu alfal (Sochiirkova et al., 2006). V této studii autofi analyzovali data pouze
6 pacientd a sledovali zmény vykonu v definovanych frekvencnich pasmech a pouze
V meziotemporalnich strukturach.

Nékteré zmény vykonu ve frekvenénich pasmech s fixné nastavenymi hranicemi vSak
nemusi dosahnout hladiny signifikance. Toto omezeni a maly pocet vySetfenych pacientli
ve studii Sochtirkova et al. (2006) byl pro nas podnétem k detailnéjsi analyze tohoto fenoménu

(ptiloha 4).

Piiloha 4. Roman R, Chladek J, Brazdil M, Jurdk P, Rektor I, Kukleta M. Changes of
oscillatory activity in a visual oddball task (SEEG study). Homeostasis in Health and Disease
2006;44(4):169-171.

V tomto pfipad¢ jsme data ze zrakového oddball tkolu analyzovali u 16 pacientt
(4 Zeny a 12 muzl). VySettili jsme celkem 150 mist ve frontalnich, temporalnich a parietalnich
lalocich (66 v levé a 84 v pravé hemisféte). U kazdého pacienta jsme nejdiive provedli Casove
frekvencni analyzu EEG odpovédi zvlast’ pro terCové a netercové podnéty. Na jejim zaklade
jsme vybrali pro kazdého pacienta specifickd, rizné Siroka frekvencni pasma, ve kterych doslo

k signifikantni zméné vykonu a ktera bylo mozno zatadit do pasma alfa nebo beta. Cilem studie
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byl popis struktur, ve kterych dochazi k signifikantnim zménam vykonu (ERD/ERS) a
porovnani zmén vykonu mezi tercovou a netercovou odpovedi.

Signifikantni zmény vykonu EEG aktivity jsme pozorovali u v§ech pacientl po tercové
(95 mist) i netercové odpovédi (84 mist) a to v riznych mozkovych strukturach v obou
hemisférach — gyrus cinguli, gyrus fusiformis, gyrus angularis, hipokampus, gyrus
parahipokampalis, gyrus temporalis superior, medius a inferior a frontoorbitalnim kortexu.
Po ter¢ovych podnétech jsme v alfa pasmu pozorovali ERD v 59 % a ERS ve 41 % piipad,
zatimco v beta pasmu ERD ve 46 % a ERS v 54 % ptipadt. Po neter¢ovych podnétech jsme
Vv alfa pasmu pozorovali ERD v 38 % a ERS v 62 % ptipadi, v beta pasmu pak ERD ve 29 %
a ERS v 71 % ptipada. Po ter¢ovych podnétech v 17 ptipadech a neteréovych podnétech v 20
ptipadech jsme na stejném kontaktu nasli nartst i pokles vykonu ve vice pasmech soucasné.

Vysledky této studie ukazaly, ze indukované EEG zmény v oddball tkolu Ize najit v celé
fad¢ struktur tempordlniho a frontdlniho laloku a rozsifuji tak nalezy ptedchozi studie
Sochurkové a spol. (2006). Po teréovych podnétech jsme Castéji pozorovali ERD v alfa pasmu,
nalez ERS po neterCovych podnétech by mohl v nékterych pripadech ukazovat na prevahu
inhibi¢nich procesti souvisejicich s neprovedenim stisku tlacitka. Zachycené zmény vykonu
jsou zjevné vazany na odpoveéd’ subjektd, jejich jasnd interpretace vSak doposud chybi. Z nasich
vysledkt také vyplyva, Ze sledovani ERD/ERS v individudlné vybranych frekvencénich
pasmech muZe lépe zachytit 1 takové zmény vykonu, které by nebyly patrné pii fixné

nastavenych hodnotach frekvencnich pasem.

II1.5. Mapovani ,.error® potencialii ukazuje ucast rady kortikalnich oblasti v mozkovém
systému detekce chybnych odpovédi

Hodnoceni spravnosti vykonané odpovédi je pravdépodobné jedna z klicovych funkei
lidského mozku. Na zacatku 90. let byla popsana negativni komponenta skalpového ERP, ktera
se objevuje 50-100 ms po chybné motorické odpovédi (Falkenstein et al., 1991; Gehring et al.,
1993). Tato negativita je maximalni frontocentraln€ a oznacuje se terminem ,,error negativity*
(Ne) nebo ,,error-related negativity* (ERN). Pfedpoklada se, Ze tento na chybu vazany potencial
je elektrofyziologickym korelatem detekce chybné odpovédi nebo kontroly odpovédi jako
takové (Coles et al., 2001; Falkenstein et al., 2000; Vidal et al., 2000). Detekci chyby nékteti
autofi vysvétluji jako detekci neshody (konflikt) mezi provedenou chybnou odpovédi a neurdlni

reprezentaci spravné odpovédi vytvofené v prubehu kontinudlniho zpracovani podnétu
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(Botvinick et al., 2001; Yeung et al., 2004). Lokaliza¢ni analyzy komponent skalpovych ERP
ukazuji na mozné zdroje ERN v pfednim cingularnim kortexu nebo pre-suplementarni
motorické oblasti (Holroyd et al., 1998; Luu et al., 2000; Ridderinkhof et al., 2004). Aktivaci
ACC po chybnych odpovédich prokazuji také nekteré fMRI studie (napt. Braver et al., 2001;
Carter et al., 1998; Fiehler et al., 2004; Garavan et al., 2003). Méné¢ Casto se aktivace objevuje
v pre-SMA, inzularnim kortexu, zadnim cinguldrnim kortexu, thalamu, lobulus parietalis
inferior a gyrus supramarginalis, (Menon et al., 2001; Ullsperger a von Cramon, 2001).

Intracerebralni registrace ERP u epileptickych pacientli béhem ptedopera¢niho video-
EEG monitorovani nabizi moznost piimé lokalizace zdroji evokovanych potenciali.
V souvislosti s mapovanim mozkovych oblasti G€astnicich se zpracovani chybnych odpovédi
je bezesporu zajimavy vysledek nasi intracerebralni studie z roku 2002. V pribéhu zrakového
oddball ukolu totiz n¢ktefi pacienti také n€kdy chybné stiskli tlacitko po terCovych podnétech.
Vybrali jsme 7 pacientd s dostatenym poctem chybnych odpovédi (pramémé 9,3).
Zprumérnénim téchto chybnych odpovédi jsme ziskali typické ,.error potencialy, tedy ERN.
Jejich zdroje jsme prokazali v fadé mozkovych oblasti, zejména v gyrus cinguli anterior,
meziotemporalnich a prefrontalnich korovych oblastech (Brazdil et al., 2002). Nase vysledky
vSak z diivodi pouzitého ukolu nebylo mozno jednoduse srovnéavat s ostatnimi ERP nebo fMRI
studiemi.

K odstranéni této nevyhody jsme pro mapovani intracerebralnich generatordt ERN

v nové studii (pfiloha 5) zvolili Go/NoGo ukol, pouzivany bézné v této oblasti vyzkumu.

Priloha 5. Brazdil M, Roman R, Daniel P, Rektor I. Intracerebral error-related negativity in a
simple Go/NoGo task. Journal of Psychophysiology 2005;19:244-255.

V Go/NoGo ukolu byly na monitoru prezentovany stfidavé dva typy podnéti - velké
pismeno ,,X“ a ,,K“ v poméru 4:1 (celkem 310 podnétd); pticemz ,,K* nikdy dvakrat po sob¢;
trvani podnétu 240 ms, interstimulus interval byl ndhodné 650 ms, 1650 ms nebo 2650 ms.
Ukolem pacientii bylo stisknout co nejrychleji tlagitko pouze po pismenu , X“. Studie se
zucCastnilo 7 pacient (1 Zena a 6 muzi). Celkem jsme vySetiili 574 mist frontalniho,
temporalniho a parietdlniho laloku. Pfi vlastni analyze jsme EEG data nejdiive filtrovali
(pasmova propust 2-10 Hz). EEG epochy délky 600 ms (300 ms pted a 300 ms po stisku
tlacitka) jsme zprimérnili od stisku tlacitka zvlast pro spravné odpovédi (tzn. stisk po ,,X*) a

pro chybné odpovédi (stisk po ,,K*) a vzajemné porovnali.
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Primérnéd chybovost naSich pacientd byla 46+18,7 %. Generatory ,.error* potencialil
jsme nalezli v mnoha kortikalnich oblastech — shodné s nalezy fMRI studii jsme je nejcastéji
identifikovali medialné frontalné (gyrus cinguli anterior, pre-SMA, gyrus frontalis medialis),
dale pak v dorzolaterdlnim prefrontdlnim kortexu, orbitofrontalnim kortexu, lateralnim
temporalnim kortexu a v izolovaném piipad¢ také v gyrus supramarginalis. Zajimavy byl nalez
dvou zdroji ERN v ACC — jeden Vv rostralni a druhy v kaudalni ¢asti. To by mohlo souviset
s odlisnymi procesy, tj. emo¢nim zpracovanim a specifickou detekci chybné odpovédi, protoze
rostralni ¢ast ACC funkéné souvisi s emocemi a dorzdlni ¢ast s kognitivnimi funkcemi a
fizenim motoriky (Bush et al., 2000; Devinsky et al., 1995; Paus et al., 1993). Pfitomnost ERN
v lateralnim prefrontalnim kortexu jsme prokazali i v nasi predchozi studii (Brazdil et al., 2002).
Soucasna aktivace lateralniho prefrontalniho kortexu s ACC béhem chybnych odpovédi byla
jiz prokazana Gehringem a Knightem (2000), ale jeji funkéni vyznam neni jasny.

Aktivace pre-SMA pti kontrole provedeni odpovédi je v fMRI studiich vétsinou
asociovana se zpracovanim konfliktu a inhibici odpovédi (Braver et al., 2001; Menon et al.,
2001). Nas nalez ERN v této oblasti vSak shodné se studii Garavana et al. (2004) potvrzuje jeji
ucast i1 pti detekei chyby. Na rozdil od neurozobrazovacich studii se ndm podatilo prokazat
ERN i ve frontoorbitalnim kortexu, ktery je funkéné spojovan s modulaci impulzivity (Bechara
et al., 2000). Pfitomnost ,,error* potenciali v fad¢ kortikalnich oblasti je diikazem existence
rozsahlé neurondlni sité, ktera muze byt v tomto ptipadé podkladem mozkového systému

kontroly chybnych odpovédi.

111.6. Po provedeni spravné odpovédi v ramci oddball tikolu se aktivuji dvé funkcéné
odlisné neuronalni sité, nékteré ze ziicastnénych struktur jsou soucasné vyuzivany i pri
hodnoceni odpovédi chybnych

Pfi studiu neurondlnich systémd, které se podileji na hodnoceni spravnosti vykonané
odpovédi v jednoduchych kognitivnich tkolech, se pozornost védecké komunity vétSinou
zaméfuje na tzv. ,error* potencidly generované po chybné odpovédi. Jejich detailnéjsi popis je
uveden v ptedchozim komentafi k praci Brazdila a spol. (2005) vyse uvedené v I11.5.

Elektrofyziologické korelaty vyvolané po provedeni spravné odpovédi jsou studovany
v mnohem mensi mife. Ve skalpovych studiich se popisuje negativni potencial vyvolany
po spravné provedené odpovédi, tzv. ,correct response-related negativity (Nc/CRN)*

s frontalni (Mathalon et al., 2002; Meckler et al., 2011) a frontocentralni distribuci (Falkenstein
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et al., 2000; Hajcak et al., 2005). Na zaklad¢ téchto vysledkt se za zdroj Nc¢ povazuje rostralni
cingulérni kortex (Carter et al., 1998; Roger et al., 2010). Podobné jako u skalpovych ,,error
potencialll 1ze u spravnych odpovédi po Ne nalézt i pozd¢€jsi pozitivni komponentu, tzv. ,,correct
response positivity (Pc)“, kterd je studovana minimaln¢ a slouzi obecné jako ,.klidova“ aktivita
pii porovnavani s Pe (Bates et al., 2004). Na rozdil od ,,error* potenciali, které jsou studovany
i s pomoci intrakranidlniho EEG, analogické elektrofyziologické studie a hlubsi interpretace
evokovanych potenciald po spravné odpovedi chybi.

K doplnéni chybéjicich poznatkil z oblasti hodnoceni spravnosti provedenych odpovédi
pii provadéni kognitivnich kol jsme opét analyzovali data pacientd vySetienych v oddball
ukolu (pfiloha 6). Pro ucely této studie jsme navic vyuzili skutecnosti, Ze kromé naprosté
vétSiny spravnych odpovédi pacienti také obcas chybovali - po terCovém podnétu spinac
nestiskli nebo po ¢astém podnétu spinac stiskli. Tti pacienti dokonce chybovali po ter¢ovych i
neteréovych podnétech v dostate¢ném poc¢tu vhodném pro zpracovani ERP. Vedle mapovani
oblasti aktivovanych po spravnych motorickych reakcich po ter€ovych odpovédich jsme tak
Vv této studii mohli soucasn¢ posuzovat i moznou ucast téchto oblasti v reakci na odpovédi

chybné, coz doposud v intrakranialnich studiich popsano také nebylo.

Priloha 6. Damborska A, Roman R, Brazdil M, Rektor I, Kukleta M. Post-movement
processing in visual oddball task - Evidence from intracerebral recording. Clinical
Neurophysiology 2016;127(2):1297-1306.

Ve studii byla analyzovéana data 18 pacienti (4 zeny a 14 muzl). Bylo vySetfeno celkem
205 mist ve frontalnich, temporalnich a parietdlnich lalocich. EEG signal byl filtrovan
ve frekvenénim pasmu 0,1-40 Hz. EEG epochy v trvani 1800 ms byly zpramérnény od
okamziku prezentace podnétu pro spravné odpovédi po teréovych podnétech a od stisku tlac¢itka
zvlast pro odpovédi spravné i chybné po obou typech podnétii. Pocet chybnych odpovédi
Vv dostatecném poctu pro zprimérnéni (min. 13 chyb) méli pouze 3 pacienti, u kterych bylo
mozné srovnavat elektrofyziologické odpovédi po spravnych i chybnych odpovédich.

Primérna reakcni doba u spravnych odpovédi po teréovych podnétech v souboru 18
pacientll se pohybovala v rozmezi od 457+34ms po 644+78ms. Po zprimérnéni EEG epoch
téchto odpovédi od okamziku stisku tlacitka byly identifikovany ,,post-movement™ potencialy
(= po stisku tlacitka, tj. po pohybu) na 131 mistech mozku. Jejich generatory byly Casto
identifikovany v amygdale, hipokampu, laterdlnim temporalnim kortexu, v dorsolateralnim

prefrontalnim, pfednim cinguldrnim a orbitofrontdlnim kortexu. Morfologicky se nejCastéji
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jednalo o monofazické (80%), méné Casto o bifazické potencidly (v nasi studii jsme tyto
potencialy neoznacili zkratkami Nc¢/CRN nebo Pe pro jejich nejasny vztah k analogickym
skalpovym ERP). Primérna latence vrcholl potencialti byla 295+184 ms po pohybu. Ve 27 %
ptipadl jim neptedchéazely zadné ERP viny v ¢asovém intervalu od podnétu po stisk tlacitka.

Na 73 mistech, kde byly identifikovany potencialy po pohybu u spravnych odpovédi
na terCové podnéty, byly pii zprimérmnéni od podnétu nalezeny potencialy také po spravné
odpovédi na neteréovy podnét s latenci vrcholil (757+168ms) presahujici primérnou reakéni
dobu subjektu. Pfi porovndni s latencemi potenciali po terCovych podnétech métenych
pii stejném zpiisobu zprimérnéni se ukazalo, ze pozdni potencialy po netercovych podnétech
vykazovaly bez specifické vazby na struktury kratsi latenci o 174+118ms ve 34 mistech, delsi
latenci o 166+88ms ve 26 mistech a pfiblizn€ stejnou latenci v 7 mistech.

Reak¢ni doba po chybnych odpovédich u tiech pacientii byla del$i v porovnani s reakéni
dobou po odpovédich spravnych. Pouze u dvou pacientd byly u chybnych odpovédi (,,incorrect
rejection, false alarms®) nalezeny pozdni potencidly a to v piednim cinguldrnim,
dorsolateralnim prefrontalnim, primarnim motorickém a lateralnim temporalnim kortexu.
V téchto mistech byly nalezeny soucasné i ,,post-movement* potencialy po spravné odpovédi
na teréovy podnét. U jednoho pacienta byly latence vrcholu téchto potencialt del§i nez
u potencidlii po spravnych odpovédich, u druhého pacienta se latence vrcholi neliSily vice nez
020 ms.

V této studii se podatilo prokazat, Ze integralni soucésti neuronélnich siti aktivovanych
po spravném provedeni odpovédi v ramci oddball ukolu je kromé jiz diive ve skalpovych
studiich identifikovaného ptfedniho cingularniho kortexu (Roger at al., 2010) také fada dalSich
struktur zejména temporalniho a frontalniho laloku. Ucast nékterych z nich byla specificka
pouze pro ter¢ové odpoveédi, u jinych byla na typu podnétu nezavisla. Z tohoto Ize usuzovat
na existenci dvou funkéné€ odlisnych neurondlnich siti, které ¢aste¢né sdileji nékteré anatomické
struktury. Aktivace neurondlni sit¢ v prvnim piipadé pak miize odpovidat za mentalni pocitani
podnétl s nezbytnou aktualizaci pracovni paméti, pfipadné zpracovani somatosenzorickych
aferentnich informaci z aktivovanych svall. Elektrofyziologické korelaty na typu podnétu
nezavislé pak mohou reprezentovat procesy hodnotici spravnost provedené odpovédi
vV porovnani s informaci o vyznamech jednotlivych podnéti ulozenych v paméti. Nalez
mozkovych oblasti, které jsou aktivovany jak u spravnych tak u chybnych odpovédi, potvrzuje
diivejsi predpoklady ze skalpovych studii, Ze generatory ,,error* a ,,correct™ potenciali se

pravdépodobné prekryvaji (Wessel et al., 2012).
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I11.7. Piedni cingularni Kortex hraje vyznamnou roli v komunikaci s temporalnimi
oblastmi mozku

V soucasné dobé¢ se predpoklada, ze podkladem kognitivnich funkci jsou mechanismy
funkéni integrace cetnych neurondlnich populaci aktivovanych v pritbéhu zpracovani
informaci. Otazkou zistava, zda v integraci neuronalnich siti velkého rozsahu (,,large-scale
cognitive networks*) hraje klicCovou roli n¢jaka struktura nebo je to vlastnost kognitivnich siti
jako takovych (Bressler a Kelso, 2001; Fries et al., 2001; Jensen et al., 2007; Varela et al.,
2001). Jednim z kandidatd strukturdlni lokalizace integrativnich funkci je ptedni cinguldrni
kortex (ACC). Anatomicky je propojen s celou fadou oblasti mozku a jeho aktivaci v prub&hu
kognitivnich ukoli ukazuje fada studii (napf. Allman et al., 2001; Paus, 2001; van Veen a
Carter, 2002). Experimentalni doklady potvrzuji jeho funkéni Gcast napt. pii feSeni problémd,
rozpoznani chyb, rozpoznani a feSeni konfliktnich situaci nebo pii adaptivni odpovéedi
v ménicich se podminkach (Allman et al., 2001; Posner et al., 2007). Ze studii vyplyva, ze ACC
se podili na motorické, kognitivni a motivacni slozce chovani. Paus (2001) uvadi, Ze prave acast
na tfech sloZkach chovani odliSuje ACC od ostatnich frontdlnich kortikalnich oblasti a
umoziuje tak této struktuie prevadét zameéry k akcim. Dle Rueda a spol. (2004) spoc¢iva hlavni
ptispévek ACC k mozkovym funkcim v jeho fizeni informacnich vstupt z prostiedi a tim
k omezeni vzniku konfliktnich behavioralnich odpovédi.

Cingularni kortex, zejména jeho ptfedni Cast, byl vedle dalSich frontalnich korovych
oblasti Casto vySetfovan v ramci hledani epileptického loZiska u naSi skupiny epileptickych
pacienti, ktefi provadéli zrakovy oddball ukol. Soucasna predstava o klicovém postaveni ACC
v integraci aktivit riznych neuronalnich populaci nas vedly k myslence ovéfit hypotézu, ze
mira funkéni interakce ACC se vzdalenymi mozkovymi oblastmi odliSuje tuto strukturu
od ostatnich frontalnich oblasti (pfiloha 7). Za timto ucelem jsme porovnavali uroven
synchronizace intracerebralniho EEG signalu ve frekven¢nim pasmu beta2 (pasmova propust
25-35 Hz) mezi frontalnimi a tempordlnimi laloky, pfi¢emz né€které frontdlni kontakty se
nachazely v ACC a dalsi v jinych frontalnich oblastech. Frekvenéni pasmo beta2 jsme vybrali
na zaklad¢ nalezu vysSiho zastoupeni synchronnich oscilaci pravé v tomto pasmu v nasi
pfedchozi studii zamétfené na analyzu synchronizaci mezi frontdlnimi a temporalnimi oblastmi

Vv riznych frekvenénich pasmech (Kukleta et al., 2009).

43



Piiloha 7. Kukleta M, Bob P, Brazdil M, Roman R, Rektor I. The level of frontal-temporal
beta-2 band EEG synchronization distinguishes anterior cingulate cortex from other frontal

regions. Consciousness and Cognition 2010;19:879-886.

V predkladané studii jsme vysetiili EEG data ze zrakového oddball tkolu u 8 pacient
puvodniho souboru. V prvnim kroku jsme vybrali 180 fronto-temporalnich para
intracerebralnich kontaktl. EEG signal ve frontalnich lalocich byl ve 41 ptipadech sniman
Vv pfednim cingularnim kortexu, v 60 pfipadech v orbitofrontdlnim kortexu, v 41 ptipadech
V dorzolateralnim prefrontdlnim kortexu a v 38 pfipadech v mesidlnim frontalnim kortexu.
Druhy kontakt vybranych parti se nachazel v tempordlnim laloku (vétSinou v lateralnich
korovych oblastech, mén¢ casto v gyrus parahipokampalis a fusiformis, amygdale a
hipokampu). Nasledoval vypocet korelacnich koeficienti filtrovaného (25-35 Hz) EEG signalu
a porovnani jejich primérnych hodnot ve vsech 180 parech ve tfech funkéné odlisSnych
obdobich: a) v osmnécti 30s tGsecich vybranych v pribéhu celého oddball tikolu nezavisle na
okamziku prezentace podnéti; b) v 1s Gseku piedchazejicim prezentaci podnétu; c) v 1s useku
po prezentaci podnétu. V piipad€ b) a c) jsme vypocet korelace provedli na zprimérnénych
EEG odpovédich a to jenom po netercovych podnétech (nebyly kontaminovany motorickou
aktivitou).

Vysledky studie ukazaly, ze primérné hodnoty korelacnich koeficientt ve fronto-
temporalnich parech, které mély frontalni kontakt v ACC, byly signifikantné vyssi neZ v parech
s kontaktem v jinych frontalnich oblastech a to ve vSech tfech funkéné odlisnych obdobich,
tedy v pribéhu celého experimentu, v obdobi zvyseného ocekavani dalsiho podnétu a v obdobi
senzorického a kognitivniho zpracovavani neteréového podnétu. V souladu s vysledky jinych
autortt (Paus, 2001; Posner et al., 2007) tyto nalezy dokladaji vyznamnou roli pfedniho
cingularniho kortexu v neuronalnich sitich velkého rozsahu, kterd miize byt podkladem

integracnich funkci v pritbéhu kognitivnich procest.

111.8. Pri zpracovani podnétii spojenych s aktivni odpovédi se v ramci frontalniho laloku
informace Siri smérem z gyrus cinguli do dorzolateralniho prefrontalniho kortexu

Jak bylo uvedeno dtive, podnéty v oddball ukolu spousti v mozku tadu procest, které
jsou podkladem casného senzorického zpracovani, pozornosti a exekutivnich funkci. Predni

cingularni kortex (ACC) a dorzolateralni prefrontalni kortex (DLPFC) jsou povaZovany
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za struktury ucastnici se pozornostnich procesii vyvolanych neocCekdvanymi zménami
Vv prostfedi nebo procesti souvisejicich s vybérem spravné odpovédi. V téchto oblastech byl
opakované prokdzan generator hluboké viny P3a (Baudena et al., 1995; Brazdil et al., 1999;
Halgren et al., 1998). Piedpoklada se, Ze tyto dvé oblasti pii Fizeni chovani spolupracuji,
pricemz ACC je dulezity pro sledovani zpracovani podnétu a s tim souvisejici vhodné odpoveédi
(Shallice, 1988; Shallice et al., 1989). V piipadé poticby ACC ziejmé aktivuje DLPFC
(a obecné arousal systém), jehoz prostfednictvim by se selektivné posilily procesy souvisejici
se zpracovanim podnétu a jeho kortikalni reprezentaci v zadnich kortikalnich oblastech, aby
mohly byt splnény vnitini cile nebo dohodnuté instrukce (Barch et al., 2001; Botvinick et al.,
1999; Carter et al., 1998; Cohen et al., 2000). V tomto smyslu miize byt ACC chapano jako
klicova oblast pti ¢asné alokaci pozornosti (Gitelman et al., 1999; Woldorf et al., 2001).

Hierarchické funkéni uspotadani ACC a DLPFC v kognitivnich tlohach bylo
prokazano i v ramci oddball tkolu s vyuzitim fMRI (Brazdil et al., 2007). Nizké Casové
rozliSeni této techniky vSak limituje prokazovéani sméru informacéniho toku (efektivni funkéni
konektivity) mezi kortikalnimi oblastmi béhem ¢asové¢ kratkého zpracovani podnétt. Pro jeho
detailngjsi studium lze vyuzit vypocet smérové transformacéni funkce, anglicky ,,directed
transformation function” (DTF) z EEG zaznamt (Kaminski a Blinowska, 1991). S pouzitim
tohoto vypocetniho algoritmu bylo napf. prokazéano, Ze tok informaci z parietookcipitdlnich
do frontalnich oblasti je pfevazujici v obdobi pfed usnutim nebo pii kédovani zrakovych
informaci, zatimco opacny smér Sifeni informaci je typicky po usnuti (De Gennaro et al., 2004;
Babiloni et al., 2006).

Relativné ¢asta souCasna explorace pfedniho cingularniho kortexu a dorzolateralniho
prefrontalniho kortexu u nasi skupiny epileptickych pacientli opét exkluzivné umoznila vyuzit
intracerebralné registrovany EEG signal tentokrat pro studium efektivni funkéni konektivity
mezi témito dvéma oblastmi béhem zpracovani podnétit v pribéhu oddball tkolu (ptiloha 8).
S pouzitim DTF algoritmu jsme se snazili ovéfit hypotézu, Ze ACC ovliviiuje oscilac¢ni
aktivitu DLPFC.

Priloha 8. Brazdil M, Babiloni C, Roman R, Daniel P, Bares M, Rektor I, Eusebi F, Rossini
PM, Vecchio F. Directional Functional Coupling of Cerebral Rhythms Between Anterior
Cingulate and Dorsolateral Prefrontal Areas During Rare Stimuli: A Directed Transfer Function
Analysis of Human Depth EEG Signal. Human Brain Mapping 2009;30:138-146.

45



Za timto uc¢elem jsme analyzovali data ze zrakového oddball tkolu 8 pacientd (2 zeny
a 6 muzu), u kterych byly v ramci piedoperacni 1€cby epilepsie soucasné vysetfeny ob¢ oblasti.
Do analyzy byla pouzita EEG data po ter¢ovych i netercovych podnétech pouze z ACC
(area 32 a 24) a DLPFC (area 9, 44, 45 a 46) a to Vv jednom casovém okné 500 ms
pied okamzikem prezentace podnétu a ve druhém casovém okné 500 ms po prezentaci podnétu.
Dle standardizovaného postupu (Kaminsky a Blinowska,1991) byla EEG data nejdiive
normalizovana a poté pouzita jako vstupni parametry vicerozmérného autoregresniho modelu
pro vypocet DTF. Jednoduse lze fici, ze pouzity model urcuje informacni tok mezi misty A a B
prostfednictvim vypoctu pravdépodobnosti, se kterou 1ze priitbéh EEG dat v misté A predikovat
na zaklad¢ pribéhu EEG dat v mist¢ B a naopak. DTF vypocet byl proveden pro ter¢ové a
neteréové EEG odpovédi ve frekvencnim pasmu theta, alfa, beta a gama.

V casovém okné 500 ms pied prezentaci podnétti byly DTF hodnoty pro smér toku
informaci ACC—DLPFC a DLPFC—ACC ve vSech frekven¢nich padsmech po terovém i
neterCovém podnétu piiblizn€ shodné. V ¢asovém okné 500 ms po prezentaci podnétii se DTF
hodnoty zvysily pro smér toku informaci ACC—DLPFC, ale jen po ter€ovém podnétu, pfi¢emz
signifikantni zmény bylo dosazeno pouze Vv pasmu theta.

Vysledky nasi studie tedy potvrzuji hypotézu, Ze pti odpovédi mozku na ter¢ovy podnét
Vv pribehu oddball tkolu, pfedni cingularni kortex ovliviiuje oscilacni aktivitu dorzolateradlniho
prefrontalniho kortexu zejména v theta frekvenénim pasmu. Na udéalost vazané modulace praveé
tohoto theta rytmu jsou dulezitym elektrofyziologickym korelatem mozkovych procest
souvisejicich s integraci senzorimotorickych a kognitivnich informaci (Basar et al., 1999b;
Brankack et al., 1996; Pfurtscheller a Lopes da Silva, 1999). Piedpoklada se, ze neuronalni
oscilace v theta pasmu souviseji se zaméfenim pozornosti, pracovni paméti, koédovanim
epizodické paméti a fizenim akci (Gevins a Smith, 2000; Sauseng et al., 2002, 2004;
Sochirkova et al., 2006). V téchto souvislostech pak v nasi studii identifikovany informacni
tok z ACC do DLPFC miize souviset s pozornosti, aktualizaci pracovni paméti a fizenim

motorické odpovédi na obtizné piedvidatelny vzacny (terCovy) podnét.
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IV. Zavér

Intracerebralni elektroencefalografie je vySetfovaci metoda, kterd je pouzivana
u pacienti s neurologickym onemocnénim vyhradné¢ na zakladé¢ piesn¢ definovanych
klinickych pozadavkl. Presto tato metoda nabizi jedinenou piilezitost studovat elektrickou
aktivitu neuronalnich populaci mozku u ¢lovéka pii védomi. V neurovédeckém vyzkumu tvoii
sice minoritni podil, poskytuje vSak unikatni pohled na mechanismy mozkovych funkci, které
nelze studovat u zvifat. Pfispiva tak zasadné k detailnéjSimu pochopeni fungovani lidského
mozku, coz je zakladnim ptredpokladem pro vyvoj sofistikovanéjSich diagnostickych a

terapeutickych postupt pouzitelnych pii jeho poruchach.

Pfi zpracovani intracerebralnich EEG dat snimanych v pribéhu kognitivnich tkola se
pouzivaji nékteré metodické postupy bézné vyuzivané ve skalpovych EEG studiich.
Zprumérnéni nékolika desitek EEG odpovédi od okamziku prezentace podnétu umoziuje napf.
analyzovat evokované (ERP) a indukované (ERD/ERS) déje a urcit jejich intracerebralni
distribuci. Pro svoje specifické vlastnosti, jako je napt. vysoky pomér signal-Sum, je mozné
iEEG data analyzovat i zptisobem, ktery u skalpového EEG signalu lze pouzit vyjime¢né, pokud
viubec. Piikladem mohou byt ndmi navrzené analyzy pomalych kognitivnich potenciall
V podskupinach s malym poétem EEG odpovédi. Nevyhodou intracerebralnich EEG dat je
nemoznost jejich matematického zprimérnéni ve skupiné pacientl, protoze se hluboké
elektrody implantuji do riznych oblasti a nikdy tak nejsou vySetiena naprosto identicka mista.
Pro identifikaci zékonitych jevl je potom nutné napi. vizualni porovnani EEG odpovédi
snimanych z rGznych oblasti mozku u jednotlivych pacienti a hledani takovych
elektrofyziologickych projevi, jako je napt. morfologie a latence ERP komponent, které jsou
vySetfenym oblastem a skupiné pacientil spolecné. VSechny zminované postupy jsme pouZili
vnasi praci s cilem hloub&ji pochopit vztah mezi elektrofyziologickymi korelaty
registrovanymi intracerebralné a pfedpokladanymi mentalnimi operacemi, pfi¢emz cast nasich
nalezi je komentovana v piedlozeném souboru praci.

