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Abstract

Background: A musician’s ability to produce a precise pitch must involve some kind of neuroplasticity, allowing them to con-
trol fundamental frequency, maintain target pitch, and accurately control pitch through auditory perceptual monitoring. The
present study uses cortical auditory evoked potentials (CAEPs) to investigate neuroplasticity by assessing the latency of P1,
N1, P2, and N2 as well as the peak-to-peak amplitudes P1-N1, N1-P2, and P2-N2 in two groups of subjects: Carnatic vocal
musicians and non-musicians.

Materials and methods: Two groups of normal hearing females aged 18 to 25 years. There were 20 Carnatic vocal musicians
(Indian classical music of south India) and 20 non-musicians. Pure tones were used as stimuli.

Results: Descriptive statistics revealed lower latency and greater peak-to-peak amplitude for all measures in the Carnatic vo-
cal musicians compared to the non-musicians. MANOVA showed that vocalists had significantly better (shorter) N1, P2, and
N2 latencies and significantly better (greater) peak-to-peak amplitude of P1-N1.

Conclusions: The present study showed some significantly enhanced CAEP parameters in Carnatic vocal musicians compared
to non-musicians. This indicates that musical experience has an effect on the central auditory nervous system, and this form

of neuroplasticity can be investigated with CAEPs.

Keywords: auditory evoked potentials « music « neuronal plasticity

IMPACTO Y EXPERIENCIAS EN EL APRENDIZAJE DEL CANTO CARNATICO EN
LOS POTENCIALES AUDITIVOS CORTICALES

Resumen

Introduccion: Las habilidades de los musicos de obtener los tonos de voz apropiados, estan asociados con cierta neuroplas-
ticidad, que permite controlar las frecuencias fundamentales, mantener un tono de destino y un control apropiado de tono
mediante el control perceptivo del oido. El presente estudio utiliza los potenciales auditivos evocados (CAEP) para estudiar la
neuroplasticidad mediante la evaluacion de la latencia P1, N2, P2 y N2, asi como la amplitud entre las cimas P1-N1, N1-P2,
y P2-N2 en dos grupos tematicos: cantantes de las canciones carndticas y las personas que no son musicos.

Materiales y métodos: Dos grupos de mujeres con audiciéon normal, de 18 a 25 afios. 20 cantantes de canciones carnaticas
(musica clasica del sur de la India) y 20 personas que no son musicos. Incentivos utilizados en la forma de tonos.

Resultados: Las estadisticas descriptivas han demostrado una latencia menor y una amplitud mayor entre las cimas para to-
das las mediciones de cantantes de canciones carndticas, en comparacion con personas que no son musicos. MANOVA ha de-
mostrado, que las cantantes tenian significativamente mejores (mds cortas) latencias N1, P2 y N2 y una amplitud entre las ci-
mas P1-N1 significativamente mejor (mas amplia).

Conclusiones: El presente estudio ha demostrado unos parametros CAEP significativamente reforzados en las cantantes de
canciones carndticas, en comparacion con mujeres no-musicos. Este demuestra que la experiencia musical tiene impacto en

las zonas auditivas del sistema nervioso central y este area de la neuroplasticidad puede ser examinada mediante los CAEP.

Palabras clave: potenciales auditivos evocados « musica  neuroplasticidad
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BJIIMAHME M OIIBIT B UISYYEHVN KAPHATHUK BOKAJIA HA CJIYXOBBIE
KOPKOBDIE IIOTEHIIAJIBI

Nsnoxenne

Beepenne: CIIoco6HOCTI My3BIKaHTOB IIOZTY4€HIsI COOTBETCTBYIOIIETO TeMOpPa roloca CBsI3aHbI C OIIpefeeHHOI Heil-
POIIaCTUYHOCTHIO, TO3BOJISIONIEI KOHTPOIMPOBATH S7IeMEHTapHbIE YaCTOTBI, YAEP)KATh OIIpele/IeHHbI TeMOp 1 COOT-
BETCTBYIOIUM 06pa3oM KOHTPOIMPOBATh TeMOp IIyTeM IepLeNTHBHOr0O MOHUTOPKHTA cyxa. Hacrosiee nccnenosa-
HIUe JICIIOTIb3yeT CIyXOBble BbI3BaHHbIe moTeHIuanbl (CAEP) mis nccnenoBaHma HePOIUIACTUYHOCTH ITyTeM OLIEHKM
narenuuu P1, N1, P2 u N2, a Taxoke aMImuTybl 1onHoro pasmaxa P1-N1, N1-P2 u P2-N2 B gByX TeMaTU4€CKUX IPYII-
Max: BOKAJIMCTOB IIeCeH KapHATHUK U JII0fiell, KOTOpble He ABJAITCA My3bIKaHTaMM.

