{: SCISPACE

formerly Typeset

@ Open access « Posted Content - DOI:10.1101/2021.02.18.431898
A Neural Signature of Regularity in Sound is Reduced in Older Adults — Source link [4

Bjérn Herrmann, Bjérn Herrmann, Burkhard Maess, Ingrid S. Johnsrude

Institutions: University of Western Ontario, University of Toronto, Max Planck Society

Published on: 18 Feb 2021 - bioRxiv (Cold Spring Harbor Laboratory)

Topics: Sound perception, Auditory cortex, Audio signal processing and Sound (geography)

Related papers:

« A neural signature of regularity in sound is reduced in older adults.

» Age differences in the neuroelectric adaptation to meaningful sounds.
« Neural plasticity associated with recently versus often heard objects

« Newborn infants detect cues of concurrent sound segregation.

- Cortical representations sensitive to the number of perceived auditory objects emerge between 2 and 4 months of age:
Electrophysiological evidence

Share thispaper: @ ¥ M &

View more about this paper here: https:/typeset.io/papers/a-neural-signature-of-regularity-in-sound-is-reduced-in-
37xxsjhk7w


https://typeset.io/
https://www.doi.org/10.1101/2021.02.18.431898
https://typeset.io/papers/a-neural-signature-of-regularity-in-sound-is-reduced-in-37xxsjhk7w
https://typeset.io/authors/bjorn-herrmann-1t17w1huhc
https://typeset.io/authors/bjorn-herrmann-1t17w1huhc
https://typeset.io/authors/burkhard-maess-10ghyby4mb
https://typeset.io/authors/ingrid-s-johnsrude-4aygq6f2ku
https://typeset.io/institutions/university-of-western-ontario-wt3hjw71
https://typeset.io/institutions/university-of-toronto-3dwwuuvf
https://typeset.io/institutions/max-planck-society-3o0xx7lg
https://typeset.io/journals/biorxiv-318tydph
https://typeset.io/topics/sound-perception-21o08h9b
https://typeset.io/topics/auditory-cortex-io7a7wo7
https://typeset.io/topics/audio-signal-processing-2cnwt3kc
https://typeset.io/topics/sound-geography-igb7syoz
https://typeset.io/papers/a-neural-signature-of-regularity-in-sound-is-reduced-in-1yw7cu18lw
https://typeset.io/papers/age-differences-in-the-neuroelectric-adaptation-to-38b4ejc1rq
https://typeset.io/papers/neural-plasticity-associated-with-recently-versus-often-282fa9mzz8
https://typeset.io/papers/newborn-infants-detect-cues-of-concurrent-sound-segregation-46r0tlashi
https://typeset.io/papers/cortical-representations-sensitive-to-the-number-of-1tps69xv9e
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/a-neural-signature-of-regularity-in-sound-is-reduced-in-37xxsjhk7w
https://twitter.com/intent/tweet?text=A%20Neural%20Signature%20of%20Regularity%20in%20Sound%20is%20Reduced%20in%20Older%20Adults&url=https://typeset.io/papers/a-neural-signature-of-regularity-in-sound-is-reduced-in-37xxsjhk7w
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/a-neural-signature-of-regularity-in-sound-is-reduced-in-37xxsjhk7w
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/a-neural-signature-of-regularity-in-sound-is-reduced-in-37xxsjhk7w
https://typeset.io/papers/a-neural-signature-of-regularity-in-sound-is-reduced-in-37xxsjhk7w

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.18.431898; this version posted February 18, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Running head: SOUND PATTERNS AND AGING

A Neural Signature of Regularity in Sound is Reduced in Older Adults

Bjérn Herrmann®?<3*, Burkhard Maess® & Ingrid S. Johnsrude®®

@ Department of Psychology & Brain and Mind Institute,

The University of Western Ontario, N6A 3K7, London, ON, Canada

b Rotman Research Institute,

Baycrest, M6A 2E1, North York, ON, Canada

¢ Department of Psychology,

University of Toronto, M5S 1A1, Toronto, ON, Canada

4 Max Planck Institute for Human Cognitive and Brain Sciences,

Brain Networks Unit, 04103, Leipzig, Germany

€ School of Communication Sciences & Disorders,

The University of Western Ontario, N6A 5B7, London, ON, Canada

* Correspondence concerning this article should be addressed to Bjérn Herrmann, Rotman Research

Institute, Baycrest, 3560 Bathurst

bherrmann@research.baycrest.org

St,

North  York,

ON,

M6A  2E1,

Canada.