Pti vyzkumném pouziti iEEG plati dvojnésob, Zze vhodné navrzeny ukol a perfektné
dodrZena pravidla ziskavani dat s detailni dokumentaci okolnosti nahravani mohou poskytnout

data s vysokym informa¢nim obsahem. Je potom jen otazkou Casu a vile nové zakonitosti

objevovat a popsat.
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Abstract

Objective: This study investigated the possible linkage of intracerebrally recorded P3-like waveforms to the processes induced by

stimulus perception or motor response formation.

Methods: Event-related potentials were recorded from 560 cerebral sites in 17 patients suffering from intractable epilepsy during visual
oddball task. Potentials evoked by the target stimuli were sorted according to button-pressing response times, and the P3 waveform was
analyzed both in stimulus-locked and response-locked averages, which were separately averaged for fast and slow responses.

Results: P3-like waveforms were identified in 180 sites in 17 patients. Three different types of P3-like waveforms, diffusely distributed
within the brain, were found: (1) time-locked to the stimulus (30 sites in 11 patients); (2) time-locked to the motor response (52 sites in
13 patients); and (3) with ambiguous time relationship to stimulus and motor response (98 sites in 16 patients).

Conclusions: The intracerebral P3-like waveform could represent different processes involved in performing active oddball tasks.
Therefore, our results support the hypothesis that the P3 waveform registered by surface electrodes could be a heterogeneous phenomenon.

Significance: These results provide evidence that the P3 waveform is not only related to stimulus processing, which differs from what has

been generally claimed in the literature.

© 2004 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

Keywords: P3 waveform; ERPs; Intracerebral recordings; Visual oddball paradigm

1. Introduction

Event-related potentials (ERPs) are composed of a series
of waveforms, each defined by its latency, polarity, scalp
topography, and behavioural correlates (Halgren et al.,
1998). Successive waveforms can be divided into early
sensory, or exogenous, potentials primarily influenced by
physical characteristics of the eliciting stimulus (Cracco and
Cracco, 1976; Jewett et al., 1970), and late cognitive, or
endogenous, potentials, primarily influenced by cognitive
processes (Donchin et al., 1978; Halgren et al., 1998;
Hillyard et al., 1978; Sutton et al., 1965).

* Corresponding author. Tel.: +420-542-496-818; fax: +420-542-126-
651.
E-mail address: roman@med.muni.cz (R. Roman).

One of the most studied waveforms of endogenous or
‘cognitive’ ERPs is the P3 (P300) waveform, which was first
described by Sutton and colleagues in 1965. It is usually
elicited in the oddball paradigm, wherein two stimuli are
presented in a random order with different probabilities. In
the active form of this paradigm, a subject is required to
discriminate between the infrequent target stimulus and the
frequent standard stimulus by noting the occurrence of the
target, usually by pressing a button or mentally counting.
The P3 waveform can also be obtained with alternative
tasks: a passive oddball paradigm, a single stimulus
paradigm, or a 3-stimulus paradigm (Bennington and
Polich, 1999; Jeon and Polich, 2001; Polich, 1998). Using
the 3-stimulus paradigm, two types of P3 waveform have
been described: the novelty ‘P3a’ waveform, with frontal/
central maximum scalp distribution, elicited by novel

1388-2457/$30.00 © 2004 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2004.07.016
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stimuli (Squires et al., 1975), and the later ‘P3b’ waveform,
with the largest amplitudes over parietal areas, elicited by
the infrequent target stimuli (Comerchero and Polich,
1999). A kind of P3 potential has even been recorded in a
modified visual oddball paradigm after subliminally pre-
sented target stimuli (Brazdil et al., 2001).

In a task requiring specific motor response to a target
stimulus, distinct movement-related ‘P3-like’ potentials
(MRPs) are also generated intracerebrally that coincide
with P3 potentials (Brazdil et al., 2003). The temporal
occurrence of these MRPs is related to the occurrence of the
movement and, therefore, they are time-locked to the
button-pressing (Vaughan et al., 1968). The P3 usually
coincides with the movement or precedes it, and thus these
MRPs can distort the P3 scalp topography and can modify
P3 amplitude and latency (Brazdil et al., 2003; Jentzsch and
Sommer, 2001; Kok, 1988; Salisbury et al., 2001). Since the
scalp potentials only reflect the sum of electrical activity
propagated in a given area, it is hard to distinguish this MRP
from the cognitive P3 waveform. This MRP contamination,
however, can be at least partially eradicated by the use of a
trial-by-trial reaction time (RT) matching procedure, which
creates a variance-matched and temporally aligned MRP-
correction waveform (Kok, 1988; Salisbury et al., 2001).

The P3 latency ranges from 250 to 600 ms after the
stimulus onset, and can vary depending on the task
complexity, stimulus, and subject (Comerchero and Polich,
1998; Mertens and Polich, 1997; Polich, 1998). The P3
latency is considered a measure of the stimulus classifi-
cation speed (Kutas et al., 1977; Polich, 1986a,b). It is
generally unrelated to response selection and execution
processes (McCarthy and Donchin, 1981; Pfefferbaum
et al., 1986), and is therefore, independent of behavioural
RT (Duncan-Johnson, 1981). This view is supported by
many studies where the manipulations with the stimuli
resulted in an increase of the RT as well as of the P3 latency:
the reduction of stimulus intensity (Verleger et al., 1991),
the reduction of stimulus discriminability (Novak et al.,
1990), increasing the number of irrelevant stimuli while
randomly changing the location of the relevant stimulus
(Magliero et al., 1984), presenting flanking stimuli to which
the alternative response is assigned (Smid et al., 1990). In
some other studies, the manipulation with responses was
used in order to increase the RT but constant P3 latency was
observed: using spatially incompatible stimulus—response
(SR) assignments (Fitzpatrick et al., 1988). However, when
presenting the stimulus on the side of the alternative
response (Nandrino and El Massioui, 1995) or when
increasing the number of response alternatives (Falkenstein
et al., 1994a), the P3 latency became longer. There is some
evidence that P3 latency is sensitive to response processing
time, particularly when the response times in a given task
are generally fast (Verleger, 1997). Indeed, the results of
simple RT tasks suggest that motor execution can
influence P3 latency. This effect, however, was observed
only when stimulus evaluation demands were minimal.

Increased stimulus evaluation demands are sufficient to
mask the motor execution effect on P3 latency. In general,
motor execution processes would not be considered a
confounding factor in most P3 studies (Doucet and
Stelmack, 1999; Rektor et al., 2003).

In studies using depth electrode recordings, P3 gen-
erators were found in different brain structures (Baudena et
al., 1995; Brazdil et al., 1999; Halgren et al., 1995a,b). Two
characteristic, modality non-specific intracerebral patterns
of P3 were described. First, the triphasic waveform with
sharp negative, positive, and negative peaks termed N2a-
P3a-SW, associated with the system for the orientation of
attention, was observed in the middle temporal, posterior
parahippocampal and fusiform gyrus sites, and in dorso-
lateral prefrontal, inferior parietal and cingulate cortices.
Second, a broad P3b waveform, coupled to the event-
encoding system, was found in the hippocampus, amygdala,
superior temporal sulcus, lateral orbitofrontal cortex, and
intraparietal sulcus (Brazdil et al., 1999; Halgren et al.,
1995a,b). Due to their similarity to the scalp-recorded P3
waveforms, these were labelled as the depth P3a and depth
P3b, or generally P3-like waveforms. Their contribution to
the scalp-recorded P3s remains unclear.

To date, the P3 waveform is generally viewed as
reflecting decision or cognitive closure of the stimulus
identification. It has also been linked to orientation,
attentional mechanisms, and the update of working memory
(Paller et al., 1987; Squires et al., 1975). This relationship
between the P3 response and the fundamental aspects of
cognitive function is used in clinical practice for the
assessment of cognitive ability in normal subjects as well as
in patients with neurological and psychiatric diseases. To
obtain the most uniform P3 responses, specific stimulus
characteristics, task factors, subject variables, and proper
electrophysiological recording are recommended (Polich,
1998).

In the oddball paradigm, where recognition of the target
stimulus is indicated by pressing the button, two events well
defined in time are recorded simultaneously together with
EEG. They are the stimulus presentation, which starts
processing of this information and the button pressing which
stands for the signal of the subject that he/she recognized the
target stimulus. Approximately 50 target stimuli are used in
order to be randomly presented within the oddball task. The
behavioural RT, i.e. the time from the stimulus presentation
to the moment of the button pressing, can vary across trials
in each subject for 50-200 ms even though the subjects are
instructed to respond as fast as possible. Therefore we can
sort all 50 responses into fast and slow subgroups and
average them separately. If the studied waveform of ERP
represents process time locked to the stimulus, its peak
latency will be the same in fast and slow subgroups
averaged with the stimulus as a trigger. Back averaging,
with the button pressing as a trigger, would reveal, in this
case, that the peak latency of the waveform is longer in slow
averages and shorter in fast averages. If the waveform
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represents process time locked to the button pressing, the
peak latency will be longer in slow and shorter in fast
subgroups when averaged with the stimulus as a trigger. The
averaging with the button pressing as a trigger would then
reveal the same peak latency.

In our study, we analyzed intracerebrally-recorded
P3-like waveforms obtained in a standard visual oddball
paradigm in epileptic patients during their presurgical
diagnostic exploration. We were interested in whether the
unequivocal relationships between P3 latency and the
processes underlying the experimental task, found in scalp
recordings, could be also demonstrated on the depth-
recorded P3-like waveform. To answer this question, we
investigated the character of the relationship between the P3
latency and the SR interval. In each subject, we created one
averaged curve from trials with short SR intervals and
another curve from trials with long SR intervals. In both
cases, two averaging procedures were performed: with the
stimulus onset as a trigger and with button-pressing as a
trigger. The comparison of P3-like waveforms obtained
under these conditions enabled us to evaluate the possible
link between them and the processes induced by stimulus
perception or motor response formation.

2. Methods
2.1. Subjects

Seventeen patients (4 females and 13 males; see Table 1)
with medically intractable epilepsy participated in the study
(their mean age was 29.5+5.5 years). All the subjects had

normal or corrected-to-normal vision. Informed consent
was obtained from each subject prior to the experiment,

Table 1

and the study received the approval of the Ethical
Committee of Masaryk University.

2.2. EEG recordings

A total of 89 depth electrodes were implanted to localize
the seizure origin prior to surgical treatment. 560 sites of the
frontal, parietal, and temporal lobes (248 in the right and
312 in the left hemisphere; see Table 1) were explored with
standard MicroDeep semiflexible multilead electrodes, each
with diameters of 0.8 mm. Recordings contacts were
2.0 mm in length, and successive contacts were separated
by 1.5 mm. Lesional anatomical structures and epilepto-
genic zone structures were not included in the analysis. The
exact position of the electrodes and their contacts in the
brain were verified using postplacement MRI with electro-
des in situ.

The EEG signal was recorded simultaneously from
various intracerebral structures and from CPz scalp electro-
des (situated between Cz and Pz) during seizure-free periods
using the 64-channel Brain Quick EEG system (Micromed).
All the recordings were monopolar with respect to a
reference electrode on the right processus mastoideus and
were acquired at a 128 Hz sampling rate. All impedances
were less than 5 kQ. Button-pressing was recorded on a
separate channel.

2.3. Behavioural task

A standard visual oddball paradigm was performed: two
types of stimuli -target and frequent- were randomly
presented in the centre of the screen. Clearly visible
uppercase yellow letters X (target) and O (frequent) were
presented on a white background as the experimental stimuli.

Age, sex and handedness for 17 epileptic patients, along with the number of intracranial electrodes, recorded sites and brain lobes investigated

Patient ID Age (years) Sex Handedness Electrodes Recording sites Brain lobes
left/right hemisphere  left/right hemisphere

BS 25 M R 4/1 14/2 T, T, P

DJ 20 M R 171 13/13 F,F,T,T

DM 28 M R 1/1 12/15 T,T

FP 37 M R 1/6 15/26 F,ET,T

HZ 45 M R 5/4 23/16 F,ET,T

HP 30 M R 52 28/12 F,F T, T

JI 31 F R 0/6 0/41 F, T

KM 32 M R 1/1 14/14 F,ET,T

KP 30 M R 0/4 0/40 T,P

KJ 30 M R 4/1 27/15 F,F,T,T

LL 27 F R 0/4 0/22 T

PM 25 M L 6/4 24/17 F,FT,T

SM 34 M R 0/5 0/34 F,T,P

SO 30 F R 3/1 15/11 F,T,T,P

SI 23 M R 4/5 16/25 F,ET,T

VH 28 F R 7/0 41/0 F, T

VP 27 M R 1/0 15/0 F, T

F, frontal lobe; T, temporal lobe; P, parietal lobe; symbol (") indicates left hemisphere.
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The duration of stimuli exposure was constant at 200 ms; the
ratio of target to frequent stimuli was 1:5. The interstimulus
interval varied randomly between 2 and 5 s. Each subject was
instructed to respond to the target stimulus as quickly and as
accurately as possible by pressing a microswitch button in the
dominant hand and, at the same time, he/she was instructed to
silently count the target stimuli.

2.4. Data analysis

ScopeWin software was used for further off-line signal
analysis. Each 1.7 s stimulus epoch beginning 500 ms prior
to the stimulus onset (used as a prestimulus baseline; in
figures only 300 ms before the stimulus onset is presented)
was inspected visually and further processing was per-
formed with artefact-free EEG periods. Because P3-like
waveforms have a relatively low frequency (Polich, 1998), a
digital filter with a bandpass of 0.5-5.5 Hz was used for the
offline analysis.

In each subject, approximately 50 trials were averaged
for target and 150 trials for frequent stimuli (unsorted
averages; sections A in Figs. 1-4). The identification of P3-
like waveforms in the latency range of 250-600 ms was
based on a visual evaluation of the records by two
independent experts. To reduce the contamination of P3-
like waveforms by movement-accompanying slow poten-
tials (Rektor et al., 1998), those with a latency longer than
the mean SR interval of each patient were excluded from the
analysis (11 from 191 cases). In each target trial, the SR

A (unsorted averages)
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interval was measured. From all the target trials in each
patient, two subgroups with shorter and longer SR intervals
were created arbitrarily (see Table 2). In creating the
subgroups, we attempted to meet the following general
demands: sufficient number of trials for averaging in each
subgroup; identical number of trials in both subgroups;
corresponding range of SR intervals in each subgroup; and
the largest possible difference of the mean values of SR
intervals between the two subgroups. Selected trials were
then averaged in two procedures: (i) with the stimulus onset
as a trigger (sorted averages; sections Bl in Figs. 1-4),
(i1) with the button-pressing as a trigger (sorted averages;
sections B2 in Figs. 1-4). The peak P3 latencies in each
subgroup for both averaging procedures were then analyzed.
The differences of P3 peak latencies were considered as
identical if the difference between them reached no more
than 8 ms (with the sampling rate of 128 Hz, the difference
of 8 ms corresponds to the difference of 1 sample).

For statistical purposes, one-way ANOVA, post hoc
Spjotvoll/Stoline test (a variant of Tukey’s HSD test) and
regression analysis were performed. Statistics were obtained
using the routines included in the Statistica program
(StatSoft).

3. Results

The mean number of averaged target trials in each
subgroup of patients was 16 £ 3 (minimum 9, maximum 24;

B2

(averages sorted by SR interval)

A 20 pv
+
T T T T T
0 600 0 600 -600 0 ms
Stimulus Stimulus Button
target short SR interval pressing
—— frequent —— long SR interval

Fig. 1. Three examples of P3-like waveforms time-locked to the stimulus. Coronal sections representing electrode and contact position in each patient are not
proportional. Patient KJ (C'2, left parahippocampal gyrus), patient SI (G1, right anterior cingulate gyrus) and patient VH (O'5, left orbitofrontal cortex). (A)
ERPs to target (thick line) and non-target (thin line) stimulus, unsorted averages. (B1, B2) Target ERPs from the same sites and patients averaged from the
subgroup of trials with short SR intervals (thick line) and long SR intervals (thin line), with the stimulus onset as a trigger (on the left, B1) and the button-
pressing as a trigger (on the right, B2). The peak P3 latency difference between the two subgroups averaged with the stimulus as a trigger was 0 ms (KJ), 0 ms
(SI), 8 ms (VH), whereas averaged with the button-pressing as a trigger it was 47 ms (KJ), 47 ms (SI) and 63 ms (VH). Symbol A indicates P3-like waveform.
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Fig. 2. Three examples of P3-like waveforms time-locked to the motor response. Coronal sections representing electrode and contact position in each patient
are not proportional. Patient SM (G3, right posterior cingulate gyrus), patient PM (02, right rectus gyrus) and patient HP (F11, right premotor cortex,
Brodmann’s area 6). (A) ERPs to target (thick line) and non-target (thin line) stimulus, unsorted averages. (B1, B2) Target ERPs from the same sites and
patients averaged from the subgroup of trials with short SR intervals (thick line) and long SR intervals (thin line), with the stimulus onset as a trigger (on the
left, B1) and the button-pressing as a trigger (on the right, B2). The peak P3 latency difference between the two subgroups averaged with the stimulus as a
trigger was 47 ms (SM), 40 ms (PM) and 63 ms (HP), whereas averaged with the button-pressing as a trigger it was 0 ms (SM), 0 ms (PM), 8 ms (HP). Symbol
A indicates P3-like waveform.

A (unsorted averages) B1 (averages sorted by SR interval) B2

‘30pV
.

‘20pv
+
VH
IV / :
0'8 / \ Il .
‘20 uv
A +
T T T T T T T T
0 600 0 600 -600 0 ms
Stimulus Stimulus Button
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Fig. 3. Three examples of P3-like waveforms with ambiguous time relationship to stimulus and motor response. Coronal sections representing electrode and
contact position in each patient are not proportional. Patient HZ (B3, right hippocampus posterior), patient SO (X6, right putamen) and patient VH (O'8, left
ventrolateral prefrontal cortex). (A) ERPs to target (thick line) and non-target (thin line) stimulus, unsorted averages. (B1, B2) Target ERPs from the same sites
and patients averaged from the subgroup of trials with short SR intervals (thick line) and long SR intervals (thin line), with the stimulus onset as a trigger (on the
left, B1) and the button-pressing as a trigger (on the right, B2). The peak P3 latency difference between the two subgroups averaged with the stimulus as a
trigger was 47 ms (HZ), 24 ms (SO), 31 ms (VH), whereas averaged with the button-pressing as a trigger it was 31 ms (HZ), 24 ms (SO) and 31 ms (VH).
Symbol A indicates P3-like waveform.
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CPz A (unsorted averages) B1 (averages sorted by SR interval) B2
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Fig. 4. Three examples of P3 waveforms recorded with the scalp CPz electrodes. Patient DJ, P3 waveform with the latency of 477 ms time-locked to the
stimulus; patient FP, P3 waveform with the latency of 484 ms time-locked to the motor response; patient HZ, P3 waveform with the latency of 562 ms with
ambiguous time relationship to stimulus and motor response. (A) ERPs to target (thick line) and non-target (thin line) stimulus, unsorted averages. (B1, B2)
Target ERPs from the same sites and patients averaged from the subgroup of trials with short SR intervals (thick line) and long SR intervals (thin line), with the
stimulus onset as a trigger (on the left, B1) and the button-pressing as a trigger (on the right, B2). The peak P3 latency difference between the two subgroups
averaged with the stimulus as a trigger was 7 ms (DJ), 55 ms (FP), 47 ms (HZ), whereas averaged with the button-pressing as a trigger it was 62 ms (DJ), 0 ms
(FP) and 24 ms (HZ). Symbol A indicates P3 waveform.

see Table 2). We compared the morphology of P3-like Nine selected examples are presented in Figs. 1-3; compare
waveforms obtained from our subgroups with short and long left (A) and middle (B1) columns of curves.

SR intervals with those obtained from all target trials in each P3-like waveforms were identified in 180 sites in 17
patient. A very similar shape was found in all of the cases. patients diffusely in the frontal, temporal, and parietal lobes
Table 2

Number of target trials, mean SR intervals (ms) and standard deviations (ms) in each patient; difference between the mean SR intervals of subgroups with long
and short SR intervals (ms)

Patient ID All target trials Subgroups of target trials Difference between
Short SR interval Long SR interval mean long and
mean short SR
intervals (ms)
n Mean SR int. £SD n Mean SR int. £SD n Mean SR int. +SD
(ms) (ms) (ms)
BS 50 429429.7 19 41319.6 21 448+10.9 35
DJ 46 511+55.8 17 468+ 11.9 17 525+15.2 57
DM 43 606+71.8 15 54619.0 14 6221115 76
FP 49 523+64.2 13 489+14.0 21 532+11.9 43
HZ 30 665+t 114.4 10 566+ 14.5 9 650+ 14.2 84
HP 52 575+157.0 18 479+ 15.1 14 547+15.9 68
JI 55 6021156.8 17 512+13.4 13 560+15.0 48
KM 49 565+58.3 15 514+12.8 13 566+14.7 52
KP 48 5331849 14 4771168 14 577175 100
KJ 51 470+38.9 24 467+10.1 13 519+12.1 52
LL 56 58740915 14 514+13.6 16 582+123 68
PM 60 506+55.0 18 472£8.7 17 512+10.0 40
SM 57 477+50.7 16 438+ 154 22 480+£8.7 42
SO 53 4461+44.0 16 407+12.4 16 457+11.1 50
SI 61 587+87.9 22 547+10.9 14 598+12.2 51
VH 55 521+67.7 13 470+13.5 21 540+13.8 70

VP 53 458 +50.1 16 418t11.1 15 483+13.7 65
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structures (9 selected examples are presented in Figs. 1-3,
section A). The mean percentage of task performance errors
taken across patients was 1.2+0.7%.

The comparison of the differences of peak latencies
between the two subgroups, averaged with the stimulus
onset as a trigger and with a button-pressing as a trigger,
made it possible to distinguish 3 different types of
intracerebral P3-like waveforms.

(1) P3-like waveforms time-locked to the stimulus (3
examples in 3 patients in the parahippocampal gyrus (KIJ),
the anterior cingulate gyrus (SI), and the orbitofrontal cortex
(VH) are shown in Fig. 1).

When averaged with the stimulus onset as a trigger, these
responses exhibited identical P3 peak latencies in the short
and long SR interval averages. Using the averaging with a
button-pressing as a trigger, the peak latencies differed
between the two subgroups (they were longer in the long SR
interval averages).

This type of P3-like waveforms was identified in 30 sites
in 11 patients (a summary of their intracerebral distribution
is presented in Table 3). The peaks were located on the time
axis at the point corresponding to 71.1 4+ 12.7% of the mean
SR interval (393.7 1 81.5 ms in absolute values).

(2) P3-like waveforms time-locked to the motor response
(3 examples in 3 patients in the posterior cingulate gyrus
(SM), the rectus gyrus (PM) and the premotor cortex (HP)
are shown in Fig. 2).

When averaged with a button-pressing as a trigger, these
responses exhibited identical P3 peak latencies in the short
and long SR interval averages. Using the averaging with the
stimulus as a trigger, the peak latencies differed between

Table 3

the two subgroups (they were longer in the long SR interval
averages).

This type of P3-like waveforms was identified in 52 sites
in 13 patients (a summary of their intracerebral distribution
is presented in Table 3). The peaks were located on the time
axis at the point corresponding to 85.547.9% of the mean
SR interval (439.6153.6 ms in absolute values).

(3) P3-like waveforms with ambiguous time relationship
to stimulus and motor response (3 examples in 3 patients in
the hippocampus posterior (HZ), the putamen (SO), and the
ventrolateral prefrontal cortex (VH) are shown in Fig. 3).

For the third type of P3-like waveforms, the peak P3
latency differences between the two subgroups obtained by
averaging the stimulus and button-pressing as triggers were
32.54+16.0 and 28.3 1 15.2 ms, respectively.

This type of P3-like waveform was identified in 98 sites
in 16 patients (a summary of their intracerebral distribution
is presented in Table 3). The peaks were located on the time
axis at the point corresponding to 78.1 £ 12.9% of the mean
SR interval (425.3482.2 ms in absolute values).

The one-way ANOVA revealed the main effect for the
peak P3 latencies expressed as the percentage value of
the corresponding mean SR interval, i.e. 71.1+12.7% for
the first type of P3-like waveform, 85.5+7.9% for the
second type of P3-like waveform, and 78.1 +12.9% for the
third type of P3-like waveform (F (2,177)=14.89,
P<0.000). A post hoc Spjotvoll/Stoline test showed
statistically significant differences between the first and
the second type of P3-like waveform (P <0.000) and the
second and the third types of P3-like waveform (P <0.004).
The one-way ANOVA revealed the main effect also for

Total number of investigated sites in each structure and intracerebral distribution of 3 types of the P3-like waveform

Structures Investigated sites P3-like waveforms time-locked to P3-like waveforms with ambiguous
hemisphere left/right time relationship to stimulus and
motor response (sites/patients)
Stimulus Motor response
(sites/patients) (sites/patients)
Cingulate gyrus 10/18 1L 3R/4 2R%/2 1L 6R/S
Parahippocampal gyrus 18/22 1L 1R/2 0 4L 2R/5
Hippocampus 33/38 2R/2 6R/4 3L 8R/5
Amygdala 28/16 0 IL 1R/2 3L 3R/5
Basal ganglia 23/23 2R/1 2172 4L 2R/4
Temporal gyri (superior, middle, inferior) 64/78 3L 4R/6 3L 12R/9 12L 8R/9
Fusiform gyrus 6/10 0 3R/3 2L 1R/3
Angular gyrus 2/0 0 0 1L/1
Sensorimotor cortex 0/10 0 3R/2 2R/2
Dorsolateral prefrontal cortex 23/15 3L IR/1 2L 5R/5 14L 7R/5
Basal and medial frontal cortex 28/26 2L 1R/2 1L 6R/2 5L 6R/6
Parietal cortex 4/16 2R/1 1L 1R/1 2R/2
White matter
Frontal lobe 9/19 2L 1R/2 1L 1R/2 3L 2R/4
Temporal lobe 5/14 1R/1 0 1L 2R/3
Parietal lobe 0/3 0 1R/1 0

L, R indicate the left and right hemispheres.

? In the cingulate gyrus one site from two was found in left handed patient PM.
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the peak P3 latencies expressed in absolute values, i.e.
393.7, 439.6, and 425.3 ms, respectively (F (2,177)=3.54,
P<0.031). A post hoc Spjotvoll/Stoline test showed
statistically significant differences between the first and
the second type of P3-like waveforms (P <0.049).

In a number of patients we could identify more then one
P3-like waveform of each type with different latencies
diffusely distributed within the brain. For example, in
patient HP we found P3-like waveforms time-locked to the
stimulus in the inferior temporal gyrus (312 ms), in the
superior temporal gyrus (383 ms), in the parahippocampal
gyrus (305 ms) and in the cingulate gyrus (430 ms); P3-like
waveform time-locked to the motor response in the
premotor cortex (398 ms); P3-like waveform with ambig-
uous time relationship to stimulus and motor response in the
cingulate gyrus (391 ms), in the frontoorbital cortex
(336 ms), in the fusiform gyrus (297 ms), in the parahippo-
campal gyrus (328 ms), in the inferior temporal gyrus
(297 ms) and in the middle temporal gyrus (328 ms).
Furthermore, the localization of electrodes in each patient
was not identical. Even as we describe the position of
certain contact in several patients, for example in the
hippocampus, in each patient these contacts can record a
signal from different functional populations of neurons.
That is why the ANOVA was applied for statistical analysis
of the differences between the 3 types of P3-like waveforms
and it used all 180 sites as independent samples.

For each type of P3-like waveform, the differences of
peak P3 latencies between the long and short SR interval
averages were correlated with the differences of SR
intervals between the long and short subgroups. For the
first type of P3-like waveform, time-locked to the stimulus,
the correlation coefficient was 0.132 (P <0.485; N=230); for
the second type of P3-like waveform, time-locked to the
motor response, the correlation coefficient was 0.784 (P <
0.000; N=52); for the third type of P3-like waveform, with
ambiguous time relationship to stimulus and motor
response, the correlation coefficient was 0.278 (P <0.005;
N=098).

The two most common intracerebral patterns, the
triphasic N2a—P3a-SW (see Fig. 2, column A, patient PM)
and the broad P3b (see Fig. 1, column A, patient KJ), were
identified in all the 3 types of P3-like waveforms. In the
groups of P3-like waveforms time-locked to the stimulus
and with an ambiguous time relationship to stimulus and
motor response, they were found approximately in a 3:1
ratio, whereas in the group of P3-like waveforms time-
locked to the motor response, they were present almost
equally.

Records from CPz electrodes were obtained only in 14
subjects. Due to the number of target trials in subgroups
with short and long SR intervals, which was mostly too
small for scalp averaging, we could reliably identify and
analyze the P3 waveform only in 5 subjects. In patients DJ
and JI it was time-locked to the stimulus (with the latencies
of 477 and 508 ms, respectively), in patient FP it was

time-locked to the motor response (with the latency of
484 ms) and in patients HZ and PM it represented P3
waveform with an ambiguous time relationship to stimulus
and motor response (with the latencies of 562 and 555 ms,
respectively). Examples of scalp recorded P3 waveforms are
presented in Fig. 4.

4. Discussion
4.1. Methodological remarks about intracerebral EEG

Like scalp EEG, intracranial (EEG) has a very high
temporal resolution, limited only by sampling frequency (in
this study, 8 ms). Unlike scalp EEG, iEEG also has very
high spatial resolution, limited only by the electrode size
and spacing. However, depth electrodes are implanted only
into a limited region for strictly clinical purposes in patients
with medically intractable epilepsies and, thus, they may
record abnormal responses. Nonetheless, it is possible to
select sites and epochs for analyses that are electrographi-
cally normal. Furthermore, the localization of electro-
physiological correlates is not really accurate until it is
supported by finding its local generator. These facts have to
be considered when interpreting intracerebrally recorded
data.

Due to the 8 ms temporal resolution, we were limited in
our separation of the P3-like waveforms into the 3 types
according to their latency difference, which could be 0, 8,
16, 24 ms and so on. In light of the measured latency
differences, we created the rule that the latency difference of
0 or 8 ms, when averaged from the stimulus onset as a
trigger or button-pressing as a trigger, means that the
waveform is time-locked to the stimulus or the motor
response, respectively. It is clear that using a higher
sampling frequency would probably provide slightly
different data separation into all the 3 types of P3-like
waveforms.

A unique aspect of this study has been the finding that a
smaller number of EEG epochs is sufficient for averaging to
produce the depth P3-like waveform. The recommended
minimum for the scalp ERPs is 20 single epochs (Cohen and
Polich, 1997; Polich, 1986a,b). In our analysis of the
relationship between the P3-like waveform and the length of
SR interval, we averaged from 9 to 24 EEG epochs and
obtained curves basically identical with those averaged
from all the recorded epochs (approximate mean number of
50). Similarly, a small number of trials was sufficient in
intracerebral error-related potentials recording in our
previous study (Brazdil et al., 2002). It can be explained
by the presumption that the small region surrounding the
electrode contacts provides distinctive responses, and the
signal is recorded with higher signal-to-noise ratio than is
the case with scalp-recorded ERPs. These matters have been
treated more formally by Effern et al. (2000). This fact
enabled the selection of trials with shorter and longer SR
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intervals and to create two individual groups, which could
then be averaged and compared separately in each patient.

To classify P3 potentials as stimulus- and response-
related, it is also possible to use the comparison of the peak
amplitudes between stimulus- and response-locked
averages. If the stimulus-locked amplitude is larger than
response-locked amplitude, the potential is more stimulus-
related than response-related, and vice versa in the other
case. This analysis has already been applied to our data, and
preliminary results were published by Damborska et al.
(2001).

