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___________________________________________________________________________ 

The development of the cortical auditory system is poorly understood in children. This paper 
examines the maturational changes in the late auditory evoked field studied with whole-head 
magnetoencephalography (MEG). Neural responses to pure tones were recorded from three 
groups of typically developing children between 6 and 13.5 years of age (N = 36) and 
compared with neural responses in adults (N = 11). The stimuli were presented alternately to 
both ears and the inter-stimulus interval was randomized between 0.8 and 1.2 ms.  

Our results indicate that the time course of neural auditory activation differed evidently 
between children and adults. In children, we detected small activation at around 100 and 
more prominent long-lasting activation at about 250 ms. In adults, the strongest activation 
was detected at around 100 ms. The contralateral ear stimulation evoked stronger responses 
than ipsilateral in the left and right hemisphere in all age groups, and in children this 
dominance was visible in 100 ms and 250 ms. Further, we detected interindividual 
asymmetry between hemispheres in children at the earlier time-window suggesting that the 
adult-like N100m response emerges first in the right hemisphere while in the left hemisphere 
most of the children had more immature P50m response.      

Our results show that the cortical auditory activation is obviously immature still at the age of 
thirteen. Further, the preference to contralateral ear stimulation detected in adults can be also 
found in children of at least six years. Finally, the rightward emergence of the mature 
response type implies that the right auditory cortex matures faster compared to its counterpart 
in children. This might be due to the demands imposed on the left hemisphere by language 
processing. 
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___________________________________________________________________________ 

Lapsien kuuloaivokuoren kehitystä ei ymmärretä vielä hyvin. Tämän tutkielman tarkoitus on 
selvittää kehityksellisiä muutoksia myöhäisissä magneettisissa kuuloherätevasteissa koko 
pään kattavalla neuromagnetometrillä. Tutkimukseen osallistui 6–13,5 vuotiaita tyypillisesti 
kehittyneitä lapsia (N = 36), jotka jaettiin kolmeen ikäryhmään, sekä aikuisia (N = 11).  
Osallistujilta mitattiin kuulovasteet yksinkertaisille siniäänille, jonka jälkeen  lasten vasteita 
verrattiin aikuisten vasteisiin. Ärsykkeet esitettiin vuorotellen vasempaan ja oikeaan korvaan 
ja ärsykkeiden välinen aika satunnaistettiin 0,8 ja 1,2 ms:n välillä.  
 
Tutkimustuloksemme osoittaa, että lasten kuulovasterakenne eroaa huomattavasti aikuisten 
rakenteesta. Lapsilla vaste muodostui heikosta aktivaatiosta noin 100 ms:ssa sekä 
huomattavasta pitkäkestoisesta vasteesta noin 250 ms:ssa. Aikuisilla voimakkain aktivaatio 
oli noin 100 ms:ssa. Kontralateraaliseen korvaan esitetty ärsyke aiheutti voimakkaamman 
vasteen kuin ipsilateraaliseen korvaan esitetty ärsyke sekä vasemmalla että oikealla 
aivopuoliskolla kaikissa ikäryhmissä. Lapsilla kontralateraalinen dominanssi näkyi sekä 100 
ms:ssa että 250 ms:ssa. Lisäksi havaitsimme tutkimuksessamme, että yksilöillä oli 
epäsymmetrisyyttä vasemman ja oikean aivopuoliskon vasteissa aikaisemmassa 
aikaikkunassa. Tämä viittaa siihen, että aikuisenkaltainen N100m-vaste ilmestyy 
aikaisemmin oikealle aivopuoliskolle, kun taas vasemmalla aivopuoliskolla suurimmalla 
osalla lapsista on vielä epäkypsä P50m-vaste.  
 
Meidän tuloksemme osoittavat, että kuuloaivokuoren toiminta on selvästi epäkypsää vielä 13- 
vuoden iässä. Lisäksi aikuisilla havaittu kontralateraalisen korvan preferenssi on havaittavissa 
ainakin kuuden vuoden iässä. Kypsän kuulovasteen ilmestyminen ensin oikealle 
aivopuoliskolle antaa aihetta olettaa, että lapsilla oikea kuuloaivokuori kehittyy vasenta 
nopeammin. Tämä saattaa olla seurausta siitä, että vasenta kuuloaivokuorta kuormittaa 
puheäänten käsittely. 
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INTRODUCTION 

 

 

Maturation of the cortical auditory system has significance for development of language related 

skills and other cognitive functions. However, the maturation of the underlying neural mechanisms 

is poorly understood. Based on the earlier neuroimaging studies it is known that the sequence of 

auditory cortical processing changes considerably throughout childhood (Courchesne, 1990; 

Ceponiene, Cheour, & Näätänen, 1998; Ponton, Eggermont, Kwong, & Don, 2000; Sharma, Kraus, 

McGee, & Nicol, 1997; for review Wunderlich & Cone-Wesson, 2006). It is likely that these 

changes reflect the structural development of the underlying networks. Most of the anatomical 

development of auditory cortices occurs during the first years of life (Yakovlev & Lecours, 1967; 

Zhang et al., 2007), yet the development of the cortical auditory system continues to late 

adolescence and even into adulthood (Giedd et al., 1999; Gogtay et al., 2004; Paus et al., 1999).  

     A large proportion of the auditory cortex is located deep inside the Sylvian fissure in the 

temporal lobes. In humans, the left and right auditory cortices are asymmetric in both anatomical 

organization (Dorsaint-Pierre et al., 2006; Galaburda, Sanides, & Geschwind, 1978; Geschwind & 

Levitsky, 1968) and fine structure (Dorsaint-Pierre et al., 2006; Hutsler, 2003; Penhune, Zatorre, 

MacDonald, & Evans, 1996). Some of the structural asymmetries have also been reported in infants 

(Chi, Dooling, & Gilles, 1977; Dubois et al., 2008; Glasel et al., 2011; Sowell, Trauner, Gamst, & 

Jernigan, 2002; Witelson & Pallie, 1973). Interestingly, the structural maturation rate seems to 

differ between the left and right hemisphere. Post-mortem and DTI-studies indicate that the left 

hemisphere lags its right counterpart in structural development, thus in children the right 

hemisphere is ahead both in development of gyral complexity in the area of planum temporale (Chi 

et al., 1977) and in “pre”-myelination in arcuate fasciculus (Dubois et al., 2008). However, whether 

the asymmetry detected in the structural development of the left and right temporal plane features 

also the cortical auditory processing in children has not yet been systematically investigated.  

     An additional feature of the auditory cortex in the adult brain is its functional preference to the 

contralateral stimulation. Thus, monaurally presented stimuli originating from the contralateral 

hemifield evoke stronger and earlier activity than stimuli from ipsilateral hemifield in both 

hemispheres (Mäkelä, 1993; Nakasato et al., 1995; Pantev, Lütkenhöner, Hoke, & Lehnertz, 1986; 

Salmelin et al., 1999). In addition to humans, the contralateral dominance has been observed in 

juvenile and mature animals (Kelly & Judge, 1994; Mrsic-Flogel, Versnel, & King, 2006; Phillips 

& Irvine, 1983). The favor of the contralateral ear stimulation is likely to result from larger amount 
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of nerve fibers in the contralateral than ipsilateral pathways, which contributes a faster and more 

direct processing of ear stimulation in the contralateral auditory cortex (Adams, 1979; Coleman & 

Clerici, 1987; Zook & Casseday, 1987). However, it is not known at which age these differences 

between the auditory pathways develop, and, to our knowledge there are no studies available that 

have examined the ear-by-hemisphere interaction in children. In the present study, we want to find 

out whether the preference to contralateral hemifield can also be found in the developing human 

brain.   

