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Aging and language background have been shown to affect pitch information encoding
at the subcortical level. To study the individual and compounded effects on subcortical
pitch information encoding, Frequency Following Responses were recorded from
subjects across various ages and language backgrounds. Differences were found in
pitch information encoding strength and accuracy among the groups, indicating that
language experience and aging affect accuracy and magnitude of pitch information
encoding ability at the subcortical level. Moreover, stronger effects of aging were seen in
the magnitude of phase-locking in the native language speaker groups, while language
background appears to have more impact on the accuracy of pitch tracking in older
adult groups.

Keywords: frequency following response (FFR), aging, language background, pitch coding, brainstem, pitch
strength, pitch correlation

INTRODUCTION

Speech is a stream of acoustic elements and the ability to decode these elements in a meaningful
way is a complicated task involving complex neural processing (Chandrasekaran and Kraus, 2010).
Relevant acoustic information must be encoded by temporal and spectral cues in subcortical
structures and the signal sent to the auditory cortex (Eggermont, 2001; Hickok and Poeppel, 2007).

Pitch information encoding is part of the fundamental neural activities that occur at the
subcortical level. Pitch-relevant neural activity in the auditory subcortical is not static, nor is
it simply dedicated to faithfully reflecting the physical properties of the stimulus (Hall, 1979).
Auditory nerve fibers demonstrate periodicities and inter-spike intervals that allow for the pitch
information of complex speech to be encoded at the auditory subcortical level. These period-
related cues relate to the fundamental frequency (F0) of the Frequency Following Response (FFR)
(Miller and Sachs, 1984; Palmer et al., 1986). For example, in tonal language speakers, F0 features
have been shown to provide dominant cues for high speech intelligibility of lexical tones, and a
better understanding of subcortical and early cortical stages of perception (Krishnan et al., 2012).
Scalp recorded FFR is thought to be generated from the inferior colliculus in animal models
(Smith et al., 1975; Davis and Britt, 1984) and neurological data in humans (Bidelman, 2015),
while the magnetoencephalography studies demonstrate that the auditory cortex also contributes
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(Coffey et al., 2016; Bidelman, 2018). Although many generators
mentioned above may contribute to the origin of FFR, the nature
of the auditory system makes it unlikely that the low-pass filtered
phase-locked activity reflected in the FFR is of cortical origin
(Akhoun et al., 2008). Therefore, FFR can be used as a window
into the early stages of subcortical pitch processing, as well as an
objective auditory electrophysiological assessment tool that has
been increasingly used to assess synchronized neural activity and
pitch information encoding (Russo et al., 2004; Chandrasekaran
and Kraus, 2010). FFR has been viewed to be better at preserving
spectrotemporal information related to complex sounds such as
pitch in speech samples (Krishnan et al., 2004, 2005; Krishnan
and Plack, 2011), as it faithfully follows the temporal and spectral
characteristics of the stimulus. The encoding of pitch information
preserved in the FFR is strongly correlated with perceptual
measures (Krishnan et al., 2010a; Bidelman and Krishnan, 2011),
suggesting that acoustic features related to pitch perception are
well represented at the level of the brainstem. Many factors,
such as language background, age, and music training, have been
shown to impact various aspects of FFR (Russo et al., 2004;
Clinard et al., 2010).

Hearing loss ranks third among chronic diseases in the
elderly population (aged 65 and above) (Yueh et al., 2003).
Three main factors are considered to contribute to age-related
decline in speech perception, including peripheral hearing loss,
central auditory processing deficits, and decreased cognitive
function (Anderson and Karawani, 2020). However, it is difficult
to completely separate contributions of peripheral hearing loss
and aging factors as almost all older individuals have decreased
hearing in high-frequency regions above 8,000 Hz (Davis et al.,
1992; Matthews et al., 1997). In addition to peripheral hearing
loss, aging may also reduce synchronization to sustained stimulus
components and may degrade the processing of duration
components of stimuli (Anderson and Karawani, 2020). Age-
related decline has been found in temporal processing measured
by gap detection test in humans (Schneider et al., 1994), and
is known to affect auditory functions such as speech perception
in noise and the FFR. Deficits in FFR in older adults appear to
be related to speech perception deficits. Older adults, even with
clinically normal hearing sensitivity, have auditory perceptual
deficits compared to their younger counterparts (Fitzgibbons and
Gordon-Salant, 1995; Pichora-Fuller et al., 1995; Gordon-Salant,
2006; Clinard et al., 2010; Wang et al., 2016). The physiological
mechanism of auditory aging may be explained by decline in
temporal processing (Clinard et al., 2010) including: neural
inhibition (Caspary et al., 2005), neural firing, synchrony affected
by temporal jitter (Pichora-Fuller and Schneider, 1992; Frisina
and Frisina, 1997; Pichora-Fuller et al., 2007), prolonged neural
recovery time (Walton et al., 1998), and decreased numbers
of neurons in the auditory nuclei (Frisina and Walton, 2006).
In FFR studies, it has been shown that older adults have
reduced amplitudes and increased latency of waves in their
FFRs (Wang et al., 2004; Anderson et al., 2012), suggesting
lower phase locking ability and temporal processing capacity. It
was suggested that age-related reduction in γ-aminobutyric acid
(GABA) and glycine, which play an important role in neural
processing of frequency modulations (Covey and Casseday,

1999), may interfere with older individual’s ability to phase
lock to rapidly changing formants in the consonant transition
(Anderson et al., 2012).

Experiences, such as language experience and musical
training, may also shape the way the nervous system responds
to sensory input and the subcortical pitch information encoding
ability. The brain undergoes widespread neural specialization
relating to language and cognitive processing (Costa and
Sebastián-Gallés, 2014; Burgaleta et al., 2016). At the subcortical
level, pitch processing of lexical tones can be shaped by language
experience in both childhood and adulthood (Li et al., 2001;
Wang et al., 2004; Liu et al., 2020). Previous studies between
Mandarin speakers of tonal and non-tonal languages (English)
have shown that pitch encoding at the subcortical level can be
enhanced by experience in lexical tones, irrespective of speech or
non-speech stimulus (Krishnan et al., 2005, 2009; Swaminathan
et al., 2008). It was suggested that the reorganization of the
brainstem pitch encoding mechanisms were shaped by the
corticofugal system in the early stage of language development
(Keuroghlian and Knudsen, 2007; Kral and Eggermont, 2007). It
has also been shown that native speakers of non-tonal languages
who learned Mandarin Chinese in their adulthood demonstrated
weaker FFRs than native speakers of Mandarin Chinese, but
enhanced subcortical neural pitch information encoding capacity
compared to those that did not speak Mandarin Chinese at all
(Liu et al., 2020). This young adult cohort was well past the
“critical period” of language acquisition and exhibited greater
pitch information encoding.

Lexical tones are continuous and curvilinear whereas in
music, pitch unfolds in a discrete and stair-stepped manner
(Dowling, 1978; Bidelman et al., 2011b). Though linguistic
pitch patterns differ substantially from those used in music,
long-term music training can enhance subcortical encoding of
linguistic pitch patterns. FFR strength in response to band-pass-
filtered harmonic complexes have shown to be enhanced by
F0 discrimination training (Carcagno and Plack, 2011). It was
shown that musicians and tonal language speakers have enhanced
brainstem FFRs elicited by musical or linguistic pitch patterns
(Bidelman et al., 2011a,b). Musicians have been shown to have
better subcortical encoding of pitch in noise compared to non-
musicians (Parbery-Clark et al., 2009; Bidelman and Krishnan,
2010; Chandrasekaran and Kraus, 2010), as musicianship may
be able to modulate speech representations at multiple tiers of
the auditory pathway, while strengthening the correspondence of
processing between the subcortical and cortical areas (Bidelman,
2015). The neural mechanism governing experience-dependent
plasticity is likely mediated by a coordinated interaction between
the ascending and descending neural pathways (Chandrasekaran
and Kraus, 2010). Animal studies (Suga et al., 2003) show that
signal representation in subcortical structures may be modulated
by the efferent corticofugal system and the enhanced subcortical
activity in humans may also be mediated by the corticofugal
system (Krishnan et al., 2005; Wong et al., 2007; Song et al., 2008).