4.2. Types of P3-like waveforms

Studies in normal subjects, intracranial recording in
epileptic patients, and lesional studies in neurological
patients show that P3 does not correspond to one cognitive
process or a unitary brain potential arising from a discrete
brain region; rather, it is related to the activation of multiple
cortical and subcortical structures which are involved
during the performance of the experimental paradigms.
According to the different time relationship of P3-like
waveform to the stimulus presentation or motor response,
we were able to divide the intracerebral P3-like waveforms
into the 3 types, which could explain the sometimes
contradictory findings in scalp-recorded ERPs. Two facts
are obvious: (1) there is a diffuse, rather than a specific,
distribution of all 3 P3 types within the brain and (2) it
remains unclear how the intracerebral P3 generators
contribute to the scalp-recorded potentials.

The first type is characterized by constant latency of the
peak in relation to the stimulus occurrence and is
independent of the length of SR interval. This potential
could be probably strictly related to the stimulus detection
and evaluation processes. This type of P3-like waveform
could possibly contribute to the scalp-recorded P3 in
paradigms where, on some presented stimuli, no response
is required, for example, in a passive oddball paradigm
(Polich, 1989) or in studies where the manipulations with
the stimuli resulted in an increase of the RT as well as of the
P3 latency: the reduction of stimulus intensity (Verleger
et al., 1991), the reduction of stimulus discriminability
(Novak et al., 1990), increasing the number of irrelevant
stimuli while randomly changing the location of the relevant
stimulus (Magliero et al., 1984), presenting flanking stimuli
to which the alternative response is assigned (Smid et al.,
1990). In the 3-stimulus variant of the oddball paradigm,
there is an additional infrequent non-target stimulus inserted
into the sequence of infrequent target and frequent standard
stimuli (Katayama and Polich, 1999). Even with the absence
of a response, this unexpected and novel stimulus generates
P3a waveform which probably reflects activities engaged
during involuntary response to novel events (Knight and
Scabini, 1998). Therefore, it is also possible that the first
type of P3-like waveform time-locked to the stimulus could
partially represent an electrophysiological correlate of

the orienting response. In support of this hypothesis, this
type of P3-like waveform occurred in the N2a-P3a-SW
pattern markedly often. However, it may also contribute to
the generation of all the scalp-recorded potentials evoked by
any kind of stimuli.

The second type of P3-like waveform is time-locked to
the moment of motor response, i.e. it is dependent on the
length of SR interval. This can be explained by the
activation of structures engaged in response-related pro-
cesses, such as timing, decision to perform the movement,
preparation for, initiation and execution of the movement.
Unfortunately the design of the oddball paradigm, with only
a button-pressing response, used in our study does not allow
distinguishing between intracerebrally recorded MRPs or
P3-like potentials influenced by response-related processes.
In our previous paper (Brazdil et al., 2003), the effect of the
response type on the P3-like potential was investigated with
respect to button-pressing versus mental counting con-
ditions from the same intracerebral sites. Task-specific P3-
like potentials for the button-pressing task were observed in
the lateral premotor cortex and sporadically in the
orbitofrontal, cingulate, lateral parietal, and mesiotemporal
cortex (amygdala and fusiform gyrus), but mostly without
the character of its local origin in these sites. These findings
are in accordance with the intracerebral distribution of the
second type of P3-like waveform, which could be linked to
the family of MRPs.

The influence of response execution on P3 latency was
explored during the performance of simple RT and SR
compatibility tasks. When the stimulus evaluation demands
were minimal, response execution affected P3 latency,
however, these movement effects were modest (Doucet and
Stelmack, 1999). Another study focused on the effect of
button-pressing on P3, with the result that button-pressing
generated smaller P3 than silent-counting, and P3 topo-
graphy in button-pressing tasks was confounded by motor
potentials (Salisbury et al., 2001). As in the study by Kok
(1988), they assumed that motor processes on a simple RT
task were roughly equivalent to a ‘go’ trial in an oddball
task. The existence of the second type of P3-like waveform
demonstrated in our study could possibly explain these
findings.

The third type of P3-like waveform, which is not strictly
time-locked to stimulus or motor response, could be
interpreted as an integration of stimulus- and response-
processing (more precisely, as a decision to respond on the
basis of perceptual analysis) and a representation of
attentional and memory processes. The scalp-recorded P3b
with the central/parietal maximum is associated with these
processes (McCarthy et al., 1997). The P3b reductions in
patients with temporoparietal lesions are accompanied with
attention and memory deficits (Woods et al., 1993).
Temporoparietal lesions in monkeys also result in auditory
memory deficits (Colombo et al., 1990). Ruchkin et al.
(1990, 1992) provided evidence that longer latency scalp
positivities index activity in phonologic and visuospatial
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systems of working memory. Our finding of this third type
of P3-like waveform in structures such as the hippocampus,
parahippocampal gyrus, amygdala and others can further
corroborate the interpretation above. It is possible that
decision making, and attentional and memory processes
need not be strictly time-locked to the stimulus occurrence,
and their time relationship can vary from trial to trial
depending on instantaneous conditions. The same reasoning
can also be used for mental counting processes required in
the task, which can contribute to generation of the third type
of P3-like waveform.

Only 5 cases of our CPz recordings yielded P3
waveform, which could be identified and analyzed in both
short and long averages. Two of them (patients DJ and JI)
would match up with the first type, one case (patient FP)
with the second type and the last two cases (patients HZ and
PM) with the third type of P3-like waveform. In patient JI,
FP and PM we found simultaneously all the 3 types of P3-
like waveforms with different latencies in the various brain
structures. In patients DJ and HZ we did not find any
stimulus-related P3-like waveform. Limited number of CPz
records did not allow any detailed analysis of the correlation
between scalp-recorded and intracerebrally recorded P3
waveforms.

The presence of both kinds of typical intracerebral
patterns, the triphasic N2a—P3a-SW and the broad P3b, in
all 3 types of P3-like waveforms evokes the explanation that
these patterns could more likely represent a distinctive
electrophysiological rule, when they are recorded directly
from the nervous tissue, than a certain linkage to specific
cognitive processes.

4.3. P3-like waveform and the time axis

Our interpretation of each P3-like waveform type can be
further supported by the fact that the first type occurs on the
average on the time axis more closely to the stimulus,
the second type more closely to the motor response, and the
third type somewhere between them, i.e. 394, 440, and
425 ms, respectively. If we assume that the first type of
depth P3 can be similar to the scalp P3a, and that the third
type of depth P3 could be similar to the scalp P3b, then the
difference of 31 ms between the two types does not really
correspond to the difference of 60—80 ms between scalp P3a
and P3b (Knight and Scabini, 1998). On the other hand, it is
found that intracranial putative generators of scalp-recorded
P3 do not have the same latencies as corresponding scalp
P3a and P3b. It is also obvious that we could not register
EEG responses from all the possible intracerebral gen-
erators, and thus our latency measurement is limited.

To determine the relation between the P3 latency and the
length of SR interval for each type of P3-like waveform, the
differences of peak P3 latencies between the long and short
SR intervals averages were correlated with the differences
of SR intervals between the long and short subgroups. No
correlation for the first type of P3-like waveform was

expected because the peak latency difference of 0-8 ms was
selected as a criterion for this type of response. For the
second type of P3-like waveform, the correlation coeffi-
cients showed that the peak latency was dependent on the
length of SR interval, which was less evident for the third
type P3-like waveform.

4.4. Other relevant intracerebral studies

Kropotov and Ponomarev (1991) recorded the ERPs in
visual oddball paradigm from the globus pallidus and
ventro-lateral nucleus of the thalamus in parkinsonian
patients. In both structures, they identified 3 different
neuronal populations: stimulus-bound, response-bound, and
group of neurons which did not react significantly in an
oddball task. Such stimulus- and response-bound neuronal
populations were involved in generation of P3-like wave-
forms. The authors included these results in their hypothesis
of action programming; P3-like activity was considered as
an electrophysiological reflection of several mental oper-
ations (Kropotov, 1989). Turak et al. (2002) investigated the
cingulate gyrus, which was activated during various
experimental tasks. They concluded that this area appears
to be multimodal, and is involved in several types of
cognitive activity. In accordance with this conclusion, our
study showed all 3 types of P3-like waveform in this area,
too, as well as in the superior, middle and inferior temporal
gyri, hippocampus, dorsolateral prefrontal, basal and medial
frontal and parietal cortices. Our findings extend recent
knowledge that not only the cingulate gyrus, globus
pallidus, and ventro-lateral nucleus of the thalamus, but
also some areas and structures in the frontal, temporal, and
parietal lobes are involved in several type of processes
engaged in an oddball paradigm.

Our results suggest that intracerebral P3-like waveform
represents different processes diffusely distributed within
the brain. In addition to higher cognitive processes, e.g.
stimulus identification or decision-making, there must be
brain structures responsible for planning, preparation, and
execution of the response given by the task. It seems that P3-
like waveform could be either stimulus-related or response-
related or not strictly related to the stimulus or motor
response. Therefore our results support the hypothesis that
the P3 waveform registered by surface electrodes represents
a heterogeneous phenomenon.
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Hippocampal Negative Event-Related Potential Recorded in Humans
During a Simple Sensorimotor Task Occurs Independently of Motor

Execution
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ABSTRACT: A hippocampal-prominent event-related potential (ERP)
with a peak latency at around 450 ms is consistently observed as a corre-
late of hippocampal activity during various cognitive tasks. Some intracra-
nial EEG studies demonstrated that the amplitude of this hippocampal
potential was greater in response to stimuli requiring an overt motor
response, in comparison with stimuli for which no motor response is
required. These findings could indicate that hippocampal-evoked activity
is related to movement execution as well as stimulus evaluation and asso-
ciated memory processes. The aim of the present study was to investigate
the temporal relationship between the hippocampal negative potential
latency and motor responses. We analyzed ERPs recorded with 22 depth
electrodes implanted into the hippocampi of 11 epileptic patients. Sub-
jects were instructed to press a button after the presentation of a tone.
All investigated hippocampi generated a prominent negative ERP peaking
at ~420 ms. In 16 from 22 cases, we found that the ERP latency did not
correlate with the reaction time; in different subjects, this potential could
either precede or follow the motor response. Our results indicate that the
hippocampal negative ERP occurs independently of motor execution. We
suggest that hippocampal-evoked activity, recorded in a simple sensorimo-
tor task, is related to the evaluation of stimulus meaning within the con-
text of situation. © 2013 Wiley Periodicals, Inc.

KEY WORDS: intracranial recordings; auditory task; hippocampus;
ERP latency; motor response

INTRODUCTION

Electrophysiological recordings from the hippocampus in humans
(e.g., Halgren et al., 1980; Stapleton and Halgren, 1987; Grunwald
et al., 1995; Brazdil et al., 2001; Fell et al., 2005; Boutros et al., 2008;
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Axmacher et al., 2010) and in animals (e.g., Paller
et al., 1992; Shinba et al., 1996; Shin, 2011) reveal a
large, mostly negative, event-related potential (ERP)
with a peak latency of around 450 ms. There is no
consensus on the terminology used to refer to this
cognitive potential. Some authors regard it as one of
the putative generators of the scalp recorded P300
and label this ERP accordingly; Grunwald et al.
(1999) and Fell et al. (2004), for example, used the
term MTL-P300, while Halgren et al. (1995) labeled
it the depth P3b. Likewise, similar ERPs recorded
from the hippocampus and various other brain struc-
tures have been referred to as P3-like waveforms
(Brazdil et al., 2003; Roman et al., 2005; Damborska
et al., 2012). Hippocampal activity is not related to
some functions associated with scalp P300, however,
and it can be observed also after frequent stimuli in
oddball task (Kukleta et al., 2003). We believe that
the descriptive term “large negative ERP” used by Pal-
ler and McCarthy (2002) seems to be the most accu-
rate so far, and hereafter, we refer to this potential as
the hippocampal negative ERP, or simply the negative
potential, rather than the MTL-P300 or the P3-like
waveform.

McCarthy et al. (1989) have speculated that this
hippocampal ERP is generated by the synchronous
activation of spatially aligned hippocampal pyramidal
cells. Later, these same authors suggested that this
potential may reflect the arrival into the hippocampus
of neocortical information, of modulatory inputs
from diffusely projecting brain systems, or of recur-
rent inhibition from hippocampal pyramidal cells
(Paller and McCarthy, 2002). As such, this ERP has
been used as an index of hippocampal activity during
various cognitive tasks.

One view on the medial temporal lobe functional
arrangement is the hierarchically organized set of asso-
ciational networks. Associational connections within
the perirhinal, parahippocampal, and entorhinal corti-
ces enable a significant amount of integration of
unimodal and polymodal inputs, so that only highly
integrated information reaches the remainder of the
hippocampal formation (Lavenex and Amaral, 2000).
Sensory inputs to the long axis of the hippocampus
are organized topographically, as are its efferent con-
nections.  Studies  report

an  anterior—posterior
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differentiation of hippocampal activation during various tasks
(Paller and McCarthy, 2002; Crottaz-Herbette et al., 2005;
Ludowig et al., 2010). Such functional organization is likely
based on interconnections between transverse circuits within
the longitudinal axis of hippocampus (Small, 2002; Aggleton,
2010; Aggleton et al., 2012).

The hippocampus is involved in novelty detection (Grun-
wald et al.,, 1998; Cohen et al., 1999; Strange and Dolan,
2001), salience detection (Rosburg et al., 2007), spatial mem-
ory and navigation (e.g., Watrous et al., 2011), and in encod-
ing and recollection of episodic memory (e.g., Ferndndez el al.,
2002; Eichenbaum, 2004; Amaral and Lavenex, 2007; Ranga-
nath, 2010; Lega et al., 2012; Eichenbaum et al., 2012). In a
recently published review, Olsen et al. (2012) suggest that the
hippocampus supports multiple cognitive processes through
relational binding and comparison, with or without conscious
awareness for the relational representations that are formed,
retrieved, and/or compared.

Despite the fact that most evidence points to cognition vari-
ables, some animal studies showed hippocampal theta activity
associated with motor behavior (Vanderwolf, 1969; Wyble
et al., 2004; Bland et al., 2006; Shin, 2011). Intracranial
recordings from human hippocampi have also demonstrated
movement-related increase in theta oscillatory activity (Ekstrom
et al.,, 2005). These findings are consistent with sensorimotor
integration theory, according to which hippocampal theta activ-
ity may reflect both the processing of sensory information
related to the preparation for movement and the execution of
movement (Bland and Oddie, 2001).

Besides theta oscillatory power changes, additional evidence
for the role of the hippocampus in motor execution comes
from studies demonstrating a modulation of hippocampal-
evoked activity during motor responses. In studies employing
the oddball task, for example, the amplitude of the hippocam-
pal ERP is consistently reported to be higher after target stim-
uli requiring a motor response, relative to frequent stimuli for
which no motor response is required (e.g., Brazdil et al., 1999;
Fell et al., 2005; Ludowig et al., 2010). The amplitude of this
potential was also found to be significantly greater after button
pressing compared to mental counting (Brdzdil et al., 2003).
Furthermore, in our previous study (Roman et al., 2005) we
observed that hippocampal P3-like waveforms to target stimuli
could be time-locked to the onset of the stimulus or the motor
response. These findings could indicate that this potential par-
tially reflects processes also related to the motor response and
not just to stimulus evaluation and associated memory func-
tions. To explore this possibility, we investigated the temporal
relationship between the hippocampal potential
latency and the onset of a stimulus-cued movement. To do so,
we employed a simple stimulus-response task, during which
subjects were required to press a single button in response to a

negative

single, unchanging auditory stimulus. The subjects were
instructed to respond at their own pace—that is, not to
respond as fast as possible. The latency parameter of the exam-
ined hippocampal ERPs was then analyzed in subgroups of
EEG trials with slower and faster responses.

Hippocampus

MATERIAL AND METHODS

Subjects

Eleven patients (nine females and two males; one male sub-
ject was left-handed; mean age 35 * 11 yrs) with medically
intractable epilepsy participated in the study. All subjects had
normal or corrected-to-normal vision. Informed consent was
obtained from each subject before the experiment, and the
study received the approval of the Ethical Committee of Masa-
ryk University.

Intracranial Recordings

For clinical purposes a total of 91 depth multicontact elec-
trodes were implanted orthogonally to the frontal, parietal, and
temporal lobes to localize seizure origin before surgical treat-
ment. In this study, we investigated ERP data from 22 electro-
des that were positioned at the anterior (electrodes B mostly in
hippocampal head, occasionally in the anterior part of hippo-
campal body) or posterior part of the hippocampi (electrodes
C mostly in hippocampal body or its posterior part) in both
right (nine electrodes) and left hemispheres (13 electrodes).
The number of contacts located in hippocampal tissue ranged
from two to four per electrode. The number of electrodes
implanted into the hippocampi per patient varied from one to
four (see Table 1); no electrodes recorded from epileptic foci.

ERPs were recorded with standard semiflexible multilead
electrodes (ALCIS), each with a diameter of 0.8 mm. Record-
ing contacts were 2.0 mm in length, and successive contacts
were separated by 1.5 mm. The exact position of the electrodes
and their contacts in the brain were verified using post-
placement MRI with electrodes in situ.

The EEG was recorded with a sampling rate of 1,024 Hz
during seizure-free periods using the 128-channel TrueScan
EEG system (Deymed Diagnostic). All recordings were monop-
olar, with a linked earlobe reference. All impedances were less
than 5 kQ. Eye movements were recorded from a cathode
placed 1 cm lateral and 1 cm above the canthus of the left eye,
and from an anode 1 cm lateral and 1 cm below the canthus
of the right eye.

Behavioral Task

A single-stimulus auditory task was performed, consisting of
five sessions of 30 trials (i.e., 150 trials). On a given trial, we
presented a single 1-kHz tone. The duration of auditory stim-
uli was constant at 200 ms. The interstimulus interval varied
randomly between 4,000 and 6,000 ms. The intersession inter-
val was 1 min. Subjects were instructed to press a button with
their dominant hand after presentation of the tone. They were
also instructed not to respond as fast as possible.

Data Analysis

ScopeWin and Physioplore software were used for offline anal-
ysis. EEG data were digitally filtered with pass band from 0.1 to
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TABLE 1.
Reaction Time and Hippocampal Negative ERP Parameters Measured in All Investigated Contacts, for All Subjects
Reaction time Reaction time Onset 50% Peak Peak

Subject mean = SD (ms) median (ms) Contact latency (ms) area latency (ms) latency (ms) amplitude (uV)
1 387 + 58 371 B4 300 468 512 -125
C3 324 552 528 —94
B'1 214 423 462 —-37
Cc2 300 503 522 -92
2 660 * 61 654 B'1 270 389 385 —136
3 260 = 31 259 B3 296 453 427 —205
'3 321 478 465 —239
4 384 + 64 387 C2 268 426 445 —80
5 608 + 144 566 B2 227 369 330 -133
B2 226 358 339 -77
C’2 283 430 437 —61
6 649 * 134 636 B2 239 420 361 —40
7 668 = 160 652 B4 240 355 341 —94
(@ 226 388 407 —145
8 440 * 64 444 B3 272 430 386 —188
C3 274 442 384 —202
B'3 295 464 494 —59
9 1,113 = 269 1,117 B'1 265 366 351 —65
C2 279 401 383 —51
10 693 + 93 688 C’'3 260 405 353 —78
11 552 + 45 552 B3 267 372 370 —300
B4 290 434 396 —338
B = anterior hippocampus, C = posterior hippocampus, ' = left hemisphere.

5.5 Hz. This filter was chosen because the most informative
aspect of the signal we were analyzing resides within frequencies
below 5 Hz (Jacobs et al., 2007; Lega et al., 2012; Watrous
et al., 2011, 2013). Furthermore, we wanted to exclude possible
influence of higher frequency components on the shape of the
ERPs obtained from subgroups with a low number of trials. The
filtered signal was then segmented according to the stimulation
trigger onset, and segment lengths were 2,000 ms with a 600-ms
prestimulus period used as baseline (—700 to —100 ms before
stimulus onset). In Figures 24, only a short prestimulus period
(~500 ms) is depicted, resulting in a shorter time axis. Segments
containing artefacts were rejected manually on the basis of visual
inspection. In each subject, the reaction time (RT) was measured
in artifact-free EEG segments. Outliers, ie., 5% of segments
with extremely long or short RT, were excluded from subsequent
averaging. For further analysis, we selected in each electrode the
one contact with the highest peak amplitude of negative ERP.
We evaluated ERP parameters derived from fractional area
measures (Luck, 2005). We used a measurement window
delimited by a line intersecting the waveform at the 50% peak
amplitude level. The time point at which the waveform
reached 50% of its peak amplitude represented the “onset
latency.” The 50% “area latency” was obtained by computing
the area under the ERP waveform above the aforementioned
measurement window and then identifying the time point that
bisected that area. We used this latter parameter as a measure

of the latency of a given potential, and it is this particular mea-
sure that is the focus of our analyses; for the sake of brevity,
we refer to this parameter as “ERP latency.” We also expressed
ERP latency as a relative value—i.e., the percentage fraction of
RT. This gave us a measure of “relative latency.” We measured
also the “peak latency,” allowing the comparison of our results
with the majority of other studies. Figure 1 illustrates all
parameters measured in the present study.

To investigate whether or not any temporal relationship
existed between the hippocampal negative potential and the
motor response (i.e., the moment of button pressing) we
performed the following procedure. In each subject, the
artifact-free EEG segments were sorted according to the
respective RT from the fastest to the slowest responses. Sub-
sequently, the segments were divided into five subgroups
and averaged separately (sorted averages). In creating the
subgroups, we attempted to fulfill the following criteria: a
sufficient number of segments for averaging in each sub-
group; an identical number of segments in all subgroups;
and similar variability of the RT across subgroups. Finally,
the ERP latency and relative latency, obtained from all five
sorted averages, were correlated with the median RT for
each subgroup.

Nonparametric statistic—Spearman correlation and Wil-
coxon pair test—were performed using the routines included
in the Statistica program (StatSoft).

Hippocampus
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FIGURE 1. Schematic representation of event-related potential

(ERP) parameters derived from fractional area measurements. The
50% area latency was used as the primary measure of ERP latency.
The time point at which the waveform reached 50% of the peak
amplitude represented the onset latency.

RESULTS

All the subjects responded to all presented stimuli. RT in a
group of 11 subjects measured only from artifact-free EEG seg-
ments was 583 *= 227 ms (mean * SD) and individual RT
values are listed in Table 1. The average number of artifact-free
segments across all subjects was 92 = 21, ranging from 61 to
126. The shortest responses were measured in subject 3 (260 =
31 ms), while subject 9 responded very slowly with the highest
variability of responses (1,113 % 269 ms). For the rest of the
subjects, mean RTs and standard deviations ranged, respectively,
384-693 and 45-160 ms.

We found prominent hippocampal negative potentials char-
acterized by a local origin, indicated by a steep voltage gradient
change, in all investigated electrodes. Two examples of locally

}SO uv
+

0 0.6
Stimulus

FIGURE 2.

generated ERPs are demonstrated in Figure 2. The values of
our selected ERP parameter measurements (mean = SD) across
22 cases were as follows: 50% area latency = 424 * 49 ms;
peak latency = 413 * 62 ms; onset latency = 270 = 31 ms;
peak amplitude = —129 = 84 pV. Parameter values from
each individual subject are presented in Table 1.

In all investigated contacts, averages created from sorted sub-
groups of segments revealed waveforms comparable to the
waveform averaged from all artifact-free segments (compare
one example in Figs. 3A,B). The number of segments included
in each subgroup varied from 14 * 1 to 25 * 4.

To test the temporal relationship between the negative
potential latency and motor responses, in each subject, we per-
formed correlation analyses between two measures of ERP
latency—both (50% and
latency—with median RT obtained from sorted subgroup aver-

absolute area latency) relative
ages (Table 2). First, we observed nonsignificant correlations
between ERP latency and median RT in all but two cases; spe-
cifically, C'2 in subject 1 and C'3 in subject 3. These findings
reflect relatively constant hippocampal negative potential
latency that is independent of RT. Second, we found significant
negative correlations between ERP relative latency and median
RT in 16 of 22 cases. These results demonstrate that with lon-
ger RT the hippocampal negative potential latency, expressed as
a relative value of corresponding RT, became correspondingly
lower. Although many of the correlations observed are far more
robust than those reported typically in the literature, yet they
failed to reach statistical significance. This is unsurprising given
the low degrees of freedom. Nevertheless, we performed
resampled procedures and we obtained very similar resules: for
the coefficient of —0.8 (i.e., subject 1, C'2), P > 0.067; and
for the coefficient —0.7 (i.e., subject 1, B'1), P = 0.119.

In the light of the previous results, we also correlated
median RT and ERP latency parameters but measured from

w
c2 /\_____\/\/

]100 Y
C3 *

C4

0 0.6
Stimulus

Two examples of locally generated hippocampal negative ERP revealed by steep

voltage gradient changes. In subject 2 (left), contact B'1 was located in the left hippocampal
head, while contacts B'2—4 were located outside this structure; In subject 8 (right), contacts
C1-3 penetrate right hippocampal body, while contact C4 lay outside this structure.

Hippocampus
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FIGURE 3.  Hippocampal negative ERP recorded from the
right hippocampal head in subject 11, contact B3. A: ERP aver-
aged from 88 artifact-free EEG segments (unsorted average). B:
ERPs recorded from the same contact and patient, averaged from
five subgroups of EEG segments defined according to median RT
(sorted averages), ordered from the shortest (upper) to the longest

unsorted averages across subjects. For this analysis, if the stud-
ied ERP is related to the motor response one would expect
high positive correlations. On the contrary, however, we
observed significant negative correlations between median RT
and ERP latency (r —0.77, P < 0.001) and between
median RT and onset latency (» = —0.55, P < 0.01). This
finding supports the proposal that the studied ERP is unrelated
to the motor response.

In all investigated sites, the hippocampal ERP latency—our
primary measure—varied along the time axis in relation to the
motor response (see Table 1). In 14 cases, it was shorter than
the median RT and preceded the motor response—in two cases
in subject 9, it was shorter by 751 and 716 ms; in 12 cases, it
varied from 297 to 2 ms (mean value 182 *= 98 ms) before
the average motor response. In eight cases, the hippocampal
ERP latency was longer than the median RT; this is true espe-
cially for subject 3, who provided the fastest responses,
whereby ERP latency was longer by 219 ms in C'3 and 194
ms in B3. In the six other remaining cases, it varied from 20
to 181 ms (mean value 87 * 62 ms) after the motor response
(see examples in Fig. 4). In contrast, our other measure of ERP
latency—onset latency—preceded the motor response in all

interrogated contacts except two in subject 3. It also demon-

(lower). ERP latency is indicated by short vertical solid lines cross-
ing the waveforms. The vertical dashed lines depict median RT
expressed numerically on the left. C: Transversal and coronal MR
images demonstrate the location of electrode B, with the B3 con-
tact position indicated by a white arrow.

strates that there is no fixed relationship between the studied
ERP and the motor response.

Differences in the measured parameters between anterior
and posterior parts of the hippocampus were assessed in six
pairs of contacts for subjects 1, 5, 7, 8, and 9 (Wilcoxon pair
test). A significant anterior—posterior difference (P < 0.05)
revealed that ERP latency was shorter in the anterior com-
pared with posterior hippocampi—i.e., 400 * 47 and 452 =
63 ms, respectively. No significant differences were found
between right and left hippocampi in any of the measured
parameters in five investigated pairs of contacts (subjects 1, 5,

8, and 11).

DISCUSSION

In the present study, we found that the human hippocampi
consistently generate a large negative ERP during simple auditory
stimulus-response task. Analyses focusing on the latency of this
hippocampal ERP suggested that it is not time-locked to the
motor (ie., First, the

response to movement execution).

Hippocampus
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FIGURE 4. Examples of hippocampal negative ERPs from each subject. Contacts B are

located in hippocampal head or in the anterior part of the hippocampal body, and contacts C
are positioned within the posterior part of hippocampal body; apostrophes indicate left-
hemisphere locations. ERP latency is indicated by vertical solid lines crossing the waveforms.
Shadow rectangles below each waveform represent reaction times quartile ranges and vertical
dashed lines, crossing the rectangles, signify median RT. Scaling was adjusted separately for

each waveform so as to optimize amplitude.

hippocampal negative ERP latency measured in five sorted sub-
groups of segments did not correlate with median RT. When the
same latency parameter was expressed as a relative value of RT,
however, it correlated highly with median RT in most of the
cases. Second, there is no fixed temporal relationship between the
hippocampal negative ERP and the motor response expressed as
median RT. In some cases, the ERP latency was shorter and, in
other cases, it was longer than median RT, i.e., negative potental
preceded or followed the motor response, respectively. Third,
across the entire group of subjects, the variability of the ERP
latency and the onset latency was at least four times lower than
the variability of RTs.

Our conclusion is based on a simplified conceptualization of
sensorimotor tasks; specifically, we assume that the hippocam-
pal ERP reflects activity related either to the stimulus presenta-
tion or to the execution of the response. The results of our
correlation analyses between RT and the latency (absolute and
relative) of the hippocampal negative potential should then
reveal the temporal relationship between this ERP and the
stimulus or the response. In the first case, the latency of the
ERP should be independent of RT. The opposite would be
expected if the studied ERP reflects processes linked to the exe-
cution of the response; the ERP latency should depend entirely
on RT. By averaging subgroups of EEG segments sorted
according to RT in each subject, we measured an almost con-

Hippocampus

stant potential latency in all sorted averages. Moreover, when
this potential latency was expressed as a relative value of RT; it
was lower for longer RTs. In other words, we revealed that the
hippocampal ERP is linked to the auditory stimulus rather
than the motor response.

One of the suggested hippocampal functions is its support
in multiple cognitive processes through relational binding and
comparison. The comparison occurs when recently processed
perceptual information is evaluated with respect to associated
relevant information that is maintained in the memory (Vinog-
radova, 2001). In our study, the auditory stimulus was given a
task-relevant meaning by verbal instruction. After each presen-
tation of the stimulus, its identification and comparison with
memorized representation had to be accomplished. We believe
that the hippocampal negative potential could represent an
electrophysiological correlate of such evaluation processing.

In our study, several subjects performed the task so quickly
that the latency of hippocampal waveform followed the execu-
tion of instructed movement. This could be explained by the
existence of a short-cut pathway from auditory areas to second-
ary motor areas involved in movement programming (Bender
et al., 2006). This is in line with the finding of early processing
of auditory stimuli in the frontal cortex as well (Kukleta et al.,
2010). It demonstrates that aforementioned hippocampal eval-
uation is not critical for movement execution.



TABLE 2.

Spearman Correlation Coefficients (df = 4) for the Relationship
Between Median RT and ERP Latency, and Between Median RT and
ERP Relative Latency (the Percentage Fraction of Reaction Time

Subject Contact Latency Relative latency
1 B4 0.7 —-0.9*
C3 0.5 -0.8
B'1 0.1 -0.7
C’2 0.9* -0.8
2 B'1 0.7 -0.1
3 B3 0.2 —-1.0*
(@] 0.9* —1.0%
4 2 0.6 —0.9%
5 B2 0.5 —0.9%
B2 0.5 —-0.9*
2 -0.2 —-1.0%
6 B'2 0.6 —0.9*
7 B4 -0.3 —-1.0*
C4 -0.3 —0.9%
8 B3 —-04 —0.9%
C3 -0.3 —0.9%
B'3 0.1 —-0.6
9 B'1 0.3 —0.9*
2 0.3 —0.9%
10 '3 -0.6 —1.0%
11 B3 -0.3 —0.9%
B4 0.5 -0.7
B = anterior hippocampus, C = posterior hippocampus, ' = left hemisphere.
*P < 0.05.

Low variability of RTs in some subjects represented a certain
limitation for our analysis. In such cases, we obtained very
small differences of median RT between the subgroups we cre-
ated. Since the ERP latency varied minimally in the sorted
averages also, this may have influenced the correlation coeffi-
cients we obtained in subjects 1 and 3.

