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Abstract
Processing of sound signals is an important factor for conscious human communication and such sound signals may be as-
sessed through cortical auditory evoked potentials. Heart rate variability provides information about heart rate autonomic regu-
lation. The association between resting heart rate variability and cortical auditory evoked potentials was investigated. Resting
heart rate variability in the time and frequency domain and the cortical auditory evoked potential components were investigated.
Subjects remained at rest for 10 minutes for recording of heart rate variability. Cortical auditory evoked potential examinations
were then undertaken through frequency and duration protocols in both ears. Linear regression indicated that the amplitude of
the N2 wave of the cortical auditory evoked potentials in the left ear (not right ear) was significantly influenced by the standard
deviation of normal-to-normal heart beats (17.7%) and percentage of adjacent heart beat intervals with a difference of duration
greater than 50 milliseconds (25.3%) for the time domain heart rate variability indices in the frequency protocol. In the duration
protocol and in the left ear the latency of the P2 wave was significantly influenced by low (20.8%) and high frequency bands in
normalized units (21%) and low frequency/high frequency ratio (22.4%) indices of heart rate variability spectral analysis. The
latency of the N2 wave was significantly influenced bylow frequency (25.8%), high frequency (25.9%) and low frequency/high fre-
quency ratio (28.8%). In conclusion, it is proposed that resting heart rhythm is associated with thalamo-cortical, cortical-cortical
and auditory cortex pathways involved with auditory processing in the right hemisphere.
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1. Introduction

Conscious understanding of sound is necessary for communication
and development of cognitive abilities [1] and our cognitive system
provides the most important distinguishing characteristic for humans
and other mammals [2].

Sound processing in the brain may be analyzed through corti-
cal auditory evoked potentials (CAEP). This is a well-recognized
technique for evaluation of central auditory mechanisms related to
auditory processing [3]. It affords information regarding automatic
perception, discrimination, passive, and sound recognition and is
associated with the alert response during the early allocation of
attention [4, 5].

CAEP includes the P100 (P1), N100 (N1), P200 (P2), N200 (N2),
and P300 (P3) waves. The P1 wave reflects synaptic transmission
in the thalamus-primary cortical level [6]. The N1 and P2 waves
correspond to secondary auditory cortex pathways from the thalamus
and different cortical areas [7]. The N2 component is associated
with passive and sound recognition [4]. Finally, P3 is linked to the

alert response during early allocation of attention. It is elicited by a
distractor stimulus [5] and has an association with prefrontal cortex
activity [8, 9].

Interaction between the autonomic nervous system (ANS) and
auditory processing in the central nervous system has previously
been reported for rats [8, 10]. Both the parasympathetic [9] and
sympathetic [10] divisions of the ANS in rats have been found to
be involved in autonomic and heart rate (HR) responses induced
by auditory stimulation. It has been demonstrated that the auditory
cortex has a pivotal role in autonomic responses elicited by sound.

Under these circumstances, heart rate variability (HRV) is a sim-
ple, inexpensive, reliable, and noninvasive method for analysis of
autonomic HR regulation [11, 12] previously validated in pharma-
cological studies [13, 14]. HRV describes the fluctuations of the
intervals between two consecutive heart beats (RR-interval of the
electrocardiographic signature) and indicates the capacity of the heart
to respond to external and physiological stimuli. HRV is analyzed by
mathematical procedures based on the RR-interval. Here, these in-
clude standard deviation of normal-to-normal RR-intervals (SDNN),
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percentage of adjacent RR-intervals with a difference of duration
greater than 50 milliseconds (pNN50) and root-mean square of dif-
ferences between adjacent normal RR-intervals in a time interval
(RMSSD) – Task Force of the European Society of Cardiology and
the North American Society of Pacing and Electrophysiology [15].
Time and frequency domains are the most commonly applied indices
for linear HRV investigation [16].

Significant correlation of N2, P2 and P3 waves with resting HR
in the left ear (right cortical hemisphere) has been reported [17].
This study suggested the hypothesis that HRV may be associated
with sound discrimination and facilitation of attention and memory
mechanisms during stimulus processing.

Although, as previously noted, there is an interaction between
auditory mechanisms and the ANS [18], it is unclear whether audi-
tory processes related to attentional mechanisms are associated with
the ANS. Furthermore, mechanisms regarding auditory attention
processing and parasympathetic modulation could provide additional
evidence for the role of ANS in social interactions and engagement.
Thus, here it was aimed to evaluate the association between cortical
auditory processes and resting autonomic HR regulation.

