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Abstract

Previous studies have suggested that change-related cortical responses are phenomena

similar to the onset response and could be applied to the loudness dependence of auditory

evoked potential (LDAEP) paradigm. In the present study, we examined the relationship

between LDAEP and the change-related response using electroencephalography findings

in 50 healthy subjects. There were five conditions (55, 65, 75, 85, and 95 dB) for LDAEP and

five similar conditions (abrupt sound pressure increase from 70 to 75, 80, 85, 90, and 95 dB)

for the change-related response. Both the onset and abrupt sound pressure increase

evoked a triphasic response with peaks at approximately 50 (P50), 100 (N100), and 200

(P200) ms. We calculated the peak-to-peak amplitudes for P50/N100 and N100/P200.

Medians and slopes for P50/N100 and N100/P200 amplitudes were calculated and com-

pared between the two measures. Results revealed a significant correlation for both the

slope and median for P50/N100 (r = 0.36, 0.37, p = 1.0 × 10−2, 7.9 × 10−3), N100/P200 (r =

0.40, 0.34, p = 4.0 × 10−3, 1.6 × 10−2), and P50/N100/P200 (r = 0.36, 0.35, p = 1.0 × 10−2,

1.3 × 10−2). These results suggested that the change-related response and LDAEP shared

generation mechanisms at least partially.

Introduction

Although not precisely defined, the loudness dependence of auditory evoked potentials

(LDAEP) is an electrophysiological measure used to evaluate changes in the amplitude of

evoked potentials among several sound levels (about 4, 5, or 6) [1]. The amplitude increases

with an increase in stimulus intensity but reaches a plateau at high intensities such as>90 dB.

It is believed that this phenomenon reflects inhibitory mechanisms that protect against exces-

sive sensory information. Studies have shown that the LDAEP slope is related to several mental
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disorders, including major depressive [2], bipolar [3], generalized anxiety [4], and obsessive-

compulsive [5] disorders. However, in a detailed review, Roser et al. pointed out that in major

depression, no differences in LDAEP were found among the non-medicated, medicated, and

normal control groups [6]. Furthermore, LDAEP behaves differently in different subtypes of

depression, such as atypical depression and melancholic depression [7]; therefore, it requires

careful interpretation. The slope is also associated with temporal summation of nociceptive

fiber-evoked responses [8] and several pain-related disorders in which sensitization of the cen-

tral nervous system is assumed, including dysmenorrhea [9], migraine [10], and fibromyalgia

[11]. Previous studies, including meta-analyses, have demonstrated that LDAEP may be a

promising predictor of responsiveness to selective serotonin reuptake inhibitor (SSRI) treat-

ments for depression and generalized anxiety disorder and may have potential clinical applica-

tions [12–14]. These studies are based on the assumption that LDAEP is associated with

central serotonergic function. In animal studies, SSRIs are observed to have decreased the

slope of LDAEP when the release of serotonin in the synaptic cleft by SSRIs in the auditory

cortex was increased [15], and LDAEP changed with changes in the firing rate of serotonin

neurons in the dorsal raphe nucleus by serotonergic pharmacological manipulation [16]. How-

ever, the evidence for the relationship between serotonin and LDAEP in humans is inconsis-

tent. For example, changes in LDAEP in humans are presumed to be affected by increased

synaptic serotonin concentrations following acute SSRI administration, but the results are

inconsistent [6, 17, 18]. Serotonin gene polymorphisms and sex differences have been sug-

gested as possible reasons for this, but they are still unclear [19, 20]. Furthermore, LDAEP has

been implicated in serotonin and other neurotransmitters, such as dopamine, noradrenaline,

and glutamate [6, 19, 21, 22].

Change-related cortical responses are specifically elicited by abrupt changes in a continuous

sensory stimulus and can be clearly recorded without attention by the participant [23–26]. The

immediate detection of changes to adapt to an ever-changing environment is an important

ability to survive. The change-related response is induced by an abrupt change in sound fea-

tures [23, 27], and the magnitude of the response varies logarithmically with the difference in

physical quantity between the preceding and current stimuli [23]. In other words, the ampli-

tude of the change-related response depends on the magnitude of the change [23, 28]. This

response exhibits good test–retest reliability [28, 29] with short interstimulus intervals and has

been observed in auditory [23], somatosensory [29], and visual [30] systems. In other words,

the change-related response reflects the fundamental information processing that is common

across sensory modalities. Moreover, it has been reported that the amplitude of change-related

potentials evoked by a transient decrease in binaural correlation is reduced in schizophrenia

[31]. Therefore, it is anticipated that change-related responses can be utilized for clarifying the

mechanism of schizophrenia.