Another finding from the present study is the primarily
shorter ERP latencies recorded from anterior relative to poste-
rior orthogonal electrodes; i.e., 400 = 47 and 452 *= 63 ms,
respectively. The small number of cases did not allow deeper
statistical evaluation, however. Very similar but nonsignificant
anterior—posterior differences in peak latencies were also
observed in axial electrodes penetrating the hippocampal head
429 * 96 ms and hippocampal body 486 * 69 ms (Ludowig
et al., 2010). These findings seem to be in accordance with a
model of memory recall that assumes a spreading of hippocam-
pal activation from anterior to posterior during information
retrieval (Small, 2002). The recent finding of traveling theta
waves with the same direction of propagation observed in hip-
pocampi of freely behaving rats is not in contradiction with
this model (Lubenov and Siapas, 2009).

The hippocampal negative ERP was found to be uniform in
shape and polarity across all subjects and investigated sites. It is
for this reason that we chose to employ parameters derived
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from fractional area measures for the description of this poten-
tial. The 50% area latency parameter is obtained by computing
the area under the ERP waveform over a delimited measure-
ment window, and then identifying the time point that bisects
that area. Thus, it can be related to RT more directly because
this is similar to the median RT, which is the point separating
the fastest and slowest halves of RTs. It also has several other
advantages over peak latency that is used in the majority of
ERP studies; the same value is expected irrespective of the
noise level of the data, for example, rendering it less sensitive
to noise (Luck, 2005). That is why we use the 50% area
latency parameter as a measure of the latency of the investi-
gated negative potential instead of the peak latency. Concern-
ing RT, we use the mean RT for description of group
behavioral performance and median RT to compare the size of
the latency effect to the size of the RT effect.

The primary finding of the present study is that during a
simple sensorimotor task, human hippocampi generate a prom-
inent negative ERP that occurs independently of motor execu-
tion. We suggest that this electrophysiological phenomenon is
related to evaluation of stimulus meaning within the context of
the current situation.

Acknowledgments

The authors thank Josef Halamek for his helpful comments
during the preparation of this manuscript.

REFERENCES

Aggleton JP. 2012. Multiple anatomical systems embedded within the
primate medial temporal lobe: Implications for hippocampal func-
tion. Neurosci Biobehav Rev 36:1579-1596.

Aggleton JP, Wright NF, Vann SD, Saunders RC. 2012. Medial tem-
poral lobe projections to the retrosplenial cortex of the macaque
monkey. Hippocampus 22:1883-1900.

Amaral DG, Lavenex P. 2007. Hippocampal neuroanatomy. In: Ander-
sen P Morris R, Amaral DG, Bliss T, O’Keefe ], editors. The Hip-
pocampus Book. Oxford: Oxford University Press. pp 37-114.

Axmacher N, Cohen MX, Fell J, Haupt S, Diimpelmann M, Elger
CE, Schlaepfer TE, Lenartz D, Sturm V, Ranganath CH. 2010.
Intracranial EEG correlates of expectancy and memory formation
in the human hippocampus and nucleus accumbens. Neuron 65:
541-549.

Bender S, Oelkers-AX R, Resch E Weisbrod M. 2006. Frontal lobe
involvement in the processing of meaningful auditory stimuli
develops during childhood and adolescence. Neuroimage 33:
759-773.

Bland BH, Oddie SD. 2001. Theta band oscillation and synchrony in
the hippocampal formation and associated structures: The case for
its role in sensorimotor integration. Behav Brain Res 127:119-136.

Bland BH, Jackson J, Derrie-Gillespie D, Azad T, Rickhi A, Abriam J.
2006. Amplitude, frequency, and phase analysis of hippocampal
theta during sensorimotor processing in a jump avoidance task.
Hippocampus 16:673-681.

Boutros NN, Mears R, Pflieger ME, Moxon KA, Ludowig E, Rosburg T.
2008. Sensory gating in the human hippocampal and rhinal regions:
Regional differences. Hippocampus 18:310-316.

Hippocampus



1344 ROMAN ET AL.

Brazdil M, Roman R, Daniel P, Rektor 1. 2003. Intracerebral somato-
sensory event-related potendals: Effect of response type (button
pressing versus mental counting) on P3-like potentials within the
human brain. Clin Neurophysiol 114:1489-1496.

Brazdil M, Roman R, Daniel B Rektor I. 2005. Intracerebral error-
related negativity in a simple Go/NoGo task. ] Psychophysiol 19:
244-255.

Brazdil M, Rektor I, Dufek M, Daniel B, Jurdk B, Kuba R. 1999. The
Role of Frontal and Temporal Lobes in Visual Discrimination
Task—Depth ERP Studies. Neurophysiol Clin 29: 339-350.

Brazdil M, Rektor I, Daniel P, Dufek M, Jurdk P. 2001. Intracerebral
event-related potentials to subthreshold target stimuli. Clin Neuro-
physiol 112:650-661.

Cohen NJ, Ryan J, Hunt C, Romine L, Wszalek T, Nash C. 1999.
Hippocampal system and declarative (relational) memory: Summa-
rizing the data from functional neuroimaging studies. Hippocam-
pus 9:83-98.

Crottaz-Herbette S, Lau KM, Glover GH, Menon V. 2005. Hippo-
campal involvement in detection of deviant auditory and visual
stimuli. Hippocampus 15:132-139.

Damborskd A, Brazdil M, Rektor I, Janousova E, Chladek J, Kukleta
M. 2012. Late divergence of target and nontarget ERPs in a visual
oddball task. Physiol Res 61:307-318.

Eichenbaum H. 2004. Hippocampus: Cognitive processes and neural rep-
resentations that underlie declarative memory. Neuron 44:109-120.
Eichenbaum H, Sauvage M, Fortin N, Komorowski R, Lipton P.
2012. Towards a functional organization of episodic memory in

the medial temporal lobe. Neurosci Biobehav Rev 36:1597-1608.

Ekstrom AD, Caplan JB, Ho E, Shattuck K, Fried I, Kahana MJ.
2005. Human hippocampal theta activity during virtual navigation.
Hippocampus 15:881-889.

Fell J, Dietl T, Grunwald T, Kurthen M, Klaver P, Trautner P Schaller
C, Elger CE, Fernandez G. 2004. Neural bases of cognitive ERPs:
More than phase reset. ] Cogn Neurosci 16:1595-1604.

Fell J, Kohling R, Grunwald T, Klaver P, Died T, Schaller C, Becker A,
Elger CE, Fernandez G. 2005. Phase-locking characteristics of limbic
P3 responses in hippocampal sclerosis. Neuroimage 24:980-989.

Fernandez G, Klaver B, Fell J, Grunwald T, Elger CE. 2002. Human
declarative memory formation: Segregating rhinal and hippocampal
contributions. Hippocampus 12:514-519.

Grunwald T, Elger CE, Lehnertz K, Van Roost D, Heinze HJ. 1995.
Alterations of intrahippocampal cognitive potentials in temporal
lobe epilepsy. Electroencephalogr Clin Neurophysiol 95:53-62.

Grunwald T, Lehnertz K, Heinze HJ, Helmstaedter C, Elger CE.
1998. Verbal novelty detection within the human hippocampus
proper. Proc Natl Acad Sci USA 95:3193-3197.

Grunwald T, Beck H, Lehnertz K, Blumcke I, Pezer N, Kutas M,
Kurthen M, Karakas HM, Van Roost D, Wiestler OD, Elger CE.
1999. Limbic P300s in temporal lobe epilepsy with and without
ammon’s horn sclerosis. Eur ] Neurosci 11:1899-1906.

Halgren E, Squires NK, Wilson CL, Rohrbaugh JW, Babb TL,
Crandall PH. 1980. Endogenous potentials generated in the
human hippocampal formation and amygdala by infrequent events.
Science 210:803-805.

Halgren E, Baudena B Clarke JM, Heit G, Marinkovic K, Devaux B,
Vignal JB, Biraben A. 1995. Intracerebral potentials to rare target and
distracter auditory and visual stimuli. II. medial, lateral and posterior
temporal lobe. Electroencephalogr Clin Neurophysiol 94:229-250.

Jacobs J, Kahana M]J, Ekstrom AD, Fried I. 2007. Brain oscillations
control timing of single-neuron activity in humans. ] Neurosci 27:
3839-3844.

Kukleta M, Brazdil M, Roman R, Jurak P. 2003. Identical event-
related potentials to target and frequent stimuli of visual oddball
task recorded by intracerebral electrodes. Clin Neurophysiol 114:
1292-1297.

Hippocampus

Kukleta M, Turak B, Louvel J. 2010. Very early EEG responses to a
meaningful auditory stimulus in the frontal lobes: An intracerebral
study in humans. Physiol Res 59:1019-1027.

Lavenex P, Amaral DG. 2000. Hippocampal-neocortical interaction: A
hierarchy of associativity. Hippocampus 10:420-430.

Lega BC, Jacobs J, Kahana M. 2012. Human hippocampal theta oscil-
lations and the formation of episodic memories. Hippocampus 22:
748-761.

Lubenov EV, Siapas AG. 2009. Hippocampal theta oscillations are
travelling waves. Nature 459:534-539.

Luck SJ. 2005. Measuring ERP latencies. In: Luck §J, editor. An
Introduction to the Event-Related Potential Technique. Cambridge:
MIT Press. pp 237-249.

Ludowig E, Bien CG, Elger CE, Rosburg T. 2010. Two P300 genera-
tors in the hippocampal formation. Hippocampus 20:186-195.
McCarthy G, Wood CC, Williamson PD, Spencer DD. 1989. Task-
dependent field potentials in human hippocampal formation.

J Neurosci 9:4253-4268.

Olsen RK, Moses SN, Riggs L, Ryan JD. 2012. The hippocampus
supports multiple cognitive processes through relational binding
and comparison. Front Hum Neurosci 6:1-13.

Paller KA, McCarthy G. 2002. Field potentials in the human hippo-
campus during the encoding and recognition of visual stimuli.
Hippocampus 12:415-420.

Paller KA, McCarthy G, Roessler E, Allison T, Wood CC. 1992.
Potentials evoked in human and monkey medial temporal lobe
during auditory and visual oddball paradigms. Electroencephalogr
Clin Neurophysiol 84:269-279.

Ranganath C. 2010. A unified framework for the functional organiza-
tion of the medial temporal lobes and the phenomenology of epi-
sodic memory. Hippocampus 20:1263-1290.

Roman R, Brazdil M, Jurdk P, Rektor I, Kukleta M. 2005. Intracerebral
P3-like waveforms and the length of the stimulus-response interval in a
visual oddball paradigm. Clin Neurophysiol 116:160-171.

Rosburg T, Trautner P, Ludowig E, Schaller C, Kurthen M, Elger CE,
Boutros NN. 2007. Hippocampal event-related potentials to tone
duration deviance in a passive oddball paradigm in humans. Neu-
rolmage 37: 274-281.

Shin J. 2011. The interrelationship between movement and cognition:
Theta rhythm and the P300 event-related potential. Hippocampus
21:744-752.

Shinba T, Andow Y, Shinozaki T, Ozawa N, Yamamoto K. 1996.
Event-related potentials in the dorsal hippocampus of rats during
an auditory discrimination paradigm. Electroencephalogr Clin
Neurophysiol 100:563-568.

Small SA. 2002. The longitudinal axis of the hippocampal formation:
Its anatomy, circuitry, and role in cognitive function. Rev Neurosci
13:183-194.

Stapleton JM, Halgren E. 1987. Endogenous potentials evoked in
simple cognitive tasks: Depth components and task correlates.
Electroencephalogr Clin Neurophysiol 67:44-52.

Strange BA, Dolan RJ. 2001. Adaptive anterior hippocampal responses
to oddball stimuli. Hippocampus 11:690-698.

Vanderwolf CH. 1969. Hippocampal electrical activity and voluntary
movement in the rat. Electronceph Clin Neurophysiol 26:407-418.
Watrous AJ, Fried I, Ekstrom AD. 2011. Behavioral correlates of
human hippocampal delta and theta oscillations during navigation.

J Neurophysiol 105:1747-1755.

Watrous AJ, Tandon N, Conner CR, Pieters T, Ekstrom AD. 2013.
Frequency-specific network connectivity increases underlie accurate
spatiotemporal memory retrieval. Nat Neurosci 16:349-356.

Wyble BE, Hyman JM, Rossi CA, Hasselmo ME. 2004. Analysis of
theta power in hippocampal EEG during bar pressing and running
behavior in rats during distinct behavioral contexts. Hippocampus

14:662-674.



Priloha ¢. 3

Kukleta M, Brazdil A, Roman R, Jurak P. Identical event-related potentials to target and
frequent stimuli of visual oddball task recorded by intracerebral electrodes. Clinical
Neurophysiology 2003;114:1292-1297. IF (2003) = 2,485



ELSEVIER

Clinical Neurophysiology 114 (2003) 1292-1297

www.elsevier.com/locate/clinph

Identical event-related potentials to target and frequent stimuli
of visual oddball task recorded by intracerebral electrodes

M. Kukleta®*, M. Brazdil®, R. Roman?, P. Jurdk®

“Department of Physiology, Medical Faculty, Masaryk University, Brno, Czech Republic
°First Department of Neurology, Medical Faculty, Masaryk University, Brno, Czech Republic
“Laboratory of NMR Electronics, Academy of Sciences, Brno, Czech Republic

Accepted 31 March 2003

Abstract

Objective: The shape of visually elicited event-related potentials (ERP) of epileptic patients during their presurgical evaluation with
intracerebral electrodes was investigated in the study.

Methods: Twenty intractable epileptic patients with depth electrodes at several intracranial locations in the frontal, temporal, parietal
lobes, and in the amygdalo-hippocampal complex participated in the study. To evoke the ERP, a standard visual oddball task was used with
target stimuli, and frequent non-habituated and habituated stimuli. The averaged responses of the 3 groups were superimposed and visually
analyzed whether the shape appeared identical or non-identical.

Results: The EEG response to target and frequent stimuli was recorded in 660 intra-cerebral sites. In 88 sites (14 different patients)
localized in the amygdala, parahippocampal gyrus, superior, middle, and inferior temporal gyri, fusiform and lingual gyri, sensorimotor
cortex, prefrontal cortex, hippocampus, and cingulated gyrus, the identical ERPs to target and both groups of frequent stimuli were observed.
In 442 sites located in the above listed structures, and in the basal ganglia and parietal cortex, the shape of the ERP differed from 0.3 to 0.47 s
on after the stimulus. The remaining 130 sites did not yield the task-specific potential change.

Conclusions: The existence of identical ERPs to target and frequent stimuli in the oddball task suggests that a part of mental operations

underlying the brain engagement in this task is not dependent on the way of responding.
© 2003 International Federation of Clinical Neurophysiology. Published by Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Event-related potential; Intra-cerebral EEG recording in humans; Oddball task

1. Introduction

In the cognitive brain research, the registration of event-
related potentials (ERP) continues to be a basic and ever-
productive method. Especially the P3 component, firstly
described by Sutton et al. (1965) and Desmedt et al. (1965),
has been attracting the attention of researchers for decades.
This wave appears in averaged records after rare (target)
external stimuli presented, in a random order, with frequent
ones. It is peaking about 300 ms after an acoustic signal, and
some 100—150 ms later after a visual signal. In the scalp
recordings, its amplitude is largest over the centroparietal
regions for acoustic as well as visual stimulation. The P3
evoked by a visual signal has been analyzed thoroughly
since the 1960s, and available evidence demonstrates its

* Corresponding author. Tel.: +420-5-42126656; fax: +420-5-126561.
E-mail address: mkukleta@med.muni.cz (M. Kukleta).

large dependence on experimental conditions of psycho-
logical character (Donchin et al., 1978; Hillyard and Picton,
1987). This long-latency positive waveform is generally
viewed as reflecting decision or cognitive closure of the
recognition processing, or as the updating of memory for
future actions (Smith et al., 1970; Hillyard et al., 1971,
Hillyard and Picton, 1987; Iragui et al., 1993). Actually, the
P3 is mostly considered as an electrophysiological con-
comitant of mental processes linked with the cognitive
elaboration of target signals. Frequent signals are believed
to be unable to produce comparable electrophysiological
changes.

Many studies using scalp electroencephalography
(EEG), intracerebral EEG, and myoelectroencephalography
(MEG) have attempted to localize structures where the P3 is
generated (Basile et al., 1997; ; Baudena et al., 1995;
Brazdil, et al., 1999; Goto et al., 1996; Halgren et al., 1995a,b,
1998; Kropotov and Ponomarev, 1991; McCarthy et al.,

1388-2457/03/$30.00 © 2003 International Federation of Clinical Neurophysiology. Published by Elsevier Science Ireland Ltd. All rights reserved.
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1989; Puce et al., 1991; Rogers et al., 1991; Seeck et al.,
1995; Smith et al., 1990; Tarkka et al., 1995; Tarkka and
Stokic, 1998; Tesche et al., 1996; Yamazaki et al., 2000;
Yamazaki et al., 2001). These studies have shown that the
P3 (and P3 magnetic) is a complicated phenomenon, which
involves many areas of the brain in space and time. The
evidence emerging shows that the P3 reflects parallel and
serial neuronal activity in numerous structures, and that this
activity underlies, very probably, a number of mental
operations necessary for accomplishing the experimental
task. It also becomes clear that the whole set of these
operations has not been delineated unequivocally so far.

In this study, the shape of visually elicited ERP of
epileptic patients with intracerebral electrodes in an oddball
setup has been investigated. Contrary to the common
approach in this method, which consists in differentiating
responses to target and frequent stimuli we were looking for
identical ERP after target and frequent stimuli. The
existence of such responses could be expected when
considering the demands on signal discrimination and
decision-making in the case of frequent stimuli. There is
no reason to believe that these demands are principally
different from those induced by target ones. To confirm this
hypothesis, we chose a simple methodological procedure.
We superimposed and analyzed visually all the ERPs
elicited by target, frequent non-habituated, and frequent
habituated stimuli with the aim to see whether the shape of
these 3 curves appeared identical or non-identical.

2. Methods and materials
2.1. Subjects

Twenty patients (14 males, 6 females; aged 19-47 years;
all with medically intractable epilepsies; 19 right handed,
one left handed) participated in the study. Depth orthogonal
platinum electrodes were implanted to localize the seizure
origin prior to surgical treatment in the frontal, temporal,
and/or parietal lobes using the methodology of Talairach
et al. (1967). In 7 patients, additional diagonal electrodes
were inserted stereotactically into the amygdalo-hippocam-
pal complex (via the frontal approach, passing through the
basal ganglia in 6 patients, via the occipital approach in one
patient). The electrodes were placed bilaterally in 14
patients and unilaterally in 6 patients. Standard MicroDeep
semi-flexible electrodes (DIXI) with the diameter of
0.8 mm, length of each contact of 2 mm, and inter-contact
intervals of 1.5 mm were used for invasive EEG monitoring.
Contacts at the electrode (5—15) were always numbered
from the medial to lateral sites. Their positions were
indicated in relation to the axes defined by the Talairach
system using the ‘x, z, y° format where ‘x’ is lateral,
millimeters to midline, positive right hemisphere, ‘z’ is
antero-posterior, millimeters to the AC (anterior commissure)
line, positive anterior, and ‘y’ is vertical, millimeters to the

AC/PC (posterior commissure) line, positive up. The exact
positions of the electrodes and their contacts in the brain
were verified using post-placement magnetic resonance
imaging (MRI) with electrodes in situ. The recordings from
lesional structures and epileptogenic zones were not
included into the analysis. No patient from the group
examined has had bilateral hippocampal sclerosis or
bilateral temporal lobe epilepsy. All the patients had normal
or corrected-to-normal vision. Informed consent was
obtained from each patient prior to the experiment, and
the study received an approval from the Ethical Committee
of Masaryk University.

2.2. Procedure

The patients were seated comfortably in a moderately
lighted room with a monitor screen positioned approxi-
mately 100 cm in front of their eyes. During the examin-
ation, they were asked to focus the gaze continuously on the
point in the center of the monitor screen and to respond, as
quickly as possible, to a target stimulus (yellow letter X on
the white background) by pressing a micro-switch button in
the dominant hand and counting the number of these stimuli
in their heads, and to ignore frequent stimuli (yellow letter O
on the white background). Both stimuli were displayed on a
black screen, subtended at the visual angle of 3°. Their
duration was 200 ms. The inter-stimulus interval varied
randomly between 2 and 5 s, the ratio of target to frequent
stimuli was 1:5.

2.3. EEG recording

The EEG signal was recorded simultaneously from
various intra-cerebral structures using 64 channel Brain
Quick EEG system (Micromed). All the recordings were
monopolar with respect to a reference electrode placed in all
the cases on the right processus mastoideus. EEGs were
amplified with the bandwidth of 0.1-40 Hz at the sampling
rate of 128 Hz. Further processing was performed with
artifact-free EEG periods (selection was based on visual
inspection of the periods by an experienced person). EEG
periods of 2 s were averaged off-line using the stimulus
onset as the trigger (—500 and 4 1500 ms from stimulus
onset). ScopeWin software was used for the signal analysis,
which included up to 44 channels recorded simultaneously.
Responses to frequent stimuli were distributed to a subgroup
of ‘non-habituated responses’ and to a subgroup of
‘habituated responses’, and averaged independently. The
former subgroup gathered responses to the first frequent
stimulus following the target response, the latter one
gathered responses to the sixth, seventh and next (if any)
frequent stimuli following the target response. The mean
value of averaged records was 52 records in the groups of
target responses (median 54, maximum 61, minimum 36),
42 records in the group of frequent ‘non-habituated’
responses (median 44, maximum 53, minimum 29), and
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89 records in the group of frequent ‘habituated’ responses
(median 88, maximum 128, minimum 56).

2.4. Data analysis

In total, 660 averaged electrophysiological responses to
target stimuli, 660 averaged responses to non-habituated
frequent stimuli, and 660 averaged responses to habituated
frequent stimuli from different anatomical sites were
evaluated. The number of explored sites in one patient
varied from 14 to 42 sites (median 35 sites). The potential
change after the stimulus has been considered as an ERP if
its amplitude was greater than the twofold of the maximal
potential change seen in the period prior to the stimulus
onset. The decision whether the shape of ERPs to target and
frequent stimuli is identical or non-identical was based on
the visual comparison of superimposed averaged curves
from these 3 conditions. The agreement of two independent
observers was used to decrease a possible subjective factor
in the assessment.

3. Results

Responses from 530 sites (80% of all the investigated
sites) could be considered as event-related potentials
(ERPs). The remaining 20% of sites did not yield task-
specific potential changes. In 88 sites (14 different patients)
of several structures, the identical ERPs to target and both
groups of frequent stimuli were observed (Table 1). These
sites were situated ipsilaterally in 64% and contralaterally in
36% of cases with regard to the performing hand. As
evident, the occurrence of identical ERPs was more frequent
in the amygdala, parahippocampal gyrus, superior, middle,
and inferior temporal gyrus, in fusiform gyrus and lingual
gyrus. The occurrence of identical responses was less
frequent in the sensorimotor cortex, basal and dorsolateral
prefrontal cortex, hippocampus, and very rare in the

Table 1

cingulate gyrus. In 72 sites located in the basal ganglia
and parietal cortex, the identical ERP was not found.

Fig. 1 presents 12 cases of identical ERPs induced by
target and frequent stimuli that were selected with the
intention to demonstrate typical ones. The shape of these
potentials varied across different structures as well as within
the same structure. Simple forms, mostly biphasic curves,
were observed frequently in the amygdala. In the other
structures, the shape of identical ERPs was more complex.
In the majority of cases, these potentials included late
components located in the periods, which followed the
execution of movement in responses to a target stimulus.

In another 442 sites of all the investigated structures, the
response to a target stimulus quit the initially identical
course with responses to frequent stimuli, and started its
own course. The instant of these dissociations varied
between 0.30 and 0.47s. Fig. 2 demonstrates 12 such
cases. In the great proportion of cases, these sites exhibited,
after the dissociation point, task-specific EEG activity even
in response to frequent stimuli (though different from target
responses). The simultaneous occurrence of identical and
non-identical ERPs to target and frequent stimuli in the
same patient and in the same structure was a common
finding. This phenomenon has been observed almost in all
the patients in whom identical responses were demonstrated
(12 out of 14 patients).

The data in Fig. 3 demonstrate 3 regions exhibiting signs
of a local generator. Two of these generators concern the
ERP evoked by a target stimulus only (contacts X'4, X'5,
and GI1, G2, respectively), the third one could be
considered, at least in its early half, as the generator of
identical ERP (contacts D4, D5).

4. Discussion

The first question to be discussed is the relevance of the
results for understanding the functioning of the healthy brain.

The prevalence of identical and non-identical ERPs induced by target and frequent stimuli across different brain structures

Structure Total

Identical Non-identical No response

Amygdala

Parahippocampal gyrus

Temporal gyri (superior, middle, inferior)
Fusiform gyrus

Lingual gyrus

Sensorimotor cortex

Prefrontal cortex (basal, dorsolateral)
Hippocampus

Cingulate gyrus

Parietal cortex

Basal ganglia

39 (11 patients)
34 (8 patients)
190 (17 patients)
15 (8 patients)
5 (1 patient)
41 (4 patients)
144 (12 patients)
80 (14 patients)
40 (11 patients)
23 (3 patients)
49 (6 patients)

12 (5 patients)
10 (3 patients)
33 (8 patients)
5 (2 patients)
3 (1 patient)
4 (1 patient)
13 (3 patients)

15 (6 patients)
17 (6 patients)
91 (13 patients)
9 (6 patients)
2 (1 patient) 0
32 (4 patients)
125 (12 patients)
7 (3 patients) 47 (10 patients)
1 (1 patient) 34 (10 patients)
0 23 (3 patients) 0
0 47 (6 patients)

12 (3 patients)
8 (6 patients)
65 (14 patients)
1 (1 patient)

5 (1 patient)
6 (3 patients)
25 (8 patients)
5 (1 patient)

2 (1 patient)

Total, the number of all the explored sites; Identical, the number of sites from which identical ERPs to target and frequent stimuli were derived; Non-
identical, the number of sites from which non-identical ERPs to target and frequent stimuli were derived; No response, absence of task-specific EEG change

after a stimulus.
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Fig. 1. Identical averaged ERPs evoked by target (thick line), habituated,
and non-habituated frequent stimuli (thin lines). No of the case, initials of
the patient, location of recording contact, side with respect to the
movement, Talairach’s coordinates: (1) DJ, amygdala, ipsilateral, +23,
—6, — 15; (2) FP, amygdala, ipsilateral, +-21, — 5, — 16; (3) VP, amygdala,
contralateral, —21, —6, —16; (4) KJ, amygdala, contralateral, —23, —6,
—16; (5) PM, amygdala, ipsilateral, —23, —5, +15; (6) KJ, fusiform
gyrus, contralateral, —29, —25, —16; (7) KP, superior temporal gyrus,
ipsilateral, +60.5, —33, +17; (8) KZ, supplementary motor area,
ipsilateral, +13, — 12, +52; (9) DM, parahippocampal gyrus, ipsilateral,
+ 18, —43, 0; (10) MP, lingual gyrus, ipsilateral, +23, —45, —1; (11) KZ,
dorsolateral prefrontal cortex, ipsilateral, +54, +4, 4+31; (12) MP, middle
temporal gyrus, ipsilateral, — 64, —44, +2.

The intracerebral ERP data analyzed in this study as well as
those published previously by various authors were obtained
from intractable epileptic patients in the course of their clinical
presurgical evaluation. Unfortunately, we are always dealing
with the diseased brain tissue in this kind of research.
Considering the presence of functional and possibly structural
focal lesions in epileptic patients, only EEG signal from
carefully selected extralesional sites can be evaluated. In this
study, recordings from lesional anatomical structures, epilep-
togenic zones and sites with obvious epileptiform discharges
were not included in the analysis. Despite the fact it is
impossible to eliminate unequivocally the possible impact of
spreading epileptic activity on the normal function of other
parts of the brain, wherever they are located and whatever their
distance from epileptogenic focus is. Another negative
consequence of focal epileptic activity can be a compensatory
shift of physiological functions into distinct cortical locations.

Other limitations of such studies are imposed by ethical
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Fig. 2. Non-identical average ERPs evoked by target (thick line),
habituated, and non-habituated frequent stimuli (thin lines). No of the
case, initials of the patient, location of recording contact, side with respect
to the movement, Talairach’s coordinates: (1) SM, putamen, ipsilateral,
+26, —7, +8; (2) HZ, fusiform gyrus, ipsilateral, +34, —42, —5; (3) PM,
middle frontal gyrus, ipsilateral, — 14, 444, —8; (4) FP, parahippocampal
gyrus, ipsilateral, +18, —34, —3; (5) DM, amygdala, contralateral, — 25,
—5, —17; (6) KZ, suplementary motor area, contralateral , — 1, — 9, +51;
(7) DM, hippocampus posterior, contralateral, —25, —27, —8; (8) SM,
inferior temporal gyrus, ipsilateral, +58, —26, —13; (9) PM, anterior
cingulated gyrus, contralateral, +4, +22, 4+32; (10) KZ, sensorimotor
cortex, contralateral, —28.5, —9, —51; (11) JI, parahippocampal gyrus,
ipsilateral, +24, — 13, —24; (12) DJ, parahippocampal gyrus, contralateral,
—23, —6, —4.5.

imperatives. In our patients, the locations of electrodes were
strictly determined by diagnostic purposes. Therefore, the
recordings and evaluations of this study can only give
information on the brain areas, which were limited in
number and which were selected unsystematically with
regard to the studied function. For the same reason,
simultaneous or subsequent recordings from the scalp
have not been performed in our patients. Nevertheless,
while keeping in mind all the limitations of the method, its
value for understanding the ERP genesis is currently
unquestionable.

The demonstration of identical intracerebral ERPs to
target and frequent stimuli in oddball task is the main result
of the study presented. This result represents no contradic-
tion to the consistent findings of different EEG responses to
targets and non-targets. It simply demonstrates that, apart
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Fig. 3. The averaged ERPs evoked by target (thick line), habituated, and
non-habituated frequent stimuli (thin lines), recorded from neighboring
electrode contacts exhibiting phase reversal and steep voltage gradients.
Left half: patient DJ, plots in parahippocampal gyrus (X'3, —23, —6,
—4.5), amygdala (X'4, —23, —5, —21), amygdala (X'5, —23, —4,
—17.5), amygdala (X'6, —23, —3, —14), amygdala (X'7, —23, —2,
— 10.5), white matter (X'8, —23, — 1, —7), putamen (X'9, —23, 0, —3.5);
side contralateral with respect to the movement. Right half, above: patient
SM, plots in cingulated gyrus (G1, +3, — 35, +28; G2, +6.5, —35, +28;
G3, +10, —35, +28; G4, +13.5, —35, +28; G5, +17, — 35, +28); side
ipsilateral with respect to the movement. Right half, below: patient KP,
superior temporal gyrus (D2, 4-53.5, —33, 4+17; D3, +57, — 33, +17; D4,
+60.5, —33, +17; D5, +64, —33, +17); side ipsilateral with respect to
the movement.

from sites where target stimuli are processed specifically,
there can be found other sites, in which the processing of
targets and frequents is going identically. We have not
found, in the pertinent literature, a study looking for
identical ERP after target and non-target stimuli with
intracranial electrodes. The identical ERP had predomi-
nantly a form of slow biphasic potential change that
extinguished about 1s after the signal. The shape of
identical ERPs varied across the structures explored and,
sometimes, even across different contacts located in the
same structure. The unstable form of ERPs was a frequent
finding, and it reflected, very probably, the complexity of
factors in space and time that determined the characteristics
of electrical field in the surroundings of recording contacts.
The orientation of functional dipoles, which generated these
fields, their power, form, and number as well as the tissue

conductivity — these are some possibilities of determining
factors. In such a situation, the comparison of records
obtained from the same site under various conditions can
only provide reliable results. In the present study, the
creation of two subgroups of frequent responses (non-
habituated and habituated subgroups) was inspired by this
methodological requirement. The increased number of
curves superimposed in evaluating their shape and the
resulting increase of reliability of this procedure was the
only reason of this subdivision.

