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Abstract
Maturational studies of the auditory-evoked brain response at the 50 ms latency provide an insight
into why this response is aberrant in a number of psychiatric disorders that have developmental
origin. Here, using intracranial recordings we found that neuronal activity of the primary
contributors to this response can be localised at the lateral part of Heschl’s gyrus already at the age
of 3.5 years. This study provides results to support the notion that deviations in cognitive
function(s) attributed to the auditory P50 in adults might involve abnormalities in neuronal activity
of the frontal lobe or in the interaction between the frontal and temporal lobes. Validation and
localisation of progenitors of the adults’ P50 in young children is a much-needed step in the
understanding of the biological significance of different subcomponents that comprise the auditory
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P50 in the adult brain. In combination with other approaches investigating neuronal mechanisms
of auditory P50, the present results contribute to the greater understanding of what and why
neuronal activity underlying this response is aberrant in a number of brain dysfunctions.
Moreover, the present source localisation results of auditory response at the 50 ms latency might
be useful in paediatric neurosurgery practice.
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Introduction
Auditory scalp-recorded Event Related Potentials (ERPs) in children are a promising tool
that might elucidate the causes and origins (etiology) of diseases involving aberrations in
auditory cognition (Picton and Taylor 2007).

The most conspicuous developmental changes in obligatory components of the auditory
ERP recorded from the scalp are represented as a chronological transformation in the
morphology of the dominating positive response labelled as “P1”. In the course of
maturation, the earlier portion of this P1 response gradually splits into two identifiable
components that are referred to as “P50 or P1” and “N1” responses in the adult ERP
(Takeshita et al. 2002; Trainor et al. 2003; for review: Wunderlich and Cone-Wesson 2006).

Apart from the developmental perspective, the study of the auditory P50 response has
become a primary interest in the investigation of schizophrenia (for meta-analysis see:
(Bramon et al. 2004; Heinrichs 2004). In this context, any additional knowledge gained from
developmental studies about neuronal mechanisms of auditory brain responses at the latency
around 50 ms is crucial for adequate interpretation of P50-related findings in clinical
research.

In the following text, for the sake of convenience, the large positive monophasic component
dominating in young children’s fronto-central scalp electrodes and peaking at the latencies
greater than 80 ms will be referenced as “P1”. When the maturational change in the latency
of this response is approaching the adult range (45–75 ms), such a response is referred to as
“P50”.

Results of scalp-recorded ERP in children (for review see: Wunderlich and Cone-Wesson
2006) aged from 4 years through adolescence indicate that stimulation rate is one of the
major factors that determines distinctiveness (dissociability) of P1 as a separate ERP
component in children from 7 to 10 years of age (as an example see: Gilley et al. 2005).
Assuming that children’s P1 component (delayed in latency due to its immaturity) is a
progenitor of the adults’ P50, it has been hypothesized that maturational separability of the
P1 response is more likely due to emergence of N1 than maturation of P1 generators
(Ceponiene et al. 2002). However, already in 2–6 months old infants, brain response around
50 ms has been described as a robust waveform (Jerger et al. 1987). Taken together, these
empirical and theoretical considerations suggest quite a complex pattern of maturational
changes of P50 neuronal sources (McGee and Kraus 1996).

Our present study was designed to test whether there is a brain response even in 3–5 year old
children around 50 ms latency. We hypothesize that, due to immature status of neuronal
generators, detection of adult-like P50 response in young children could be difficult,
especially at the central midline scalp electrodes that are conventional sites for recording
P50 in adults.
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Methodologically, the majority of previous P50 brain localisation studies in adults used
magnetoencephalography (MEG) as a tool that offers a high spatial resolution for
localisation of neuronal generators. However, in children, MEG brain localisation of P50/P1
is a challenge, since getting a good signal-to-noise ratio in MEG data requires a child to
keep their head in a steady position during data recording. Recent developments in MEG
technology allow compensation of head movements and may open an avenue for reliable
P50/P1 recordings in children (Wehner et al. 2008).

