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Abstract

Background

Some evidence suggests that young adults exhibit a selective laterality of auditory brain-

stem response (ABR) elicited with speech stimuli. Little is known about such an auditory

laterality in older adults.

Objective

The aim of this study was to investigate possible asymmetric auditory brainstem processing

between right and left ear presentation in older adults.

Methods

Sixty-two older adults presenting with normal hearing thresholds according to their age and

who were native speakers of Quebec French participated in this study. ABR was recorded

using click and a 40-ms /da/ syllable. ABR was elicited through monaural right and monaural

left stimulation. Latency and amplitude for click-and speech-ABR components were com-

pared between right and left ear presentations. In addition, for the /da/ syllable, a fast Fourier

transform analysis of the sustained frequency-following response (FFR) of the vowel was

performed along with stimulus-to-response and right-left ear correlation analyses.

Results

No significant differences between right and left ear presentation were found for amplitudes

and latencies of the click-ABR components. Significantly shorter latencies for right ear pre-

sentation as compared to left ear presentation were observed for onset and offset transient

components (V, A and O), sustained components (D and E), and voiced transition compo-

nents (C) of the speech-ABR. In addition, the spectral amplitude of the fundamental fre-

quency (F0) was significantly larger for the left ear presentation than the right ear

presentation.
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Conclusions

Results of this study show that older adults with normal hearing exhibit symmetric encoding

for click stimuli at the brainstem level between the right and left ear presentation. However,

they present with brainstem asymmetries for the encoding of selective stimulus components

of the speech-ABR between the right and left ear presentation. The right ear presentation of

a /da/ syllable elicited reduced neural timing for both transient and sustained components

compared to the left ear. Conversely, a stronger left ear F0 encoding was observed. These

findings suggest that at a preattentive, sensory stage of auditory processing, older adults lat-

eralize speech stimuli similarly to young adults.

Introduction

Subcortical asymmetries between the right and left auditory pathways have been reported in

newborns [1–3] and young adults [4–10]. Studies conducted in samples of young adults have

found that click stimuli seem to produce similar responses (i.e. amplitude and latency) for the

auditory brainstem response (ABR) between right and left ear presentation. However, when

using speech-like stimuli (e.g. /da/ syllable) an asymmetric pattern characterized by better

encoding of both temporal and frequency components of stimuli for right ear presentation has

been systematically reported in young adults [e.g. 7, 8, 11, 12]. Therefore, at a preattentive, sen-

sory stage of auditory processing, acoustic elements of speech are asymmetrically processed

between the right and left auditory pathways. Some authors have suggested that asymmetric

processing of speech-like stimuli at the subcortical level is expected due to hemispheric special-

ization for speech processing [e.g. 13, 14]. In other words, it has been suggested that hemi-

spheric lateralization is associated with lateralization of the entire auditory pathway [15, 16]

and thus speech-like stimuli are more efficiently processed when presented to the right ear [17,

18].

Several studies have demonstrated that hemispheric lateralization diminishes with age and

thus, less differentiation between right and left cortices is likely to be observed in older adults

[19–21]. Therefore, if subcortical processing is associated with the pattern of hemispheric lat-

eralization as mentioned above, then it would be expected that older adults exhibit a loss or

reduction of the asymmetric subcortical processing of speech-like stimuli. However, little is

known about asymmetric auditory processing at the brainstem level in older adults. Vander

Werff and Burns [9] and Van Yper et al. [22] found no significant click-ABR latency or ampli-

tude differences between right and left ear presentation in a group of older adults with age-

appropriate hearing levels. Similarly, Munro et al. [23] found comparable results (in latency

and amplitude) for click-ABR between right and left ear presentation in a group of older adults

with age-related symmetrical high-frequency sensorineural hearing loss. Therefore, these

results are similar to the results found in young adults. With regards to speech-like stimuli,

findings of subcortical laterality of speech encoding have only been reported by Vander Werff

and Burns [9]. Specifically, faster temporal encoding for right ear presentation compared to

left ear presentation was found for the transient component A of the speech-ABR. Asymmetric

processing for the other speech-ABR components were not found. According to Vander Werff

and Burns however, relatively few participants contributed to the aforementioned significant

result. Terefore, mean differences could have been driven by extreme values (in either ear)

rather than by an ear laterality effect. As discussed by the authors, this is particularly plausible
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given the high similarity of each ear’s waveform when they were visually inspected. Thus,

according to Vander Werff and Burns [9] a larger group of older adults is necessary to investi-

gate any effects of brainstem laterality for speech encoding. Consequently, it remains unclear

whether or not the pattern observed in young adults (i.e. asymmetric responses for speech-like

stimuli at the brainstem level between right and left ear input) is modified in older adults. This

piece of information is important because asymmetries in the processing of speech sounds

throughout the entire auditory pathway (i.e., from the cochlea to the cortex) appear to be criti-

cal for normal speech perception [19]. Rapid temporal information, as conveyed in speech

sounds, is preferentially processed in the right ear/left auditory cortex pathway [7, 8, 11, 12, 24,

25], whereas frequency components of sounds have been found to engage the left ear/right

auditory cortex more strongly than the opposite pathway [26–29]. Thus, a loss of asymmetric

processing between the right and left ear pathways may ultimately affect the ability to effec-

tively process acoustic features of speech [19–21]. Therefore, age-related changes in the asym-

metric subcortical processing of speech-like stimuli may, at least partially, explain speech

perception difficulties that go beyond sound detection problems, widely observed in older

adults [30]. The aim of this study was to investigate auditory brainstem processing asymme-

tries between right and left ear presentations in healthy older adults. With the aim of control-

ling for central auditory changes associated with a reduction in audibility, we selected a sample

of older adults with hearing thresholds expected according to their age [31].

