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Abstract
Specialization of the auditory cortices for pure tone listening may develop with age. In adults, the

right hemisphere dominates when listening to pure tones and music; we thus hypothesized that (a)

asymmetric function between auditory cortices increases with age and (b) this development is spe-

cific to tonal rather than broadband/non-tonal stimuli. Cortical responses to tone-bursts and

broadband click-trains were recorded by multichannel electroencephalography in young children

(5.160.8 years old) and adolescents (15.261.7 years old) with normal hearing. Peak dipole

moments indicating activity strength in right and left auditory cortices were calculated using the

Time Restricted, Artefact and Coherence source Suppression (TRACS) beamformer. Monaural click-

trains and tone-bursts in young children evoked a dominant response in the contralateral right cor-

tex by left ear stimulation and, similarly, a contralateral left cortex response to click-trains in the

right ear. Responses to tone-bursts in the right ear were more bilateral. In adolescents, peak activity

dominated in the right cortex in most conditions (tone-bursts from either ear and to clicks from the

left ear). Bilateral activity was evoked by right ear click stimulation. Thus, right hemispheric speciali-

zation for monaural tonal stimuli begins in children as young as 5 years of age and becomes more

prominent by adolescence. These changes were marked by consistent dipole moments in the right

auditory cortex with age in contrast to decreases in dipole activity in all other stimulus conditions.

Together, the findings reveal increasingly asymmetric function for the two auditory cortices, poten-

tially to support greater cortical specialization with development into adolescence.
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1 | INTRODUCTION

The aim of this study was to examine the development of functional

asymmetry between the two hemispheres of the human auditory brain.

In normal hearing adults, specialization of both anatomy and function

in each of the two hemispheres supports listening to language and

other complex sounds (Bishop, 2013; Toga & Thompson, 2003). Differ-

ent roles for each hemisphere are evidenced by the predominant proc-

essing of speech and music recognition in the left and right auditory

cortices, respectively (Johnsrude, Penhune, & Zatorre, 2000; Zatorre &

Binder, 2000; Zatorre & Halpern, 1993). This organization appears to

facilitate processing of complex auditory input so that it is detected

and understood efficiently for rapid response (Zatorre, Belin, &

Penhune, 2002). Complex sound processing, such as music perception

using tonal information, is not fully developed until adolescence. For

example, sensitivity to harmonic sounds improves from childhood

through until adolescence (Costa-Giomi, 2003), and older children

increasingly rely on pitch rather than tempo cues to judge happy versus

sad music (Giannantonio, Polonenko, Papsin, Paludetti, & Gordon,

2015; Peretz, Gagnon, & Bouchard, 1998). Thus, it is possible that hem-

ispheric asymmetry of auditory cortices also undergoes development

with age.

Different computations of the left versus right auditory cortices

for temporal versus spectral features of sound are thought to underlie

functional hemispheric asymmetry in the auditory cortices. Temporal

acoustic cues of the speech envelope are essential for perception of
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speech (Shannon, Zeng, Kamath, Wygonski, & Ekelid, 1995), while

spectral information of music is important for tonal pitch perception

(Zatorre et al., 2002). Different processing of these temporal and spec-

tral sound features, which are the basic properties of sound, are first

observed in the auditory brainstem (Escabı & Schreiner, 2002; Van Gis-

bergen, Grashuis, Johannesma, & Vendrik, 1975). Temporal information

is maintained by high fidelity afferent synapses from the anteroventral

cochlear nucleus (Griffiths, Uppenkamp, Johnsrude, Josephs, & Patter-

son, 2001), whereas spectral information can be coded by slower

responding neurons such as in the dorsal cochlear nucleus (Reiss, Ban-

dyopadhyay, & Young, 2007). This early stage of preferential process-

ing of temporal versus spectral features of sound continues in the

cortex, as temporal features evoke stronger responses in the left audi-

tory cortex whereas spectral features more strongly activate the right

auditory cortex. This has been called the spectral-temporal trade-off

model (Jamison, Watkins, Bishop, & Matthews, 2006; Okamoto,

Stracke, Draganova, & Pantev, 2009; Schonwiesner, Rubsamen, & von

Cramon, 2005; Zatorre & Belin, 2001). Considering that Fourier trans-

forms require short time windows for high temporal resolution but long

time windows for fine spectral resolutions, it is plausible that cortical

processing optimized for the temporal domain may be achieved at the

expense of the spectral domain and vice versa. Therefore, the left and

right auditory cortices may adopt short and long time windows for

processing complex sounds to enhance temporal and spectral resolu-

tions, respectively (Zatorre et al., 2002). Focusing on cortical processing

of temporal envelopes in speech, the multi-resolution model postulates

that similar short and long temporal integration windows are used to

extract fast phoneme rate modulations around 40 Hz in the left hemi-

sphere and slow syllable rate modulations around 4 Hz in the right

hemisphere, respectively (Boemio, Fromm, Braun, & Poeppel, 2005;

Poeppel, 2003; Poeppel, Idsardi, & van Wassenhove, 2008). Both pho-

nemes and syllables are important factors for speech perception and in

this model, the left and right auditory cortices concurrently analyze

temporal cues related to phonemes and syllables, respectively.

Some degree of hemispheric asymmetry likely already exists in

infancy. Early left hemispheric specialization for meaningful speech

sounds versus backward speech (i.e., non-meaningful) sounds has been

observed in infants (Dehaene-Lambertz, Dehaene, & Hertz-Pannier,

2002; Pe~na et al., 2003). Moreover, cortical processing of prosodic

information in speech sounds was found to lateralize to the right hemi-

sphere in infants (Homae, Watanabe, Nakano, Asakawa, & Taga, 2006).

Consistent with the multi-time-resolution model, the right hemisphere

in infants appears to preferentially process slow syllable rate modula-

tions (Telkemeyer et al., 2009; Telkemeyer et al., 2011). In combination,

these findings are consistent with the high capacity of native language

acquisition within the first year of life (Jusczyk, 2000; Kuhl, 2004). On

the other hand, cortical processing for fast phoneme rate modulations

becomes increasingly left-lateralized (Bishop, 2013; Minagawa-Kawai,

Cristi�a, & Dupoux, 2011), which suggests immaturity relative to the

well-established adult pattern of hemispheric asymmetries to auditory

input.