Another approach to P50 source localisation is represented by studies that evaluated
auditory P50 responses in adult epilepsy patients using intracranial electrocorticography
(ECoG) as a part of presurgical evaluation for epilepsy surgery (Godey et al. 2001;
Korzyukov et al. 2007; Liegeois-Chauvel et al. 1994). In these studies, ECoG data were
acquired from surgical candidates admitted to determine the epileptic focus using
chronically (for several days) implanted subdural strip and grid electrodes (Spencer et al.
1997). Whereas the inherent spatial limitations of scalp ERP recordings make it difficult to
completely isolate and study neuronal activity from distinct brain areas, intracranial ECoG
recording limits the superimposition of distant electrical sources and, therefore, enhances the
spatial resolution of the electrical fields that originate from P1/P50 generators.

In clinical practice, candidates for epilepsy surgery often have grid(s) of subdural electrodes
kept in place for several days, in order to determine the seizure onset zone and to perform
functional cortical mapping using cortical stimulation via subdural electrodes. Therefore,
recording of auditory responses using intracranial electrodes in children with intractable
epilepsy provides a unique opportunity to achieve the goals of the present study, which
were: (1) to validate the presence of auditory responses elicited by simple sounds (tones) at
the latency around 50 ms, and (2) to evaluate from maturational perspective the refined
localisation of primary, temporal lobe contributors to these auditory responses.

Methods
From the study design perspective, adequate evaluation of maturation-related changes in P1/
P50 response should include children who represent at least three chronological periods of
P1/P50 maturation. The first period should be at age of 3–4 years, when P1/P50 is not
observable as a separate, clearly distinguishable component on the central midline scalp
electrodes independent of the stimulation rate (see: Gilley et al. 2005). The second period
should be at the age of 7–10 years, when P1/P50 can be distinguished as a separate
component but only at slow stimulation rates. The third period is the age of 12 years and
above, when P1/P50 can be recorded at fast (inter-stimulus interval shorter than 1000 ms)
and slow stimulation rates (see: Gilley et al. 2005).

Since results about lateralisation of 50 ms auditory-responses in healthy children were not
available, and in order to be consistent with large scale study in healthy children (Ponton et
al. 2000) only children with epilepsy who underwent subdural electrode placement
predominantly involving the right hemisphere were included in this study. The following
considerations were taken into account as the inclusion criteria in the present study: (i) age;
(ii) absence of deviation in cognitive development and absence of neurological deficits; (iii)
similarity (comparability) in localisation of electrode placement across all patients.

Participants
Data recorded from three patients of different ages were chosen for the present study. All
patients had subdural electrodes covering the right lateral temporal cortex allowing the
recording of neuronal activity originating from the superior temporal gyrus, the brain region
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where the largest portion of P50 is generated in adults (Godey et al. 2001; Huang et al. 2003;
Liegeois-Chauvel et al. 1994).

All selected children underwent preoperative scalp video-electroencephalography (video-
EEG), preoperative magnetic resonance imaging (MRI), 2-deoxy-2-[18F]fluoro-D-glucose
positron emission tomography (FDG PET), preoperative neuropsychological examination,
extraoperative intracranial ECoG and extraoperative functional cortical mapping using
neurostimulation, as previously described (Fukuda et al. 2008).

Recording of auditory responses was performed on ECoG during the interictal state. The
best estimate of children’s cognitive ability was determined using the appropriate measure
after clinical review by neuropsychologist. The present study was approved by the
Institutional Review Board at Wayne State University, and written informed consent was
obtained from the parents or guardians of all subjects.

Patient No. 1 was a 197-month-old (16 years and 5 months) right-handed boy with
intractable focal epilepsy with and without secondary generalization. MRI was normal. Ictal
scalp EEG recording showed ictal onset arising from the right temporal region. FDG PET
showed a mild glucose hypometabolism in the left temporal lobe. Thus, the patient
underwent subdural electrode placement bilaterally; extraoperative ECoG showed
independent seizure foci arising from the right and left medial temporal regions. Thus, the
patient underwent placement of a vagus nerve stimulator instead of cortical resection. The
patient was on Topiramate and Zonisamide preoperatively. Full-Scale IQ was 71 but Verbal
IQ was 87 reflecting normal development of language skills despite the chronic epilepsy.
Although this score is minimally outside the average range, it is possible that this partially
reflects the negative impact of epilepsy medications (e.g. topiramate) on immediate test
performance rather than a diminished language development. Furthermore, both verbally
mediated learning and reading vocabulary were also in the average range further
demonstrating this patient’s normal development of verbally mediated processing, memory,
and written language.