Marepuan u MeToabl: [IBe IPYIIIbI JKEHIIMH C HOPMaJIbHBIM CIyXOM B Bo3pacre 18-25 net. 20 BOKa/IMCTOK IpousBe-
JEeHMIT KapHaTUK (K/Iaccuyeckas MysbIKa 10oKHOM VIHaum) u 20 4enoBeK, He ABIAININXCA My3bIKaHTaMM. Vicnonb3osa-
HBI VIMITY/IbCBI B GOpMe TOHOB.

Pesynprarpr: OnicaTe/bHaA CTATUCTUKA IOKa3a/la HU3LIYIO TaTEHINMIO ¥ GOJIbIIYI0 aMIUIMTYAY IIOJIHOTO pasMaxa i
BCeX M3MEPEeHMI Y COMUCTOK IIPOM3BefeHNIT KapHAaTUK B CPAaBHEHUM C JIIOfAbMU, He SBJIAIOLMMICSI My3bIKaHTaMIL.
MANOVA noxkasasna, 4T0 BOKa/IMICTKV MMe/IU 3HaYNTeNbHO aydiye (KopoTiune) nateHuun N1, P2 u N2 u 3HaunTemb-
HO Ty4inyio (60/bIyI0) aMIUTUTY/Y IOTHOTO pasmMaxa P1-N1.

Mrorn: Hacrosee uccnefosanne noKasano 3HAYNTENbHO yculeHHble mapaMeTpbl CAEP y BOoKamucTok npoussepe-
HUI KapHAaTUK B CPaBHEHUU C )KEHIMHAMMY, KOTOpble He SIB/ISUINCh MY3BIKAHTaMMU. DTO [JOKAa3bIBAET, YTO MY3bIKa/Ib-
HBIJl OIIBIT MIMeeT B/IMsAHNE Ha CTyXOBbIe 30HBI LIEHTPA/IbHOM HEPBHOI CHCTEMBI U 3Ta 30HA HEVIPOIUIACTUYHOCTH MO-
JKeT ObITh uccnenoBana ¢ nomouipo CAEP.

KnroueBbie ctoBa: C/IyXOBbI€ BbI3BaHHbIE IIOTE€HIVIBJIbI ¢ MY3bIKa e HeﬁpoH}IaCTI/I‘{HOCTb

WPLEYW I DOSWIADCZENIA W NAUCE SPIEWU KARNATYCKIEGO NA SLUCHOWE
POTENCJALY KOROWE

Streszczenie

Wprowadzenie: Umiejetnoéci muzykow uzyskiwania odpowiedniej tonacji glosu wiaza si¢ z pewna neuroplastycznoscia, po-
zwalajac na kontrole podstawowych czestotliwo$ci, utrzymania docelowej tonacji i odpowiedniej kontroli tonacji poprzez per-
cepcyjne monitorowanie stuchu. Niniejsze badanie wykorzystuje stuchowe potencjaly wywolane (CAEP) do badania neuropla-
styczno$ci poprzez oceng latencji P1, N1, P2 i N2 jak réwniez amplitudy miedzyszczytowej P1-N1, N1-P2 i P2-N2 w dwoch
grupach tematycznych: wokalistow piosenek karnatyckich i 0s6b nie bedacych muzykami.

Material i metody: Dwie grupy kobiet z normalnym stuchem w wieku 18-25 lat. 20 wokalistek utworéw karnatyckich (muzy-
ka klasyczna Indii potudniowych) i 20 0s6b nie bedacych muzykami. Zastosowano bodzce w postaci tondw.