Most previous studies used binaural sound stimuli to investigate

hemispheric specialization; however, in this study, we evaluated

hemispheric specialization using monaural stimuli. Recently, we

reported that monaural tone-burst stimuli evoked right hemisphere

dominant activation for both left and right ear stimulation in 16 adoles-

cents with normal hearing (average age of 15.966.4 years old) (Jiwani,

Papsin, & Gordon, 2016), which indicates that monaural stimulation

reveals cortical asymmetries in normal hearing adolescents. By contrast,

the same monaural tone-burst stimuli evoked larger responses in the

auditory cortex contralateral to the ear of stimulation in a cohort of

seven younger children with normal hearing (average age of 11.062.2

years old) (Gordon, Wong, & Papsin, 2013). These cohorts were control

groups in studies evaluating cortical development in deaf children after

cochlear implantation in response to tone-bursts. A more robust study

was therefore warranted to investigate development of hemispheric

lateralization.

In this study, development of right hemispheric specialization to

tone-bursts was compared to broadband click-train stimuli in a group

of young children (3–6 years) and adolescents (12–17 years old). We

focused on these age groups because previous histological (Harris &

Shepherd, 2015; Moore & Guan, 2001; Moore & Linthicum, 2007) and

electrophysiological studies (Moore & Linthicum, 2007; Pang & Taylor,

2000; Ponton, Eggermont, Khosla, Kwong, & Don, 2002) provide evi-

dence for maturation of cortical networks important for hemispheric

specialization between 6 and 12 years of age in the human auditory

cortex. Auditory thalamo-cortical afferents included in this network are

structurally mature between 3 and 5 years of age, while intrahemi-

spheric and trans-callosal interhemispheric networks, mediated by

pyramidal neurons in the superficial layers II and III, develop between 6

and 12 years of age (Harris & Shepherd, 2015; Moore & Guan, 2001;

Moore & Linthicum, 2007). Functional maturation of the intra- and

interhemispheric networks in the auditory cortex results in an emer-

gence of a negative reflection at around 100 ms (an N1 wave) in corti-

cal auditory evoked potentials (CAEP) between 7 and 12 years of age

(Moore & Linthicum, 2007; Pang & Taylor, 2000; Ponton et al., 2002).

It is plausible that these changes in cortical circuits underlie the afore-

mentioned development of sensitivity to sounds with harmonic and

tonal information between young children and adolescents (Costa-

Giomi, 2003; Giannantonio et al., 2015; Peretz et al., 1998).

We hypothesized that (a) asymmetric function between auditory

cortices would increase with age and (b) this development would be

specific to tonal rather than broadband/non-tonal stimuli. Results

revealed (a) an early (by 5 years of age) dominance of the right auditory

cortex to monaural 500 Hz tone-bursts but not broadband clicks and

(b) development of hemispheric asymmetry into adolescence driven by

activity which remains consistent in the right auditory cortex.

2 | MATERIALS AND METHODS

2.1 | Participants

Eleven children (Child Group; mean age6 SD: 5.160.8 years old, 4

girls and 7 boys) and 21 adolescents (Adolescent Groups; 15.261.7

years old, 13 girls and 8 boys) participated in the study. Cortical

responses were evoked by both click-train and tone-burst stimuli in all
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11 children of the Child Group and in six of the Adolescent Groups

(Table 1).

Cortical responses were recorded in another nine adolescents in

response to click-trains alone and in six adolescents in response to

tone-bursts alone. Data from the latter 6 adolescents were included in

a previous study (Jiwani et al., 2016). In total, there were 15 adolescent

participants in the click-train condition (Adolescent-click Group) and 12

adolescent participants in the tone-burst condition (Adolescent-tone

Group). None of the participants reported past history of otological or

neurological diseases. All participants were right-handed except for one

in the Child Group and one in the Adolescent-tone Group. The study

protocol was approved by the Hospital for Sick Children’s Research

Ethics Board.

2.2 | Multichannel recording of cortical responses

Cortical responses were evoked by 36 ms long tone-bursts (500 Hz)

and click-trains (100 ms clicks presented at a rate of 250 clicks/s) deliv-

ered at 1 Hz by ER3–14A insert earphones (Etymotic Research, Elk

Grove Village, IL) to each ear separately. Stimuli were presented at 50

dB above behavioral threshold (dB SL) and the order of click and tone-

burst presentation was counter balanced. As in previous studies

(Easwar, Yamazaki, Deighton, Papsin, & Gordon, 2017a,b), EEG

responses from 62 cephalic electrodes referenced to the right earlobe

were recorded using NeuroScan v4.5 with a Synamps-II amplifier dur-

ing passive listening (Compumedics USA, Inc., Charlotte, NC). Partici-

pants watched a silent subtitled movie, read a book, or played games

on a tablet with minimal movement. The sampling rate for cortical

recording was 1,000 Hz and an online bandpass filter between 0.15

and 100 Hz was used. Epochs with amplitudes over 6100 lV at a

vertex cephalic electrode (Cz) were rejected. For each condition, a mini-

mum of 250 accepted sweeps with at least two visually replicable

response traces were obtained.

2.3 | Source localization of cortical evoked peaks

The Time Restricted, Artefact and Coherence source Suppression

(TRACS) beamformer (Wong & Gordon, 2009) was used to estimate

and localize dipole activity underlying each peak in the cortical

responses (Figure 1). The TRACS beamformer was developed from Lin-

early Constrained Minimum Variance (LCMV) beamformers, a class of

adaptive spatial filters that localize sources of interest by minimizing

the contributions of other uncorrelated sources. Coherent suppression

methods were applied to analyze auditory evoked cortical responses.

The EEG waveforms at Cz (earlobe reference) and the corresponding

global field power (GFP; standard deviation of the potentials at all elec-

trodes) were used to identify each peak. The near-baseline amplitude

before and after each GFP peak was used to define the beginning and

ending boundaries, respectively, of the time window used to locate

cortical activity underlying each peak. As the immature first peak, P1,

which we call iP1 in this study, gradually changes to a P1–N1–P2 com-

plex during childhood and adolescence (Pang & Taylor, 2000), time win-

dows were determined to contain the iP1 peak in the Child Group and

one of P1, N1, and P2 peaks in the Adolescent Groups. Beginning and

end times and length of each iP1, P1, N1, and P2 time window are

shown in Supporting Information, Table 1.