Patient No. 2 was an 84-month-old (7 years) right-handed boy with intractable focal
epilepsy with and without secondary generalization. MRI was normal. Ictal scalp EEG
recording showed ictal onset arising from the right central region. FDG PET showed glucose
hypometabolism in the right central region. The patient underwent subdural electrode
placement on the right hemisphere, followed by cortical resection involving the right frontal-
parietal region including the primary sensori-motor cortex. The patient was on
Oxcarbamazepine, Valproate and Levetiracetam preoperatively. Full-scale IQ was 109.

Patient No. 3 was a 41-month-old (3 years and 5 months) right-handed girl with intractable
focal epilepsy with and without secondary generalization. MRI was normal. Intracranial
ECoG recording and FDG PET suggested the presence of epileptogenic zone in the right
temporal region. The patient was on phenytoin preoperatively. The patient’s overall
cognitive ability was best estimated by expressive language level, which showed good
agreement between her laboratory assessment (IQ equivalent = 80) and parent rated
performance.

Subdural Electrode Placement
For extraoperative video-ECoG recording, platinum grid electrodes (10 mm inter-contact
distance; 4 mm diameter; Adtech, Racine, WI, USA) were surgically implanted on the
presumed epileptogenic hemisphere. In all patients, electrodes also covered the lateral
temporal region. One or more additional strips were also placed under the medial temporal
region. The total number of electrode contacts ranged from 100 to 121. Antiepileptic
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medications were discontinued or reduced during ECoG monitoring until a sufficient
number of habitual seizures were captured, and seizure onset zones were visually identified.

Stimuli
During the extraoperative ECoG recording, a conventional auditory oddball paradigm
consisting of 1100 sounds were presented with an intensity of 85 dB binaurally via speakers
with an inter-stimulus interval (onset-to-onset) of 800 ms. Brain responses elicited by
repetitive (probability of occurrence 70%) sinusoidal (frequency 600 Hz) pure tones with a
duration of 100 ms (including 10-ms rise and fall times) were analyzed in the present study.

Data Acquisition and Analysis
Extraoperative video-ECoG recordings were obtained for 3–5 days, using a 192-channel
Nihon Kohden Neurofax 1100A Digital System (Nihon Kohden America Inc, Foothill
Ranch, CA, USA), which has an input impedance of 200 MΩ, a common mode rejection
ratio greater than 110 dB, an A/D conversion of 16 bits, a sampling frequency at 1000-Hz,
and the amplifier band pass set at 0.08–300 Hz.

Recorded ECoG was segmented into epochs starting 100 ms before and ending 300 ms after
each auditory stimulus onset and averaged across all epochs. Data were digitally filtered
with a low-frequency cut-off of 1.0 Hz (with 12 dB/oct) and a high-frequency cut-off of 55.0
Hz (with 12 dB/oct). Epochs with artefacts defined as voltage variation exceeding 700 μV
variation and epochs with a 600 Hz tone occurring right after a deviant tone were omitted
from averaging. At least 300 acceptable trials had been collected for tones after rejection of
trials with artefacts (Fig. 1f).

In order to determine whether a statistically significant brain response was elicited, a t-test
against zero was applied to the averaged amplitude values at each sampling point of the
segmented interval, individually for every electrode, with a P-value threshold of 0.01 (Fig.
1g). The time window around 50 ms latency in which the auditory ERP response was
significantly different from the zero was determined.

Auditory ERPs Source Analyses
To reconstruct the brain sources of these statistically significant auditory ERP responses at
the 50 ms latency, data were submitted to the Minimum Norm Least Squares (MNLS) and
sLORETA algorithms implemented in the CURRY software (Neuroscan, Compumedics
USA Ltd, Charlotte, NC). These two so-called current density reconstruction methods were
selected because they allow many distributed sources to be concurrently active as opposed to
assuming a limited number of dipolar sources which are in general a too simple source
model for grid recordings (Fuchs et al. 2007). For reviews on source reconstruction methods
in general, see Fuchs et al. (1999) and Yao and Dewald (2005).

sLORETA (Pascual-Marqui 2002) is a post-processing step applied to the results of MNLS
that computes (for each location) the squared current strength divided by its associated
variance, yielding F-scores of activation. sLORETA has been shown to provide higher
localization accuracy for point sources than MNLS (Wagner et al. 2004).