 

 

MEG and Auditory evoked fields 

 

 

The weak signals recorded by magnetoencephalography (MEG) are mainly generated by the 

synchronous postsynaptic currents flowing in the apical dendrites by thousands of simultaneously 

firing pyramidal neurons (Hari, 1990; Hämäläinen, Hari, Ilmoniemi, Knuutila, & Lounasmaa, 

1993). These neural currents generate weak magnetic fields that can be detected outside the head 

with a Multichannel MEG system and its sensitive Superconducting Quantum Interference Device 

(SQUID). MEG primarily measures the superficial currents oriented tangential to the skull (Hari et 

al., 2010). Thus, it selectively detects currents mainly in the fissural cortex where pyramidal 

neurons are oriented tangentially to the head surface. Further, because the cortex and main sensory 

areas are largely located in the fissure, the majority of human brain activity is accessible to MEG. In 

addition to this, MEG enables clear separate analysis of responses from the left and right 

hemisphere (Hari et al., 2010). With the equivalent current dipoles that are used to model the 

distribution of neural activation, the position, magnitude and direction of the underlying neural 

current can be estimated (Hari et al., 2010). MEG has an excellent temporal resolution and good 

localization accuracy enabling accurate tracking of rapid electrophysiological events related to 

sensory stimuli and more complex cognitive functions in the brain. 

     In addition to MEG, electroencephalography (EEG) is also commonly used neuroimaging 

method. These two methods are closely related, yet there are some differences. MEG and EEG are 

both non-invasive methods with high temporal accuracy (Hämäläinen et al., 1993). MEG reflects 

magnetic fields and EEG measures electrical scalp potentials generated by the same underlying 

neural activation. However, MEG signals are less distorted by skull, scalp and meninges than 

electric signals (Hari et al., 2010). In addition, as MEG is selective to tangential sources, EEG also 
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reflects activation in the depth of the brain and in the convexial cortex (Hari et al., 2010). Thus, 

MEG measures currents mainly in the fissural cortex with less conductivity of the extra cerebral 

tissues enabling more accurate localization of the current. Hereby, MEG has advantages over EEG 

when studying cortical activation.  

     Signals measured by MEG and EEG can be classified to two types of activation:  event-related 

responses and oscillatory activation in the brain (Hari & Salmelin, 2012). MEG studies in healthy 

humans have focused mainly to oscillatory cortical rhythms between 8-40 Hz frequency (Hari, 

1997) and these can be used to study various sensory and cognitive processes, such as motor tasks 

encoding and retrieval of short-term and long-term memories, and auditory processes (for review 

see Hari & Salmelin, 2012).  

     When studying auditory processes, auditory evoked potentials (AEP) and auditory evoked fields 

(AEF) have been in the center of interest since the early days of EEG and MEG research. 

AEPs/AEFs are event-related potentials (ERPs) or event-related fields (ERFs) that are related to the 

neural currents in the brain that are time-locked to the presented stimulus (Hari & Salmelin, 2010; 

Luck, 2005). As the electric and magnetic responses to single stimuli are too weak compared to 

random noise and brain signals, the response needs to be elicited by the stimuli multiple times and 

then averaging of signals with respect to the onset of the stimuli (Luck, 2005). This signal-

averaging procedure creates averaged AEPs/AEFs. A typical auditory field/potential consist of 

several peaks or ‘components’ that reflect recurrent synchronous activation, and therefore the entire 

waveform can be seen as reflecting the neural processing sequence evoked by the auditory event.     

As the early research of functional properties of auditory system was performed with EEG, the 

components in the averaged waveform have been named by the negativity or positivity of the peaks 

and numbered according to peak’s position in the waveform or according to its latency (for example 

P1 for the first positive peak or N100 for a negative peak at post-stimulus latency 100ms). In MEG 

literature the corresponding components have been labeled by adding lower or upper case ‘m/M’ in 

the component name (e.g. P50m or M100).  

 
 

Functional properties and maturation of the auditory system  
 

 

A large proportion of earlier studies of auditory evoked responses were conducted with EEG. 

Therefore, to simplify the review of earlier research in the field, the EEG terminology for different 
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components is used to introduce the general AEF/AEP evoked by auditory stimuli and its changes 

by development in the following paragraph.  

     Auditory evoked responses (AERs) detected in adults can be divided into three subgroups:  

auditory brain-stem responses (within 10 ms after signal onset), middle-latency responses (10-50 

ms after signal onset) and later cortical responses (50 ms onwards)  (Kraus & McGee, 1992; 

Näätänen, 1989; Näätänen, 1992).  Auditory brain-stem responses originate from several separate 

auditory brainstem structures and they are stable in response latencies and properties (Picton, 

Stapells, & Campbell, 1981). Contrary to auditory brainstem responses, the timing and strength of 

the later auditory responses originate typically from non-primary auditory areas and they depend on 

various features of the stimulus such as the rise time of the sound, its frequency content, stimulus 

intensity and temporal fine structure of the stimulus (Kraus & McGee 1992; Liégeois-Chauvel, 

Musolino, & Chauvel, 1991; Pantev & Lütkenhöner, 2000).  

     In adults, the waveform of AER consists of both positive and negative auditory responses 

(Ponton, et al., 2000), and it is typically referred to in literature as P50-N100-P200-N250 complex. 

The positive peak evoked around 20-50 ms (P50) after stimulus onset most likely originates from 

Heschl’s gyrus (Liégeois-Chauvel, Giraud, Badier, Marquis, & Chauvel, 2001). This peak is 

followed by a strong negative activation at around 100 ms after stimuli onset (N100). N100 peak is 

the most prominent of the later cortical auditory responses in adults, and it is often divided into 

three sub-components based on the specific cortical sources that generate the activation (Näätänen 

& Picton, 1987).  However, it is suggested that the major contribution to N100 activation arises 

mainly in the area based in the superior temporal cortex posterior to primary auditory areas 

(Liégeois-Chauvel et al., 1991). The source of N100 is located more posteriorly in the left than the 

right hemisphere (Kaukoranta, Hari, & Lounasmaa, 1987) and this is most likely due to the 

asymmetric anatomical structure of the planum temporale (Galaburda, Sanides, & Geschwind, 

1978; Geschwind & Levitsky, 1968). Further, the N100 activation is sensitive to inter-stimulus 

interval (ISI) (Hari, 1987), stimulus frequency and intensity (Csépe, 1995). After N100, at a post-

stimulus latency of around 175-200 ms (P200) a strong positive peak  occurs, generated in the 

Hecshl’s gyrus anterior to the generator of component N1 (Hari, 1987; Lütkenhöner & Steinsträter, 

1998). Finally, P200 is sometimes followed by a weak negative deflection (N250) at latency of 220-

270 ms (Cunningham, Nicol, & Zecker, 2000; Takeshita et al., 2002). 

