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Speech understanding problems are highly prevalent in the aging population, even when

hearing sensitivity is clinically normal. These difficulties are attributed to changes in central

temporal processing with age and can potentially be captured by age-related changes in

neural generators. The aim of this study is to investigate age-related changes in a wide

range of neural generators during temporal processing in middle-aged and older persons

with normal audiometric thresholds. A minimum-norm imaging technique is employed

to reconstruct cortical and subcortical neural generators of temporal processing for

different acoustic modulations. The results indicate that for relatively slow modulations

(<50Hz), the response strength of neural sources is higher in older adults than in younger

ones, while the phase-locking does not change. For faster modulations (80Hz), both

the response strength and the phase-locking of neural sources are reduced in older

adults compared to younger ones. These age-related changes in temporal envelope

processing of slow and fast acoustic modulations are possibly due to loss of functional

inhibition, which is accompanied by aging. Both cortical (primary and non-primary)

and subcortical neural generators demonstrate similar age-related changes in response

strength and phase-locking. Hemispheric asymmetry is also altered in older adults

compared to younger ones. Alterations depend on the modulation frequency and side

of stimulation. The current findings at source level could have important implications

for the understanding of age-related changes in auditory temporal processing and

for developing advanced rehabilitation strategies to address speech understanding

difficulties in the aging population.
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INTRODUCTION

Speech understanding becomes increasingly challenging with age. Many middle-aged and older
people experience difficulties following conversations, especially in noisy environments or when
multiple speakers are talking simultaneously. While aging is often accompanied by loss of hearing
sensitivity in the high frequencies, these difficulties occur even with normal hearing sensitivity most
probably due to age-related changes in central temporal processing (e.g., Presacco et al., 2015,
2019; Du et al., 2016; Goossens et al., 2016; Roque et al., 2019). For e.g., Ostroff et al. (2003)
showed alterations in the central processing of sound duration in older adults as revealed by
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the amplitude of N1 and P2 waves of auditory evoked potentials.
Ross et al. (2010) reported a decline in high-gamma oscillations
in the central auditory system with progressing age during the
processing of a gap in a continuous sound. Moreover, responses
to sound envelopes in the central auditory system also alter
with progressing age (Walton et al., 2002; Presacco et al.,
2015, 2019; Goossens et al., 2016; Parthasarathy et al., 2019).
These altered responses occur in older listeners with clinically
normal audiometric thresholds (Presacco et al., 2015; Goossens
et al., 2016), as well as in persons with peripheral hearing loss
(Millman et al., 2017; Goossens et al., 2019). In order to gain a
better understanding of age-related changes in central temporal
processing, particularly envelope encoding, it is of great interest
to disentangling the effect of aging and hearing loss via recruiting
older participants who are relatively free of hearing loss.

Speech signals contain various important modulations, of
which the temporal envelope of speech (slow fluctuations 2–
50Hz) is essential for accurate speech understanding (Drullman
et al., 1994; Shannon et al., 1995; Stone et al., 2010;
Peelle and Davis, 2012) and transmits both prosodic and
linguistic information (Rosen, 1992). Temporal processing is
mediated by synchronized (phased-locked) neural activity (Luo
and Poeppel, 2007; Cogan and Poeppel, 2011) and can be
investigated electrophysiologically through the auditory steady-
state responses (ASSRs), auditory evoked responses that reflect
neural synchrony. The electroencephalogram (EEG) is highly
suitable to study auditory temporal processing mainly because of
the excellent temporal resolution and the rich information about
the dynamics of responses (Picton, 2013; He et al., 2018).

Previous studies suggest that age-related changes in neural
envelope processing may, in part, underlie impaired speech
perception of older persons, with no change or enhanced
ASSR amplitudes for slow modulations (<50Hz) and decreased
responses for fast modulations (Leigh-Paffenroth and Fowler,
2006; Tlumak et al., 2015; Goossens et al., 2016). What remains
unclear is how age affects the different subcortical and cortical
neural generators in response to slow and fast modulations and
whether potential changes are discernible at midlife. ASSRs can
have cortical and subcortical sources along the auditory pathway
(Steinmann and Gutschalk, 2011; Overath et al., 2012; Ross et al.,
2020). In response to low modulation frequencies, more activity
in the cortical sources [auditory cortex (AC)] than subcortical
sources is observed, while for high modulation frequencies, the
subcortical sources are more active (Giraud et al., 2000; Liégeois-
Chauvel et al., 2004). At the cortical level, not only primary
sources in the AC are involved in the generation of ASSRs but
also sources outside of the AC, designated as non-primary ones
(Farahani et al., 2017, 2019, 2020). However, due to the volume
conduction of the brain tissue, a weighted average of activity of
different neural generators is recorded at sensor-level data. Via
brain source analysis, we can estimate the original neural activity
of each generator separately. The rich information unraveled via
source analysis increases our understanding of the age-related
changes at different levels of the auditory pathway. Moreover,
source analysis enables us to investigate less active neural
generators at different modulation frequencies, i.e., subcortical
generators at low modulation frequencies or cortical activity

at high modulation frequencies. This is less straightforward
through sensor-level analysis. This research is novel and unique,
as the age-related changes in temporal envelope processing at
different levels of the auditory pathway, separately, have not been
reported yet.

Generally, aging is accompanied by decreasing inhibitory
neurotransmission across central auditory regions (Caspary et al.,
2008, 2013). In turn, the loss of normal inhibition causes age-
related changes in the response properties of neurons in the
auditory pathway. In the same vein, electrophysiological studies
on aging auditory systems found different alterations in the
processing of acoustic modulations and explained them in the
context of loss of normal inhibition. The older group showed a
degraded temporal precision and neural synchronization (phase-
locking) in following the rapidly changing speech envelopes or
fast modulations (Anderson et al., 2012; Herrmann et al., 2017),
not slow modulations (Herrmann et al., 2017). Aging was also
associated with enhanced neural responses to simple (e.g., tones
and noise bursts) and slow stimuli (Parthasarathy et al., 2010,
2019; Herrmann et al., 2017). Investigating potential changes
in neural generators across different age groups is essential
to determine the onset and progression of altered temporal
processing and subsequently to define appropriate care.

Auditory processing reveals a hemispheric asymmetry for
different phonological segments of speech. For example, the
syllables modulations rate (around 4Hz) is assumed to be
processed predominantly in the right hemisphere, while the
phonemes modulations rate (around 20Hz) is processed more
in the left hemisphere (e.g., Poeppel, 2003). Changes to this
hemispheric asymmetry may account for impaired speech
perception, as suggested for dyslexia research for example
(Hämäläinen et al., 2012). Studying the potential age-related
alterations in hemispheric asymmetry of older adults can
provide new insights into the aging auditory system. There is
some evidence for the association of age with alternations in
hemispheric asymmetries for high-level auditory and cognitive
processing in adults (Greenwald and Jerger, 2001; Cabeza,
2002; Berlingeri et al., 2013). However, little is known about
how age affects hemispheric asymmetry for different neural
generators, particularly for those in response to low-level
auditory processing.