Magnetic Resonance Images (MRI) including a T1-weighted spoiled gradient echo (SPGR)
image were obtained preoperatively (Fig. 1b). The SPGR sequence generates 124
contiguous 1.5 mm sections of the entire head in the coronal plane using a 35/5/1 (TR/TE/
NEX) pulse sequence, flip angle of 35 degrees, matrix size of 256 × 128 and field of view of
240 × 240 mm2. For electrode localization on the brain surface, planar X-ray images (lateral
and anteroposterior) were acquired with the subdural electrodes in place; three metallic
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fiducial markers were placed at anatomically well-defined locations on the patient’s head for
co-registration of the X-ray image with the SPGR MRI (Fig. 1a) (Juhasz et al. 2009). A
three-dimensional brain surface image was then created with the location of electrodes
directly defined on the brain surface, as previously described (Muzik et al. 2007).

Physical anatomy along with positions of grid electrodes (Fig. 1c) was obtained from
individual MRIs and X-ray images co-registered to these MRIs. For volume conductor
modelling, different head tissue compartment borders (brain, skull and scalp) were obtained
based on individual MRIs, using the automated tools implemented in the CURRY software.
Within these compartments, conductivities may be assumed to be homogeneous, isotropic
and ohmic. Therefore, the boundary element method (BEM) was used to solve the forward
problem (Fuchs et al. 1998; Fuchs et al. 2001). However, in this study only one
compartment (brain) was used (Fig. 1d), since data acquisition electrodes were placed
directly on the surface of the brain (Fuchs et al. 2007).

Current density reconstruction algorithms compute brain activity on an exhaustive set of
predefined anatomical locations (nodes), also called the source space. The subject-specific
source space models utilized here are high-resolution (approximately 5,000 nodes) three-
dimensional representations of the spatially smoothed cortical sheet, segmented from MRI
data and triangulated by CURRY software (Wagner 1998). Such a spatially smoothed source
space (as opposed to the individual folded cortical sheet) was used in order to avoid the still
not established issue of whether grid recordings allow one to define source depth reliably at
all. Consequently, source orientations were not anatomically constrained, accounting for the
lack of information with regards to neuronal orientation contained in the smoothed source
space model (Fig. 1e). Reconstructed source activity was thresholded to segregate the
primary locus of neuronal activity that maximally contributed to the measured response at
the latency of 50 ms (Fig. 1h). Source localisation results were finally superimposed onto
the subjects’ individual MR (Fig. 1i).

Results
ERP analyses of brain responses to repetitive 600 Hz tones found statistically (P < 0.01)
different from zero responses at the latency around 50 ms in all three subjects. A statistically
significant P50 response was present in at least several electrode locations in every subject.
Representative examples of the most prominent auditory ERPs occurring around 50 ms and
their corresponding statistical evaluations are presented in Fig. 2. In the 16-year-old child,
electrodes with the most prominent ERP deflection around 50 ms were clustered around the
right superior temporal gyrus; whereas, in the 3-year-old child, the most prominent response
was recorded over the right frontal lobe. The 7-year-old child had prominent responses
recorded over both frontal and superior temporal areas (Fig. 2).

As shown in Fig. 3, both MNLS and sLORETA algorithms reconstructed neuronal sources
at the same brain areas explaining 80–85% variance in the data. In all three children, the
maximum of activity contributing to the response around 50 ms were localised at the lateral
part of Heschl’s gyrus (HG).

Discussion
Several studies suggest that neuronal circuitry underlying auditory P50 in adults includes
temporal and frontal generators contributing to scalp recorded P50 in adults (Weisser et al.
2001; Korzyukov et al. 2007; Knott et al. 2009).

Initial MEG attempts to localize P50/M50 sources in adults (Huotilainen et al. 1998; Reite et
al. 1988) suggested that, along with the conventionally observable pair of bilateral
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supratemporal sources, one or more additional generator(s) may contribute to the P50
response recorded by scalp EEG in adults (Edgar et al. 2003). Indeed, studies suggested that
the P50 is an overlapping potential (Onitsuka et al. 2000) that might receive contributions
from another hypothesized source (presumably frontal; Grunwald et al. 2003; Mears et al.
2006; Weisser et al. 2001) that apparently is not detected reliably by MEG due to its radial
orientations with respect to the MEG sensors. Our recent intracranial study (Korzyukov et
al. 2007) in adults demonstrated that changes in frontal lobe activity are indeed associated
with reduction of P50 amplitude when the same auditory stimulus is presented within 500
ms after the first one. Moreover it was shown that P50 reduction is significantly correlated
with frontal functions (verbal fluency; complex working memory) assessed by
neuropsychological tests (Thomas et al. 2009).