These studies and others (Gao and Suga, 2000; Feng-Ming,
2017) have demonstrated how factors such as aging and language
background influences one’s pitch information encoding as
measured by FFR. However, none have shown the combined
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effect of the following factors: do individuals with tonal language
background have less degradation in their subcortical pitch
information encoding as they age? The current study is aimed
at expanding on our previous work on the speech-evoked FFRs
in individuals of different language experience and different
ages, and to examine how different aspects of pitch information
coding, such as strength of coding and the accuracy of coding,
differ with different ages as well as language experiences. We
hypothesize that younger tonal language speakers exhibit more
robust and accurate subcortical encoding of lexical tones than
older tonal language speakers, as well as non-tonal language
speakers regardless of their ages. We also hypothesize that
older tonal language speakers encode pitch information more
accurately than their non-tonal language speaker counterparts.

MATERIALS AND METHODS

Participants
Fifteen Chinese young (CHY) subjects (mean age ± SD = 24.1 ±

3.3 years; seven males and eight females), eleven Chinese older
(CHO) subjects (mean age ± SD = 62.8 ± 3.0 years; four males
and seven females), sixteen English young (ENY) subjects (mean
age ± SD = 23.4 ± 3.1 years; 2 males and 14 females) and thirteen
English older (ENO) subjects (mean age ± SD = 65 ± 3.2 years;
7 males and 6 females) were included in this study. CHY and
CHO subjects were native speakers of Mandarin Chinese who
were recruited at the Beijing Tongren Hospital in China. ENY
and ENO subjects were native speakers of English recruited at the
University of the Pacific in San Francisco, in the United States. All
participants reported no neurological or otological symptoms or
illness. They all had clinically normal hearing thresholds, defined
as <25 dB HL at octave frequencies from 250 to 4,000 Hz. All
participants presented normal immittance test results: Type A
tympanograms and present ipsilateral and contralateral acoustic
reflexes. To ensure normal peripheral hearing and intact integrity
along the auditory pathway, click-evoked Auditory Brainstem
Response (ABR) latencies were measured at 80 dB SPL, with a
100 µs click stimulus at a rate of 21.1 Hz. Wave V latencies of
click-evoked ABRs were used as a benchmark for what would be
considered clinically normal electrophysiological responses (no
delay in wave V latencies). ABRs also serve as a quality control
method for FFR recordings; a typical practice in previous works
by present author(s) and others in the field (Wang et al., 2016;
Liu et al., 2020). Wave Vs of ABR for all subjects were identified
by experienced audiologists. Latencies of wave V from all subjects
were measured at less than 6.5 ms, which is comparable to those
reported in previous works (Anderson et al., 2012), suggesting
clinically normal electrophysiological responses from all subjects.
As discussed above, music training has been shown to impact
FFR results. To avoid this, a modified version of the Munich
Music (MUMU) Questionnaire (Frederigue-Lopes et al., 2015),
which included four questions was used. As musical training
has been shown to impact FFR responses from tonal language
speakers and non-tonal language speakers (Bidelman et al.,
2011a,b; Maggu et al., 2018), participants who answered “Yes”
to prior musical training or vocal training were excluded to

eliminate potential influence from long-term music training.
All participants were provided written consent for this study,
which was approved by the Institutional Review Board at the
Beijing Institute of Otolaryngology, Beijing Tongren Hospital
and University of the Pacific.

Stimulus Parameters and Recording
Procedure
Identical equipment, stimuli, and experiment protocols were
used in the two collaboration sites to ensure data obtained the
two sites were comparable. Detailed protocols and related quality
control procedures can be found in previous collaborative work
(Liu et al., 2020). Briefly, a monosyllabic Chinese word/yi/with
high-falling tone, marked as/yi4/, was used as stimulus in this
study. The voice sample was recorded from a male native speaker
of Mandarin Chinese with a sampling rate of 40 kHz. Duration
of the stimulus was set at 250 ms with 5 ms rise/fall time. The
voice sample had a fundamental frequency (F0) trajectory of/yi4/,
changed from 180 Hz to 130 Hz, with steady-state vowel formant
frequencies at F1 = 400 Hz, F2 = 2,100 Hz, F3 = 3,000 Hz and
F4 = 3,500 Hz. The stimulus was presented monaurally at 70 dB
SPL at a repetition rate of 3.2/s.

Participants were asked to rest in a supine position with
eyes closed. Gold-plated recording electrodes placed at the
high forehead, low forehead and right mastoid acted as non-
inverting recording, ground and inverting recording electrodes
respectively. All impedances were kept ≤ 3 k�. FFR were
recorded from each subject through an electromagnetically
shielded insert earphone (ER-3A). Electroencephalogram
(EEG) was collected using a single-channel recording with
SmartEP system by Intelligent Hearing Systems (Miami, FL,
United States). The sampling interval was fixed at 75 µs
(recording sampling rate of 13,333 Hz). Bandpass filter was set
between 100 Hz and 3,000 Hz. Recording sweeps containing any
electrical activity exceeding 25 µV were rejected automatically
and 2,000 artifact-free responses were collected. An additional
click-evoked ABR was performed at the beginning and end
of each recording session to ensure that the subjects had no
adaptive responses.

Response Evaluation and Data Analysis
To evaluate FFR data, the experiment was conducted in a
passive listening paradigm. EEGs obtained from participants in
all four groups were analyzed with customized Matlab scripts
(Mathworks, Natick, MA, United States). A periodicity detection
short-term autocorrelation algorithm (Boersma, 1993), which
performs a short-term autocorrelation analysis on several small
segments taken from the FFR and stimulus, was used to
extract F0 contours from the FFR waveforms obtained from
each participant.

Two main indexes were utilized in this study to quantitatively
evaluate FFR. One index, Pitch Correlation, calculates the
correlation coefficient between the stimulus’ F0 and the F0
extracted from each response. It examines the extent to which
the F0s of the stimulus and FFR response are correlated. If
the two F0 signals are identical, the cross correlation coefficient
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would be 1. If the two F0s are not correlated at all, the cross
correlation coefficient would be 0 (Skoe and Kraus, 2010). Pitch
Correlation is a useful index in studying the overall faithfulness
of the “following” component of the FFR, reflecting the encoding
accuracy of pitch (Hornickel et al., 2009).

The other index, Pitch Strength, is used to examine the
robustness of periodicity contained in each FFR waveform. Pitch
Strength is defined as the difference between the maximum
and minimum autocorrelation coefficients, normalized between
0 and 1, of each FFR waveform. FFR waveforms contain periodic
neural responses from the auditory subcortex elicited by the pitch
information in the speech stimulus. Thus, Pitch Strength can
be viewed as a representation of pitch salience or robustness
reflecting neural synchrony and neural phase-locking ability
(Krishnan et al., 2004).

As both Pitch Strength and Pitch Correlation range between
0 and 1 and were not strictly Gaussian, they then underwent
a rationalized arcsine transform (Studebaker, 1985). RAU
linearizes the proportional data (between 0 and 1) and converts
them to Rational Arcsine Units (RAU), which is more suitable for
linear statistical tests like ANOVA or t-test.