The aim of the current research is to investigate changes
in auditory temporal processing for a wide range of neural
sources in young, middle-aged, and older persons with normal
audiometric thresholds. While aging is often accompanied
by decreasing audiometric thresholds in the high-frequency
region (presbycusis), clinically normal audiometric thresholds
are an important prerequisite to disentangle the potential
effects of age and hearing loss. In line with the animal
studies and electrophysiological research discussed previously,
we hypothesize (1) that the neural generators of ASSRs in older
adults with clinically normal audiometric thresholds will show
enhanced response strength compared to younger adults, while
phase-locking will not change noteworthy when the modulations
are relatively slow (<50Hz) and (2) that phase-locking of faster
modulations (>50Hz) may be diminished, together with a
reduced response strength. Because of known loss of inhibition
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in middle-aged animals (Caspary et al., 2008, 2013), we expect
changes in phase-locking and response strength to appear at
midlife. With regard to hemispheric asymmetry in temporal
envelope processing, we hypothesize that the source analyses of
ASSRs across different age cohorts would reveal some age-related
changes. However, these changes may vary depending on the
modulation frequency.

Primary and non-primary neural sources of ASSRs are
reconstructed using a minimum-norm imaging (MNI) approach
(Farahani et al., 2020). For each neural source, the ASSR
amplitude and phase coherence (inter-trial phase coherence) are
calculated to investigate the response strength and the phase-
locking to the stimulus, respectively. This is done for slow and
fast acousticmodulations, presented to both the left and right ears
to investigate potential altered hemispheric processing (Cabeza,
2002; Ross, 2008).

MATERIALS AND METHODS

Participants
The EEG data were adopted from Goossens et al. (2016).
Participants were in three narrow age cohorts including 19 young
(20–30 years, nine men), 20 middle-aged (50–60 years, 10 men),
and 16 older adults (70–80 years, five men). Compared to the
study of Goossens et al. (2016), two recordings were added to the
older cohort.

All participants had normal hearing in both ears, with
audiometric thresholds within the clinically normal limits [≤25
dB HL] at all octave frequencies from 125Hz up to and
including 4 kHz. However, young participants had statistically
better audiometric thresholds compared to middle-aged and
older adults (Goossens et al., 2016). Goossens et al. (2016),
using partial correlation analysis, showed that these differences
in peripheral hearing do not mediate the observed alterations in
temporal envelope processing across the three age groups.

All participants were also screened for mild cognitive
impairment by means of the Montreal Cognitive Assessment
Task (Nasreddine et al., 2005) and the cutoff score of 26 out
of 30. The stringent cutoff score provides excellent sensitivity
for detecting mild cognitive impairments (Nasreddine et al.,
2005). This screening ensured that all participants had cognitive
capacities within the normal range. All participants were Dutch
native speakers and right-handed as assessed by the Edinburgh
Handedness Inventory (Oldfield, 1971), and none of them
has a medical history of brain injury, neurological disorders,
or tinnitus.

The participants recruited in the current study, older
participants in particular, were selected to have exceptionally
good hearing and cognition. These strict selection criteria were
important to research differences in auditory neural processing
across age in the absence of cognitive and hearing difficulties. In
the older cohort, only 16 out of 227 hearing-screened candidates
(7%) satisfied all criteria and were included for EEG testing.
This low rate was predictable, as only 10% of men and 50%
of women older than 70 years old have thresholds ≤25 dB
HL up to and including 4 kHz (International Organization for
Standardization, 2000).

Stimuli
To generate stimuli, white noise (bandwidth of 1 octave, centered
at 1 kHz) was 100% sinusoidally amplitude modulated at 3.91,
19.53, 40.04, and 80.08Hz. These values were chosen to ensure
that there is an integer number of cycles in an epoch of 1.024 s
(John and Picton, 2000). The modulations around 4 and 20Hz
were presented as a model of the rate of occurrence of syllables
and phonemes, respectively. Relatively high modulations at 40
and 80Hz were also selected because it was shown that these
modulations can activatemore subcortical neural generators than
cortical ones (Giraud et al., 2000; Herdman et al., 2002).

The stimuli were presented at 70 dB SPL via ER-3A insert
phones. Every stimulus type was presented one time to the
left ear and another time to the right ear, each time for
300 s continuously. The order of stimulus presentation was
randomized between participants.

Experimental Procedure
The experiment protocol was designed to ensure passive listening
to amplitude-modulated (AM) stimuli during a wakeful state.
During acoustic stimulation, participants were lying on a bed and
watching a muted movie with subtitles. The movie was displayed
on a 21-inch LCD monitor with 60Hz vertical refresh rate. We
asked participants to lie on a bed in order to prevent possible
movement caused by fatigue, especially with older participants.
A large-size and very soft pillow was used to support the
neck and a big area of the head. Thus, no focal pressure on
the occipital electrodes and interference with recording were
expected. In order to prevent movements and muscle tensions,
the participants were encouraged to lie quietly and relaxed
during auditory stimulation.Moreover, the electrode offset values
were continuously monitored during the measurements and kept
below±30mV to be sure about the proper electrode contact. The
procedure was performed in a double-walled soundproof booth
with a Faraday cage.

The EEG signals were recorded using the BioSemi ActiveTwo
system including 64 active pin-type electrodes that were fixed in
the head cap based on the 10–10 electrode system. The electrodes
CMS and DRL act as the common electrode and current return
path, respectively. The EEG signals were amplified and recorded
at a sampling rate of 8,192Hz with a gain of 32.25 nV/bit. The
system uses a built-in low-pass filter with a cutoff frequency of
1,638 Hz.

EEG Source Analysis
The brain sources of ASSRs were reconstructed using a variety
of MNI, which was adapted for ASSR source analysis (Farahani
et al., 2020). An overview of this approach is given below [for
more details, see Farahani et al. (2020)].

Pre-processing
EEG data were preprocessed in MATLAB R2016b (MathWorks).
The continuous EEG data were filtered by a zero phase high-
pass filter with a cutoff frequency of 2Hz (Butterworth, 12
dB/octave) to attenuate the low-frequency distortions and drift
of the amplifier. The filtered data were segmented into epochs
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of 1.024 s. Subsequently, early noise reduction was performed in
three steps, as follows:

1. Channel rejection: for each of the 64 EEG channels, the
mean of the maximum absolute amplitude of all epochs
was obtained as an index of “maximum amplitude.” The
channels with maximum amplitude index more than 100 µV
were rejected.

2. Recording rejection: a recording was excluded from further
analyses if it had more than five (out of 64) rejected channels.
On average, 1.6 (standard deviation of 1) recordings were
excluded across the three age cohorts, four modulation
frequencies, and two sides of stimulations.

3. Epoch rejection: the highest peak-to-peak (PtoP) amplitude
of the signals in the remaining channels was calculated for
each epoch separately and considered as an index of PtoP. The
epochs were sorted based on PtoP amplitude, and 10% of them
with the highest PtoP amplitudes were rejected.

Afterward, the EEG data were re-referenced to a common
average over all remaining channels and epochs. Independent
component analysis (ICA) based on the Infomax algorithm as
implemented in the Fieldtrip toolbox (Oostenveld et al., 2011)
was applied to the re-referenced data to attenuate artifacts
caused by eye blinks, eye movements, and heartbeats. The
noisy components were recognized by visual inspection and
removed from subsequent reconstruction. Subsequently, the
removed channels were interpolated using the spherical spline
method (Perrin et al., 1989) implemented in the Fieldtrip toolbox
(Oostenveld et al., 2011). The order of interpolation and the
regularization parameter were set to 3 and 10−8, respectively,
as is suggested by Kang et al. (2015), to minimize distortions in
temporal features of interpolated channels. Lastly, the remaining
artifactual epochs not accounted for by ICA were identified
and removed using a threshold level of 70 µV for maximum
absolute amplitude of each epoch. To have an equal number of
epochs across participants, only the first 192 artifact-free epochs
(six sweeps of 32 epochs) of each participant were preserved
for subsequent analyses. If <192 epochs could be retained, the
threshold level was gradually increased (in steps of 5 µV and
up to maximally 110 µV) until at least 192 artifact-free epochs
were identified.