Study of auditory response around 50 ms in young children presented here provides new
insights in the progenitors of primary, temporal lobe generators of P50 in adults. Although
these data should be interpreted with caution, as more subjects are needed before any firm
conclusions can be drawn, current results raise the possibility that human auditory system
already at 3 year 5 months of age generates auditory processing related responses at the
latencies between 35 and 60 ms. This suggests that biological functions that can be
attributed to the P50 response in adults and its progenitors (at the latency ~50 ms) in young
children are very essential (ontogenetically) for human survival and, therefore, are present
(at least to some extent) in the auditory system at a young age.

Although the mainstream of maturational studies of scalp-recorded auditory ERP on healthy
children is focused on the amplitude and latency changes of P1, in the results of a large scale
study (total n = 137; see: Ponton et al. 2000), where auditory ERP in 12 homogeneous age
groups ranging from 5 to 17 years were analysed, quite identifiable ERP responses can be
seen (most prominent as a positive peak at the side contralateral to stimulation; see Ponton et
al. (2000), Fig. 1, see C6 electrode) at the latency of 50 ms. These responses were present
basically in all ages from 5 to 17 years. In line with this observation in healthy children, our
results also demonstrate that even at the fast presentation rates (inter-stimulus interval less
than 1 s) brain responses around 50 ms can be measured as a separate neurophysiological
reaction to auditory stimuli beginning from 4 years of age.

As a noteworthy developmental distinction in Ponton et al. (2000) data, the response at 50
ms inverts its polarity on the corresponding mastoid electrode only in children 13 years of
age and older (see age groups 13, 14, 15 and 16 years old; Ponton et al. (2000), Fig. 1).
Similarly, Bishop et al. (2007) also showed that shapes of scalp-recorded auditory ERP
waveform can be clearly distinguished between children before and after 12–13 years of
age. These developmental changes might be explained by the results from anatomical
studies. Investigations of axonal maturation demonstrate that by age 11 or 12, the density of
mature axons in the auditory cortex has become equivalent to that seen in an adult.
Moreover, neurons in the upper cortical layers also form and receive connections from
adjacent areas, significantly broadening the scope of intracortical interaction (for review see:
Moore and Linthicum 2007).

Consistent with these findings, the results of the present study showed gradual
developmental shifts in localisation of most prominent responses around 50 ms from frontal
lobe electrodes (in Patient 3; 3-year-old child) to the superior temporal area (in Patient 1; 16-
year-old child). These developmental changes can be a manifestation of developmental
changes in frontal lobe activity that contribute to P50 generation in adult brain.

Although the role of fronto-temporal interaction in P50 generation is matter of debate, a
similar pattern of relationships can be seen in the present study and in studies of the adult
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P50 (Knott et al. 2009; Korzyukov et al. 2007): namely, changes in frontal lobe activity
(caused by developmental changes or experimental manipulations in adults) affect auditory
responses originating from the temporal lobe at around 50 ms.

Our brain localisation findings suggest that auditory processing at 50 ms latency in children
likely occurs in the same neuronal networks of HG that are primary contributors to the
temporal fraction of the P50 complex in adults.

Intracranial recordings in adults using cylindrical depth electrodes (with inversion of the
response polarity used as a localisation criterion) suggested that auditory responses within a
35–60 ms latency range are distributed medio-laterally in HG (Godey et al. 2001; Liegeois-
Chauvel et al. 1994). Maps derived from multi-contact subdural grid arrays have shown that
the first positive auditory responses recorded in the adult posterior lateral superior temporal
area (a portion of the “auditory parabelt” or a portion of Brodmann’s area 22) span the P50
peak (Howard et al. 2000). Distributed source estimates derived from deep cylindrical multi-
contact electrodes implanted in HG, planum temporale, and superior temporal gyrus (STG)
suggest that, after posterior–anterior and medio-lateral propagation of activity in HG and
STG, the focal activity around 50 ms originated from several areas of the lateral belt region
and possibly the parabelt in the STG (Yvert et al. 2005).

