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Abstract

Understanding speech in a noisy environment is crucial in day-to-day interactions and yet becomes more challenging with age,
even for healthy aging. Age-related changes in the neural mechanisms that enable speech-in-noise listening have been investi-
gated previously; however, the extent to which age affects the timing and fidelity of encoding of target and interfering speech
streams is not well understood. Using magnetoencephalography (MEG), we investigated how continuous speech is represented
in auditory cortex in the presence of interfering speech in younger and older adults. Cortical representations were obtained
from neural responses that time-locked to the speech envelopes with speech envelope reconstruction and temporal response
functions (TRFs). TRFs showed three prominent peaks corresponding to auditory cortical processing stages: early (�50 ms), mid-
dle (�100 ms), and late (�200 ms). Older adults showed exaggerated speech envelope representations compared with younger
adults. Temporal analysis revealed both that the age-related exaggeration starts as early as �50 ms and that older adults
needed a substantially longer integration time window to achieve their better reconstruction of the speech envelope. As
expected, with increased speech masking envelope reconstruction for the attended talker decreased and all three TRF peaks
were delayed, with aging contributing additionally to the reduction. Interestingly, for older adults the late peak was delayed, sug-
gesting that this late peak may receive contributions from multiple sources. Together these results suggest that there are several
mechanisms at play compensating for age-related temporal processing deficits at several stages but which are not able to fully
reestablish unimpaired speech perception.

NEW & NOTEWORTHY We observed age-related changes in cortical temporal processing of continuous speech that may be
related to older adults’ difficulty in understanding speech in noise. These changes occur in both timing and strength of the
speech representations at different cortical processing stages and depend on both noise condition and selective attention.
Critically, their dependence on noise condition changes dramatically among the early, middle, and late cortical processing
stages, underscoring how aging differentially affects these stages.

auditory aging; speech in noise; speech processing; stimulus reconstruction; temporal processing

INTRODUCTION

Speech communication is crucial in day-to-day interac-
tions, and our interactions with others depend heavily on
our ability to understand speech in a variety of listening con-
ditions. Speech comprehension becomes increasingly diffi-
cult in a noisy environment and, critically, degrades further
with aging. Compared with younger adults, older adults

have been observed to exhibit greater difficulty in auditory
tasks in the presence of background noise, whether in rela-
tively simple paradigms such as pitch discrimination (1) and
gap detection (2) or in acoustically complex paradigms such
as speech listening in noise (3, 4). Because poor speech com-
prehension in noise is associated with adverse psycho-social
effects (5, 6), depression (7), and dementia (8), identifying
age-related changes in the neural mechanisms that underlie
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speech-in-noise difficulties may be critical for developing
remediations that improve communication and quality of
life among older adults. The present study aimed to investi-
gate the timing and fidelity of cortical auditory processing in
a more ecologically valid naturalistic speech paradigm that
could be incorporated into both diagnostic evaluations and
treatments aimed at speech comprehension problems in
older adults.

Numerous studies have demonstrated important age-
related anatomical and functional changes in auditory corti-
cal pathways that may contribute to listening difficulties. In
studies with human subjects, exaggerated neural activity in
the auditory cortex has been observed in older adults during
speech and speech-in-noise tasks (9–14), even when age-
related hearing loss is mild, potentially reflecting changes in
the central auditory system that could contribute to speech
comprehension difficulties in older adults. Animal studies
have also reported age-related excitatory and inhibitory
imbalance in auditory cortex (15, 16), leading to altered neu-
ral coding.

Age-related changes in auditory, linguistic, and cognitive
processes can all influence speech understanding (for a
review, see Ref. 17). Age-related changes in cognitive func-
tions limit speech understanding among older adults (18), in
addition to other combinations of anatomical, functional,
and cognitive factors (19). Therefore, audiometric measure-
ments of the peripheral auditory system alone may not be
sufficient to evaluate and manage the speech understanding
difficulties reported by older adults.

The human neurophysiology underlying age-related changes
in the timing and fidelity of encoding of connected speech is
not well understood. High-temporal resolution recording meth-
ods such as magnetoencephalography (MEG) and electroence-
phalography (EEG) are well suited to accurately estimate such
neural responses and the effects of aging on them. Much of this
research routinely focuses on auditory evoked responses
that quantify the central auditory functions obtained by
averaging response to many repetitions of simple stimuli.
Such studies often find that the cortical auditory event
potential (CAEP), e.g., the P1-N1-P2 complex, is enhanced
with aging (20–23). Reduced inhibitory neurotransmitters
in the ascending auditory pathway may contribute to
these enhanced neural responses (24). In addition, these
studies have also reported delayed N1 and P2 peaks in
older adults compared with younger adults (for a review,
see Ref. 25). Enhanced and delayed neural responses may
demonstrate at least partial compensation for and restora-
tion of degraded subcortical input at the cortex.

However, simple stimuli (e.g., tones, clicks, and single
speech syllables) do not well replicate real-world listening,
where the ultimate goal is speech comprehension (26).
Computational tools have been developed that can analyze
neural responses to continuous speech, typically in terms of
speech encoding and decoding models. Speech envelope
reconstruction analysis and temporal response function
(TRF) analysis, respectively, measure neural speech process-
ing as linear decoding and encoding methods and can be
used for both attended (foreground) and unattended (back-
ground) speech streams. In contrast, CAEP responses cannot
straightforwardly segregate the neural responses to individ-
ual acoustic components in the stimulus (e.g., latency effects

of selective attention). In this study, we extend the limita-
tions of CAEP studies with a more naturalistic speech para-
digm and by investigating the timing and fidelity of both
attended and unattended speech responses that could
explain cortical processing differences in older adults.

In recent years, both EEG and MEG studies analyzing the
reconstruction accuracy of the speech envelope have
reported an enhanced cortical representation of the attended
speech envelope in older adults. Reconstruction analysis
integrates over a long time window (typically 500 ms), how-
ever, making estimation of the latency time course of age-
related overrepresentation more difficult. Presacco et al. (14)
showed that older adults’ cortical ability to track the speech
envelope is significantly reduced when decreasing the
integration window to 150 ms, indicating that, at least, lon-
ger latencies contribute significantly. In this study, we rep-
licate and extend the temporal analysis window results of
Presacco et al. (14), using a nonlinear mixed-effects model-
ing approach [i.e., generalized additive mixed-effects
models (GAMMs)] to better understand the time course of
speech processing.

Although temporal integration window analysis is robust
because of its integration over sensors and time, detailed
temporal information can be gained directly from a TRF
analysis (27, 28). Prominent peaks in the TRF, the M50TRF,
M100TRF, and M200TRF, can be ascribed to different auditory
processing stages in the cortex with the corresponding laten-
cies (29). In analogy to the P1-N1-P2 CAEP peaks at the corre-
sponding latencies, it has been suggested that the early
M50TRF (P1 like) peak dominantly reflects the low-level
acoustic features such as changes in acoustic power (30, 31),
whereas the M100TRF (N1 like) peak reflects processing of
selectively attended features (31). Similarly, the M50TRF has
been shown to dependmore on the properties of the acoustic
stimulus than the focus of selective attention, whereas the
M100TRF shows the opposite (32, 33). The late M200TRF (P2
like) peak may reflect stimulus familiarity (34) and training
(35); it is quite late for encoding bottom-up acoustic features
but appropriately positioned to reflect a representation of
auditory object formation (31). In this study, we investigate
how amplitudes and latencies of each of these processing
stages are affected by aging and listening condition in a con-
tinuous speech paradigm, to better understand the age-
related temporal processing differences.

In comparison to the neural representations of the
attended speech envelope discussed above, neural repre-
sentations of unattended speech in older listeners are less
well understood (although see Ref. 36). In this study, we
extend the timing and fidelity analysis to unattended
speech to understand how aging affects auditory scene
representation in general, and stream segregation in par-
ticular, in the cortex.

In summary, this study aims to systematically investigate
age-related neurophysiological effects on continuous speech
processing, using both envelope reconstruction and TRF
analysis. The effects of age, selective attention, and compet-
ing speech masking are evaluated concurrently. To mini-
mize the effect of age-related peripheral hearing loss, only
subjects who had hearing thresholds within clinically nor-
mal limits through 4.0 kHz were recruited in the study.
Expanding beyond prior results, we expected to observe
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exaggerated representation of the speech envelope in older
adults irrespective of the competing speech, selective atten-
tion, and processing stage. As older adults show difficulty
understanding speech in noise, we expect that timing and fi-
delity measures will be differently or severely affected from
speech in quiet to speech in noise in older adults compared
with younger adults. Finally, for the late neural processing
stages, we expect that older adults’ neural measures patterns
will grow from those of younger adults (e.g., enhanced top-
down connectivity associated with cognitive compensation
in older adults).

METHODS
All experiments were performed in accordance with the

guidelines and regulations for human subject testing of the
University of Maryland’s Institutional Review Board. All sub-
jects gave written informed consent to participate in the pro-
tocol, and they were compensated for their time.