2. Method

2.1. Study population

Twenty-three healthy male non-athletic subjects, all non-smokers
and aged between 18 and 30 years old were assessed. All subjects
were informed about the procedures and objectives of the study and
after approving, informed confidential written consent was obtained.
All study procedures were approved by the Ethics Committee in
Research of the Faculty of Sciences of the Universidade Estadual
Paulista, Campus of Marilia (No. CEP-0419/2012) and obeyed
resolution National Health Resolution 466/2012.

2.2. Non-inclusion criteria

Subjects were excluded for the following conditions: systolic blood
pressure > 140 mmHg, diastolic blood pressure > 90 mm, body
mass index (BMI) > 35 kg/m2, cardiopulmonary, psychological, and
neurological related disorders, impairments that prevented the subject
from performing the protocols, and treatment with medications that
influence cardiac autonomic regulation. Arterial blood pressure
was measured with a manual cuff and stethoscope by a well-trained
professional.

2.3. HRV analysis

HRV analysis followed the procedures of the Task Force of the Euro-
pean Society of Cardiology [15]. The RR-intervals were recorded
by a portable RS800CX HR monitor (sampling rate 1 kHz). These
data were downloaded to a Polar Precision Performance program
(version 3.0, Polar Electro, Finland). This software permitted HR
visualization and extraction of a text format RR-interval data file.
Digital filtering was subsequently complemented with manual fil-
tering to eliminate premature ectopic beats and artifacts. 256 stable
consecutive RR-intervals were then analyzed. Only RR-intervals
with more than 95% normal rhythm (95% sinus rhythm, without
artifacts) were included in the study [15, 19]. Resting HRV was
recorded for minutes prior to the CAEP examination.

2.4. Linear indices of HRV

Analysis in the time domain obtained the SDNN, pNN50, and the
RMSSD (root-mean square of differences between adjacent normal
RR-intervals in a time interval) [16].

For HRV analysis in the frequency domain, the spectral com-
ponents of high frequency (HF: 0.15 to 0.40 Hz) in absolute (ms2)
units were employed to correspond to vagal modulation. The spectral
analysis was computed by Fast Fourier Transform [20].

Kubios HRV (version 2.0) software was employed to study these
indices [21].

2.5. Audiological evaluation

A soundproofed room was employed to exclude auditory anomalies
during the following assessments:

• Pure tone audiometry to assess hearing thresholds (air and
bone conduction). Examination conducted with a two-channel
audiometer, GSI 61 Grason-Stadler, with TDH-39 earphone;

• Auditory examination to obtain information about the medical
history of the subject’s anamnesis.

Audiological acceptance criteria included: subjects without hear-
ing impairment, tonal thresholds above 25 dBNA [22] in both ears,
and a Type A tympanometric curve, indicating normality of the
tympanic bone system [23].

2.6. Examination of cortical auditory evoked potential (CAEP)

All procedures were in agreement with the International 10-20 Sys-
tem. Electrophysiological examination was conducted using the
P300-P3 long-latency auditory evoked potential. Bio-logic Systems
Corp. equipment was used for the P3 recording. Active electrodes
were placed on the earlobes (reference electrode: A1 = LE and A2 =
RE), the forehead (Fpz = ground electrode) and on the cranial vertex
(Cz = active electrode) and headphones were suitably positioned
(TDH-39 earphone).

The principal function of this electrophysiological examination
was to estimate the integrity of the auditory pathway in the brain. Ex-
amination of CAEP was completed in a silent room with the subject
seated and instructed to remain alert. The aim was to evaluate the
ability of the subject to discriminate sound frequency and duration.

The oddball paradigm was undertaken for electrophysiological
recordings. This paradigm is based on distinguishing randomly
and infrequently repeated target stimuli from frequently repeated
non-target stimuli. Monaural auditory stimuli were presented by
earphones, delivered to each ear independently, and for two different
five minute protocols (duration and frequency). Right and left ears
were randomly selected.

The frequent protocol (non-target) comprised a 1 kHz stimu-
lation, whereas, the rare 1.5 kHz (target) stimulus occurred with
20% probability. The duration protocol was comprised of a 100 ms
frequent (non-target) stimulation and a 50 ms rare (target)stimulus,
the latter also occurred with a 20% probability.