Methods

Sample size calculation

The sample size was calculated based on the data reported by Hornickel et al. [7], who investi-

gated subcortical asymmetry of speech encoding in normal hearing young adults by recording

brainstem responses to a 40-ms /da/ syllable, monaurally presented to the right and left ears.

The same procedure was applied in this study with a sample of older adults. Hornickel et al.

found significant ear asymmetries for temporal and frequency components of a 40-ms /da/ syl-

lable. Ear differences showed small to moderate (0.4–0.5) effect sizes which were estimated

using Cohen’s d. Thus, to calculate the sample size for the current study, the measure of the

effect (d = 0.4) reported by Hornickel et al. [7] was chosen. Considering a statistical power of

80%, a p< 0.05 as significant (using a two-tailed test), and a 10% of probable loss, the sample

size for this study was set for 60 participants.

Participants

Sixty-two older adults (33 women and 29 men) between the ages of 61 and 90 years (mean and

Standard Deviation (DS) = 71.80 and 6.28, respectively) were selected. Participants were

recruited from the registry of research participants from the Institut Universitaire de Gériatrie

de Montréal (IUGM) as well as via posts and word of mouth. All participants presented with

no history of middle-ear infections, neurologic conditions, or major chronic health conditions.

They were all right-handed according to the Edinburgh Handedness Inventory [32] and spoke

Quebec French as their first language. All participants reported that they spoke a second lan-

guage (in most cases English). None of the participants spoke a tonal language and none of

them reported past or present musical training. They exhibited no visible alterations of the ear

canal or tympanic membrane under otoscopic examination, and all had bilateral type-A results

[33] for tympanometry. Also, bilateral pure-tone audiometry was conducted with an Intera-

coustics AC40 clinical audiometer (Interacoustics A/S, Middelfart, Denmark) using ER-3A

insert earphones (Etymotic Research, Elk Grove Village, IL, USA). All participants presented

with pure-tone thresholds at the tested frequencies (i.e. 250, 500, 1000, 2000, 3000, 4000, 6000
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and 8000 Hz) without exceeding the 25th percentile (S1 Table) of the distribution of hearing

thresholds obtained from an otologically screened population of similar age and sex (ISO

7029–2000) [31]. Moreover, only participants with symmetric hearing thresholds between

both ears were included. This was defined as an interaural pure-tone threshold difference of

no more than 10 dB at two or less audiometric frequencies between 250 and 8000 Hz. Finally,

participants scored at least 26/30 in the Montreal Cognitive Assessment (MoCA, [34]), sug-

gesting no cognitive impairment. Signed consent forms were obtained from all participants,

and all study procedures were reviewed and approved by the ethics committee of the Centre

de recherche de l’Institut universitaire de gériatrie de Montréal. Participants received a mone-

tary compensation for their participation.

Neurophysiologic stimuli and recording parameters

Click-and speech-ABR for right and left ear presentation was elicited and registered using a

two-channel Intelligent Hearing System (IHS, Miami, FL, United States) SmartEP module

(version 3.95). Electrodes placed at Fz (positive), A1 and A2 (negative), and the forehead

(ground) in accordance with the International 10 to 20 system EEG were used for all record-

ings. Contact impedance was maintained below 5 kO, and inter-electrode impedance was

maintained below 3 kO. Click-ABR was obtained in each ear before recording brainstem

responses to the /da/ speech syllable. Stimuli were monaurally presented through unshielded

insert earphones (ER-3, Etymotic Research, Elk Grove Village, IL, USA). For the click-ABR,

clicks were presented at 80 dB nHL in alternating polarity at a rate of 21.1/sec. Online analysis

consisted of artifact rejection at 30 μV and digital filtering from 100 to 3000 Hz. Two blocks of

1,024 artifact-free samples were acquired for each ear in a recording window set from 0 to 12

ms relative to stimulus onset. The two blocks were then combined to obtain a grand average of

2,048 sweeps for each ear.

Speech-ABR was elicited by a 40-ms synthesized /da/ syllable provided by the IHS SmartEP

module. The syllable contained an initial noise burst and voiced formant transition with a fun-

damental frequency (F0) that linearly increased from 103 to 125 Hz with a voicing that began

at 5 ms with an onset release burst during the first 10 ms. The first formant frequency (F1) lin-

early increased from 220 to 720 Hz, whereas the second formant frequency (F2) decreased

from 1700 to 1240 Hz over the duration of the stimulus. The third formant frequency (F3)

decreased slightly from 2580 to 2500 Hz, whereas the fourth (F4) and fifth (F5) formant fre-

quencies remained constant at 3600 and 4500 Hz, respectively [35]. Although the stimulus

does not contain a steady-state portion, it is psychophysically perceived as a consonant-vowel

speech syllable [36]. (For a detailed description of the synthesized speech stimulus /da/, refer

to Johnson et al. [36], and Kraus & Nicol [37]).

The 40-ms /da/ stimulus was monaurally presented to right and left ears at 80 dB SPL in

alternating polarity to minimize stimulus artifact at a rate of 10.9/s. A time window of 71.81

ms (including a 20 ms prestimulus time) and online filter setting of 50–3000 Hz was used for

recording. Brainstem responses were then offline bandpass filtered from 70 to 2000 Hz. Trials

with artifact exceeding 30 μV were excluded from the average. A grand average of 5,000 (two

subaverages of 2,500 sweeps) artifact-free responses were obtained for each ear. This number

of artifact-free responses was chosen because it falls between the epochs’ range (1600 to 6400)

required to record speech-ABRs with clearly identifiable peaks to the 40-ms /da/ syllable [38].