Subjects

Thirty-four native English speakers participated in the
study: 18 younger adults (7 males; mean age 20 yr, range 18–
26 yr) and 16 older adults (5 males; mean age 70 yr, range 65–
78 yr). Data from two additional subjects (1 older and 1
younger) were not included in the analysis because of data
saturation caused by excessive MEG artifacts. All subjects
had normal hearing (see Fig. 1), defined as pure-tone thresh-
olds � 25 dB hearing level (HL) from 125 to 4,000 Hz in at
least one ear and no more than 10 dB difference between
ears at each frequency. Only subjects with Montreal
Cognitive Assessments (MoCA) scores within normal limits
(�26) and no history of neurological disorder were included.

Stimuli and Experimental Design

The speech segments were extracted from the audio book,
The Legend of Sleepy Hollow, by Washington Irving, narrated
by separate male (https://librivox.org/the-legend-of-sleepy-
hollow-by-washington-irving) and female (https://www.

amazon.com/The-Legend-of-Sleepy-Hollow-audiobook/dp/
B00113CMHE) talkers. Talker pauses > 400 ms were short-
ened to 400 ms, and then recordings were low-pass filtered
<4 kHz with a third-order elliptic filter. One-minute-long
audio stimulus segments (22.05 kHz sampling rate) were
extracted, and root mean square (rms) value of the sound
amplitudes was normalized to have equal perceptual loud-
ness in MATLAB (MathWorks) (32). All stimuli were pre-
sented diotically (identically in each ear).

Four types of stimuli were presented: single talker (“quiet
speech”), two talkers (“competing talkers”) at two different
relative loudness levels [0 dB signal-to-noise ratio (SNR) and
�6 dB SNR], and single talker mixed with three-talker babble
(“babble speech”). For the competing-talker speech trials (a
trial was defined as a 60-s-duration speech passage presenta-
tion), subjects were asked to selectively attend to one talker
while ignoring the other, for which there were two SNR lev-
els, 0 dB and �6 dB. For the babble condition, only the
female talker was used as foreground, with the three-talker
babble mixed in at 0 dB SNR. In the mixed speech and bab-
ble speech conditions, the sound level of the attended talker
was identical to that of the corresponding single-talker con-
dition; only the sound level for the unattended talker or bab-
ble was altered to change the noise condition. The order of
the four competing-talker blocks was counterbalanced
across subjects in the order of attended talker and SNR
(2� 2). The babble speech condition was always presented as
the third block. In the competing-talker and babble speech
conditions, each stimulus was presented three times. At the
end of each of these blocks, the attended and unattended
speech stimuli in that block were presented alone as single-
talker speech without repetition (for the babble speech con-
dition, only the attended female talker speech was pre-
sented); otherwise, no speech segment was ever reused
across blocks.

Sound level was calibrated to �70 dBA sound pressure
level (SPL) with 500-Hz tones and equalized to be approxi-
mately flat from 40 Hz to 4 kHz. The stimuli were deliv-
ered with E-A-RTONE 3A tubes (impedance 50 X), which
strongly attenuate frequencies above 3–4 kHz, and E-A-
RLINK (Etymotic Research, Elk Grove Village, IL) dispos-
able earbuds inserted into the ear canals.

To motivate the subjects to engage in the task, at the
end of each trial a simple story-content question based
on the attended passage was asked. After the first trial of
each condition, subjects were also asked to rate the
intelligibility rating on a scale from 0 to 10 (0 being
completely unintelligible and 10 being completely intel-
ligible). This estimated rating was used as a subjective
measure of intelligibility.

Data Recording

Noninvasive neuromagnetic responses were recorded
with a 157-axial gradiometer whole head MEG system (KIT,
Kanazawa, Japan), inside a dimly lit, magnetically shielded
room (Vacuumschmelze GmbH & Co. KG, Hanau, Germany)
at the Maryland Neuroimaging Center. The data were
sampled at 2 kHz along with an online antialiasing low-pass
filter with cutoff frequency at 500 Hz and a 60-Hz notch fil-
ter. Three separate channels functioned as environmental

Figure 1. Audiogram of the grand average across ears for younger (blue)
and older (red) subjects. Error bars indicate ±1 SD. Both groups have clini-
cally normal hearing, defined as pure-tone thresholds � 25 dB hearing
level (HL) from 125 to 4,000 Hz in at least 1 ear and no more than 10 dB dif-
ference between ears at each frequency.
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reference channels. Subjects lay supine during the entire
experiment and were asked to minimize body movements.
During the task, subjects were asked to keep their eyes open
and fixate on a male/female cartoon face at the center of
screen, corresponding to the attended talker. Pupil size data
were recorded simultaneously with an eye tracker (EyeLink
1000 Plus); those results will be presented separately.

Data Processing

All data analysis was conducted in MATLAB R2020a.
The raw MEG data were first denoised by removal of non-
functioning and saturated channels, then with time-
shifted principal component analysis (TSPCA) (37), using
the three reference channels to project out environmental
magnetic noise not related to the brain activity, and then
with sensor noise suppression (SNS) (38) to project out sen-
sor specific noise. To focus on low-frequency cortical ac-
tivity, the remaining data were band-pass filtered between
1 and 10 Hz with an order 6000 Hamming-windowed finite
impulse response filter (FIR) and compensated for group
delay. A blind source separation method, denoising source
separation (DSS) (39, 40), was next applied to the repeated
trials to extract those subject-specific spatial components
that are reliable over trials, ranked in order of reproducibility.
The first six DSS components were used for the stimulus
reconstruction analysis. Generally, the first component corre-
sponds to the primary auditory component (i.e., with a topog-
raphy consistent with bilateral temporal lobe sources) and so
was selected for all subsequent TRF estimation; for one
older adult, the second component reflected the primary
auditory component and so was selected for TRF estima-
tion in place of the first. As the polarity of a raw DSS
component is arbitrary, which might affect TRF peak
estimation and comparison between subjects, we aligned
the polarity of the primary auditory component across
subjects by flipping both the sign and the topography of
that component for any subject whose topography gave a
negative spatial correlation with a fiducial topography (i.
e., the topography produced by an evoked response to a
pure tone with standard M50/M100 peaks). Finally, data
were downsampled to 250 Hz for TRF analysis and to 100
Hz for the stimulus reconstruction analysis.

The envelope of the audio waveform was processed to
match the processed MEG data. Each attended and unat-
tended single-talker stimulus was downsampled to 2 kHz,
and the logarithmic envelope was extracted as described
in Ref. 41. Then the envelope was filtered with the same
band-pass filter (1–10 Hz) applied to the MEG data (and
group delay compensation) and downsampled to 250 Hz
and 100 Hz for TRF and stimulus reconstruction analysis,
respectively.

Behavioral Tests

Flanker test.
The ability to selectively attend to one talker and ignore (in-
hibit) the other requires executive function. The Flanker
Inhibitory Control and Attention Test of the National
Institutes of Health Toolbox (42) was used as a measure of the
subject’s general behavioral ability to suppress competing
stimuli in a visual scene. Subjects were instructed to identify

the direction of a central arrow while ignoring the direc-
tions of a surrounding set of four arrows (“flankers”) by
pressing a key as quickly and accurately as possible. The
direction of the central arrow could be similar to (congruent)
or different from (incongruent) the surrounding arrows. The
unadjusted scale score was calculated based on the reaction
times (RTs) and the accuracy. Higher flanker scores represent
better performance.

Speech-in-noise test.
A material-specific objective intelligibility test, referred to
as the speech-in-noise (SPIN) task, was done on a separate
day after the MEG recordings. Because of the COVID-19
pandemic, only data from 32 subjects were obtained: 18
younger adults and 14 older adults. The task was run via a
graphical user interface in MATLAB. Subjects listened to
3- to 5-s-duration short sentence segments (with 4–7 key
words) from the same audio book used for the MEG study,
using different segments from those used in the MEG
study (but processed identically). Subjects were asked to
repeat back the speech segment in the case of quiet speech
and the selectively attended speech segment otherwise. At
each noise condition there were six different speech seg-
ments; the first segment was used as a practice trial and
was not included in the accuracy calculation. The accu-
racy per each condition and talker was calculated as the ra-
tio (number of correctly repeated key words)/(total
number of key words per condition and talker). The same
conditions (quiet speech, 0 dB SNR, �6 dB SNR, and bab-
ble speech; attend male and attend female) were used, pre-
sented in the same order as in the MEG study for that
subject.

Quick Speech-in Noise test.
The Quick Speech-in-Noise (QuickSIN) test (43), a standar-
dized measure of a listener’s ability to understand speech in
noise, was also employed. Because of the COVID-19 pan-
demic only data from half of the subjects were obtained; and
therefore these data were not further analyzed.

