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Abstract

Background: Temporal lobe epilepsy (TLE) is a neurological disorder that directly affects cortical areas responsible for audi-
tory processing. The resulting abnormalities can be assessed using event-related potentials (ERP), which have high temporal
resolution. However, little is known about TLE in terms of dysfunction of early sensory memory encoding or possible corre-
lations between EEGs, linguistic deficits, and seizures. Mismatch negativity (MMN) is an ERP component - elicited by intro-
ducing a deviant stimulus while the subject is attending to a repetitive behavioural task - which reflects pre-attentive sensory
memory function and reflects neuronal auditory discrimination and perceptional accuracy.

Hypothesis: We propose an MMN protocol for future clinical application and research based on the hypothesis that children
with TLE may have abnormal MMN for speech and non-speech stimuli. The MMN can be elicited with a passive auditory
oddball paradigm, and the abnormalities might be associated with the location and frequency of epileptic seizures.

Significance: The suggested protocol might contribute to a better understanding of the neuropsychophysiological basis of
MMN. We suggest that in TLE central sound representation may be decreased for speech and non-speech stimuli.

Discussion: MMN arises from a difference to speech and non-speech stimuli across electrode sites. TLE in childhood might
be a good model for studying topographic and functional auditory processing and its neurodevelopment, pointing to MMN
as a possible clinical tool for prognosis, evaluation, follow-up, and rehabilitation for TLE.
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EL MMN EN LA EPILEPSIA DEL LOBULO TEMPORAL EN NINOS. EL PARADIGMA
PROPUESTO DEL EXAMEN DEL PROCESAMIENTO AUDITIVO CENTRAL

Introduccion: La epilepsia del 16bulo temporal (TLE) es una enfermedad neuroldgica, que afecta directamente a las areas de
la corteza cerebral implicadas en el procesamiento auditivo. Los cambios en la actividad de la corteza, relacionados con la epi-
lepsia, pueden ser evaluados a través del método de potenciales evocados (ERP), que tiene una alta resolucion temporal. Poco
se sabe, sin embargo, sobre la epilepsia del l16bulo temporal en cuanto a la disfunccion de la codificacion en la memoria a cor-
to plazo o en cuanto a las posibles correlaciones entre EEG, déficit verbales y convulsiones. La onda (potencial) de la incom-
patibilidad (MMN) es un componente de ERP - que aparece en respuesta a los estimulos raros presentados en el contexto de
estimulos frecuentes e idénticos — que refleja los procesos inconscientes de diferenciacién de sonidos.

Hipotesis: Proponemos la aplicacion del protocolo de la onda de incompatibilidad MMN para futuros ensayos clinicos, basdn-
donos en la tesis de que en niflos con la epilepsia del l6bulo lateral puede aparecer una onda incorrecta de la incompatibilidad
para los estimulos verbales y no verbales MMN puede producirse en el modelo auditivo pasivo del paradigma oddball, y los
cambios en los parametros MMN pueden ser relacionados con la localizacion y frecuencia de convulsiones.

Significado: El protocolo propuesto puede contribuir a una mejor comprension de las bases neuropsicofisiologicas de MMN.
Sugerimos que en la epilepsia del l6bulo temporal, la representacion de sonidos en la corteza auditiva puede ser reducida para
el habla y para los estimulos no verbales.



Discusion: La onda de la incompatibilidad MMN refleja la diferencia entre los estimulos verbales y no verbales, que se pue-
de observar en diferentes electrodos. La epilepsia del 16bulo temporal en nifios puede ser un buen modelo para el estudio de
la representacion cortical del procesamiento auditivo y de los cambios, a los que esta sujeta en el cerebro en desarrollo, y el re-
gistro de la onda de incompatibilidad MMN puede ser til en la clinica en el proceso del diagnéstico y tratameinto de la epi-
lepsia del l6bulo temporal.

