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Abstract

Frontal auditory evoked potentials (FAEPS) obtained as a response to the warning auditory
stimulus of a CNV experiment from depth electrodes were investigated. The second,
imperative stimulus was visual. Thirteen epileptic patients participated in the study.

Records from 20 electrodes of 10 patients exhibited signs of local generation. They were
localised in the motor cortices (7 cases), in the superior, medial, and inferior frontal gyri (7
cases), in the cingulate gyrus (5 cases), and in the nucleus caudatus (1 case). A typical FAEP
from these generators consisted of three components: (i) first negative wave peaking at 99+13
ms; (ii) positive wave peaking at 181+21 ms; (iii) second negative wave peaking at 324+63
ms. In 11 generators no evoked activity to visual stimulus was observed; in the remaining 9
generators both auditory and visual stimuli evoked aresponse. In 3 generators from locations
in the precentral gyrus FAEPs with very early onsets were found (onset latency below 20 ms).

Introduction

The evidence of the frontal cortex involvement in the generation of auditory evoked
potentials (AEP) can be traced back as early as in 1964 (Walter, 1964). In a study dealing
with the convergence and interaction of evoked responses in the human frontal cortex, the
author reported on responses in the frontal lobes, which were evoked by simple presentation
of visual, auditory, and tactile stimuli. In the case of auditory stimuli, single clicks or series of
15 clicks/s delivered repeatedly at randomly varied intervals between 5 and 10 s were used.
Walter, and later also other authors who studied evoked potentials to auditory stimuli
recorded outside the auditory cortex, have considered these responses as phenomena linked
predominantly with attention (Hari et al., 1982; Perrault and Picton, 1984). Asthe inter-
stimulus intervals in these studies were of varying and relatively long duration, the orientation
to the novelty in the situation represented by the next stimulus was seen as the major source of
these responses. However, in 1994 Giard and his co-workers demonstrated the bilateral
current sinks over frontal areas, which were evoked by simple auditory stimuli, delivered in
1sintervals. This finding could be interpreted as ademonstration of frontal lobe involvement
in auditory processing per se.

Later EEG and functional magnetic resonance imaging research demonstrated the
involvement of the inferior frontal cortex in the generation of mismatch negativity during
auditory change detection (Opitz et al., 2002; Rinne et al., 2005). The finding that the auditory
reaction time decreases with increased age until adolescence with a much steeper slope than
the central motor conduction time (Fietzek et al., 2000) opened up a new interesting research
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orientation of frontal lobe involvement in the processing of auditory stimuli. According to
N&&tanen and Picton (1987), the N1 component of an AEP consists of at least three different
subcomponents, designated as N1a, N1b, and N1c. The a and ¢ subcomponents exhibit a
bilateral temporal maximum on the scalp surface and most likely originate in the lateral
auditory association cortices. The b subcomponent peaks around the vertex and involves,
besides sources in the temporal auditory cortex, afrontal contribution from the premotor
cortices, the supplementary motor area, and the anterior cingulate gyrus (Alcaini et al., 1994;
Giard et a., 1994). Recently it was demonstrated that auditory N1 develops with age. The
Nlaand N1c have been found to decrease in amplitude while N1b becomes larger with
increasing age (Goodin et al., 1978; Pang and Taylor, 2000; Ponton et al., 2000; Gomes et al.,
2001; Ceponiene et al., 2002; Tonnquist-Uhlen et al., 2003). In a study of AEP following the
warning stimulus in a contingent negative variation task (CNV), Bender and collaborators
(2006) demonstrated a highly significant continuous increase of the N1b amplitude in
adolescents, which was absent in children. A topographical analysis of the average referenced
data, current source density and a spatiotemporal source analysis pointed towards a frontal
generator of this maturation change.

In a study with subdural electrodes in humans aiming to identify generators of CNV in
the cerebral cortex, Hamano (Hamano et a., 1997) analysed auditory evoked potentials
elicited by both warning and imperative stimuli of the paradigm. He described the potential
with a clear negative peak at about 100 ms after stimuli, which was recorded by electrodes
located close to the Sylvian fissure. The electrodes placed over various frontal, parietal,
temporal, and occipital areas recorded several other potentials peaking between 100 and 450
ms. These latter potentials exhibited substantial interindividual and interelectrode variability
in the waveform and latency, and were not analysed in detail in the paper cited.