Data Analysis

Stimulus (envelope) reconstruction.
Reconstruction of the speech envelope (backward/decoding
model) from the neural response is a measure of cortical rep-
resentation of the perceived speech. The low-frequency
envelopes from the attended (foreground; att) and unat-
tended (background; unatt) talkers are denoted by Eatt(t) and
Eunatt(t), respectively. For each subject and each trial, the
attended and unattended speech envelopes were recon-
structed separately (but simultaneously) with a linear
temporal decoder applied to the first six DSS components
[D(d,t)] estimated by the boosting algorithm (33, 44, 45)
as follows:

Eacoustic tð Þ ¼
X6

d¼1

XT

s¼0

h d; sð ÞD d; t þ sð Þ þ ɛðtÞ

where ɛ(t) is the contribution not explained by the model
and h(d,s) is the decoder matrix value for component d at
time lag s. T is the integration window (500 ms unless speci-
fied otherwise). Tenfold cross-validation was used, resulting
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in 10 decoding filters per trial. These 10 decoders were aver-
aged to produce the final decoding filter for each trial. This
filter was then used to reconstruct the speech envelope,
and the decoder accuracy is given by the linear correlation
coefficient between the reconstructed and the true speech
envelope.

Integration window analysis.
Performing reconstruction analysis with a fixed 500-ms inte-
gration window does not provide any access to temporal
processing details within that window. Employing different
time intervals allows incorporation of different information,
and age-related differences in temporal processing should
manifest as different trajectories for how envelope recon-
struction accuracy builds up over time. Thus, the integration
window size was also systematically varied from 10 ms to
610 ms with a step size of 50 ms. Generalized additive mixed
models (GAMMs) were used to analyze the resulting time
(integration window duration) series data.

Temporal response function.
Envelope reconstruction is a robust measure of how well a
neural response tracks the stimulus, but any such backward
model must necessarily integrate over information regarding
neural response time and sensors (46). In contrast, the TRF,
which as a forward model relates how the neural responses
were generated from the stimulus, allows interpretation of
the stimulus-driven brain responses (32, 47), since it instead
integrates over stimulus time, not response time.

TRF analysis, a linear method widely used to analyze the
temporal processing of the auditory signal, predicts how the
brain responds to acoustic features with respect to time.
Additionally, a simultaneous two-talker TRF model uses the
envelopes from both the foreground and background talkers,
denoted by Eatt(t) and Eunatt(t), respectively, with the model
formulated as

r tð Þ¼
X

s

hatt sð ÞEatt t�sð Þþ
X

s

hunatt sð ÞEunatt t�sð Þþ ɛ tð Þ

where r(t) is the cortical response at a particular sensor, s is
the time lag relative to the speech envelope E(t), and ɛ(t) is
the residual cortical response not explained by the linear
model. hatt(s) and hunatt(s) describe the filters that define the
linear neural encoding from speech envelope to the neural
response and are known as the TRFs for the attended and
unattended speech, respectively. The range of s is chosen to
range from 0 to 500ms. The competing TRFs were estimated
simultaneously with the boosting algorithm with 10-fold
cross-validation, tominimize themean square error between
the predicted neural response and the true neural response
(44, 48). For the babble condition, the summed three-talker
babble speech envelope was used as the background. The
final TRF was evaluated as the mean TRF over the 10-fold
cross-validation sets. TRFs were estimated for each condi-
tion and subject on the concatenated data, giving one TRF
per subject and condition (e.g., in the 0 dB case, all 6 such
trials were concatenated before applying the boosting
algorithm).

Larger amplitudes in the TRF indicate that the neural pop-
ulations with the corresponding latencies follow the speech
envelope better when synchronously responding to the

stimulus. The TRF has three prominent peaks, with latencies
at �50 ms (positive peak), �100 ms (negative peak), and 200
ms (positive peak), named the M50TRF, M100TRF, and
M200TRF, respectively. Each peak corresponds to a different
stage in the auditory signal processing chain. Latency and po-
larity of these peaks under different conditions can be com-
pared similarly to the P1, N1, and P2 CAEP peaks. For
example, an age- or task-related increase inM50TRF amplitude
represents a stronger response at that latency under identical
stimulus conditions. For each subject and condition, peak
latencies were extracted within a specific time range; for
M50TRF, M100TRF, and M200TRF the windows were 30–110
ms, 80–200 ms, and 140–300 ms, respectively. These peak
amplitudes and latencies were further analyzed to evalu-
ate the effects of aging, task difficulty, and selective
attention.

Statistical Analysis

All statistical analysis was performed in R version 4.0 (49).
Linear mixed-effect models (LMMs) were used to systemati-
cally evaluate the relationships between the dependent (be-
havioral scores, neural measures) and independent (age,
noise condition, selective attention) variables. For the LMM
analysis, the lme4 (version 1.1-30) (50) and lmerTest (version
3.1-30) (51) packages in R were used. The best-fit model from
the initial full model was found by the buildmer package (ver-
sion 2.4) (52) using the default settings, where the buildmer
function first determines the order of parameters based on
the likelihood-ratio test (LRT) and then uses a backward elim-
ination stepwise procedure to identify the model of best fit for
random and fixed effects. The assumptions of mixed-effect
modeling, linearity, homogeneity of variance, and normality
of residuals, were checked per each best-fit model based on
the residual plots. Reported b values represent changes in the
dependent measure when comparing one level of an inde-
pendent variable versus its reference level. P values were cal-
culated with the Satterthwaite approximation for degrees of
freedom (53, 54). To interpret significant fixed-effect interac-
tion terms, variables were releveled to obtainmodel estimates
for individual factor levels (indicated by “with [new reference
level] reference level”). The summary tables for each model
used in RESULTS are reported in the Supplemental Materials
(available at https://doi.org/10.13016/4goq-vs0z).

The subjective intelligibility ratings and objective intelligi-
bility scores (SPIN scores) were analyzed separately, each
using a LMM with age as a between-subject factor (categori-
cal variable; 2 levels: younger [reference level], older) and
noise condition as a within-subject factor (categorical vari-
able; 4 levels: quiet [reference level], 0 dB, �6 dB, and babble).
To account for repeated measures, we used subject as a clus-
tering variable so that the intercept and effects of noise condi-
tion could vary across subjects (random intercept for subject
and random slopes for noise condition by subject respec-
tively). The full model for each dependent variable was
defined as intelligibility� age� noise condition þ (noise con-
ditionjsubject). To evaluate the relationship between the two
measures, data were analyzed with a separate LMMwith SPIN
score as the dependent variable, intelligibility rating as the in-
dependent variable, and subject as a random intercept: SPIN
score� intelligibility rating þ (1jsubject).
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LMMs were used to systematically evaluate the relation-
ships among the computed neural features (reconstruction
accuracy; M50TRF, M100TRF, M200TRF for both amplitude and
latency) and age, noise condition, and selective attention (cat-
egorical variable; 2 levels: attended [reference level], unat-
tended). Two models were generated for each neural feature
1) to examine the effects of aging and noise condition on the
neural features measured for the attended talker and 2) to
examine the effects of aging, noise condition, and attention
on the neural features measured for the attended talker and
the unattended talker. Only data from two competing-talker
noise conditions were used for the latter model. The full mod-
els for 1 and 2 were defined as neural feature � age � noise
condition þ (1 þ noise conditionjsubject) and neural fea-
ture � age � noise condition � attention þ (1 þ noise con-
dition � attentionjsubject), respectively.

To model nonlinear changes in the integration window
analysis, generalized additive mixed models (GAMMs) (55) in
R [packages mgcv (version 1.8-40), itsadug (version 2.4.1)]
were used to analyze the reconstruction accuracies over inte-
gration window. Compared with generalized linear mixed-
effect models, GAMMs have several advantages for modeling
time series data, especially in electrophysiology (56, 57) and
pupillometry (58). In particular, they 1) can model both linear
and nonlinear patterns in the data using parametric and
smooth terms and 2) can, critically, include various types of
autoregressive (AR) correlation structures that deal with auto-
correlational structure in the errors. Compared with conven-
tional nonlinear mixed-effect modeling, where nonlinear
trends are fitted by polynomials of the predictor, GAMMs fit
with p-spline based “smooth terms” with a specified number
of basis functions (knots) that specify how “wiggly” the model
can be. For each fixed-effect term (age, noise condition, and
attention) and corresponding smooth term,model testing was
compared between a test model and baseline model with v2

(compareML in the itsadug package) to determine the signifi-
cance of predictors (58, 59). The parametric term indicates the
overall difference in height between two curves, whereas
smooth terms indicate the difference in shape (i.e., “wiggli-
ness”) between two curves. The models included random
smooths for each subject to capture the individual trends in
reconstruction accuracies over integration window. For the
time series reconstruction accuracies here, since the current
time point was observed to be correlated with the next time
point, we employed an autoregression model 1 (AR1) struc-
ture. The assumptions of mixed-effect modeling and model
diagnostics (oversmooth or undersmooth) were performed by
residual plots and the gam.check() function.

Code and Data Availability

Preprocessed MEG data, stimulus material, behavioral
data, and analysis codes are available at https://doi.org/
10.13016/4goq-vs0z.