IHOTEHIIMAJTI HECOOTBETCTBHUA B IETCKOV BUCOYHOV SIIUJIEIICUN:
IIPEIIZTATAEMAS ITAPAJTUTMA VICCJTEMOBAHMSA TEHTPAJIBHOVI CIITYXOBOW
OBPABOTKMU

Nsnoxenne

BBepenmne: Bucounas smmerncust (TLE) - 310 HeBponorndeckoe 3abojeBaHie, KOTOpOe HEMOCPEJCTBEHHO BIMsIET Ha
Y4YacTKM MO3TOBOJI KOPBbI, 3a/1e/iCTBOBAHHbIE B CTTyXOBOI 06paboTKe. VI3MeHeHMsI B aKTUBHOCTY KOPBI, CBSI3aHHBIE C 911N -
JIETICHEell, MOXKHO OLIeHWUTD, UCIIONb3Ys MEeTOJ, BbI3BaHHbBIX moTeHInanos (ERP), KOTOpbIil MMeeT BHICOKOE BPEMEHHOE
paspemnenre. OJHAKO MaJIO YTO M3BECTHO O BICOYHOI SIMICIICUI B 00/IacTy IMCYHKINM KOGVPOBaHNUA B KPaTKOBpe-
MEHHOJ aMATY WIM BO3SMOXXHBIX B3aMMOCB:A3eil Mexy 99, peyeBbIMM lepUIMTaMI U SNIMIENTUYECKMMM IPUCTYIIA-
mu. Bonna (morenuman) HecoorserctBusi (MMN) — ato cocraBHas 4actb ERP — nposiB/isiiomascs B BUjje peakium Ha
penKue MMIYIbCh, IPe3eHTMPOBAaHHbIe Ha (POHE YaCTBIX, MIEHTUYHDIX MMIIY/IbCOB — OTPaXKAIOIas IIPeBHUMATI/Ib-
HbIe Npolecchl AuddepeHIuany 3ByKOB.

Tunoresa: IIpenmaraemM MCIIO/NB30BaTh IIPOTOKON BOMHBI HecooTBeTCTBMsE MMN B OyAyIMX KIMHIUYECKUX MCCIIEH0-
BaHMAX, 6asUpys Ha IPENIIONOKEHNN, YTO y AeTell C BUCOYHOI SIMIIENICHeil MOXKET MOABUTHCS HEIPaBIUIbHAs BOMHA
HECOOTBETCTBNS [ BepOaIbHbIX U HeBepOanbHbIX uMITy1bcoB MMN. OHa MOXXeT IIPOSIBUTHCS B ITACCUBHON MOfe-
mm cryxoBoit mapagurmbl oddball, a usamenenus B mapamerpax MMN MOryT ObITb CBSI3aHBI C PasMelleHUEM I 9acToO-
TOJI SIMIENITUYECKNX IIPUCTYIIOB.

3HayeHMe: YKa3aHHDII IIPOTOKO/I MOXKET IIPUMBECTM K JIy4IlleMy HMOHMMAaHUIO HelpOICUXO(NU3MOTOTMYecKIX OCHOBA-
Huit MMN. MBI IpefonaraeM, 4TO B BUCOYHOI SIIM/IEIICUN PelIPe3eHTallisI 3BYKOB B CJIyXOBOIL KOpe MOXKeT OBITh I10-
HYDKEHHOII [/l pedy I HeBepOaIbHbIX MIMIIY/IbCOB.

IOuckyccusa: Bonna HecoorBercTBMsA MMN oTpakaeT pasHUIly MeX/ly BepOa/bHbIMM U HeBepOaIbHbIMM MMITY/IbCAMU,
HA6/IIOAIOIIYIOCs Ha OTAEIbHBIX 9/IeKTPOaX. BucouHast snmencus y geTeit MOXKeT OBITh XOPOIIell MOTE/bIO MCIIENO-
BaHIs KOPKOBOJI Pelrpe3eHTalMy CIIyX0BOI 06pabOTKM U M3MeHEHMIT, KOTOPBIM OHa IOfIBEPraeTcsl B Pa3BMBAIOLIEMCS
MO3TY, @ PETUCTPaIVisl BOIHBI HeCOOTBeTCTBIA MMN Mo>keT OBITD II0JIe3Ha B KJIMHMKE B IIPOI[ecce JUATHOCTUKY I Te-
panuy BUCOYHONM SIMIEIICUMN.