The cumulative findings from these studies are in accordance with source localisation of P50
to the lateral part of HG for the 16-year-old child (Patient 1) in the present study. Moreover,
P50 localisation results from the oldest child (Patient 1) are in line with the results of an
intracranial distributed source localisation study of P50 in adults (Korzyukov et al. 2007).
The noteworthy finding in the present source localisation results is that children younger
than 10 years of age have brain responses localised at approximately the same lateral part of
HG as in the 16-year-old child.

It should be noted that, as with any other methodological approach, intracranial ECoG
recording from the human cerebral cortex has certain limitations. For example, the recorded
signals can characterize neuronal activity that mainly originated from or propagated through
the cortical areas that are covered by the electrode array.

Although functional significance of P50 is not fully understood, several studies (Chait et al.
2004; Hertrich et al. 2000) have suggested that neuronal activity during the P50 time
window might play a role in auditory input change detection and reflects brain response
caused by any kind of incoming acoustic information. In contrast, successive brain activity
(around the N1 time window) reflects later, more specialized stages of processing, possibly
related to percept formation (Roberts et al. 2000), object discrimination (Murray et al. 2006)
and memory (Conley et al. 1999; Lu et al. 1992).

Results of the present study give empirical support to the following hypotheses: (1)
progenitors of the primary, temporal lobe neuronal generators of auditory P50 ERP
component are functionally active at the age of 3–5 years; (2) biological mechanisms
underlying cognitive auditory functions that can be attributed to this component in adults
might be at least partially developed beginning from the age of 3–5 years; (3) some of the
functional characteristics (for example orientation of neuronal generators or outcome of
fronto-temporal interaction) of the 50 ms response might undergo maturational
transformation after age 10–12 years; (4) frontal lobe activity might affect temporal lobe
generators of auditory P50.

For elucidation of developmental mechanisms of central auditory function as well as for
paediatric neurosurgery, it is essential to perform an age-specific, functionally characterized,
refined anatomical mapping of auditory cortical areas that are involved in sequential stages
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of auditory processing. The initial step in making this mapping possible is identification and
localisation of brain responses that, in spite of individual variability in brain geometry, can
be used as age-independent, electrophysiological reference points for the localisation of any
other event-related brain responses associated with auditory scene analyses.

The present results suggest that, during identification of auditory areas in paediatric
neurosurgery practice, the auditory response originating from lateral HG at around 50 ms
may be used as an age-independent landmark for refined cortical mapping of brain activity
associated with auditory processing.
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Fig. 1.
Schematic illustration of algorithm for data analyses. a X-ray images with the subdural
electrodes; b Preoperative MRI brain image from the same patient; c Reconstructed
electrodes position superimposed on a 3-dimensional reconstruction of individual cortex; d
Electrodes superimposed on brain compartment of boundary element model of individual
brain; e Source space model for individual brain; f Exemplary Event Related Potentials
(ERP) recorded from grid electrodes with most prominent responses; g Results of t-test
against zero calculated at each sampling point of the segmented interval; vertical axis:
values from the t distribution; red horizontal line threshold for P = 0.01 for given degree of
freedom; h Current density reconstruction (thresholded) results superimposed on the cortical
reconstruction of individual brain; i Source localisation results superimposed onto the
subject’s individual MRI brain image
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Fig. 2.
ERP results. Representative examples (left panel) of most prominent ERP responses
recorded at the latency around 50 ms (marked as a green vertical dashed line). Middle panel
is graphical representation of t-test against zero for two representative examples (vertical
axis: values from the t distribution). Red horizontal line threshold for P = 0.01 (dashed P =
0.05) for given degree of freedom. Yellow area under the curve determine latency window
in which ERP waveform is significantly different from the zero. Right panel voltage grid
distribution and corresponding localisation of electrodes for each patient; yellow marks
indicate positions of most prominent ERP responses for the representative examples at the
left panel (green circle marks position of the electrode response from which response is
depicted with green waveform)
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Fig. 3.
Source reconstruction results of neuronal activity that maximally contributes the brain
response at the 50 ms latency. Left three panels demonstrate MNLS source reconstruction
results; right three panels demonstrate sLORETA results
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