RESULTS

Behavioral Data

Flanker test.
The effect of age on the flanker scores was analyzed with a
two-sample t test. Results showed significantly better scores

in younger adults than in older adults (t32 = 6.0956, P <
0.001), suggesting that older adults’ performance in inhibi-
tion taskmay decline with aging.

SPIN test.
The effects of age and noise condition on the objective intel-
ligibility measures (SPIN scores) were analyzed with LMM.
Figure 2A plots the SPIN scores for both groups at all noise
conditions. The best-fit model included main effects of noise
condition on speech SPIN scores and random intercept by
subject (Supplemental Table S1). There was no effect of age
on the SPIN scores. SPIN scores significantly dropped from
quiet speech to every other condition (Quiet to 0 dB to�6 dB
to Babble), with the highest drop from 0 dB to �6 dB [with
Quiet reference level: noise condition(0 dB): b = �12.88, SE =
1.57, P < 0.001; with 0 dB reference level: noise condition(�6
dB): b = �40.95, SE = 1.57, P < 0.001; with �6 dB reference
level: noise condition(Babble): b = �13.52, SE = 1.92, P <
0.001]. The lack of significant age effects is addressed in
DISCUSSION.

Intelligibility ratings.
Parallel LMM analysis of the subjective intelligibility ratings
(Fig. 2B) revealed fixed effects of both age and noise condi-
tion along with random slopes for noise condition by subject
(Supplemental Table S2). Older adults rated the intelligibility
slightly higher compared with younger adults (b = 0.76, SE =
0.36, t = 2.11, P = 0.04). As in the case of SPIN scores, intelligi-
bility ratings dropped significantly from quiet speech to 0 dB
SNR to �6 dB to Babble noise condition in both groups [with
Quiet reference level: noise condition(0 dB): b = �2.6, SE =
0.27, P < 0.001; with 0 dB reference level: noise condition
(�6 dB): b = �1.51, SE = 0.27, P < 0.001; with�6 dB reference
level: noise condition(Babble): b =�0.53, SE = 0.34, P = 0.13].

To examine the consistency of the two measures, a sepa-
rate LMM model was constructed to predict SPIN scores
from intelligibility ratings. The best-fit model revealed that
the subjective intelligibility ratings were positively related to
the objective intelligibility scores (b = 8.2, SE = 0.58, P <
0.001) and revealed no effects of age.

Stimulus (Envelope) Reconstruction Analysis

As a simpler precursor to the full TRF analysis, we
employed reconstruction analysis to investigate how the
cortical representation of the speech envelope is affected by
aging at a coarser level. First, we investigated the effects of
age and noise condition on the attended talker envelope
tracking. As summarized in Supplemental Table S3, the best-
fit model revealed main effects of age and noise condition
and age � noise condition interactions with random inter-
cepts by subject. For both groups and for all noise condi-
tions, the reconstruction accuracies fitted by the model for
the attended talker are shown in Fig. 3A. The main effects of
age revealed that aging is associated with higher reconstruc-
tion accuracies (b = 0.04, SE = 0.01, P < 0.001) in all noise
conditions.

The significant interaction age � noise condition term
revealed that aging adversely affects speech reconstruction
from quiet to noisy speech [age(Older)�noise condition(0
dB): b = �0.018, SE = 0.01, P = 0.01; age(Older)� noise condi-
tion(�6 dB): b = �0.015, SE = 0.01, P = 0.03; age(Older) �
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noise condition(Babble): b = �0.023, SE = 0.01, P = 0.01].
However, this effect was not significant from noisy speech to
babble speech [with 0 dB reference level: age(Older) � noise
condition(Babble): b = �0.005, SE = 0.01, P = 0.58]. As can be
seen from Fig. 3A, the main effect of noise condition
revealed that the attended talker envelope reconstruction
accuracies significantly reduce from quiet to noisy condi-
tions in both groups [noise condition(0 dB): b = �0.02, SE =
0.004, P < 0.001; noise condition(�6 dB): b = �0.02,
SE = 0.004, P < 0.001; noise condition(Babble): b = �0.05,
SE = 0.005, P < 0.001]. No significant difference was
observed between the 0 dB and �6 dB noise conditions
[with 0 dB reference level: noise condition(�6 dB): b =
0.003, SE = 0.004, P = 0.39]. However, reconstruction
accuracies significantly dropped from noisy speech to bab-
ble speech [with 0 dB reference level: noise condition
(Babble): b = �0.03, SE = 0.005, P < 0.001; with �6 dB ref-
erence level: noise condition(Babble): b = �0.03, SE =
0.005, P < 0.001].

Second, to investigate the combined effects of selective
attention, age, and noise condition, a separate analysis was
performed on only the competing-talker speech data (0 dB
and �6 dB) by including both attended and unattended
speech envelope reconstruction accuracies. As shown in

Fig. 3B, LMM analysis revealed main effects of age and selec-
tive attention on reconstruction accuracy, with both random
intercepts and random slopes for selective attention, by sub-
ject (Supplemental Table S4). Results revealed that the corti-
cal representation of the speech envelope as measured by
reconstruction accuracy is enlarged/overrepresented in
older adults for both attended and unattended talkers (b =
0.03, SE = 0.01, P < 0.001). Furthermore, in both groups the
attended talker was better represented than the unattended
talker (b = �0.03, SE = 0.004, P < 0.001). For attended talker
versus unattended talker, or for either of the age groups, no
significant difference was observed between the 0 dB and�6
dB noise conditions.

Integration Window Analysis

Integration window analysis was done with GAMMs
including both quiet and two-talker mixed speech for both
attended and unattended speech envelope reconstruction
accuracies. The initial model included a smooth term over
the integration window, characterizing the nonlinearity of
these functions. Model comparisons determined that sepa-
rate smooths for age � noise condition � attention signifi-
cantly improve the model fit [v2(23) = 212.1, P < 0.001).
Moreover, adding the fixed effect term, characterizing the

Figure 2. Model-predicted behavioral test
results for speech-in-noise (SPIN) scores
(0–100%) (A) and intelligibility ratings (0–
10) (B). Both scores drop significantly with
the noise condition. A significant effect of
age was seen only for the intelligibility rat-
ing, whereas no age effect was found on
the SPIN scores.

Figure 3.Model-predicted values for reconstruction accuracy for the attended speech for both younger and older adults and for all noise conditions (A)
and the attended vs. unattended speech envelope reconstruction accuracies for competing talker conditions (B) (there is no separation by noise condi-
tion since no significant dependence on noise condition was found). Both attended and unattended speech envelope reconstructions illustrate that the
speech reconstruction was significantly higher in older adults. When a single or multiple competing talkers are added, attended talker reconstruction
accuracies significantly decrease in both groups. In both groups attended talker envelope reconstruction was higher compared with unattended.
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height of these functions, age � noise condition � attention,
and random smooth per subjects, also improved the model
fit [v2(32) = 1,531.39, P < 0.001 and v2(34) = 1,886.42, P <
0.001, respectively]. Finally, as the residual plots showed a
high autocorrelation in the residual analysis, an autore-
gression (AR1) model was included. The statistical infor-
mation on this model (parametric terms and smooth
terms) is summarized in Supplemental Table S10. Figure
4A shows the resulting smooth plots for the two groups.
The results show that envelope reconstruction accuracy
initially rapidly increases as the time window duration
increases and then stabilizes to a slower rate as longer
latencies are included.

To investigate how the integration window affects selec-
tive attention effects, the difference between attended and
unattended talker responses were analyzed. Figure 4B shows
the dynamical differences between attended and unat-
tended talker reconstruction accuracy curves for both
younger and older adults and for the 0 dB noise condition.
The color-coded horizontal lines at the bottom of the
graph indicate where the differences are significant. In
both age groups, attended talker reconstruction accuracies
were significantly higher compared with unattended talker
after the middle processing stage (�150 ms). Interestingly, in
older adults, for the �6 dB noise condition the unattended
talker representation is enhanced compared with the
attended talker during the early processing stages (�50 ms).
Difference analysis emphasizing age group differences
revealed that older adults’ overrepresentation of the speech
envelope starts as early as �85 ms for the attended (Fig. 4C)
and 55 ms for the unattended talker when averaged across
noise conditions. As can be seen from Fig. 4C, the difference
monotonically increases until �300 ms and then levels off,
suggesting that older adults’ rate of increase in reconstruc-
tion accuracy with integration window is higher compared
with younger adults until later processing stages.

Temporal Response Function Analysis

Unlike stimulus reconstruction analysis, which integrates
over latencies, TRF analysis allows direct analysis of neural
processing associated with any latency. For each TRF com-
ponent (M50TRF, M100TRF, and M200TRF) we separately ana-
lyzed individuals’ peak amplitude and latency, comparing
between the two age groups and for both attended and unat-
tended talker and noise conditions. Figure 5A visualizes how
the TRF peak amplitudes and latencies varied for the
attended talker across two age groups and noise conditions.
Figure 6A visualizes how the TRF peak amplitudes and
latencies varied between attended and unattended talker.