A basic analysis of evoked potentials recorded intracerebrally from the primary and
secondary auditory cortices is presented in a systematic study of Liégeois-Chauvel and her co-
workers (Liégeois-Chauvel et al., 1994). On the other hand, intracerebral studies of auditory
evoked potentials from frontal cortex are rare and sketchy. In several studies in humans using
the CNV paradigm, the responses to an auditory stimulus were reported in the frontal cortex
but not analysed in detail (Lamarche et al., 1995; Bares and Rektor, 2001; Turak et al., 2002).

The character of the present study was explorative. We analysed intracerebrally
recorded frontal auditory evoked potentials (FAEPs), which were obtained in a CNV
experiment in 13 epileptic patients during their presurgical diagnostic exploration. Inthe
experiment, awarning auditory stimulus signalled the presentation of an imperative visual

PDF vytvofeno zkuSebni verzi pdfFactory Pro www.fineprint.cz



http://www.fineprint.cz
http://www.fineprint.cz

stimulus which followed the first one after a 3sinterval. The interest of the study was focused
on data reporting about the generation of FAEPSs in an attempt to understand whether these
potentials were homogenous in origin or whether their generating signals followed different
pathways. The relevant literature did not provide any comparable analysis.

M ethods and materials
2.1. Subjects

The EEG records of thirteen medically intractable epileptic patients (11 men, 2
women, aged 18 - 49 years) with depth electrodes implanted to localise the seizure origin
were analysed in the study. All the patients were informed that the experiment had no
relevance to their clinical examination, and all agreed to participate. All of them were right-
handed. None of them had signs of neurological deficits (hemiparesis or hemiplegia), none of
them presented any major overt cognitive deficit. They all were under antiepileptic therapy,
which was determined by clinical considerations (sodium valproate, hydantoin, barbiturates,
carbamazepine, vigabatrin, benzodiazepines, lamotrigine, clobazam, primidone, gabapentine).
During the period of diagnostic examination by intracerebral EEG recording, the doses of
medicaments were reduced to allow seizures to develop spontaneously or in response to a
focal repetitive electrical stimulation.
2.2. Recording procedures

Depth orthogonal electrodes were implanted according to the clinical and EEG
characteristics of the disease. In one patient, additional diagonal electrode was inserted into
the amygdalo-hippocampal complex passing through the basal ganglia. Each 0.8 mm diameter
electrode had a series of 2 mm long stainless steel contacts (maximally 15), with a distance of
1.5 mm between the contacts. The positions of the contacts were indicated in relation to the
axes defined by the Talairach system using the “x, y, z~ format where "X is lateral,
millimetres to midline, positive right hemisphere, “y” is anteroposterior, millimetresto the AC
(anterior commissure) line, positive anterior, and “z” is vertical, millimetres to the AC/PC
(posterior commissure) line, positive up (Talairach and Szikla, 1967). All electrode positions
were verified radiologically in anteroposterior and lateral views. The experimental session
lasted for less than 60 min. During the experiment, patients lay comfortably on a bed and
watched a video screen positioned approximately 150 cm in front of their eyes.
2. 3. Protocols
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An experimental session was composed of four blocks of trials with 30 trials in each
block (the intertrial interval varied randomly from 8 to 12 s). In these blocks, the experimental
design resembled the protocol used to €licit the CNV phenomenon - awarning auditory
stimulus (S1, pure tone of 400 Hz frequency and 100 ms duration delivered through a
loudspeaker) was followed, 3 slater, by avisual stimulus (S2, ared cross or circle presented
on the dark background of the screen for 100 ms) which prompted the patient to execute one
of four experimental tasks. In block 1, the patient was asked to pay simply attention to the
visual stimulus (experimental condition 1). In block 2, the patient was instructed to add up
silently one of two types of visual patterns specified by the operator. He was asked to give the
total number after the last presentation (experimental condition 2). In block 3, the patient was
instructed to clench, asrapidly as possible, ajoystick after the presentation of S2 stimulus,
regardless of whether it was a circle or across. The joystick remained in his hand throughout
the whole block (experimental condition 3). In block 4, the clenching movement was required
at the appearance of acircle, the patient being asked to refrain from moving if presented with
across (experimental condition 4).