To facilitate detection of auditory stimuli by a subject, the stim-
ulation intensity for elicitation of P3 extended from 20 to 25 dBSL
(decibel sensation level, specifically, 20–25 dBSL above the auditory
threshold for the frequency applied) for the frequencies used for the
frequent and rare stimuli. If this level of stimulation was uncomfort-
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able, the highest level of comfort reported by the subject at which
they could detect the sound was employed.

The following parameters were used: frequent (probability 80%)
low frequency binaural acoustic stimulation (tone bursts with 50
millisecond duration, plateau 30 milliseconds, and rise/fall time of
10 milliseconds) and a higher rare (probability 20%) stimulus. The
frequency and intensity of both the frequent and rare stimuli were
selected by the pure tone audiometry, explicitly, frequencies with de-
tectable thresholds. The stimulation intensity was also varied accord-
ing to the frequency applied but always remained supra-threshold.

Three-hundred artifact-free stimuli (approximately 60 rare and
240 frequent stimuli) were applied to evoke potentials. The firing
frequency or rate of presentation was one stimulus per second.

Wave identification followed criteria given in the literature,
including visualization of sequential peaks of negative-positive-
negative waves between 60 ms and 300 ms, that is, the N1, P2, N2
complex, respectively, observed in two traces [24]. The component
P3 latency was marked before 350 ms.

To compute amplitude and latency their peaks were recorded
from baseline and amplitude and latency units were µV and millisec-
onds, respectively.

3. Protocol

Data collection for all subjects was undertaken in the same sound-
proofed room. Temperature was between 21 ◦C and 25 ◦C, and the
relative humidity was 50% to 60%. Subjects were instructed not to
consume alcohol, caffeine or other ANS stimulants for 24 hours prior
to the evaluation. Data were individually collected, always between
13:00 and 17:00 to standardize circadian influences [25]. All proce-
dures required for data collection were separately explained to each
subject, and the subjects were instructed to remain rested and avoid
conversation during data collection. Before auditory examination
subjects remained seated for 10 minutes to record their HRV under
spontaneous breathing with no auditory or visual stimulation. The
auditory studies were then conducted.

The sample size calculation began with a pilot test. Online
software from www.lee.dante.br was used to view the RMSSD index.
The magnitude of statistically significant difference was assumed to
be 7 ms, standard deviation 10 ms, with a 1% alpha and 80% beta
risk, sample size 22 subjects. The Shapiro-Wilk normality test was
used to evaluate distributions.

To evaluate the correlation between HRV indices at rest and
CAEP components during the examination, the Pearson correlation
coefficient for parametric distributions and the Spearman correlation
coefficient for nonparametric distributions were employed to evaluate
any correlation between either HRV indices or CAEP components,
respectively. Strong correlation was defined as a r > 0.75; moderate
correlation for r between 0.75 and 0.5, and weak correlation when r <
0.25 [26]. Statistical significance was accepted when the probability
of a Type I error was less than 5% (p < 0.05).

Following determination of significant correlations (p < 0.05)in
the selection of independent variables, simple linear regression mod-
els were applied to model HRV indices as outcome variables. Predic-
tors included continuous variables representing the CAEP compo-
nents. Due to the non-normality of pNN50 and LF/HF indices,prior
to analysis these data were transformed by taking the square root and
logarithm, respectively, so as to fit the regression model.

To compare the obtained CAEP waves (frequency protocol in
right ear vs. duration protocol in right ear vs. frequency protocol
in left ear vs. duration protocol in left ear), a one-way analysis
of variance was applied to parametric distributions, followed by a
Bonferroni post-test.

Effect size was calculated using “Cohen’s d” to quantify the
magnitude of difference between protocols.Values > 0.9 were con-
sidered to indicate large effect size, values between 0.25 and 0.5
were considered medium, and values < 0.25 were assumed to be
small [27].

Raw data are available in the Supplementary Materials.

4. Results
Baseline diastolic (DAP) and systolic arterial pressure (SAP), weight,
height, and body mass index (BMI) of subjects are presented in
Table 1.

Correlation of HRV time domain indices with N1, P2, N2 and
P3 latency are illustrated in Table 2. No significant correlations were
present.

Table 1. Diastolic blood pressure (DBP) and systolic (SBP), heart
rate (HR), mean RR intervals, mass weight, height, and BMI of
subjects. Mean ± standard-deviation. m: meters; kg: kilograms;
mmHg: millimeters of mercury.