Wryniki: Statystki opisowe wskazaly nizsza latencje i wigksza amplitude miedzyszczytowa dla wszystkich pomiaréw u wokali-
stek utworéw karnatyckich w poréwnaniu z osobami nie bedacymi muzykami. MANOVA pokazata, ze wokalistki miaty zna-
czaco lepsze (krotsze) latencje N1, P2 i N2 i znacznie lepsza (wieksza) amplitude miedzyszczytowg P1-N1.

Whioski: Niniejsze badanie wykazato znaczaco wzmocnione parametry CAEP u wokalistek utworéw karnatyckich w poréw-
naniu z kobietami, ktore nie s3 muzykami. Dowodzi to, ze do$wiadczenie muzyczne ma wplyw na obszary stuchowe osrod-

kowego ukladu nerwowego i ten obszar neuroplastycznosci moze zosta¢ zbadany przy pomocy CAEP.

Stowa kluczowe: stuchowe potencjaly wywolane « muzyka « neuroplastycznosé¢

Background

Cortical auditory evoked potentials (CAEPs) are non-inva-
sive measures of acoustically evoked potentials. They are a
component of the electroencephalogram (EEG) reflecting
long-term neuroplastic changes. CAEPs have long laten-
cy, and can help assess central auditory system function.

Using CAEDPs it is possible to track the maturation of the
human brain through changes in latency, amplitude, and
morphology [1]. Based on latency measures, CAEPs can
be divided into four waves in the range 80 to 300 ms: a
positive peak (P1) at about 50 ms followed by a large neg-
ative peak (N1) at 80-100 ms, and a second positive peak
(P2) at 180-200 ms followed by a negative peak (N2) at
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220-270 ms [2]. There are several factors on which the
morphology of CAEP waveforms depend: age [3], atten-
tion [4], sleep state [5], presentation parameter [6], and
electrode recording position [7,8]. CAEPs are generated
by multiple temporally overlapping subcortical and cor-
tical sources [9,10]; since these components are passively
elicited, the subject does not need to perform a task and
is simply asked to remain alert.

Changes in the morphology of the CEAP waveform, evi-
dent as changes in latency and amplitude, are considered
to indicate increases in neural synchrony and strength-
ened neural connections [11]. P1 appears to arise from
the primary auditory cortex, specifically Heschl’s gyri, but
may have contributions from thalamic and auditory asso-
ciation areas as well [12]. N1 has multiple, spatially dis-
tributed cortical sources which temporally overlap. These
sources include Heschel’s gyri, planum temporale, cingu-
late gyri, and auditory association areas in the lateral tem-
poral and parietal lobes [13]. P2 appears to have multiple
generators in primary auditory cortex: within the tempo-
ral lobe [14,15], Heschl’s gyrus, and primary auditory cor-
tex within the Sylvian fissure [16]. Possible generators of
N2 are the frontal lobe, limbic system, or other subcorti-
cal structures [17,18].

A study by Shahin et al. in 2003 [19] showed that the P2
and Nlc components of the auditory evoked potential
(AEP) are sensitive to remodeling of the auditory cortex
due to training (neuroplasticity). The term neuroplasticity
refers to changes in the central nervous system as a result
of experience or adaptation to environmental demands.
Neuroplasticity can arise from changes in structure or
function at either the cellular or system level. Modifica-
tion of the gross anatomy of the brain, structural changes
in individual brain cells, and reorganization of the neural
network that subserve complex cognitive processes are all
examples of neuroplasticity.

Music is a demanding cognitive and neural task which
requires very accurate timing of multiple actions, precise
control of pitch intervals not involved in language, and
multiple ways of producing sound. Enhanced auditory
perception in musicians is likely to result from auditory
perceptual learning over several years of training. Audi-
tory perceptual learning is a term referring to improve-
ments in the auditory system’s ability to discriminate dif-
ferences in certain attributes of a stimulus. In 2014, Polat
and Atas used CAEP and speech stimuli on young adult
musicians to show that musical experience has an effect
on the nervous system [20]. Similarly, Shahin et al. (2003)
reported that highly skilled violinists and pianists showed
larger N1c (latency of 138 ms) and P2 (latency of 185 ms)
responses to tonal stimuli [19]. In 2004, Shahin et al. played
violin and piano tones to 4- and 5-year-old pianists and vi-
olinists and found enhancement of P2 after practice [21].
Similar findings were seen by Trainer and colleagues in
2003 from studying auditory evoked potentials (evoked
by pure tones, violin tones, and piano tones) in adult and
child musicians. The results showed that the P2 response
was enhanced in both adult and child musicians, but not in
non-musicians, and that auditory training could enhance
this component in non-musician adults [22].