Details of the TRACS beamformer analysis have been described

previously (Gordon et al., 2013; Jiwani et al., 2016; Wong & Gordon,

2009). In brief, the TRACS beamformer estimates the neuronal activity

(dipole moments and latencies) in each of �64,000 brain spaces (3 3 3

3 3 mm voxels) from the multichannel surface EEG data with an aver-

aged electrode-reference. To increase accuracy of the computation of

lead potentials for each dipole, a three-layer boundary element model

mesh was created to simulate the geometry and conductivities of the

brain, skull, and scalp. Age-appropriate head model template MRIs

were made using the template-O-matic toolbox (Wilke, Holland, Altaye,

& Gaser, 2008). To normalize the signal-to-noise ratio of each voxel, a

pseudo-Z statistic was obtained by dividing the sample signal mean by

the standard deviation of the prestimulus activity between 2200 and

280 ms (Vrba & Robinson, 2001). Then, a one-tailed omnibus t test

(Petersson, Nichols, Poline, & Holmes, 1999) was used to calculate a

statistical threshold pseudo-Z value (p� .0005), the omnibus value,

which indicated baseline brain activity and residual noise. Omnibus val-

ues were not significantly different across ears and conditions between

young children and adolescents for either stimulus condition (click-

trains: F(1, 24)50.28, p5 .60, partial h250.01; tone-bursts: F(1, 21)5

0.87, p5 .36, partial h250.04).

To focus on the brain responses above baseline activity, we used

post-omnibus pseudo-Z values (POPZs) calculated by subtracting the

omnibus value from the corresponding pseudo-Z value in each voxel.

When the pseudo-Z value was smaller than the omnibus value, the

POPZ was defined as zero. In a pseudo-Z map, POPZs from all voxels

were plotted into an axial image on the age-appropriate head model

templates to visualize cortical activity over the whole brain, with dark

red indicating highest signal-to-noise ratios and blue indicating baseline

cortical activity (POPZ of zero). The range of peak POPZ was similar in

the young group of children as in adolescents (peak POPZ

TABLE 1 Participants

Click-trains Tone-bursts Total

Number (F:M) Age (years old) Number (F:M) Age (years old) Number (F:M) Age (years old)

Child Group 11 (4:7) 5.160.8 11 (4:7) 5.160.8 11 (4:7) 5.160.8

Adolescent Groups 15 (11:4) 15.461.8 12 (6:6) 14.961.7 21 (13:8) 15.261.7

(Adolescent-click Group) (Adolescent-tone Group)

Note. F5 female; M5male.
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range50.28–0.39 in the young group (Figure 2a) and 0.10–0.30 in the

adolescents (Figure 3a)).

Similar to our previous studies using the TRACS beamformer

(Gordon et al., 2013; Jiwani et al., 2016), voxels with the highest POPZ

were selected from the left and right auditory cortices for each child

and the dipole moments and latency of these voxels were used for fur-

ther analyses. This procedure is consistent with previous EEG and mag-

netoencephalography (MEG) studies (Ackermann, Hertrich, Mathiak, &

Lutzenberger, 2001; Jin, Ozaki, Suzuki, Baba, & Hashimoto, 2008;

Mäkelä et al., 1993; Ponton et al., 2002; Woldorff et al., 1999).

2.4 | Comparison of peak dipole moments and

latencies between left and right hemispheres

Peak dipole moments and corresponding latencies were identified in

left and right auditory cortices as defined by MNI coordinates:

X<255, 235<Y<5, 210<Z<20 mm (left) and 55<X,

235<Y<5, 210<Z<20 mm (right) (Jiwani et al., 2016). Ten voxels

within each area with the highest POPZ from each participant were

averaged for analyses.

Lateralization of the evoked cortical activity in each participant

was quantified using cortical lateralization scores (CL scores) for each

peak evoked by either click-trains or tone-bursts. CL scores, which

range from 2100 to 100%, were calculated using the following for-

mula: [(RH-DipM2 LH-DipM)/(RH-DipM1 LH-DipM)] 3 100, where

RH5 right hemisphere, LH5 left hemisphere, DipM5mean of top ten

peak dipole moment. Positive and negative CL scores indicate right-

ward and leftward lateralization of cortical activity, respectively. CL

scores were not calculated for the P1 time window for 4 and 2 partici-

pants in the Adolescent-click and Adolescent-tone Groups, respec-

tively, who had no voxels in either left or right auditory cortices

containing POPZs >0. Dipole moments and dipole latencies obtained

in these conditions were not included for statistical analysis. On the

other hand, CL scores were calculated if activity above the omnibus

value was detected in either hemisphere. In this latter case, the aver-

aged peak dipole moment and latency from the 10 highest pseudo-Z

values (although below omnibus) were chosen in the hemisphere with

weaker activity to calculate CL scores.

2.5 | Statistics

Peak dipole moments and dipole latencies were evaluated using three-

way repeated measures analyses of variance (ANOVA) to determine

the within-subject effects of (a) stimulus type, stimulated ear and hemi-

sphere side for the Child Group and (b) time window, stimulated ear

and hemisphere for the two Adolescent Groups (listening to click-train

or tone-burst stimuli). Post-hoc analyses included paired t tests cor-

rected for multiple comparison bias using false discovery rate (FDR)

(Benjamini & Hochberg, 1995). CL scores were analysed using (a) two-

way repeated measures ANOVA to evaluate the effects of stimulus

type and stimulated ear in the Child Group and (b) three-way mixed

ANOVA to assess the within-subject factors of response peak and

stimulated ear and the between-subject factor of the two Adolescent

Groups. A one sample t test was conducted between 0 and CL scores

in each condition to evaluate whether cortical activity significantly lat-

eralized to either hemisphere (p< .05). To assess chronological changes

FIGURE 1 Mean cortical auditory evoked potentials (CAEP) at the vertex (Cz) and global field power (GFP) for the Child Group and across
the two Adolescent Groups are shown in (a) and (b), respectively. CAEP and GFP waveforms evoked by stimulation of the left or right ear
are depicted in blue and red lines, respectively. The waveforms evoked by click-trains are shown in the top row. In the Child Group, monau-
ral click-trains and tone-bursts evoked immature CAEP waveforms at Cz consisting of iP1 and iN2 peaks. Across the Adolescent Groups,
mean Cz waveforms evoked by click-trains and tone-bursts exhibited mature CAEP waveforms containing 2 positive (P) and 2 negative (N) peaks:

P1, N1, P2, and N2. In all groups, GFP waveforms showed peaks corresponding to the each peak in the Cz waveform. (c) Topographic maps at
the iP1 peak latency. (d) Topographic maps at P1, N1, and P2 peak latencies in the Adolescent Groups. Tone-evoked surface potentials are similar
between the stimulated ears at all peak latencies, while click-trains evoked different surface potential patterns between the stimulated ears
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in dipole moments in the left and right auditory cortices for each stimu-

lus condition, an exponential regression analysis was performed using

Y5A 3 eB*X, where Y was the dipole moment and X was the partici-

pant age in years. Exponential regression was used because the audi-

tory cortex should continue to be active to sound with age (i.e., dipole

moment would never reach nil). In total, there were 24 regression anal-

yses (2 stimulus types 3 3 combinations of time windows [iP1-P1, iP1-

N1, and iP1-P2] 3 2 stimulated ears 3 2 hemisphere sides). FDR-

corrected p values <.05 were considered significant. SPSS Statistics

v.23 was used for statistical analyses (IBM Corp, Somers, NY, USA).

3 | RESULTS

3.1 | Cortical immaturity in the Child Group is evident

in surface potentials

In the Child Group, monaural click-trains and tone-bursts evoked imma-

ture cortical waveforms at Cz, characterized by iP1 and immature N2

(iN2) peaks (Figure 1a). In the two Adolescent Groups, mean cortical

responses evoked by click-trains and tone-bursts exhibited a mature

pattern similar to adults (Pang & Taylor, 2000) at Cz with 2 positive

and 2 negative peaks: P1, N1, P2, and N2 (Jiwani et al., 2016) (Figure

FIGURE 2 (a) Grand average pseudo-Z maps of the 11 participants in the Child Group for the iP1 time window indicate the strongest cort-
ical activity in the auditory cortex contralateral to the stimulated ear for left and right monaural click-trains and tone-bursts. (b) Significantly
larger dipole moments were measured in the auditory cortex contralateral to the stimulated ear for click-trains (left ear stimulation: p5 .03;
right ear stimulation: p5 .035). For tone-bursts, contralateral activity was higher than ipsilateral for left ear stimulation (p5 .03) but activity
was bilateral (not significantly different between left and right) for right ear presentations (p5 .283) (*p< .05). (c) Peak dipoles occurred at
earlier latencies in the right than left hemisphere for stimuli (collapsed) presented from the left ear (p5 .04). By contrast, latency was similar
between hemispheres for right ear stimuli (p5 .298)
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1b). In both Child and Adolescent Groups, the GFP waveforms showed

peaks corresponding to each of the peaks in the Cz waveform. In the

Child Group, iP1 activity was largest in the contralateral fronto-

temporal electrodes for all conditions bar the tone-bursts presented

from the right ear, which exhibited more bilateral fronto-temporal

activity (Figure 1c). By contrast, in the Adolescent Groups, responses

were less distinct between the two monaural conditions for either

click-train or tone-burst stimuli (upper vs lower plots of Figure 1d,

respectively). In the Adolescent Groups, topographic maps showed dif-

ferent activation patterns between P1, N1, and P2 peaks. Tone-evoked

surface potential patterns were similar between the stimulated ears at

all peak latencies, while click-trains evoked different surface potential

patterns between the stimulated ears. At the P1 peak, positive poten-

tial at the right frontal region and negative potential at the left

temporal-occipital region was evoked in all conditions except for left

click-trains, which evoked positive potentials at right temporal record-

ing electrodes. At the N1 and P2 peaks, activity (negative and positive,

respectively) was evident at central electrodes in all conditions. Click-

evoked surface potential patterns, however, indicated that N1 and P2

potentials showed a larger spread of activity for left and right ear

FIGURE 3 (a) Grand average pseudo-Z maps of cortical activity indicate that monaural click-trains evoked contralateral dominant activation
in adolescents whereas tone-bursts evoked right hemispheric dominant activation, regardless of ear stimulated in a similar aged cohort. (b)
Click-train stimulation of the left ear evoked significantly increased activity in the right than left auditory cortex (p5 .002), whereas right
ear stimulation evoked bilaterally symmetric cortical activation (p5 .332). Averaged across three time windows, dipole moments were signif-
icantly larger in the right auditory cortex than the left auditory cortex in response to tone-bursts to either ear (left ear stimulation: p5 .014,
right ear stimulation: p5 .026). (c) No significant effects on latencies were found bar longer latencies in the right cortex ipsilateral to right
tone-burst stimulation during the P2 time window (p5 .018) (*p< .05, **p< .01)
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stimulation, respectively, compared to the opposite ear stimulation (Fig-

ure 1d).

3.2 | Tone-bursts from the right ear show bilateral

rather than contralateral activation of auditory

cortices in young children

Figure 2a shows the grand mean of POPZs evoked by monaurally pre-

sented click-trains (left column) and tone-bursts (right column) in the

Child Group of 11 children. During the iP1 time window, distributions

of hot spots (i.e., regions of high POPZs) indicate predominant contra-

lateral activation for both click-train and tone-burst stimuli.

Figure 2b indicates mean61 standard error (SE) of dipole

moments, which differed according to stimulus type, stimulated ear

and hemisphere (3-way interaction: F(1, 10)55.73, p5 .038, partial

h250.364). Specifically, peak dipole moments showed dominant con-

tralateral activation for either ear stimulation in response to click-trains

(mean right-left hemispheric difference: left ear56.83 nAm, 95% CI

[2.03, 11.62], t(10)5 10.07, p5 .03; right ear523.81 nAm, 95% CI

[27.0720.55,], t(10)5 6.76, p5 .035). This was found for left ear stim-

ulation in response to tone-bursts but, by contrast, not for the right ear

stimulation (mean right–left hemispheric difference: left ear54.41

nAm, 95% CI [1.07, 7.75], t(10)5 8.65, p5 .03; right ear521.54 nAm,

95% CI [24.55, 1.48], t(10)5 1.29, p5 .283).