Variable Value

Age (years) 26.3 ± 5
Height (m) 1.79 ± 0.06
Mass (kg) 79.3 ± 15

BMI (kg/m2) 24.9 ± 4.2
SAP (mmHg) 116.4 ± 10
DAP (mmHg) 74.1 ± 9.1

With regard to N1, P2, N2 and P3 latency, significant positive
correlation was found between N1 and pNN50 for the duration proto-
col, between N2 and pNN50 in the frequency protocol, and between
N2 and SDNN for the left protocol in the left ear (see Table 3).

Table 4 shows data regarding latency of CAEP waves and spec-
tral analysis of HRV. There was significant correlation in the left ear
– a positive correlation of LF (n.u.) with P2 and N2 waves in the
duration protocol, negative correlation of HF (n.u.) with P2 and N2
waves in the duration protocol, and positive correlation of LF/HF
with P2 and N2 waves in the duration protocol. In the frequency pro-
tocol, there was a positive correlation of LF (n.u.) with the N2 wave,
negative correlation of HF (n.u.) with the N2 wave, and positive
correlation of LF/HF with the N2 wave.

Correlation between amplitude of CAEP waves and spectral
analysis of HRV isindicated in Table 5. There was significant corre-
lation for only the left ear – positive correlation of HF (ms2) with
the N1 wave for the duration protocol and positive correlation of HF
(ms2) for the N2 wave.

Simple linear regression analysis provided additional details
of the association between resting HRV and CAEP. Amplitude of
the N2 wave in the left ear was significantly influenced by SDNN
(17.7%) and pNN50 (25.3%) indices for the frequency protocol (see
Table 6).

Furthermore, for the duration protocol in the left ear, the latency
of the P2 wave was significantly influenced by LF (n.u.) (20.8%),



232 Journal of Integrative Neuroscience

Table 2. Correlation between CAEP component latency and HRV time domain indices.

Variables Righ Ear Duration Protocol Left Ear Duration Protocol Righ Ear Frequency Protocol Left Ear Frequency Protocol

r p r p r p r p

SDNN
Latency N1 −0.3074 0.1536 −0.0277 0.9002 0.2568 0.2369 0.0977 0.6573
Latency P2 0.1879 0.3907 0.1069 0.6273 0.0349 0.8745 −0.0277 0.9002
Latency N2 −0.1129 0.6082 −0.0114 0.9589 0.0837 0.7041 −0.0534 0.8089
Latency P3 0.0056 0.9796 0.2590 0.2328 0.0762 0.7298 0.1069 0.6274
RMSSD
Latency N1 −0.3693 0.0829 −0.1354 0.5378 0.1834 0.4023 −0.0554 0.8016
Latency P2 0.0942 0.6692 −0.2000 0.3602 −0.0297 0.8930 −0.0737 0.7383
Latency N2 0.0202 0.9272 −0.1558 0.4777 −0.0147 0.9469 −0.1824 0.4050
Latency P3 0.1658 0.4496 0.1418 0.5186 0.0260 0.9063 −0.0564 0.7982
pNN50
Latency N1 −0.3050 0.1570 −0.1604 0.4646 0.2863 0.1854 0.1147 0.6022
Latency P2 0.0198 0.9286 −0.2029 0.3532 0.0801 0.7164 −0.0267 0.9037
Latency N2 −0.0400 0.8560 −0.1440 0.5122 0.1306 0.5526 −0.1636 0.4557
Latency P3 0.2176 0.3186 0.1527 0.4866 0.1498 0.4951 −0.0274 0.9011
∗p < 0.05 (Pearson correlation); ∗p < 0.05 (Spearman correlation); SDNN: Standard deviation of all NN intervals; RMSSD: Square root of mean of the
sum of the squares of differences between adjacent NN intervals; pNN50: percentage of adjacent RR-intervals with a difference of duration greater than 50
milliseconds.

Table 3. Correlation between amplitude of CAEP components and time domain indices of HRV.