For all ABR testing, participants were seated in a comfortable reclining chair in a quiet

room with lights dimmed. The order of ear presentation for click and speech-ABR was coun-

terbalanced across participants. Both ears were plugged with the insert earphone during the
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entire recording session, regardless of which ear was stimulated. Participants were asked to

relax with their eyes closed.

Discrete peak measure analysis

For each participant, click-and speech-ABR peaks were manually marked. Peaks I, III, and V

of the click-ABR were visually identified for each ear using the average waveform obtained

from the two brainstem recordings. Latencies and peak-to-trough amplitudes were obtained

for all three main peaks. For the speech-ABR, measurements of both timing and magnitude

were utilized to assess the discrete peaks. Speech-ABR peaks were expected to appear 7–8 ms

after the corresponding stimulus landmark, which is consistent with the neural transmission

time from the ear to the midbrain [35]. Krizman et al. [39] peak picking criteria were used to

identify the characteristic seven peaks of the response to the 40-ms /da/. Latencies (after stimu-

lus onset) for brainstem transient and sustained peaks were identified using previously

described latency values [40]. Speech-ABR peaks included the onset (V and A); the onset of

voicing (C), which is supposed to encode the transition from the aperiodic stop burst to the

periodic (voiced) formant transition [36]; the frequency-following response (FFR) [D, E, and

F], which corresponds to the voiced portion of the syllable, and offset (O) peaks [37]. Interpeak

interval differences for the sustained peaks D-E and E-F, which reflect the period of the stimu-

lus fundamental frequency, were also calculated. Latencies and amplitudes of individual peaks

for the speech stimuli were further analyzed using an open-source, MATLAB-based

toolbox developed and distributed by Erika Skoe, Trent Nicol, and Nina Kraus from the Audi-

tory Neuroscience Laboratory, Northwestern University (Brainstem Toolbox 2013 [41]).

Using this toolbox, visually picked peak latencies (after stimulus onset) and corresponding

amplitudes previously obtained were automatically adjusted (within ±2 sampling points) to

obtain the absolute minimum and maximum [7, 9, 35].

Sustained measures analysis

Spectral encoding across the FFR region of the 40-ms /da/ neural response was further ana-

lyzed using fast Fourier transform (FFT). The FFR region for the 40-ms /da/ response was

defined as the time window between 11.4 and 40.6 ms after stimulus onset, which includes

peaks C, D, E, and F. Average spectral amplitude was calculated for three frequency ranges: the

fundamental frequency (F0 amp: 103–120 Hz), the first formant (F1 amp: 455–720 Hz), and a

higher-frequency region corresponding to the seventh-to-eleventh harmonics of stimulus F0

(HF amp: 721–1154 Hz) [7, 9, 11]. The root mean square (RMS) amplitude for the entire

period was also calculated. A cross-correlation technique was used to calculate the stimulus-

to-response (SR) correlation for each neural response from right and left ears. In addition, a

right-left (RL) ear correlation analysis was also carried out. These techniques quantify to what

extent two neural signals are related using standard Pearson’s correlation coefficient (r). One

signal is displaced in time relative to the other in order to find the temporal delay (time lag)

that one signal must undergo to be maximally correlated with the other [17]. The SR correla-

tion analysis was performed for the FFR region of the stimulus (40-ms /da/: 13–34 ms). The

RL correlation analysis was performed over the entire neural response (onset peak and FFR).

Sustained measure analysis was also conducted using the above-mentioned Brainstem Tool-

box 2013 [41].

Statistical analysis

Data were analyzed with statistical software R (R Core Team 2020, [42, 43]). The data set

included a small proportion of missing values (0.9%), which corresponded to peaks that were
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deemed not replicable or not reliably above the noise floor. Given the within-subject nature of

the independent variable (ear), statistical analyses were conducted considering all complete

cases per variable, as opposed to complete cases throughout the whole data set. This granted

more power to observe differences, since conducting analyses with only complete cases

throughout the data set meant working with a substantially reduced sample [44], but involved

working with different sample sizes across dependent variables. Using Shapiro-Wilk tests, the

first step was to determine whether continuous quantitative variables of interest were normally

distributed. Then, normally distributed variables were compared (between ears) conducting

paired t-tests, while non-normally distributed variables were compared using Wilcoxon

signed-rank tests. Cohen’s d and Rosenthal’s formula [45] r = Z/
p
N were reported as effect

size measures for these tests to better gauge effects. If statistically significant differences were

identified between ears, a second analysis was conducted to determine whether those signifi-

cant differences were influenced by the participants’ age and/or the magnitude of hearing sen-

sitivity. The latter was defined as the binaural average of pure-tone thresholds at 250, 500,

1000, 2000, 3000, 4000, 6000 and 8000 Hz (binaural PTA). The binaural PTA is expressed by

the following formula: [(right ear threshold at 250 + 500 + 1000 + 2000 + 3000 + 4000 + 6000

+ 8000 Hz) + (left ear threshold at 250 + 500 + 1000 + 2000 + 3000 + 4000 + 6000 + 8000 Hz)]/

16]. Then, multiple mixed-effects models were implemented (Restricted Maximum Likelihood

method), with each statistically significant speech-ABR component as dependent variable, par-

ticipants as a random effect, and ear, age, and binaural PTA as predictors. Following the deci-

sion made by the authors of the R package used for these analyses [43] significance for

implemented models’ coefficients was based on t-values. Thus, they were significant whenever

they exceeded a standard +- 1.96 critical value. Assumptions for all models were inspected,

with no major violations detected [46].