     The morphology of the AERs is known to change considerably across childhood and 

adolescence before it reaches the adult type activation sequences (Ceponiene et al., 1998; 

Courchesne, 1990; Ponton et al., 2000; Sharma et al., 1997). In comparison to adults’ activation 

sequence, the waveform of infants and children is typically biphasic and increases in complexity 
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with age (Korpilahti, 1994; Kurtzberg, Vaughan, Kreuzer, & Fliegler, 1995; for review see 

Wunderlich & Cone-Wesson, 2006). In neonates and young infants, the most prominent features of 

the auditory evoked potentials are a large positive deflection at around 200 after stimulus onset, 

which is followed by a large negative deflection at around 300-550 ms (see e.g. Kurtzberg, Hitpert, 

Kreuzer, & Vaughan, 1984; Little, Thomas, & Letterman, 1999). In older children, the most 

prominent and repeatedly reported feature is the broad negative deflection at around 250 ms (N250) 

- (Albrecht, Suchodoletz, & Uwer, 2000; Ceponiene et al., 1998; Sharma et al., 1997; Takeshita et 

al., 2002; Parviainen, Helenius, Poskiparta, Niemi, & Salmelin, 2011) a response that is only rarely 

reported in adults (Cunningham et al., 2000; Takeshita et al., 2002). The waveform changes 

considerably over a span of years and the early components P50 and N100 start to emerge more 

frequently in the component structure. The P50 activation has been reliably evoked in children aged 

5-7 years old (Cunningham et al., 2000; Ponton et al., 2000; Sharma et al., 1997), whereas the N100 

component shows longer-lasting maturational progress in emergence (Cunningham et al., 2000). 

Most reliably it is detected from around 9 years of age onwards (Ceponiene, Rinne, & Näätänen, 

2002; Kraus et al., 1993; Ponton et al., 2000), but with longer inter-stimulus intervals the N100 

component may also be detected in younger children (Takeshita et al., 2002; Rojas, Walker, 

Sheeder, Teale, & Reite, 1998; Sharma et al., 1997), even at the age of 3-5 (Paetau, Ahonen, 

Salonen, & Sams, 1995).  

     The maturation process is not only evident by the emergence of new components, but also by 

changes in peak amplitudes and latencies. There is general agreement that latencies of the 

components decrease with age and become adult-like in adolescence (see e.g. Cunningham et al., 

2000; Johnstone, Barry, Anderson, & Coyle, 1996; Kraus et al., 1993; Ponton et al., 2000). 

However, the results concerning maturational changes in amplitude are somewhat contradictory. 

The amplitudes of P50 and N250 components are suggested to decrease linearly with age 

(Cunningham et al., 2000; Takeshita et al., 2002), yet some studies propose that amplitude of N250 

first increases up to around the age of 10 and decreases only thereafter (Ceponiene et al., 2002; 

Ponton et al. 2000). Cunningham et al. (2000) suggested that the amplitude of N100 activation 

increases with age; however some studies reported missing correlation between N100 amplitude 

and age (Fuchigami, Okubo, Fujita, & Okuni, 1993; Ponton et al., 2000). And finally when it  

comes to P200, both decrease (Ponton et al., 2000) and increase (Johnstone et al. 1996) of 

amplitude with age have been reported as well as missing difference between amplitudes of adults 

and children (Ceponiene et al., 2002). The inconsistences in results might be partly due to the 

differences in stimuli as well as the age and number of subjects used in the mentioned studies.  
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     Maturational changes in latency and amplitude are suggested to reflect reorganization of cortical 

generators and development of more effective network structures (Wunderlich & Cone-Wesson, 

2006). The automaticity and velocity in information processing increases as a result of increases in 

the diameter and myelination of axons (Aboitiz, Scheibel, Fisher, & Zaidel, 1992) and synaptic 

pruning (Huttenlocher & Dabholkar, 1997). These maturational processes occur during the first two 

decades of human life (Benes, Turtle, Khan, & Farol, 1994; Yakolev & Lecours, 1967).  While the 

neural structures mature, the morphology of auditory evoked responses in MEG/EEG also changes, 

before finally reaching the adult-like waveform (Courchesne 1990; Cunningham et al., 2000; 

Ponton et al., 2000; Wunderlich & Cone-Wesson, 2006). Because of the complex maturational 

changes in the response morphology, it is not yet clear which components in children correspond to 

those components detected in adults. The maturation of P50 to its final form seems rather 

straightforward; however, the relationship between childlike N250 and the adults’ N100 responses 

is still controversial (see e.g. Kurtzberg et al., 1995; Korpilahti, 1994; but also Csépe, 1995; 

Parviainen et al., 2011).  

     Research into the development of cortical evoked responses in the auditory areas has been 

extensive. In spite of this, there are no such studies that use monaural stimulation to both ears while 

examining both hemispheres in children. Therefore there is no evidence of whether children have 

similar preferences to contralateral ear stimuli as adults. However, some MEG studies have reported 

differences between the hemispheres in the event-related responses. Parviainen et al. (2011) studied 

7-8 years old children and found that the N1 component has emerged in the majority of subjects in 

the right hemisphere, but only in few children in the left hemisphere by the age of 8. There is also a 

study suggesting that the rhythmic activity in 4-6 years old children’s differs between hemispheres 

(Fujioka & Ross, 2008). When different age groups are compared it seems that latencies are longer 

(Paetau et al., 1995) and decreases slower (Kotecha et al., 2009) in the left hemisphere compared to 

those detected in the right hemisphere.  

 

 

Aims of this study 

 

 

The aim of this study is to gain deeper understanding of the maturation of the functional properties 

of human auditory cortices. We have three main questions in our study. First, we aim to 

characterize the maturational changes in the sequence of auditory cortical activation in typically 
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developed children aged between 6 and 13 years using adults as control subjects. Even though much 

is learned of maturation of the AERs, the overall picture of maturational changes in auditory 

cortical activation is still scattered. In our study we want to find out how the auditory cortical 

activation differs between children and adults and how it changes with age. Second, we investigate 

whether the prominent ipsi/contra effect detected in adults can also be found in children. It has been 

shown that in adults contralateral stimulation evokes stronger peak amplitudes and shorter peak 

latencies than ipsilateral stimulation in both hemispheres (see e.g. Mäkelä, 1993); however, this 

functional feature is not yet studied in children. Third, we explored the hemispheric differences in 

the maturation in the processing of auditory information. As mentioned earlier some studies have 

found indications (Kotecha et al., 2009; Parviainen et al., 2011) that the left and right hemisphere 

differ in their functional development in children, and subsequently, we wanted to investigate both 

hemispheres systematically controlling the possible effect on stimulated ears. MEG has proved to 

be suitable for studying functional characteristics of human auditory cortices due to its excellent 

temporal and spatial resolution. Particularly, whole-head MEG is adequate for studying hemispheric 

differences because signals in both hemispheres can be recorded simultaneously and ear selective 

information can be obtained.   