Sources Reconstruction: Developing ASSR Map

Reconstruction Source Map of EEG in Time Domain
The source distribution map was estimated using dynamic
statistical parametric mapping (dSPM; Dale et al., 2000)
implemented in the Brainstorm application (Tadel et al., 2011,
2019). In dSPM, the standard minimum-norm solution is
normalized with the estimated noise at each source (Lin et al.,
2006). This noise normalization attenuates the bias toward
superficial sources, which is the inherent property of the standard
minimum norm solution (Lin et al., 2006; Hauk et al., 2011).

Noise Covariance Matrix
The noise covariance matrix required for noise normalization
was obtained from the silence EEG data, i.e., the EEG
recording in the absence of auditory stimulation. The silence

data of participants were band-pass filtered (zero-phase with
a bandwidth of 4Hz and modulation frequency as center
frequency) and concatenated to calculate the covariance matrix.

Mixed Head Model
In order to reconstruct both cortical and subcortical sources, a
mixed head model consisting of cortical and subcortical regions
was generated. This head model was obtained from the template
anatomy ICBM152 (Fonov et al., 2011) and the default channel
location file in Brainstorm using the boundary element method
(BEM), as implemented in OpenMEEG (Gramfort et al., 2010).

Data Averaging for Group-Wise Analyses
When a head model is generated based on template anatomy,
group-wise source analysis can lead to a higher localization
accuracy of neural generators than individual-level analyses
(Farahani et al., 2019). In the current study, the artifact-free
epochs of each participant were divided into six sweeps of 32
concatenated epochs and averaged across participants to perform
a group-wise analysis. The obtained grand-averaged sweep was
used for dSPM.

Regularization Parameter
The regularization parameter (λ2) required for dSPM was
obtained as:

λ2 =
1

SNR2
scalp

(1)

where SNRscalp is the signal-to-noise ratio (SNR) (based on the
amplitude) of the whitened EEG data (Bradley et al., 2016;
Hincapié et al., 2016; Ghumare et al., 2018). The whitening
operator was obtained from Brainstorm. For each EEG channel,
the ASSR strength (amplitude at the modulation frequency) was
obtained from the fast Fourier transform (FFT). The maximum
response amplitude across channels was assigned to the signal
of interest (Farahani et al., 2020). The background noise of each
channel was estimated based on the average of 30 neighboring
frequency bins on the left and the right side of the response
frequency bin. The median of the background noise across
channels was assigned to the noise level (Farahani et al., 2020).

Developing the ASSR Map
The reconstructed source map by dSPM was transformed to the
frequency domain by applying FFT to the time-series of each
dipole (Farahani et al., 2020). Subsequently, the SNR of the ASSR
for each dipole was calculated according to Equation 2.

SNR
(

dB
)

= 10log10

(

PS+N

PN

)

(2)

where PS+N is the spectral power at the modulation frequency,
which shows the power of the response plus neural background
noise. PN refers to the power of the neural background noise,
which was estimated on the basis of the mean power of 30
neighboring frequency bins (corresponding to 0.92Hz) on each
side of the modulation frequency bin.
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For each dipole, the one sample F-test with the SNR (i.e.,
PS+N / PN) as F ratio statistic was used to recognize the
dipoles with significant ASSRs (Dobie and Wilson, 1996; John
and Picton, 2000; Picton et al., 2005). Results were corrected
for multiple comparisons using the false discovery rate (FDR)
method (Benjamini andHochberg, 1995). Subsequently, an ASSR
mapwas generated, which illustrates ASSR amplitudes for dipoles
with significant responses and zero for the dipoles with no
significant responses. The ASSR amplitude was calculated using
Equation 3. For subcortical regions, the ASSR amplitude of each
point was calculated based on the norm of the vectorial sum of the
three ASSR amplitudes across x, y, z at that point (Equation 4).

ASSRamp =
√

PS+N −
√

PN (3)

SubcorticalASSRamp =

√

ASSRamp2x + ASSRamp2y + ASSRamp2z

(4)

As an example, the source maps at 540ms in response to 4Hz
AM stimuli presented to the right ear for young, middle-aged,
and older cohorts are shown in Figure 1A. The time-series of all
dipoles were transformed into the frequency domain to calculate
the ASSR amplitudes (based on Equations 3, 4), and the outcomes
were used to develop the ASSR map. The time-series of a sample
dipole located in the AC and its frequency response for the

three age cohorts are shown in Figures 1B,C, respectively. In
Figure 1D, the generated ASSR map of older participants shows
a higher ASSR amplitude in the AC than those of young and
middle-aged participants.

In addition to the ASSRmap, the SNRmapwas also generated.
This map illustrates the SNR (in dB, Equation 2) for the
dipoles with significant ASSRs and zero for the dipoles with no
significant responses.

Defining Regions of Interest
For further analysis and comparison of the ASSR maps, we
need to define regions of interest (ROIs). Eight ROIs were
defined along the primary auditory pathway on the basis of
the anatomical locations of the cochlear nucleus (CN), the
inferior colliculus (IC), the medial geniculate body (MGB),
and the AC bilaterally (Figure 2A). It has been shown that
these regions play a key role in generating ASSRs (Langers
et al., 2005; Steinmann and Gutschalk, 2011; Overath et al.,
2012; Coffey et al., 2016). At the cortical level, the ROIs of
the AC were defined bilaterally in the Heschl’s gyrus (left AC:
5.49 cm2; right AC: 5.58 cm2) with reference to the transverse
temporal gyrus in the Desikan–Killiany atlas implemented in
Brainstorm (Desikan et al., 2006; Tadel et al., 2011). The
subcortical ROIs were defined bilaterally in the CN (estimated

A B C D

FIGURE 1 | The auditory steady-state response (ASSR) map in response to 4Hz amplitude-modulated (AM) stimuli presented to the right ear across age. (A)

Reconstructed source map at 540ms using dynamic statistical parametric mapping (dSPM) and enlarged view of a sample dipole located in the auditory cortex [−35,

−28, 16, xyz in Montreal Neurological Institute (MNI) coordinates]. The map illustrates the absolute values of activity, and the color bar indicates the magnitude of

activity (no unit because of normalization, which is performed within the dSPM algorithm). (B) Time-series of the sample dipole (original values with length of one

epoch) for the three age cohorts. The vertical dashed line indicates the time point of 540ms. (C) The frequency spectrum of the sample dipole for the three age

cohorts. (D) The generated ASSR map for the three age cohorts. The color bar indicates the ASSR amplitude.
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A B

FIGURE 2 | Primary and non-primary regions of interest (ROIs). (A) The primary ROIs are located bilaterally in the auditory cortex (LAC, RAC), the medial geniculate

body (LMGB, RMGB), inferior colliculus (LIC, RIC), and cochlear nucleus (LCN, RCN). (B) The non-primary ROIs were based on the averaged normalized

signal-to-noise ratio (SNR) maps of all experimental conditions [young, middle aged, and older cohort, 4, 20, 40, and 80Hz amplitude-modulated (AM) stimuli

presented to the left and the right ears] and the obtained ROIs. The anatomical labels of the primary and the non-primary ROIs are listed in Table 1.

TABLE 1 | Anatomical label of primary and non-primary regions of interest (ROIs).