We have proposed that the onset response of auditory evoked potentials (AEP) is a form of

the change-related response because the latency and amplitude of the two measures exhibit

similar behaviors in response to sound pressure changes [25] and their neural origins are simi-

lar [32, 33]. A new method based on the change-related response via electroencephalograms

(EEGs) has been proposed for use in physiological tests such as paired-pulse suppression or

prepulse inhibition as it results in high reliability and short inspection time [34, 35]. Because

LDAEP is a measure of the onset response, it is important to understand whether the change-

related response elicited by sound pressure changes exhibits a similar pattern to LDAEP. If this

is the case, change-related responses could serve as an electrophysiological tool to evaluate cer-

tain diseases. Therefore, in the present study, we recorded LDAEP and the change-related

response and investigated the correlation between them.
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Methods

Participants

Our study subjects consisted of 50 volunteers (20 women, 30 men; mean age of 37.0 years)

who had normal hearing (based on self-report), had no history of mental or neurological dis-

orders or substance abuse in the most recent 5 years, and were free of medication at the time

of testing. The study protocol was designed according to the Declaration of Helsinki and

approved in advance by the Ethics Committee of the National Institute for Physiological Sci-

ences, Okazaki, Japan. Each subject provided written consent before participation.

Auditory stimuli

Auditory stimuli were created by a personal computer (Panasonic CF-RZ6, Windows XP 32

bit) and presented binaurally via earpieces (E-A-Rtone 3A, Aero Company, Indianapolis, IN).

For LDAEP, an 80 ms pure tone at 800 Hz (rise/fall, 10 ms to avoid undesired edge) was pre-

sented at five different sound pressure levels (55, 65, 75, 85, and 95 dB SPL). The interstimulus

interval was randomized between 1800 and 2200 ms (Fig 1A). Tones of five intensities were

intermixed and presented randomly without restriction.

For the change-related response, a train of 25 ms pure tones at 800 Hz (rise/fall, 5 ms), i.e.,

40-Hz amplitude modulated sound, was used. Sound stimuli had a total duration of 500 ms

consisting of 20 repeats of a pure tone with a sound pressure of 70 dB SPL. To elicit change-

related responses, the sound pressure of the pure tones after 250 ms was increased to 75, 80,

85, 90, or 95 dB. In addition to these five conditions, a control condition was included without

such a sound pressure change. The stimulus onset asynchrony was 800 ms, which resulted in

an intertrial interval of 300 ms (Fig 1B). Tones of six intensities were intermixed and presented

randomly without restriction. Calibration of the sound level was performed using a sound

level meter (Rion NL-32) for each experiment.

Recording procedures

Each subject sat in a comfortable chair in a quiet electrically shielded room and watched a

silent movie and was instructed to ignore sound stimuli. An exploring electrode was placed at

Fig 1. Waveforms of a representative subject. Both the onset and abrupt sound pressure increase evoked a triphasic response with peaks at approximately 50 (P50),

100 (N100), and 200 (P200) ms, with peak amplitudes measured in the time windows of 30–80, 80–150, and 150–280 ms, respectively. The EOG does not affect

evoked potentials for either LDAEP or change-related responses. LDAEP, loudness-dependent auditory evoked potentials; ISI, interstimulus interval.

https://doi.org/10.1371/journal.pone.0277153.g001
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a midline central site referenced to as the linked mastoids [36]. A pair of electrodes were placed

on the supra- and infra-orbits of the left eye and used for recording electrooculograms

(EOGs). The EEG artifact rejection was set to 100 μV, and if the simultaneously recording

EOG signals were greater than 100 μV, the epoch was removed. The impedance for all elec-

trodes was maintained at<5 kΩ. AEPs were recorded at a sampling rate of 1000 Hz with a

band-pass filter of 0.1–100 Hz (Neuropack MEB-2300, Nihon Kohden, Tokyo). The baseline

was set at 100 ms before the sound onset and 100 ms before the change onset for LDAEP and

the change-related response, respectively. At least 100 epochs for LDAEP and 120 epochs for

the change-related response were averaged.