POTENCJAL NIEZGODNOSCI W DZIECIECE] PADACZCE SKRONIOWEJ:
PROPONOWANY PARADYGMAT BADANIA CENTRALNEGO PRZETWARZANIA
SLUCHOWEGO

Streszczenie

Wstep: Padaczka skroniowa (TLE) jest chorobg neurologiczna, ktéra bezposrednio wplywa na obszary kory mdzgowej zaanga-
zowane w przetwarzanie stuchowe. Zmiany w aktywnosci kory zwiazane z padaczka mozna ocenia¢ przy uzyciu metody poten-
cjatow wywolanych (ERP), ktora ma wysoka rozdzielczo$¢ czasowa. Niewiele jednak wiadomo o padaczce skroniowej w zakre-
sie dysfunkcji kodowania w pamieci krétkotrwalej czy mozliwych korelacji pomiedzy EEG, deficytami jezykowymi i napadami
padaczkowymi. Fala (potencjal) niezgodnosci (MMN) jest skladowa ERP - pojawiajaca si¢ w odpowiedzi na bodzce rzadkie
prezentowane na tle czgstych, identycznych bodzcow — odzwierciedlajaca przeduwagowe procesy réznicowania dzwigkow.

Hipoteza: Proponujemy zastosowanie protokotu fali niezgodno$ci MMN do przyszlych badan klinicznych, opierajac si¢ na za-
fozeniu, ze u dzieci z padaczka skroniowa moze pojawi¢ si¢ nieprawidtowa fala niezgodnosci dla bodzcéw werbalnych i nie-
werbalnych MMN. Moze wystapi¢ w biernym modelu stuchowego paradygmatu oddball, a zmiany w parametrach MMN moga
by¢ zwiazane z lokalizacja i czestotliwoscia napadoéw padaczkowych.

Znaczenie: Zasugerowany protokol moze przyczyni¢ sie do lepszego zrozumienia neuropsychofizjologicznych podstaw MMN.
Sugerujemy, ze w padaczce skroniowej reprezentacja dzwiekéw w korze stuchowej moze by¢ zmniejszona dla mowy i bodz-
cow niejezykowych.



Dyskusja: Fala niezgodnosci MMN odzwierciedla roznice pomiedzy bodZcami jezykowymi i niejezykowymi obserwowang na
poszczegdlnych elektrodach. Padaczka skroniowa u dzieci moze by¢ dobrym modelem badania korowej reprezentacji przetwa-
rzania stuchowego i zmian, jakim ona podlega w rozwijajacym si¢ mozgu, a rejestracja fali niezgodnosci MMN moze by¢ przy-
datna w klinice w procesie diagnostyki i terapii padaczki skroniowej.

Background

Temporal lobe epilepsy (TLE) is the most frequent form
of partial epilepsy in adults, and hippocampal sclerosis is
the most common neuropathological finding in patients
with medically refractory TLE [1,2]. TLE results from ab-
normal activity in a group of neurons that may significant-
ly affect normal cognitive processes and behavior. TLE in
childhood may be cryptogenic or have several etiologies,
the most frequent being mesial temporal sclerosis, cortical
dysplasia, brain injuries, extrahippocampal lesions and/or
hippocampal sclerosis, always with progression and expan-
sion to the temporal cortex [3]. Regardless of the epilep-
tic focus, neuropsychological deficits are common among
children and adults with TLE, becoming more serious with
higher frequency of seizures and longer episodes [4-6].