2.4. Data acquisition and processing

The intracerebral EEG activity was recorded on a 32-channel amplifier device (Nihon-
Kohden, band pass between 0.016 and 100 Hz) fed into a CED 1401+ interface (Cambridge
Electronic Design Ltd, UK) with Signal 2 software (CED). Each data frame had a duration of
5 sec and was digitised at a frequency of 200 Hz. The S1 stimulus was triggered by a system
interrupt, working with a microsecond precision, exactly 1000 ms after the start of the
recording. All the records were taken with a binaural reference. The data processing was
performed off-line using artefact-free EEG records only (the selection was based on visual
inspection of records by an experienced person). In all experimental blocks, the analysis
window was 5 sec. The potential change after S1 was considered as event-related potential if
its amplitude was greater than at least double the maximal potential change seen in the period
prior to the stimulus onset. This criterion, which is commonly used in ERP research, was
extended by statistical comparison of amplitude values from baseline and ERP. In this case,
the criterion of acceptance of the evoked response was the significance of the difference
greater than 0.01. The estimation of onset time of an FAEP took into consideration the
ongoing baseline oscillations which preceded it; as arule, the onset was placed beyond their
range. As the records from the neighbouring contacts of an electrode were frequently
identical, a strict methodical rule was adopted for selection of the data analysed (one
representative record from one electrode in the case of electrodes with a small number of
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recording contacts, two records from distant contacts in the case of electrodes with a higher
number of contacts). A standard procedure was used for the determination of FAEP generator
sites: either the finding of polarity reversal between the neighbouring records from one
electrode or the finding of marked amplitude reduction in a series of records from the
neighbouring contacts of one electrode. The statistical evaluation of the results was performed
by one-way ANOV A and Mann-Whitney U test using the program package Statistica "99
(Statsoft Inc, Tulsa, USA).

Results
Effect of experimental condition

The frontal auditory evoked potentials (FAEPs) were obtained from 292 electrode
contacts (92 % of all contacts used) of 39 electrodes implanted in the left or right frontal lobes
of 13 patients. For each recording contact, the average curves were calculated from records
obtained in each experimental condition (one-condition averages) and from grouped records
of all conditions (grand or four-condition averages). These two kinds of averages are
illustrated in Fig. 1. The possible effect of experimental condition on FAEP s shape and
location of its components on the time axis was assessed by a comparison of one-condition
averages derived from 46 selected contacts (one contact of an electrode in 32 cases, two
distant contacts of an electrode in 7 cases). Three parameters could be measured on each of
the one-condition average analysed: the latency of Point a, the latency of Point b, and the
amplitude difference between Points a and b (see Fig. 1). Mean values of these parameters
and their variability are presented in Table 1.

The statistical analysis of this data by ANOV A demonstrated:

i) Inthe case of latencies of Point a, no significant difference between conditions (F(3,
180)=0.1; p values in post-hoc Scheffé test >0.05 in all cases);

if) In the case of latencies of Point b, no significant difference between conditions (F(3,
180)=0.8; p values in post-hoc Scheffé test >0.05 in all cases);

iii) In the case of Point a-Point b amplitude difference, no significant difference between
conditions (F(3, 180)=2.1; p values in post-hoc Scheffé test >0.05 in all cases).

As apparent, no influence of experimental condition on FAEP parameters selected was
demonstrated. This finding made it possible to continue analysis of early components of
FAEP on averages calculated from data merged from all conditions. The more favourable
signal-noise ratio of these grand averages allowed the estimation of onset time of the FAEPs
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and yielded data for amore reliable analysis of the generation and build-up of their

components.