Primary ROIs Non-primary ROIs

Cortical:

#3 Left auditory cortex (LAC)

#4 Right auditory cortex (RAC)

Subcortical:

#19 Left medial geniculate body (LMGB)

#20 Right medial geniculate body (RMGB)

#21 Left inferior colliculus (LIC)

#22 Right inferior colliculus (RIC)

#23 Left cochlear nucleus (LCN)

#24 Right cochlear nucleus (RCN)

#1 Left precentral gyrus (LPrC)

#2 Right precentral gyrus (RPrC)

#5 Right orbitofrontal (ROF)

#6 Right parahypocampal (RPHC)

#7 Left orbitofrontal (LOF)

#8 Right occipital (ROcc)

#9 Right superior parietal (RSP)

#10 Left superior parietal (LSP)

#11 Right posterior cingulate gyrus (RPCG)

#12 Right anterior cingulate gyrus (RACG)

#13 Right parieto-occipital (RPO)

#14 Left cingulate gyrus (LCG)

#15 Left paracentral gyrus (LPG)

#16 Left postcentral gyrus (LPoC)

#17 Right postcentral gyrus (RPoC)

#18 Right middle temporal gyrus (RMTG)

with reference to the medullary pontine junction; left CN: 0.49
cm3; right CN: 0.47 cm3), IC (recognized with reference to the
thalamus; left IC: 0.50 cm3; right IC: 0.55 cm3), and in the
posterior thalamus (roughly the posterior third of the thalamus;
left MGB: 1.24 cm3; right MGB: 1.45 cm3) (Coffey et al., 2016;
Farahani et al., 2020).

In addition to the primary ROIs, some other ROIs were
defined according to the average SNR maps across all three age
cohorts. These ROIs were termed non-primary ROIs because
they were located outside of the AC (Farahani et al., 2020).
Firstly, the SNR index [with a range of (0,1)] of each dipole
(s) was calculated according to Equation 5 to have the same
dynamic ranges of SNR across different experimental conditions
(three age cohorts, four modulation frequencies, and two sides
of stimulations). SNRmax and SNRmin in Equation 5 show,
respectively, the maximum and the minimum value of SNR (in

dB) on that specific map.

SNRindex (s) =
SNR (s) − SNRmin

SNRmax− SNRmin
(5)

Afterward, the newmaps based on the SNR index were generated
and averaged across different experimental conditions. Lastly, the
regions of the grand-averaged map with an SNR index of more
than 50% of the range were selected as ROIs (Figure 2B). The
respective anatomical labels of the primary and the non-primary
ROIs are listed in Table 1.

Time-Series of ROIs and ASSR Amplitude
In order to compare different experimental conditions, we need
to extract a time-series for each ROI. To this end, a representative
dipole inside each ROI was identified using the algorithm
suggested by Farahani et al. (2020). In this algorithm, first,
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a response patch with the highest mean ASSR amplitude was
selected for each ROI. Subsequently, among the dipoles of the
selected response patch, a representative dipole with the most
similar ASSR (regarding amplitude and phase of the response)
to the mean ASSR of the patch was chosen. The ASSR amplitudes
of the representative dipoles were used for further analyses.

In the subcortical ROIs, the ASSR amplitudes of dipoles were
very close to their neighboring dipoles. Therefore, to decrease
the computational load, the dipole with the highest ASSR
amplitude was selected as representative dipole. Subsequently,
three reconstructed time-series (x-, y-, and z-components)
accounting for the representative dipoles were extracted for
further analysis. The ASSR amplitudes of the representative
dipoles in the subcortical level were obtained based on the
Euclidean norm of the amplitudes of x-, y-, and z-components.

Phase Coherence
Phase coherence (or inter-trial phase coherence) shows the
similarity in the phase of ASSRs across epochs (Picton et al.,
2001; Luo and Poeppel, 2007). It also reflects the phase-locking
capability of a neural source to the acoustic stimulus and varies
between 0 and 1 (Koerner and Zhang, 2015; Farahani et al.,
2019). For each ROI, the phase coherence was calculated based
on the time-series of the representative dipoles of that ROI. The
extracted time-series (192 epochs) were divided into 64 groups
of three epochs. The ASSR phase of each epoch was obtained
from the complex form of response in the frequency domain.
Phase coherence was calculated according to Equation 6, where
θi refers to the phase of group i (i = 1, 2, . . . , 64) obtained from
the complex responses averaged across the three epochs (Picton
et al., 2001).

Phasecoherence =
1

N

√

√

√

√

√

(

N
∑

i=1

cos θi

)2

+

(

N
∑

i=1

sin θi

)2

(6)

For each subcortical ROI, we have three reconstructed time-
series (x-, y-, and z-components), while we need to have only
one time-series per ROI. To this end, we estimated the optimal
dipole direction accounting for most of the variance of the ASSR
activity bymeans of singular value decomposition (SVD) (Rueda-
Delgado et al., 2017). First, the three time-series were filtered
using a Butterworth zero phase band-pass filter with a bandwidth
of 4Hz and modulation frequency as center frequency. Then,
SVD was applied to the filtered data to find the optimal direction.
The projection of the three components on the optimal direction
was used for calculating the phase coherence.

Hemispheric Lateralization
Functional hemispheric asymmetry was determined using the
laterality index (LI). The LI is a normalized index with the range
of [-1,1], where positive values show lateralization to the right
hemisphere. LI was calculated for the bilateral sources as:

LI =
ASSRampR − ASSRampL

ASSRampR + ASSRampL
(7)

where ASSRampR and ASSRampL indicate the ASSR amplitude
(based on all participants, Equations 3, 4) of the source located
in the right and left hemispheres, respectively. In order to avoid
lateralization errors, the LI was only calculated when both sources
had a significant ASSR.

The variation of LI was estimated using the jackknife method.
In thismethod, each jackknife resample of LI was calculated using
the resamples of ASSRampR and ASSRampL.

Statistical Analyses
The standard deviations of the ASSR amplitudes, phase
coherence, and LI were estimated separately using the jackknife
resampling method (Efron and Stein, 1981). For each resample of
participants, the main dSPM imaging kernel was applied to the
averaged EEG data of that resample. The mean of each measure
(ASSR amplitudes, phase coherence, and LI) was obtained based
on the entire group of participants without resampling. All
statistical analyses were based on the mean, estimated standard
deviation, and the number of participants, rather than on
individual scores (Cohen, 2002; Nagy, 2013) using custom scripts
in MATLAB R2016b (MathWorks).

To investigate the overall effect of age on ASSR amplitude, a
factorial mixed analysis of variance (FM-ANOVA) with side of
stimulation (two levels: left and right) and ROIs (24 levels: eight
primary and 16 non-primary) as within-subject variables was
carried out for 4, 20, 40, and 80Hz ASSRs, separately. Post hoc
testing was performed using a two-sample t-test with Bonferroni
correction. In post hoc testing with ROIs as within-subject
variable, the statistical tests often demonstrated a significant
difference due to the large sample size. So, the effect sizes,
Cohen’s d, were also reported to provide ameasure of significance
independent of sample size. Moreover, reporting the effect sizes
was strongly advised (Sullivan and Feinn, 2012). Cohen’s d
was used as a measure of effect size. Age-related changes of
ASSR amplitude were also investigated for four categories of
ROIs (Table 1), namely, primary, cortical, subcortical, and non-
primary ROIs. Similar statistical analyses were performed for
phase coherence.

For hemispheric lateralization, a series of one-sample t-tests
were performed per side of stimulation and per modulation
frequency to investigate which ROIs exhibited an LI significantly
different from zero. The results were corrected for multiple
comparisons using the FDR method (Benjamini and Hochberg,
1995). A significant positive (negative) LI indicated a right
(left) hemisphere laterality, and a non-significant LI showed
a symmetrical response pattern. A possible effect of age
was investigated using FM-ANOVA plus post hoc testing per
modulation frequency and per side of stimulation.