It has been repeatedly shown that both short-term and
long-term memories are impaired in TLE [7,8]. However,
little is known concerning dysfunction of sensory mem-
ory encoding in TLE or possible correlations between
EEGs, linguistic deficits, and seizures. TLE in childhood
is a neurological disorder that directly affects cortical ar-
eas of the central auditory system. Thus, TLE seems to be
a good model for studying topographic and functional as-
pects of auditory processing and underlying neurodevel-
opment. The use of event-related potentials (ERPs) might
contribute to a better understanding of the learning dif-
ficulties that children with this disorder have and of the
neuronal plasticity that epileptogenesis affects [9].

Mismatch negativity (MMN), and its magnetic equivalent
(MMNm), currently provide an objective measure of audi-
tory perception and discrimination based on the presence
of a short-term memory (sensory memory) and its associat-
ed echoic memory trace. These traces represent an ongoing
aspect of repetitive stimulation, and fade within 5-10 ms of
being elicited by a deviant event [10-13]. MMN can be reg-
istered in the absence of attention and with no task require-
ments, making it particularly suitable for studying different
clinical populations, newborns, and infants [14]. Recently,
several studies have pointed to MNN as a powerful tool for
measuring cognitive and functional declines, central audito-
ry abnormalities, and deficiencies in N-methyl-D-aspartate
(NMDA) receptor function [13,15-18]. The MMN is a fron-
to-central (Fpz, Fz, Cz) negative component of the auditory
event-related potential (ERP), and a positive component in
mastoids (M1, M2), usually peaking 100-250 ms from stim-
ulus onset. Its main generators are the bilateral supratempo-
ral cortices with contributions from the frontal lobes, right
parietal lobe, thalamus, and hippocampus [12,13,15].

Several authors have studied MMN in epilepsy. In benign
childhood epilepsy, MMN was longer or absent for speech
sounds compared to controls, but for pure-tone stimuli no
differences between the groups were found [19]. More re-
cently, Miyajima et al. [20] found in adult TLE patients
an enhanced frontal MMN and a reduced MMN at the

mastoids to pure-tone frequency change, suggesting that
frontal lobe hyperexcitability compensates for temporal lobe
dysfunction. In addition, Honbolyg6 et al. [21] saw, in Lan-
dau-Kleffner syndrome, a MMN for deviant phonemes but
not for deviant prosody. This suggests that MMN parame-
ters (location, amplitude, and latency) are not the same for
all types of epilepsy, and are possibly related to seizure type,
location, and dysfunction of different MMN generators. For
example, frontal lobe epilepsy with focal seizures may not af-
fect MMN at the mastoids. Thus, due to its focal nature, TLE
is a type of epilepsy that can enable us to better understand
the mechanisms underlying MMN elicitation, and perhaps
give us a reliable electrophysiological index of central au-
ditory processing of both speech and non-speech. In addi-
tion, MMN might give us a possible objective measure of
short-term auditory memory, auditory discrimination, and
the involuntary switch in auditory attention, which may in
turn relate to seizure location, prognosis, and degree of re-
habilitation. The existing literature provides discrepant ac-
counts of how MMN is affected in children with TLE. Fur-
ther, different results from speech and non-speech stimuli
are obtained. This suggests a different mechanism for the
auditory processing of speech and non-speech.

Keeping the above in mind, we propose a protocol for
an ERP study based on the hypothesis that the pattern of
MMN responses to individual word and pure-tone devi-
ants, which reflect how memory traces are activated in the
brain, provides an electrophysiological way of investigating
how language is neuronally processed. Moreover, MMN
is non-attention demanding and task-free, making it par-
ticularly suitable for neurological paediatric populations
(such as children with TLE). Nevertheless, further work
is required to optimise the paradigm before it can be of
clinical value. We therefore invite researchers and clini-
cians to test it in other types of epilepsy and clinical pop-
ulations and to share the results.