 

 

MATERIAL AND METHODS 

 

 

Subjects 

 

 

Thirty-seven children and eleven adults participated in this study. Child participants were recruited 

from schools in the Oxford area in the UK. School personnel distributed an information pamphlet of 

the research project to pupils’ parents, and parents who wanted their children to participate in the 

study contacted the research team. Adult participants were students from the University of Oxford, 

recruited via a mailing list. Participants were required to speak English as their mother tongue, be 

right-handed, and have normal hearing and no history of neurological disease. Because MEG 

systems measure weak magnetic fields generated in the brain, all moving magnetic particles in the 

body might disrupt the measurement. Therefore subjects with magnetic items in their head or close 
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to it were not included in to the study. One participant was excluded due to disrupted data. For the 

final analysis there were 36 children (aged 6-13.5 years, 20 females) and 11 adults (aged 19-26 

years, six females). Children were divided into 3 subgroups by age: in group A children between 6 

and 7.5 years (n = 13, two females), in group B children between 9 and 10.5 years (n = 11, six 

females) and in group C children between 12 and 13.5 years (n = 12, eight females).  An informed 

consent form was collected from all adults prior to testing and, in the case of children, from their 

parents. Participants were reimbursed for the expenses incurred by their participation. All 

participants attended two separate research sessions, which took place at the Oxford Centre for 

Human Brain Activity (OHBA) at the Warneford Hospital in Oxford. During the first session 

subjects were tested behaviourally (see below). During the second session an MEG measurement 

was performed. Reported study is a part of a larger research project of speech perception in the 

developing brain. The entire research protocol comprised of three separate sessions designed to test 

semantic processing (‘words paradigm’), phonological processing (‘syllable paradigm’) and 

auditory processing (‘pure tones paradigm’). In this thesis, the pure tones paradigm is presented. 

The Academy of Finland founded the study and it was approved by the Central University Research 

Ethics committee, University of Oxford. 

 

 

Behavioural tests 

 

 

All participants were tested with a neuropsychological test battery that was designed to test 

linguistic and non-linguistic skills, reading related skills and verbal short-term memory. Two 

subtests (Vocabulary and Matrix Reasoning) of a short-form administration of WISC-III (Wechsler, 

1974) were used to estimate linguistic and non-linguistic performance profiles of the subjects. The 

Test of Word Reading Efficiency (Towre) (Torgesen et al. 1999) was used to test the ability to 

sound out words quickly and accurately, and the ability to recognize familiar words as whole units. 

Towre is generally used as an indicator for dyslexia and other language related disorders. The 

present behavioural test battery confirmed that all children and adults had typical linguistic and non-

linguistic abilities and they did not have any language related problems. 
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MEG recordings and stimuli 

 

 

During the measurement, the participants sat in a magnetically shielded room under a whole-head 

neuromagnetometer helmet. The magnetic signals were recorded with the VectorViewTM system 

(Elekta Neuromag, Helsinki, Finland), which measures the magnetic field distribution with 306 

sensors. Sensors are distributed to 122 locations, where triple-sensors elements consist of two 

orthogonally oriented planar gradiometers and one magnetometer. A magnetometer is a simple loop 

that is sensitive to source currents that surround the loop, while planar gradiometer detect the 

maximum signal directly above an active brain area and is less distracted by external interference 

(Hari et al., 2010). The position of each subject’s head in the MEG helmet was defined by using 

four head position indicator (HPI) coils attached to the scalp (Ahlfors & Ilmoniemi, 1989; Fuchs, 

Wischmann, Wagner, & Kruger, 1995). Before the measurement their locations were measured with 

the Polhemus Fastrak ® digitizer (Colchester, VT, USA). Three anatomical landmarks (nasion, left 

and right pre-auricular reference points) were also digitized to define head-based MEG coordinate 

system where the x-axis passes through the pre-auricular points from left to right, the y-axis passes 

through the nasion perpendicular to the x-axis, and the z-axis points upwards. To determine the 

location of the HPI coils in the MEG helmet, the coils were briefly activated at the beginning of the 

recordings. Using the HPI coils, it is also possible to follow the changes in head location during the 

entire measurement. The continuous head position tracking (cHPI) was used mostly with young 

children to compensate for effects of the head movements on the MEG data (Taulu, Simola, & 

Kajola, 2004). Further, horizontal and vertical eye movements (electro-oculogram) were recorded to 

detect eye movements and blinks. 

     We instructed the participants to sit still and watch silent cartoons without paying special 

attention to the sound stimuli. Stimuli were 1 kilohertz pure tones created in Adobe Audition 1.5 

and controlled with the Presentation program (Neurobehavioral System Inc., San Fransisco, CA). 

Tones were presented monaurally to the left and right ears, alternately between the ears via inserted 

earphones. The inter-stimulus interval (ISI) was randomized between 0.8 and 1.2 ms. The duration 

of each tone was 50 ms with 15 ms rise and fall time. The individual auditory threshold was 

obtained for each subject to ensure that all subjects had normal hearing and during the MEG 

recordings the tones were presented 65 dB above hearing level.  

     The MEG signals were bandpass filtered at 0.03- .330 Hz and sampled at 600 Hz. The MEG data 

were averaged off-line from -0.2 s before and 0.8 s after each stimulus onset. Eye blinks and 

horizontal eye-movements cause disruptions to the recordings and therefore, the epochs 
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contaminated by eye movements were excluded. Further, only gradiometers were used as 

magnetometers are more sensitive to external noise. On average 105 (minimum 60) artifact-free 

trials per category were gathered from each subject. The signal separation (SSS) method (Taulu, 

2005b) was applied to improve data quality by suppression of interfering signals outside of the 

MEG sensor array. If cHPI was used, SSS was applied with movement compensation (Taulu, 

2005a). The temporal extension of SSS, tSSS (Taulu & Simola, 2006) was applied when artifacts 

could not be removed sufficiently well with SSS. Prior to further analysis, the averaged MEG 

responses were baseline corrected from -200 ms interval immediately preceding the stimuli onset, 

and low-pass filtered at 40 Hz. As the cardiac artifacts may be considerably stronger in children due 

to the short distance from the heart to the sensor array, and we visually inspected the raw data to 

enable the removal of clearly detectable cardiac signals. Data of three children was averaged with 

respect to cardiac artifact (QRS-complex) and Principal component analysis (PCA) was applied to 

this “cardiac evoked field” (Uusitalo & Ilmoniemi, 1997). These components were removed from 

the AEF data.  

 

 

ECD analysis 

 

 

The brain responses were evaluated for each subject’s left and right cerebral hemispheres with both 

left and right ear stimulation. We localized activated brain areas in each individual using Equivalent 

Current Dipoles (ECD) (Hämäläinen et al., 1993). An ECD represents the center of activation, and 

the mean strength and orientation of electric current in that brain area. The magnetic field patterns 

were visually inspected to identify dipolar field patterns, and the ECDs were identified individually 

at those time points where each field was most distinctive. For determining individual ECDs, we 

used a channel selection, which covered optimally the pattern of activation separately in both left 

and right hemisphere. After finding acceptable ECD’s, these were employed simultaneously in a 

multidipole model in order to explain the full time course of activation. We defined the dipolar 

fields in fixed locations and orientations, whereas amplitudes were enabled to fluctuate. This was 

done to achieve the account of signals recorded by all sensors over the entire averaging interval. We 

used a common set of ECDs that had the best fit to the data in both conditions (i.e. the left and right 

ear stimulation). This set was selected from dipoles that were identified in the analysis of either the 

left or right hemisphere. Due to the use of a common set of ECDs for both conditions, in each 
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individual subject we were directly able to compare the time behavior of activation in selected brain 

areas between left and right ear stimulation. However, we used a separate model for each condition 

in four children as common dipole set did not fit sufficiently.  