Results

Pure-tone audiometry results

Fig 1 displays the mean and standard errors for pure-tone thresholds for the right and left ears

for different age ranges (60–69, 70–79, and 80–89) in the group of participants. No significant

differences (p> 0.05) between right and left ear pure-tone thresholds were found across the

frequency range (250–8000 Hz). In addition, there was no significant difference for the pure-

tone average (p = 0.088) between ears.

Click-ABR

Mean latency and amplitude values for waves I, III, and V of the click-ABR for both ears are

shown in Table 1. No significant differences (p > 0.05) between the right and left ears were

observed for the latency or amplitude of peaks I, III, and V. More than half of the participants

(57.1%) showed a shorter click-ABR wave V latency for right ear stimulation than left ear stim-

ulation, whereas 33.9% of participants showed the opposite pattern. Finally, 8.9% of partici-

pants did not present with interaural differences for click-ABR wave V latency. Fig 2 depicts

the grand average waveform for the click-ABR for right and left ear presentation.

Speech-ABR

Detectability. Overall, detectability was robust for all peaks, except for peak C, which was

detected for 83.9% of the participants in the right ear (52/62 ears) and in 72.6% of the partici-

pants in the left ear (45/62 ears). For onset and offset peaks (V-A and O, respectively) detect-

ability varied between 93.5 and 100% in the right ear and between 90.3 and 100% in the left
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ear. Finally, for the FFR components D, E, and F, detectability varied between 98.4 and 100%

in the right ear and between 93.5 and 100% in the left ear. Grand average speech-ABR wave-

forms for right and left ear presentations are shown in Fig 3.

Right and left ear differences for peak latencies and amplitudes. Latency and amplitude

values for all the main speech-ABR peaks using the 40-ms /da/ syllable for the right and left

ears are displayed in Table 2. Note that ear comparisons were carried out using only the data

from those participants whose speech-ABR latencies and amplitudes were identified in both

the right and the left ears. Significant ear differences in latency were found for the onset peak

V (t52 = -2.674; p = 0.010; d = 0.367), peak A (t53 = -3.258; p = 0.002; d = 0.443), and offset peak

O (t61 = -4.326; p< 0.001; d = 0.549). Latency for all transient peaks (V, A, and O) in the right

ear were significantly shorter than in the left ear. With regard to peak C, the right ear showed a

significantly shorter latency than the left ear (t39 = -2.649; p = 0.012; d = 0.418). Regarding the

FFR components, right ear latencies were also significantly shorter than those for the left ear

Fig 1. Mean pure-tone thresholds in dB HL for the group of older adults. (A) 60–69 years (n = 23), (B) 70–79 years

(n = 31), (C) 80–89 years (n = 8) and (D) grand average (n = 62). Error bars are ±1 SE from the mean. Conventional

symbols are used to show data from the right and left ears.

https://doi.org/10.1371/journal.pone.0251287.g001

Table 1. Mean and standard deviation (SD) of the latency (after stimulus onset) and amplitude values of the click-ABR components for the right and left ears for

the group of participants.

Measure Ear Test
Right (SD) % Left (SD) % t Z p-value Effect size

Latency (ms)

I (n = 44) 1.80 (0.13) 85.5 1.81 (0.15) 75.8 -0.914 0.366 0.137

III (n = 41) 4.00 (0.13) 72.6 3.99 (0.18) 66.1 0.154 0.878 0.024

V (n = 56) 5.87 (0.26) 93.5 5.91 (0.28) 90.3 -1.331 0.189 0.177

Amplitude (μV)

I (n = 44) 0.08 (0.06) 0.10 (0.09) -0.555 0.579 0.059

III (n = 41) 0.17 (0.08) 0.17 (0.10) -0.914 0.913 0.017

V (n = 56) 0.34 (0.16) 0.29 (0.19) -1.731 0.083 0.163

% = percentage of detectability; t = paired t-test; Z = Wilcoxon signed-rank test.

https://doi.org/10.1371/journal.pone.0251287.t001
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for components D (t56 = -3.040; p = 0.004; d = 0.402) and E (t57 = -3.050; p = 0.003; d = 0.400).

No significant latency differences (p> 0.05) were found between ears for peak F. Similarly, no

significant interpeak interval differences (p> 0.05) for the sustained peaks D-E and E-F were

found. The percentage of participants showing shorter speech-ABR peak latency response for

right ear presentation is shown in S2 Table. Finally, no significant differences (p> 0.05) for

peak amplitudes between the right and left ears were found (Table 2).

Stimulus-to-response (SR) and right-and left-ear (RL) response correlations. SR and

RL correlation values are reported in Table 3. The maximum SR correlation did not differ sig-

nificantly (p> 0.05) between both ears. The associated lag between the stimulus and the

response, which is based on the time-shifting necessary to obtain the highest correlation was

delayed by 0.02 ms in the left ear as compared to the right ear. However, such a delay was not

statistically significant (p> 0.05). Regarding the RL response correlation, the left ear response

lagged by 0.01 ms as compared to the right ear response relative to the obtained maximum cor-

relation coefficient between both ear responses.

Spectral encoding measures. The sustained components of the FFR were also analyzed to

investigate possible ear differences in neural phase-locking to the frequency components

(Table 3). The overall RMS magnitude for the 40-ms /da/ stimulus was not statistically

Fig 2. Grand average waveform for the click-ABR obtained from 62 older adults to right (red line) and left (blue

line) ear presentation. The stimulus evoked three prominent peaks labeled as I, III and V.

https://doi.org/10.1371/journal.pone.0251287.g002

Fig 3. Grand average waveform for the speech-ABR obtained from 62 older adults to right (red line) and left (blue

line) ear presentation of 40-ms speech syllable /da/. The stimulus evoked seven prominent peaks, labeled as V, A, C,

D, E, F and O. The light-gray lines represent ±1 SE of the mean for the left and the right ears for the entire group of

older adults.

https://doi.org/10.1371/journal.pone.0251287.g003
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Table 2. Mean and standard deviation of latency (after stimulus onset) and amplitude values of the speech-ABR components for the right and left ears for the

group of participants.