RESULTS

Effect of Age on the Response Strength of
the Neural Sources
Figure 3 illustrates the mean response strengths for “all
ROIs” as well as for different categories (primary, cortical,
subcortical, and non-primary) for each of the four different
modulation frequencies. A significant main effect of age was
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FIGURE 3 | Auditory steady-state response (ASSR) amplitudes of different categories of sources (Table 1) regardless of side of stimulation across age and across

modulation frequency. The bars indicate the weighted average of amplitudes (number of subjects as weights), and error bars represent the pooled standard deviations

(Cohen, 1988). Forty-eight of 60 comparisons showed significant difference (Table 2).

observed for all ROIs and also different categories of ROIs
in all acoustic conditions. Post hoc testing analyses revealed
significantly larger response strengths for the older compared
to the young and middle-aged participants in all categories for
the 4 Hz modulation frequency. The effect size of the mean
difference (Cohen’s d) was very similar across different categories,
specifically when comparing young and older participants. The
results of post hoc testing are summarized in Table 2.

For 20Hz ASSRs, the difference between young and middle-
aged was trivial (effect size d ≤ 0.2) for most of the categories
(except for the cortical ones), while the difference between young
and older participants was significant with similar effect sizes
across different categories.

For 40Hz AM stimuli, post hoc testing revealed a significantly
larger amplitude in the older compared to the young and

middle-aged participants with similar effect sizes across
different categories.

For 80Hz modulation frequency, post hoc testing revealed
a significantly larger amplitude with the young participants
compared to the middle-aged and older participants in most
categories, except for cortical ones. The effect size of the mean
difference (Cohen’s d) for the subcortical category was larger than
that for other categories.

Detailed information about the ASSR amplitude of different
ROIs across age for the left and right sides of stimulation
is illustrated in Supplementary Figures 1, 2, respectively. For
each modulation frequency, the statistical test for overall
effect of age (considering all ROIs) on the response strength
showed significant interactions between age group and side

of stimulation and also between age group and ROIs. Post
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TABLE 2 | The results of post hoc comparisons of auditory steady-state response (ASSR) amplitude and phase coherence across age in different categories of sources

[all regions of interest (ROIs), primary, cortical, subcortical, and non-primary].

ASSR amplitude Phase coherence

Category Young,

middle-aged

Young,

older

Middle-aged,

older

Young,

middle-aged

Young,

older

Middle-aged,

older

4Hz All ROIs d = −0.1 d = −1.6 d = −1.4 d = −0.2 d = −0.2 d < −0.1

TD p < 0.001 p < 0.001 TD TD TD

Primary d = 0.4 d = −1.6 d = −2 d = 0.1 d = 0.2 d = −0.2

p < 0.001 p < 0.001 p < 0.001 TD TD TD

Cortical d = 0.3 d = −1.6 d = −2.1 d = 0.2 d = −0.6 d = −0.8

p < 0.05 p < 0.001 p < 0.001 TD p < 0.001 p < 0.001

Subcortical d = 0.4 d = −1.6 d = −2 d = 0.1 d = 0.1 d = 0.1

p < 0.001 p < 0.001 p < 0.001 TD TD TD

Non-primary d = −0.3 d = −1.6 d = −1.1 d = −0.3 d = −0.4 d < −0.1

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 TD

20Hz All ROIs d = −0.2 d = −0.6 d = −0.4 d = −0.4 d = −0.2 d = 0.1

TD p < 0.001 p < 0.001 p < 0.001 TD TD

Primary d = −0.1 d = −1.0 d = −1.0 d = −0.3 d = −0.6 d = −0.2

TD p < 0.001 p < 0.001 p < 0.001 p < 0.001 TD

Cortical d = −0.6 d = −1.0 d = −0.4 d = −0.5 d < −0.1 d = 0.4

p < 0.001 p < 0.001 p < 0.01 p < 0.01 TD p < 0.01

Subcortical d = 0.1 d = −0.9 d = −1.1 d = −0.2 d = −0.7 d = −0.5

TD p < 0.001 p < 0.001 TD p < 0.001 p < 0.001

Non-primary d = −0.2 d = −0.4 d = −0.2 d = −0.4 d < −0.1 d = 0.4

TD p < 0.001 TD p < 0.001 TD p < 0.001

40Hz All ROIs d = 0.2 d = −0.7 d = −1.0 d < 0.1 d < −0.1 d = −0.1

TD p < 0.001 p < 0.001 TD TD TD

Primary d = 0.4 d = −0.9 d = −1.3 d = 0.2 d < 0.1 d = −0.1

p < 0.001 p < 0.001 p < 0.001 TD TD TD

Cortical d = 0.0 d = −1.1 d = −1.1 d = 0.2 d = −0.4 d = −0.7

TD p < 0.001 p < 0.001 TD p < 0.05 p < 0.001

Subcortical d = 0.7 d = −0.9 d = −1.5 d = 0.2 d = 0.2 d = 0.1

p < 0.001 p < 0.001 p < 0.001 TD TD TD

Non-primary d = 0.2 d = −0.7 d = −0.9 d < −0.1 d = −0.1 d < −0.1

TD p < 0.001 p < 0.001 TD TD TD

80Hz All ROIs d = 1.2 d = 0.8 d = −0.3 d = 0.7 d = 0.9 d = 0.1

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 TD

Primary d = 1.6 d = 0.9 d = −0.5 d = 0.4 d = 1 d = 0.5

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Cortical d = 0.5 d = 0.2 d = −0.2 d < 0.1 d = 0.4 d = 0.2

p < 0.001 TD TD TD p < 0.05 TD

Subcortical d = 2.3 d = 1.2 d = −0.7 d = 0.6 d = 1.3 d = 0.5

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Non-primary d = 1.1 d = 0.8 d = −0.2 d = 0.8 d = 0.9 d < −0.1

p < 0.001 p < 0.001 TD p < 0.001 p < 0.001 TD

The tests were conducted per modulation frequency. Cohen’s d and p-value were reported for different pairs of age cohorts and different modulation frequencies. The trivial difference

is indicated by TD and refers to when Cohen’s d suggested a small (d ≤ 0.2) effect size of mean differences (Sullivan and Feinn, 2012).
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hoc testing was performed per side of stimulation and per
ROI. The results of post hoc comparisons are summarized

in Supplementary Table 1. These results were corrected for
multiple comparisons using the FDR method (Benjamini and
Hochberg, 1995).

In brief, age-related changes in response strength were

observed in different categories of ROIs and in all acoustic
conditions. For 4, 20, and 40Hz acoustic modulations, a
significantly larger response strength in the older compared
to the young and middle-aged participants was found,
while at 80Hz, a significantly smaller response strength
in older and middle-aged compared to young participants
was detected.

Effect of Age on the Phase Coherence of
the Neural Sources
Phase coherence was computed to investigate whether phase-
locking differs for the different age cohorts. Figure 4 illustrates
the mean phase coherence for “all ROIs” as well as for the
four main categories (primary, cortical, subcortical, and non-
primary) for each of the four different modulation frequencies.
A significant main effect of age was observed for all ROIs
and also different categories of ROIs in all acoustic conditions,
except for primary and subcortical ROIs at 4Hz and non-
primary ones at 40Hz. For 4Hz modulation frequency, post
hoc testing showed a significantly larger phase coherence in the
older compared to the young and middle-aged cohorts in the

FIGURE 4 | Phase coherence of different categories of sources (Table 1), regardless of side of stimulation across age and across modulation frequency. The bars

indicate the weighted average of phase coherence (number of subjects as weights), and error bars represent the pooled standard deviations (Cohen, 1988).