Analysis

The AEP components were analyzed after applying a digital filter of 0.98–35.2 Hz digital after

epoching at zero phase, 24 dB/octave. Both the onset and abrupt sound pressure increase

evoked a triphasic response with peaks at approximately 50 (P50), 100 (N100), and 200 (P200)

ms, with peak amplitudes measured in the time windows of 30–80, 80–150, and 150–280 ms,

respectively. Peak-to-peak amplitudes were calculated for P50/N100 and N100/P200. P50/

N100/P200 was calculated as the sum of the amplitudes of P50/N100 and N100/P200. Such a

procedure to measure peak-to-peak amplitudes minimizes problems related to baseline shift

[24]. The change-related responses for each condition were obtained by subtracting waveforms

for the control stimulus from those for five stimuli with changes. LDAEP is generally analyzed

as the slope of the amplitude/stimulus intensity function among five sound pressure levels.

The slope was calculated as (1) a linear regression line of the amplitude of the five points (lin-

ear slope) or (2) a median of the slopes between all 10 pairs among the five conditions (N1/P2

55 dB and N1/P2 65 dB, N1/P2 55 dB and N1/P2 75 dB, N1/P2 55 dB and N1/P2 85 dB and so

forth) (median slope) [37]. The slope was expressed as the amplitude change per stimulus

intensity difference (μV/10 dB). The absolute value of correlation coefficients was considered

to indicate a weak correlation when 0.1 < r< 0.3, moderate when 0.3� r< 0.5, and strong

when r� 0.5 [36]. We performed partial correlation analysis using the amplitude of the stimu-

lus at 55 dB as a control factor to rule out the possibility that LDAEP and change-dependent

responses are associated because of overall larger ERPs in some participants. For this linear

slope and median slope, we conducted an additional subanalysis grouped by sex. Sex-specific

relationships between the slopes of LDAEP and change-related responses were determined via

Pearson’s correlation coefficient and statistically compared using “cocor” http://

comparingcorrelations.org/ based on a modification of Fisher’s Z procedure [38].

Results

Fig 1 shows the representative AEP waveforms of a single subject. Table 1 lists the mean slope

across subjects. Grand-averaged waveforms are presented in Fig 2. The amplitude of P50/

N100 and N100/P200 for both LDAEP and the change-related response became larger and the

latency of all components became shorter with an increase in sound pressure and in the degree

of sound pressure change, respectively (Fig 3). A correlation was found between LDAEP and

the change-related response for all slopes for P50/N100 (r = 0.36, 0.37, p = 1.0 × 10−2,

7.9 × 10−3), N100/P200 (r = 0.40, 0.34, p = 4.0 × 10−3, 1.6 × 10−2), and P50/N100/P200

(r = 0.36, 0.35, p = 1.0 × 10−2, 1.3 × 10−2) (Fig 4). Partial correlations between LDAEP and

change-related responses, controlling for the amplitude of the stimulus at 55 dB as the baseline

ERP strength, were significant across all slopes for P50/N100 (r = 0.38, 0.40, p = 7.0 × 10−3,

4.0 × 10−3), N100/P200 (r = 0.48, 0.40, p = 4.0 × 10−4, 4.0 × 10−3), and P50/N100/P200

(r = 0.44, 0.42, p = 3.0 × 10−3, 2.0 × 10−3). An additional subanalysis grouped by sex was
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conducted. For men, a significant correlation was obtained for both slopes for P50/N100

(r = 0.40, 0.40, p = 2.9 × 10−2, 3.0 × 10−2) but not for N100/P200 (r = 0.16, 0.09, p = 0.41, 0.65),

and for women, no significant correlation was obtained for both slopes for P50/N100 (r = 0.26,

0.22, p = 0.28, 0.36), but a significant correlation was obtained for N100/P200 (r = 0.67, 0.68,

p = 1.3 × 10−3, 1.1 × 10−3). In the linear slope analysis, the difference in correlation coefficients

between LDAEP and the change-related response between women and men was not signifi-

cant at p = 0.60 for P50/N100 but was significant at p = 0.04 for N100/P200. We performed the

Table 1. Linear and median slopes. Values are shown as the mean (SD).