Peak dipole latencies, plotted in Figure 2c, differed by stimulus (F

(1, 10)58.16, p5 .017, partial h250.449), and by stimulated ear and

hemisphere (2-way interaction: F(1, 10)55.17, p5 .046, partial

h250.341). Specifically, dipole latencies were significantly shorter for

click-trains than for tone-bursts (mean difference525.42 ms, 95% CI

[29.65, 21.92], t(10)58.16, p5 .017). Averaged across stimulus type,

contralateral dipole latencies were significantly shorter relative to ipsi-

lateral peak latencies for left stimulation (mean right-left hemispheric

difference528.58 ms, 95% CI [215.49, 21.67], t(10)5 7.65, p5 .04)

but not for right stimulation (mean right–left hemispheric differ-

ence54.31 ms, 95% CI [24.44, 13.05], t(10)5 1.21, p5 .298).

In summary, contralateral activity showed stronger activity at

shorter latencies when evoked by either click-trains or tone-bursts

from the left ear of young children. While the same contralateral domi-

nant pattern was evoked by click-trains presented to the right ear, the

contralateral dominance was not evident for tone-bursts presented to

the right ear.

3.3 | Dominance of right auditory cortex continues to

develop into adolescence

Pseudo-Z maps derived from responses evoked by both click-trains

and tone-bursts are plotted for both Adolescent Groups (Figure 3a).

Higher POPZs in the contralateral temporal cortices were evident in

adolescents during all 3 time windows listening to click-trains (similar

to results in the Child Group shown in Figure 2a). By contrast, activity

was greater in the right temporal area for tone-bursts presented to

either ear during all 3 time windows. This was confirmed by mean61

SE dipole moments in these groups of adolescents (Figure 3b). In the

group listening to click-trains, dipole moments differed by time window

and stimulated ear (2-way interaction: F(2, 22)57.60, p5 .040, partial

h25 .254) and by stimulated ear and hemisphere (2-way interaction: F

(1, 11)529.70, p5 .002, partial h25 .613). We focused on the latter

2-way interaction to evaluate hemispheric differences in peak dipole

moment. Averaged across time windows, a significant increase in con-

tralateral dipole moments was found for left ear stimulation (mean

right–left hemispheric difference51.47 nAm, 95% CI [0.71, 2.23], t

(11)518.10, p5 .002), but not right ear stimulation (mean right–left

hemispheric difference520.35 nAm, 95% CI [21.11, 0.41], t(11)5

1.03, p5 .332) (Figure 3b).

Dipole moments in the Adolescent Group listening to tone-bursts

were also affected by stimulated ear and hemisphere (2-way interac-

tion: F(1, 9)55.69, p5 .041, partial h250.387), and by time window

(F(2, 18)54.45, p5 .027, partial h250.331). Dipole moments were

assessed across time windows to focus on hemispheric differences,

revealing a contralateral dominance for left stimulation (mean right–left

hemispheric difference51.94 nAm, 95% CI [0.69, 3.19], t(9)512.29,

p5 .014) similar to adolescents listening to click-trains. However, this

group showed an ipsilateral dominance for right tone-burst stimulation

(mean right–left hemispheric difference51.38 nAm, 95% CI [0.21,

2.54], t(9)57.11, p5 .026) (Figure 3b).

Figure 3c shows the mean61 SE dipole latencies during each P1,

N1, and P2 time windows in the Adolescent Groups listening to click-

trains (left panel) and tone-bursts (right panel). For click-trains, latencies

differed in each time window as expected (F(2, 22)5297.50, p< .001,

partial h250.964), but did not change with stimulated ear (F(1, 11)5

0.096, p5 .762, partial h250.009) or show hemispheric asymmetries (F

(1, 11)51.88, p5 .198, partial h250.146) (Figure 3c). Latencies to tone-

bursts, however, differed between time window, stimulated ear and hemi-

sphere (3-way interaction: F(2, 18)54.75, p5 .022, partial h250.345).

For most time windows, hemispheric differences in dipole latencies were

minimal, with the exception of one significantly later ipsilateral peak

dipole in the right versus left hemisphere during the P2 time window for

right ear tone-burst stimulation (mean right–left hemispheric differ-

ence516.98 ms, 95% CI [7.21, 26.75], t(10)5 15.46, p5 .018). Details of

post-hoc testing are provided in Supporting Information, Table 2.

In summary, click-trains and tone-bursts presented to the left ears

of adolescents evoked stronger dipole activity in the contralateral right

than ipsilateral left auditory cortex, as also measured in the Child

Group. In contrast to the Child Group, however, dipoles evoked by

right ear tone-burst stimulation were greater in magnitude (averaged

across P1, N1, and P2 time windows) and later (during the P2 time win-

dow) in the ipsilateral right auditory cortex than the contralateral left

auditory cortex in adolescents. In adolescents listening to click-trains,

more symmetric activity was detected in response to right than left ear

stimulation.

3.4 | Developmental changes in hemispheric

asymmetry

CL scores were calculated for both left and right ear stimulation for

each participant, as shown in Figure 4a. In the Child Group, CL scores
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evoked by left ear stimulation (blue triangles) were more positive (i.e.,

toward the contralateral right hemisphere) than when evoked by right

ear stimulation (red circles) during the iP1 time window. There was

only one exception (1 child in the tone-burst condition only). Thus,

there was a strongly consistent pattern for opposite lateralization of

cortical activity evoked by the two ears. Moreover, most of the 11

young children (9 in the click-train condition and 7 in the tone-burst

condition) showed contralateral dominant responses from both ears.

Some children had slightly ipsilateral lateralization from the right ear

along with more exaggerated lateralization to the right cortex from the

left ear (2 children in response to click-trains and tone-bursts, 1 child in

response to tone-bursts only). A more varied pattern of cortical laterali-

zation from each ear was found in the adolescents. Often tone-bursts

from both ears showed right hemispheric dominance (positive values)

(4 of 10 (40%), 8 of 12 (66.7%), and 9 of 12 participants (75.0%) during

P1, N1, and P2 time windows, respectively).