A two-way ANOVA was performed to test whether aging
(young and older groups) and language background (Mandarin
Chinese and English) have an interactive impact on Pitch
Strength and Pitch Correlation. Post hoc multiple comparison
tests were performed where applicable to examine the difference
between groups. Statistical level of significance was set at p< 0.05.

RESULTS

Temporal Waveforms and Spectrograms
of Frequency Following Response
Grand-average temporal waveforms of FFRs for the four
groups elicited by stimulus/yi4/are shown in Figure 1. Periodic
components, which mimic those of the stimulus, can be observed
in the temporal waveforms. Qualitatively, the group averaged
FFRs from the CHY group had clearer and more stable
periodicity, compared to those from the other groups.

Similarly, short-time spectrograms based on averaged FFR
waveforms from the four groups are plotted in Figure 2. Colored
heat scale in each spectrogram represents the level of spectral
energy in the FFRs. Consistent with the temporal waveforms,
qualitatively, the averaged F0 contours from CHY group had
clear, continuous, and robust spectral energy in the stimulus’ F0
region, compared to those from the other groups.

Statistical Analysis
Boxplots of the statistical data of Pitch Strength and Pitch
Correlation were shown in Figures 3, 4.

Two-Way ANOVA
For Pitch Strength homogeneity of variance across groups were
verified by Levene Statics [F(3, 50) = 0.642, p = 0.592]. The
interaction between age and language experiences revealed a
significant effect on Pitch Strength in RAU [F(1,50) = 6.71,

p = 0.026], with age [F(1,50) = 9.345, p = 0.004] and language
experiences [F(1,50) = 11.77, p = 0.001], both having significant
impact. Post hoc Tukey’s multiple comparison tests were carried
out amongst all four groups (Table 1). Results revealed significant
differences in Pitch Strength in RAU between the CHY vs, CHO,
CHY vs. ENY, and CHY, and ENO groups.

For Pitch Correlation, heterogeneity of variance was observed
[F(3, 50) = 7.955, p < 0.001]. It was evident that the CHY group,
which had a highly “clustered” distribution of Pitch Correlation
(Mean = 72.45, SD = 7.3), contributed to the heterogeneity of
variance. When comparing variances of the CHO, ENY and ENO
groups, homogeneity was confirmed [F(2, 36) = 0.438, p = 0.649].
Two-way ANOVA was still carried out. The interaction between
age and language experience did not reveal a significant effect
on Pitch Correlation in RAU [F(1,50) = 0.2126, p = 0.6468].
As for the two factors alone, age [F(1,50) = 1.137, p = 0.292]
also did not have a significant effect, while language experience
[F(1,50) = 26.47, p < 0.0001] had a significant impact on Pitch
Correlation. Post hoc comparisons therefore were not carried out.

DISCUSSION

The present study compared Mandarin Chinese lexical syllable
elicited FFRs obtained from native Chinese Mandarin speakers
and native English speakers, both of various ages. Previously,
studies have thoroughly documented the effects of aging on FFRs
(Clinard et al., 2010; Anderson et al., 2012; Mamo et al., 2016;
Presacco et al., 2019; Roque et al., 2019) and language background
on FFRs (Krishnan et al., 2009, Krishnan et al., 2010a, 2012;
Bidelman et al., 2011a,b). Furthermore, these studies used either
synthesized/da/or/a/to examine the effect of aging on non-tonal
language speakers (Anderson et al., 2012; Presacco et al., 2019),
or stimuli with various degrees of features from a tonal language
as a speech token to examine the effect of language backgrounds
on FFR. For example, Curvilinear Iterated Rippled Noises (IRN)
in and out of Mandarin tonal space in Krishnan et al. (2009),
and Music notes and time varying IRN were in Bidelman et al.
(2011a). However, to our knowledge, the present study is the first
with a relatively well controlled experiment protocol that enables
the direct comparison of these two factors, using a linguistically
and phonetically relevant natural speech token to elicit the FFR.

Our results showed that the CHY group had significantly
better pitch information coding, both in magnitude and accuracy,
compared to the other three groups. Considering previous studies
on FFRs (Krishnan et al., 2005; Liu et al., 2020), this was not
a surprising finding. More interestingly we demonstrated how
different aspects of pitch information processing capacity, namely
the magnitude and accuracy, may be influenced by the aging
process and language experience in similar yet different ways.

Language and Accuracy of Subcortical
Pitch Information Coding
Pitch correlation, the index representing accuracy of pitch
information coding, was found to be unaffected by the interaction
between age and language background, but affected by language
background alone. Pitch tracking accuracy in FFR influenced by
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FIGURE 1 | Comparison of FFR waveforms in different groups. Temporal waveforms of the original stimulus/yi4/(left panel) and of the grand-average FFR of all four
groups (right panel). FFR waveforms were plotted as Amplitude (in µV) as a function of Time (in ms). ENY, English younger; ENO, English older; CHY, Chinese
younger; CHO, Chinese older.

language background is not a new revelation and is consistent
with our previous report and other similar studies in the
field (Krishnan et al., 2005; Liu et al., 2020). For example, a
previous study (Krishnan et al., 2010c) found similar results
suggesting that pitch features important to tone perception,
are more resistant to degraded listening conditions among
tonal language speakers than in non-tonal language speakers.
Measurements of subcortical pitch encoding magnitude and
accuracy were recorded and computed from young Chinese
and young English participants. Iterated rippled noise (IRN)
was used to mimic the degraded stimulus, preserving the
perception of pitch but without the waveform periodicity or
highly modulated stimulus envelopes. Similarly, in Bidelman
et al. (2011a), when FFR was elicited by the IRN models
based on Mandarin tone and major third music notes, the
experience dependent plasticity (language and music training)
was shown to enhance pitch tracking accuracy in groups with
tonal language background as well as music training. These
results suggested an adaptation of the experience-dependent
brainstem mechanism in encoding and transmitting robust
pitch relevant information. The differences we observed here
between the two language groups in their pitch tracking
accuracy was not surprising considering the life-long exposure

of a tonal language in the CHY and CHO groups. In
the CHO group, with the aging process, older Chinese
speakers’ ability to accurately track pitch information did not
appear to have deteriorated significantly, particularly when
compared to the level of their English-speaking counterparts
at the same age.

Subcortical pitch encoding can be considered a part
of the temporal encoding strategy that is plastic and
sensitive to language experience (Krishnan et al., 2005).
This plasticity enhances neural activity of temporal intervals
that carry acoustic and linguistic features of pitch information
encoding. In their cross-language comparisons (Krishnan
et al., 2010b), it was shown that non-tonal language speakers
(English) had lower Pitch Strength than the tonal language
speakers (Chinese and Thai) when using tonal stimulus
(Mandarin and Thai tones) to record the FFR. Corticofugal
influence is likely to explain this experience-dependent
enhancement of the magnitude in pitch representation in
tonal language speakers.

A possible explanation for the similarity and differences
in accuracy of such plasticity is phase-locking ability
potentially being enhanced by an excitatory and inhibitory
neural interaction of pitch-relevant signal selections in
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FIGURE 2 | Comparison of FFR spectrograms in different groups. Spectrograms of the original stimulus/yi4/(left panel) and of the grand-average of FFR of all four
groups (right panel). Spectrograms were plotted in Frequency (in Hz) as a function of Time (ms) and the colored heatmap represents spectral energy (nV).

the human auditory system (Ananthanarayan and Gerken,
1983). Different types of subcortical neurons subject to
corticofugal egocentric selection may be sensitive to specific
values of stimulus parameters (Krishnan et al., 2012). In our
study, all Mandarin Chinese native speakers who have been
exposed to the Mandarin Chinese language environment
for decades, showed higher accuracy. It may be that the
specific language environment requires more accurate pitch
accuracy encoding ability in order to track lexical tones in their
daily communications. This specific language experience and
requirement may have, in some cases, introduced the corticofugal
mechanism that may have resulted in enhanced neural sensitivity
to pitch tracking.