As demonstrated, the identical and non-identical
responses occurred frequently in the same patient and in
the same structure. Identical responses were less frequent;
they represented 17% of identified ERPs only. Another
aspect of the results necessitates a comment. Amongst 88
identical ERPs recorded in different brain structures, the
generator was demonstrated on one occasion only (Fig. 3,
contacts D4, DS5). All the other evaluated identical ERPs
have been generated in the sites more or less remote from
the recording contacts. This fact has considerably limited
any attempt of localizing the structures responsible for their
generation.

The study has not yielded sufficient data for the
interpretation of behavioral significance of identical ERP.
Nevertheless, it is clear that the demonstration of identical
ERP further corroborate the complicated image of the P3
phenomenon emerging from relevant EEG studies. The
demonstration of simultaneous occurrence of identical and
non-identical ERPs to target and frequent stimuli in an
oddball task allows differentiating between response-
dependent and response-independent intra-cerebral ERPs.
This suggests the existence of response-dependent and
response-independent mental operations that, at least in
some cases (see Fig. 3, contacts G1 and G2), are organized
in a parallel fashion. This reasoning is not supported directly
by the data presented; nevertheless, it has an inspiring
quality for orienting further research in this field.
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INTRODUCTION

Two types of changes in the electrical activity of the cortex may occur upon sensory
stimulation: one change is time-locked and phase-locked (evoked) and can be extract-
ed from the ongoing activity by simple linear methods such as averaging; the other is
time-locked but not phase-locked (induced) and can only be extracted through some
nonlinear methods such as envelope detection or power spectral analysis. The EEG
activity during voluntary movement, memory and cognitive tasks corresponds to dif-
ferent reactivity of alpha, beta and theta rhythms expressed as a decrease and increase
in power quantified by the method of event-related desynchronization (ERD) and syn-
chronization (ERS), respectively. Event-related changes in the theta band appear to be
related to encoding and retrieval processes of working memory systems (Klimesch,
1999). ERD in the alpha band can be interpreted as an electrophysiological correlate of
activated cortical areas involved in processing of sensory or cognitive information,
attention or production of motor behavior while ERS can be assumed as a correlate of
a depressed state of active processing of information in the underlying cortical neuronal
populations, for example, the blocking of memory search (Klimesch, 1996; Mazaheri
and Picton, 2005). Beta ERS is observed after the performance of various sensorimotor
tasks and in these cases it is associated with a deactivated (inhibited) cortical state.

The aim of the present study was to investigate ERD and ERS in various brain struc-
tures during a visual oddball task.

METHODS

In 16 patients (4 females and 12 males, mean age 2715 years) with medically intractable
epilepsies depth electrodes were implanted to localize the seizure origin prior to surgi-
cal treatment. A total of 150 sites (66 in the left and 84 in the right hemispheres) of the
frontal, parietal and temporal lobes were investigated. Informed consent was obtained
from each subject prior to the experiment.

A standard visual oddball paradigm was performed: two types of stimuli — target (let-
ter X) and frequent (letter O) — were presented in the center of the screen in the random
order. The duration of stimuli exposure was constant at 200 ms; the ratio of target to fre-
quent stimuli was 1:5. The interstimulus interval varied randomly between
2 and 5s. Each subject was instructed to respond to the target stimulus as quickly and
accurately as possible by pressing a microswitch button by the dominant hand and, at
the same time, he/she was instructed to count the target stimuli mentally.

The EEG signal was recorded with 64-channel Brain Quick EEG system
(Micromed) with the sampling frequency of 128 Hz. All the recordings were monopo-
lar with respect to a reference electrode on the processus mastoideus. ScopeWin soft-
ware was used for off-line signal analysis. Further processing was performed with arti-
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fact-free 4 seconds epochs beginning 1 s prior to the stimulus onset. In each patient,
time-frequency analysis was performed separately for target and frequent stimuli. ERD
and ERS were calculated by Hilbert transform in individual alpha and beta bands, which
were selected from time-frequency plots according to the most prominent changes of
EEG power. ERD and ERS after target and frequent stimuli in the same frequency bands
were investigated.

For statistical processing, Wilcoxon paired-matched test was used.

RESULTS ,
Significant changes in EEG oscillatory activity (p<0.05) were observed after both tar-
get and frequent stimuli in alpha and beta bands in all the patients in various brain struc-
tures — cingulate gyrus, fusiform gyrus, angular gyrus, hippocampus, parahippocampal
gyrus, temporal gyrus superior, middle and inferior and orbitofrontal cortex (Fig.1).

Figure 1. Examples of EEG power changes within selected range of frequencies in different patients
expressed as percentage difference compared to the baseline value of 100%. Target response - bold line,
frequent response — dotted line, 0 s — stimulus onset, GTS - superior temporal gyrus, CG — cingulate
gyrus, FG — Fusiform gyrus, CPz scalp electrode.
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ERD and ERS were identified in both hemispheres in 95 sites after target stimuli and
in 84 sites after frequent stimuli, which correspond to 63% and 56% of all the investi-
gated sites, respectively. After target stimuli ERD in alpha bands represented 59% and
ERS 41% of cases while in beta bands ERD was observed in 46% and ERS in 54% of
cases. After frequent stimuli ERD in alpha bands represented 38% and ERS 62% of cas-
es and in beta bands ERD was observed in 29% and ERS in 71% of cases. In 17 cases
after target stimuli and 20 cases after frequent stimuli, both ERD and ERS in the same
or different frequency band were found in the same contact.

Simultaneous scalp CPz recordings were analyzed in 13 patients and ERD/ERS was
observed in 9 patients after target stimuli (ERD in 8 and ERS in 4 cases) and in 6
patients after frequent stimuli (ERD in 5 and ERS in 5 cases).

DISCUSSION AND CONCLUSION

Our results show ERD and ERS during visual oddball task after both target and frequent
stimuli in different brain structures. It broadens recent intracerebral findings describing
alpha desynchronization after target stimuli recorded from the hippocampus in the same
task (Sochurkova et al., 2006). Nevertheless our observations have revealed no regular
ERD or ERS within one structure which is probably due to electrode position given by
clinical demands. More frequent observation of ERD after target stimuli probably rep-
resents the activation of processes involved in a subject’s motor response. After frequent
stimuli, more frequent observation of ERS or an absence of ERS/ERD phenomenon in
some cases could correspond to the inhibition or exclusion of such processing, respec-
tively, leading the subject not to respond to a frequent stimulus.
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Abstract. Performance monitoring represents a critical executive function of the human brain. In an effort to identify its ana-
tomical and physiological aspects, a negative component of event-related potentials (ERPs), which occurs only on incorrect trials,
has been used in the extensive investigation of error processing. This component has been termed “error-negativity” (Ne) or
error-related negativity (ERN) and has been interpreted as a correlate of error detection. The aim of the present intracerebral ERP
study was to contribute knowledge of the sources of the Ne/ERN, with a particular focus on the involvement of a frontomedian
wall (FMW) in the genesis of this negativity. Seven patients with intractable epilepsy participated in the study. Depth electrodes
were implanted to localize the seizure origin prior to surgical treatment. A total of 574 sites in the frontal, temporal, and parietal
lobes were investigated. A simple Go/NoGo task was performed and EEG epochs with correct and erroneous motor responses
were averaged independently using the response as the trigger.

Ne/ERN was generated in multiple cortical structures, with the most consistent involvement being that of the FMW structures.
Ne/ERN generators were revealed there in both the rostral and caudal anterior cingulate cortex (ACC), but also in the pre-SMA
and in the parts of the medial frontal gyrus adjacent to the ACC. Different timing of activations between the rostral and caudal
anterior cingulate Ne/ERN sources was observed in this study. Other neural sources of the Ne/ERN were found in the dorsolateral
prefrontal cortex, in the orbitofrontal cortex, in the lateral temporal neocortex, and in one isolated case in the supramarginal gyrus.
Our findings support the key role of the FMW in the genesis of Ne/ERN. At the same time, our findings suggest a different
functional significance for the rostral and caudal ACC involvement in error processing. In addition to the FMW, the other
prefrontal cortical sites, the lateral temporal neocortex, and the supramarginal gyrus seem to represent integral components of

the brain’s error monitoring system.

Keywords: error processing, event-related potentials, intracerebral recordings, Go/NoGo task

In the early 1990s, two groups independently discovered
a negative component of event-related potentials
(ERPs), which occurred only on incorrect trials (Falken-
stein, Hohnsbein, & Hoormann, 1991; Gehring et al.,
1993). This negativity shows a frontocentral maximum
in scalp recordings, peaking about 50-100 ms after the
erroneous motor response. It has been termed “error neg-
ativity” (Ne) or “error-related negativity” (ERN) and has
generally been interpreted as a correlate of error detec-
tion, or alternatively as a correlate of response checking
itself (Coles, Scheffers, & Holroyd, 2000; Falkenstein et
al., 2000; Vidal, Hasbroucq, & Bonnet, 2000). It is note-
worthy, however, that many individuals also exhibit a
smaller response-locked frontocentral negativity after
the execution of correct responses. This component is
known as the “correct response negativity” (CRN); its
amplitude is usually much smaller than that of the
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Ne/ERN (Falkenstein et al., 2000; Ford, 1999; Vidal et
al., 2000). Ne/ERN is an online index of performance
monitoring that may be independent of response conflict
because it is observed in simple choice-reaction tasks
without response competition (Falkenstein et al., 2000).
However, it is possible that Ne/ERN can also signal the
detection of conflict between the executed error and the
correct response that becomes activated through contin-
ued processing of the stimulus (Botvinick et al., 2001;
Yeung, Cohen, & Botvinick, 2004). Thus, despite its
complexity, Ne/ERN can be favorably used in the study
of the neural substrates of error processing.

An increasingly animated issue in the research of per-
formance monitoring concerns the site where the specif-
ic error-detection system is implemented in the brain.
Earlier dipole source localization analyses suggested a
local genesis of the Ne/ERN within structures of the
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Table 1. Patient characteristics.

Pt. No Sex Age (years) Dominant hand Implanted sites* Recording sites Error rate (%)  Reaction time
(ms)
1 M 31 R LF, RF 84 35.6 381 +825
2 M 29 R LTFP 68 39.6 372 +71.7
3 M 31 L LTF, RT 84 79.7 286+423
4 M 35 R LT, RT 65 36.7 316 £36.5
5 M 23 R LTF 59 62.1 337+413
6 F 23 R RTF 114 28.3 410 +29.0
7 M 34 R LTF, RTFP 100 40.0 422 +40.5

*T = temporal; F = frontal; P = parietal; R =right; L = left.

frontomedian wall (FMW) — most probably in the ante-
rior cingulate cortex (ACC) or presupplementary motor
area (pre-SMA) (Dehaene, Posner, & Tucker, 1994; Hol-
royd, Dien, & Coles, 1998; Luu, Flaisch, & Tucker,
2000; Miltner et al., 1998; Ridderinkhof et al., 2004; Van
Veen & Carter, 2002a, b). It must be noted that source
modeling of electrical components of the ERPs is limited
in its spatial resolution because there is no unique solu-
tion to the inverse problem. Nevertheless, recent studies
using functional magnetic resonance imaging (fMRI)
have also revealed significant activation of the ACC dur-
ing erroneous trials (Braver et al., 2001; Carter et al.,
1998; Fiehler, Ullsperger, & von Cramon, 2004; Garavan
et al., 2002, 2003; Kiehl, Liddle, & Hopfinger, 2000;
Menon et al., 2001; Ullsperger & von Cramon, 2001,
2004). Less frequently, additional activations were also
observed in the pre-SMA, the insular cortex, the inferior
parietal lobule, the supramarginal gyrus, the orbitofron-
tal cortex, the posterior cingulate, and the thalamus
(Garavan, Hester, & Fassbender, 2004; Menon et al.,
2001; Ullsperger & von Cramon, 2001). However, the
theory that the Ne/ERN originates in the ACC, or within
other brain sites with significant hemodynamic response
to errors, has not yet been directly confirmed.
Intracerebral ERP recordings, performed in epilepsy
surgery candidates during preoperative invasive long-
term video-EEG monitoring, represent a good opportu-
nity for directly defining the generators of cognitive
evoked potentials. Error-related potentials elicited by in-
correct responses to frequent stimuli in a visual oddball
task were recently analyzed using standard methodology
(Brazdil et al., 2002). The results stressed the role of
multiple cortical structures in the genesis of observed
Ne/ERN. In addition to the anterior cingulate, the mesio-
temporal, and some prefrontal cortical sites repeatedly
generated Ne/ERN-like potentials during the performed
task. In terms of experimental tasks, this analysis dif-
fered significantly from previous ERP and fMRI studies
on error processing, so mutual comparisons of the results
remain somewhat problematic. The aim of the present
intracerebral ERP study was to contribute more accurate-

Hogrefe & Huber Publishers

ly to the knowledge of cerebral generators of the
Ne/ERN by using a standard Go/NoGo task. Special at-
tention was devoted to the involvement of the FMW in
the genesis of Ne/ERN.

Methods
Subjects

Seven patients (six males and one female) ranging in age
from 23 to 35 years (with an average age of 29.4 years),
all with medically intractable epilepsies, participated in
the study (Table 1). The epileptogenic zone was found in
the mesiotemporal regions in four subjects (three left,
one right), within the frontal lobe structures in two sub-
jects (one ACC right, one frontopolar cortex left); and in
the parietal lobe in one subject (postcentral region left).
A comprehensive neuropsychological examination ex-
cluded severe cognitive disturbances and dementia in
each patient. Depth electrodes were implanted to localize
the seizure origin prior to surgical treatment. Each pa-
tient received 5-11 orthogonal multicontact electrodes
using the methodology of Talairach et al. (1967). A total
of 574 sites in the frontal, temporal, and parietal lobes
were investigated. The number of sites per patient varied
from 59 to 114. Standard MicroDeep semiflexible elec-
trodes (DIXI Medical, Besangon, France) with diameters
of 0.8 mm, contact lengths of 2 mm, and intercontact in-
tervals of 1.5 mm were used for invasive EEG monitor-
ing. Contacts at the electrodes (5-15) were always num-
bered from the medial to the lateral side. Their positions
were indicated in relation to the axes defined by the Ta-
lairach system using the “x,y,z”” format where “x” = lat-
eral, mm to midline, positive right hemisphere; “y” =
anteroposterior, mm to the AC line, positive anterior; and
“z” = vertical, mm to the AC-PC (anterior commissure-
posterior commissure) line, positive up. The exact posi-
tions of the electrodes and their contacts in the brain were
verified using postplacement magnetic resonance imag-
ing (MRI) with electrodes in situ. The recordings from
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lesional anatomical structures and epileptogenic zones
were not included in the analysis. All subjects had nor-
mal or corrected-to-normal vision. Informed consent
was obtained from each subject prior to the experiment
and the study received the approval of the Ethics Com-
mittee of Masaryk University.

Procedure

The experiment was conducted on each patient in the
morning hours during a long-term video-EEG monitor-
ing. Subjects were seated comfortably in a moderately
lighted room with a monitor screen positioned approxi-
mately 60 cm in front of their eyes. During the examina-
tion, they were requested to focus their eyes continuous-
ly on the small fixation point in the center of the screen,
and to minimize blinking. Two types of visual stimuli —
clearly visible, yellow uppercase letters “X” (0.80 prob-
ability; approx. 250 trials) and “K” (0.20 probability; 60
trials) — were presented in the center of the screen. With
the exception that two “K”s were never presented se-
quentially, the order of “X”’s and “K”s was completely
random. The stimuli were approximately 3 x 5 visual
degrees and were presented for 240 ms on a black back-
ground. The interstimulus interval varied randomly be-
tween 650, 1650, and 2650 ms. Participants were in-
structed to respond as quickly and as accurately as pos-
sible with their dominant index finger on a computer
keyboard every time the “X” appeared, and to not re-
spond to the “K.” Reaction time and accuracy were
equally stressed. In this task, subjects relatively often
made erroneous responses (false alarms) to the “K”s
(i.e., incorrectly hit the keyboard). Prior to the recording,
each participant performed a block of 10 practice trials
twice to ensure that they understood the instructions. Af-
ter the recording session, reaction times for false alarms
and error rates were computed for each subject.

EEG Recording

The EEG signal was simultaneously recorded from var-
ious intracerebral structures, and from standard Fz, Cz,
and Pz scalp electrodes, using the 96 channel Brain
Scope EEG system (M&I; Patients 1-5) or the 128 chan-
nel TrueScan EEG system (Deymed Diagnostic; Patients
6-7). All recordings were monopolar, with a linked ear-
lobe reference. All impedances were less than 5 k€. Eye
movements were recorded from a cathode placed 1 cm
lateral and 1 cm above the canthus of the left eye, and
from an anode 1 cm lateral and 1 cm below the canthus
of the right eye. In each subject, simultaneous bipolar
surface EMG recordings from the dominant finger in-
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terossei muscle were obtained as a control of the sub-
ject’s motor response. EEGs were amplified with a com-
plete bandwidth at a sampling rate of 256 Hz. Occasional
EEG artifacts were rejected manually during off-line
analysis and further processing was performed with arti-
fact-free EEG periods. For each patient, EEGs were an-
alyzed using ScopeWin software. EEG data was digitally
filtered with a zero-phase shift 10 Hz low-pass filter, and
a zero-phase shift 2 Hz high-pass filter. EEG epochs of
600 ms were averaged off-line using the motor response
as the trigger (response-triggered averages [RTA]; 300
and +300 ms from the response). EEG epochs with cor-
rect and incorrect motor reactions were averaged sepa-
rately for each subject. All averages were baseline cor-
rected to a 50 ms period beginning 200 ms before subject
response. The main ERP components in the latency
range of —100 ms — +200 ms were independently identi-
fied by visual inspection by two authors, and quantified
by latency measures. The most valuable discoveries
were the less frequent intracerebral findings of polarity
reversals (identical potentials with opposite polarity in
recordings from two adjacent contacts of the same intra-
cerebral electrode) and the steep voltage gradients of the
recorded potentials that uniquely proved the focal origin
of the waveform (Vaughan et al., 1986). To prevent con-
fusing the intracerebral P3-like potentials with the error-
related potentials (see Results), the stimulus-triggered
ERPs (=100 and +500 ms from the stimulus) were sub-
sequently computed for error and correct trials after rare
“K”s in the brain regions, where the Ne/ERN generators
were clearly revealed in the response-triggered averages.
For each anatomical structure investigated by depth elec-
trode, the measurement values from the recording chan-
nel (single electrode contact) with the most prominent
potential responses were chosen for further analysis.

Two-way MANOVAs (electrode x response type)
were used for repeated measurements in the experiment
to test the effect of the response type (correct hits vs. false
alarms) at the three scalp electrode sites (Fz, Cz, and Pz)
on the negative peak voltage (measured to a baseline)
and latency. Subsequently a paired -test was used for
evaluating the effect of the response type on the ERP
latencies and amplitudes at each scalp electrode sepa-
rately. Statistics were obtained by using the routines in-
cluded in the Statistica program (StatSoft).

Results

Satisfactory cooperation of all subjects was observed
during the experiment. The mean false-alarm rate in our
investigated subjects was 46% (SD = 18.17). The mean
reaction time for false alarms was 361 ms (SD = 49.8).
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Fz, Cz, and Pz.
Ne/ERN CRN
Mean SD Mean SD
Amplitudes Fz -7.6 3.20 -3.0 1.52
Cz -6.0 4.17 -1.6 3.59
Pz -39 3.53 2.7 3.71
Latencies Fz 84.3 35.10 294 39.38
Cz 74.2 46.61 45.7 52.08
Pz 110.7 37.99 27.8 49.22

In scalp recordings, Ne/ERN was clearly expressed
after erroneous responses in most subjects and generally
it was maximal at the Fz electrode (mean amplitude
—7.6 LV; mean latency 84 ms). The grand averages of
scalp ERPs for response-locked correct trials and re-
sponse-locked error trials across the investigated sub-
jects are presented in Figure 1. Mean latencies and am-
plitudes of scalp ERPs for error trials (Ne/ERN) and for
correct trials (CRN) can be found in Table 2. The re-
sponse type had a significant effect on the ERN/CRN
amplitude, F(1,30) = 8.89, p = .005, with higher values
for the false alarm than for the correct hit condition. A
strongly significant effect of the response type on the
ERN/CRN latency was also observed, F(1,30) = 14.38,
p = .0007. In contrast, the electrode site did not have a
significant effect on the negativity amplitudes, F(2,30) =

Middle temporal gyrus (BA 21)

Medial frontal gyrus (BA 10)
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Figure 1. Grand averages of the RTA for correct responses (thin
lines) and error trials (thick lines) at the scalp electrodes (Fz, Cz,
Pz) and EOG. R = motor response.

1.15, p =.330, or their latencies, F(2,30) =0.26, p=.772.
No significant effect on ERN/CRN amplitude and laten-
cy was found in reference to interactions between the
recording site and response type, F(2,30) = 091, p =

Figure 2. Response-triggered averaged in-
tracerebral and scalp ERPs for correct (thin
lines) and error (thick lines) trials. Aver-
aged responses to errors reveal Ne/ERN-
like potential without considerable voltage
¥ variation in a number of adjacent electrode
—— contacts within the left temporal lobe

(B’7-12; approximate coordinates in the

Talairach axes of x = 41 — -61 mm, y =
- o —22mm, z = -9 mm) = far field (on the
left). On the right, steep voltage gradients
in adjacent contacts O’2-3 indicate focal
origin of Ne/ERN in the left-sided medial
frontal gyrus (Talairach’s coordinates, —7,
40, -10). Subject no. 5.
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Figure 3. Intracerebral Ne/ERN with a character indicating its
local source. Recordings from the left-sided rostral cingulate mo-
tor area (F’ 1-2: Talairach’s coordinates, -5, 15, 40). Simultaneous
recordings from scalp Fz, Cz, and Pz electrodes, EOG and EMG.
Subject no. 3.

413; F(2,30) = 1.15, p = .325. The effect of the response
type on the Ne/ERN amplitude was at its greatest at Fz
(t=-2.77;df =5; p=.039), lower at Cz (t =-2.21; df =
5; p=.078), and absent at Pz (t =—1.04; df = 5; p = .344).

Intracerebral recordings in a number of cortical loca-
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tions revealed prominent Ne/ERN-like potentials (with
RTA-latency in the range of —100 ms — +200 ms) after
false alarms that were not present after correct hits. These
potentials occurred either in a number of adjacent elec-
trode contacts without considerable voltage variation
(this finding proves a far field of the recorded potential
—spreading from a more or less distant neural source; see
Figure 2), or restrictively with a phase reversal or steep
voltage gradients in adjacent electrode contacts. This
finding proves the focal origin of the waveform (neural
source; see Figures 2 and 3). The number of negative
findings (i.e., no evident difference in averages on cor-
rect and incorrect trials, classified as “absent Ne/ERN”),
far fields, and generators within the investigated brain
regions for all participating subjects is given in Table 3.
Despite extensive investigation by means of depth elec-
trodes, we never found a focal origin of Ne/ERN-like
potentials within the amygdala, or the superior temporal,
fusiform, or precentral gyri. Far fields of the recorded
distinct ERP to false alarms were frequently observed in
middle temporal gyrus and amygdala. The most interest-
ing finding was that the focal origin of the ERPs to false
alarms were proven in a number of brain sites — the hip-
pocampus, the ACC, the medial frontal gyrus, the middle
temporal gyrus, the middle frontal gyrus, the orbito-fron-
tal cortex, the pre-SMA, and the inferior frontal, inferior
temporal, and supramarginal gyri. As the rarely-present-
ed “K” stimuli in the performed task were hypothetically
potent enough to activate the neural populations in-
volved in the genesis of P3 potential (which would not
be activated by the frequent “X” stimuli), the stimulus-

Table 3. Summary of the intracerebral findings for investigated
anatomical sites. Number of negative findings, far fields, and gen-
erators of Ne/ERN-like potentials as revealed by RTA technique.

Anatomical site (Brodmann area) Negative Far Focal
finding field origin
Anterior cingulate cortex (32) 2 4 3
Anterior cingulate cortex (24) 3 2 2
Medial frontal gyrus (8,9,10) 3 1 5
Pre-SMA (6) 1 1 2
Orbito-frontal cortex (11) 1 2 3
Middle frontal gyrus (6, 8, 9, 10, 46) 8 2 3
Inferior frontal gyrus (45, 46, 47) 3 3 2
Precentral gyrus (4, 6) 2 2 0
Amygdala 2 8 0
Hippocampus 1 1 11
Fusiform gyrus (36) 1 0 0
Superior temporal gyrus (22, 38, 42) 7 2 0
Middle temporal gyrus (21) 9 13 5
Inferior temporal gyrus (20) 0 0 1
Angular gyrus (39) 1 0 0
Supramarginal gyrus (40) 0 0 1
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Figure 4. RTAs (for correct and error trials)
and STAs (for erroneously hit and correct-
ly ignored “K”s) for the intracerebral
(right-sided hippocampus — B1-3: 27-36,
—19, —12) and scalp recordings. Intrahip-
pocampal ERPs of analogous configura-
tion to false alarms and response inhibition
in STAs dispute the direct relationship of
the hippocampal activation to the error-de-
tection in the task used. S = stimulus pre-
sentation. Typical NoGo N2 potential after
correctly ignored trials is indicated in scalp
STAs. Subject no. 4.

Table 4. List of Ne/ERN generators with their approximate coordinates in the Talairach axes and individual latencies.

Anatomical site

Brodmann area

Subject no.

Talairach’s coordinates (x,y,z) Ne/ERN latency (ms)

ACC BA 32
BA32
BA32
BA 24
BA 10
BA9

BA 10
BA 10
BAG6

BAG6

BA 11
BA 11
BAS

BA 46
BAG6

BA 46
BA45
BA21
BA21
BA21
BA 20
BA 40

Medial frontal gyrus

Pre-SMA

Orbito-frontal cortex

Middle frontal gyrus

Inferior frontal gyrus

Middle temporal gyrus

Inferior temporal gyrus

Supramarginal gyrus

N O N W WY NN WY NN NN = = = W

-5, 15,40
-7, 20, 30
-5,34,-5
-2,31,14
-7, 40,-10
-5, 38,32
3,41,-10
—4,45,-12
—4,-5,53
3,2,56
-25,40,-10
-37,45,-12
—48, 15, 42
45, 34,21
30,2, 56
50,40, 11
53,24, 19
-61,-12,-12
-61,-24,-9
53,-19,-9
45,-27,-11
54,48, 37

56
0
20
0
45
70
48
91
70
82
22
28
59
20
37
37
51
14
50
162
-9
=37
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Figure 5. Schematic map of Ne/ERN findings on the mesial aspect
of the frontal lobe (group data).

triggered ERPs were further computed for error and cor-
rect responses after the presentation of the “K” stimuli to
differentiate the effects of “rare events” (as errors could
only occur on rare trials). This analysis was performed
in brain regions with proof of Ne/ERN-like potential
generators as detected in response-triggered averages.

FF NKA&
0 ms
SOURCE >QOZSO—<
(CMA)
0ms
SOURCE 7%4%&
(BA 24)
FF mllvg
20 ms
SOURCE >:><7<>Y7\’<
(rostral
ACC)
300 200 -100 R 100 200 300 ms I

Analogous ERPs in error and correct responses to “K”s
were repeatedly found in different brain regions. A typi-
cal situation was observed in the intrahippocampal re-
cordings, where stimulus-triggered averages showed
identical waveforms after both erroneously hit and cor-
rectly ignored “K”s in all the sites with generators of
Ne/ERN-like potentials (Figure 4). Similarly, several
other neural sources of Ne/ERN-like potentials within
the middle temporal gyrus, the orbito-frontal cortex, and
some mesiofrontal sites (Brodmann areas 24 and 10)
were proven to be involved in the processing of rare stim-
uli, and not exclusively in specific error processing.
However this behavior was only observed in some re-
cordings from the described brain structures, and was not
typical for the extrahippocampal structures. Excluding
sources of these pseudo-ERN potentials, we obtained the
list of definite Ne/ERN generators presented in this study
(Table 4). In all of these sites there were obvious differ-
ences in the waveforms obtained from stimulus-trig-
gered averaging (false alarms after “K”s vs. correct re-
sponse inhibition after “K”s). At the same time, RTAs
showed Ne/ERN after error hits with a character indicat-
ing focal origin (see above). It is clear that true Ne/ERN
was generated in multiple cortical structures, with in-

—— correct

50 uv ‘ — error

+

Figure 6. A time delay between intracerebral Ne/ERNs generated within different ACC sub-areas (response-triggered averages from
cingulate motor area — CMA: -7, 20, 30 — Ne/ERN latency = 0 ms; BA 24: -2, 31, 14 — Ne/ERN latency = 0 ms; rostral ACC: -5, 34,
—5 — Ne/ERN latency = +20 ms). The position of the recording sites (right) is precisely indicated on the subject’s MRI scan (verified
using postplacement MRI). Subject no. 1. FF — far field (spreading of the Ne/ERN activity).
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volvement of the FMW structures being the most consis-
tent. Ne/ERN generators were revealed there at 10 loca-
tions: most frequently in the rostral and caudal ACC, in
the adjacent medial frontal gyrus (mainly within the ven-
tral bank of the paracingulate sulcus, in which cytoarchi-
tectonic and functional properties can be identical or
very similar to those of the paralimbic cortex — BAs 32
and 24c; Paus, 2001), but also in the pre-SMA. A sche-
matic map of Ne/ERN findings on the mesial aspect of
the frontal lobe is given in Figure 5. A mutual compari-
son of Ne/ERN latencies among several generators with-
in the FMW was possible in one subject (No. 1). This
intraindividual analysis detected at least two separate
Ne/ERN sources in the left-sided FMW. Clearly different
Ne/ERN latencies were found in the left-sided FMW,
with a time delay of 20 ms in the rostral anterior cingulate
in comparison to the latency of Ne/ERN generated in a
more caudal ACC (Figure 6). Other neural sources of
Ne/ERN were proven in the dorsolateral prefrontal cor-
tex, in the orbito-frontal cortex, in the lateral temporal
neocortex, and in one isolated case within the supramar-
ginal gyrus. The latency values of intracerebral Ne/ERN's
at the sites of their focal origin are indicated in Table 4.
Because of the limited number of the values obtained for
the distinct brain regions, no further statistical analysis
was performed.