Measure Ear Test
Right (SD) % Left (SD) % t Z p-value Effect size

Latency (ms)

V (n = 53) 7.00 (0.47) 93.5 7.21 (0.46) 90.3 -2.674 0.010� 0.367

A (n = 54) 8.02 (0.55) 95.2 8.32 (0.67) 90.3 -3.258 0.002�� 0.443

C (n = 40) 18.46 (0.72) 83.9 18.87 (0.87) 72.6 -2.649 0.012� 0.418

D (n = 57) 23.80 (0.88) 98.4 24.23 (0.78) 93.5 -3.040 0.004�� 0.402

E (n = 58) 31.66 (0.95) 95.2 32.15 (1.11) 96.8 -3.050 0.003�� 0.400

F (n = 62) 40.72 (0.92) 100 40.95 (0.89) 100 -1.583 0.119 0.201

O (n = 62) 48.96 (1.22) 100 49.65 (1.13) 100 -4.326 0.000��� 0.549

D-E (n = 54) 7.89 (1.02) 7.77 (1.23) 0.538 0.593 0.075

E-F (n = 56) 8.99 (0.95) 8.82 (1.08) 0.996 0.324 0.133

Amplitude (μV)
V (n = 53) 0.16 (0.14) 0.21 (0.21) -1.450 0.153 0.197

A (n = 54) -0.19 (0.15) -0.23 (0.20) 1.265 0.211 0.168

C (n = 40) -0.26 (0.22) -0.24 (0.34) -0.430 0.667 0.046

D (n = 57) -0.24 (0.22) -0.30 (0.26) -1.526 0.127 0.142

E (n = 58) -0.19 (0.27) -0.21 (0.33) -0.285 0.776 0.027

F (n = 62) -0.32 (0.31) -0.36 (0.35) -0.998 0.318 0.090

O (n = 62) -0.24 (0.23) -0.32 (0.33) -1.588 0.112 0.142

% = percentage of detectability; t = Paired t-test; Z = Wilcoxon signed-rank test.

�p < 0.05;

��p < 0.01;

���p < 0.001.

https://doi.org/10.1371/journal.pone.0251287.t002

Table 3. Mean and standard deviation (SD) values of (A) spectral magnitude measures, (B) stimulus-to-response correlation for right and left ears and (C) right-

left correlation for all participants (n = 62).

Measure Right ear (SD) Left ear (SD) Z p-value Effect size
A. Spectral magnitudes (μV)

RMS 0.48 (0.28) 0.55 (0.31) -1.932 0.053 0.174

F0 0.34 (0.28) 0.45 (0.35) -2.433 0.015� 0.218

F1 0.03 (0.01) 0.03 (0.01) -0.438 0.661 0.039

HF 0.01 (0.003) 0.01 (0.003) -0.991 0.322 0.088

B. Stimulus-to-response (SR) correlation

SR corr (r) 0.14 (0.06) 0.12 (0.07) -1.515 0.130 0.136

SR lag (ms) 7.97 (1.08) 7.99 (1.12) -0.099 0.921 0.008

C. Right-left (RL) correlation

Straight correlation (Zero lag) 0.071 (0.25)

Maximum correlation (r) 0.379 (0.19)

RL lag (ms) 0.011 (1.18)

Z = Wilcoxon signed-rank test; RMS = Root mean square; F0 = Fundamental frequency; F1 = First formant; HF = Higher frequency formants.

�p < 0.05.

https://doi.org/10.1371/journal.pone.0251287.t003
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different (p> 0.05) between both ears. The left ear showed a significantly larger spectral ampli-

tude for the frequency region around the F0 than the right ear (Z = -2.433; p = 0.015;

r = 0.218). A 61.3% of participants showed a larger F0 amplitude response for left ear presenta-

tion, while 38.7% of participants exhibited either symmetric F0 encoding or a larger amplitude

response for right ear presentation. The spectral magnitudes from the other harmonic compo-

nents did not show significant differences (p> 0.05) between both ears.

Effect of age and audibility on ear asymmetries for the speech-ABR. Further analyses

were conducted with the seven dependent variables (i.e., speech-ABR peaks V, A, C, D, E, O,

and F0 amplitude) which showed statistically significant differences between ears. In order to

control for the influence of age and binaural PTA, several mixed-effects models (REML

method) were implemented, always specifying participants as a random effect variable. First,

the impact of age and binaural PTA was inspected by constructing single-predictor models,

with each variable individually predicting all statistically significant speech-ABR components.

None of the models showed a significant impact of either variable on any of the observed

dependent variables. Second, model comparisons were implemented with Likelihod Ratio

tests, comparing a baseline model including age and binaural PTA against a model which

added ear as predictor. For all dependent variables, the inclusion of ear significantly improved

prediction (chi-squared value always p< 0.05). Table 4 provides a summary of the full models’

results.