Variables Righ Ear Duration Protocol Left Ear Duration Protocol Righ Ear Frequency Protocol Left Ear Frequency Protocol

r p r p r p r p

SDNN
Amplitude N1 0.1074 0.6257 0.3156 0.1423 0.1814 0.4076 −0.2494 0.2511
Amplitude P2 −0.1864 0.3944 −0.0587 0.7904 0.3343 0.1189 0.1511 0.4913
Amplitude N2 0.1791 0.4135 −0.2914 0.1773 0.0681 0.7576 0.4632 0.0260*
Amplitude P3 0.3164 0.1414 0.0750 0.7338 0.1823 0.4052 0.0408 0.8535
Amplitude N2-P3 0.0193 0.9304 −0.0954 0.6651 −0.1045 0.6352 0.2205 0.3120
RMSSD
Amplitude N1 0.1687 0.4416 0.2609 0.2291 0.2268 0.2979 0.0017 0.9937
Amplitude P2 −0.1133 0.6068 0.0232 0.9164 0.2512 0.2476 0.1195 0.5872
Amplitude N2 −0.0595 0.7874 −0.3148 0.1435 −0.0611 0.7819 0.5242 0.0102
Amplitude P3 0.3129 0.1460 −0.0904 0.6816 0.1756 0.4230 0.1003 0.6487
Amplitude N2-P3 −0.1107 0.6151 −0.0647 0.7692 −0.1670 0.4463 0.2031 0.3527
pNN50
Amplitude N1 0.3821 0.0720 0.4849 0.0190** 0.2491 0.2516 0.1769 0.4193
Amplitude P2 −0.2451 0.2596 −0.1206 0.5837 0.1854 0.3970 0.0440 0.8421
Amplitude N2 0.0702 0.7504 −0.0731 0.7402 0.0939 0.6699 0.5718 0.0044**
Amplitude P3 0.2883 0.1822 −0.1814 0.4076 0.0494 0.8228 −0.0336 0.8790
Amplitude N2-P3 −0.1152 0.6008 −0.0356 0.8719 −0.1023 0.6423 0.2818 0.1927
∗p < 0.05 (Pearson correlation); ∗∗p < 0.05 (Spearman correlation); SDNN: Standard deviation of all NN intervals; RMSSD: Square root of mean of the
sum of the squares of differences between adjacent NN intervals; pNN50: percentage of adjacent RR-intervals with a difference of duration greater than 50
milliseconds.

HF (n.u.) (21%), and LF/HF (22.4%). Latency of the N2 wave was
significantly influenced by LF (n.u.) (25.8%), HF (n.u.) (25.9%),
and LF/HF (28.8%) (see Table 6).

So as to control the false discovery rate when enforcing multi-
ple statistical tests, CAEP waves were compared during each proto-
col.No significant differences were found with regard to N1 latency
(p = 0.35, F = 1.096), P2 latency (p = 0.63, F = 0.574), N2 latency (p
= 0.97, F = 0.063), P3 latency (p = 0.98, F = 0.04), N1 amplitude (p
= 0.94, F = 0.12), P2 amplitude (p = 0.76, F = 0.38), N2 amplitude
(p = 0.95, F = 0.108), P3 amplitude (p = 0.37, F = 1.03) or N2-P3
amplitude (p = 0.95, F = 0.11). Cohen’s d calculation only indicated
a small effect size for all comparisons ( < 0.25).

5. Discussion
To provide details regarding the relationship between central audi-
tory processing and the ANS, this study investigated the association
between CAEP components and resting time and frequency domain
indices of HRV. The following outcomes are highlighted: (1) There
was significant association of the vagal component of HR control
and sympathovagal balance at rest with the N2 and P2 waves; (2)
This association only occurred in the left ear, indicating involvement
of the right cortical hemisphere; and (3) The hypothesis is proposed
that the autonomic component of heart rhythm interacts with cortical
sound processing.

According to the results reported here, the SDNN was signifi-
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Table 4. Correlation between latency of CAEP components and frequency domain indices of HRV.

Variables Righ Ear Duration Protocol Left Ear Duration Protocol Righ Ear Frequency Protocol Left Ear Frequency Protocol