Interestingly, in the comparison under our age × language
framework, aging did not demonstrate significant influence
on the accuracy of pitch encoding. Although the Mandarin
Chinese speaking groups had more accurate pitch
tracking neural responses than their English-speaking
counterparts, age was not a factor for these groups (CHY
vs. CHO). Accuracy of the CHO group’s subcortical pitch
information coding did not appear to decline beyond
that of their younger counterparts; this is in contrast
to the significant differences in the magnitude of such

ability between the two age groups, to be discussed later
in this section.

It should be noted that the Pitch Correlation index
obtained from the CHY group in this study revealed a highly
“clustered” distribution of Pitch Correlation (Mean = 72.45,
SD = 7.3). As a result, a heterogeneity of variance was
observed during the two-way ANOVA analysis. Although the
ANOVA analysis was still carried out, its results should be
interpreted with caution.

Aging and Magnitude of Subcortical
Pitch Information Coding
Pitch strength, the index representing magnitude of pitch
information coding, was found to be significantly affected
by the interaction of both age and language backgrounds.
Unsurprisingly, in the post hoc comparisons, the CHY groups’
pitch strength was significantly stronger than the CHO
and ENO groups. These differences have been reported
in multiple previous studies, as aging is associated with
slower nerve conduction velocity (Peters, 2002) and decreased
neural inhibition (Caspary et al., 2008), which results in
age-related delays in neural transmission. FFR studies have
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FIGURE 3 | Pitch Strength of the four groups. Pitch Strength in RAU values
obtained from all four groups, elicited by/yi4/. Boxes represent the interquartile
ranges with whisker bars indicating the data ranges. Number of asterisks
indicate levels of statistical significance between groups (p < 0.05, p < 0.01
and p < 0.001, respectively).

FIGURE 4 | Pitch Correlation of the four groups. Pitch Correlation in RAU
values obtained from all four groups, elicited by/yi4/. Boxes represent the
interquartile range with whisker bars indicating the data ranges. Asterisks
indicate statistical significance found in the factor of language experience
(p < 0.0001, respectively).

typically found that older, non-tonal language speaking adults
had weaker responses than younger adults. For example,
Anderson et al. (2012) found that older English speakers
had reduced phase-locking and response amplitudes for both
transition and steady-state regions of the FFR when elicited
by a 170 ms/da/. Similar results were observed in Presacco
et al. (2019), where younger adults had stronger RMS in
the steady-state region of their FFR than the older adults
when the same/da/was used in conditions ranging from quiet
down to 0 dB SNR.

The decline in the magnitude in encoding pitch information
at the subcortical level may arise from age-related decreases
in GABA inhibition, which has been seen in animal models

(Caspary et al., 1995, 2005). Decline in inhibition function
may result in degradation of subcortical temporal processing,
contributing to age-related deficits in subcortical encoding of
pitch and timing (Anderson et al., 2011).

Another theory that may explain why older adults have
poorer speech perception is temporal jitter or neural noise in
the auditory system (Pichora-Fuller et al., 2007; Wang et al.,
2011). The loss of neural synchrony likely results in temporal
jitter (Agmon, 2012; Luo et al., 2018), manifesting as the
auditory system fails to generate synchronous firing to produce
a precise representation of stimulus (Plack et al., 2014). In
an experiment of mimicked neural jitter (Mamo et al., 2016),
FFR was recorded in clean and jittered conditions to young
(YNH) and older normal hearing listeners (ONH). The results
showed that compared to the YNH listeners, the ONH listeners
had significantly reduced magnitudes of F0 in clean condition,
while in jittered condition, spectral magnitudes decreased only
for the YNH listeners but not for the ONH listeners. These
results can be attributed to the effects of aging on FFR,
which are consistent with the results of the CHY and the
CHO in our study.

Unlike the differences seen in tracking accuracy, in our study,
CHO and ENO groups had significantly lower magnitudes
in pitch information coding when compared to the CHY
group, however, their magnitudes did not differ significantly
from each other. While it appears the CHO group maintained
a high accuracy in pitch tracking ability, the aging process
may have contributed to a significant decline in magnitude of
pitch tracking, consistent with previous reports, reducing
their ability to levels comparable to their EHO peers,
who likely had lower pitch tracking magnitudes to begin
with, specifically as it pertains to the stimulus and set up
used in this study.

Language Experience and Aging May
Affect the Accuracy and Magnitude of
Subcortical Pitch Processing Capacity
Differently
Not many FFR studies have looked at the combined effects of
different factors such as language, aging, and music training on
the magnitude and accuracy of subcortical pitch information
encoding. One previous work (Maggu et al., 2018) attempted
to examine the combined effect of language and music training
on subcortical pitch encoding (Cantonese-speaking musicians
vs. Cantonese-speaking non-musicians), where pitch encoding
magnitude and accuracy were both measured when FFR was
elicited by Cantonese tones and music notes. The authors
found that while musical experience helps Cantonese-speaking
musicians encode music notes with more precision, it does not
further enhance their lexical tone encoding, neither in magnitude
nor accuracy. It seems when two factors (in this case, language
and music) are both known to enhance FFR, the combined effect
is not an automatic further enhancement (Maggu et al., 2018) and
is really an unknown territory and remains to be further explored.

In the present study, however, two factors are known to
“counter” each other: tonal language background enhances
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TABLE 1 | Post hoc group comparisons on pitch strength in RAU.

CHY vs. CHO CHY vs. ENY CHY vs. ENO CHO vs. ENY CHO vs. ENO ENY vs. ENO

Pitch strength (RAU) Adjusted P value 0.0029* 0.0004** 0.0001*** 0.9939 0.9463 0.8727

Number of asterisks indicate levels of statistical significance between groups (p < 0.05, p < 0.01 and p < 0.001, respectively).

the magnitude and accuracy of FFR, while aging weakens
them. Our results showed that different age and language
groups revealed unique patterns in the accuracy and magnitude
of subcortical pitch information encoding when evaluated:
with magnitude, the aging effects are seen only in the
Chinese speaking groups, but not the English-speaking groups.
However, a corresponding aging effect was not observed
when accuracy was measured and compared. In contrast, with
accuracy, it was clear that the effect of language backgrounds
seems to separate groups by their language backgrounds
and not their ages.

Traditionally, temporal processing, specifically phase-locking,
has been considered to contribute primarily to the overall quality
of the FFR, including the accuracy and the magnitude of the
FFR (Krishnan et al., 2010a; Bidelman et al., 2011a; Skoe and
Chandrasekaran, 2014). Our study suggests that although the
aging process and language background both affect subcortical
phase-locking capacity, they may do so differently. It may be
that the decline in inhibitory function in the aging process may
result in the degradation of subcortical temporal processing,
contributing to the lack of robustness in phase-locking (Anderson
and Karawani, 2020). On the other hand, specific features
such as tones in Mandarin, with their functional relevance
and importance to those native speakers, may have introduced
the corticofugal mechanisms that results in enhanced neural
sensitivity to pitch tracking (Krishnan et al., 2012). Such “feature-
oriented” neural plasticity may be able to explain why the
accuracy of pitch tracking remained higher in the CHO group
in our study. Still, it is clear that under the age × language
framework, how, and why, the magnitude and accuracy of
subcortical pitch encoding are influenced by these factors require
further study and exploration.