42

In the case of vocal singers, control of pitch is a complex
biomechanical and aerodynamic system, and their ability
to produce a precise pitch is crucial. The literature shows
that accurate pitch control depends on auditory percep-
tual monitoring and proprioceptive feedback of the laryn-
geal and phonatory reflex systems [23-25]. Nikjeh et al.
(2008) investigated mismatch negativity (MMN) among
61 subjects which included 20 vocalists, 21 instrumental-
ists, and 20 non-musicians. MMN was evoked by a mul-
ti-deviant paradigm and the stimuli were harmonic tone
complexes from the female mid-vocal range (C4-G4). The
results showed that, compared to non-musicians, both vo-
cal and instrumental musicians had an enhanced skill for
pre-attentive auditory discrimination of acoustic parame-
ters [26]. Professional vocalists consistently controlled the
fundamental frequency and maintained target pitch bet-
ter than did non-singers.

There must therefore have been a neuroplastic change in
the musicians. Better auditory perceptual monitoring arose
simultaneously with accurate control of fundamental fre-
quency, target pitch, and pitch. Previously, CAEPs investi-
gated on western classical musicians have shown enhanced
CAEP responses [19-21]. However, there are some funda-
mental mechanistic differences between Indian and West-
ern classical music in terms of pitch structure and tempo-
ral patterning. Some basic elements of Indian music - e.g.
taala (the rhythmic pattern), shruti (the relative musical
pitch), raaga (the melodic mode), and swara (the musical
sound of a single note) — are rarely found in western clas-
sical music. For the western listener, these characteristic
features are difficult to appreciate without special train-
ing. Recent behavioral tests on Indian classical musicians
has found enhanced auditory skills [27-31]. It is therefore
interesting to know whether Indian classical music train-
ing and practice has an effect on CAEPs. Since there is a
general lack of literature on CAEP in Carnatic vocal mu-
sicians, the aim of the present study was to assess P1, N1,
P2, and N2 latency, as well as P1-N1, N1-P2, and P2-N2
peak-to-peak amplitude, in Carnatic vocal musicians (In-
dian classical music of south India) and compare the re-
sults with those from non-musicians.

Materials and methods

Participants

Two groups of subjects (females only) aged 18 to 25 years
participated. There were 20 in an experimental group
(mean age 21.05%1.79) and 20 in a control group (mean
age 20.12+1.53 years). The experimental group comprised
subjects who had a minimum professional experience of
5 years of Carnatic vocal music exposure (Indian clas-
sical music of south India). On average, they practised
18.3+10.3 hours per week and had 7.7 years of experience;
all had started their musical training after the age of 11
years. Subjects who practised music other than Carnatic
vocal music were strictly excluded from the study. Age-
matched participants from a private arts college who did
not have any formal training in music served as a non-mu-
sician control group. Informed written consent was tak-
en from all participants, and the study was approved by
the ethical committee at the All India Institute of Speech
and Hearing, Mysore.
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Participant selection criteria

All the participants had normal hearing thresholds as de-
fined by pure tone thresholds of <15 dBHL at 250, 500,
1000, 2000, 4000, and 8000 Hz. Further, they did not have
any middle ear pathology as revealed by a middle ear ana-
lyzer. Subjects who had any other otological, neuromuscu-
lar, or neurological problem were excluded from the study.

Testing environment

Electrophysiological tests were carried out in a sound-
treated room where noise levels were as per the guide-
lines in ANSI S3.1 (1991). The test room was well illumi-
nated and air-conditioned.

Instrumentation

A calibrated two-channel clinical audiometer (Orbitor 922)
was used for pure tone audiometry, and a calibrated GSI-
Tympstar immittance meter was be used for tympanom-
etry and acoustic reflex threshold testing. An Intelligent
Hearing System with smart EP was used to record CAEPs.