r p r p r p r p

LF (ms2)
Latency N1 −0.3283 0.1262

−0.0428
0.8464 0.1204 0.5842 0.2426 0.2647

Latency P2 0.0775 0.7254 0.0490 0.8243 0.0979 0.6568 0.0089 0.9678
Latency N2 −0.0148 0.9464 0.1546 0.4811 0.1390 0.5270 0.0074 0.9732
Latency P3 0.1936 0.3760 0.3213 0.1349 0.0663 0.7639 0.0677 0.7588
HF (ms2)
Latency N1 −0.3109 0.1488 −0.0766 0.7282 0.2037 0.3513 0.0677 0.7588
Latency P2 0.0886 0.6878 −0.2691 0.2144 0.0840 0.7031 −0.0475 0.8297
Latency N2 −0.0648 0.7691 −0.2943 0.1728 0.0366 0.8683 −0.1957 0.3708
Latency P3 0.1464 0.5052 0.0638 0.7726 0.1097 0.6182 −0.0820 0.7098
LF (n.u.)
Latency N1 0.0046 0.9833 0.0657 0.7657 0.0021 0.9926 0.0629 0.7756
Latency P2 0.1274 0.5625 0.4947 0.0164* 0.0725 0.7424 0.1231 0.5757
Latency N2 0.1282 0.5600 0.5768 0.0040**

0.1786
0.4149
0.4225

0.0446**

Latency P3 0.1513 0.4906 0.3440 0.1080 0.0367 0.8681 0.2990 0.1658
HF (n.u.)
Latency N1 −0.0047 0.9830 −0.0657 0.7657 −0.0035 0.9872 −0.0649 0.7687
Latency P2 −0.1267 0.5645 −0.4963 0.0160* −0.0733 0.7397 −0.1231 0.5757
Latency N2 −0.1268 0.5641 −0.5768 0.0040* −0.1797 0.4118 −0.4225 0.0446**
Latency P3
−0.1505

0.4929
−0.3440

0.1080
−0.0370

0.8668
−0.2968

0.1691

LF/HF
Latency N1 0.1468 0.5040 0.0657 0.7657 0.0465 0.8333 0.0687 0.7554
Latency P2 0.1732 0.4294 0.5323 0.0089** 0.1483 0.4996 0.1231 0.5757
Latency N2 0.1839 0.4010 0.5768 0.0040** 0.1731 0.4296 0.4225 0.0446**
Latency P3 0.1320 0.5482 0.3440 0.1080 0.0554 0.8019 0.3252 0.1300
∗p < 0.05 (Pearson correlation); ∗∗p < 0.05 (Spearman correlation); LF: low frequency, HF: high frequency; n.u: normalized units; m: meters; s: seconds.

cantly and positively correlated with the N2 amplitude, where the
greater the N2 amplitude the larger the HRV. Also, linear regres-
sion indicated that SDNN significantly influenced the N2 amplitude
(17.7%), thus if SDNN increases 1 ms the N2 amplitude increases 8.7
ms. Nevertheless, SDNN analysis alone was unable to confirm which
component of the ANS is associated with CAEP. This is attributed to
the mathematical computation of the SDNN index incorporating both
sympathetic and parasympathetic regulation of HR. Thus, it does not
allow identification of which component was responsible [28].

PNN50 was positively correlated with N2 amplitude. The
pNN50 index was found to influence the N2 amplitude by 25.3% (1%
change in pNN50 increases 1.136 ms in N2 amplitude), indicating
its association with vagal tone.

Latency of the N2 wave was also found to be related to the
sympathetic control of HR. Statistical analysis indicated the N2
latency was significantly influenced by LF (25.8%) and the LF/HF
ratio (28.8%). It was observed that if LF (n.u.) increased one unit the
N2 latency increased 0.322 ms and if the LF/HF ratio increased one
unit, the N2 latency increased by 0.016 ms. This result suggests that
increasing sympathetic tone slows the electrical activity of cortical
auditory processing.

The HF band was observed to significantly influence N2 latency
(25.9%). If HF increased one unit the N2 latency decreased by 0.322
ms, indicating that vagal HR modulation accelerates action potential
velocity.

It is essential to highlight that the N2 component is involved

in pre-attention mechanisms related to communication [29]. The
N2 component is also related to obligatory (exogenous) cortical pro-
cesses. Amplitude and latency of obligatory CAEP are contingent on
the acoustic parameters of stimuli [30]. This wave is associated with
the superior temporal cortex [31] and attentional orientation toward
a visual target stimulus surrounded by several distracters [32]. The
N2 wave represents the quality of sound perception, classification,
and recognition [33].

Another related result is the association of P2 with HRV. Simi-
larly with N2, P2 latency was significantly influenced by LF (20.8%)
and LF/HF (22.4%). Linear regression indicated that if LF increases
one unit the P2 latency increases 0.519 ms and if the LF/HF ratio
similarly increases, the P2 latency increases 0.026 ms. Vagal HR con-
trol was likewise observed to significantly influence the P2 wave,if
HF increased one unit the P2 latency was reduced by 0.519 ms.