Lastly, it was observed that the ENY and ENO groups did
not show any differences in accurately or robustly tracking
pitch information at the subcortical level. This finding was
somewhat different than those reported previously, where the
older normal hearing English speakers showed reduced phase-
locking than their younger counterparts (Anderson et al., 2012;
Anderson and Karawani, 2020). One possible explanation could
be that the stimulus used in the current study was a natural
speech stimulus/yi4/, which is consistent with Krishnan’s study
(Krishnan et al., 2010b). Unlike the widely used synthesized
shorter/da/(Anderson et al., 2012),/yi4/possesses variations in
pitch at the syllabic level, especially to the native speakers of
Mandarin in this study. Language-dependent neuroplasticity
occurs only when pitch in the auditory signal is part of the
listener’s experience and relevant to speech perception, while
a non-native pitch pattern fails to elicit a language-dependent
effect (Krishnan et al., 2010b). It may be that corticofugal
mechanisms induced by language experience plays a dominant

role when a natural and native speech sample was used. Another
small but notable factor could be that the stimulus used in
the current study were presented at 70 dB SPL instead of
80 dB SPL as used in previous reports with the/da/stimulus.
It may be that the lower intensity elicited a less robust and
less accurate FFR in younger English speakers, while the older
English speakers may not have had a robust or accurate FFR
to begin with. In all, as suggested by Anderson and Karawani
(2020), some previously observed trends in FFRs elicited by
synthesized stimuli in aging populations may not hold when
natural speech is used.

It should be noted that many aspects of FFR, including
pitch encoding accuracy and magnitude, has been defined with
slight variations in previous works on aging and/or language
backgrounds. For example, FFR magnitudes were quantified
by amplitude of FFT and SNR when tonal sweeps were used
in young and older adults (Clinard and Cotter, 2015), and
RMS amplitudes of various regions in the FFR waveforms
when synthesized/da/was used (Anderson et al., 2012). Others
have derived FFR magnitude from normalized autocorrelation
functions when IRN (Krishnan et al., 2009; Bidelman et al.,
2011b) or recorded tonal language samples (Wang et al., 2016; Liu
et al., 2020) were used. Similarly, when discussing FFR accuracy,
stimulus-to-response-correlation on the waveforms (Clinard and
Cotter, 2015) or comparisons between stimulus f0 and response
f0 have been used (Bidelman et al., 2011a; Xie et al., 2017; Liu
et al., 2020). Differences in the definitions of these parameters
call for further expansion of our current study to potentially
include different stimuli or indexes used in previous studies.
One of our future directions is to include tokens with fewer
to no linguistic features to better examine the many layers of
subcortical pitch information encoding in different populations.
Regardless, further studies in this area are necessary.

CONCLUSION

Numerous studies in related fields have examined how language
backgrounds and the aging process may influence subcortical
pitch information encoding. To our knowledge, however, the
present study was the first in attempting to put these two factors
in the same framework to examine the combined, and individual
impact they have on FFR. It adds to the evidence that both
language experience and aging are main factors, significantly
affecting pitch information encoding ability at the subcortical
level. We also demonstrate that accuracy and robustness may
be different aspects of the FFR responses that can be influenced
differently by aging and language experience. Some findings of
this study are still relatively novel and somewhat different than
previously reported. We plan to further expand our study to
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examine the underlying mechanisms of such differences and
potentially shed light on the clinical utilization of these findings.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Board at the Beijing
Institute of Otolaryngology, Beijing Tongren Hospital and
University of the Pacific. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

DL wrote the manuscript, performed statistical analysis, and
collected data. JH collected data, introduced a new statistical
method, edited, reviewed, and revised the manuscript. SW
and XF collected the data. YW recruited the Chinese subjects
and collected the data. EP edited, reviewed, and revised the
manuscript. JH recruited the American subjects and collected the
data. SW designed reviewed the manuscript and designed the
research. All authors contributed to the article and approved the
submitted version.

FUNDING

This work was funded in part by grants from the Natural Science
Foundation of China (Nos. 81870715 and 81200754).

REFERENCES
Agmon, A. (2012). A novel, jitter-based method for detecting and measuring spike

synchrony and quantifying temporal firing precision. Neural Syst. Circuits 2:5.
doi: 10.1186/2042-1001-2-5

Akhoun, I., Gallégo, S., Moulin, A., Ménard, E., Veuilet, C., Berger-Vachon,
L., et al. (2008). The temporal relationship between speech auditory
brainstem responses and the acoustic pattern of the phoneme/ba/in normal-
hearing adults. Clin. Neurophysiol. 119, 922–933. doi: 10.1016/j.clinph.2007.
12.010

Ananthanarayan, A. K., and Gerken, G. M. (1983). Post-stimulatory effects
on the auditory brain stem response: partial-masking and enhancement.
Electroencephalogr. Clin. Neurophysiol. 55, 223–226. doi: 10.1016/0013-
4694(83)90191-8

Anderson, S., and Karawani, H. (2020). Objective evidence of temporal processing
deficits in older adults. Hear. Res. 397:108053. doi: 10.1016/j.heares.2020.
108053

Anderson, S., Parbery-Clark, A., White-Schwoch, T., and Kraus, N. (2012). Aging
affects neural precision of speech encoding. J. Neurosci. 32, 14156–14164. doi:
10.1523/JNEUROSCI.2176-12.2012

Anderson, S., Parbery-Clark, A., Yi, H. G., and Kraus, N. (2011). A neural basis of
speech-in-noise perception in older adults. Ear Hear. 32, 750–757. doi: 10.1097/
AUD.0b013e31822229d3

Bidelman, G. M. (2015). Multichannel recordings of the human brainstem
frequency-following response: scalp topography: source generators:
and distinctions from the transient ABR. Hear. Res. 323, 68–80. doi:
10.1016/j.heares.2015.01.011

Bidelman, G. M. (2018). Subcortical sources dominate the neuroelectric auditory
frequency-following response to speech. Neuroimage 175, 56–69. doi: 10.1016/
j.neuroimage.2018.03.060

Bidelman, G. M., Gandour, J. T., and Krishnan, A. (2011b). Musicians and tone-
language speakers share enhanced brainstem encoding but not perceptual
benefits for musical pitch. Brain Cogn. 77, 1–10. doi: 10.1016/j.bandc.2011.07.
006

Bidelman, G. M., Gandour, J. T., and Krishnan, A. (2011a). Cross-domain effects
of music and language experience on the representation of pitch in the human
auditory brainstem. J. Cogn. Neurosci. 23, 425–434. doi: 10.1162/jocn.2009.
21362

Bidelman, G. M., and Krishnan, A. (2010). Effects of reverberation on brainstem
representation of speech in musicians and non-musicians. Brain Res. 1355,
112–125. doi: 10.1016/j.brainres.2010.07.100

Bidelman, G. M., and Krishnan, A. (2011). Brainstem correlates of behavioral
and compositional preferences of musical harmony. Neuroreport 22, 212–216.
doi: 10.1097/WNR.0b013e328344a689

Boersma, P. (1993). Accurate short-term analysis of the fundamental frequency
and the harmonics-to-noise ratio of a sampled sound. Proc. Inst. Phon. Sci. 17,
97–110.