Procedure

Pure tone thresholds were obtained using a modified ver-
sion of the Hughson and Westlake procedure (Carhart &
Jerger, 1959) across frequencies of 250, 500, 1000, 2000,
4000, and 8000 Hz for air conduction and of 500, 1000,
2000, and 4000 Hz for bone conduction [32]. A middle
ear analyzer was used to carry out tympanometry using
a probe tone of 226 Hz and to obtain ipsilateral and con-
tralateral acoustic reflexes thresholds at 500, 1000, 2000,
and 4000 Hz.

Electrophysiological testing included click-evoked ABR to
verify the normal hearing sensitivity of participants when
required. For ABR recording, the subject was seated in a
reclining chair. The skin surface at the two mastoids (M1,
M2) and forehead (Fz) was cleaned with skin abrasive to
obtain a skin impedance of less than 5 k() for all electrodes.
The electrodes were placed with the help of skin conduc-
tion paste and surgical plaster was used to secure them in
place. To minimize artifacts, participants were instructed
to relax and refrain from extraneous body movements.

CAEPs were recorded using an Intelligent Hearing System
with smart EP in a sound-treated room. The stimulus was
a 1000 Hz pure tone with 30 ms rise/fall times and 140 ms
plateau. CAEPs were recorded in a vertical montage with
Cz as the positive electrode referenced to the nape of the
neck. The ground electrode was placed on the lower fore-
head. A second channel was used to record eye-blink re-
sponses. Sweeps with large eye-blink artifacts were elimi-
nated from averaging. Stimuli were presented at 70 dBnHL
in rarefaction polarity at a repetition rate of 1.1/sec. The
responses were averaged for 400 sweeps over —50 to 500
ms with reference to stimulus onset. The filter was set
to a bandpass of 1 to 30 Hz and amplified 50,000 times.
Stimuli were presented binaurally. Participants were seat-
ed comfortably in order to avoid muscular artifacts. The
skin surface of the target electrode sites was cleaned and
disc electrodes were placed. Recording started only if the

impedance was less than 5 kQ) and inter-electrode imped-
ance was less than 2 kQ). CAEPs were analyzed in terms
of P1, N1, P2, and N2 latency as well as P1-N1, N1-P2,
and P2-N2 peak-to-peak amplitude in vocal musicians
and compared with non-musicians.

Statistical analysis

Descriptive statistics was done to find the mean and stand-
ard deviation (SD) for all measures of CAEP (latency of
P1, N1, P2, and N2 and amplitude of P1-N1, N1-P2, and
P2-N2). To reduce the chance of a type 1 error, MANOVA
was also done using SPSS (v.17) to compare vocal musi-
cians and non-musicians for each CAEP measure.

Results

The different CAEP measures (P1, N1, P2, and N2 latency
and P1-N1, N1-P2, and P2-N2 peak-to-peak amplitude)
were noted through visual inspection for each participant.
A Shapiro-Wilk test was used to check that the data for
both groups followed a normal distribution. Descriptive
statistics showing mean and SD of P1, N1, P2, and N2 la-
tency are given in Table 1. Similar descriptive statistics for
P1-N1, N1-P2, and P2-N2 peak-to-peak amplitude are
given in Table 2. MANOVA was used to compare musi-
cians and non-musicians for each CAEP measure. Sample
waveforms of a CAEP for a musician and a non-musician
are given in Figures 1 and 2 respectively.

P1, N1, P2, and N2 latency

Descriptive statistics were done to find mean and SD for
P1, N1, P2, and N2 latency for both the Carnatic vocal
musicians and non-musicians. Table 1 lists the mean and
SD of all latencies measured in musicians and non-musi-
cians. It shows that Carnatic vocal musicians have shorter
(better) latencies for all measures (P1, N1, P2, N2) com-
pared to non-musicians. It can also be seen that the SD
was greater for non-musicians compared to musicians for
all latency measures (P1, N1, P2, and N2). Figure 3 shows
these results graphically.

MANOVA was carried out to find out if the latency dif-
ferences between the Carnatic vocal musicians and non-
musicians were significant. Results showed that musicians
have significantly better N1 latency [F(1,38)=4.71; p<0.05;
n*=0.11], P2 latency [F(1,38)=19.14; p<0.05; *=0.33], and
N2 latency [F(1,38)=16.42; p<0.05; 1*=0.30]. For P1 laten-
cy, MANOVA showed no significant difference between
the groups [F(1,38)=2.93; p>0.05; n*=0.07].