TRF peak amplitudes.
LMMs were fitted to the M50TRF, M100TRF, and M200TRF

amplitudes separately to analyze the effect of age and noise
condition on the attended talker TRF peak amplitudes for
each neural processing stage. The best-fit model indicated
main effects of age and noise condition, and an age � noise
condition interaction along with random intercept by sub-
ject for all three peaks M50TRF, M100TRF, and M200TRF

(Supplemental Table S5).
TRF peak amplitudes for the M50TRF, M100TRF, and

M200TRF are plotted in Fig. 5,A and B. Overall, in the compar-
ison between younger and older, older adults showed exag-
gerated peak amplitudes in all three processing stages
[M50TRF: age(Older): b =�0.01, SE = 0.004, P = 0.03; M100TRF:
age(Older): b = �0.02, SE = 0.005, P = 0.008; and M200TRF:
age(Older): b = �0.018, SE = 0.003, P = 0.001). For both the
M50TRF and M200TRF, peak amplitudes were stronger in all
noise conditions, and that was significant only for the quiet
speech condition [M50TRF: age(Older): b = 0.02, SE = 0.005,
P < 0.001; M200TRF: age(Older): b = 0.03, SE = 0.01, P <
0.001]. In contradistinction, except for the quiet speech, the
M100TRF was stronger in all the noisy conditions [age(Older):

Figure 4. Integration window analysis using generalized additive mixed models (GAMMs). A: changing reconstruction accuracy with integration window
(only a subset of curves is shown, for visual clarity). B: reconstruction accuracy difference between attended and unattended talker for�6 dB noise con-
dition. C: reconstruction accuracy difference between older and younger for attended talker. The color-coded horizontal lines above the horizontal axis
in B and Cmark where the difference is statistically significant. The shaded area represents the 95% confidence interval (CI). In both groups reconstruc-
tion accuracy initially increases rapidly with increasing integration window, slowing down after�300 ms. The attended talker is better represented than
the unattended after�170 ms. The overrepresentation of the attended talker envelope starts at early processing stages (<100 ms).
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Figure 5.Model-predicted attended talker temporal response function (TRF) peak amplitudes and latencies. A: TRFs showing overall amplitudes and la-
tency for both groups and all noise conditions (for visualization simplicity, all peaks are represented with the same Gaussian shape, SD 7 ms, centered at
the group mean peak latency, and with amplitude given by the group mean peak amplitude). M50TRF, M100TRF, M200TRF, peaks with latencies of �50,
�100, and �200 ms, respectively. B: the TRF amplitudes (±SE) as a function of noise condition (for the M100TRF, as a negative polarity peak, the
unsigned magnitude is shown). Generally, older adults (red) exhibit stronger TRF peak amplitudes compared with younger adults (blue). When a compet-
ing talker is added to the stimulus, the attended M50TRF amplitudes decrease in both groups. From the quiet to competing speech conditions, M100TRF

increases and M200TRF decreases but only in older adults. C: the TRF latencies (±SE) as a function of noise condition. Compared with younger adults, in
older adults the M50TRF is earlier and the M200TRF is later. With task difficulty, peaks are typically delayed in both groups, with some exceptions in the
babble condition. A.U., arbitrary units. �P< 0.05, ��P< 0.01, ���P< 0.001.
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b= 0.01, SE = 0.01, P = 0.036; with 0 dB reference level: age
(Older): b = 0.02, SE = 0.01, P = 0.001; with �6 dB reference
level: age(Older): b = 0.02, SE = 0.01, P = 0.002; with Babble
reference level: age(Older): b = 0.02, SE = 0.01, P = 0.008].

The effects of noise condition revealed that the M50TRF

response decreases from quiet to every other noise condition
in both groups [noise condition(0 dB): b = �0.01, SE = 0.003,
P = 0.01; noise condition(�6 dB): b = �0.01, SE = 0.003, P =

Figure 6.Model-predicted values for attended vs. unattended talker temporal response function (TRF) peak amplitude and latency. A: TRF peak amplitudes
and latency for both groups and two-talker speech conditions for both attended and unattended talker (solid line, attended; dashed line, unattended). For
visualization simplification, peaks are represented with a common Gaussian shape as in Fig. 5. B: TRF amplitudes (±SE) as a function of noise condition (for
the M100TRF, as a negative polarity peak, the unsigned magnitude is shown). M50TRF, M100TRF, M200TRF, peaks with latencies of �50, �100, and �200
ms, respectively. Generally, older adults exhibit stronger TRF amplitudes for both attended and unattended peaks. Attended M50TRF is significantly smaller
compared with unattended amplitudes. In contrast, attended M100TRF and M200TRF are enhanced compared with unattended peak amplitude. Note that
the model analysis for the M50TRF and M100TRF amplitude did not find significant differences between noise conditions, so the model mean and SE do not
change there. C: TRF latencies (±SE) as a function of noise condition. The attended M200TRF peak is significantly delayed compared with the unattended
M200TRF peak, and this difference is bigger in older adults. A.U., arbitrary units. �P< 0.05, ��P< 0.01, ���P< 0.001.
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0.04; noise condition(Babble): b = �0.02, SE = 0.003, P <
0.001; with Older reference level: noise condition(0 dB): b =
�0.01, SE = 0.003, P< 0.001; noise condition(�6 dB): b =�0.2,
SE = 0.003, P< 0.001; noise condition(Babble): b =�0.03, SE =
0.003, P < 0.001]. A significant age � noise condition interac-
tion indicated that aging contributes more to the M50TRF

reduction as a function of noise condition [age(Older) � noise
condition(0 dB): b =�0.01, SE = 0.004, P = 0.03]. In contrast to
the M50TRF, the M100TRF and M200TRF did not significantly
vary across the quiet and two-talker noisy conditions in
younger adults. However, in older adults, from quiet to two-
talker noise conditions the M100TRF significantly increased
[with Older reference level: noise condition(0 dB): b = 0.01,
SE = 0.003, P < 0.001], whereas the M200TRF decreased [with
Older reference level: noise condition(0 dB): b = �0.02, SE =
0.003, P < 0.001]. Interestingly, in both groups the M100TRF

peak amplitudes significantly dropped from �6 dB to the bab-
ble condition [with �6 dB reference level: noise condition
(Babble): b =�0.01, SE = 0.003, P = 0.02; with Older,�6 dB ref-
erence level: noise condition(Babble): b = �0.01, SE = 0.003,
P = 0.003].

To investigate the combined effects of aging, selective atten-
tion, and noise condition on the TRF amplitude responses,
separate LMM models were constructed (Supplemental Table
S6). Figure 6B displays the TRF amplitude variation for the
attended and unattended talker, for both age groups and for
competing-talker conditions (0 dB and �6 dB). LMM applied
to the M50TRF showed a main effect of attention, revealing
that the unattended M50TRF amplitude is bigger compared
with the attendedM50TRF amplitude in both groups [attention
(Unattended): b = 0.01, SE = 0.001, P < 0.001]. In contrast, the
M100TRF peak amplitudes showed main effects of age and
attention, and an age� attention interaction effect. Compared
with younger adults, both the attended and unattended
M100TRF peak amplitudes were exaggerated in older adults;
however, this effect was statistically significant only for the
attended talker peak amplitudes [age(Older): b = 0.02, SE =
0.01, P < 0.001; with Unattended reference level: attention
(Unattended): age(Older): b = 0.01, SE = 0.01, P = 0.19]. In both
age groups unattended peak amplitudes were reduced com-
pared with attended peak amplitudes [attention(Unattended):
b = �0.01, SE = 0.003, P < 0.001; with Older reference level:
attention(Unattended): b = �0.02, SE = 0.003, P < 0.001], and
the interaction effect revealed that this reduction in peak
heights is amplified by aging (b = �0.01, SE = 0.004, P <
0.001). Interestingly, the M200TRF showed main effects of age
and attention, and an attention � noise condition interaction.
M200TRF amplitudes in both attended and unattended TRFs
were stronger in older adults [age(Older): b = 0.01, SE = 0.001,
P < 0.001]. The selective attention effect revealed that in both
groups the attended talker M200TRF peak amplitude is stron-
ger compared with the unattended [attention(Unattended):
b =�0.01, SE = 0.002, P< 0.001].

TRF peak latencies.
Similar to TRF peak amplitude analysis, TRF peak latency
analysis was performed on the attended talker TRFs as the
first step. The best-fit model revealed effects of age, noise
condition, and age � noise condition along with random
intercepts by subject for M50TRF, M100TRF, and M200TRF

(Supplemental Table S7). Model-predicted latencies are

plotted in Fig. 5C. Averaged latencies over noise conditions
revealed that compared with younger adults the older adults’
early peak, M50TRF, is significantly earlier [age(Older): b =
8.4, SE = 3.1, P = 0.01] and that there is no significant latency
difference for the middle peak, M100TRF [age(Older): b =
2.46, SE = 4.15, P = 0.55] whereas the late peak M200TRF is
significantly delayed [age(Older): b = �17.2, SE = 6.37, P =
0.01]. These results suggest that the three distinct processing
stages are each differently affected by aging.