Discussion

What motivated the current study was the question of whether older adults exhibit auditory

brainstem processing asymmetries between right and left ear presentation similar to young

adults. In a cross-sectional sample of older adults with age-appropriate hearing, our results

showed a right ear laterality for selective stimulus components of the speech-ABR. Specifically,

significantly shorter latencies were found for the onset (V, A) and offset (O) peaks as well as

for some sustained components (C, D, and E) of the speech-ABR elicited from right ear pre-

sentation compared to left ear presentation. Moreover, the spectral amplitude of the F0 for the

sustained component of the speech-ABR was significantly larger for the left ear than for the

right ear presentation. This finding has not been previously reported in either young or older

adults. According to our results, none of the above-mentioned findings were modulated either

by age or by the magnitude of hearing sensitivity. Shorter latencies and lower spectral ampli-

tude for the frequency region around the F0 in the right ear are consistent with the evidence

suggesting that the right ear/left hemisphere pathway is more efficient to process fast temporal

modulations, rather than frequency components of sounds [25, 28, 29]. In fact, we hypothesize

that the F0 was preferentially encoded by the left ear pathway in the majority of the partici-

pants as this pathway has direct access to the right hemisphere which has been associated with

the processing of suprasegmental features of speech [26–29, 47, 48]. This hypothesis is further

discussed below. The click-ABR showed no significant differences between right and left ear

presentation. Overall, latencies for the speech-ABR components found in this sample of older

adults were slightly longer than the values reported in young adults [e.g., 7, 8, 11]. However,

they were similar to the latency values reported by Vander Werff and Burns [9] and Skoe et al.

[40] in older adults. Table 5 provides a comparison of the mean latency values for the speech-

ABR components, including studies conducted in both young and older adults.

Asymmetries for the click-ABR in older adults

The results from the click-ABR analysis showed symmetrical responses between the right

and left ear presentation. These results are consistent with previous research in older adults
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[e.g., 9, 10, 22, 23, 49]. Moreover, the evidence of symmetric auditory brainstem processing for

click stimuli revealed in this study is also in accordance with findings reported in young adults

[4–10]. Therefore, the results from this study along with previous research support the hypoth-

esis of symmetric auditory brainstem processing for click stimuli.

Asymmetries for the speech-ABR in older adults

The results for the speech-ABR, as opposed to click-ABR, suggest a rather asymmetric auditory

brainstem processing for speech acoustic components in older adults. Therefore, it may be

suggested that click and speech stimuli elicited different patterns of auditory brainstem activity

in this sample of older adults. It is possible that asymmetric processing between both auditory

pathways in response to speech sounds results from active exposure to the complex acoustic

properties conveyed (e.g., phonetic information) in speech. Hearing speech sounds, as

opposed to click sounds, lead to the extraction of significant information about encoding of

the time-varying aspect of sounds, which may potentially shape the auditory system to react

Table 4. Mixed effects results for all inspected speech-ABR components.

Estimate SE t

V (n = 53)

Age -0.01 0.01 -1.05

Binaural PTA -0.01 0.01 -0.94

Ear -0.20 0.08 -2.62�

A (n = 54)

Age -0.00 0.01 -0.09

Binaural PTA -0.01 0.01 -1.73

Ear -0.30 0.09 -3.26�

C (n = 40)

Age 0.02 0.01 1.65

Binaural PTA 0.00 0.01 0.21

Ear -0.43 0.14 -3.15�

D (n = 57)

Age -0.01 0.01 -0.73

Binaural PTA -0.00 0.01 -0.89

Ear -0.36 0.14 -2.50�

E (n = 58)

Age -0.00 0.01 -0.14

Binaural PTA 0.01 0.01 0.75

Ear -0.48 0.16 -3.06�

O (n = 62)

Age -0.00 0.02 -0.21

Binaural PTA -0.00 0.02 -0.21

Ear -0.69 0.16 -4.33�

F0 (n = 62)

Age 0.00 0.01 -0.54

Binaural PTA 0.00 0.01 0.57

Ear -0.11 0.05 -2.08�

Coefficients for predictors listed in Estimate column; coefficients are significant (�) whenever their t value is above or

below +- 1.96; SE = Standard Error.

https://doi.org/10.1371/journal.pone.0251287.t004
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differently when encoding complex (i.e. speech) versus non-complex (i.e. click) sounds [50].

Moreover, the degree of asymmetry at the brainstem level seems to change accordingly to the

complexity of the acoustic signal that needs to be processed [51]. Therefore, pervasive exposure

to the complex acoustic sounds and everyday use of speech instead of clicks may reinforce

brainstem projections to process more accurately and rapidly the acoustic features of the

speech stimulus [7, 52]. Supporting evidence for this hypothesis comes from studies conducted

in young adults. A number of studies have found symmetric processing for click-ABR and

asymmetric processing for speech-ABR between right and left ear presentation in young adults

[7, 8]. There is only one study previously published reporting symmetric processing for click-

ABR and asymmetric processing for speech-ABR among older adults [9]. Similar to the find-

ings of this study, Vander Werff and Burns [9] found symmetric processing for click-ABR and

an asymmetric processing only for the transient component A of the speech-ABR between

right and left ear presentation. Asymmetric processing for the other speech-ABR components

were not found. Note that older adults in Vander Werff and Burns’ study showed better hear-

ing thresholds than those obtained by the participants in our study. Although the magnitude

of hearing sensitivity did not explain our results, it is possible that hearing thresholds could

have accounted for the difference in results between Vander Werff and Burns’ study [9] and

our current study. This hypothesis should be further explored. Therefore, taking the above-

mentioned studies into account we conclude that older adults, similar to young adults, exhibit

a symmetric auditory brainstem processing for click stimuli but an asymmetric auditory brain-

stem processing for speech-like stimuli.

Note that the results of the speech-ABR found in this study revealed a different pattern of

brainstem lateralization for the temporal and frequency acoustic elements of the speech stimu-

lus. Participants, as a group, showed faster temporal encoding for transient and sustained com-

ponents for right ear presentation and better F0 encoding for left ear presentation. Faster

neural timing favoring right ear presentation is consistent with previous findings in young

adults showing shorter right ear latencies for speech-ABR transient and sustained components

Table 5. Comparative mean and standard deviation of latency values for speech-ABR components using a 40-ms speech syllable /da/ in young and older adults.