     We detected the strongest activations at two different time windows; at around 50-120 ms and 

150-350 ms post stimulus. When examining the activation across individuals, in the early time 

window we detected two types of ECDs, with oppositely directed currents: superiorly and 

anteriorly, so as to say an upward directed current (similar to the direction of the current flow in 

adult-like P50m cf. Mäkelä, Hämäläinen, Hari, & McEvoy, 1994) and inferiorly and posteriorly, or 

a downward directed current (similar to the direction of the current flow in adult-like N100m, cf. 

Parviainen,  Helenius, & Salmelin, 2005). In the later time window, we detected inferiorly and 

posteriorly directed current. On the basis of direction and timing of the responses, we name them 

onwards as upward100 (superior-anterior direction, maximum activation at around 100 ms), 

downward100 (superior-anterior direction, maximum at around 100 ms) and downward250 

(superior-anterior direction, maximum at around 250 ms).  

 

 

Statistical analysis 

 

 

We performed statistical analysis separately in two different time windows and for three different 

response types. Most of the participants had the upward100 or/and downward100 currents in the 

first time window at 50-120 ms after the onset of each stimulus, and all child participants had 

downward250 in the second time window at 150-350ms after the onset of each stimulus. For the 

transient responses in the early time window, we estimated the strength and timing of activation by 

collecting the maximum amplitude and the time point when the waveform reached this value (peak 

amplitude and peak latency) to both response types. To better characterize the latter and more 

sustained response, we measured the time points when the waveform reached half of the peak 

amplitude in the ascending and descending slopes to determine the mean amplitude and the duration 

of this response between these time-points.  

     To analyze these measures of upward100, downward100 and downward250 activation we 

performed a repeated measure of analyses of variance (ANOVA) with hemisphere (based on the 

number of subject, we chose left hemisphere in upward100, right hemisphere in downward100, and 

left and right hemispheres in downward250) and ear (left and right) as within-subject factors and 
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group (A, B and C in upward100 and downward250; B, C and D in downward100) as between-

subjects factor (see table 1 for number of subjects that have upward100, downward100 and 

downward250 response types in each age group). The pair wise comparisons were conducted with 

Post-hoc test using Bonferroni correction. According to the Mauchly´s Test of Sphericity the 

assumption of sphericity was violated and we used correctional adjustment of Greenhouse-Geisser 

to produce more valid results. The normality of data was tested using the Shapiro-Wilk test. 

Assumption of normality was met in most of the variables and Levene’s test of equality of error 

variance indicated that groups have the same variance with few exceptions. Small violations of the 

expectations from the assumptions do not weaken the reliability of results from analyses of variance 

(Nummenmaa, 2009). However, the sample size in each age group was relatively small and the 

statistical results are therefore only approximate. The threshold of statistical significance for 

difference was set at p < .05. 

 

 

RESULTS 

 

 

The aim of this study was to untangle the developmental changes in the overall sequence of 

activation as a response to the left and right ear pure tone stimulation. Furthermore, we wanted to 

find out whether children have greater activity in the hemisphere contralateral to the ear of 

stimulation as do adults (see e.g. Mäkelä, 1993). Finally, we asked whether children show 

hemispheric differences in the maturation of functional properties of the auditory system.  

  

 

Field patterns and source waveforms 

 

 

Figure 1 shows the averaged signals measured by one planar gradiometer sensor of the MEG 

helmet. The signals are averaged over subjects in each age group. The responses are strongest over 

the left and right temporal areas. In adults, the strongest transient peak was evoked at around 100 

ms after the onset of the stimuli on both hemispheres. Preceding this peak, we detected a weaker 

response at around 50 ms. In children, the most prominent deflection was detected significantly 
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later at around 250 ms in both left and right hemispheres. This deflection was typically preceded by 

a transient peak at a post-stimulus latency around 100 ms. 

 
Table 1. Number of subjects in each group who have upward100, downward100 and downward 250 to both left and 

right ear stimulation in both hemisphere and in left and right hemisphere.  

 

Response type 
Group A 
(n = 13) 

Group B 
(n = 11) 

Group C 
(n = 12) 

Group D 
(n = 11) Total 

Upward100      

LH 10 8 8 0 26 
RH 10 4 4 0 18 

Downward100      

LH 0 3 2 11 16 
RH 0 6 6 11 23 

Downward250      

LH 12 11 11 0 34 
RH 12 11 11 0 34 

          Abbreviations: LH, left hemisphere; RH, right hemisphere. 

 

     Figure 2 displays sequence of activation in one subject from each age group revealed by source 

analysis. These sources were the most typical across each age group. In adults, the strongest 

activation at a post-stimulus latency around 100 ms was directed inferiorly and posteriorly and it 

was typically evoked in similar way for ipsi- and contralateral stimulation in both hemispheres. In 

children, the source analysis revealed three different components that diverged from each other in 

timing and direction of current flow. We distinguished in children two separate time windows based 

on the source waveform described above. In these time windows we used separate ECDs to 

characterize the early and late components. In the early time window at 50-120 ms we detected two 

types of current flows: a current flow that was directed superiorly and anteriorly i.e. upward100 and 

a current flow that had the opposite direction and was directed inferiorly and posteriorly i.e. 

downward100. The early component was followed by a current flow that had inferior-posterior 

direction in the later time window at 150-400 ms i.e. downward250. The late downward250 

activation was most systematic across children and it was evident in both hemispheres after 

stimulation of both ears in all children except one child in group A, who had later component only 

in the right hemisphere. The early activation, reflecting both upward and downward directed 

components, was found in 32 children (89%) in either both hemispheres or in left or right 

hemisphere after both ipsi- and contralateral ear stimulation. Typically each child had either 

upward100 or downward100 activation in each hemisphere (only one child in group B and one in  



14 
 

 
Figure 1. Grand-average evoked responses detected by MEG channel pairs that optimally cover activated areas after 

pure tone stimulus. Responses are calculated over individual subjects in each age group. A. The MEG helmet is viewed 

from above and nose pointing upward. B. Enlarged figures of the strongest signals detected in the left and right 

temporal areas after left and right ear stimulation.   
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group C had both components in left and right hemisphere but only after left ear stimulation). 

However, our data showed apparent hemispheric asymmetry in occurrence of the early components. 

Upward100 activation, which was the more commonly found early component in children, was 

bilaterally visible in most of the children in group A and in few older children (evoked by 

stimulation of both ipsi and contralateral ear). In group B and C upward100 component was more 

often found in the left than in the right hemisphere. Further, the downward100 component was 

found only in children in group B and C. It was found bilaterally in five children, but in contrast to 

upward100, downward100 was more often found on the right hemisphere. Figure 3 shows the  

 

 
 

Figure 2. Dipolar magnetic field patterns after contralateral ear stimulation at 100 ms and 250 ms in the left and right 

hemisphere. Green arrows indicate the corresponding locations of the current dipoles. One subject that represented the 

most typical activation pattern at the age group was selected to the figure. Blue lines indicate magnetic flux into the 

head and red lines indicate magnetic flux out of the head, respectively. See Appendix 1 for both ipsi- and contralateral 

ear stimulation. 
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proportion of subjects in each age group showing downward or upward current at 100 ms. In adults, 

the field patterns reflected an inferiorly and posteriorly (downward100) directed current flow in 

contrast to the youngest children (group A) who showed the opposite current direction (upward100) 

in both hemispheres. At this time-window older children (group B and C) typically showed adult-

like responses (downward100) in the right hemisphere and child-like response (upward100) in the 

left hemisphere. In all children, the early current was followed by strong inferiorly and posteriorly 

directed current (downward250) in both hemispheres. 