Discussion

Performance monitoring represents a critical executive
function of the human brain. A major resource in this
research is to investigate the correlates of error process-
ing and conflict monitoring. Distinguishing between er-
rors and conflict is made difficult by the fact that conflict
may accompany errors and vice versa. Nevertheless, re-
cent evidence suggests that error-monitoring can be
viewed as separate from conflict-monitoring, and that
both functions may be subserved by distinct neural sub-
strates (Braver et al., 2001; Garavan et al., 2003; Kiehl
et al., 2000; Swick & Turken, 2002; Ullsperger & von
Cramon, 2001). The Ne/ERN phenomenon is, then, gen-
erally thought to reflect the activity of the neural system
responsible for error monitoring (Falkenstein et al.,
2000, 2004; Gehring et al., 1993; Masaki and Segalo-
witz, 2004). In recent years, an increased interest in the
neural sources of the Ne/ERN can be observed in the
effort to identify the neuroanatomical bases of an error-
detection system. Dipole modeling ERP analyses, con-
gruent with neuroimaging studies, have repeatedly pro-
vided evidence that a crucial source of the Ne/ERN lies
in the FMW. It was recently suggested that the ACC is
responsible for the modulation of autonomic nervous
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system activity, which has been shown to be recruited
during error processing (Hajcak, McDonald, & Simons,
2003). In agreement with all these findings, the most
consistent proof of the Ne/ERN generators in our study
was obtained from FMW structures. Ne/ERN sources
were repeatedly revealed in the caudal ACC (BA 32) and
its vicinity — within the medial frontal gyrus on the ven-
tral bank of paracingulate sulcus (BA 9). It is noteworthy
that clear-cut generators of error-related potentials were
revealed in the identical sub-area of the ACC in our pre-
vious intracerebral study on performance monitoring
(Brazdil et al., 2002). Two of the indubitable Ne/ERN
sources were found in the present study on the ventral
bank of the cingulate sulcus, where the rostral cingulate
motor area (CMA) is located (see Figures 3, 5, and 6).
These findings are consistent with the suggestion by Hol-
royd (2001) that Ne/ERN is elicited by the activity of
neurons located within the CMA, and also with the re-
sults of a recent fMRI study in which the authors ob-
served preferential activation of the human homolog of
the CMA during error processing (Ullsperger & von Cra-
mon, 2001). Another region that clearly elicited Ne/ERN
in our subjects was the rostral ACC — BAs 24 and 32, and
the adjacent medial frontal gyrus (BA 10). Significant
activation in the rostral ACC during the commission of
the errors, compared with during correct trials, was con-
gruently demonstrated in two fMRI studies of a
Go/NoGo task (Kiehl et al., 2000; Menon et al., 2001).
The responsiveness of the rostral ACC to errors may re-
flect the role that this area plays in emotional processes.
This hypothesis can simply explain a discrepancy be-
tween our results and those of Ullsperger’s fMRI study.
In the flankers task used in Ullsperger’s fMRI experi-
ment, errors can be corrected by a second key press. This
may lead to a less negative affective valence of errors for
the participants (Ullsperger & von Cramon, 2001). The
different functional significance of the rostral ACC in-
volvement in error processing also supports our finding
of an unequivocal time delay of Ne/ERN's within the ros-
tral ACC compared to the more caudal sub-areas of ACC.
It makes sense that emotional processing of the error
would be slightly delayed after the specific error-detec-
tion. Our results match well with the contemporary view
of the ACC function, placing this region in a unique po-
sition to translate intentions into actions (Paus, 2001).
Certainly the ACC is not dedicated exclusively to one
process, but it is activated in a huge number of condi-
tions. Most are related neither to errors nor to response
conflict. The anterior cingulate has been proposed to be
an essential part of the “anterior attention system,” and
as such it is importantly involved in target detection
(Baudena et al., 1995; Brazdil et al., 1999; Halgren, Ma-
rinkovic K, & Chauvel, 1998; Posner et al., 1988; Posner
& Peterson, 1990). At the same time, the rostral division
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of the ACC has been linked to emotion, and the dorsal
region has been associated with cognition and higher-or-
der motor control (Bush, Luu, & Posner, 2000; Devin-
sky, Morrel, & Vogt, 1995; Paus et al., 1993). Therefore,
it is very unlikely that just single a neural source of the
Ne/ERN will be present within the ACC. Instead, func-
tionally different sub-areas of the ACC (subserving dif-
ferent cognitive/affective functions) have to be involved
in error processing and, hence, participate in the genesis
of scalp Ne/ERN. In addition to a specific error-detection
system and the neural substrate for emotional processing
of the error, other systems should be activated by error
trials within a performed Go/NoGo task (e.g., the atten-
tional system, the systems for response selection, move-
ment execution, etc.). On the other hand, most of these
systems are also activated by correct trials and, conse-
quently, they can be reflected in the scalp CRN.

Neural sources of the Ne/ERN were repeatedly ob-
served in our study within the pre-SMA. The significant
hemodynamic response in the pre-SMA also has been
described in most fMRI studies on performance moni-
toring, but this response was not specific to errors. Rath-
er, it was sensitive to conflict processing and to response
inhibition (Braver et al., 2001; Garavan et al., 2003; Me-
non et al., 2001; Ullsperger & von Cramon, 2001; van
Veen et al., 2001). There is, nevertheless, clear-cut recent
evidence that pre-SMA shows both error and conflict
effects in a Go/NoGo task, and that this FMW structure
can be significantly activated by incorrect responses
(Garavan et al., 2004). In this sense, the pre-SMA very
likely contributes to the creation of the Ne/ERN phenom-
enon. This statement is entirely congruent with our re-
sults.

Another brain region where undisputed Ne/ERN neu-
ral sources were revealed in this study is the lateral pre-
frontal cortex (PFC), namely the middle and inferior
frontal gyri. In the relevant literature, the congruently
lateral PFC has been shown to be involved in error pro-
cessing. The importance of this region and of the lateral
PFC-ACC interactions for the genesis of the Ne/ERN
was established in a study published by Gehring and
Knight (2000). Several neuroimaging studies also found
lateral prefrontal activations during errors (Carter et al.,
1998; Kiehl et al., 2000; Menon et al., 2001). Obvious
generators of error-related potentials were also detected
in the lateral PFC in our previous intracerebral study
(Brazdil et al., 2002). Because of the widespread recip-
rocal cortico-cortical connections of the lateral PFC with
the supracallosal cingulate areas 24 and 32, these find-
ings are not truly surprising. Actually, coactivations of
the lateral PFC and the ACC during the performance of
a variety of tasks have been noticed frequently. Even if
the functional significance of such interactions remains
unclear, it was suggested that the lateral PFC computes
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and maintains online information necessary for the se-
lection of an appropriate response, whereas the ACC fa-
cilitates the implementation of the selected action (Paus
etal., 1993). Our results produced no evidence to support
the possible lateralization of the PFC involvement in er-
ror processing.

Our observations of Ne/ERN sources in the orbito-
frontal cortex, the supramarginal gyrus, and the lateral
temporal neocortex are less consistent than findings
within the FMW and PFC structures. The orbito-frontal
cortex is known to be importantly involved in the mod-
ulation of impulsivity (Bechara, Damasio, & Damasio,
2000; Fuster, 1995). This fits well with our evidence of
local Ne/ERN sources within BA 11 in two subjects.
However, neuroimaging studies have not yet revealed
any activation in this structure related to error process-
ing. On the other hand, the orbito-frontal cortex is a part
of the brain that is well known to be extremely prone to
susceptibility artifacts in fMRI experiments. Thus, false
negative findings in hemodynamic studies might be ob-
tained. In contrast, our separate proof of the neural
source of the Ne/ERN in the supramarginal gyrus (SMG)
is in agreement with the results of the Ullsperger and von
Cramon’s fMRI study (2001). But significant hemody-
namic response within a parietal lobe was described ex-
tremely rarely in previous fMRI studies focused on
Go/NoGo tasks (Garavan et al., 2004). An important
contribution to the understanding of the neurophysiolog-
ical aspects of error processing may arise from our find-
ing of the shortest Ne/ERN Ilatency within SMG. By
analogy, intracerebral investigations of P3 potential dis-
closed the earliest involvement in the detection of targets
as that of the parietal lobe structures (Halgren et al.,
1998). Finally, the clear-cut latency differences between
the P3 and error-related potentials across distinct brain
lobes observed in our previous study suggest that the
Ne/ERN is also primarily elicited in parietal regions, and
only later in frontal and temporal regions (Brazdil et al.,
2002). The substantially different peak latencies in dis-
tinct Ne/ERN neural sources seen in the present study
support that hypothesis and link different cognitive pro-
cesses in the human brain.

The role of the hippocampus in the processing of error
trials and the functional significance of the common lo-
cal activation after both erroneous hits and correct rejec-
tions of rare stimuli should be discussed. The hippocam-
pus is known to be a structure importantly engaged in the
cognitive processing of external as well as internal stim-
uli. It has also been identified as a powerful neural source
of some cognitive potentials including P3 (see Halgren
et al., 1998). This mesiotemporal structure is evidently
simultaneously involved in affective processing. In
terms of discussed emotional aspects in error processing,
the mesiotemporal structures (including the hippocam-
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pus) were coherently identified as additional generators
of error-related potentials in our previous study using an
oddball task. In that oddball study, erroneous motor re-
sponses to frequent stimuli were analyzed and compared
to the correct motor responses to rare stimuli. A P3 po-
tential was observed after correctly hit targets, while er-
rors evoked undisputed Ne/Pe complexes in several
brain sites, with the most consistent proof of their gener-
ators within the mesiotemporal region (Brdzdil et al.,
2002). The design of the Go/NoGo task used in the pre-
sent study unfortunately impedes a meaningful assess-
ment of the role of the hippocampus in the genesis of
Ne/ERN. It could be expected that both error and correct
reactions to the rarely presented “K” stimuli would acti-
vate hippocampal neurons and, thus, produce an ERP.
This was the case for all the hippocampal recordings.
However, an interpretation of the obtained ERP remains
speculative. Certainly neuronal populations responsible
for target detection would be activated in both condi-
tions, and, thus, the P3 potential should be present in both
STAs. On the other hand, neuronal populations engaged
in successful response inhibition and conflict monitoring
(and hence producing NoGo N2; Nieuwenhuis et al.,
2002) will also be involved in processing of the correctly
rejected “K”s and the distinct neuronal substrate for error
processing will produce similar Ne/ERNs after error tri-
als. If there is a brain region with a common involvement
of its neuronal populations both in error-processing and
response inhibition, then similar responses will be seen
in STAs. Even if it is conceivable that response inhibition
and error processing activate different brain areas, some
evidence has been accumulated from hemodynamic
studies that indicate that the error-processing network
indeed overlaps partly with the distributed network in-
volved in response inhibition. Brain regions that are in-
volved in both functions were identified to be the pre-
SMA, the caudal ACC, and the lateral prefrontal cortex
(Carter et al., 1998; Fiehler et al., 2004; Ford, Whitfield,
& Mathalon, 2004; Menon et al., 2001; Ullsperger & von
Cramon, 2001). Absolutely no information is available
for mesiotemporal regions that addresses their potential
role in conflict monitoring. The reason for this may be
the low sensitivity of fMRI methodology for the detec-
tion of transient neural activity within the mesiotemporal
regions during some cognitive tasks. In contrast, this
“hidden” activity can be clearly detected in intracerebral
ERP recordings (Brazdil et al., 2005). Given the knowl-
edge currently available, one can assume that analogous
intracerebral ERPs in stimulus-triggered averages within
the hippocampi reflect the activation of the hippocampal
neural substrate for target detection, as well as the in-
volvement of hippocampal neurons in error processing,
and possibly response inhibition also. The hippocampal
P3 response is extremely strong and, thus, the Ne/ERN,
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and possibly the NoGo N2, are still covered by this P3
response. An analogous situation can be seen in a few
other generators of Ne/ERN-like potentials, with identi-
cal responses to error hits and correct rejections in STAs
(i.e., ACC/1/, medial frontal gyrus/1/, orbito-frontal cor-
tex /1/, and middle temporal gyrus /2/). An intracerebral
ERP study using a Go/NoGo task with equal rates of Go
and NoGo stimuli is suggested to eliminate the problem
of this P3 effect on Ne/ERN.

To summarize, our results clearly confirmed the key
role of ACC and the adjacent FMW in the genesis of
error-related negativity. However, our results show that
error processing involves an extensively distributed net-
work of different brain regions. In addition to FM'W, oth-
er cortical structures were proven to be engaged — the
lateral and basal prefrontal cortex, the lateral temporal
neocortex, and the supramarginal gyrus. At the same
time, it can be expected that the brain’s error-checking
systems include some other regions that are involved in
parallel fashion both in error processing and conflict
monitoring, but still participating in the genesis of scalp
Ne/ERN.
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Multiple cortical structures are activated after correct motor performance including mesiotemporal
structures, anterior midcingulate, prefrontal, and temporal cortices.

Equivalent involvement of these structures in task-variant nonspecific and target specific processes is
Keywords: suggested. . . .

Intracerebral EEG Networks generating correct and incorrect performance-related potentials probably share some com-
ERP mon nodes.

Movement
Monitoring

Correct performance
Error

ABSTRACT

Objective: To identify intracerebral sites activated after correct motor response during cognitive task and
to assess associations of this activity with mental processes.
Methods: Intracerebral EEG was recorded from 205 sites of frontal, temporal and parietal lobes in 18
epileptic patients, who responded by button pressing together with mental counting to target stimuli
in visual oddball task.
Results: Post-movement event-related potentials (ERPs) with mean latency 295 + 184 ms after move-
ment were found in all subjects in 64% of sites investigated. Generators were consistently observed in
mesiotemporal structures, anterior midcingulate, prefrontal, and temporal cortices. Task-variant non-
specific and target specific post-movement ERPs were identified, displaying no significant differences
in distribution among generating structures. Both after correct and incorrect performances the post-
performance ERPs were observed in frontal and temporal cortices with latency sensitive to error commis-
sion in several frontal regions.
Conclusion: Mesiotemporal structures and regions in anterior midcingulate, prefrontal and temporal cor-
tices seem to represent integral parts of network activated after correct motor response in visual oddball
task with mental counting. Our results imply equivalent involvement of these structures in task-variant
nonspecific and target specific processes, and suggest existence of common nodes for correct and incor-
rect responses.
Significance: Our results contribute to better understanding of neural mechanisms underlying goal-
directed behavior.
© 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction to successive stages in processing. Therefore, electrophysiological
recording can be used to monitor the probable location, timing
and intensity of brain activation during the task (Halgren et al.,
1998). Recently, an increased interest in the neural sources of ERPs

elicited in the post-performance period has been observed with the

It is widely accepted that successive components of event-
related potentials (ERPs) elicited during a cognitive task are related

* Corresponding author at: Department of Physiology, Faculty of Medicine,
Masaryk University, Kamenice 5, 625 00 Brno, Czech Republic. Tel.: +420 549 496
818.

E-mail address: roman@med.muni.cz (R. Roman).
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aim to identify anatomical structures engaged in performance
monitoring. A well-known event-related potential provoked
by errors, error-related negativity (Ne/ERN) typically peaking
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100-150 ms after an erroneous response (Falkenstein et al., 1990;
Gehring et al., 1993) was proved by intracerebral studies to stem
from activation of multiple sources, with the most consistent
involvement being that of frontomedian wall and mesio-
temporal lobe structures (Brazdil et al., 2002, 2005; Pourtois
et al., 2010). A positive deflection occurring 200-500 ms after an
incorrect response and following the Ne/ERN referred to as error
positivity (Pe; Falkenstein et al., 1991, 1995, 2000) was suggested
to be generated in the anterior cingulate cortex (ACC; Herrmann
et al, 2004) and to have a common origin with the Ne/ERN
(Brazdil et al., 2002). In patients and also in healthy subjects the
so-called “correct response-related negativity” (Nc/CRN) is often
seen as negative deflection following correct responses in surface
electrophysiological recordings (Bonnefond et al., 2011; Coles
et al., 2001; Ford, 1999; Gehring and Knight 2000; Scheffers and
Coles, 2000; Vidal et al., 2000, 2003). Surprisingly, few studies
carefully investigated neural sources of Nc/CRN. This ERP was
observed at frontal (Mathalon et al., 2002; Meckler et al., 2011)
and frontocentral electrodes (Falkenstein et al. 2000; Hajcak
et al.,, 2005), and, therefore, generators in the rostral cingulate zone
were suggested (Carter et al., 1998; Roger et al., 2010). Similarly to
erroneous responses a small positivity can also be found for correct
responses called the correct response positivity (Pc), but it has gen-
erally been used only as a baseline comparison for the Pe and little
has been written about it (Bates et al., 2004; Mathalon et al., 2002).
We believe, however, that studies focused on correct response pro-
cessing could contribute to better understanding of neural mecha-
nisms underlying successful goal-directed behavior. In addition to
these theoretical implications, studying the functional significance
of post-performance ERPs might also help to understand deficits in
action control and behavior adaptation observed in psychopatho-
logical and neurological conditions (Taylor et al., 2007).

Scalp-recorded event-related potentials (ERPs) elicited during
the so-called “oddball” task have been employed for decades as a
useful tool for studying cognition processes. In the oddball task
the subject responds by button pressing and/or mental counting
only to the infrequent “target” stimulus, which is presented ran-
domly and repeatedly among frequent “nontarget” stimuli. Two
types of correct performance are observed — motor response in
the target variant (correct hit) and refraining from movement in
the nontarget variant (correct rejection). The oddball paradigm
can also induce two types of errors — response omission in the tar-
get variant (incorrect rejection) and erroneous motor response
(false alarm) in the nontarget variant. As such, the analysis of ERPs
recorded in the post-performance period of this simple cognitive
task seems to be very useful for studying mechanisms of perfor-
mance monitoring. Previous intracerebral studies employing
motor tasks, however, focused rather on P3-like potentials
(Rektor et al. 2007) or ERPs appearing before and during a simple
acral limb movement (Rektor et al. 1998; Rektor, 2000) and did
not investigate ERP components that might appear later. To our
knowledge, the activity following correct responses in motor tasks
has not been systematically examined by any intracerebral study
yet.

While multiple sources were proved for event-related activity
in the post-performance period provoked by errors (Brazdil et al.,
2002, 2005; Pourtois et al., 2010) we have hypothesized whether
also in correct reactions to target stimuli of visual oddball task
multiple brain regions might be involved in processes that take
place there. If so, ERP activity in the post-movement period of
correctly performed task might be observed within a large-scale
neuronal network rather than limited to a single brain structure.
To this end, the present intracerebral ERP study was designed to
identify the cerebral sites consistently activated after correct
motor reactions in a visual oddball task. Therefore we assessed
across examined brain structures the occurrence frequency of

post-movement ERP evoked during the target task variant. In an
attempt to associate these ERPs with underlying mental processes,
we decided to evaluate these potentials in relation to ERPs elicited
after correct performance of nontarget task variant and after both
types of errors induced during the task. If the post-movement ERP
reflects different mental processes then in sites where this ERP was
detected, differences in post-performance activity in the nontarget
task variant should be observed. If the brain network related to
incorrect responses shares some common nodes with that related
to correct responses, then sites active in both conditions should
be identified. To explore the character of mental processes under-
lying the post-movement ERPs we evaluated their latency and dis-
tribution among brain structures.

2. Methods and materials
2.1. Subjects

Eighteen patients (14 men) aged from 23 to 45 years (median
30) were employed in the study (Table 1). All subjects suffered
from medically intractable epilepsy and were candidates for surgi-
cal treatment. They all were under antiepileptic drug therapy,
which was determined by clinical considerations. During the per-
iod of diagnostic examination by intracerebral EEG recording, the
doses of medicaments were reduced to allow seizures to develop
spontaneously. All patients had normal or corrected-to-normal
vision. The subjects gave us their informed consent to the experi-
mental protocol that had been approved by the Ethical Committee
of Masaryk University.

2.2. Experimental task

A visual oddball task was performed. The patients were sitting
comfortably in a moderately lighted room and were focusing on
the center of a monitor situated at about 100 cm from their eyes.
Yellow capital letters X (target) or O (nontarget) appeared repeat-
edly on white background in random order as experimental stim-
uli. Each stimulus presentation lasted 200ms and the
interstimulus interval varied randomly between 2 and 5 s. The tar-
get stimuli were five times less frequent than the nontarget ones.
The subjects were instructed to press a microswitch button with

Table 1
Patient characteristics and lobes investigated.

Patient Sex’ Age Lobes investigated - Number of sites
investigated
1 M 20 RFT, LFT 11
2 M 28 RFT, LT 7
3 M 37 RFT, LFT 13
4 M 45 RFT, LFT 15
5 M 30 RFT, LFT 14
6 F 31 RFT 12
7 M 32 RFT, LTF 4
8 M 30 RFT, LFT 10
9 M 19 RF, LF 12
10 F 31 RFT, LFT 14
11 F 27 RT 6
12 M 19 RT, LT 14
13 M 41 RF, LF 8
14 M 25 RFT, LFT 17
15 M 34 RFTP 14
16 M 23 RFT, LFT 16
17 F 28 LFT 10
18 M 27 LT 8

" M = male; F = female; R = right, L = left; F = frontal, T = temporal, P = parietal.
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the dominant hand as quickly as possible, whenever a target stim-
ulus appeared, to mentally count the target stimuli, and to ignore
the nontarget stimuli.

2.3. Data acquisition

Electrical activity was recorded during the task simultaneously
from various brain sites by means of standard Micro Deep semi-
flexible multicontact platinum electrodes. Having a diameter of
0.8 mm, each electrode carried 5-15 contacts 2.0 mm long sepa-
rated by constant intervals of 1.5 mm. Strictly for diagnostic rea-
sons 113 intracerebral depth electrodes were implanted into the
structures of the frontal, temporal, and parietal lobes (Table 1).
Every patient received 2-10 such electrodes exploring either or
both hemispheres. Long electrodes examined both lateral and
mesial cortical regions. The electrodes were placed using the
methodology of Talairach et al. (1967) and their position was after-
wards verified by magnetic resonance imaging with electrodes
in situ. The registration was made with the help of a 64-channel
Brain Quick EEG system (Micromed). All the recordings were
monopolar with respect to a reference electrode attached to the
right processus mastoideus. The impedances used were less than
5kQ. The EEG signal was amplified with a bandwidth of
0.1-40 Hz at a sampling rate of 128 Hz.

2.4. Analysis

The EEG signal was analyzed offline with the help of ScopeWin
software. The recordings from lesions and epileptogenic zones and
the trials with artefacts were rejected offline with visual inspection
made by two experienced persons. Switching the button in
response to a nontarget stimulus or its omission in response to a
target stimulus was considered as error. In each subject all
artefact-free trials with correct and at least 10 incorrect perfor-
mances were used for calculation of average curves. Exclusion of
a different number of trials and commission of a different number
of errors explains the interindividual variability in the number of
trials used for each average curve (target variant: 41-80 trials with
correct hits, 14 and 25 trials with incorrect refraining from move-
ment; nontarget variant: 191-342 trials with correct refraining
from movement, and 13, 14 and 18 trials with false alarms).
Post-movement ERP waves in the latency range of 0-900 ms from
movement were analyzed. Periresponse EEG periods (from —900 to
+900 ms from the movement onset) were averaged for target cor-
rect responses using movement onset as a trigger. Peristimulus
EEG periods (from —300 to +1500 ms from the stimulus onset)
were averaged separately for target and nontarget correct and
incorrect performances using the stimulus onset as a trigger. The
statistical significance of ERP waves was computed between the
mean amplitude observed during the baseline period (from —600
to —100 ms from the stimulus onset) and the mean value com-
puted as a mean from the neighborhood of each point (170 ms
length) after stimuli or responses using a nonparametric Wilcoxon
Rank Sum (Signed Rank) test for paired samples. Records from one
contact of each multicontact intracerebral electrode implanted in a
particular anatomical structure were included in the analysis
selecting the one with the largest amplitude of ERP. The intracere-
bral findings of steep voltage gradients uniquely proved the focal
origin of the waveform (Fig. 1).

The statistical analysis of recorded potentials was performed by
comparing the presence with the absence of the post-movement
ERP in correct reactions to target stimuli. The frequency differences
between brain structures were examined using the binomial test.
Involvement of these structures after correct performance in non-
target task variant was compared using Fischer’s exact test. To test
the statistical significance of differences in latency of ERPs the
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Fig. 1. The response-triggered averaged ERPs for correct target trials recorded from
neighboring electrode contacts exhibiting steep voltage gradients in post-move-
ment period in right hippocampus in patient No. 2 (Z3-Z7), right anterior
midcingulate cortex in patient No. 9 (F1-F4), and right amygdala in patient No. 4
(A1-A3). Note the voltage variations across contacts with maximal peak amplitude
marked with black point (M = movement).

t-test for independent samples was used. In all tests the threshold
for statistical significance was set to P < 0.05.

3. Results

The performance of the subjects during the task was very accu-
rate; only three subjects (Nos. 5, 9, and 12) committed higher num-
ber of errors (Table 2). The mean reaction time in correct responses
ranged from 457 + 34 ms to 644 + 78 ms (median 522 ms). In the
response-triggered averages (RTAs) of correct reactions to target
stimulus a prominent event-related potential in the post-
performance period (see Fig. 2) was detected in all subjects in
131 sites, i.e. 64% of sites investigated, with no significant differ-
ence in localization within well examined frontal and temporal
lobes. These sites were distributed among multiple brain struc-
tures (see Table 3); involving mesiotemporal structures, lateral
temporal, prefrontal, cingulate, frontal and parietal cortices, and
basal ganglia. The occurrence of the post-movement ERP in enough
examined (at least 5 investigated sites) brain structures ranged
from 43% to 100% (mean 67 + 15%) of investigated sites. The bino-
mial test revealed no significant differences in frequency of find-
ings of post-movement ERP among these eleven structures. The
only exception were basal ganglia where finding of post-
movement ERP was significantly more frequent than in several,
mostly temporal, sufficiently examined brain structures (Table 4),
and anterior midcingulate cortex with borderline significantly
higher post-movement ERP occurrence than in inferior temporal
gyrus (P =0.0485). When we restrict our results to observation of
generators, however, the list of presumably consistently involved
structures is shorter (see Table 5). The data in Fig. 1 demonstrate
three regions exhibiting signs of a local generator. Most frequently
(53% of sites investigated) the post-movement ERP was generated
in amygdala. Quite frequently, with occurrence not significantly
different from amygdala, generators were also observed in
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Table 2
Number of artefact-free trials.
Patient  Target Nontarget
Correct hit  Incorrect rejection  Correct rejection  False alarm
1 49 0 281 3
2 45 0 236 1
3 62 6 266 1
4 41 5 221 1
5 65 1 332 18
6 57 3 328 2
7 49 0 261 0
8 52 0 247 0
9 77 25 343 14
10 46 3 267 0
11 59 1 243 2
12 80 14 282 13
13 53 3 201 0
14 61 1 316 4
15 63 1 242 0
16 66 3 305 3
17 57 0 222 0
18 57 2 270 1

Correct hit = motor response to target stimulus; Incorrect rejection = movement
omission after target stimulus; Correct rejection = refraining from movement in
nontarget task variant; False alarm = erroneous motor response in nontarget task
variant.

hippocampus, parahippocampal and middle temporal gyri, ante-
rior midcingulate cortex, medial frontal, orbitofrontal, and dorso-
lateral prefrontal gyri. On the other hand, despite sufficient
examination, the post-movement ERP was generated significantly
less frequently than in amygdala in superior and inferior temporal
gyri and no generator was found in basal ganglia. The comparison
between brain lobes revealed no significant differences in post-
movement ERP generator occurrence. In post-movement ERPs gen-
erated in temporal and frontal lobes the mean peak latency relative
to motor response was 288.9+171.6 ms and 248.7 +176.4 ms,
respectively. This difference, however, did not reach the statistical
significance.

The observed post-movement ERPs were mostly (80% sites)
monophasic, less frequently complex biphasic (14% sites) with
waveforms of opposite polarities, only occasionally (6% sites) two
separate waves of the same polarity were detected. In total, 157
ERP waves were observed in the post-movement period in the tar-
get task variant. Their peak latency ranged from 14 to 726 ms
(mean 295 + 184 ms, median 258 ms) with approximately half of
them (48%) appearing between 100 and 300 ms after movement
onset. Less than one third of post-movement ERPs (27%) were
observed in sites where no ERP component was detected during
the stimulus-response interval. This was revealed by the analysis
of stimulus-triggered averages (STAs) of correct reactions to target
stimulus. In these cases the post-movement ERP was observed as a
very late isolated ERP with a latency exceeding the mean reaction
time (e.g. in contact X'8 in patient 3, see Fig. 3A); in the majority of
brain sites, however, this potential appeared only after compo-
nents elicited within the stimulus-response interval (e.g. in con-
tact D’2 in patient 14, see Fig. 3A).

Approximately in 50% of the sites where post-movement ERP
was detected in the RTA of correct reactions to target stimuli, no
very late ERP was observed in the STA of correctly ignored nontar-
get stimuli (e.g. examples in Fig. 3A). In the other half of the sites,
however, one (61 sites) or two (6 sites) potential waves with a
latency exceeding the subject’s mean reaction time were observed
(e.g. examples in Fig. 3B-D). The latency of all these 73 nontarget
post-performance ERP waves ranged from 500 to 1162 ms (mean
757 + 168 ms) after the stimulus onset. A comparison of the first
nontarget with the first target post-performance ERP wave in the
STAs revealed that the latency of the nontarget ERP was shorter

M«Wh T3 (15)
VTN @)

W’J\\/ A9 (3)

W\/‘\/WM\}/» C2®4)
M/\/w G1 (13)
“’\W‘M A13 (6)
WMM B'7 (12)

Fig. 2. Response-triggered averaged post-movement ERPs for correct target trials
(M = movement). Contact (subject), anatomical structure: T3 (15), right superior
temporal gyrus; C1 (3), right fusiform gyrus; A9 (3), right middle temporal gyrus;
C'2 (4), left parahippocampal gyrus; G1 (13), right anterior cingulate cortex; A13
(6), right middle temporal gyrus; B'7 (12), left superior temporal gyrus.

by 174 +118 ms in 34 sites (Fig. 3B) and longer by 166 + 88 ms
in 26 sites (Fig. 3C). In the remaining 7 sites the latencies were
almost identical differing by less than 20 ms (Fig. 3D).

In most anatomical structures examined both task-variant non-
specific and target specific post-movement ERPs were observed
(Table 3). In the former case an ERP was detected both in target
post-movement and nontarget post-performance periods while in
the latter case the potential was found only in target task variant.
Mean latency of task-variant nonspecific (244.6 + 142.1 ms) and
target specific (251.3 £ 164.5 ms) post-movement ERPs differed
only slightly and the differences did not reach a statistical signifi-
cance. Both the task-variant nonspecific and target specific post-
movement ERPs were observed in all but two patients. Only the
former or latter types of ERP were observed in subject No. 9 and
11, respectively. The occurrence frequency of task-variant non-
specific and target specific ERP types did not significantly differ
between frontal and temporal lobes neither among individual
brain structures investigated. The only exception were the basal
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Table 3

1301

Distribution of ERPs across brain regions in correct reactions to target stimulus.

Anatomical structure Post-movement

Sites examined/subjects

Target specific Task-variant nonspecific

ERP? ERP/subjects” ERP/subjects®

Anterior midcingulate cortex 9(82) 11/7 3/3 6/5
Pregenual anterior cingulate cortex 2(67) 3/2 2/1 0/0
Rostro- and dorsomedial prefrontal cortices 6(75) 8/5 2/2 4/2
Orbitofrontal cortex 8(57) 14/8 6/5 2/2
Dorsolateral prefrontal cortex 15(71) 21/10 8/5 7/3
Supplementary motor area 0(0) 2/1 0/0 0/0
Premotor cortex 1(100) 151 11 0/0
Primary motor cortex 3(75) 42 0/0 3/2
Basal ganglia 7(100) 7/5 7/5 0/0
Amygdala 10(67) 15/12 5/5 5/5
Hippocampus 17(65) 26/15 10/8 7/6
Parahippocampal gyrus 6(55) 11/8 1/1 5/3
Fusiform gyrus 4(100) 4/5 1/1 3/3
Superior temporal gyrus 13(57) 23/11 5/5 8/4
Middle temporal gyrus 19(61) 31/15 9/6 10/7
Inferior temporal gyrus 6(43) 14/8 11 5/4
Lingual gyrus 1(50) 2/1 0/0 1
Posterior cingulate cortex 0(0) 2/1 0/0 0/0
Inferior parietal lobule 2(67) 3/1 11 1YA!
Somatosensory cortex 2(67) 3/2 1/1 11
Frontal lobe 51(72) 71/14 29/13 22[7
Temporal lobe 76(60) 126/17 32/14 44/14
Parietal lobe 4(50) 8/2 2/1 2/1
Total 131(64) 205/18 63/17 68/17

2 Number of sites (% of sites examined) with positive observations of post-movement ERP in response-triggered averages of correct reactions to

target stimulus.

> Number of sites/subjects with observed target post-movement ERP but with negative finding in post-performance period of nontarget task variant.
¢ Number of sites where ERP was observed both in target post-movement and nontarget post-performance periods.

Table 4
Comparison between basal ganglia and other brain structures (P-values).

Anatomical structure Binominal test Fisher’s exact test

Anterior midcingulate cortex 0.2341 0.0114
Rostro- and dorsomedial prefrontal cortices 0.1553 0.0210°
Orbitofrontal cortex 0.0400 0.4667
Dorsolateral prefrontal cortex 0.1073 0.0513
Amygdala 0.0843 0.0441
Hippocampus 0.0663 0.0648
Parahippocampal gyrus 0.0037 0.0047
Superior temporal gyrus 0.0341 0.0147
Middle temporal gyrus 0.0454 0.0227
Inferior temporal gyrus 0.0112 0.0047

" P<0.05, significant difference in numbers of post-movement ERPs (binominal
test) or in frequency of target specific and task-variant nonspecific ERPs (Fisher’s
exact test) between basal ganglia and other sufficiently examined brain structures.

ganglia in which only target specific ERPs were found (e.g. Fig. 3A)
and thus this result was significantly different from several brain
structures (see the last column in Table 4). No significant differ-
ences in ERP type distribution, however, were found among gener-
ating brain structures (see Table 5).