Origin and configuration of FAEP

The configuration of FAEP was investigated on four-condition averages. In this
analysis, only the curves from contacts located within or in the close vicinity of waveform
generators were used. The generator was demonstrated on 20 electrodes of 10 patients. This
demonstration was based either on the finding of a polarity reversal (4 cases) or asignificant
change of amplitude (16 cases, minimal change 16 %, maximal change 52 %, median 37 %)
between two neighbouring contacts of an electrode. Fig 2 is composed of representative
waveforms from each of these 20 generators. There seems to be acommon rule in the
formation of aresponse: the first negative wave followed by the positive one and then, in
almost all the cases, the second negative wave. With respect to the beginning of the stimulus,
the mean latency of FAEP s onset was 52.8+16 ms (minimum 25 ms, maximum 73 ms), the
mean latency of the first negative peak (Point a) was 99.3+13 ms (minimum 67 ms, maximum
115 ms), the mean latency of the positive peak (Point b) was 180.8+28 ms (minimum 128 ms,
maximum 258 ms), and the mean latency of the second negative peak (Point c) was 324.1+63
ms (minimum 214 ms, maximum 446 ms). The estimate of the onset time took into
consideration the ongoing baseline oscillations which preceded the FAEP; in all the casesthe
onset value was located beyond their range. In all but case 11, the polarity of individual
components was identical. It is also evident that all the components exhibited a large
variability of their values. The FAEP was extinguished mostly within 800 ms. In afew cases,
however, the negative shift of the baseline level at Point ¢ was maintained during the whole
S1 — S2 period (cases 14 and 17; see Figs. 2 and 4). The data about the localization of these
20 FAEP generators are presented together with other relevant information in Table 2.

FAEPs with very early onsets

The finding of FAEPs with very short onset latencies was another important result of
the study. They were derived from three generators of three patients which were localised in
the right gyrus precentralis. These FAEPs are presented in Fig. 3 together with responses from
neighbouring electrode contacts. Asis evident, in all three cases the waveforms with very
short onset latency differed from the typical FAEP configuration; at the period which
preceded the first negative wave, an additional sharp positive component appeared (see
waveform R8 in case A (patient 13), R7 in case B (patient 1), and R8 in case C (patient 8);
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peak latency of 51 ms, 56 ms, and 61 ms, respectively). The onset of these FAEPs was
estimated at 16 msin all three cases.

Modality specificity of FAEP generators

The activity in all twenty generators during the presentation of the imperative visual
stimulus was examined on average curves from Condition 1, where no action besides the mere
observation of the screen was required. In eleven generators, no response to visual stimulus
was observed (generators A). In the remaining nine cases (generators Av), the visual stimulus
induced an evoked potential which started later with respect to the stimulus onset than the
auditory response; the mean latency of Point a of auditory response and of the corresponding
point of the visual response was 107.0 + 19 and 278.2 + 145, respectively (p<0.001, Mann-
Whitney U test). Three selected curves from each subgroup are presented in Fig. 4. A
comparison of generators responding to one and two modalities showed a preferential
localisation of the first ones in motor cortices (6 generators A versus 1 generator Av). Ina
cingulate gyrus or frontal gyri the incidence of both types of generators was equal. The mean
latency of Point a was 95.4 + 12 msin the case of generators A and 104.1 + 13 msin the case
of generators Av (p=0.067, Mann-Whitney U test). The limited number of generators did not
allow a more detailed analysis of differences between these two subgroups. In the case of
FAEPs with very early onsets, no response to visual stimulus was observed in cases A and C,
and a clear-cut response with delayed onset was recorded in case B.

Discussion

In interpreting data obtained by depth recordings in epileptic patients, their particular
character must be taken into account. In fact, these data represent a by-product of the
diagnostic procedure, which determined both the number and positioning of exploring
electrodes. Therefore, the analysed data can only give information on the brain areas which
were limited in number and which were selected without regard to the function studied.
Another limitation in interpreting the results stems from the fact that all the patients were
under antiepileptic medication. Generally speaking, anticonvulsant drugs are used in the
treatment of epilepsy for their potency to reduce the excitability of the structuresinvolved in
the seizures. The frequent side effects of these drugs comprising sedation, dizziness, attention,
and cognitive and sensory disturbances suggest their more general influence on the brain
function. As demonstrated by transcranial magnetic stimulation studies (Ziemann et al., 1996;
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Goyal et al., 2004), the alteration of the selected indicators of the brain activity varied greatly
among the anticonvulsant drugs used. In our patients the doses of the drugs were, in
accordance with the aim of the diagnostic procedure, reduced as much as possible. In fact, all
the patients fulfilled the experimental tasks without any obvious sensory or behavioural
deficit. The mean reaction time measured in condition 4 (attention visual-motor response) was
150 + 20 ms, which did not prove any significant change with regard to the data from the
literature concerning the performance of non-treated subjects.