P1-N1, N1-P2, and P2-N2 peak-to-peak amplitude

Descriptive statistics were calculated to find the mean and
SD for P1-N1, N1-P2, and P2-N2 peak-to-peak ampli-
tude for both groups. Table 2 shows that Carnatic vocal
musicians have greater (better) peak-to-peak amplitude
for P1-N1, N1-P2, and P2-N2 compared to non-musi-
cians. Figure 4 plots these results, together with error bars.

MANOVA was carried out to test if amplitude differ-
ences between the groups were significant. MANOVA
showed that musicians have significantly greater (better)
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Table 1. Mean and standard deviation (SD) of P1, N1, P2, and N2 latency for the vocal musicians and non-musicians

P1 Latency (ms)

N1 Latency (ms)

P2 Latency (ms) N2 Latency (ms)

Groups F=2.93; p=0.95 F=4.71; p=0.03 F=19.14; p=0.00 F=16.42; p=0.00
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Vocal musicians 51.25 (7.43) 93.25 (9.51) 141.80 (8.20) 201.75 (13.09)

Non-musicians 56.60 (11.82)

101.65 (14.52)

154.65 (10.25) 219.75 (14.94)

Table 2. Mean and standard deviation (SD) of peak-to-peak amplitude of P1-N1, N1-P2, and P2-N2 for the vocal musi-

cians and non-musicians

P1-N1 (uv) N1-P2 (uv) P2-N2 (uv)

Groups (F=6.96; p=0.01) (F=2.12; p=0.15) (F=1.68; p=0.20)
Mean (SD) Mean (SD) Mean (SD)
Vocal musicians 3.66 (0.88) 3.52 (1.33) 3.68 (1.53)
Non-musicians 2.87 (1.00) 2.96 (1.09) 3.13 (1.13)
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Figure 1. Sample waveform of cortical au-
ditory evoked potential in a Carnatic vocal
musician
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peak-to-peak amplitude for P1-N1 [F(1,38)=6.96; p<0.05;
Nn?=0.15]. No significant differences were seen for N1-P2

[F(1,38)=2.12; p>0.05; 12=0.05] and P2-N2 [F(1,38)=1.68;
p>0.05; 1?=0.04].

Discussion

The aim of the present study was to measure P1, N1, P2,
and N2 latency as well as P1-N1, N1-P2, and P2-N2
peak-to-peak amplitude in Carnatic vocal musicians and
compare them with those of non-musicians. Descriptive
statistics showed that, for all measures, there were ear-
lier (better) peak latencies and greater (better) peak-to-
peak amplitudes in Carnatic vocal musicians compared
to non-musicians. However, MANOVA showed that the
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500 ms
Figure 2. Sample waveform of cortical au-
1000wV ditory evoked potential in a non-musician
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differences were significant only for N1, P2, and N2 laten-
cies (where they were better in vocal musicians compared
to non-musicians) and for P1-N1 peak-to-peak ampli-
tude (where it was again better in Carnatic vocal musi-
cians than in non-musicians).

In general, the results of the present study show there is
distinct neural enhancement at the cortical level in Car-
natic vocal musicians compared with non-musicians. For
vocalists, the musical instrument is the larynx, the organ
responsible for voice production. Enhanced auditory per-
ception and vocal pitch control are both important skills
for a vocalist. Vocal pitch control requires the integration
of the body’s motor and sensory systems. Regular vocal
practice might fine-tune the cortical processing of auditory
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Figure 3. Latency measures for Carnatic vocal musicians
and non-musicians. Error bars show standard deviations

stimuli, leading to enhanced CAEPs. The outcomes of the
present study are consonant with previous investigations
[19-22,33] on CAEPs among different types of musicians
(violinists, pianists, vocalists, etc.) and with different types
of stimuli (speech, pure tone, music, etc.).