Suggested Method and Procedure

Two groups are required, the epilepsy/experimental group
(EG) and the control group (CG), matching characteris-
tics such as age, gender, education, mother tongue, and
handwriting (if applicable). EG diagnosis would be based
on a combination of clinical symptoms, EEG, and struc-
tural/functional imaging [22]. Other relevant information
might be duration of epilepsy, age of onset, side of epilep-
tic focus (if possible), seizure status, and number and dos-
age of antiepileptic drugs (AEDs).

Exclusion criteria for both groups would include hearing
loss, comorbid psychiatric disease, and hearing or vision
problems at the time of the experiment. For the CG, ad-
ditional exclusion criteria would include a history of de-
velopmental disorders, traumatic brain injury (with cog-
nitive consequences or loss of consciousness), convulsions
other than simple febrile seizures, and psychiatric disease
or epileptic disorder in first-degree relatives.



In more detail, parents sign consent forms, after being in-
formed of the nature and objective of the experiment. Se-
lected children are fitted with an electrode cap; the EEG
would be recorded with a sampling rate above 256 Hz and
a bandwidth between 0.05 and 100 Hz. Electrode reference
is averaged ear lobes. Two electrodes are placed above the
left eye and below the right eye to monitor the electrooc-
ulogram (sweeps with amplitudes exceeding +70 pV due
to blinks or eye/face movements are rejected before aver-
aging). Impedance between the electrodes and skin less
than 5 kQ. Post hoc analysis could include bandpass fil-
tering (0.3-30 Hz), linear detrending of the entire sweep,
and baseline correction.

Behavioral pure-tone audiograms (250 to 8000 Hz), speech
reception threshold (SRT), and monosyllabic discrimi-
nation should be obtained to detect hearing loss, using a
clinical audiometer (we use an Amplaid A177). All listen-
ers must have hearing thresholds bilaterally of 20 dB HL
or better [23]. Additionally, otoscopy and acoustic immit-
tance testing might be performed prior to each session in
order to rule out abnormal middle-ear status. All listen-
ers must have a normal tympanogram (admittance curve
with a single peak between (-100 and +50 daPa) and a pre-
sent ipsilateral acoustic reflex (500, 1000, 2000, 4000 Hz,
90 dB HL) in the test ear.

The most widely applied stimuli presentation, with the
most replicable results, is a binaurally auditory oddball
stimulation. Subjects are presented with sequences of three
blocks of tones and three blocks of speech stimuli, each
containing a stimulus onset asynchrony (SOA) between
500 and 1000 ms. In the tone blocks, the standard stimu-
lus (1000 Hz, 100 ms, rise and fall time 10 ms) is replaced
by a frequency deviant (1100 Hz, 100 ms). Speech stimu-
li blocks consist of digitized (rate 44100 Hz) consonant-
vowel syllables of 175 ms duration; the standard phoneme
is /ba/ and the deviant /pa/. These phonemes were select-
ed for this protocol because they differ in place of artic-
ulation and thus differ in frequency; the use of a pure-
tone frequency deviant is far the most used and validated
stimuli [24-27]. In all single blocks, standard stimuli com-
prise 80% of all trials, while deviant stimuli comprise 20%.
During recording, subjects should be comfortably seated
in an armchair watching a silent DVD or instructed to
keep alert with eyes open and focus on a small cross in
the center of a computer screen. Additionally, they should
be asked to stay calm, avoid any eye/face movement, and
to ignore auditory stimuli (reducing attention on the ex-
perimental stimuli).

Discussion

A large number of converging MMN studies support the
feasibility of using the MMN as a tool to study deficient au-
ditory perception in children, particularly in clinical pedi-
atric groups with dyslexia, specific language impairment,
epilepsy, cochlear implant candidates [13-15,28-32], dys-
phasia, and specific language impairment [33-35] (but also
in uncooperative patients to behavioral measures [36-40]).
Several authors have studied MMN elicitation in adults
with TLE. Despite abnormality differences, all research-
ers agree on the mechanism of the dysfunction underly-
ing MMN; they point to electrophysiological evidence for

concentration and short-term memory difficulties in TLE
patients [19-21,41-43].