Burgaleta, M., Sanjuán, A., Ventura, N., Sebastián-Gallés, N., and Ávila, C. (2016).
Bilingualism at the core of the brain. Structural differences between bilinguals
and monolinguals revealed by subcortical shape analysis. Neuroimage 125,
437–445. doi: 10.1016/j.neuroimage.2015.09.073

Carcagno, S., and Plack, C. J. (2011). Pitch discrimination learning: specificity for
pitch and harmonic resolvability, and electrophysiological correlates. J. Assoc.
Res. Otolaryngol. 12, 503–517. doi: 10.1007/s10162-011-0266-3

Caspary, D. M., Ling, L., Turner, J. G., and Hughes, L. F. (2008). Inhibitory
neurotransmission, plasticity and aging in the mammalian central auditory
system. J. Exp. Biol. Med. 211, 1781–1791. doi: 10.1242/jeb.013581

Caspary, D. M., Milbrandt, J. C., and Helfert, R. H. (1995). Central auditory
aging: GABA changes in the inferior colliculus. Exp. Gerontol. 30, 349–360.
doi: 10.1016/0531-5565(94)00052-5

Caspary, D. M., Schatteman, T. A., and Hughes, L. F. (2005). Age-related
changes in the inhibitory response properties of dorsal cochlear nucleus output
neurons: role of inhibitory inputs. J. Neurosci. 25, 10952–10959. doi: 10.1523/
JNEUROSCI.2451-05.2005

Chandrasekaran, B., and Kraus, N. (2010). The scalp-recorded brainstem response
to speech: neural origins and plasticity. Psychophysiology 47, 236–246. doi:
10.1111/j.1469-8986.2009.00928.x

Clinard, C. G., and Cotter, C. M. (2015). Neural representation of dynamic
frequency is degraded in older adults. Hear. Res. 323, 91–98. doi: 10.1016/j.
heares.2015.02.002

Clinard, C. G., Tremblay, K. L., and Krishnan, A. R. (2010). Aging alters
the perception and physiological representation of frequency: evidence from
human frequency-following response recordings. Hear. Res. 264, 48–55. doi:
10.1016/j.heares.2009.11.010

Coffey, E. B. J., Herholz, S. C., Chepesiuk, A. M. P., Baillet, S., and Zatorre, R. J.
(2016). Cortical contributions to the auditory frequency-following response
revealed by MEG. Nat. Commun. 7:11070. doi: 10.1038/ncomms11070

Costa, A., and Sebastián-Gallés, N. (2014). How does the bilingual experience
sculpt the brain? Nat. Rev. Neurosci. 15, 336–345. doi: 10.1038/nrn3709

Covey, E., and Casseday, J. H. (1999). Timing in the auditory system of the bat.
Annu. Rev. Physiol. 61, 457–476. doi: 10.1146/annurev.physiol.61.1.457

Davis, A., Stephens, D., Rayment, A., and Thomas, K. (1992). Hearing impairments
in middle age: the acceptability, benefit and cost of detection (ABCD). Br. J.
Audiol. 26, 1–14. doi: 10.3109/03005369209077866

Davis, R. L., and Britt, R. H. (1984). Analysis of the frequency following response
in the cat. Hear. Res. 15, 29–37. doi: 10.1016/0378-5955(84)90222-3

Dowling, W. J. (1978). Scale and contour: two components of a theory of memory
for melodies. Psychol. Rev. 85, 341–354.

Frontiers in Aging Neuroscience | www.frontiersin.org 9 April 2022 | Volume 14 | Article 816100

https://doi.org/10.1186/2042-1001-2-5
https://doi.org/10.1016/j.clinph.2007.12.010
https://doi.org/10.1016/j.clinph.2007.12.010
https://doi.org/10.1016/0013-4694(83)90191-8
https://doi.org/10.1016/0013-4694(83)90191-8
https://doi.org/10.1016/j.heares.2020.108053
https://doi.org/10.1016/j.heares.2020.108053
https://doi.org/10.1523/JNEUROSCI.2176-12.2012
https://doi.org/10.1523/JNEUROSCI.2176-12.2012
https://doi.org/10.1097/AUD.0b013e31822229d3
https://doi.org/10.1097/AUD.0b013e31822229d3
https://doi.org/10.1016/j.heares.2015.01.011
https://doi.org/10.1016/j.heares.2015.01.011
https://doi.org/10.1016/j.neuroimage.2018.03.060
https://doi.org/10.1016/j.neuroimage.2018.03.060
https://doi.org/10.1016/j.bandc.2011.07.006
https://doi.org/10.1016/j.bandc.2011.07.006
https://doi.org/10.1162/jocn.2009.21362
https://doi.org/10.1162/jocn.2009.21362
https://doi.org/10.1016/j.brainres.2010.07.100
https://doi.org/10.1097/WNR.0b013e328344a689
https://doi.org/10.1016/j.neuroimage.2015.09.073
https://doi.org/10.1007/s10162-011-0266-3
https://doi.org/10.1242/jeb.013581
https://doi.org/10.1016/0531-5565(94)00052-5
https://doi.org/10.1523/JNEUROSCI.2451-05.2005
https://doi.org/10.1523/JNEUROSCI.2451-05.2005
https://doi.org/10.1111/j.1469-8986.2009.00928.x
https://doi.org/10.1111/j.1469-8986.2009.00928.x
https://doi.org/10.1016/j.heares.2015.02.002
https://doi.org/10.1016/j.heares.2015.02.002
https://doi.org/10.1016/j.heares.2009.11.010
https://doi.org/10.1016/j.heares.2009.11.010
https://doi.org/10.1038/ncomms11070
https://doi.org/10.1038/nrn3709
https://doi.org/10.1146/annurev.physiol.61.1.457
https://doi.org/10.3109/03005369209077866
https://doi.org/10.1016/0378-5955(84)90222-3
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-816100 April 7, 2022 Time: 14:56 # 10

Liu et al. Effects on Subcortical Pitch Coding

Eggermont, J. J. (2001). Between sound and perception: reviewing the search for a
neural code. Hear. Res. 157, 1–42. doi: 10.1016/s0378-5955(01)00259-3

Feng-Ming, T. (2017). Perceptual improvement of lexical tones in infants: effects of
tone language experience. Front. Psychol. 8:558. doi: 10.3389/fpsyg.2017.00558

Fitzgibbons, P. J., and Gordon-Salant, S. (1995). Age effects on duration
discrimination with simple and complex stimuli. J. Acoust. Soc. Am. 98, 3140–
3145. doi: 10.1121/1.413803

Frederigue-Lopes, N. B., Bevilacqua, M. C., and Costa, O. A. (2015). Munich music
questionnaire: adaptation into Brazilian Portuguese and application in cochlear
implant users. Codas 27, 13–20. doi: 10.1590/2317-1782/20152013062

Frisina, D. R., and Frisina, R. D. (1997). Speech recognition in noise and
presbycusis: relations to possible neural mechanisms. Hear. Res. 106, 95–104.
doi: 10.1016/s0378-5955(97)00006-3

Frisina, R. D., and Walton, J. P. (2006). Age-related structural and functional
changes in the cochlear nucleus. Hear. Res. 216, 216–223. doi: 10.1016/j.heares.
2006.02.003

Gao, E., and Suga, N. (2000). Experience-dependent plasticity in the auditory
cortex and the inferior colliculus of bats: role of the corticofugal system. Proc.
Natl. Acad. Sci. U.S.A. 97, 8081–8086. doi: 10.1073/pnas.97.14.8081

Gordon-Salant, S. (2006). Speech perception and auditory temporal processing
performance by older listeners: implications for real-world communication.
Semin. Hear. 27, 264–268.

Hall, J. (1979). Auditory brainstem frequency following responses to waveform
envelope periodicity. Science 205, 1297–1299. doi: 10.1126/science.472748

Hickok, G., and Poeppel, D. (2007). The cortical organization of speech processing.
Nat. Rev. Neurosci. 8, 393–402.