LDAEP Change-related response

Stimulus

(dB)

55 65 75 85 95 70–75 70–80 70–85 70–90 70–95

Liner

(μV/10db)

P50/N100 0.9 (0.5) 1.7 (1.0)

N100/P200 1.7 (0.9) 2.4 (1.3)

P50/N100/P200 2.6 (1.3) 4.2 (1.9)

Median

(μV/10db)

P50/N100 0.9 (0.5) 1.7 (1.0)

N100/P200 1.6 (0.9) 2.4 (1.2)

P50/N100/P200 2.6 (1.3) 4.1 (1.9)

Amplitude

(μV)

P50/N100 5.8 (2.5) 6.6 (2.7) 7.3 (2.8) 8.4 (3.4) 9.5 (3.4) 1.8 (1.4) 2.6 (1.5) 3.3 (2.0) 4.0 (2.1) 5.4 (2.7)

N100/P200 7.3 (3.2) 8.6 (3.5) 10.0 (3.6) 12.1 (4.4) 13.8 (4.4) 1.7 (1.5) 2.4 (1.3) 3.1 (1.7) 4.7 (1.8) 6.6 (3.0)

P50/N100/P200 13.1 (5.4) 15.2 (5.9) 17.3 (6.1) 20.5 (7.4) 23.3 (7.2) 3.4 (2.5) 5.0 (2.4) 6.4 (3.3) 8.7 (3.6) 12.0 (5.1)

Latency

(ms)

P50 58.8 (9.3) 52.2 (11.3) 52.5 (9.8) 50.7 (9.9) 48.2 (11.0) 70.8 (14.7) 66.0 (14.9) 61.2 (15.1) 62.1 (14.1) 58.6 (14.2)

N100 102.7 (10.0) 99.8 (9.6) 98.4 (7.7) 96.9 (7.6) 97.3 (7.3) 124.7 (22.3) 121.9 (17.6) 116.7 (18.6) 115.3 (15.8) 114.0 (14.3)

P200 209.9 (27.5) 207.8 (27.9) 199.5 (23.5) 197.7 (19.1) 198.9 (26.8) 216.8 (30.1) 213.6 (27.3) 209.7 (28.3) 209.1 (24.8) 211.3 (24.7)

https://doi.org/10.1371/journal.pone.0277153.t001

Fig 2. Grand-averaged waveforms of the onset and change-related responses. Grand-averaged waveforms of the onset responses (A) and change-related

responses (B) for each condition. Red arrowheads indicate the sound (A) and change (B) onsets.

https://doi.org/10.1371/journal.pone.0277153.g002
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Fig 3. Amplitude and latency for LDAEP and the change-related response. LDAEP and the change-related response are shown aligned. On the right are the

P50/N100 and N100/P200 amplitudes corresponding to sound pressure and sound pressure changes, respectively, and on the left are the P50, N100, and P200

latencies corresponding to sound pressure and sound pressure changes.

https://doi.org/10.1371/journal.pone.0277153.g003

Fig 4. Correlation of the amplitude slope between LDAEP and the change-related response. Correlations between LDAEP and the change-related response

in P50/N100, N100/P200, and P50/N100/P200 are shown in the linear slope and median slope.

https://doi.org/10.1371/journal.pone.0277153.g004
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same analysis for the median slope, with p = 0.28 for P50/N100 and p = 0.03 for N100/P200

(S1 Fig).

Discussion

The amplitude of P50/N100 and N100/P200 positively correlated between LDAEP and the

change-related response in two different calculation methods, i.e., linear slope and median

slope. To the best of our knowledge, this is the first study in which the slopes of the change-

related response were calculated. The results of this study suggested that change-related

responses can be used as an electrophysiological tool as well as LDAEP [6].

Similarity and dissimilarity between the onset and change-related

responses

Some similar characteristics exist between the onset and change-related responses. Previous

studies have shown that both responses exhibit a clear triphasic configuration with the N100

component that increases in amplitude and shortens in latency with a greater sound intensity

[25, 39–41]. As mentioned in those studies, the latency became shorter and responses became

greater with the increase in the sound pressure for both LDAEP and the change-related

response in the present study (Fig 3).