The possible contribution of the intracerebrally recorded FAEPs to the scalp auditory
evoked potential isthe first question to be considered in evaluating the significance of the
results obtained. The FAEPs from all 20 generators investigated in this study comprised a
negative component with the mean peak latency at approximately 100 ms. Asthe variability
of these values was relatively small (in 17 cases these waves had their peaks within a narrow
range of 90-115 ms) it is very probable that the component could represent the frontal
contribution to the N1b wave of the scalp-recorded auditory evoked potentials.

Two other findings are relevant to the consideration of a possible functional
significance of the FAEPs analysed. The fact that some generator sites were activated while
others did not change their activity in response to the visual stimulusisthe first of these
findings. The large variability of latency and configuration of FAEP component peaking at
Point ¢ (latency of peaks from 214 msto 446 ms) was the second finding. The first result
reflected differences in the ascendant pathways which conveyed the auditory stimuli to the
frontal cortex, the second showed differences in underlying neuronal dynamics. Taken
together, these differences demonstrated heterogeneity of FAEPS, which suggested their
different functional role in auditory processing and related activities.

The demonstration that some frontal sites responded to both auditory and visual
stimuli while other sites responded only to auditory stimuli deserves a supplementary
comment. The first type of these potentials seems to manifest an anatomical connection with
non-specific subcortical areas from which the signals activated the recording sites. This
connection could be either direct in the case of FAEPs with very early onset times or viaan
intermediate cortical source in the case of FAEPs with longer onset times. In interpreting their
possible functional significance the following facts should be taken into account:

(i) The low cognitive and emotional demand of the situation (many times repeated
presentation of the same stimulus in a situation which does not require any overt response);
(if) The quasi simultaneous onset of modal non-specific and modal specific activations (the
difference between latencies of Point a non-significant);
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(i) The presence of modal non-specific and modal specific activations in both recognition
networks, i.e. in the "standard speed” and "fast speed"” variants of the stimulus processing.
These facts suggest the implication of a more general function, namely a form of the
activation mechanism which generates specific neural states presented as a mandatory
component of any activity or behavior (Danko et al., 2008; Danko, 2008). From the available
possibilities offered at present, the mechanism conceived as non-arousal, cognitive-specific
attention activation best fits the presented facts.

The interpretation of the second type of FAEPs can be based on the description of
steps supposed to underlie the completion of the task:

(i) Recognition of stimulus features,

(if) Comparison of these features with the experimental instruction stored in the working
memory;

(iit) Activation of mechanisms enabling the endogenous modulation of vigilant attention;
(iv) Increase of vigilant attention in expectation of the second, imperative stimulus.

In all of these operations the frontal lobes are known to play an important part. Thus it is not
surprising to see modality-specific activation in frontal loci.

Another important result of the study was the finding of frontal auditory evoked
potentials with very early onset in the precentral gyrus. Considering all the factors
determining the propagation speed of the auditory stimulus from the loudspeaker to the frontal
cortex, the FAEP onset at 16 ms seems to be correct providing that the signal was conveyed
viathe shortest possible pathway. Such characteristics together with the location of these
potentials strongly suggest arelation to the developmental changes of auditory evoked
potentials described by Bender and collaborators (2006). These authors hypothesised that the
observed selective local age-dependent maturation changes in the supplementary motor area
could explain why adult subjects reacted substantially faster than children in the auditory
simple reaction time tasks. In this context, the biological utility of a system, which enables
response to a stimulus without amygdala evaluation of its significance, seemsto be limited to
situations with repeated, unchallenging stimuli. Otherwise, the risk of missing a potential
threat signal could be too high. In any case, the finding of auditory evoked potentials with
very early onset times in the frontal cortex could open up an interesting field for further
research on fast response selection and performance in this kind of tasks.