Mean61 SE CL values are shown for each time window in Figure

4b. CL values in the Child Group (iP1 time window) differed by stimulus

and ear stimulated (2-way interaction: F(1, 10)55.28, p5 .044, partial

h250.346); CL scores were significantly more positive (rightward later-

alization) when stimulated from the left ear than the right ear in both

click-train and tone-burst conditions (click-trains: mean right–left differ-

ence548.91, 95% CI [38.18, 59.64], t(10)5103.19, p< .001; tone-

bursts: mean right–left difference536.17, 95% CI [22.25, 50.09], t

(10)533.53, p< .001). There was no significant difference between CL

scores evoked by click-trains and tone-bursts in the Child Group (left

stimuli: mean click-tone difference54.80, 95% CI [23.891, 13.49], t

(10)51.51, p5 .247; right stimuli: mean click-tone difference527.94,

FIGURE 4 (a) In all participants (Bar 1) in the Child Group, cortical lateralization (CL) scores (100 3 (dipole moment in right auditory
cortex2 dipole moment in left auditory cortex)/sum of right and left dipole moments) evoked by left ear stimulation are more positive
(increased activity in the right auditory cortex) than by right ear stimulation. This is true for both click-trains and tone-bursts. This pattern is
more variable in the Adolescent Groups. (b) Mean61 SE CL values are shown for all time windows in the Child Group and both Adolescent
Groups; solid lines are significantly different from 0 whereas dashed lines are not significant. In the Child Group, the CL score was signifi-
cantly more positive (increased activity in right hemisphere) when evoked by the left than right ear stimulation during the iP1 time window
(**p< .01). In adolescents listening to tone-bursts, CL scores were significantly more positive when evoked by stimulation to the left than
right ear (**p< .01), but this difference was not significant in the adolescents listening to tone-bursts
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95% CI [220.43, 4.56], t(10)52.00, p5 .187). In the Adolescent

Groups, CL scores differed between group and stimulated ear (2-way

interaction: F(1, 20)57.35, p5 .013, partial h250.269), but not by

time window (F(2, 40)50.821, p5 .447, partial h250.113). Averaged

across time windows, right hemispheric dominance (positive CL values)

was greater for left than right click-train stimulation (mean right-left dif-

ference518.84, 95% CI [11.42, 6.26], t(20)528.08, p< .001), but sim-

ilar for tone-bursts presented to either ear (mean difference between

ears54.54, 95% CI [23.59, 12.66], t(20)51.36, p5 .257). Also across

time windows, there were no significant stimulus (click-train group ver-

sus tone-burst group) differences for left ear stimulation (mean click-

tone difference521.29, 95% CI [214.87, 12.30], t(20)50.39,

p5 .845) but there was a trend for more ipsilaterally lateralized

responses from the right ear for tone-bursts versus click-trains (mean

click-tone difference5215.59, 95% CI [230.12, 21.05], t(20)55.00,

p5 .074).

The extent of lateralization was assessed using one sample t-tests

between 0 and CL scores for each time window. Solid and dotted error

bars in Figure 4b indicate CL scores as significantly or not significantly

different from 0, respectively. During the iP1 time window in the

immature response of the Child Group, significant contralateral hemi-

spheric lateralization was detected in all conditions except for right

tone-burst stimulation (mean difference from 05211.72, 95% CI

[230.59, 7.15], t(10)521.38, p5 .287). In the Adolescent Groups, sig-

nificant right hemispheric lateralization was revealed during N1 and P2

in response to left click-train and tone-burst stimulations, and during

P2 upon right tone-burst stimulation. Statistical details of the other

conditions are provided in Supporting Information, Table 3.

FIGURE 5 Peak dipole moments are plotted as a function of chronological age in each condition ((a) click-trains; (b) tone-bursts). Dipole

moments during the iP1 in Child Group were compared with those at each P1, N1, and P2 time windows in the Adolescent Groups (top,
middle, and bottom columns, respectively). An exponential regression line using log-transformed dipole moments in the left and right audi-
tory cortices (visualized by blue triangles and red circles, respectively) are shown by blue and red lines, respectively. Solid and dotted lines
indicate significant (p< .05) and non-significant correlations, respectively. Dipole moments decrease with age for most parameters evoked
by left ear stimuli. On the other hand, age-dependent decreases in amplitude upon right ear stimulation are evoked by click-trains but not
by tone-bursts in the right auditory cortex
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In summary, left ear stimulation evoked a contralateral dominant

pattern of cortical responses to both click-trains and tone-bursts

regardless of age. By contrast, cortical responses evoked by the right

ear stimulation differed across stimuli and age, and dominance of ipsi-

lateral right hemispheric activity was evident only in the tone-burst

condition in adolescents.

3.5 | Sustained use of right auditory cortex occurs

with age despite developmental decreases in dipole

moment

To address mechanisms underlying developmental changes in cortical

responses to monaural sounds, the chronological change in dipole mag-

nitude in each auditory cortex (blue triangles and red circles for the left

and right auditory cortices, respectively) was examined for changes

with age (Figure 5). Because the immature first peak, iP1, in young chil-

dren gradually changes into the P1–N1–P2 complex evident in adoles-

cents, dipole moments underlying iP1 were compared with dipole

moments for P1, N1, and P2 peaks individually. Nonlinear exponential

regression analyses revealed a best fit to log-transformed dipole

moments and age across conditions (details in Table 2).

Dipole moments evoked by click-trains (Figure 5a) significantly

decreased with age regardless of the immature to mature peak compar-

ison (bar iP1–N1 dipoles in the left auditory cortex evoked by the left

ear). Similarly, dipoles evoked by tone-bursts from the left ear, except

for iP1–P1 dipoles in the left auditory cortex, significantly decreased

with age in both auditory cortices. On the other hand, tone-bursts

from the right ear evoked decreasing dipoles with age in the left audi-

tory cortex but dipoles in the right auditory cortex remained

unchanged (Figure 5b). The consistency of dipole activity in the right

auditory cortex with age, in the presence of overall developmental

decreasing dipoles, suggests a relative strengthening of right hemi-

spheric activity specific to tone stimulation.

4 | DISCUSSION

Data from this study demonstrated that hemispheric dominance in

cortical activity is revealed by type of monaurally presented stimulus

and changes with age. These findings suggest that cortical speciali-

zation for tonal sounds develops throughout childhood into

adolescence.