The onset and change-related responses are also characterized by the fact that the responses

are determined by not only sound pressure but also the preceding sound duration. The ampli-

tude and latency of N100 of the onset response are determined by the interstimulus interval

[42–44], whereas those of the change-related response are determined by the length of the pre-

ceding sound before the change onset [23, 24, 26]. This is because both responses are depen-

dent on a comparison between the present and preceding sensory status, the process of which

involves sensory memory [23, 25]. The length of the sound before the change onset to store

information in memory is important for the change-related response, whereas the length of

the blank before the sound onset for the decay of memory of the previous sound is important

for the onset response [23, 27, 33]. Therefore, although the two measures share some mecha-

nisms such as comparison processes, they differ in terms of which memory process is impor-

tant, storage or decay, which results in different ISIs needed. If short ISIs are used for LDAEP,

the memory trace does not decay sufficiently to evoke change-related components, and the

response would no longer exhibit clear sound pressure dependence. At least within a certain

range, the amplitude of the change-related response depends on the magnitude of changes but

not the strength of the stimulus itself [23, 25, 45]. Therefore, in exchange for the time it takes

to measure, LDAEP has a merit that the response is greater in amplitude than the change-

related response elicited with short ISIs as demonstrated in the present study. This indicates

better SN ratios and thus higher reliability of obtained data.

P50/N100 component

Although LDAEP studies generally analyze only N100/P200, we included P50/N100 in the

present study. Studies have reported that the P50 component was related to the cholinergic

brain stem function [46], arousal level [47], mild cognitive impairment [48], and age-related

changes [49]. Moreover, previous studies have shown that P50/N100 and N100/P200 exhibit

different behaviors in a suppression paradigm [34, 35]. Therefore, P50/N100 can be a novel

physiological indicator that reflects different aspects of sound pressure- or sound pressure

change-related cortical responses. In a subanalysis by sex, we detected a significant correlation

for men at P50/N100, but not for women. By contrast, N100/P200 exhibited a significant cor-

relation for women, but not for men. For LDAEP, a steeper N100/P200 slope has been
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reported for women [20], and the available components may differ by sex. This suggests that

the P50/N100 component reflects a different physiological aspect than N100/P200, and it

would be meaningful to include a P50/N100 component in the LDAEP analysis, especially

when sex differences are considered. However, the number of subjects in this subanalysis was

limited, and further studies are required. One problem with measuring P50 is its lower reliabil-

ity than the N100/P200 component [34, 35]. This problem can be addressed using peak-to-

peak amplitudes because P50 is sensitive to baseline shift. Using noise bursts, complex tones

combining multiple frequencies or click sounds are effective in improving the signal-to-noise

ratio of P50. Therefore, in future studies one should consider using one of these sounds to

induce a clearer P50.

Clinical implications

LDAEP is not a specific or sensitive biomarker for any psychiatric disorder, but it can serve as

a promising tool for the prediction of antidepressant treatment response in patients with

depression [6, 12]. Additionally, its recording takes more than 30 min. As patients with mental

disorders often have difficulties sitting still for a long time, it is important to shorten the mea-

surement time. Unlike the onset response, the ISI is not critical for the change-related

response. The change-related response that takes approximately 15 min is relatively short com-

pared with conventional methods. Further investigations are required to evaluate the relation-

ship between the change-related response and, for example, the responsiveness to SSRIs in

patients with major depressive disorders or generalized anxiety disorders.

Limitations

This study had some limitations. First, participants confirmed that they had no hearing

impairment only via self-reporting, no actual hearing test was performed. Second, we used

only one EEG derivation. Although a single electrode is a common method to measure

LDAEP, there is no study using dipole analyses for measuring the slopes of the change-related

response. Finally, the change-related response tends to have relatively high SD values. In some

subjects, deflections were low in amplitude, which resulted in unclear peaks, but the measure-

ment was performed based on the definition (e.g., P50 components were measured with maxi-

mum amplitude between 30 and 80 ms). To establish this approach as a clinical tool, future

studies on both healthy controls and patients with related mental disorders should be

conducted.

Supporting information

S1 Fig. Sex differences in LDAEP and the change-related response in P50/N100 and N100/

P200. Differences in correlation coefficients between LDAEP and the change-related response

by are shown for the P50/N100 and N100/P200 components.

(TIF)
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