The P2 wave is required for the ability to process sounds based
on its phonetic and acoustically-related properties since it provides
information regarding the arrival of an auditory stimulus at the cortex
and onset of cortical processing, thus indicating whether a sound
signal is properly acknowledged in the cortex [30, 34].

Taken together, it is proposed that the parasympathetic control
of HR is associated with sound reception in the cortex and sound
processing control, while sympathetic tone degrades this. The su-
perior temporal cortex is involved in this mechanism, reinforcing
evidence that supports the relationship between the ANS and social
functioning [35, 36]. This observation is supported by Nakamura
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Table 5. Correlation between latency of CAEP components and frequency domain indices of HRV.

Variables Righ Ear Duration Protocol Left Ear Duration Protocol Righ Ear Frequency Protocol Left Ear Frequency Protocol

r p r p r p r p

LF (ms2)
Amplitude N1 0.3228 0.1330 0.2971 0.1686 0.1184 0.5906 −0.0489 0.8246
Amplitude P2 −0.2041 0.3502 −0.0840 0.7031 0.1666 0.4473 0.0282 0.8985
Amplitude N2 0.3247 0.1306 −0.0553 0.8019 0.1216 0.5805 0.3563 0.0952
Amplitude P3 0.1607 0.4639 −0.1621 0.4599 0.0988 0.6537 0.0430 0.8456
Amplitude N2-P3 0.1616 0.4612 0.0361 0.8702 −0.0736 0.7385 0.1142 0.6039
HF (ms2)
Amplitude N1 0.3652 0.0866 0.4507 0.0309** 0.3123 0.1468 0.2065 0.3444
Amplitude P2 −0.2045 0.3492 −0.1334 0.5440 0.1097 0.6182 0.0563 0.7985
Amplitude N2 0.0366 0.8685 −0.0692 0.7538 −0.0074 0.9732

0.5642
0.0050**

Amplitude P3 0.3500 0.1016 −0.0949 0.6668 0.1887 0.3884 0.0148 0.9465
Amplitude N2-P3 −0.1937 0.3758 −0.0756 0.7317 −0.2401 0.2698 0.2486 0.2527
LF (nu)
Amplitude N1 −0.3086 0.1520 −0.3313 0.1225 −0.3232 0.1325 −0.3832 0.0711
Amplitude P2 −0.0425 0.8475 0.0414 0.8512 0.1779 0.4167 −0.0875 0.6915
Amplitude N2 0.3576 0.0939 −0.0543 0.8057 0.3259 0.1291 −0.3123 0.1468
Amplitude P3 −0.1423 0.5172 0.1022 0.6426 −0.1704 0.4369 −0.0005 0.9983
Amplitude N2-P3 0.3766 0.0765 0.0143 0.9483 0.3018 0.1616 −0.1718 0.4331
HF (nu)
Amplitude N1 0.3081 0.1527 0.3271 0.1277 0.3232 0.1325 0.3806 0.0732
Amplitude P2 0.0437 0.8431 −0.0414 0.8511 −0.1785 0.4151 0.0900 0.6828
Amplitude N2 −0.3570 0.0945 0.0545 0.8050 −0.3277 0.1269 0.3139 0.1447
Amplitude P3 0.1409 0.5213 −0.1009 0.6467 0.1710 0.4353 −0.0006 0.9977
Amplitude N2-P3 −0.3766 0.0765 −0.0143 0.9483 −0.3032 0.1596 0.1736 0.4281
LF/HF
Amplitude N1 0.2228 −0.2644 −0.3835 0.0709 −0.3232 0.1325 −0.3992 0.0591
Amplitude P2 0.1453 0.5084 0.1008 0.6472 0.1488 0.4981 0.1354 0.5380
Amplitude N2 0.3142 0.1442 −0.0741 0.7368 0.1374 0.5319 −0.2994 0.1652
Amplitude P3 −0.2140 0.3268 0.1818 0.4064 −0.1196 0.5869 −0.0721 0.7436
Amplitude N2-P3 0.3766 0.0765 0.0143 0.9483 0.2381 0.2739 −0.0815 0.7115
∗p < 0.05 (Pearson correlation); ∗∗p < 0.05 (Spearman correlation); LF: low frequency, HF: high frequency; n.u: normalized units; m: meters; s: seconds.

et al. [9, 10], who reported the role of the auditory cortex in the
sympathetic responses induced by auditory stimulation in rats.