4.1 | Hemispheric dominance in cortical activity is

revealed by type of monaural stimulation

A novel aspect of this study was the use of monaural stimuli in children

to assess hemispheric asymmetries as compared to many other studies

using binaural sound stimuli (Belin et al., 1998; Boemio et al., 2005;

Howard & Poeppel, 2009; Hyde, Peretz, & Zatorre, 2008; Jamison

et al., 2006; Okamoto et al., 2009; Zatorre et al., 2002). Studies using

monaural sound stimuli in adults also showed trends of right hemi-

spheric dominance for spectral sounds with less clear findings than

those observed in the binaural studies (Hine & Debener, 2007; Jin

et al., 2008; Mäkelä et al., 1993; Woldorff et al., 1999). This can likely

TABLE 2 Regression analyses between peak dipole moment amplitudes and ages of the subjects

Stimulus type Click-trains Tone-bursts

Stimulated ear Left ear Right ear Left ear Right ear

Hemisphere Left Right Left Right Left Right Left Right

iP1 vs P1 R 0.51 0.59 0.66 0.55 0.42 0.53 0.66 0.42

b 1.01 0.99 0.99 0.99 1.00 1.01 1.02 1.00

SE 0.37 0.29 0.24 0.31 0.49 0.36 0.26 0.49

t value 2.75 3.37 4.23 3.17 2.05 2.80 3.90 2.05

p value .021* .012* <.001* .012* .062 .020* .006* .062

iP1 vs N1 R 0.35 0.45 0.62 0.50 0.47 0.55 0.61 0.34

b 0.98 0.96 0.97 0.99 1.00 0.98 1.00 0.99

SE 0.55 0.39 0.25 0.35 0.41 0.33 0.29 0.61

t value 1.80 2.45 3.83 2.82 2.41 2.99 3.49 1.65

p value .096 .036* .020* .020* .036* .019* .011* .122

iP1 vs P2 R 0.55 0.52 0.61 0.42 0.44 0.47 0.62 0.11

b 0.97 0.99 0.99 0.99 0.99 1.00 1.01 1.05

SE 0.30 0.33 0.26 0.44 0.44 0.41 0.28 2.07

t value 3.20 2.98 3.81 2.24 2.25 2.43 3.66 0.51

p value .016* .019* .008* .044* .044* .036* .008* .617

The p values are FDR-corrected p values and values �0.05 are to be interpreted as significant (*means p< .05 and bold p values indicate p> .05).
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be attributed to an emphasis of anatomical contralaterality of the cen-

tral auditory system in response to monaural rather than binaural input.

This pattern of cortical responses to monaural tonal stimulation differs

slightly from our results in the Adolescent-tone Group, who show clear

right hemispheric dominance regardless of stimulated ear (Figures 3b

and 4b). Perhaps this reflects an increased sensitivity for hemispheric

differences in our beamforming method. By using the TRACS beam-

former (Wong & Gordon, 2009), sources of evoked neural activity

were evaluated with a spatial resolution of �64,000 3 3 3 3 3 mm

voxels while taking into account coherent sources across hemispheres.

By evaluating activity across the whole brain, and taking into account

coherent sources, the present beamformer analysis may be particularly

sensitive to detecting hemispheric specialization in the auditory corti-

ces relative to previous methods (Hine & Debener, 2007; Jin et al.,

2008; Mäkelä et al., 1993).

4.2 | Early emerging specialization of the right

auditory cortex for tonal stimulation

In the Child Group, click-trains-evoked stronger dipole moments in the

contralateral auditory cortex than ipsilateral cortex, regardless of stimu-

lated ear (Figure 2b). These results are consistent with a contralateral

dominant pattern of cortical responses to monaural stimulation

reported in animals (Kral, Hartmann, Tillein, Heid, & Klinke, 2002;

Mrsic-Flogel, Versnel, & King, 2006) and human adults using click (Cel-

esia, 1976) and noise stimuli (Gutschalk & Steinmann, 2015; Langers,

van Dijk, & Backes, 2005). This cortical pattern likely reflects the ana-

tomical organization of the auditory pathways in which the majority of

afferent neural project from the cochlea to the contralateral auditory

cortex (Aitkin, 1990; Langers et al., 2005).

Relative to the click trains, the tone-bursts evoked cortical

responses were more weighted to right auditory cortex in the Child

Group. This expands from findings of contralaterally dominant

responses to tone-bursts in a smaller group of children with a wider

age range than the present cohorts (Gordon et al., 2013). In this

study, children were passively listening and the order of stimulus pre-

sentation was counter balanced so the change in pattern of cortical

activation likely reflects the distinct features of the two types of

sound stimuli. There are both spectral differences between the

broadband click (1–9000 Hz and shaped by the transducer/earphone)

and frequency specific tone-burst centered at 500 Hz and temporal

differences (slower onset and offset in tone-burst than click-train).

The increased role of the right auditory cortex for processing the

slower onset tonal stimulation is consistent with the multiresolution

model in which longer temporal integration windows are used to

extract slow spectral modulations (Boemio et al., 2005; Poeppel,

2003; Poeppel et al., 2008; Zatorre et al., 2002). Present data indi-

cates that specialized function of the two cortical hemispheres for

sound processing emerges in children as young as 5 years of age

which is consistent with reports of lateralized cortical function for

speech and nonspeech sounds in infants (Dehaene-Lambertz et al.,

2002; Pe~na et al., 2003).

4.3 | Increasing role of the right auditory cortex for

processing tones in adolescents

In the Adolescent Groups, dipole moments evoked by left ear stimula-

tion were larger in the contralateral hemisphere for both click-train and

tone-burst conditions. Right ear stimulation, however, activated both

auditory cortices in the click-train condition while the ipsilateral right

auditory cortex was predominantly activated in the tone-burst condi-

tion (Figure 3b). These results demonstrated that (a) cortical responses

to tone-bursts are different from click-trains in both young children

and adolescents and (b) emerging right hemispheric specialization to

monaural tone-bursts in young children undergoes further develop-

ment into adolescence.