In conclusion, a comparison of the prominent components of FAEPSs revealed their
variability, which suggested a different underlying neuronal dynamics and, very probably, a
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different functional significance. This information should be kept in mind especially when
interpreting scalp-recorded auditory evoked potentials in clinical applications.
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Table 1. Mean values and variability (standard deviations, minimal and maximal values) of

Points a and b latencies and amplitude difference measured on one-condition averages.

Condition | N | Latency Painms | Latency Pbinms | Amplitude Pa—P bin Vv
mean + SD mean + SD mean + SD
(min - max values) | (min - max values) | (min - max values)
1 46 | 105.4 + 22.8 182.7+ 314 47.0+17.2
(50-153) (130 - 284) (26 - 97)
2 46 | 105.0+ 21.3 184.0+ 32.8 41.3+16.6
(61-178) (130 - 307) (20-98)
3 46 | 104.8 + 16.3 1778+ 327 42.4+216
(66 — 140) (132 - 294) (12 - 107)
4 46 | 107.1+ 18.0 181.6 £ 33.1 38.9+17.0
(66 — 151) (126 - 307) (10 - 98)

Table 2. Brain localisation and modality specificity of FAEP generators.

Generator | Brain localisation, Broca's area, Talairach coordinates | Response
(Patient) | hemisphere (right, left) X,Y,Z specificity
1 (13) |Precentral gyrus, a6, R 53 3 17 A

2 (5 |Cingulate gyrus, a32, L -12 38 11 A+V
3 (6) |Cingulategyrus, a32, R 15 22 43 A+V
4 (7) |Cingulate gyrus, a32, L -13 40 5 A

5 (9) |Cingulategyrus, a32, L -5 39 12 A

6 (10) |Cingulate gyrus, a32, R 5 33 16 A+V
7 (4) |Precentral gyrus, a6, R 5 0 35 A

8 (8) |Precentral gyrus, a4, L -43 -12 40 A

9 (2) |Nucleus caudatus (caput), L -10 15 3 A+V
10 (1) |Inferior frontal gyrus (parstriangularis), 45, R| 55 34 6 A

11 (8) |Precentral gyrus, &4, L -9 -20 50 A

12 (7) |Mediale frontal gyrus, a9, L -30 43 30 A

13 (7) |Medialefrontal gyrus, a46, L -48 40 5 A

14 (9) |Mediale frontal gyrus, a46, L 50 39 12 A+V
15 (9) |Inferior frontal gyrus, a47, L -45 35 -12 A+V
16 (10) |Superior frontal gyrus, all, R 14 40 -16 A+V
17 (13) |Inferior frontal gyrus (parsopercularis), 844, R| 55 10 28 A

18 (1) |Precentral gyrus, a44, R 52 7 15 A+V
19 (4) |Inferior frontal gyrus (parsopercularis), a4, R| 48 7 18 A

20 (7) |Superior frontal gyrus, al0, L -18 35 -12 A+V

A —auditory responsiveness, V — visual responsiveness; generator numbers correspond to
those given in Fig. 2
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Fig. 1. One-condition and four-condition average responses calculated from records derived
from the left cingulate gyrus in patient 9. The vertical line marks the onset of presentation of a
warning auditory stimulus; the letters a, b, and ¢ on grand average designate prominent points

of the frontal auditory evoked potential.
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Fig. 2. Representative auditory evoked potentials derived from 20 generators. Four-condition
averages are presented. The vertical line marks the onset of presentation of a warning auditory

stimulus.
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Fig. 3. Auditory evoked potentials with very early onsets (waveforms R8 in case A, R7 in
case B, and R8 in case C) derived from three generators together with responses from
neighbouring contacts (four-condition averages are presented). The vertical line marksthe

onset of presentation of awarning auditory stimulus.
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Fig. 4. Examples of evoked responses from generators with no response to visual stimulus
(waveforms5, 10, and 17) and generators with auditory and visual responsiveness
(waveforms 1, 14, and 18). The numbers of waveforms correspond with the generator labels
used in Table 2. Four-condition averages are presented. The vertical line marks the onset of

presentation of a warning auditory stimulus.
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