Changes in the morphology of CEAP waveforms, meas-
ured as a decrease in latency or an increase in amplitude,
are considered to indicate an increase in neural synchro-
ny and strengthened neural connections [11]. Shahin et
al. (2003) investigated whether an increase in neuroplas-
ticity among musicians (violinists and pianists) matched
their musical training histories. The results showed that,
compared to non-musicians, the musician group had larger
Nlc and P2 responses to three types of tonal stimuli [19].
Similarly, Trainor et al. (2003) measured auditory evoked
potentials in adult musicians and non-musicians, as well
as in 4- and 5-year-old children who had extensive musi-
cal training, and compared them with children who had
never had any musical training. The stimuli were piano
tones, violin tones, and pure tones. The results showed
that P2 was enhanced in both adult and child musicians
compared to non-musicians, and that P2 reflected neu-
roplasticity and the effect of early musical training [33].
Using piano tones, violin tones, and pure tones as stimu-
li, Shahin et al. (2004) investigated N1 and P2 evoked re-
sponses in children enrolled in Suzuki music lessons. For
all tones, P1 was larger in the Suzuki pupils compared to
a control group of non-musicians, whereas P2 was en-
hanced only for the instrument of practice (piano or vio-
lin). In pianists, it was also observed that although the P2
amplitude increased with spectral complexity, N1 ampli-
tude did not [21]. The outcome of the present study is in
consonance with the study done by Shahin et al. (2004).
Similar to their results, the present study also found sig-
nificantly better P1-N1 peak-to-peak amplitudes evoked
by tonal stimuli among Carnatic vocal musicians com-
pared to non-musicians.

Musachhia et al. (2008) investigated cortical encoding
of speech in 26 participants. It was seen that overall P1
and N1 peaks were earlier in latency and larger in ampli-
tude for musicians [33]. Using speech stimuli, Polat and
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Figure 4. Peak-to-peak amplitude of P1-N1, N1-P2, and
P2-N2 for Carnatic vocal musicians and non-musicians.
Error bars show standard deviations

Atas (2014) investigated CAEPs and reported significant-
ly greater amplitudes of P1 and P2 in young adult musi-
cians compared to non-musicians [20]; they also found
decreases in latency. While our finding of an amplitude
increase is similar, the latency decrease is in contrast with
our present findings which revealed no significant differ-
ence in latencies between musicians and non-musicians,
a disparity that might be due to a difference in the stim-
uli used, i.e. tones vs. speech [20]. Although the present
study found superior CAEPs in vocal musicians compared
to non-musicians, it failed to show any significant differ-
ence for P1 latency, N1-P2, and P2-N2 peak-to-peak am-
plitude, and this is not unlike the results of Shahin et al.
(2003) [19], who failed to find any significant difference
for N1 amplitude. This aspect of our findings concurs with
the aforementioned EEG studies, which also failed to show
enhanced N1 responses after training for spectral or tem-
poral acoustic discrimination [34,35].

A study by Sharma et al. [36] on the measurement of in-
tervention outcomes in children with central auditory pro-
cessing disorder also failed to report a significant differ-
ence between the control group and study group in terms
of P1 latency, although a significant difference was seen for
P1 amplitude, which generally supports our study’s find-
ings. In terms of P1 latency, Poton et al. [13] noted that
it is adult-like by age 10, whereas other peaks mature lat-
er in life. According to Poton and colleagues, this differ-
ence in maturational time may account for P1 being rela-
tively resistant to the effect of noise. The current study has
found that Carnatic vocal musical experience has an ef-
fect on the central auditory nervous system, and this can
be seen in CAEPs recorded with tonal stimuli. In future,
the present study will be replicated with speech stimu-
li to obtain a clearer idea about the cortical processing of
speech in vocal musicians.

Conclusions

The present study has shown that vocal musical training
and experience enhances a person’s CAEPs. Carnatic vo-
cal training and experience promotes neuroplasticity at the
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cortical level, findings which can be used to track the pro-
gress of rehabilitation through musical training. In par-
ticular, there are clinical populations who have generally
poor CAEPs - i.e. those with central auditory processing
disorder, learning disability, Parkinson’s disease, schizo-
phrenia, Alzheimer’s disease, children with developmen-
tal language disorder, children with cochlear implant, and
phonological disorder [37-40]. Vocal music training in
these populations might lead to enhancement in neuro-
plasticity, eventually providing better speech perception
and communication skills.
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