Increasing hemispheric asymmetry for sound processing with age

reflects continuing development of hearing into adolescence. Children

have a high capacity for their native language acquisition during the

first year after birth (Jusczyk, 2000; Kuhl, 2004) but do not have fully

mature hearing. For example, frequency discrimination is poorer in

young children (4–6 years of age) than adults (Jensen & Neff, 1993)

and, consistent with this, perception of pitch in speech and music also

develops with age (Costa-Giomi, 2003; Giannantonio et al., 2015;

McDermott & Oxenham, 2008; Peretz et al., 1998; Schirmer & Kotz,

2006; Trainor & Unrau, 2012). It is possible that music exposure and

training can contribute to this development both in children who are

typically developing (Giannantonio et al., 2015; Hannon & Trainor,

2007; Trainor, 2005) and in children with developmental challenges

(Kraus & Chandrasekaran, 2010). The role of music exposure/training

on auditory function in the present cohorts was not explored.

4.4 | Tone-specific asymmetric decrease in dipole

moment underlies development of right hemispheric

specialization

Figure 5 demonstrated an age-related decrease in dipole moment activ-

ity for all conditions except for responses in the right auditory cortex

evoked by right ear tone-burst stimulation. This tone-specific asymme-

try in dipole moment change with age appears to underlie the develop-

ment of right hemispheric specialization to monaural tone-bursts

observed between childhood and adolescent periods. The general

decrease in dipole moments with age in most stimulus conditions is

consistent with synaptic pruning (the elimination of naturally overpro-

duced synapses) in the auditory cortex and other cortical regions,

which is essential for maturation of the central nervous system after

birth (Purves & Lichtman, 1980). In the auditory cortex, synaptic den-

sity reaches its maximum level around 3 months of age, and then

decreases between 3 and 12 years of age (Huttenlocher & Dabholkar,

1997). Based on histological data, synaptic density in the auditory cor-

tex between 12 and 15 years of age was 44%–70% of that found in 3-

year-old children (Huttenlocher & Dabholkar, 1997). The electrophysio-

logical responses recorded in this study by surface electrodes reflect an

open field of postsynaptic potentials from pyramidal neurons that lie

perpendicular to the cortical surface (Luck, 2014). A developmental

decrease in synaptic density could thus explain the general age-related
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decrease in dipole moment observed in this study. Another possible

explanation for the age-related decrease in dipole moments is the

development of local and upstream inhibitory circuits in the auditory

cortex. Activity-dependent development of local GABAergic inhibitory

circuits play important roles in refining cortical representation of sen-

sory inputs in the visual cortex (Hensch, 2005). In the auditory cortex,

development of local inhibitory circuits is essential for development of

fine spectral and temporal resolution (Chang, Bao, Imaizumi, Schreiner,

& Merzenich, 2005; Froemke & Jones, 2011). Maturation of local inhib-

itory circuits in adolescence may thus sharpen the receptive fields of

auditory cortical neurons, resulting in smaller numbers of activated

neurons for identical inputs, compared to young children with imma-

ture inhibitory circuits. In sum, developmental synaptic pruning and/or

increased local inhibition with age could account for decreased dipole

activity measured in cortical responses.

In contrast to the general age-related decrease in dipole moment,

no significant change was observed in the right auditory cortex upon

right ear stimulation with tone-bursts, consistently during P1, N1, and

P2 time windows (Figure 5). Sustained dipole moments in the right

auditory cortex across age cannot be explained by reduced synaptic

pruning in the right auditory cortex given decreases in dipole moments

in response to click-trains (Figure 5). Rather, the unique effects of the

tone-bursts suggest a strengthening of the neural circuit involved in

right ear tone-burst stimulation to compensate for synaptic pruning

with age. Such increased excitation could come from developmental

strengthening of the neural circuit and/or from a decrease in local

inhibition.

4.5 | Tone-burst stimulation of the right ear evoked

stronger and later dipoles in the right hemisphere

during P2

Sustained cortical activity in the right auditory cortex across age is also

evident when comparing the immature iP1 in young children and the

more mature P2 from adolescents (Figure 5b). Dipole peaks underlying

iP1 were earlier in latency and with larger dipole moments in response

to contralateral left ear than ipsilateral right ear tone-bursts (Figure 2b,

c), as expected given the anatomical contralaterality in the auditory sys-

tem (Gutschalk & Steinmann, 2015; Langers et al., 2005). By compari-

son, tone-burst stimulation of the right ear in adolescents evoked

stronger and later dipoles in the ipsilateral right auditory cortex than

the contralateral left hemisphere during the P2 time window (Figure

3b,c). Moreover, tone-bursts to the left ear in adolescents evoked

larger dipole moments in the contralateral right auditory cortex, but

similar dipole latencies between the hemispheres during the P2 time

window (Figure 3c). One possible explanation for this deviation in con-

tralateral dominance with age is that there is an increasing role of

trans-callosal interhemispheric projections to the right auditory cortex.

The right auditory cortex receives excitatory auditory input directly

from the right medial geniculate nucleus and indirectly from the left

medial geniculate nucleus via the left auditory cortex and corpus cal-

losum (Carrasco et al., 2013; Reser, Fishman, Arezzo, & Steinschneider,

2000; Stephan, Fink, & Marshall, 2007). Indirect pathways could play

an increasing role for sound processing with age as the corpus callosum

develops (Moore & Guan, 2001; Moore & Linthicum, 2007). Latency

differences can distinguish indirect from direct pathways given that

interhemispheric transfer time mediated by the corpus callosum can be

up to 20 ms depending on the type of task and sensory modality (Cher-

buin & Brinkman, 2006; Fendrich, Hutsler, & Gazzaniga, 2004; Krumb-

holz, Hewson-Stoate, & Schonwiesner, 2007). It is possible then that

delayed but strong responses of the right auditory cortex to ipsilaterally

presented tone-bursts (underlying the P2 peak) reflect a relay of activ-

ity from the left auditory cortex through indirect pathways involving

trans-callosal interhemispheric projections.

5 | CONCLUSION

In conclusion, the results of this study indicate that right cortical spe-

cialization to monaural tone-bursts begins as early as 5 years of age

and becomes increasing prominent with development by 15 years of

age. This change is promoted by sustained peak activity in the right

auditory cortex in response to tone-bursts in contrast to an overall

decrease in sound evoked dipole moment with age. Possible strength-

ening and/or reduced inhibition in direct and indirect pathways to the

right auditory cortex with age which could explain the present findings,

should be explored in future studies.
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