Twenty-six of 60 comparisons showed a significant difference (Table 2).
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non-primary and the cortical categories. However, the effect
sizes of mean differences (Cohen’s d) in these comparisons
were small or medium (d ≤ 0.5), except for the cortical
category. The results of post hoc testing are summarized in
Table 2.

For 20Hz ASSR, post hoc testing revealed significant effects
of age in some categories. However, in most of the comparisons,
Cohen’s d suggested a small (d ≤ 0.2) or medium (d ≤ 0.5) effect
size of mean differences (Sawilowsky, 2009; Sullivan and Feinn,
2012).

For 40Hz ASSR, the differences between age groups were
trivial (small effect size, d ≤ 0.2) across different categories,
except for the cortical category where older participants
showed higher phase coherence than young and middle-
aged participants.

For 80Hz modulation frequency, post hoc testing revealed a
significantly larger phase coherence in the young participants
compared to the middle-aged and older participants in almost
all categories. The middle-aged participants also showed larger
phase coherence than the older ones in the primary and the
subcortical categories.

Detailed information about the phase coherence of different
ROIs across age for the left and right sides of stimulation is
illustrated in Supplementary Figures 3, 4, respectively. For each
modulation frequency, the statistical test for overall effect of
age (considering all ROIs) on the response strength showed
significant interactions between age group and side of stimulation
and also between age group and ROIs. Post hoc testing was
performed per side of stimulation and per ROI. The results of post

hoc comparisons are summarized in Supplementary Table 2.

These results were corrected for multiple comparisons using the
FDR method (Benjamini and Hochberg, 1995).

Concisely, age-related changes in phase-locking were not
noteworthy for 4, 20, and 40Hz ASSRs, while for 80Hz ASSRs,
a significantly smaller phase-locking was observed in the middle-
aged and older participants compared to the young participants
in almost all categories.

Hemispheric Lateralization
In order to investigate the functional hemispheric asymmetry
across age, the ASSR amplitudes of the left and right auditory
cortices were used to calculate the LI. Figure 5 illustrates the LIs
of the AC for different stimulation conditions (three age groups,
four modulation frequencies, and two sides of stimulation) and
LIs of subcortical sources for 80Hz ASSR. The LIs showing
a significant asymmetry to the left or right hemisphere were
determined using a one-sample t-test (the results are summarized
in Supplementary Tables 3, 4).

The effect of age on hemispheric asymmetry was investigated
per modulation frequency and per side of stimulation. A
significant main effect of age was observed for the different
stimulation conditions. The results of post hoc testing in different
pairs of age cohorts are summarized in Table 3. As shown in
Figure 5 and Table 3, the patterns of age-related changes were
variable across modulation frequency and sometimes across
sides of stimulation. For 4 Hz AM stimuli presented to the
left and right ears, the LIs of the older participants were
significantly more negative (toward left hemisphere) than those

A B

FIGURE 5 | Hemispheric lateralization for different age groups. (A) The laterality indexes (LIs) for auditory cortex (AC) across age (indicated by different colors) in

different experimental conditions (four modulation frequencies presented to the left or right ear). (B) The LIs for the subcortical sources [the medial geniculate body

(MGB), the inferior colliculus (IC), the cochlear nucleus (CN)] across age (indicated by different colors) in response to 80Hz amplitude-modulated (AM) stimuli

presented to the left or right ear. LI for CN (left stimulation) was not calculated because of non-significant auditory steady-state response (ASSR) amplitude in one side.

The LIs were obtained based on the 17.7 (±0.4), 17.6 (±0.7), and 14.9 (±1) participants in the young, middle-aged, and older cohorts. The error bars illustrate the

standard deviations estimated using the jackknife method (Efron and Stein, 1981). The significant left/right lateralization was indicated by an asterisk (*) on top of the

error bar. Comparisons across age: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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TABLE 3 | The results of post hoc comparison of laterality index of auditory cortex

across age in different stimulation conditions.

Stimulation condition Young,

middle-aged

Young, older Middle-aged,

older

4Hz Left ear d = 1.8 d = 1.6 NS

p < 0.001 p < 0.001

Right ear d = 1.2 d = 3.5 d = 2.8

p < 0.001 p < 0.001 p < 0.001

20Hz Left ear NS d = −1.6 d = −1.4

p < 0.001 p < 0.001

Right ear NS d < −0.1 d = −0.9

TD p < 0.05

40Hz Left ear d = −3.7 d = −2.2 d = 0.2

p < 0.001 p < 0.001 TD

Right ear d = −1.2 d = −0.2 d = 1.2

p < 0.001 TD p < 0.01

80Hz Left ear d = −0.8 d = 0.5 d = 1.2

p < 0.05 NS p < 0.01

Right ear d = −0.2 d = 1.2 d = 1.0

TD p < 0.01 p < 0.01

Right ear (MGB) d = 1.4 d = 3.0 d = 0.9

p < 0.001 p < 0.001 p < 0.05

Right ear (IC) d = 1.6 d = 2.4 d = 0.2

p < 0.001 p < 0.001 TD

Cohen’s d and p-value were reported for different pairs of age cohorts. For 80Hz, the

results were also reported for laterality index of the medial geniculate body (MGB) and

inferior colliculus (IC). The trivial difference is indicated by TD and refers to when Cohen’s

d suggested a small (d ≤ 0.2) effect size of mean differences (Sullivan and Feinn, 2012),

and NS goes for not significant.

of the younger and middle-aged ones. However, for 20 Hz AM
stimuli, the hemispheric asymmetry was less or similar for the
older participants than for the younger ones in the left and
right side of stimulation, respectively. For 40 Hz AM stimuli
presented to the left, the LIs of the older and middle-aged
participants were significantly more positive than those of the
younger ones, while for the right side of stimulation and also
80 Hz (both sides), the LIs showed no clear trend, although the
data yielded differences depending on the side of stimulation
and age.

The hemispheric asymmetry was also investigated for the
subcortical sources of 80Hz due to the importance of these
activations in 80Hz (Figure 5B). In these neural sources, a
reduction in asymmetry in older participants was observed for
stimuli presented to the right side.

Briefly, altered hemispheric asymmetry in older and middle-
aged participants was observed in all stimulation conditions.
However, the patterns of age-related changes were variable across
different stimulation conditions.

DISCUSSION

Effect of Age on the Activation of Neural
Generators
The current study shows that age affects neural generators,
albeit to a different extent for those responding to slow or fast
modulations. The effect of age on the ASSRs was investigated
for different modulation frequencies and categories of neural
generators in persons with normal audiometric thresholds to
avoid HL as a confounder as much as possible.

Considering all ROIs, older participants exhibited enhanced
ASSRs compared to young and middle-aged participants for
slow AM modulations (<50Hz). These modulation frequencies
are similar to the repetition rate of phonemes and syllables in
speech. This age effect was also observed in different categories
of sources, except for non-primary sources at 20Hz modulation
frequency. Our results on low-frequency ASSRs, particularly
4Hz ASSRs, are in line with those of the study by Tlumak
et al. (2015) who showed that 5Hz ASSRs were larger in older
listeners compared to young participants. However, no age-
related changes in 20Hz ASSRs have been reported in sensor-
level studies (Leigh-Paffenroth and Fowler, 2006; Tlumak et al.,
2015, Goossens et al., 2016).