Measure Hornickel et al. (2009) �

(YA)

Sinha & Basavaraj

(2010) � (YA)

Adahi et al. (2014) �

(YA)

Vander Werff & Burns

(2011) � (OA)

Skoe et al. (2015)

(OA)

Ianiszewski et al.

(current study)� (OA)

RE (SD) LE (SD) RE (SD) LE (SD) RE (SD) LE (SD) CE (SD) RE (SD) RE (SD) LE (SD)

Latency (ms)

V 6.64 (0.27) 6.58 (0.25) 6.5 (0.26) 6.54 (0.23) 6.72 (0.39) 6.77 (0.41) 6.70 (0.32) 6.92 (0.38) 7.00 (0.47)
�

7.21 (0.46)
�

A 7.65 (0.38) 7.61 (0.33) 7.36 (0.37) 7.39 (0.35) 7.73 (0.52)
�

7.87 (0.52)
�

7.75 (0.37) � 7.89 (0.46) 8.02 (0.55) 8.32 (0.67)

C NR NR NR NR 18.56

(0.69)

18.72

(0.78)

NR NR 18.46

(0.72) �
18.87

(0.81) �

D 22.52

(0.58) �
22.68

(0.51) �
22.07

(0.69) �
22.68

(0.58) �
22.87

(0.72)

22.91

(0.72)

23.00 (0.87) 23.05 (0.61) 23.80

(0.88) �
24.23

(0.78) �

E 30.96

(0.38)

31.28

(0.58)

30.58

(0.54) �
30.94

(0.55) �
31.50

(1.08) �
31.78

(1.06) �
31.39 (0.91) 31.37 (0.56) 31.66

(0.95) �
32.15

(1.11) �

F 39.33

(0.43) �
39.65

(0.43) �
39.02

(0.53) �
39.45

(0.45) �
40.26

(1.44)

40.39

(1.32)

39.70 (0.56) 39.68 (0.46) 40.72

(0.92)

40.95

(0.89)

O 48.14

(0.39)

48.37

(0.58)

47.43

(0.96) �
47.90

(0.57) �
48.63

(1.03)

48.75

(1.08)

48.70 (0.41) 48.84 (0.56) 48.96

(1.22) �
49.65

(1.13) �

YA = Young adults; OA = Older adults; RE = Right ear; LE = Left ear; CE = Combined ears, NR = Not reported.

� denotes studies and specific peaks where evidence of significant brainstem asymmetries between right and left ear presentation for speech-ABR have been found.

https://doi.org/10.1371/journal.pone.0251287.t005
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[7, 8, 11]. Thus, older adults investigated in this study showed a rightward laterality of brain-

stem auditory processing for temporal components of speech, similar to young adults. These

results may be attributed to the right ear/left hemisphere pathway specialization for processing

complex, rapidly changing acoustic stimuli with a high degree of temporal precision [29, 53,

54].

However, in the frequency domain, the F0 spectral amplitude was significantly larger for

the left ear neural response compared to the right ear. This finding is consistent with previous

studies showing that frequency components of speech sounds that convey nonlinguistic

(suprasegmental) information, such as F0, are more efficiently processed by the left ear/right

hemisphere pathway than the opposite pathway [17, 26–29, 42, 43]. Note that in Indo-Euro-

pean languages, such as English or French, F0 does not convey linguistic and/or semantic

information, as opposed to tonal languages, in which variations in F0 produce changes in the

meaning of the word and are known as lexical tones [55, 56]. Therefore, a larger F0 spectral

amplitude for left ear presentation was expected based on the aforementioned theoretical

model, as none of the participants spoke a tonal language.

Nevertheless, previous studies of young adults have achieved different and rather contradic-

tory results. On one hand, Hornickel et al. [7] and Ahadi et al. [11] found symmetric encoding

of F0 between right and left ear presentation for the same speech stimulus used in the present

study in English speakers and monolingual Persian speakers, respectively. Hornickel et al. [7]

did not report whether the participants spoke a second language. On the other hand, Sinha

and Basavaraj [8], using the same stimulus as the present study’s, found that the F0 spectral

amplitude in young adults was significantly larger for the right ear presentation than the left

ear presentation. The authors did not report the participants’ native language nor whether

they were monolinguals or bilinguals. However, as the study was conducted in India, it may be

assumed that the majority of the participants spoke more than one language [57–59]. As men-

tioned above, our results showed that the older adults in this study, as a group, exhibited a

larger F0 for the left ear input than the right ear input. However, individual data showed that

the F0 spectral amplitude was larger for left ear presentation in 61.3% of participants, while

37.1% of them exhibited a larger F0 spectral amplitude for right ear presentation, and 1.6%

showed no lateralization of F0 encoding (i.e., the same F0 spectral amplitude in both ears).

Thus, some of our results are similar to those reported in young adults. Note that as the above-

mentioned studies in young adults did not report individual data, it cannot be concluded

whether some participants in those studies exhibited an F0 lateralization pattern different than

the group mean. Previous researchers [7, 8, 11] have suggested that the 40-ms /da/ syllable

used in the studies, including the current one, may be too transient to allow a valid pitch

encoding, and thus, left ear preference should not be attained. This hypothesis explains the

group results for studies carried out in young adults and for around 38% of the participants in

the present study.