Hornickel, J., Skoe, E., and Kraus, N. (2009). Subcortical laterality of speech
encoding. Audiol. Neurotol. 14, 198–207. doi: 10.1159/000188533

Keuroghlian, A. S., and Knudsen, E. I. (2007). Adaptive auditory plasticity in
developing and adult animals. Prog. Neurobiol. 82, 109–121. doi: 10.1016/j.
pneurobio.2007.03.005

Kral, A., and Eggermont, J. J. (2007). What’s to lose and what’s to learn:
development under auditory deprivation, cochlear implants and limits of
cortical plasticity. Brain Res. Rev. 56, 259–269. doi: 10.1016/j.brainresrev.2007.
07.021

Krishnan, A., Bidelman, G. M., and Gandour, J. T. (2010a). Neural representation
of pitch salience in the human brainstem revealed by psychophysical and
electrophysiological indices. Hear. Res. 268, 60–66. doi: 10.1016/j.heares.2010.
04.016

Krishnan, A., Gandour, J. T., and Bidelman, G. M. (2010c). Brainstem pitch
representation in native speakers of Mandarin is less susceptible to degradation
of stimulus temporal regularity. Brain Res. 1313, 124–133. doi: 10.1016/j.
brainres.2009.11.061

Krishnan, A., Gandour, J. T., and Bidelman, G. M. (2010b). The effects of tone
language experience on pitch processing in the brainstem. J. Neurolinguistics
23, 81–95. doi: 10.1016/j.jneuroling.2009.09.001

Krishnan, A., Gandour, J. T., and Bidelman, G. M. (2012). Experience-dependent
plasticity in pitch encoding: from brainstem to auditory cortex. Neuroreport 23,
498–502. doi: 10.1097/WNR.0b013e328353764d

Krishnan, A., and Plack, C. J. (2011). Neural encoding in the human brainstem
relevant to the pitch of complex tones. Hear. Res. 275, 110–119. doi: 10.1016/j.
heares.2010.12.008

Krishnan, A., Swaminathan, J., and Gandour, J. T. (2009). Experience-dependent
enhancement of linguistic pitch representation in the brainstem is not specific
to a speech context. J. Cogn. Neurosci. 21, 1092–1105. doi: 10.1162/jocn.2009.
21077

Krishnan, A., Xu, Y., Gandour, J., and Cariani, P. (2005). Encoding of pitch in
the human brainstem is sensitive to language experience. Cogn. Brain Res. 25,
161–168. doi: 10.1016/j.cogbrainres.2005.05.004

Krishnan, A., Xu, Y., Gandour, J. T., and Cariani, P. A. (2004). Human frequency-
following response: representation of pitch contours in Chinese tones. Hear.
Res. 189, 1–12. doi: 10.1016/S0378-5955(03)00402-7

Li, H., Gandour, J., Wong, D., and Hutchins, G. D. (2001). Functional heterogeneity
of inferior frontal gyrus is shaped by linguistic experience. Brain Lang. 76,
227–252. doi: 10.1006/brln.2000.2382

Liu, D., Wang, S., Gao, Q., Dong, R., and Hu, J. (2020). Learning a second language
in adulthood changes subcortical neural encoding. Neural Plast. 2020:8836161.
doi: 10.1155/2020/8836161

Luo, J., Macias, S., Ness, T. V., Einevoll, G. T., Zhang, K., and Moss, C. F.
(2018). Neural timing of stimulus events with microsecond precision. PLoS Biol.
16:e2006422. doi: 10.1371/journal.pbio.2006422

Maggu, A., Wong, P., Antoniou, M., Bones, O., Liu, H., and Wong, F. (2018).
Effects of combination of linguistic and musical pitch experience on subcortical
pitch encoding. J. Neurolinguistics 47, 145–155. doi: 10.1016/j.jneuroling.2018.
05.003

Mamo, S. K., Grose, J. H., and Buss, E. (2016). Speech-evoked ABR: Effects of age
and simulated neural temporal jitter. Hear. Res. 333, 201–209. doi: 10.1016/j.
heares.2015.09.005

Matthews, L. J., Lee, F. S., Mills, J. H., and Dubno, J. R. (1997). Extended high-
frequency thresholds in older adults. J. Speech Lang. Hear. Res. 40, 208–214.
doi: 10.1044/jslhr.4001.208

Miller, M. I., and Sachs, M. B. (1984). Representation of voice pitch in discharge
patterns of auditory-nerve fibers. Hear. Res. 14, 257–279. doi: 10.1016/0378-
5955(84)90054-6

Palmer, A. R., Winter, I. M., and Darwin, C. J. (1986). The representation of
steady-state vowel sounds in the temporal discharge patterns of the guinea pig
cochlear nerve and primarylike cochlear nucleus neurons. J. Acoust. Soc. Am.
79, 100–113. doi: 10.1121/1.393633

Parbery-Clark, A., Skoe, E., Lam, C., and Kraus, N. (2009). Musician
enhancement for speech-in-noise. Ear Hear. 30, 653–661. doi: 10.1097/AUD.
0b013e3181b412e9

Peters, A. (2002). The effects of normal aging on myelin and nerve fibers: a review.
J. Neurocytol. 31, 581–593. doi: 10.1023/a:1025731309829

Pichora-Fuller, K. M., Schneider, B. A., and Daneman, M. (1995). How young
and old adults listen to and remember speech in noise. J. Acoust. Soc. Am. 97,
593–608. doi: 10.1121/1.412282

Pichora-Fuller, M. K., and Schneider, B. A. (1992). The effect of interaural delay of
the masker on masking-level differences in young and old adults. J. Acoust. Soc.
Am. 91, 2129–2135. doi: 10.1121/1.403673

Pichora-Fuller, M. K., Schneider, B. A., Macdonald, E., Pass, H. E., and Brown, S.
(2007). Temporal jitter disrupts speech intelligibility: a simulation of auditory
aging. Hear. Res. 223, 114–112. doi: 10.1016/j.heares.2006.10.009

Plack, C. J., Barker, D., and Prendergast, G. (2014). Perceptual consequences of
"hidden" hearing loss. Trends Hear. 18:2331216514550621.

Presacco, A., Simon, J. Z., and Anderson, S. (2019). Speech-in-noise representation
in the aging midbrain and cortex: effects of hearing loss. PLoS One 14:e0213899.
doi: 10.1371/journal.pone.0213899

Roque, L., Karawani, H., Gordon-Salant, S., and Anderson, S. (2019). Effects of
age, cognition, and neural encoding on the perception of temporal speech cues.
Front. Neurosci. 13:749. doi: 10.3389/fnins.2019.00749

Russo, N., Nicol, T., Musacchia, G., and Kraus, N. (2004). Subcortical responses to
speech syllables. Clin. Neurophysiol. 115, 2021–2030.

Schneider, B. A., Pichora-Fuller, M. K., Kowalchuk, D., and Lamb,
M. (1994). Gap detection and the precedence effect in young
and old adults. J. Acoust. Soc. Am. 95, 980–991. doi: 10.1121/1.40
8403

Skoe, E., and Chandrasekaran, B. (2014). The layering of auditory experiences
in driving experience-dependent subcortical plasticity. Hear. Res. 311, 36–48.
doi: 10.1016/j.heares.2014.01.002

Skoe, E., and Kraus, N. (2010). Auditory brain stem response to complex sounds: a
tutorial. Ear Hear. 31, 302–324. doi: 10.1097/AUD.0b013e3181cdb272

Smith, J. C., Marsh, J. T., and Brown, W. S. (1975). Far-field recorded
frequency-following responses: evidence for the locus of subcortical sources.
Electroencephalogr. Clin. Neurophysiol. 39, 465–472. doi: 10.1016/0013-
4694(75)90047-4

Song, J. H., Skoe, E., Wong, P. C. M., and Kraus, N. (2008). Plasticity in the adult
human auditory brainstem following short-term linguistic training. J. Cogn.
Neurosci. 20, 1892–1902. doi: 10.1162/jocn.2008.20131

Studebaker, G. (1985). A “Rationalized” Arcsine Transform. J. Speech Hear. Res. 28,
455–462. doi: 10.1044/jshr.2803.455

Suga, N., Ma, X., Gao, E., Sakai, M., and Chowdhury, S. A. (2003). Descending
system and plasticity for auditory signal processing: neuroethological data for
speech scientists. Speech Commun. 41, 189–200.