The effect of age on 40Hz ASSRs has been investigated
before. While sensor-level analysis did not report significant
changes across age (Boettcher et al., 2001; Leigh-Paffenroth and
Fowler, 2006; Goossens et al., 2016), a source-level analysis
reported a tendency for increased ASSR amplitudes in response
to 40Hz AM stimuli for adults aged between 19 and 45 years
(Poulsen et al., 2007). The age effect was only observed for
the dipole in the left hemisphere, while they used three dipoles
(left/right hemisphere and the brain stem) for source modeling.
The inconsistency between Poulsen’s study and ours can be
due to the different age ranges of the participants and/or the
prior assumption about the number of sources. Modeling brain
responses with a limited number of dipoles less than the actual
number of generators may reduce sensitivity to changes of neural
activities. This reduced sensitivity can also be seen in sensor-level
data, which show a linear combination of neural activities.

For fast AMmodulations (80Hz), the ASSR activities of neural
generators in the middle-aged and older adults were less than
those of the younger persons. A similar age effect was also
observed for other categories of sources except when comparing
the cortical generators of young and older groups. These results
are in line with previous EEG studies (Dimitrijevic et al., 2004;
Purcell et al., 2004; Leigh-Paffenroth and Fowler, 2006) and
also with animal studies (Parthasarathy et al., 2010; Herrmann
et al., 2017). Potential mechanisms underlying these age-related
changes will be explained further in Potential Mechanisms
Underlying Age-Related Changes in Temporal Processing.

Interestingly, speech intelligibility data of the same young,
middle-aged, and older participants show that speech perception
declines by middle age and decreases further onto older age
even when hearing sensitivity is clinically normal and there is
no indication of mild cognitive impairment (Goossens et al.,
2017). These differences in speech understanding could well
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be the functional consequences of the observed changes in
neural synchronization.

Effect of Age on Phase-Locking of Neural
Generators
Comparison of phase coherence across age suggests a decline
of phase-locking in older and middle-aged adults compared to
young participants in response to 80Hz AM stimuli. This age
effect was also observed in different categories of sources, with
the exception for young and middle-aged persons in a cortical
category of sources. For slow modulation frequencies (<50Hz),
no significant effect of age was observed when considering all
sources. However, a small age effect was observed in a few
categories of sources (for example, cortical sources at 4 Hz).

Very few studies investigated phase-locking independently of
ASSR amplitude. Leigh-Paffenroth and Fowler (2006) reported
fewer phase-locked responses at 90Hz modulation rate for older
adults compared to young, while the differences in the number
of responses at 20 and 40Hz were not significant. This age-
related change is also observed in the present study. In another
study, Edgar et al. (2017) suggested an association between the
phase coherence of 40Hz ASSR and age (20–60 years) in the left
hemisphere, not in the right one.

Our results concerning the age-related changes in phase-
locking are also consistent with event-related potential (ERP)
studies, which observed a reduction in phase coherence of
auditory brain stem responses to tonal and speech stimuli
(Clinard et al., 2010; Anderson et al., 2012; Clinard and Tremblay,
2013; Presacco et al., 2015; Roque et al., 2019). In addition, our
results are also consistent with animal studies, where less phase-
locking to rapid amplitude modulations has been reported in
near- and far-field recordings (Parthasarathy and Bartlett, 2012;
Herrmann et al., 2017; Parthasarathy et al., 2019).

Potential Mechanisms Underlying
Age-Related Changes in Temporal
Processing
Decrease of the GABAergic and glycinergic inhibitory
neurotransmission is a consistent finding across central
auditory regions of aging animals (Ling et al., 2005; Frisina and
Walton, 2006; Caspary et al., 2008, 2013; Parthasarathy et al.,
2010; Herrmann et al., 2017), leading to a downregulation in
functional inhibition. Loss of normal functional inhibition has
also been reported in humans (Chen et al., 2013) and may lead
to increased spontaneous and sound-evoked discharged rates
(Hughes et al., 2010; Parthasarathy et al., 2014, 2019; Herrmann
et al., 2017).

Inhibitory neurotransmission also plays a key role in
shaping the response to complex and/or rapid temporally
modulated stimuli (Walton et al., 1998; Caspary et al.,
2008; Parthasarathy et al., 2010). Reduction in inhibitory
neurotransmission in older adults may result in a loss of temporal
precision in encoding rapidly changing sounds (Anderson et al.,
2012; Roque et al., 2019).

The non-significant change of phase coherence across age
for neural generators in response to slow acoustic modulations

(<40Hz) suggests that age does not affect the ability to follow
slow envelopes. In addition, the increased ASSR amplitude for
older participants in this frequency range is in line with the
increased neural excitability (central gain) as a consequence of
the loss of inhibition (Chambers et al., 2016; Herrmann et al.,
2017). However, we observed a decline in response strength and
phase-locking to fast acoustic modulations with advancing age.
This finding is in line with the decreased temporal precision
in following the rapid modulated stimuli due to the loss of
functional inhibition (Anderson et al., 2012).

In sum, our results demonstrated age-related changes in the
amplitude and the phase coherence of ASSRs, which can be
interpreted as changes in the neural excitability and the phase-
locking ability of the central auditory system, respectively. These
age-related changes in temporal processing of slow and fast
acoustic modulations are in line with the expected consequences
of the loss of functional inhibition across the central auditory
system with increasing age.

Age-Related Changes in Neural Dynamics
at Middle Age
Our results indicated meaningful age-related changes in the
phase locking and response strength in the middle-aged cohort
compared to the young one, specifically in response to 80Hz
acoustic modulations. In line with previous studies, these
findings suggest that the age-related changes in temporal
processing are already apparent in the middle agers (Ross et al.,
2007; Ross, 2008, Leigh-Paffenroth and Elangovan, 2011). In a
behavioral study on the same data as here, ameaningful decline in
speech perception performance was also observed in the middle-
aged cohort (Goossens et al., 2017).

Our data highlight the importance of auditory screening (e.g.,
speech-in-noise test) at midlife, where changes already appear
to occur. A recent model presented by the Lancet Commission
on Dementia Prevention, Intervention and Care shows that
hearing impairment is the largest potentially modifiable risk
factor for dementia among nine health and lifestyle factors
(Livingston et al., 2017). Strikingly, the model shows that
midlife hearing impairment, if eliminated, might reduce the
risk of dementia by 9%. Furthermore, our findings suggest
that training/rehabilitating fast acoustic modulations where
results showed a reduced temporal precision via decreased
phase-locking and smaller response magnitudes might facilitate
perception. However, more research is needed to clarify different
age-related changes that may cause poorer speech perception in
the elderly.

Hemispheric Asymmetry
Hemispheric Asymmetry in a Young Cohort
Overall, our results revealed that by varying the modulation
frequency and side of stimulation, hemispheric asymmetry
changes significantly within the young cohort. This finding is
generally consistent with previous studies and emphasizes the
importance of modulation frequency and side of stimulation
when studying temporal envelope processing (Ross et al., 2005).