Errors, i.e. erroneously omitted (incorrect rejection) or erro-
neously performed (false alarm) motor responses, were committed
quite frequently in three of the patients (Nos. 5, 9, and 12; see
Table 2). The subject’s mean reaction time was longer for false
alarms (RTf) compared to correct hits (RTc) by 56 ms, 23 ms, and
138 ms in patients Nos. 5, 9, and 12, respectively. In patient No.
5 no ERP was found after false alarms in sites where post-
movement ERP was recorded in correct reactions to target stimuli.
In both remaining patients, however, a very late ERP with latency
exceeding both RTc and RTf was observed in stimulus-triggered

Table 5
Distribution of generators across brain regions in correct reactions to target stimulus.

Anatomical structure Generators® Target Task-variant

specific nonspecific

ERP®  ERP¢
Anterior midcingulate cortex 5(42) 1 4
Pregenual anterior cingulate cortex 1(50) 1 0
Rostro- and dorsomedial prefrontal 2(25) 1 1
cortices
Orbito-frontal cortex 3(21) 2 1
Dorsolateral prefrontal cortex 8(38) 3 5
Supplementary motor area 0(0) 0 0
Premotor cortex 1(100) 1 0
Primary motor cortex 1(25) 0 1
Basal ganglia 0(0) 0 0
Amygdala 8(53) 4 4
Hippocampus 8(31) 4 4
Parahippocampal gyrus 5(45) 1 4
Fusiform gyrus 1(25) 1 0
Superior temporal gyrus 5(22) 3 2
Middle temporal gyrus 10(32) 5 5
Inferior temporal gyrus 2(14) 0 2
Lingual gyrus 0(0) 0 0
Posterior cingulate cortex 0(0) 0 0
Inferior parietal lobule 0(0) 0 0
Somatosensory cortex 1(33) 0 1
Frontal lobe 21 9 12
Temporal lobe 39 18 21
Parietal lobe 1 0 1
Total 61 27 34

Sufficiently examined brain structures (at least 5 sites investigated) with high
occurrence of generators are in bold format.

2 Number of sites (% of sites examined) displaying signs of proximity to structure
generating the target post-movement ERP either.

> With negative finding in nontarget post-performance period,

¢ With ERP observed in nontarget post-performance period.
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Fig. 3. Post-performance ERP: (A) prominent in target but absent in nontarget trials; (B) with shorter latency in nontarget than in target trials; (C) with longer latency in
nontarget than in target trials; (D) with almost identical latency in target and nontarget trials. On the left side, response-triggered (M = movement) averaged ERPs for correct
target trials; on the right side, stimulus-triggered (S = stimulus) averaged ERPs for correct target (thick lines) and correct nontarget (thin lines) trials in the same contact. Note
that post-performance target ERP is either preceded by clear-cut earlier components or not, e.g. in D'2(14) or X’'8(3) in section A, respectively. Contact (subject), anatomical
structure: D'2(14), left superior temporal gyrus; X'8(3), left putamen; M12(9), right primary motor cortex; 01(13), right orbitofrontal cortex; F8(16), right dorsolateral
prefrontal cortex; B8(3), right middle temporal gyrus; F2(9), right anterior cingulate cortex; A'1(12), left superior temporal gyrus.

averages of erroneous responses. Tables 6 and 7 show distribution
of these ERPs across brain regions. Latencies of stimulus-triggered
averaged ERPs detected after correct and incorrect performances
are displayed in Table 8. In patient No. 9 the latency after incorrect
rejection or false alarm was either longer, with a delay of up to
469 ms (Fig. 4A), or almost identical, with a difference no greater
than 20 ms (Fig. 4B), compared to the latency observed after cor-
rect hit or correct rejection, respectively. In patient No. 12 the
latencies after correct and incorrect performances differed less
than by 20 ms (Fig. 4B).

In an attempt to associate the post-movement ERP observed in
the target variant of a visual oddball task with underlying
mental processes the following competent characteristics of
post-performance ERPs were identified: (1) a waveform prominent
to target but absent to nontarget stimuli; (2) a waveform promi-
nent both to target and nontarget stimuli; (3) a longer latency of
ERP when motor response was erroneously omitted in reaction
to target stimulus; (4) a longer latency of ERP when motor
response was erroneously performed in reaction to nontarget
stimulus.

4. Discussion

This study examined the electrophysiological indicators of post-
performance brain activity. By using depth EEG recording during a
visual oddball task we have demonstrated that: (1) post-
movement ERPs in correct target trials were observed in multiple
cortical structures; (2) ERPs recorded after correct performance
were either specific for the target task variant or were observed
in both variants of the visual oddball task; (3) in several brain sites
both after correct and incorrect performances clear-cut ERP com-
ponents were observed; (4) in brain sites sensitive to error com-
mission the latency of the post-performance ERP was longer in
incorrect compared to correct performance.

4.1. Generators of post-performance ERPs in correctly performed
target trials are distributed in multiple brain regions

Two recent source localization studies on performance moni-
toring focused on identifying ICA components reflecting the post-
performance ERPs for correct and incorrect responses (Hoffmann



A. Damborskad et al./Clinical Neurophysiology 127 (2016) 1297-1306 1303

Table 6
Distribution of ERPs across brain regions in correct reactions to target and erroneous
reactions to nontarget stimuli.

Anatomical structure Post-movement  Sites False alarm/
ERPs® examined/  subjects”
subjects

Anterior cingulate cortex 3 4/2 0/0
Orbitofrontal cortex 0 2/1 -
Dorsolateral prefrontal cortex 3 31 3/1
Supplementary motor area 0 2/1 -
Premotor cortex 1 11 0/0
Primary motor cortex 2 3/1 2/1
Amygdala 1 11 0/0
Hippocampus 1 2/1 0/0
Parahippocampal gyrus 3 31 0/0
Superior temporal gyrus 7 9/2 11
Middle temporal gyrus 2 3/2 151
Inferior temporal gyrus 0 41 -
Lingual gyrus 1 2/1 0/0
Somatosensory cortex 0 11 -
Frontal lobe 9 15/2 5/1
Temporal lobe 15 24/2 2/1
Parietal lobe 0 11 -
Total 24 40/3 7/2

2 Number of sites with positive observations of post-movement ERP in response-
triggered averages of correct reactions to target stimulus.

> Number of sites/subjects with positive observation of ERP elicited both after
correct reactions to target and erroneous reactions to nontarget stimuli.

Table 7
Distribution of ERPs across brain regions in correct and erroneous reactions to target
stimuli.

Anatomical structure Post-movement ERPs® Sites Incorrect
examined/ rejection/
subjects  subjects”

Anterior cingulate cortex 2 31 2/1

Dorsolateral prefrontal cortex 3 3/1 3/1

Supplementary motor area 0 2/1 -

Primary motor cortex 2 3/1 2/1

Hippocampus 1 2/1 0/0

Superior temporal gyrus 6 8/1 2/1

Middle temporal gyrus 2 2/1 11

Lingual gyrus 1 2/1 0/0

Somatosensory cortex 0 11 -

Frontal lobe 7 111 71

Temporal lobe 10 14/1 3/1

Parietal lobe 0 11 -

Total 17 26/2 10/2

2 Number of sites with positive observations of post-movement ERP in response-
triggered averages of correct reactions to target stimulus.

> Number of sites/subjects with positive observation of ERP elicited both after
correct and erroneous reactions to target stimuli.

and Falkenstein, 2010; Roger et al., 2010). Both studies, however,
aimed to identify ICA components related to the ERN/Ne, and the
component selection was based on error trials (Roger et al.,
2010) or on differences between error and correct trials
(Hoffmann and Falkenstein, 2010). To the best of our knowledge,
no source localization or even intracerebral study primarily aimed
at identifying sources of post-performance ERPs for correct
responses. Similarly, several EEG/fMRI studies identified correla-
tions between the hemodynamic response in the rostral cingulate
zone and scalp recorded ERN (for review see Ullsperger et al., 2014)
but none of them was focused on correct response-related activity.
From this point of view, the current study provides unique intrac-

Table 8

Latency (ms) of post-performance ERP measured from stimulus onset in two patients.
Anatomical Target Nontarget
structure/contact Correct Incorrect Delay Correct False  Delay

hit rejection rejection  alarm

Patient No 9 (RTc = 474 ms, RTf = 497 ms)
aMCC/G1 617 1086 469 703 - -
aMCC/F2 601 1062 461 693 - -
DLPFC/G14 804 1062 258 742 875 133
DLPFC/F14 688 1070 382 742 968 226
DLPFC/I:"_‘) 601 1055 454 727 723 -4
PMC/M12 1046 1125 79 734 1117 383
PMC/M'11 950 966 16 727 1009 282
Patient No 12 (RTc = 594 ms, RTf = 732 ms)
STG/T4 1018 999 -19 - - -
STG/T'5 836 827 -9 774 789 15
MTG/D'12 824 827 3 768 762 -6

Correct hit = motor response to target stimulus; Incorrect rejection = movement
omission after target stimulus; Correct rejection = refraining from movement in
nontarget task variant; False alarm = erroneous motor response in nontarget task
variant; Delay = the ERP latency difference between incorrect and correct perfor-
mances; RTc = mean reaction time for correct hit condition; RTf = mean reaction
time for false alarm condition; aMCC = anterior midcingulate cortex; DLPFC =
dorsolateral prefrontal cortex; PMC = primary motor cortex; STG = superior
temporal gyrus; MTG = middle temporal gyrus; ’ = left side; regions generating
post-movement ERP are written in italics format.

erebral data suggesting the existence of multiple sources of ERPs
elicited after correct performance. We observed clear-cut correct
response-related activation in many different brain regions
(Table 3). Since converging observations seem to indicate that
the field created by neurons more than one centimeter away from
the recording site account for only a negligible portion of the
intracranially recorded EEG signal (Lachaux et al., 2003), these
ERPs might be considered to emerge from the brain structure in
which they were observed. Most convincingly, our results suggest
engagement of mesiotemporal structures, anterior midcingulate,
prefrontal and lateral temporal cortices, in which steep voltage
gradient across neighbouring contacts was observed as an
unequivocal evidence of a potential generation. Thus, besides
ACC whose involvement was previously documented by source
localization study (Roger et al., 2010) in correct response-related
negativity generation; our results suggest recruitment of several
other brain structures following correct motor responses. Our
results support the view, that the post-movement brain processes
in correct responses of visual oddball task are realized through
activation of large-scale neuronal networks. In the present study
most brain structures that form these networks were active in dis-
crete sites while in other sites no evoked electrophysiological
activity was recorded. No difference in occurrence frequency was
found among involved brain structures except for basal ganglia
where post-movement ERP was found in all examined sites. Due
to the fact that recording sites were selected according to diagnos-
tic concerns, and most regions were not explored, the possibility to
use this result for quantitative comparison of activation of different
brain structures is limited. Thus, it still remains in question as to
whether some structures generate the post-movement ERP in a
greater portion of its volume than other structures.

4.2. Parallel systems of correct performance processing

In all well examined structures except for basal ganglia, i.e. in
mesiotemporal structures, anterior midcingulate, prefrontal and
lateral temporal cortices, we observed task-variant nonspecific
post-movement ERP type. This suggests that the studied post-
movement ERP might reflect some processes that are supposed to
take place in both variants of the task, such as stimulus evaluation
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Fig. 4. Stimulus-triggered (S = stimulus) averaged ERPs for correct (thin line) and incorrect (thick line) trials. (A) Longer latency of post-performance ERP when motor
response was erroneously omitted in reaction to target stimulus (left section) or erroneously performed in reaction to nontarget stimulus (right section). (B) Almost identical
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primary motor cortex.

processing, attentional processes or performance monitoring. This
interpretation is in line for instance with our previous study where
we provided evidence that hippocampal ERPs, either preceding or
following correct motor responses, could represent some stimulus
evaluation processing (Roman et al., 2013) or with widely accepted
role of frontal lobe for monitoring the effect of actions on the exter-
nal environment (Stuss and Benson, 1986; Stuss, 2011). Such a
monitoring process could just follow each correctly performed
task, irrespective of whether the required behavior was movement
execution and mental counting or movement inhibition and ignor-
ing of the stimuli.

The finding of target specific ERPs in all well examined brain
structures of frontal and temporal lobes may indicate their
involvement in counting related brain processes. Previous observa-
tions of counting related brain activity in the lateral temporal neo-
cortex and ACC (Brazdil et al., 2003) support this view. Since higher
demands on memory functions in the target task variant with
mental counting are expected, participation of these structures in
memory processes might be suggested. Nevertheless, this type of
ERP could as well only reflect more attention or higher cognitive
load related to arithmetic without any specific relation to mainte-
nance of episodic information in short term memory. Some pro-
cesses underlying target specific activity may also be related to
previous movement execution. In case of basal ganglia, in which
we have found only target specific ERPs, this interpretation would

perfectly fit with their prominent role in motor functions. Accord-
ing to another interpretation, this ERP could simply reflect passive
re-entrance of somatosensory signals or a post-performance reset-
ting of brain circuits without any elaboration or use of the perfor-
mance features.

Both the task variant nonspecific and target specific ERP types
were consistently generated in the same structures (see Table 5).
The mere existence of these two types of post-movement ERP
favors the view that after correct movement execution parallel
processing in at least two distinct systems takes place sharing at
least partially the same anatomical substrate. Parallel activation
of two different systems, i.e. performance-monitoring and
movement-monitoring, was also identified to be responsible for
Ne/ERN generation (Yordanova et al., 2004).

4.3. Common nodes of correct and incorrect behavior processing

In the present study we demonstrated that there are brain sites
in which both correct and incorrect performances may elicit a
prominent potential in the post-performance period. We found
sites in which ERPs were recorded both after correct motor
response and its erroneous omission in the target variant of the
task. In some of these sites we even recorded ERPs both after cor-
rect refraining from movement and erroneous movement execu-
tion in the nontarget task variant. Our findings suggest that
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cortical networks engaged in the generation of correct and incor-
rect performance-related potentials could have some common
nodes. The fact that in several sites post-performance ERPs were
observed both in correct hit and false alarm conditions seems to
further support findings of recent studies using independent com-
ponent analysis, which strongly suggest that Ne/ERN and Nc/CRN
stem from largely overlapping generators (Roger et al., 2010;
Wessel et al., 2012). The demonstration of post-performance ERPs
in false alarms stands in line with a large body of literature on error
processing and supports the existence of an already known and
well-described Ne/ERN and Pe complex (Wessel, 2012). On the
other hand, our finding of post-performance ERPs after erroneous
movement omission is rather unique. Our finding suggests that
some kind of error processing might take place also after incorrect
movement inhibition. Actually, it should not be surprising that also
after this type of error some monitoring process might take place
that compares the predicted behavior with the actual one.

Another interesting finding of the present study is that there are
sites in anterior midcingulate, dorsolateral prefrontal and primary
motor cortices, where the error commission has an influence on
the latency of post-performance ERP with higher values for incor-
rect performance (Fig. 4A). Erroneous refraining from movement in
the target variant of the task revealed a longer latency of the ERP
than the correct hit condition. Similarly, erroneously performed
movement in the nontarget variant of the task revealed a longer
latency than correct inhibition of motor response. If the observed
latency differences indicated that the preceding processes are pro-
longed or higher in number in case of error commission, then both
correct and incorrect post-performance ERP components might
represent some final evaluation processes related to finished
action. Our findings of latency differences are analogous with those
reported in a recent intracerebral study (Pourtois et al., 2010). In a
go/nogo task the authors demonstrated local field potentials in the
amygdala with evident temporal unfolding. A monophasic ERP
around motor execution for correct hits was delayed by ~300 ms
for false alarms, even though the actual reaction times were almost
identical in these two conditions. Our findings not only confirmed
typical involvement of ACC in action monitoring and cognitive con-
trol (Ridderinkhof et al., 2004) but also suggested recruitment of
the dorsolateral prefrontal cortex and the primary motor cortex
in error detection mechanisms.

A striking result of our current study was activation of the pri-
mary motor cortex in nonmotor task conditions, both after erro-
neous and correct movement inhibition (Table 8 and Fig. 4). This
result extends the recent hypothesis of rostral premotor-
subcortical networks serving as a gateway between the cognitive
and motor networks (Hanakawa, 2011) suggesting that the pri-
mary motor cortex might be also involved in processes not directly
associated with motor action.

5. Conclusions

Although the present study was limited by non-systematic
examination of the brain due to strictly diagnostic purposes of
electrode implantation, the results clearly suggest that besides
the anterior cingulate cortex, also the mesiotemporal structures,
and lateral temporal and prefrontal cortices are activated following
correct responses. The spatiotemporal characteristics, task-variant
specificity, and sensitivity to errors demonstrated that the
observed post-movement activity might code various pieces of
information needed for cognitive control, movement- and perfor-
mance monitoring, and evaluation processes. It appears, however,
that a one-to-one matching of post-movement ERP type and type
of information is beyond the limitations of our study.
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1. Introduction

Today it is widely recognized that complex cognitive functions are organized at a global level in the brain, and that they
arise from more primitive functions organized in localized brain regions. The global mode of functioning relies on large-scale
information processing that requires mechanisms of functional integration of multiple disparate neural assemblies (Bressler
& Kelso, 2001; Fries, Reynolds, Rorie, & Desimone, 2001; Jensen, Kaiser, & Lachaux, 2007; Varela, Lachaux, Rodriguez, & Mar-
tinerie, 2001). The critical question of the integration of distributed brain activities is whether the essential integrative role
can be attributed to a specific structure in the brain or whether this ability is inherent to the cognitive network as a whole.
Recent conceptions concerning the integrative role of the anterior cingulate cortex (ACC) seem to support the first possibility,
which emphasizes structural localization of integrative functions (Paus, 2001; Posner, Rothbart, Sheese, & Tang, 2007; van
Veen & Carter, 2002). In principle, these concepts are supported by findings of anatomical connectivity of the ACC and its
structural particularities, especially the presence of spindle-shaped neurons with their widespread connections and their
putative role in long-range activity coordination, and by data obtained by neuroimaging methods during the performance
of cognitive tasks (Allman, Hakeem, Erwin, Nimchinsky, & Hof, 2001; Paus, 2001; van Veen & Carter, 2002). Numerous exper-
imental findings demonstrated the involvement of this structure in functions central to intelligent behavior, such as prob-
lem-solving, error recognition, conflict detection and resolution, and adaptive responses to changing conditions (Allman
et al., 2001; Posner et al., 2007). This experimental evidence indicates that the role of the ACC in behavioral control includes
three main issues, i.e. its involvement in motor control, its proposed role in cognition, and its relationship to the motivation
states of the organism. On the basis of synthesis of available data, Paus (2001) proposed a hypothesis that the functional
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overlap of these three domains distinguishes the ACC from other frontocortical regions and that this overlap provides the
ACC with the potential to translate intentions into actions. A similar conceptual approach was developed by Rueda and Pos-
ner (Posner et al., 2007; Rueda, Posner, & Rothbart, 2004), who based their proposal of the ACC role on the results of studies
designed to examine the mechanisms of self-regulation. They proposed that the major contribution of the ACC to brain func-
tions relies on its ability to regulate information influx from the environment in order to avoid conflicting responses in
behavior (Rueda et al., 2004).

Following the idea about the particular role of ACC in integrating distributed brain activities, the aim of the present study
was to test directly a hypothesis that functional interactions of the ACC with other remote brain regions distinguished this
structure from other frontocortical regions. With this aim we investigated the level of EEG synchrony in the beta-2 frequency
band between frontal and temporal depth electrode recordings in three different states occurring during a visual oddball
experiment: (i) throughout the whole experiment, i.e. regardless of the fact that several distinct mental operations subserved
the experimental task; (ii) 1 s before the stimulus, i.e. during the period of heightened expectation of the stimulus presen-
tation; (iii) 1 s after the stimulus, i.e. during the period of stimulus processing. The choice of the beta-2 frequency band was
based on demonstration of frequent occurrence of coherent oscillations in this band (Kukleta, Brazdil, Roman, Bob, & Rektor,
2009). In data analysis we compared mean values of the running correlation function calculated in 41 frontal-temporal pairs
of EEG records, which had their frontal electrodes in the gyrus cinguli, with values obtained in 139 frontal-temporal pairs
with their frontal electrodes in other parts of the frontal lobe.

2. Methods
2.1. Subjects

Eight patients (5 males, 3 females; aged 25-45 years; mean 32.4 years; all with medically intractable epilepsies; all right-
handed) participated in the study. Standard MicroDeep multilead depth electrodes (DIXI) with a diameter of 0.8 mm, length
of each recording contact 2 mm, and intercontact intervals of 1.5 mm were used for invasive EEG monitoring. The orthogonal
electrodes were implanted in the frontal, temporal, and/or parietal lobes using the methodology by Talairach et al. (1967). In
2 patients, additional diagonal electrodes were inserted stereotactically into the amygdalohippocampal complex (via frontal
approach, passing through the basal ganglia in 1 patient, via occipital approach in 1 patient). The electrodes were placed
bilaterally in 6 patients and unilaterally in 2 patients. The recording contacts at the electrode (5-15) were always numbered
from the medial to lateral sites. Their positions were indicated in relation to the axes defined by the Talairach system (1967)
using the ‘x, y, zZ format where ‘X’ is lateral, millimeters to midline, positive right hemisphere, ‘y’ is anteroposterior, millime-
ters to the AC (anterior commissure) line, positive anterior, and ‘zZ’ is vertical, millimeters to the AC/PC (posterior commis-
sure) line, positive up. The exact positions of the electrodes in the brain were verified using post-placement magnetic
resonance imaging (MRI) with electrodes in situ. In all cases, both the number and positioning of the exploring electrodes
were determined by a diagnostic procedure the aim of which was to localize the seizure origin prior to a surgical treatment.
The recordings from lesional structures and epileptogenic zones were not included into the experimental analysis. No pa-
tient from the group examined had bilateral hippocampal sclerosis or bilateral temporal lobe epilepsy. All the patients
had normal or corrected-to-normal vision and their performance in the experimental task was very good (median of errors
1.3%, minimum 0%, maximum 4.8%). The analysis of error responses to both non-target and target stimuli was taken as a
demonstration that they really processed the stimuli according to the experimental instructions. Informed consent was ob-
tained from each patient prior to the experiment, and the study received an approval from the Ethical Committee of Masaryk
University.

2.2. Procedure

The patients were seated comfortably in a moderately lighted room with a monitor screen positioned approximately
100 cm in front of their eyes. During the examination they were asked to focus the gaze continuously on the point in the
center of the monitor screen and to respond, as quickly as possible, to a target stimulus (a yellow letter X on white back-
ground) by pressing a microswitch button in the dominant hand and counting the number of these stimuli in their heads,
and to ignore frequent stimuli (a yellow letter O on white background). Both stimuli were displayed on the black screen,
subtended at a visual angle of 3°. Their duration was 200 ms. The interstimulus intervals varied randomly between 2 and
5's, the ratio of target to frequent, non-target stimuli was 1:5. The mean duration of the whole experiment was 17.4 min
(minimum 12.8 min, maximum 20.7 min).

2.3. EEG recording

The EEG signal was recorded simultaneously from various intra-cerebral structures using 64-channel Brain Quick EEG
system (Micromed). The recordings were monopolar with respect to a reference electrode placed on the right processus mas-
toideus in all the cases. The EEGs were amplified with a bandwidth of 0.1-40 Hz at a sampling rate of 128 Hz. ScopeWin soft-
ware was used for the data analysis, which included up to 44 channels recorded simultaneously.
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2.4. Data analysis

In the data analysis EEG records from 180 frontal-temporal pairs were used. Frontal records were obtained from 27 sites;
temporal records from 56 sites (see Table 1A). The pairs were homolateral in 114 cases (52 pairs in the left, 62 pairs in the
right hemisphere), and heterolateral in the remaining 66 cases. According to the location of the frontal recording site these
pairs were divided into four groups (ACC - anterior cingulate cortex, OFC - orbital frontal cortex, DLFC - dorsolateral frontal
cortex, and MFC - mesial frontal cortex). More precise information about the location of the frontal recording sites is given in
Fig. 1. As demonstrated in Table 1B, records from anterior cingulate sites were paired with approximately the same set of
temporal sites as records from other frontal locations. All the investigated recording sites exhibited an evoked response
to target and non-target stimuli. One record from an electrode or two records derived from remote contacts of an electrode
were taken for the analysis only. As a rule, the largest response from similar ones was selected. The offline processing of each
record started with its frequency decomposition and reduction to the beta-2 frequency band (25-35 Hz) via a digital band
pass filter. The procedure comprised a spectrum computation using the Fast Fourier Transform, zeroing all the spectral com-
ponents outside the selected frequency interval, and an inverse complex Fast Fourier Transform computation. Then, in each
frontal-temporal pair of such filtered records, the correlation coefficients were calculated using the technique of running cor-
relation. The expert’s recommendation for the length of the sliding window in the computation of successive correlation
coefficients (94 ms) took into account the sampling frequency and the frequency band used.

Three correlation indicators were derived from each of the resulting correlation curves: (1) mean r-value of 30 s segment
of the correlation curve (18 values representing the whole experiment were obtained from each curve); (2) mean prestimu-
lus r-value calculated from averaged 1 s segments which preceded the stimulus onset; (3) mean poststimulus r-value calcu-
lated from averaged 1 s segments which followed the stimulus onset. The second and third indicators were derived from
averaged data. In this case, 5 s segments of the correlation curves were averaged using the stimulus onset as the trigger
(—2.5 and +2.5 from stimulus onset). Segments linked to non-target stimuli were used only. One advantage of this selection
was the fact that the data obtained were not contaminated by efferent actions linked with movement; the other advantage
was the greater number of available responses, which allowed calculating the average curves with a more favorable signal/
noise ratio. The mean number of averaged stimuli was 136 (minimum 90, maximum 165). Only artifact-free segments were
included into the processing of both raw and averaged data (the selection was based on visual inspection of the segments by
an experienced person).

3. Results

The sequence of correlation coefficients obtained by the running correlation technique from the 180 frontal-temporal
pairs of filtered EEG records represented the source of data for analysis in this study. A typical time course of these corre-
lation curves is shown in Fig. 2, section A. The curves consisted of irregular oscillations between the maximal and the min-
imal r-values; maximal peaks frequently attained values higher than +0.9. For the demonstration of the main characteristics
of these curves we chose the mean correlation coefficient calculated in 18 consecutive 30 s segments of each curve (the “30 s
r-values”). In a total of 3240 measurements obtained from 180 curves, their mean was 0.18 £ 0.13 (median 0.14, minimum
—0.10, maximum +0.71) and their distribution was quasi-normal (skewness 0.6, kurtosis 0.4). The values of this indicator
obtained from four different brain areas of four patients (64 individual measurements) are presented in Fig. 3, left section.
These data illustrate the most conspicuous feature of the indicator, i.e. its high and relatively constant standard deviations. In

Table 1
Number and location of recording sites from which 180 frontal-temporal pairs were created (A) and the percentage of temporal recording sites paired with sites
in the anterior cingulate gyrus and sites in other frontal locations (B).

A

Structure Number of sites (left/right hemisphere) Number of subjects
ACC (anterior cingulate gyrus) 3/4 6

OC (gyri orbitales) 4/4 7

DLFC (gyrus frontalis superior, medius, inferior, gyrus praecentralis) 3/3 5

MFC (gyrus frontalis medialis, gyrus rectus) 2/4 4

LTC (gyrus temporalis superior, medialis and inferior) 17/10 8

BTC (gyrus fusiformis and parahippocampalis) 5/4 5

HIPP (hippocampus) 7/4 6

AMY (amygdala) 5/4 7

B

Frontal sites Number of pairs LTC (%) BTC (%) HIPP (%) AMY (%)
ACC 41 49 14 20 17

oC 60 50 15 18 17

DLFC 41 46 15 20 19

MFC 38 50 8 21 21
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Fig. 1. Projection of 27 depth frontal orthogonal electrodes on lateral (A) or mesial (B) hemispheric surfaces. All electrodes, either right or left, were
positioned in the same scheme (left convexity, right mesial surface), according to the standard Talairach’s stereotaxic coordinate system. Allocation of single
recording sites for one of the four groups is represented by identical geometric symbols.

a total of 3240 analyzed measurements their mean value was 0.52 + 0.03. We thought that this steadily high variability of the
indicator reflected the oscillatory nature of the mechanisms underlying the correlation curves.

Fig. 4, upper section, presents the “30 s r-values” of groups created according to the location of frontal recording sites. As
is evident, the level of frontotemporal activity correlation was highest in pairs with frontal recording sites in the anterior
cingulate cortex.

Statistical evaluation (Main effects ANOVA) showed a significant main effect of the recording site position
(F(3,3229)=66.3; p <.001); the p-values of the post hoc Scheffé test of differences between the anterior cingulate group
(ACC) on the one hand and OFC, DLFC, and MFC groups on the other hand were lower than .001 in all three comparisons.
The statistical procedure used took into account a possible influence of the position of the 30 s segment in the time course
of the experiment, and individual differences of the mechanisms underlying the correlation results. A more detailed inves-
tigation of these two factors was beyond the scope of the present study.

With respect to the final interpretation of the results, the finding of a high correlation between the “30 s r-values” and the
number of peaks on the correlation curves, which exceeded the level of +0.9, was particularly important (Spearman R 0.84;
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Fig. 2. An illustration of the correlation curves calculated from non-averaged, raw data (section A) and from averaged data (section B). In section A the
curves represent, taken from top to bottom, the position of non-target (smaller marks) and target (higher mark) stimuli, the whole-band EEG records from
the left anterior cingulate cortex (ACC), and from the left superior temporal gyrus (GTS) of patient 1, filtered derivatives of these two records in the
frequency band of 25-35 Hz, and the resulting correlation curve. In section B the curves represent the position of non-target stimuli, the averaged pre- and
poststimulus whole-band records from the left anterior cingulate cortex (ACC) and the left superior temporal gyrus (GTS) of patient 1, the filtered
derivatives of these two records in the frequency band of 25-35 Hz, and the resulting correlation curve. The vertical line passing through all curves marks
the stimulus onset.
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Fig. 3. An illustration of mean values of the correlation coefficient and their standard deviation calculated from four different brain areas of four patients in
eighteen successive 30 s segments of raw correlation curves (left section) and in 1 s prestimulus and poststimulus epochs of averaged correlation curves
(right section). The frontal recording site was in the anterior cingulate cortex of patient 1 (ACC), in the orbital frontal cortex of patient 2 (OFC), in the
dorsolateral frontal cortex of patient 3 (DLFC), and in the mesial frontal cortex of patient 4 (MFC).

p <.001). This finding allowed considering the “30 s r-values” as a measure of interregional activity synchronization. The
number of such peaks in one 30 s segment varied from 2 to 73 (median 14) and the distribution of its values was not normal.

Mean r-values in the 1 s segments, which preceded and followed the non-target stimulus onset, represented another two
correlation indicators analyzed in the study. Both indicators varied largely in a total of 180 averaged correlation curves. The
mean prestimulus r-value was 0.19 + 0.24 (median 0.19, minimum —0.37, maximum +0.78), the mean poststimulus r-value
was 0.25 £ 0.24 (median 0.25, minimum —0.35, maximum +0.81). The middle and bottom sections of Fig. 4 present mean
prestimulus and poststimulus r-values of groups created according to the location of frontal recording sites. Even these indi-
cators showed that the pairs with frontal recording sites in the cingulate cortex had higher mean r-values than pairs from
other frontal locations. ANOVA showed a significant main effect for the recording site position in both cases (F(3169) = 13.2
in the first and 8.0 in the second case; p <.001 in both cases). The p-values of the post hoc Scheffé test evaluating the sig-
nificance of differences between the anterior cingulate group (ACC) on the one hand and OFC, DLFC, and MFC groups on
the other hand were lower than .001, .001 and .012, respectively, in comparisons of prestimulus values, and .001, .002
and equal to .120, respectively, in comparisons of poststimulus values. In other words, the pairs with their frontal recording
sites in the cingulate cortex had higher mean r-values than had pairs from other frontal locations in five of six comparisons.