All three peaks were significantly delayed for the noisy
conditions, relative to quiet, for both younger [M50TRF: noise
condition(0 dB): b = 18.48, SE = 3.02, P < 0.001; M100TRF:
noise condition(0 dB): b = 14.59, SE = 2.75, P < 0.001;
M200TRF: noise condition(0 dB): b = 21.80, SE = 4.64, P <
0.001] and older [with Older reference level: M50TRF: noise
condition(0 dB): b = 10.83, SE = 3.09, P < 0.001; M100TRF:
noise condition(0 dB): b = 22.13, SE = 2.92, P < 0.001;
M200TRF: noise condition(0 dB): b = 38.80, SE = 4.86, P <
0.001] adults, highlighting that the peak responses are
delayed with the stimulus noise condition. With respect to
quiet, babble speech latencies in all three processing were
delayed in both younger [noise condition(Babble): M50TRF:
b = 25.62, SE = 3.12, P < 0.001; M100TRF: b = 16.99, SE = 2.71,
P< 0.001; M200TRF: b = 30.89, SE = 5.17, P< 0.001] and older
adults [with Older reference level: noise condition(Babble):
M50TRF: b = 9.24, SE = 3.23, P = 0.006; M100TRF: b = 25.63,
SE = 2.87, P < 0.001; M200TRF: b = 24.59, SE = 4.98, P <
0.001] adults. The age � noise condition interaction mani-
fests as aging contributing more to the peak delay from quiet
to 0 dB for both M100TRF [age(Older) � noise condition
(0 dB): b = 8.05, SE = 3.98, P = 0.04] and M200TRF [age(Older)
� noise condition(0 dB): b = 17.08, SE = 6.68, P = 0.01].

The effect of selective attention on TRF peak latencies was
analyzed with LMMs (Supplemental Table S8), and results
are displayed in Fig. 6C. Comparing mean latencies across
noise conditions revealed that compared with younger
adults unattended peaks are earlier in older adults for both
the M50TRF and M100TRF [with Unattended reference level:
age(Older): M50TRF: b = �12.96, SE = 3.96, P < 0.001;
M100TRF: b = �13.98, SE = 4.23, P = 0.003]. This effect was,
however, not significant for the M200TRF [with Unattended
reference level: age(Older): b = �0.70, SE = 8.65, P = 0.94].
Differences due to selective attention on the neural response
latencies were analyzed with the same LMM models. Results
indicated that there is no significant latency difference
between attended and unattended peaks for the early peak
M50TRF in both groups [attention(Unattended): b = 0.50,
SE = 3.11, P = 0.87; with Older reference level: attention
(Unattended): b = 2.88, SE =2.83, P = 0.32], whereas for the
middle peak M100TRF the attended peak was earlier com-
pared with unattended only in younger adults [attention
(Unattended): b = 8.03, SE = 3.21, P = 0.01]. For the late peak
M200TRF, both age groups showed a delayed attended peak
compared with the unattended peak [attention(Unattended):
b = �12.02, SE = 6.28, P = 0.05], and this effect was stronger
in older adults [age(Older)�attention(Unattended): b =
�28.54, SE = 8.26, P = 0.001].

Amplitude vs. latency analysis.
Potential associations between TRF peak amplitudes and
latencies for the attended talker were analyzed for M50TRF,
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M100TRF, and M200TRF separately. The analysis was con-
ducted on 0 dB and �6 dB noise conditions (quiet and babble
conditions were excluded, as they represent two extreme
acoustic environments resulting in heavily restricted dynamic
range in both amplitude and latency). Peak amplitudes were
predicted by age and peak latencies. As can be seen from
Fig. 7, older adults’M200TRF peak amplitudes exhibited a sig-
nificant negative relationship with latency [with Older refer-
ence level: latency: 0 dB condition: b = �0.0001, SE = 0.0001,
P = 0.02;�6 dB condition: b =�0.0002, SE = 0.0001, P = 0.01],
i.e., delayed peaks showed smaller peak amplitudes, but this
was not seen for the earlier peaks. Conversely, in younger
adults peak amplitudes were not related to the latencies (la-
tency: 0 dB condition: b = 0.0002, SE = 0.0001, P = 0.1; �6 dB
condition: b = 0.0003, SE = 0.0001, P = 0.1) (Supplemental
Table S9).

Relationships among Neural Features and Behavioral
Responses

LMMs were used to evaluate the relationship between
the neural measures (reconstruction accuracies, TRF peak

amplitudes and latencies) and the behavioral measures. First,
we analyzed how attended talker neural features are affected
by speech intelligibility score and age but without specific
regard to stimulus noise condition (noise condition and be-
havioral intelligibility measures are too correlated to include
both measures; see Fig. 2A). Results revealed that the recon-
struction accuracy increases with better speech intelligibility
in both groups (SPIN score: b = 0.0005, SE = 0.001, P< 0.001)
(Fig. 8A). Similarly, TRF peak amplitude analysis revealed
that stronger M50TRF amplitudes are associated with better
speech intelligibility score (SPIN score: b = 0.0002, SE =
0.001, P < 0.001) (Fig. 8B), and this effect was stronger in
older adults [age(Older) � SPIN score: b = 0.0002, SE = 0.001,
P = 0.01]. However, no significant trends were found for
M100TRF amplitude. Interestingly, for the late peak M200TRF

older adults showed smaller peak amplitudes with poorer
speech intelligibility score (with Older reference level: SPIN
score: b = 0.0003, SE = 0.001, P < 0.001), whereas no signifi-
cant trend was found for younger adults (SPIN score: b =
0.0001, SE = 0.001, P = 0.022) (Fig. 8C). Analysis of peak
latencies revealed that, in both groups, peak latencies at all
three stages are negatively related to the speech intelligibility
score (SPIN score: M50TRF: b = �0.17, SE = 0.04, P < 0.001;
M100TRF: b =�0.22, SE = 0.03, P< 0.001; M200TRF: b =�0.32,
SE = 0.06, P < 0.001). Additionally, similar trends were
observed when subjective intelligibility rating was used
instead of the SPIN scores.

However, when noise conditionwas added into themodel,
for any one noise condition no consistent trends were found
between behavioral scores and neural measures.

DISCUSSION
This study examined the effects of aging on neural meas-

ures of cortical continuous speech processing under diffi-
cult listening conditions. These neural measures include
envelope reconstruction, integration window analysis, and
TRF analysis. The results were aligned with previous find-
ings that aging is associated with exaggerated cortical rep-
resentations of speech (10, 14) and further investigated the

Figure 7. Temporal response function peak with latency of �200 ms
(M200TRF) peak amplitude vs. latency for 0 dB and �6 dB conditions. Older
adults’ amplitudes were significantly negatively associated with their laten-
cies; younger adults showed no significant association. A.U., arbitrary units.

Figure 8. Neural measure vs. speech-in-noise (SPIN) scores including all noise conditions. A: reconstruction accuracy vs. SPIN score. B: temporal
response function (TRF) peak with latency of �50 ms (M50TRF) peak amplitude vs. SPIN score. Better reconstruction accuracies or M50TRF peak ampli-
tudes were related to better speech intelligibility scores in both groups. C: TRF peak with latency of�200 ms (M200TRF) peak amplitude vs. SPIN score.
Only in older adults was a stronger M200TRF peak amplitude associated with better speech intelligibility score.

AGING AND CORTICAL REPRESENTATIONS OF CONTINUOUS SPEECH

1370 J Neurophysiol _ doi:10.1152/jn.00356.2022 _ www.jn.org

http://www.jn.org


cortical processing stages associated with this exaggeration.
Using the integration window analysis and TRF peaks, we
have now shown that all major cortical processing stages,
early, middle, and late processing, contributed to exagger-
ated neural responses. As previously shown, the addition of
a competing talker diminishes the cortical representation
of the attended speech signal, and here we have now also
shown that aging enhances this reduction. In particular,
TRF peak analysis has now revealed that it was only the
middle and late processing contributions to the cortical
representation that differ in amplitude between attended
and unattended speech and that difference was affected by
age and the interfering speech in a complex manner.
Additionally, TRF peak latency analysis has now shown
that all processing stages were delayed with interfering
speech, which was further affected by aging. Details of
these novel findings are addressed below.