In the present study, for 4 and 20Hz AM stimuli, contralateral
and ipsilateral activations in the AC were observed, respectively,
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which are in line with functional MRI (fMRI) observations
(Langers et al., 2005) and with previous source-level EEG studies
(Luke et al., 2017). An asymmetry to the left AC was observed
for 40Hzmodulation frequency, left and right stimulation. These
results are not consistent with the previous source-level EEG
studies (Edgar et al., 2017; Luke et al., 2017). For 80Hz AM
stimuli presented to the left or right ear, right hemispheric
asymmetry was observed for subcortical activations except that
for CN at left side stimulation. To the best of our knowledge, no
other study has investigated lateralization of subcortical sources
in response to fast AM stimuli. While the contralateral responses
are well-known for different sensory modalities (Del Gratta et al.,
2002; Hemond et al., 2007) and also for transient auditory
responses (Ross et al., 2005), the abovementioned results suggest
that hemispheric asymmetry of ASSRs is not contralateral for all
different modulation rates. This finding is in line with that of
previous studies showing that the laterality of sustained responses
like ASSRs can be distinct from that of transient responses (Ross
et al., 2005; Lehmann et al., 2007). Moreover, these results show
that laterality for ASSRs is sensitive to stimulus periodicity. We
found contralateral asymmetry for 4Hz ASSR and ipsilateral
asymmetry for 20Hz ASSR for the young cohort.

We did not compare our results with those of sensor-
level studies because sensor-level asymmetry depends highly
on the configuration of the neural sources relative to the
EEG electrodes and can be completely opposite to the source-
level asymmetry. For example, source-level EEG studies and
the fMRI observations suggest left hemisphere asymmetry for
4Hz AM stimuli presented to the right ear (Langers et al.,
2005; Luke et al., 2017), while sensor-level studies suggest right
hemisphere lateralization (Poelmans et al., 2012; Vanvooren et al.,
2014). To avoid this kind of bias, which is mainly due to the
volume conduction problem in the sensor-level approach, it
is important to perform source modeling before investigating
laterality. Moreover, among the source-level studies, the prior
assumptions of the source modeling about the number of sources
can exert an influence on the LI. For example, in a separate
analysis, we fitted two dipoles to the 40Hz ASSRs and obtained
a right hemispheric asymmetry, which is in line with previous
source-level studies with two dipoles in the left and right AC
(Ross et al., 2005; Edgar et al., 2017). Nevertheless, in the
current study using the MNI approach, with minimal restrictions
regarding the number and location of the sources, we found a
left hemisphere lateralization on the same data. Thus, the prior
assumptions of the source analysis approach should be taken into
account before comparing the results of different studies.

Effect of Age on Hemispheric Asymmetry
In general, our results suggest that aging occurs with the
altered hemispheric asymmetry in auditory temporal processing.
This finding is in line with the previous studies suggesting
that the altered hemispheric processing patterns might be a
reason for the impaired speech processing in older adults or
persons with dyslexia (Goswami, 2011; Vanvooren et al., 2014;
Goossens et al., 2016).

A wide range of neurophysiological (inhibition reduction) and
anatomical changes (cerebral atrophy, demyelination) associated

with aging has been reported in several studies (Giroud et al.,
2018, 2019). As we discussed earlier, these changes possibly
underlie the altered neural responses in the older population
and can differ for different modulation rates. Importantly, these
changes (neurophysiological and anatomical) may vary across
brain regions or across hemispheres (Chen et al., 2013) and may
lead to an altered hemispheric asymmetry in older adults. In a
theoretical form, the hemispheric asymmetry could be estimated
by knowing the effect of neurophysiological and anatomical
changes due to aging for each hemisphere separately.

Up to now, only a few studies have investigated the effect
of age on the hemispheric asymmetry of low-level auditory
processing such as temporal envelope processing. For 4 Hz

ASSRs with left side stimulation, the LI of AC is positive
in the young group and decreased in older adults. For the
right side stimulation, the negative LI of the young group
gradually increased (became more negative) across age. These
two observations suggest that the hemispheric asymmetry of 4Hz
ASSR is moved toward the left hemisphere for both the left
and right side of stimulation. However, within the framework
of “asymmetric sampling in time” (AST) hypothesis, it has been
shown that in the normal listeners, the slowly changing speech
features (unfolded in a longer timescale of about ∼250ms)
related to syllables are preferentially processed by the right
auditory-related areas (Poeppel, 2003; Shalom and Poeppel, 2008;
etc.). Taking the AST hypothesis into account, this age-related
change of lateralization (moving toward the left hemisphere)
can be a possible reason for the impaired speech perception in
older people.

In response to 20 Hz AM stimuli presented to the left ear,
the hemispheric asymmetry gradually decreased across age. For
80 Hz ASSRs at both sides of stimulation, a right hemispheric
asymmetry was observed for subcortical sources (except for
CN at left side stimulation) of young adults, while symmetrical
responses were found for subcortical sources of older adults. The
pattern of age-related alternations in 20 and 80Hz is similar to
that already reported for pre-frontal activity during cognitive
control of semantic and working memory and perception
(Cabeza et al., 2002). Our finding regarding a reduction of
hemispheric asymmetry for low-level auditory processing (i.e., in
response to 20 and 80Hz AM stimuli) may suggest a more global
regime of reduced asymmetry in the aging population.

In the current study, we corrected for multiple comparisons
and provided effect sizes; however, the large number of
comparisons in relatively small groups of participants may lead
to a Type I error from random statistical variation. To control for
this potential error, it would be appropriate to replicate this study
for a different data set.

The Effect of Source-Level Analysis
Due to the volume conduction of brain tissue, a linear mixture
of neural activity of different sources is recorded in scalp-level
measurements. Via source modeling, we resolve the mixture
and investigate the activity of the neural sources, separately, in
different age cohorts. The source-level analysis is also beneficial
to detect small age effects on a neural source, which may be
hidden by other generator’s activity in the scalp-level analysis.
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For instance, we found increased response strengths to 20 and
40Hz AM stimuli, while no changes were observed using sensor-
level analyses on the same data (Goossens et al., 2016). Note that
the age-related changes in 4 and 80Hz ASSRs were similar for
source-level and sensor-level analyses.

Volume conduction also has a remarkable influence on
hemispheric asymmetry. The sensor-level asymmetry depends on
the activity and location of several neural generators. Indeed,
this asymmetry can be different from the asymmetry of each
individual neural generator. For example, scalp-level studies
suggest right hemisphere lateralization for 4Hz AM stimuli
presented to the right ear (Poelmans et al., 2012; Vanvooren et al.,
2014), while source-level EEG studies and the fMRI observations
suggest left hemisphere asymmetry (Langers et al., 2005; Luke
et al., 2017). As a result, it seems that a source-level analysis
provides a more sensitive framework than a sensor-level one. It
should be noted that certain choices regarding parameters, such
as the head model, the electrical conductance of brain tissues,
and type of optimization for the inverse problem, may influence
the results of the source reconstruction. However, since the same
methodology was used for different age cohorts, the comparisons
and the conclusions drawn from them appear well-grounded.

CONCLUSION

The present study investigated the effect of age on the neural
generators involved in the temporal envelope processing in adults
with normal audiometric thresholds. A wide range of neural
generators of ASSRs in response to 4, 20, 40, and 80Hz acoustic
modulations was reconstructed in young, middle-aged, and older
participants. Age-related changes were observed for response
strength, phase coherence, and hemispheric asymmetry. For slow
acoustic modulations (below 50Hz), the response amplitudes
were higher in older participants than young ones, while the
phase coherences were almost similar for the three age cohorts.
For fast acoustic modulations, both the response amplitudes and
phase coherences were reduced in older participants compared
to younger and middle-aged persons. The observed age-related
changes of neural activations in response to both slow and fast
acoustic modulations can be explained by the loss of functional
inhibition in older adults (Caspary et al., 2008). Older persons
also demonstrate altered hemispheric processing, which, in turn,
may impact their speech processing. An important finding
was that the abovementioned age-related changes are already
apparent in the middle agers well before observable HL is noted.
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