Swaminathan, J., Krishnan, A., and Gandour, J. T. (2008). Pitch encoding in speech
and nonspeech contexts in the human auditory brainstem. Neuroreport 19,
1163–1167. doi: 10.1097/WNR.0b013e3283088d31

Frontiers in Aging Neuroscience | www.frontiersin.org 10 April 2022 | Volume 14 | Article 816100

https://doi.org/10.1016/s0378-5955(01)00259-3
https://doi.org/10.3389/fpsyg.2017.00558
https://doi.org/10.1121/1.413803
https://doi.org/10.1590/2317-1782/20152013062
https://doi.org/10.1016/s0378-5955(97)00006-3
https://doi.org/10.1016/j.heares.2006.02.003
https://doi.org/10.1016/j.heares.2006.02.003
https://doi.org/10.1073/pnas.97.14.8081
https://doi.org/10.1126/science.472748
https://doi.org/10.1159/000188533
https://doi.org/10.1016/j.pneurobio.2007.03.005
https://doi.org/10.1016/j.pneurobio.2007.03.005
https://doi.org/10.1016/j.brainresrev.2007.07.021
https://doi.org/10.1016/j.brainresrev.2007.07.021
https://doi.org/10.1016/j.heares.2010.04.016
https://doi.org/10.1016/j.heares.2010.04.016
https://doi.org/10.1016/j.brainres.2009.11.061
https://doi.org/10.1016/j.brainres.2009.11.061
https://doi.org/10.1016/j.jneuroling.2009.09.001
https://doi.org/10.1097/WNR.0b013e328353764d
https://doi.org/10.1016/j.heares.2010.12.008
https://doi.org/10.1016/j.heares.2010.12.008
https://doi.org/10.1162/jocn.2009.21077
https://doi.org/10.1162/jocn.2009.21077
https://doi.org/10.1016/j.cogbrainres.2005.05.004
https://doi.org/10.1016/S0378-5955(03)00402-7
https://doi.org/10.1006/brln.2000.2382
https://doi.org/10.1155/2020/8836161
https://doi.org/10.1371/journal.pbio.2006422
https://doi.org/10.1016/j.jneuroling.2018.05.003
https://doi.org/10.1016/j.jneuroling.2018.05.003
https://doi.org/10.1016/j.heares.2015.09.005
https://doi.org/10.1016/j.heares.2015.09.005
https://doi.org/10.1044/jslhr.4001.208
https://doi.org/10.1016/0378-5955(84)90054-6
https://doi.org/10.1016/0378-5955(84)90054-6
https://doi.org/10.1121/1.393633
https://doi.org/10.1097/AUD.0b013e3181b412e9
https://doi.org/10.1097/AUD.0b013e3181b412e9
https://doi.org/10.1023/a:1025731309829
https://doi.org/10.1121/1.412282
https://doi.org/10.1121/1.403673
https://doi.org/10.1016/j.heares.2006.10.009
https://doi.org/10.1371/journal.pone.0213899
https://doi.org/10.3389/fnins.2019.00749
https://doi.org/10.1121/1.408403
https://doi.org/10.1121/1.408403
https://doi.org/10.1016/j.heares.2014.01.002
https://doi.org/10.1097/AUD.0b013e3181cdb272
https://doi.org/10.1016/0013-4694(75)90047-4
https://doi.org/10.1016/0013-4694(75)90047-4
https://doi.org/10.1162/jocn.2008.20131
https://doi.org/10.1044/jshr.2803.455
https://doi.org/10.1097/WNR.0b013e3283088d31
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-816100 April 7, 2022 Time: 14:56 # 11

Liu et al. Effects on Subcortical Pitch Coding

Walton, J. P., Frisina, R. D., and O’Neill, W. E. (1998). Age-related alteration in
processing of temporal sound features in the auditory midbrain of the CBA
mouse. J. Neurosci. 18, 2764–2776. doi: 10.1523/JNEUROSCI.18-07-02764.
1998

Wang, M., Wu, X., Li, L., and Schneider, B. A. (2011). The effects of age and
interaural delay on detecting a change in interaural correlation: the role
of temporal jitter. Hear. Res. 275, 139–149. doi: 10.1016/j.heares.2010.12.
013

Wang, S., Hu, J., Dong, R., Liu, D., Chen, J., Gabriella, M., et al. (2016). Voice
pitch elicited frequency following response in Chinese elderlies. Front. Aging
Neurosci. 8:286. doi: 10.3389/fnagi.2016.00286

Wang, Y., Behne, D. M., Jongman, A., and Sereno, J. A. (2004). The role of linguistic
experience in the hemispheric processing of lexical tone. Appl. Psycholinguistics
25, 449–466. doi: 10.1006/nimg.2000.0738

Wong, P. C., Skoe, E., Russo, N. M., Dees, T., and Kraus, N.
(2007). Musical experience shapes human brainstem encoding of
linguistic pitch patterns. Nat. Neurosci. 10, 420–422. doi: 10.1038/nn
1872

Xie, Z., Reetzke, R., and Chandrasekaran, B. (2017). Stability and plasticity in
neural encoding of linguistically relevant pitch patterns. J. Neurophysiol. 17,
1407–1422. doi: 10.1152/jn.00445.2016

Yueh, B., Shapiro, N., MacLean, C. H., and Shekelle, P. G. (2003). Screening and
management of adult hearing loss in primary care: scientific review. J. Am.Med.
Assoc. 289, 1976–1985. doi: 10.1001/jama.289.15.1976

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Liu, Hu, Wang, Fu, Wang, Pugh, Henderson Sabes and Wang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 11 April 2022 | Volume 14 | Article 816100

https://doi.org/10.1523/JNEUROSCI.18-07-02764.1998
https://doi.org/10.1523/JNEUROSCI.18-07-02764.1998
https://doi.org/10.1016/j.heares.2010.12.013
https://doi.org/10.1016/j.heares.2010.12.013
https://doi.org/10.3389/fnagi.2016.00286
https://doi.org/10.1006/nimg.2000.0738
https://doi.org/10.1038/nn1872
https://doi.org/10.1038/nn1872
https://doi.org/10.1152/jn.00445.2016
https://doi.org/10.1001/jama.289.15.1976
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Aging Affects Subcortical Pitch Information Encoding Differently in Humans With Different Language Backgrounds
	Introduction
	Materials and Methods
	Participants
	Stimulus Parameters and Recording Procedure
	Response Evaluation and Data Analysis

	Results
	Temporal Waveforms and Spectrograms of Frequency Following Response
	Statistical Analysis
	Two-Way ANOVA

	Discussion
	Language and Accuracy of Subcortical Pitch Information Coding
	Aging and Magnitude of Subcortical Pitch Information Coding
	Language Experience and Aging May Affect the Accuracy and Magnitude of Subcortical Pitch Processing Capacity Differently

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