A comparison of eleven ACC pairs located in the right hemisphere and of eleven ACC pairs in the left hemisphere revealed
a significant main effect of hemisphere location in the case of the “30 s r-values” (ANOVA, F(1372)=5.9, p=.016; means
0.26 £ 0.10 in the right and 0.13 £ 0.08 in the left hemisphere). Prestimulus and poststimulus ACC r-values in the right
and the left hemisphere did not differ significantly (ANOVA, F(1, 15) = 0.7 and 2.7, respectively, p >.05 in both cases). Due
to the limited number pairs and inconsistency of the result, the difference between right and left locations of the recording
site pairs was not analyzed in greater detail.
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Fig. 4. Mean r-values in groups of correlated frontotemporal pairs created according to the location of their frontal recording site (ACC - anterior cingulate
cortex; OFC - orbital frontal cortex; DLFC - dorsolateral frontal cortex; MFC - mesial frontal cortex). The upper section presents the means from the 30 s
segments of correlation curves (N 738, 1080, 738, and 684, respectively), the middle and bottom sections present the means from the 1 s prestimulus and
poststimulus epochs (N 41, 60, 41, and 38, respectively, in both indicators). Vertical bars denote 0.95 confidence intervals.

4. Discussion

The results of the present study support recent findings suggesting a specific integrative role of the ACC (Paus, 2001; Pos-
ner et al., 2007). Particularly, these results show that mean values of the running correlation function in frontal-temporal
EEG pairs with one recording contact in the cingulate cortex (ACC pairs) are significantly higher than mean values of running
correlation in other frontal-temporal pairs. This regional difference in the phase synchrony was found in three distinct func-
tional states: (i) throughout the whole experiment; (ii) during the period of heightened expectation of the next stimulus; (iii)
during the cognitive elaboration of the stimulus. The finding suggests a state-independent stronger communication of the
ACC with other components of the cognitive network. A crucial interpretation of this finding is that higher synchrony in
the ACC pairs in comparison with other frontal-temporal pairs may represent a particular role of the ACC in large-scale com-
munication, which could reflect its unique integrative functions in cognitive processing. This interpretation could have key
consequences for the understanding of the neural correlate of consciousness, which although it is spatially distributed and
related to large-scale integration may have its “extraordinary places” with a specific integrative role.

The majority of recent studies on integrative or binding mechanisms have focused on EEG analysis and observed function-
ally relevant epochs of synchronization mainly in the gamma frequency band in various species and brain structures during
attention, perception, motor and memory tasks (Jensen et al., 2007; Lee, Williams, Breakspear, & Gordon, 2003; Singer,
2001). A crucial result of these studies, which presents a direct link between visual perception and gamma synchrony,
was reported by Eckhorn, Singer and colleagues in the cat visual cortex (Eckhorn et al., 1988). Following this finding, the
functional significance of synchronous gamma activity in selective attention, perceptual processing, and recognition was
repeatedly demonstrated in animal and human studies (Fries et al., 2001; Jensen et al., 2007; Meador, Ray, Echauz, Loring,
& Vachtsevanos, 2005; Rodriguez, Kallenbach, Singer, & Munk, 2004). The interpretation of all these findings seems to imply
a common assumption that transient and precise synchronization of neuronal discharges represents a crucial binding mech-
anism and is related to the emergence of conscious mental states. The concept of dynamic binding by synchronization of
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distributed neuronal activity has been developed mainly in the context of perceptual processing. With respect to visual
awareness, the available evidence shows that singular object features such as color, shape, texture, size, brightness, etc. pro-
duce activity, at least to some degree, in separate areas of the visual cortex (Bressler & Kelso, 2001; Crick & Koch, 1992; Sing-
er, 2001). Recent neuroscience, however, has not located a distinct place in the brain, in which distributed visual information
comes together (Bartels & Zeki, 2006; Crick & Koch, 1992). Additionally, there is evidence that the concept of binding is use-
ful to apply to other domains of brain functioning such as attention, memory formation and recall, motor control, sensori-
motor integration, language processing, and logical inference (Singer, 1993, 2001). Following these findings the large
majority of authors share the view that consciousness results from a cooperative process in a highly distributed network,
and is not attributable to a single brain structure or process. Instead of a single central place (“Cartesian theatre”), there
are various events of content fixation that occur in various places at various times in the brain (Dennett, 1991, pp. 365).
The evidence for this view of consciousness is presented by a whole series of experimental results in cognitive neuroscience
and psychology (van der Velde & de Kamps, 2006; Varela et al., 2001; Zeki, 2003).

According to this view, the neural correlate of consciousness represents a part of the nervous system that transforms neu-
ral activity in reportable subjective experiences. A major hypothesis concerning its functioning is that the network can com-
pare and bind activity patterns only if they arrive at the system simultaneously (van der Grind, 2002). Consciousness
combines the present multimodal sensory information with relevant elements of the past and creates spatiotemporal mem-
ory. Information from each modality is continuously distributed into distinct features and locally processed in different rel-
atively specialized brain regions and globally integrated by interactions among these regions. The resulting subjective
experience is then represented by integration through levels of synchronization within neuronal populations and by
large-scale integration among multiple brain regions (Bob, 2009; John, 2002; King, 2009; Singer, 2001).

Within this context the results of this study present the first reported evidence that the level of binding between struc-
tures could be significantly spatially differentiated and, although the synchronization underlying cognitive processes pre-
sents a global phenomenon related to large-scale integration, there are “extraordinary places” within the brain with a
specific integrative role.
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Abstract: What is the neural substrate of our capability to properly react to changes in the environment? It
can be hypothesized that the anterior cingulate cortex (ACC) manages repetitive stimuli in routine condi-
tions and alerts the dorsolateral prefrontal cortex (PFC) when stimulation unexpectedly changes. To pro-
vide evidence in favor of this hypothesis, intracerebral stereoelectroencephalographic (SEEG) data were
recorded from the anterior cingulate and dorsolateral PFC of eight epileptic patients in a standard visual
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INTRODUCTION

One of the most widely utilized experimental paradigms
in cognitive neuroscience is the oddball task, which has
been used extensively to study target rare stimulus proc-
essing in the human brain. It is a simple discrimination
task with a randomly alternating presentation of two types
of sensory stimuli: one frequent and one rare. The subject
performing the oddball task is instructed to ignore fre-
quent stimuli and to perform a certain task (motor
response, counting, etc.) when rare (target) stimuli are
detected. Target stimuli in this task indubitably trigger in
the brain a whole set of cognitive processes that are mostly
linked to attentional mechanisms, but concurrently they
also reflect other functions collectively called “executive”
including short term memory, assessment of stimulus rele-
vance, decision making, and response. It is noteworthy
that most of these processes are not triggered by frequent
stimuli. Interestingly, a P3 component of event-related
potentials, evoked by rare (target) stimuli in the subject’s
averaged electroencephalogram, can be subdivided into
two subcomponents. A frontal P3a is enhanced by nontar-
get rare and by novel (distractor) stimuli in an extended
oddball task (three types of stimuli—target, standard, and
distractor). A later parietal P3b is enhanced by the cer-
tainty of target detection [Snyder and Hillyard, 1976;
Squires et al., 1975]. The P3a seems to reflect the atten-
tional functions, while P3b has been suggested to embody
the closure of the cognitive event-encoding cycle or to
reflect a whole set of processes that mediate between per-
ceptual analysis and response initiation [Halgren et al.,
1998; Verleger et al., 2005].

Among the attention-related brain regions under study,
two frontal regions, the anterior cingulate cortex (ACC)
and the dorsolateral prefrontal cortex (PFC), appear to be
particularly involved in the attentional processes induced
by unpredictable changes in the environment and also in a
relative selection of proper reactions. These areas are also
unequivocal generators of P3a potential, as revealed
repeatedly by intracranial event-related potential studies
[Baudena et al., 1995; Brazdil et al., 1999; Halgren et al.,
1998]. To capture their strict functional relationship, it has
been speculated that the ACC and the PFC cooperate to
regulate behavior. The ACC would be specifically respon-
sible for monitoring stimulus processing/responding and
for signaling to the PFC and general arousal systems when
extra-activation is needed. The PFC would be specifically
responsible for selectively enhancing task-related processes
and stimulus representations in posterior cortical areas, to
meet endogenous plans and instructions [Banich et al., 2000;
Barch et al., 2001; Botvinick et al., 1999; Braver et al., 2001;
Carter et al., 1998; Cohen et al., 2000; Luks et al., 2002]. In
this sense, the ACC may be considered as a key area in
the tuning of earlier stages of task-driven allocation of
attention prior to stimulus processing [Gitelman et al.,
1999; Woldorf et al., 2001]. It can be maintained that the
ACC plays a function quite similar to that of a “supervi-

sory attentional system” [Shallice, 1988; Shallice et al.,
1989], which would manage repetitive stimulation in rou-
tine conditions and would alert the dorsolateral PFC
when the environment unexpectedly changes and proper
cognitive processes and reactions have to be set [Luks
et al., 2002, MacDonald et al., 2000].

Studies on functional integration between the ACC and
the dorsolateral PFC have described how these function-
ally specialized areas interact and how these interactions
depend on changes of context. In a recent fMRI study of
effective connectivity during a visual oddball task [Brazdil
et al., 2007], a simple hierarchy within the right frontal
lobe has been revealed, with the ACC exerting influence
over the PFC. This finding has supported the Norman-
Shallice model of action control [Shallice, 1988] with the
presumed central role of the ACC.

Keeping in mind the above results [Brazdil et al., 2007],
one may argue that due to its low temporal resolution,
fMRI cannot provide definitive evidence on the direction-
ality of functional connectivity between cortical areas dur-
ing quick stimulus processing, especially if the functional
coupling of brain rhythms is implied in that connectivity.

The direction of the cortico—cortical information flows can
be studied by the computation of directed transformation
function (DTF) from electroencephalographic (EEG) rhythms
[Kaminski and Blinowska, 1991]. With the DTF technique, it
has recently been shown that the presleep period is charac-
terized by a parietooccipital-to-frontal cortical information
flow, while the opposite holds at sleep onset [De Gennaro
et al., 2004]. It has been also demonstrated that fronto-parie-
tal directional flows varied during memory processes [Babi-
loni et al., 2004, 2006]. During mere encoding of visual infor-
mation, the parietooccipital-to-frontal direction of the cortical
information flow predominates. The direction of fronto-pari-
etal fluxes is balanced during short- or long (retrieval)-mem-
ory processes [Babiloni et al., 2004, 2006]. However, to our
knowledge, DTF technique has been used neither for the
investigation of attentional functions during oddball tasks
nor for the estimation of interactions between the ACC and
the dorsolateral PFC after rare stimuli.

The aim of the present study was to investigate the effec-
tive functional connectivity between the ACC and the dorso-
lateral PFC during task-relevant processing of rare events
(visual oddball paradigm). The DTF method was applied to
human intracerebral EEG data recorded from the ACC and
the PFC. The directionality of the information flow between
these two regions of interest was estimated from SEEG
rhythms, in order to evaluate the working hypothesis that
the ACC directly or indirectly affects the oscillatory activity
of the PFC under oddball conditions.

METHODS AND MATERIALS

Subjects

Eight patients (six males and two females) ranging in age
from 19 to 37 years (with an average age of 27.9 = 1.9 SE),

¢ 139 ¢



+ Brazdil et al. ¢

all with medically intractable epilepsies, participated in
the study. Depth electrodes were implanted to localize the
seizure origin before surgical treatment. The intracerebral
electrodes were implanted orthogonally under stereotaxic
conditions (stereoEEG, SEEG) using the methodology of
Talairach et al. [1967]. Standard MicroDeep semiflexible elec-
trodes (DIXI) with a diameter of 0.8 mm, a length of each
contact of 2 mm, and an intercontact interval of 1.5 mm
were used for invasive EEG monitoring. The exact positions
of the electrode contacts in the brain were verified using
postplacement MRI with electrodes in situ (see Fig. 1).
Lesional anatomical structures and epileptogenic zone struc-
tures were not included in the analysis. All subjects had nor-
mal or corrected-to-normal vision. All the patients were able
to fully understand and perform the experimental task.
Informed consent was obtained from each subject before the
investigation and the study received approval from the
Ethics Committee of Masaryk University Brno.

Visual Oddball Task

Subjects were seated comfortably in a moderately
lighted room with a monitor screen positioned ~100 cm in
front of their eyes. During the examination, they were
requested to continuously focus their eyes on the small fix-
ation point in the center of the screen and to minimize
blinking. A standard visual oddball task was performed;
two types of stimuli (frequent and rare) were presented in
the center of the screen in random order. Clearly visible
yellow capital letters O (frequent) and X (rare; ~50 trials)
on a white background were used. The duration of stimuli
exposure was constant at 200 ms; the ratio of rare to fre-
quent stimuli was 1:5. The interstimulus interval randomly
varied between 2 and 5 s. Each subject was instructed to
respond to the rare (target) stimulus as quickly and accu-
rately as possible by pressing a microswitch button in the
dominant hand, and at the same time was instructed to
mentally count the target stimuli.

Figure I.
Position of orthogonal depth electrode
[passing through PFC into ACC]. The real
volume of the electrode is about 10% of
the displayed artifact.

EEG Recordings

The EEG signal was simultaneously recorded from vari-
ous intracerebral structures and from the CPz scalp elec-
trode (situated between Cz and Pz) using the 64-channel
Brain Quick EEG system (Micromed). All recordings were
monopolar with respect to a reference electrode on the
processus mastoideus. All impedances were less then
5 kQ. EEGs were amplified with a bandwidth of 0.1-40 Hz
at a sampling rate of 128 Hz. Further processing was per-
formed with artifact-free EEG periods. Eye movement arti-
facts were monitored via an electrooculogram (EOG)
recorded by electrodes at the lateral canthus of the eyes.
Surface electromyographic activity of bilateral extensor
digitorum muscles was also recorded to monitor the vol-
untary movements as well as involuntary mirror move-
ments and muscle activations.

In all subjects, we considered the depth electrodes cross-
ing the dorsolateral PFC (Brodmann areas—BAs 9, 44, 45,
46) and ACC (BAs 24 and 32). To evaluate the effect of the
rare stimulus independently by hemisphere, we consid-
ered the right hemisphere for half of the subjects, and the
left hemisphere for the other half.

The collected SEEG data were segmented in single trials.
For both rare (target) and frequent stimuli, the data windows
for the spectral analysis were two 0.5 s windows: pre (a pe-
riod of 0.5 s just before the stimulus) and post (a period of
0.5 s after the stimulus). The SEEG segments showing motor
or instrumental artifacts were rejected. Eight SEEG recording
sites from the PFC and eight SEEG recording sites from the
ACC were considered for the data analysis (see Fig. 2).

“Direction” of the Functional Connectivity
Estimated by the MVAR Model

Before computing the DTF, the SEEG data were prelimi-
narily normalized by subtracting the mean value and by
dividing for the variance, according to standardized rules
by Kaminski and Blinowska [1991]. The DTF can be
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Figure 2.
Schematic distribution of re-
cording sites within the lateral
prefrontal cortex (left) and the
anterior cingulate (right). The
recording sites of each subject
are labeled with specific sym-
bols; each subject has its own
distinguishing symbol.

considered as a normalized value ranging from 0 to 1. An
important step of the DTF method was the computation of
the so-called MVAR model [Blinowska et al., 2004; Kamin-
ski and Blinowska, 1991; Kaminski et al., 1997]. SEEG data
at all the electrode contacts inside the two regions of inter-
est (anterior cingulate and dorsolateral prefrontal cortices)
were simultaneously given as an input to the MVAR
model for the computation of the DTF among all combina-
tions of electrode pairs. The DTF values were obtained as
the mean between the direction among each electrode con-
tact of the ACC and all the contacts of the dorsolateral
PFC. This procedure guaranteed the comparability of the
results across subjects. The same procedure was true for
the evaluation of the opposite direction of the DTF values
between the two cortical regions of interest. In nonmathe-
matical terms, the MVAR model estimates information
flow between recording sites A and B by computing the
extent to which the EEG data at recording sites A can be
predicted based on the EEG data of recording sites B and
vice-versa. A direction of the information flow from A to B
is stated when that case is statistically more probable than
directionality from B to A.

The mathematical core of the MVAR algorithm is based
on the ARfit programs running on the platform (Matlab 5.3,
MathWorks, Natick, MA). The model order was 7, as esti-
mated by the Akaike criterion suggested in previous DTF
studies [Kaminski and Blinowska, 1991, Kaminski et al.,
1997]. The goodness of fit was evaluated by visual inspec-
tion of the values of noise matrix V of the MVAR model.

The MVAR model is defined as

P
> AXij=E
j=0

where X, is the L-dimensional vector representing the L-
channel signal at time t; E, is white noise; A; is the L X L

matrix of the model coefficients; and p is the number of
time points considered in the model. From the identified
coefficients of the model A;, spectral properties of the sig-
nals can be obtained by the following z-transformation of
the above equation:

X(z) = H(z)E(z)

where H(z) is a transfer function of the system and

-1

P
H(z)= | Y AZ7
j=0

77 = exp(—i2nfdt)

Since the transfer function H(f) is not a symmetric ma-
trix, the information transmission from the jth to the ith
channel is different from that from the ith to the jth chan-
nel. The DTF from the jth channel to the ith channel is
defined as the square of the element of H(f) divided by
the squared sum of all elements of the relevant row.

|Hy[?
St Hin (P

A substantial difference between DTF(f); and DTF(f);
may suggest an asymmetric information flow from elec-
trode i to electrode j. When DTF(f); is greater in magni-
tude than DTF(f);;, the “direction” of the information flow
is from electrode j to electrode i. On the other hand, the
“direction” of the information flow is from electrode i to
electrode j, when DTF(f);; is greater in magnitude than
DTF(f);. Noteworthy, the present procedure is based on
the assumption that AR model is quasi stationary over the
500 ms window used for the MVAR analysis. This
assumption is reasonable for short period of the brain ac-
tivity and is the basis of the countless literature commonly

DTF;(f) =
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Figure 3.

Grand average (N = 8) of the DTF values (148 Hz) relative to
the “anterior cingulate-to-dorsolateral prefrontal cortex” direc-
tion and the “dorsolateral prefrontal-to-anterior cingulate cor-
tex” direction for the frequent and target trials in both pre- and
post-stimulus periods. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

using fast Fourier transform, spectral coherence, and DTF
measurements in event-related paradigms.

The DTF values were evaluated as the maximum DTF
peak value at each of the following EEG bands of interest:
6 (4-8 Hz), « (8-12 Hz), B (14-30 Hz), and vy (3045 Hz).
The DTF values were computed for the frequent and rare/
target conditions and for the pre and poststimulus periods
defined as the period of 0.5 s before and 0.5 s after the
onset of the frequent or rare/target stimulus.

Statistical Analysis

A preliminary Kolgomorov-Smirnoff test evaluated the
Gaussian distribution of the DTF data The results showed
that all the variables were Gaussian so that DTF data were
given as an input to repeated measures ANOVA. The
Mauchley test evaluated the sphericity assumption and
correction of the degrees of freedom was carried out using
the Greenhouse-Geisser procedure. The Duncan test was
used for post-hoc comparisons (P < 0.05). The side of the
electrode position (namely left or right hemisphere) was
used as covariate. Because of the small number of the sub-
jects, no statistical analysis could address the effects of
hemispherical lateralization or those the activity within
subregions of prefrontal (Brodmann areas—BAs 9, 44, 45,
46) and ACC (BAs 24 and 32).

To simplify the visualization and statistical analysis of the
DTF results, the directional flow of information was given
as “anterior cingulate-to-dorsolateral PFC” minus “dorso-
lateral prefrontal-to-ACC” direction of the DTF. Positive val-
ues of this subtraction (DTFdiff values higher than zero)
showed the predominance of the “anterior cingulate-to-dor-
solateral PFC” direction over the “dorsolateral prefrontal-to-
ACC” direction of the DTF. On the other hand, negative val-

ues of this subtraction (DTFdiff values lower than zero)
showed the predominance of the “dorsolateral prefrontal-to-
ACC” direction over the “anterior cingulate-to-dorsolateral
PFEC” direction of the DTF. We performed four different
ANOVA analyses using DTFDiff values as a dependent
variable; each ANOVA regarded a single band of interest (6,
a, B, and 7). The ANOVA factors were Condition (frequent,
target) and Period (prestimulus, poststimulus).

RESULTS
Behavioral Results

Satisfactory co-operation of all subjects was observed
during the experiment. The mean reaction time in the
group of patients was 502 ms (=SD 31.3). The mean count-
ing accuracy (i.e., accuracy of subjects’ reports at the end
of the experiment) was 88.6% (£SD 11.03).

Electrophysiological Results

Figure 3 illustrates the across-subjects mean DTF values
(1-48 Hz) relative to the “anterior cingulate-to-dorsolateral
PFC” direction and the “dorsolateral prefrontal-to-ACC”
direction for the frequent and target trials in both pre and
poststimulus periods. Similar DTF values are noted rela-
tive to the “anterior cingulate-to-dorsolateral PFC” and the
“dorsolateral prefrontal-to-ACC” directions in the presti-
mulus periods of both frequent and target stimuli as well
as in the poststimulus period of the frequent stimuli. With
respect to these DTF values, there is a clear increment of
the DTF values relative to the “anterior cingulate-to-dorso-
lateral PFC” in the poststimulus period of the target stim-
uli, especially at low EEG frequencies. These DTF values

Beta [ Gamma
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Figure 4.

Mean DTFdiff values (*standard error, SE) relative to the bands
of interest (0, a, B, and ). Of note, positive DTFdiff values illus-
trate the predominance of the “anterior cingulate-to-dorsolateral
prefrontal cortex” direction over the “dorsolateral prefrontal-to-
anterior cingulate cortex” direction of the DTF; the opposite is
true for the negative DTFdiff values. A statistical significance of the
changes is depicted by asterisks (* P < 0.0292; ** P = 0.006).
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

* 142



¢ Effective Connectivity in Rare Stimuli Processing ¢

A

Figure 5.
Intracerebral event-related poten-
tials from two of our subjects (A
and B) recorded from ACC and
dorsolateral PFC [for methodol- ’
ogy see Brazdil et al, 1999]. !
Note exactly the same latency of ;
P3 potential in mesial and lateral 320
aspect of the frontal lobe in sub- 0
ject A, and somewhat earlier P3
latency within PFC in subject B.

were used as an input for the computation of the DTFDiff
values. Figure 4 plots mean DTFdiff values (*standard
error, SE) relative to the bands of interest (0, o, B, and ).
Of note, positive DTFdiff values illustrate the predomi-
nance of the “anterior cingulate-to-dorsolateral PFC” direc-
tion over the “dorsolateral prefrontal-to-ACC” direction of
the DTF; the opposite is true for the negative DTFdiff val-
ues. In line with the results relative to the DTF values,
DTEdiff values point to the increment of the directionality
“anterior cingulate-to-dorsolateral PFC” in the poststimu-
lus period of the target stimuli at «, B, and 6 bands.

The ANOVA analyses of the DTFDiff values showed a
statistically significant interaction between the Condition
(frequent, target) and Period (prestimulus, poststimulus)
factors only for the 0 band (F(1,7) = 7.47; P < 0.0292). Post
hoc analysis disclosed a statistically significant increment
of the positive values of the DTFdiff in the poststimulus
period of the target stimuli when compared with the pres-
timulus period (P = 0.006), indicating a global prevalence
of “anterior cingulate-to-dorsolateral PFC” direction over
“dorsolateral prefrontal-to-ACC” direction of the DTF. Fur-
thermore, there was a statistically significant increment of
the positive values of the DTFdiff in the poststimulus pe-
riod of the target stimuli in comparison to the frequent
stimuli (P = 0.01), confirming the specificity of the result
mentioned earlier.

One may argue that the above results merely reflected
the anticipation of P3 in the ACC with respect to the dor-
solateral PFC. To address this issue, we averaged SEEG

500 ms

367 383

0

— Frequents |

= Targets

trials to form the P3 in the ACC and dorsolateral PFC
[for methodology see Brazdil et al., 1999]. The latency of
the P3 was computed for the two regions of interest
(ROI) and compared. Figure 5 shows the P3 in these
regions for two representative subjects. If independent
local generators of P3 potentials were observed in both
ACC and PFC (which was the situation in three cases),
either identical P3 latencies were found in both ROI or a
shorter latency of P3 was even found in PFC (in one sub-
ject). In five subjects, typical P3 sources have been pro-
ven just in one recording site (ACC or PFC), whilst
obvious far field potentials were observed in the other
ROI (PFC in 2 cases; ACC in one case) or P3 was even
completely missing there (PFC in two cases). In the ma-
jority of records, the comparison of the P3 latencies there-
fore could not be justified. From this simple analysis, it
can be seen that the P3 peak was not earlier in latency in
the ACC when compared with dorsolateral PFC. It is there-
fore unlikely that our DTF results are due to differences in
the P3 latency between ACC and dorsolateral PFC.

DISCUSSION

Does the ACC affect the oscillatory activity of dorsolat-
eral PFC activity, to properly react to unpredictable
changes in the environment? To explore this issue, we
proposed an advanced methodological approach applying
the DTF analysis of directional information fluxes within
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the brain oscillations on SEEG data having both high tem-
poral (milliseconds) and spatial (millimeters) resolution.
The SEEG data were recorded from the ACC and the dor-
solateral PFC in drug-resistant epileptic patients engaged
in a standard visual oddball task. It was shown that com-
pared with the frequent stimuli, the rare (target) stimuli
and relative responses (stimulus counting and movement)
induced an increase of the DTF values from the ACC to
the dorsolateral PFC, which was statistically significant at
0 rhythms (P < 0.05).

The first few questions raised by our results concern the
physiological meaning of 6 rhythms in the experimental
conditions present. It has been shown that event-related
modulation of 0 rhythms is an important neural correlate of
brain processes for the integration of sensorimotor and cog-
nitive information [Basar et al., 1999; Brankack et al., 1996;
Klimesch, 1999; Pfurtscheller and Lopes da Silva, 1999]. In
brief, © rhythms functionally connect the activity of hippo-
campal systems and cortical mantle in many species [Buz-
saki and Draguhn, 2004], and are supposed to be related to
focused attention, working memory, encoding processes of
episodic memory, and control of action [Gevins and Smith,
2000; Klimesch, 1999; Klimesch et al., 2001, 2006; Sauseng
et al., 2002, 2004; Sochurkova et al., 2006]. Furthermore, hip-
pocampal 0 rhythms are coordinated with several motor
patterns, including locomotion, orienting, rearing, and ex-
ploratory whisking [Berg and Kleinfeld, 2003; Hasselmo
et al., 2002; Kleinfeld et al., 1999; Vanderwolf, 1969;
Whishaw and Schallert, 1977]. In light of these data, it can
be speculated that the flux of information within 6 rhythms
from the ACC (BAs 32, 24) to the dorsolateral PFC (BAs 9,
44, 45, 46) would be related to the attentional-control func-
tions, updating of working memory, and the control of
motor response to unpredictable rare (target) stimuli.
Indeed, here the mere observation of the frequent stimuli
was not able to modulate the directionality of the SEEG in-
formation flux between the ACC and the dorsolateral PFC.

A second important issue raised by these results is the
physiological meaning of the unveiled directional infor-
mation flux from the ACC to the dorsolateral PFC. This
represents a step forward with respect to the notion of
“coactivation/strict cooperation” between these areas pre-
viously revealed by fMRI during oddball tasks [Brazdil
et al.,, 2007]. Indeed, such a directional information flux
supports the hypothesis of a peculiar triggering role of
the ACC over the dorsolateral PFC within cognitive func-
tions. When activated by sudden changes in the subject’s
environment, ACC may operate as a “supervisory atten-
tional system,” able to promote the activity of the dorso-
lateral PFC for the integration of plans, instructions, stim-
ulus processing, decision making, short-term memory
updating, and response control [Shallice, 1988]. In this
sense, the present results extend previous evidence sug-
gesting that the directed attention is organized at the
level of a distributed large-scale network revolving
around three cortical epicentres (or local networks)—
ACC, dorsolateral PFC, and posterior parietal cortex

[Mesulam, 1981, 1990, 1999; Nebel et al.,, 2005], which
would provide a slightly different but interactive and
complementary type of top-down attentional functions
[Corbetta and Shulman, 2002; Fan et al., 2005; Kondo
et al., 2004; Konrad et al., 2005; Luks et al., 2002; MacDon-
ald et al., 2000; Milham et al., 2003].

The oddball task used in the present study can be
favorably employed in research of the attentional func-
tions. Rare target stimuli are well known to activate a
large network of regions as revealed by studies using
SEEG [Brazdil et al., 1999; Baudena et al., 1995; Halgren
et al.,, 1998] and fMRI (Brazdil et al., 2005; Clark et al.,
2000; Kiehl et al., 2001, 2005; Stevens et al., 2000; Yoshiura
et al., 1999]. Specifically, P3a potential of oddball tasks is
unambiguously generated in frontoparietocingulate sys-
tem, namely in dorsolateral PFC, supramarginal gyrus
and cingulate gyrus [Halgren et al.,, 1998]. All these
regions are significantly activated after targets in fMRI
studies too. In addition other cortical regions play impor-
tant role in target detection, including ventrolateral PFC,
medial temporal regions, intraparietal, and superior tem-
poral sulci as revealed consonantly by electrophysiologi-
cal and haemodynamic studies. All these regions are
involved in the complete set of cognitive processes result-
ing in target detection and related execution. Their
involvement is nevertheless time-dependent to stimuli.
The P3 potential has a significantly shorter latency in
frontal sites than in parietal or temporal sites (but not in
ACC than in PFC). These literature findings suggest that
cognitive activation after targets is widespread and highly
organized in functional systems. In this line, the present
results should be interpreted as a demonstration of direc-
tionality in the information processing flow within the
frontal lobe during oddball conditions, within a spatially
complex network of several areas. Indeed, correlations
and causalities could also be mediated by regions not
included in the present analysis. As a novel result of the
study, the results showed a central role of ACC in the
attentional functions and its direct functional connectivity
with PFC, in agreement with the strong evidence that the
dorsolateral prefrontal and cingulate cortices are highly
interconnected anatomically, and lesions in these sites are
associated with neglect and other attentional deficits
[Mesulam, 1990, 1999]. The extent of structural links
between ACC and lateral PFC is one of the most striking
features of cortico—cortical connectivity in the primate
frontal cortex. As pointed out by Barbas and Pandya
[1989], intrinsic connections of the cingulate cortices with
other frontocortical areas are not limited to immediate
neighbors, but also reach the more distant prefrontal
regions, particularly those in the dorsolateral PFC. It
seems therefore reasonable that in the task used, there is
an influence of ACC exerting over the PFC directly
through these anatomical interconnections. These data
importantly extend our previous fMRI analysis in which
directionality could be not determined at the level of cer-
ebral rhythms [Brazdil et al., 2007].
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CONCLUSIONS

Results of the present SEEG study showed that com-
pared with the frequent stimuli, the rare (target) stimuli of
an oddball task induced a frequency-specific increase of
directional information fluxes in humans (as revealed by
DTF of cerebral rhythms) from the ACC to the dorsolateral
PFC. These results suggest that when people have to react
to certain infrequent changes in the environment, the ACC
may affect the oscillatory activity of the dorsolateral PFC
by a selective frequency code. Future studies should define
the features of the stimuli able to modulate the mentioned
directional information fluxes in the two hemispheres.

The present results have an important heuristic values
and constitutes a basis for further experiments aimed at
addressing corollary working hypotheses. Does ACC inter-
act with dorsolateral PFC when subjects have to select
proper processes and response as a reaction to unpredict-
able changes in the environment and/or when they simply
attend and perceive specific, albeit infrequent, relevant
objects? Are the relationships between ACC and dorsolat-
eral PFC affected by functional hemispherical asymmetry
or do they depend on the different specialization of area
24 or area 32 [BA 24 but not BA 32 is close to the projec-
tion to motor areas; Bush et al., 2000]? Future experiments
should require subjects to reconfigure their response based
on changes in the environment (e.g., task switching) or
action value, the type of tasks commonly associated with
medial PFC activity. Here, we performed the first step
towards a challenging scientific venture.
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