The influence of the ANS on cortical auditory processing may
be explained by previous animal studies. Acetylcholine, the main
parasympathetic neurotransmitter, was found to play an important
role in the auditory cortex [37]. It has been reported that acetylcholin-
ergic synaptic mechanisms may mediate the effects of acetylcholine
on receptive fields in auditory cortex. Also, sound processing may
favor sensory information relayed through the thalamus to cortical
activity in response to increased acetylcholine release [38]. This
leads to a theory that parasympathetic activation inducing increased
acetylcholine release may positively influence sound reception in the
auditory cortex.

Consequently, an adrenergic mechanism has also been recog-
nized to be involved in central auditory processing [39]. However,
the exact role of adrenergic neurotransmission in auditory evoked
responses remains unclear [40].

According to these data, only the left ear showed association with
HRV, indicating that the right cortical hemisphere related to auditory
processing is associated with HR autonomic regulation. Conversely,
it does not explain which hemisphere plays the main role in the
ANS. The left-sided forebrain areas were observed to have a primary
function in modulating vagal activity and it has been suggested as
the major cortical hemisphere related to parasympathetic nervous

system activity [41–43]. Yet, there are studies in humans using
neuroimaging with affective and cognitive tasks that indicate the
right hemisphere as responsible for vagal activity [44, 45].

Here only males were investigated to avoid gender-dependent
effects on HRV. This was reinforced by a recent study that evaluated
the role of gender regarding short-term HRV analysis [46]. Those
authors detected significant gender effects that involved association
between HRV and stress and indicated that gender also presented an
important influence on short-term HRV analysis.

The findings reported here provide important information for
comprehension of cognition, as evidence is presented for a role
for the ANS in cortical auditory processing, which is relevant for
communication and social behavior [1, 2]. In this study, mechanisms
of cortical auditory processing were revealed to be associated with
the parasympathetic control of HR and sympathovagal balance. This
signifies that the ANS may have a significant impact on specific
cognitive processes. Support for this assumption requires further
research, including pharmacological techniques of parasympathetic
and sympathetic blockade.

6. Conclusion

There is significant association between resting HR autonomic con-
trol and right cortical auditory processing. Here, it is proposed
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Table 6. Linear regression models of relationship between CAEP and HRV.

Models β 95% C.I. p r-adjusted
Left Ear Frequency

Protocol
1 – SDNN

N2 Amplitude 8.732 1.149; 16.315 0.026* 0.177
2 – pNN50

N2 Amplitude 1.136 0.325; 1.947 0.008* 0.253
3 – LF (n.u.)

P2 Latency 4 – HF (n.u.) 0.081 −0.157; 0.320 0.488 −0.023
P2 Latency 5– LF/HF −0.081 −0.319; 0.157 0.486 −0.023

P2 Latency 6– HF (ms2) 0.004 −0.006; 0.016 0.400 −0.012
N1 Amplitude 27.127 −103.71; 157.97 0.671 −0.038

Left Ear Duration Protocol
7 – pNN50

N1 Amplitude 8 – LF (n.u.) 0.542 −0.010; 1.095 0.054 0.125
P2 Latency 0.519 0.105; 0.932 0.016* 0.208

9 – LF (n.u.)
N2 Latency 0.322 0.095; 0.550 0.008* 0.258

10 – HF (n.u.)
P2 Latency 11 – HF (n.u.) −0.519 −0.932; −0.107 0.016* 0.210
N2 Latency 12 – LF/HF −0.322 −0.549; −0.095 0.008* 0.259

P2 Latency 0.026 0.006; 0.046 0.013* 0.224
13 – LF/HF
N2 Latency 0.016 0.005; 0.027 0.005* 0.288

14 – HF (ms2)
N1 Amplitude 69.838 −51.94; 191.61 0.246 0.018

∗p < 0.05; SDNN: Standard deviation of all NN intervals; RMSSD: Square root of mean of the sum of the squares of differences between adjacent NN
intervals; pNN50: percentage of adjacent RR-intervals with a difference of duration greater than 50 milliseconds; LF: low frequency, HF: high frequency; n.u:
normalized units; m: meters; s: seconds.

that the parasympathetic regulation of HR and the sympathovagal
balance at rest are associated with thalamo-cortical pathways and
cortical-cortical circuits involved in auditory processing.
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