Aging Is Associated with Exaggerated Speech Envelope
Representation/Encoding

Perhaps counterintuitively, the reconstruction analysis
demonstrated that compared with younger adults older
adults exhibit exaggerated speech envelope representation
irrespective of the noise condition. This replicates previ-
ous results by Presacco et al. (60) showing that older adults
have a more robust (overly large) representation of the
attended speech envelope in the cortex and is consistent
with studies showing enhanced envelope tracking with
advancing age, both for discrete stimuli (23, 61, 62) and
continuous speech stimuli (13, 63). Whereas both Presacco
et al. (60) and Decruy et al. (63) analyzed the attended
speech envelope reconstruction, the present study extends
the analysis to the unattended speech envelope recon-
struction. Incorporating both attended and unattended
talker representations allows investigation of the two
speech streams as distinct auditory objects (64), separable
via neural implementations of auditory scene analysis (65,
66). Here we have demonstrated that even the unattended
speech envelope is exaggerated in the cortex of older
adults and cortical exaggeration is not limited only to the
attended speech. Moreover, the dynamical difference
comparisons between age groups show that age-related
exaggeration begins at latencies as early as 50–100 ms and
continues as late as 350 ms. This suggests that neural
mechanisms underlying the exaggerated representation
are active even in the earliest cortical stages and some per-
sist throughout the late processing stages.

The exaggerated envelope representation in older adults
manifests as exaggerated TRF peak amplitudes at all three
processing stages, M50TRF, M100TRF, and M200TRF, and for
both attended and unattended speech. The enhanced
M50TRF in older adults also agrees with the integration
window results above, that the exaggerated representation
starts even at early cortical processing stages. Larger early
cortical peaks (�50-ms latency) in older adults have been
reported with both EEG (22, 67) and MEG (9, 36) for speech
both in quiet and in noisy conditions. Alain et al. (68) sug-
gested that this increased neural activity may be caused by
excitatory/inhibitory imbalance, which is further in agree-
ment with animal studies (22) and is consistent with other

studies (9). Larger cortical peaks at �100-ms latency (e.g., the
M100TRF) in older adults have been reported with both EEG
(22) andMEG (36), and the exaggeration is bigger for attended
speech compared with unattended. The exaggerated response
at this middle processing stage has been associated with
increased task-related effort (69). However, previous studies
have reported that the M100 is enhanced in older adults for
both active and passive listening paradigms and also for sim-
ple stimuli (21, 70–72). This suggests that not just cognition
per se but also other age-related functional changes may con-
tribute to this enhancement, as elaborated in Possible
Mechanisms Underlying Exaggerated Speech Representation.
For longer latency cortical peaks (�200-ms latency, e.g., the
M200TRF), previous studies have reported an enhanced late
peak in both EEG (73, 74) and MEG (36) when the stimulus
was continuous speech. No age-related enhancement was
seen for this stage, however, for a gap-in-noise detection task
(29, 75). This may indicate that the late processing stage
entails an additional stage of processing during speech com-
prehension that is not activated during simpler tasks such as
tone processing.

Possible Mechanisms Underlying Exaggerated Speech
Representation

Several potential mechanisms have been put forward to
explain such exaggerated neural responses in older adults;
not all of them necessarily apply for each of the three (early,
middle, and late) processing stages, for both attended and
unattended talkers. One well-supported explanation is an
imbalance between excitatory and inhibitory currents,
where a reduction in inhibition would result in greater neu-
ral currents and their electromagnetic fields but, because of
the importance of inhibition for neuronal tuning, likely
worse sensitivity, both temporally and spectrally (76).
Gamma-aminobutyric acid (GABA)-mediated inhibition
plays a major role in maintaining synchrony and spectral
sensitivity in auditory circuits. Both animal (15, 16, 77–81)
and human (82–85) studies have reported a reduction in
age-related inhibitory circuits and function. This mecha-
nism could apply to any of the three main processing stages
and for both attended and unattended talkers. Another pos-
sible contributor to the age-related amplitude increase is
additional auditory processing due to age-related reduction
in cortical connectivity: Peelle et al. (86) found reduced co-
herence among cortical regions necessary to support
speech comprehension, thus requiring multiple cortical
regions to redundantly neurally process the same stimulus
information, which would also result in increased extracra-
nial neural responses. This top-down effect might be espe-
cially important for the middle and later processing stages.
Finally, additional processing of the attended speech might
arise from explicitly top-down compensatory mechanisms,
where additional cortical regions would be recruited to sup-
port the early processing deficits (87–89). Imaging studies
have shown that older adults, even in the absence of ele-
vated hearing thresholds, engage more extensive and dif-
fuse regions of frontal cortex at relatively lower task loads
than younger adults (for a review, see Ref. 17). Linking age-
related changes in neural activity to listening performance
is critical for understanding the extent to which observed
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upregulation of activity is evidence of a compensatory pro-
cess (generally predictive of better listening performance)
or of an inability to inhibit irrelevant cortical processing
(i.e., dedifferentiation, predictive of poor performance; for
a review, see Ref. 90)

Selective Attentional Modulation of Speech
Representation/Encoding and Aging

In line with the results for younger adults (32, 74, 91, 92),
we have found that in older adults the attended speech enve-
lope is better represented than the unattended. Surprisingly,
irrespective of exaggerated envelope representation in the
cortex, we have shown that both groups showed similar
effects of selective attention on the envelope representation,
as no age� selective attention interaction effect was found.

Both integration window analysis and TRF analysis con-
trasting attended versus unattended speech have here
revealed that unattended speech is represented to a similar
degree as attended (or even more strongly in the case of �6
dB SNR, when it is acoustically louder) at the early process-
ing stage. However, by themiddle and late processing stages,
attended speech is better represented than unattended in
both groups. Therefore, the early processing stages better
reflect the full acoustic sound scene than the selective-atten-
tion-driven percept, whereas the middle and later stages
more closely follow the percept (although see Ref. 93). Older
adults exhibit an enhanced attended-unattended M100TRF

amplitude difference compared with younger adults (in
addition to showing enhancement in both separately), which
may reflect task-related increased attention or cognitive
effort that further supports the selective attention.

Representations of Quiet and Noisy Speech Are
Differentially Affected by Age

Our analysis also investigated how competing speakers
affect the cortical speech representation. We found that, irre-
spective of age, masking by other speakers adversely affects
the cortical representation of the attended speech envelope.
This is also in line with previous studies that report that en-
velope tracking is adversely affected by the SNR (14, 33, 60,
91). Our results additionally show that older adults’ envelope
representation is more strongly affected, still negatively, by
adding higher levels of noise, compared with younger adults.
Thus, within an individual, better reconstruction accuracy is
associated with clearer speech, but not across age groups; for
example, older adults’ reconstruction accuracy for 0 dB SNR
is typically better than younger adults’ reconstruction accu-
racy for quiet (as seen in Fig. 3A).

A drop in M50TRF amplitude from quiet to noisy speech,
and with similar TRF peak amplitudes for both attended and
unattended speech at 0 dB SNR, is expected for an early au-
ditory cortical stage that processes the complete acoustic
scene and thus both attended and unattended talkers (73,
93). The older adults here showed greater reduction in
M50TRF amplitude with the noise condition, suggesting that
aging adversely affects the early-stage cortical processing in
speech-in-noise conditions. In contrast, older adults display
increasing M100TRF amplitude with the noise condition,
whereas no significant M100TRF amplitude differences are
seen between noise conditions in younger adults. These

results are consistent with some previous studies (32, 94, 95),
but not all (22, 36, 96), where a dependence on masker noise
condition is found in both groups. Mechanistically, an exag-
gerated M100TRF amplitude may reflect an increase in task-
related attention or cognitive effort (69, 96), and as such any
conflicting trends may be due to task difference subtleties.
In contrast, the M200TRF amplitude also has a pronounced
decrease from quiet speech to noisy speech in older adults
(no such drop is observed in younger adults). The M200TRF

amplitude is also strongly enhanced by selective attention,
and it has a sufficiently long latency to reflect top-down
compensatory processing known to be important for older
adults (97). One possibility for the noise-related decrease in
older adults is that the observed M200TRF actually reflects
the sum of two sources with similar latencies but opposite
polarities, where the first (positive) source is active regard-
less of whether the speech is noisy but the second (negative
and slightly later) top-down compensatory source is invoked
only under difficult listening conditions; this finding is also
consistent with the association between decreased M200TRF

peak amplitudes and longer latencies in older adults. This
late peak in older adults has also been reported as a potential
biomarker for behavioral inhibition (36), although the pres-
ent study did not find any such correlations between
M200TRF amplitude and behavioral measures. The different
amplitude trends as a function of masker level, between the
M100TRF and M200TRF for the two groups, indicate that the
presence and level of the masker significantly contribute to
middle and late processing in older adults.

Aging Is Associated with Earlier Early Processing and
Prolonged Late Processing

The integration window analysis revealed that a long tem-
poral integration window (at least �300 ms) allows a robust
speech reconstruction for both groups, which is consistent
with early studies using only younger adults (33, 74).
Specifically, Power et al. (28) and O’Sullivan et al. (74)
reported that an interval of duration 170–250 ms is impor-
tant for attention decoding with EEG, and processing at that
latency may even be at the level of semantic analysis. The
striking difference between the age groups, however, is that
older adults need more time to better represent the speech
envelope, as seen in Fig. 4C, as long as 350 ms (14). This pro-
vides support for the existence of late compensatory mecha-
nisms to support the additional selective attention filtering
process, required for the early-stage processing deficits or
slowing of synchronous neural firing rate (98, 99), which is
addressed explicitly in the TRF analysis discussed next.