However, it is well known that AEDs and benzodiazepines,
for example, can have an effect on motor reaction times,
latencies, and amplitudes of ERPs [15,20,44]. Thus, we
believe more reliable results can be achieved in pediatric
populations by not introducing pharmacological factors.
In further studies, researchers and clinicians should con-
sider the type of medication and the individual doses of
the patients tested.

In summary, it seems that the ERP is a powerful tool for
revealing cortical abnormalities in TLE patients which
have not been well characterized previously by conven-
tional EEG, NMR, or PET. In these terms, MMN seems
particularly apt.

The expected results with this protocol might reveal abnor-
mal MMN for speech and non-speech stimuli at temporal
and frontocentral sites in TLE children. These results could
lead us to new findings on the specific neuronal mecha-
nisms underlying MMN generation. They could improve
theories that seek to explain MMN, such as the memo-
ry-based model, the predictive model, and the adapta-
tion model, and also give a better understanding of epi-
leptogenesis in general [45-49]. In most cases, language
and handedness relate to hemispheric dominance, so if a
developmental consequence could be established between
seizure side and language deficit, clinicians may be able to
prescribe better treatment or rehabilitation for overcom-
ing neurophysiological deficits.

According to Miyajima et al. (2011), TLE in adults shows
up as an enhanced frontal MMN and a decrease at the
mastoids, suggesting that the MMN might represent cor-
tical regions of hyperexcitability that compensate for epi-
leptic neurone dysfunction in the temporal lobes [13,20].
Since speech and non-speech have different underlying
mechanisms, differences between MMN elicitation with
speech and non-speech stimuli, within the same patient,
could indicate which mechanism or MMN generator is af-
fected, making it possible to choose the best rehabilitation
program (speech vs. non-speech processing, memory, or
discrimination). For example, if we compare the results
of Miyajima et al. (2011) and Hara et al. (2012), temporal
lobe MMN generators appear to be more involved when
MMN is elicited by vowel changes than when it is elicit-
ed by pure-tone frequency changes. TLE patients showed
significantly reduced amplitudes at mastoid sites to speech
sounds, but no significant changes to pure-tone sounds. On
the other hand, TLE patients showed an enhanced MMN
at frontocentral sites to pure-tone sounds, but no signifi-
cant changes to speech sounds [20,50].

These results support the view that the MMN is generated
by separate sources in the frontal and temporal lobes, and
that these sources are differentially affected by TLE; they
also suggest that speech production requires a stable sen-
sory memory reference in temporal cortices [51,52]. Fur-
thermore, if differences within the TLE group are obtained,
these may be related to seizure frequency, duration of epi-
lepsy, side of epileptic focus, age of onset, and seizure status.
In terms of temporal lobe generators and seizure frequency,



the lower and later is the MMN to speech sounds, the worse
the prognosis. On the other hand, the MMN can be useful
for monitoring the remission of seizures and the progress of
language rehabilitation (some amazing results have been ob-
tained in aphasic patients). However, few follow-up studies
have revealed a correlation between MMN amplitude and
progressive improvement in speech comprehension tests
from 10 days to 6 months after stroke [13,37-39,53-55].

The Hypothesis

The existing literature provides discrepant accounts of
how the MMN is affected in children with TLE. Regard-
ing published results of MMN applied to dyslexia and
specific language impairments, although similar language
and memory deficits may be present in TLE, differenc-
es in MMN elicitation to speech and non-speech stimuli
have been obtained. This suggests a different mechanism
for the auditory processing of speech and non-speech,
and also to underlying neurophysiological differences be-
tween disorders.

We hypothesize that children with TLE may have abnor-
mal MMN amplitude, morphology, and latency for speech
and non-speech stimuli across electrode locations, and
those abnormalities may be associated the location and
frequency of epileptic seizures. A secondary motivation
is to understand how the hemispheric specializations for
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