 

 

  
Figure 3. The proposition of subjects in each age group showing downward100 and upward100 current at 100 ms.  

Note. Only children with responses in each hemisphere both for contralateral and ipsilateral ear stimulation are included 

in the table.   

 

 

50-120 ms time window 

 

 

As the majority of children had upward100 type of activation only in the left hemisphere, and only 

few children had this activation type in the right hemisphere (See Table 1), we performed repeated 

measures ANOVA only for the left side. There was statistically significant effects on the ear in 

amplitude (F (7.276) = 1,23  p = .013), which indicates that right ear stimulation (M = 31.269, SD = 
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2.293) evoked stronger responses than the left ear (M 25.983, SD 1.809). We also detected a 

significant interaction between ear and group (F (4.418) = 2,23  p = .024), implying that left and 

right ear stimulations evoked different responses in different groups. Pairwise comparison revealed 

that the contralateral ear stimulation evoked stronger response in the left hemisphere in group A (p 

= .021) and B (p = .045) but same effect was not visible in the group of oldest children (p = .286) 

(See Table 2 for M and SD). 

 
Table 2. Strength and timing of upward100, downward100 and downword250 responses (mean ±SD) in both 

hemispheres.  

 
Note: M and SD are calculated over subjects that had the response types in the left and/or right hemisphere after both 

ear stimulation (see table 1).  

 

     In comparison to upward100, in downward100 the group size was larger in the right hemisphere 

(see Table 1), and therefore we performed the repeated measure ANOVA only for this side. Left ear 

stimulation evoked stronger response (M = 32.99, SD = 16.64) and shorter response latency (M = 

100.39, SD = 12.13) than right ear stimulation (amp M = 26.64, SD = 12.97; lat M = 105.42, SD = 

12.14) in the right hemisphere (amplitude: F (10.691) = 1,20 p = .004, latency: F (9.483) = 1,20 p = 

.006). Even though there was not significant interaction between ear and group we tested the ear-

by-hemisphere interaction separately in each age group as we did for upward100 in the left 
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hemisphere. Pairwise comparison indicated that in group D amplitude was significantly stronger (p 

= .001) and latency was shorter (p = .002) after contralateral left ear stimulation. There were no 

statistically significant differences between ipsi- and contralateral stimulation in the child groups. 

Further, groups differed in latency (F (15.557) = 2,20 p = .000). Adults (group D) had significantly 

shorter latencies than children in group B (p = .000) and C (p = .002) when groups were tested 

pairwise. However, difference between group B and C was not significant. 

 

 

150-300 ms time window 
 

 

In the later time window we detected downward250 activation in all 36 children in both 

hemispheres. There was a significant interaction between ear and hemisphere in amplitude 

(amplitude: F(14.231) = 1,31 p = .001, mean amplitude: F(12.019) = 1,31 p = .002), indicating that 

left and right ear have different response strengths in the hemispheres. The interaction between ear 

and group approached significance in amplitude (F(2.854) = 2,31 p = .073) and duration (F(2.645) 

= 2,31 p = .087) suggested that ears might have different effects between groups. 

     In the left hemisphere, there was a statistically significant main effect of ear in amplitude (peak 

amplitude: F(16.301) = 1,31 p = .000, mean amplitude: F(13.817) = 1,31  p = .001). The  

contralateral ear stimulation (peak amplitude: M = 37.78, SD = 1.88, mean amplitude: M = 28.59, 

SD = 1.41) evoked stronger response than ipsilateral ear stimulation (amplitude: M = 30.52, SD = 

1.62, mean amplitude: M = 23.18, SD = 1.29). Even though there was a statistically significant main 

effect of group in downward250 activation in amplitude (peak amplitude: F(3.346) = 2,31 p = .048, 

mean amplitude: F(3.456) = 2,31 p = .044) suggesting that groups differed from each other in 

strength of activation, this effect was not visible in pairwise comparison between groups. However, 

when groups where tested separately using pairwise comparison to test ear-by-hemisphere in each 

group, group B showed significantly stronger amplitude (amplitude: p = .002, mean amplitude: p = 

.002) and shorter duration (p = .026) for contralateral response. Also in group C, the amplitude was 

nearly significantly stronger (p = .069) after contralateral ear stimulation. In the right hemisphere, 

there was significant interaction between ear and group in strength of activation (amplitude: F(4.9)= 

1,32 p = .014, mean amplitude: F(4.046) = 2,32 p = .027). Separate paired comparison test for each 

age group indicated that contralateral ear stimulation was stronger only in group B (p = .012) 

compared to ipsilateral stimulation (see Table 2 for M and SD). 
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Figure 4. Mean strength (+SD) of activation after contra- and ipsilateral ear stimulation for the age groups in 
components upward100, downward100 and downward250. Significance level of *** p  < .001, ** p < .01 and * p < .05. 
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DISCUSSION 
 

 

The aim of this study was, first to characterize the sequence of auditory cortical activation in 

typically developing children aged between 6 and 13.5 years and in adults. Second, we wanted to 

investigate whether children show similar lateralization with respect to the side of stimulation as 

adults. Third, we examined hemispheric differences of maturation in functional properties of 

auditory system. We used monaurally represented pure tones as stimuli and we analyzed two 

components at ~100 ms (upward100 and downward100) and one component at ~250 ms 

(downward250).  

 

 

Development of overall sequence of activation  
 

 

Our results showed that the time course of neural activation differed evidently between children and 

adults. This is in line with earlier results concerning the immature features in the auditory responses 

of children (Albrecht et al., 2000; Ceponiene et al., 1998; Sharma et al., 1997; Takeshita et al., 

2002; Parviainen et al., 2011). In adults, the strongest peak occurred at a post-stimulus latency of 

around 100 ms. This peak is the most studied component in adults auditory response and it often is 

referred as N100 (EEG) or N100m/M100 (MEG) (see e.g. Salmelin et al, 1999; Parviainen et al, 

2011; Ponton et al., 2000). In contrast with adults, the most prominent activation in children was 

detected significantly later, at 200-500 ms (N250), which is a generally reported finding in the 

previous MEG and EEG studies (see e.g. Albrecht et al., 2000; Ceponiene et al., 1998; Takeshita et 

al., 2002; Parviainen, et al., 2011). However, research results related to maturational changes in 

N250 are somewhat diverging as some suggest that the amplitude and latency decreases linearly 

with age (Albrecht et al., 2000; Ceponiene et al., 2002; Cunningham et al., 2000; Takeshita et al., 

2002), and other studies have reported increase of latency and amplitude up to late childhood and 

decrease only thereafter (Ceponiene et al., 2002; Ponton et al., 2000). We found no statistically 

significant difference between age groups either on strength or timing, implying that the 

maturational course of changes in N250 are not as systematic as generally proposed. Our data 

indicated that N250 activation is clearly present still at the age of thirteen years, yet it is barely 

visible in adults. It is likely that the varying results concerning maturational course of this 

component are a consequence of methodological differences between studies. One possible 
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explanation for the strong long-lasting deflection at the age of thirteen in our study could be the 

passive experimental design and the use of pure tone stimuli. Mental inactivity has been linked to 

enhanced oscillatory activation (Pfurtscheller, Stancak, & Neuper, 1996). Some studies of rhythmic 

activation involved in auditory stimulus processing have indicated that the generators of these 

rhythmic processes have not reached functional maturity by the age of 12 years (Yordanova & 

Kolev, 1996; Krause, Salminen, Sillanmäki, & Holopainen, 2001).  It is possible that the long-

lasting late activation reflects stronger oscillatory activation in children, which has been suggested 

to play an important role in integrating and transmitting information between multiple cortical 

regions (Varela, Lachaux, Rodriguez, & Martinerie, 2001). Thus, one could speculate that in a 

passive experiment, the immature brain utilizes broader neural networks than an adult brain.      