We cannot fully explain why around 61% of the participants in this study exhibited a prefer-

ential F0 spectral amplitude for left ear presentation, as compared to previous studies con-

ducted in young adults. We propose three hypotheses for this finding. First, participants who

exhibited a larger F0 spectral amplitude for left ear presentation may have indeed been able to

perceive the brief periodic portion of the stimulus as a tone rather than a transient, enabling

them to process F0 as a suprasegmental component of the stimulus. However, to accept this

hypothesis, the majority of the participants in this research should have presented with a dis-

tinct characteristic that is not found in the samples of young adults investigated in previous

research. Certainly, the age of the participants is an important difference between this sample

and the previous samples investigated. Nevertheless, around 37% of the participants in this

sample, even if their age was similar to the remaining 61%, exhibited an F0 spectral amplitude
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similar to the findings reported in young adults (e.g., larger for right ear input). Thus, we

believe that aging itself cannot account for this particular result. A possible explanation for this

finding can be bilingualism. Note that all participants in this study lived in Montreal, which is

a bilingual city where people are exposed to English and French at different levels—while

some people may solely utilize one language in everyday life with little contact with the other

language, others may be exposed to and use both languages on a regular basis. All participants

in this study reported that they spoke two languages (in most of the cases, French and English).

It has been previously suggested that bilingualism is associated with enhanced neural encoding

of speech sounds at the brainstem level [60–62], and recent data using the FFR have shown

that bilingual listeners exhibit better encoding of acoustic features of speech than their mono-

lingual peers [63, 64]. Therefore, we hypothesize that enhanced neural encoding for speech

sounds induced by bilingualism may have been associated with the capacity to extract F0 as a

suprasegmental aspect of the /da/ syllable and thus triggered left ear/right hemisphere prefer-

ential processing, as discussed above. However, with the current data, we cannot test this

hypothesis, as (a) we did not determine the degree of bilingualism in each participant, and (b)

previous research in young adults did not report whether participants spoke more than one

language. In addition, no previous studies have investigated differences for the encoding of F0

between right and left ear presentation using the FFR comparing monolingual and bilingual

speakers. Thus, we cannot determine whether those participants who exhibited larger F0 spec-

tral amplitudes for left ear presentation (i.e., 61% of the sample) differed in terms of their bilin-

gual experience from the other participants. Future studies should be conducted to test this

hypothesis. Second, it may be possible that biological variability accounts for the differences

observed. For the short speech-like stimulus (/da/), some listeners are simply able to extract F0

as a suprasegmental aspect of the stimulus, and others are not able to do so. This can be

explained by the variability we observed in the participants of this study regarding the laterali-

zation of F0. As mentioned above, previous studies have not reported the percentages of listen-

ers with larger right or larger left F0 spectral amplitudes. Therefore, previous results may just

represent the group trend without necessarily representing individual results. Thus, further

studies in this field need to be carried out with the aim to test this hypothesis. In addition, we

suggest that future studies should report the percentage of listeners who exhibit larger F0

amplitudes for the right and left ears. Third, we also consider the possibility of a technical bias

due to electrode montage [65]. Electrode placement [e.g., 66–68] can affect the amplitude of

the auditory brainstem response, biasing enhanced amplitude towards one ear. If this bias

occurred, we do not believe that it completely accounted for the larger F0 amplitude in 61.3%

of the participants. Finally, it may be possible that each of these hypotheses is not exclusive,

and thus, a combination thereof may have triggered these results.

In summary, this study suggests an asymmetric auditory brainstem processing between

right and left ear presentation of speech-like stimuli. In this sample of older adults, a distinct

pattern characterized by a larger F0 spectral amplitude of the 40-ms /da/ syllable for left ear

presentation was observed, as opposed to previous studies conducted in young adults. Further

research is required to better understand this finding, especially the effect of bilingualism on

the capacity of the auditory system to extract and process F0 in short speech-like stimulus.

Limitations of the study

There were a few caveats that should be considered for future research. First, lifelong experi-

ence such as music and bilingualism may enhance neural encoding of complex sound features

such as neural timing and frequency encoding [62–64, 69, 70]. Although none of the partici-

pants reported past or present musical training, they were all bilingual speakers. Therefore,
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bilingual experience might have enhanced FFR neural representation of speech components in

older adults. Future studies should investigate whether music and bilingualism may modulate

the pattern of subcortical laterality of speech encoding among older adults. Second, partici-

pants were mainly selected from a registry of participants who are actively involved in

research. Therefore, given their profile, they may not represent the general population of older

adults. Third, given the difficulty to identify some of the click-and speech-ABR peaks in certain

participants, some statistical analyses (e.g., ear comparisons for click-ABR peaks I and III and

speech-ABR peak C) were carried out with a number of observations lower than those estab-

lished according to the sample size calculation Therefore, caution is warranted to interprete

the aforementioned results. Fourth, although our detectability percentage for the different

speech-ABR components was rather high, we observed inter-individual variations in the

response. Some of the neural responses showed patterns of complex morphology. This may be

attributed to background noise contamination or muscle artifact.

Conclusions

The current study presents data to support brainstem laterality for the encoding of acoustic

components of speech in older adults. In addition, no asymmetric brainstem processing for

click stimuli was found in the sample of older adults. Overall, both findings suggest that older

adults with age-appropriate hearing exhibit a pattern of brainstem laterality of click and speech

encoding similar to young adults. A result that has not previously been reported in either

young or older adults is the larger spectral F0 amplitude (for the 40-ms /da/ syllable) for left

ear presentation as opposed to right ear presentation, which suggests that the majority of the

listeners were capable of perceiving the very short periodic component of the stimulus as a

tone. Future studies should be conducted to further explore this finding and the variables,

such as bilingualism, that may be associated with it. Finally, it should be noted that our find-

ings may not be entirely representative of the older adult population. The characteristics (e.g.,

audibility, cognition, and spoken language) of the sample may not accurately represent the

general population of older adults and may have affected the results of this study. Therefore,

caution is warranted in generalizing these results to the general population of older adults.
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