TRF peak latencies indicate processing time needed to
generate responses after the corresponding acoustic feature
and so can be mapped to the speed of auditory processing.
Both age groups showed significant noise-related delays in
the M50TRF, M100TRF, and M200TRF peak latencies, suggest-
ing longer cortical processing associated with the addition
(and level) of the masker (22). The latency results for babble
speech were less clear. Latencies for the babble condition
were delayed compared with quiet speech, yet no consistent
trends were observed compared with two-talker conditions.
The babble speech may be impossibly challenging for some
listeners, who are more likely to disengage attention,
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reducing top-down effects, but for other listeners its chal-
lenge may not exceed limits, enhancing top-down effects,
thus confounding comparisons between listeners (17).

Comparedwith younger adults, older adults demonstrated
relatively early M50TRF peaks. This effect has been observed
in some studies using both CAEP (67, 98) and MEG (9) but
not others (68, 99). This finding is consistent with an excita-
tion/inhibition imbalance favoring excitation compared
with younger adults. Another possible explanation is that an
M50TRF followed immediately by an exaggerated M100TRF of
the opposite polarity would appear shortened because of an
earlier cutoff imposed by the subsequent peak, with the arti-
factual side effect of shorter latency. The M100TRF latency was
comparable for both groups, which contrasts with the late
peakM200TRF, whichwas significantly delayed in older adults.
These findings are in line with studies that recorded responses
to speech syllables (57, 100), suggesting an age-related
decrease in rate of transmission for auditory neurons contrib-
uting to P2. In contrast to the early peak, both middle and late
peaks demonstrated further delayed peak latencies with noise
condition in older adults, suggesting overreliance on the mid-
dle and late processing mechanisms in older adults to com-
pensate for degraded afferent input (101). Taken together, age-
related impaired processing of the auditory input at the early
stages could affect the auditory scene representation at the
late processing stages, by employing additional cortical
regions and compensatorymechanisms at the later stage.

Our results also add additional supporting evidence that
the attended speech signal requires longer processing times
in later stages to discern the information in the attended
stream in older listeners, possibly to recover the early proc-
essing deficits by many compensatory mechanisms. Fiedler
et al. (73), using EEG, demonstrated that late cortical track-
ing of the unattended talker reflects neural selectivity in
acoustically challenging conditions. They reported an early
suppressed positive P2 in line with the present study and
additional late negative N2 peak for the unattended talker,
which appears around the same latency as attended P2. They
argue that this late N2 of the unattended talker actively sup-
presses the distracting inputs.

Behavior

As expected, SPIN scores and intelligibility ratings decreased
as noise condition increased in both groups, suggesting that
noise condition negatively affects speech intelligibility and in
turn increases task difficulty. However, no significant differ-
ence was found between younger and older groups in the SPIN
scores, which was unexpected. The SPIN measure employed
here, developed from the samematerials used during the MEG
recordings, has not been calibrated against more standard
SPINmeasures and so may not be able to distinguish the hear-
ing complications that arise with aging. For this task, subjects
listened to a very short narrative segments (with 4–7 key
words) with no time limit, and the older subjects may have
benefited not only from their extended vocabulary and lan-
guage experience (97, 102, 103) but also from the lack of time
demands. In addition, the range of scores obtained in both
groups suggests that the task was more challenging than other
standardized measures, especially as some of the younger lis-
teners did not achieve 100% performance even in the quiet

condition. In contrast, established speech intelligibility tests
such as the QuickSIN (43) are known to show such behavioral
age-related auditory declines (14, 60, 104). Unfortunately,
because of the COVID-19 pandemic, QuickSIN measures were
obtained from only half of the subjects, which was not enough
to incorporate into analysis. The subjective intelligibility rat-
ings of older adults were, perhaps surprisingly, higher than
those of younger adults. This finding is nevertheless consistent
with earlier results showing that older adults tend to underesti-
mate their hearing difficulties relative to younger adults (105,
106). However, it is unclear whether it is younger adults who
overestimate or older adults who underestimate their hearing
difficulties (or both) and whether their subjective judgments
are differently influenced by intelligibility, contextual factors,
or other variables (107).

The positive association between the behavioral SPIN
scores and intelligibility ratings does suggest that models
using (subjective) intelligibility ratings collected during the
task of interest would give outcomes similar to those using
(objective) SPIN scores collected in a separate task (108).
However, the age effects revealed only in subjective intelligi-
bility ratings suggest that the two measures reflect different
aspects of speech intelligibility or different factors that affect
performance.

Our results also revealed that within a subject the neural
measures of reconstruction accuracy M50TRF and TRF peak
amplitude are correlated with speech intelligibility (though
speech intelligibility cannot be disentangled here from the
changes in noise condition). The positive association
between intelligibility and larger neural measures in gen-
eral is suggestive of a compensatory (vs. dedifferentiation)
pattern of neural engagement, in which additional resour-
ces are brought online to maintain performance in chal-
lenging conditions (90). Age-related compensation may be
particularly evident during later-stage processing, as the
correlation between the M200TRF peak amplitude and bet-
ter speech intelligibility score was only observed for older
adults. Unexpectedly, we did not find any consistent rela-
tionships between neural measures and behavioral per-
formance measures within a noise condition. One possible
reason, as mentioned above, is that these uncalibrated be-
havioral performance measures may not sufficiently capture
the known age-related hearing difficulties and temporal proc-
essing deficits.

Audiometry Differences

In the present study, we investigated the age-related corti-
cal temporal processing deficits by recruiting younger and
older subjects who have clinically normal hearing [pure-tone
thresholds � 25 dB hearing level (HL) from 125 to 4,000 Hz].
However, it is difficult to completely eliminate the con-
founds of peripheral hearing loss that gradually occur with
aging. Previous studies have reported that this peripheral
hearing loss may contribute to some of the speech-in-noise
understanding difficulties experienced by older adults (109,
110). The average of the pure-tone thresholds (PTA) showed
that there is a positive correlation between the age and PTA
(Pearson’s r = 0.87, P< 0.001). Therefore, the causal relation-
ship between the hearing sensitivity and aging may cast
doubt on the age-related neural changes we observed in the
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present study. To answer this issue, we investigated the
effects of hearing sensitivity (PTA) on the neural and behav-
ioral measures analyzed in the present study. As there is a
significant correlation between age and PTA, the LMER
model wipes out the PTA from the models. Therefore, we
evaluated the effects of PTA within an age group separately.
However, we did not find any significant correlation between
PTA and neural measures (reconstruction accuracy, TRF
amplitudes and latencies) or between PTA and behavioral
measures (intelligibility ratings and SPIN scores).

Age-related deterioration both peripherally, such as sub-
clinical loss of outer and inner hair cells and ganglion cells
within the cochlea (111, 112), and centrally, such as loss of
neural synchrony (19, 25, 113, 114), may not affect audiomet-
ric thresholds but likely contributes to suprathreshold lis-
tening difficulties (115). Previous studies including both
hearing-impaired and normal-hearing older adults have
shown that beyond hearing sensitivity aging is the main
driving factor of temporal processing differences in sub-
cortical and cortical regions (100, 116). Therefore, these
results suggest that aging and age-related hearing difficul-
ties other than hearing sensitivity may cause the observed
temporal processing differences in the auditory cortex.
However, we acknowledge that audiometric thresholds
may not adequately characterize peripheral auditory func-
tion and that the inclusion of other measures of peripheral
function in the analysis, such as otoacoustic emissions or
auditory brain stem response wave I amplitude, may reveal
central consequences of decreased afferent input (117).

Conclusions

In conclusion, the present study showed that aging is asso-
ciated with exaggerated speech representation in the cortical
response and this exaggeration is noted in all three cortical
processing stages; early, middle, and late processing.
Moreover, the effects of speech intelligibility and attention
on the respective three M50TRF, M100TRF, and M200TRF peak
amplitudes and latencies reveal characteristics related to dif-
ferent cortical processing stages, and aging appears to differ-
ently affect the individual processing stages. Earlier and
enhanced processing of early stages supports the hypothesis
of an excitatory/inhibitory imbalance in older adults. The
underlying causes of enhanced processing of the middle
cortical processing stage are less clear; indeed, the strongest
enhancement occurs under noise conditions in which the
timing is neither earlier nor later than for younger adults.
The late auditory cortical stage displays both delayed and
enhanced processing in older adults, which were associated
with better performance on a parallel speech-in-noise task
and thus consistent with cognitive (perhaps memory/experi-
ence based) compensatory mechanisms. Overall, these find-
ings support the theory that that some of the age-related
difficulties in understanding speech in noise experienced by
older adults, including those directly related to temporal
processing, are accompanied by age-related temporal proc-
essing differences in auditory cortex.
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