     In children, a smaller deflection of opposite direction is often preceding the N250 activation at 

latency around 100 ms (P50) (Albrecht et al., 2000; Ceponiene et al., 1998; Cunningham et al., 

2000; Sharma et al., 1997; Paul, Bott, Heim, Eulitz, & Elbert, 2006). Some studies have 

additionally documented a small peak similar to adult N100 component at 100-150 ms (Ceponiene 

et al., 1998; Cunningham et al., 2000; Sharma et al., 1997). In the present study we found two types 

of peaks at this time window that had different underlying generators with opposite direction of 

current flow: superiorly and anteriorly directed upward100 current and inferiorly and posteriorly 

directed downward100 current. 

     All the youngest children aged between 6 and 7.5 years had the upward100 activation in the 

early time-window in contrast to adults who had downward100 component at these latencies. 

Adults also showed responses with the same direction as upward100 but it was much smaller and 

earlier with latency of 50 ms. In our data downward100 component emerged at the age of 9-10.5 

years, and 9-13.5 year old children had either upward or downward100 activation in the early time-

window. Some of the children showed both of these components. Adults’ downward100 component 

had significantly stronger amplitude and shorter latency than children’s corresponding component. 

Although there was no statistically significant difference between 9-10.5 years old and 12-13.5 

years old children, the changes in latency and amplitude were in line with the maturational process 

of N1 described by other authors (Albrecht et al., 2000; Ponton et al., 2000; Sharma et al., 1997).  

     According to our results and earlier reports, the emphasis of neural activation seems to shift 

earlier with age. The correspondence between adults’ and children’s responses has been speculated 

and some authors have suggested that N250 is delayed and longer-lasting version of the N100 

response in children (Kurtzberg et al., 1995; Korpilahti, 1994). According to our results, this seems 

however, unlikely as some individuals had both downward 100 and downward250 activation in the 

same hemisphere proposing that these two components reflect different processes. This conclusion 
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is also supported by the findings that N250 is neither dependent on stimulus frequency, intensity 

nor ISI (Ceponiene et al., 1998; Csépe, 1995; Takeshita et al., 2002), whereas N1 shows stronger 

sensitivity to ISI in both adults (Hari, 1990) and children (Paetau, et al., 1995; 6 Rojas et al., 1998) 

and it is also dependent on both stimulus frequency and intensity (Csépe, 1995).  

     Regarding the neural development, it is still uncertain what latency prolongation of N100 and 

strong long-lasting response in children could reflect. It is likely that these changes in AEF/AEP 

morphology reflect maturation of underlying neural network i.e. ongoing myelinization in axons 

from deep to superficial cortical layers (Moore &Guan, 2001), synchronization of neural signaling 

and dendritic pruning (Huttenlocher & Dabholkar, 1997), that are still ongoing in developing brains  

(Eggermont, 1992). As the MEG and EEG signals reflect the electrical current flow in the apical 

dendrites of pyramidal cells (Hämäläinen et al., 1993) one can also speculate whether striking 

maturational changes in AEFs reflect change in emphasis in the interaction between excitatory and 

inhibitory postsynaptic processes postsynaptic in the primary auditory cortices. In rodents, the 

development of inhibitory frequency tuning lags relative to excitatory (Chang, Bao, Imaizumi,  

Schreiner, & Merzenich, 2005; Dorrn, Yuan, Barker, Schreiner, & Froemke, 2010 but see also Sun 

et al., 2010). Inhibitory postsynaptic processes are slightly delayed with respect to excitatory in 

young animals, resulting in a broader integration window (Oswald & Reyes, 2011). As auditory 

areas develop inhibitory postsynaptic potential rise, peak and decay times decrease and this 

increases the overlap between excitation and inhibition, and shortens the integration window. From 

this point of view, late responses in children (N250) could reflect still developing inhibition in the 

auditory areas, whereas adult’s strong peak at around 100 ms would reflect summation of inhibition 

and excitation. As it has been persuasively shown in animal studies, inhibition plays an important 

role in experience-dependent plasticity (Chang et al., 2005; Hensch et al., 1998; Kral, Hartmann, 

Tillein, Heid, & Klinke, 2001; Chang & Merzenich, 2003); it is thus, appealing to propose that 

immature state of auditory response morphology in the developing brain is related to inhibition and 

plasticity of auditory areas. Yet, because of remote knowledge of the development of inhibitory 

connections, and as studies are solely conducted in rodents interpretations concerning human 

auditory areas should be made with caution. Regardless of which neural processes eventually are 

behind the changes in morphology of the auditory evoked responses, it is likely that these changes 

result in higher automatization of information processing, and more effective neural networks 

(Albrecht et al., 2000). 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Ipsi- and contralateral responses 
 

 

In addition to the maturational changes in overall morphology, we found that contralateral ear 

stimulation evoked stronger response than ipsilateral stimulation in both hemispheres in both adults 

and children. Earlier studies of contralateral preference have reported this effect in both human 

adults (see e.g. Mäkelä, 1993) and in animals (Kelly & Judge, 1994; Mrsic-Flogel et al., 2006; 

Phillips  & Irvine, 1983) but this is the first study to report similar effect in children. In juvenile 

ferrets, both ipsi- and contralateral ear stimulation evoke equally strong responses in the right and 

left hemispheres (Mrsic‐Flogel et al., 2006). Contralateral preference starts to emerge at the age of 

49-51 days due to increase of contralateral signals, implying that this is not an innate feature of 

auditory system in rodents. It is not easy to conclude from animal studies at which age these 

differences between ipsi- and contralateral ear stimulation could emerge in human auditory cortices, 

yet our results imply that the contralateral dominance has emerged by at least the age of 6 years in 

humans.   

     However, timing of these processes in children differs compared with latencies reported in 

adults. In adults, the ipsi-contralateral differences during monaural listening have mainly been 

detected at around 100 ms (see e.g. Mäkelä, 1993) and, indeed, in our study, the adult-like response 

type (N100m), with downward current, is stronger and earlier after contralateral ear stimulation in 

the right hemisphere in both adults and children. This difference did not reach statistical 

significance in children when groups where tested separately, probably due to the small number of 

subjects in each group. In addition to this, in the immature response type (P50m), with upward 

current, the contralateral ear stimulation evoked stronger activation than ipsilateral in children aged 

between 6 and 10.5 years in the left hemisphere. Further, in the later time window, the contralateral 

preference was clearly visible in all children in the left hemisphere, whereas only 9-10.5 years old 

children showed preference to contralateral ear stimulation in the right hemisphere at this time 

window.  

     These findings imply that in the fully developed auditory system the processing of ipsi- vs. 

contralateral signals might be functionally relevant at around 100 ms, whereas in immature brain 

the neural processing shows broader variations in its timing. It is possible that as the emphasis of 

the time course of neural activation in general shifts earlier with age, likewise the contralateral 

dominance takes place at earlier latencies. Thus, contralateral dominance in the response at around 

250 ms would reflect the immature state of underlying auditory pathways. This could also explain 

why activation in the later time-window the right hemisphere does not have contralateral preference 
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as clearly as the left hemisphere. One could hypothesize that in the right hemisphere, the preference 

has already been shifted to earlier latencies due to development of neural processes. However, in 

the left hemisphere, the activation around 250 ms showed strong contralateral preference indicating 

that the neural circuits regarding the preference to contralateral ear stimulation have not developed 

to same extend in the left side as in the right.  

 
 

Asymmetry of functional development of AEF 
 

 

Our data also shows that there is an imbalance in the development level of left and right auditory 

cortices. This is visible in the maturational changes in source orientation. In our results as well as in 

earlier studies (Bonte, 2004; Parviainen, et al., 2011; Salmelin et al., 1999) adults showed 

symmetric and stable neural activation in the left and right hemispheres after simple auditory 

stimuli. Interestingly, according to our results and some earlier MEG studies (Fujioka & Ross, 

2008; Kotecha, et al., 2009; Paetau, et al., 1995) the neural activation in the left and right 

hemisphere seems to be rather asymmetric in childhood.  We detected in our data major differences 

between the hemispheres at about 100-150 ms in children aged 9 onwards. As the children aged 6-

7.5 years had in both hemispheres upward100 (P50/P1) type of sources, older children had mostly 

upward100 in the left hemisphere and mostly downward100 (N100) in the right hemisphere. It has 

been convincingly indicated that N1 emerges at school aged children (Ceponiene et al., 2002; Kraus 

et al., 1993; Ponton et al., 2000), but in these previous EEG studies, it has not been possible to 

examine the emergence of N1 response at individual child's level nor the possible differences 

between hemispheres. Indeed, our data shows that adult like N100 component emerges at the age of 

9 in the right hemisphere. However, in the left hemisphere, P50 type of source was more dominant 

still in the oldest children of our study and the N100 component had emerged only in few children 

in this hemisphere. Parvianen et al (2011) reported a similar result in 8 year old children using 

monaural stimuli to the right ear, whereas we used monaural stimulation to both left and right ears 

alternatingly. Thus, our result validates the suggestion that the hemispheric differences observed in 

these studies reflect well hemispheric asymmetry in development of auditory activation patterns. 

Other MEG studies have also reported differences between the left and right hemisphere processes 

in children (Fujioka & Ross, 2008; Kotecha, et al., 2009; Paetau, et al., 1995). According to Paetau 

et al. (1995) P1 latencies were longer in the left than right hemisphere and Kotecha et al. (2009) 
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reported that latencies decreased slower in the left than in the right hemisphere. According to 

Fujioka and Ross (2008) alpha activity is larger and longer-lasting in the left auditory cortices 

compared to right hemisphere in 4-6 years old children. Findings in studies of the structural 

development in the auditory areas offer further support to the faster maturation of the right 

hemisphere. Former postmortem (Chi et al., 1977) and recent DTI-study (Dubois et al., 2008) 

indicate that the left hemisphere might show a lag in development of gyral complexity. 

     It can be speculated – considering the lateralization of auditory functions in the brain (Binder, 

Frost, Hammeke, Rao, & Cox, 1996; Zatorre, Evans, Meyer, & Gjedde, 1992) – that the 

maturational lag in the left hemisphere is connected to language development. It is known that both 

hemispheres are involved in the speech perception (for review, see Hickok & Poeppel, 2007) 

however, it has also been demonstrated that left hemisphere is more dominant in phonological and 

lexical-processes (Ni et al., 2000, Rissman, Eliassen, & Blumstein, 2003). The more immature state 

of the left hemisphere compared to the right hemisphere could reflect the demands imposed on the 

left hemisphere by the processing of spoken language. There is evidence for the importance of 

environmental input in auditory and language perception (Chang & Merzenich 2003; Peck, 1995; 

Stiles, 2000). Thus, in humans language plays a crucial role in everyday life and it is possible that 

the left hemisphere holds on to the more plastic state to enable better adaptation to the linguistic 

environment surrounding us. However, it is important to keep in mind that we used pure tones as 

stimuli in our study and, therefore, the results are not to be unambiguously generalized to auditory 

speech processing. 

 

 

Evaluation of the study and conclusions  
 
 

The maturation of auditory evoked responses in childhood is relatively broadly studied; however 

this is the first study to our knowledge to investigate both left and right hemisphere and the effect 

on stimulated ears in children in the same study. Thus, this is only study to examine whether 

children show similar contralateral preference as has been observed in adults (see e.g. Mäkelä, 

1993). Further, the whole-head MEG allows separate measuring of individual hemispheres with 

high sensitivity, and excellent temporal resolution. This makes it possible to determine the timing of 

activation in each hemisphere accurately. Thus, we were able to reliably study possible differences 

between hemispheres in the basic response properties.   
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     However, when making any generalizations based on this study, it is important to take into 

consideration that the assumptions for used statistical test were only partly met. Especially the small 

number of subjects in each age group might weaken the reliability of statistical test results. In 

future, it is important to study larger number of subjects in each age group to enable more confident 

conclusions regarding developmental changes in auditory functions. Additionally, participants in 

this study were 6-13.5 year old children and adults. It would be interesting to include children 

younger than six and older than thirteen years in a future study. According to our results, six year 

old children already show preferences to the contralateral ear stimulation; however, it is suggested 

that contralateral preference is not innate at least in animals (Mrsic-Flogel et al., 2006). If younger 

children were included it would be possible to find out at which age the contralateral preference 

emerges to humans. On the other hand, if children older than thirteen years of age were included it 

would also be possible to indicate when this preference, and maturation in general reaches the adult-

like form. When studying older children one could prove at which age the later and long-lasting 

activation starts to decline in a passive experiment design like ours and when the two hemispheres 

finally reach the adult-like response symmetry. In addition, animal studies would provide necessary 

information of the development of neural generators such as inhibitory and excitatory connection 

that are behind the functional processing of auditory information.    

     Further investigation of neural mechanisms underlying auditory processing and its maturation in 

the two hemispheres are still needed. However, our results indicate that the cortical auditory 

activation is evidently immature still at the age of thirteen. Further, our study demonstrates similar 

contralateral preference in children as has been observed in adults (see e.g. Mäkelä, 1993). This 

study also offers new information about the maturational differences between left and right 

hemisphere in auditory functions in children. Indeed, it seems that auditory areas in the left 

hemisphere lags its right counterpart in development and it is possible that the differences in 

maturation rate reflect the demands imposed on the left hemisphere by the language perception. On 

the whole, the present study deepens the existing knowledge of maturation of human auditory 

system and it provides basis for future studies to find out more about the maturation of fundamental 

features of auditory functions in the human brain. Studies of auditory evoked responses and greater 

understanding of their functional significance provide us with valuable information that helps us to 

better understand the maturation of the brain during childhood. 
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APPENDIX 
 

Dipolar magnetic field patterns after ipsi- and contralateral ear stimulation at 100 ms and 250 ms in 

the left and right hemisphere. 

 

 
Abbreviations: LE, left ear; RE, right ear. 
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