E-mail:


https://doi.org/10.1101/2021.02.18.431898

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.18.431898; this version posted February 18, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Running head: SOUND PATTERNS AND AGING 2

Abstract
Sensitivity to repetitions in sound amplitude and frequency is crucial for sound perception. As with other
aspects of sound processing, sensitivity to such patterns may change with age, and may help explain
some age-related changes in hearing such as segregating speech from background sound. We recorded
magnetoencephalography to characterize differences in the processing of sound patterns between
younger and older adults. We presented tone sequences that either contained a pattern (made of a
repeated set of tones) or did not contain a pattern. We show that auditory cortex in older, compared to
younger, adults is hyperresponsive to sound onsets, but that sustained neural activity in auditory cortex,
indexing the processing of a sound pattern, is reduced. Hence, the sensitivity of neural populations in
auditory cortex fundamentally differs between younger and older individuals, overresponding to sound
onsets, while underresponding to patterns in sounds. This may help to explain some age-related changes
in hearing such as increased sensitivity to distracting sounds and difficulties tracking speech in the

presence of other sound.

Keywords: magnetoencephalography, regularity processing, aging, hyperexcitability, auditory pattern;

hearing loss
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Introduction

Many adults aged 50 or older experience challenges understanding speech in the presence of
background sound (Pichora-Fuller, 2003; Pichora-Fuller et al., 2016), but the underlying neural sources
contributing to such deficits are not fully understood. Speech contains rich, regular patterns, such as
quasi-regular amplitude fluctuations at 4-5 Hz (Rosen, 1992; Varnet et al.,, 2017), and perceptual
sensitivity to sound pattern and speech-in-noise perception correlate with each other (Holmes and
Griffiths, 2019), suggesting shared mechanisms (Holmes et al., 2021). The perceptual processes through
which sensitivity to such patterns may contribute to speech perception likely include the segregation of
unique, concurrent sound streams (Schrdger, 2005, 2007; Snyder and Alain, 2007; Winkler et al., 2009;
Bendixen, 2014) and the recognition and prediction of relevant sound features (Jones and Boltz, 1989;
Nobre et al.,, 2007; Henry and Herrmann, 2014; Nobre and van Ede, 2018). The current study is
concerned with the degree to which patterns are represented in the brains of older individuals and
whether neural sensitivity to patterns differs between younger and older adults.

Sustained neural activity is a DC response evident in cortical electroencephalography (EEG) in
response to regular auditory patterns (Barascud et al., 2016; Southwell et al., 2017; Herrmann and
Johnsrude, 2018a). This response manifests as soon as a pattern, such as repetition of a set of tones, is
present (Southwell et al., 2017; Herrmann and Johnsrude, 2018a; Southwell and Chait, 2018). It also
manifests for spectrally coherent chord fluctuations (Teki et al., 2016), complex sounds made of
isochronous tone sequences (Sohoglu and Chait, 2016), and repeated amplitude or frequency
modulations (Gutschalk et al., 2002; Ross et al., 2002; Herrmann and Johnsrude, 2018a; Herrmann et
al., 2019). Sustained activity increases with the degree of regularity of a pattern, for example, with
increasingly coherent frequency modulation in sounds (Teki et al., 2016; Herrmann and Johnsrude,
2018a).

Accumulating evidence suggests that aging and age-related hearing loss are associated with a
loss of inhibition throughout the auditory pathway following peripheral decline (Caspary et al., 2008;
Rabang et al., 2012; Ouellet and de Villers-Sidani, 2014). This may render neurons in the aged auditory
system hyperresponsive to sound (Hughes et al., 2010; Alain et al., 2012; Bidelman et al., 2014; Overton
and Recanzone, 2016; Presacco et al., 201643, b; Herrmann et al., 2018) and shorten the time it takes for

neurons to regain responsiveness following adaptation to sound (de Villers-Sidani et al., 2010; Mishra et
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al., 2014; Herrmann et al.,, 2016; Herrmann et al., 2019). Changes in inhibition, responsivity, and
adaptation associated with aging and hearing loss likely affect all aspects of hearing (Herrmann and
Butler, 2020), including sensitivity to sound patterns.

Some initial evidence suggests that sustained neural activity may be reduced in older compared
to younger people. Many years ago, Pfefferbaum and colleagues (1979) demonstrated that sustained
activity elicited by a short sine tone is reduced for older compared to younger adults. More recent work
indicates that younger individuals exhibit pattern-related sustained activity in response to amplitude-
modulated sounds, whereas older adults do not appear to, although the difference between these
groups was not significant (Herrmann et al., 2019). Another study yielded data suggestive of reduced
sustained activity in older compared to younger people in response to repeated tone sequences (Al Jaja
et al.,, 2020), but stimulus parameters differed between age groups in this paper. A controlled
experiment is thus required to elucidate whether sustained neural activity to regular sound patterns
differs between younger and older people.

Previous work investigating sustained neural activity in older adults has utilized low-density
electroencephalography (EEG; <20 electrodes; Pfefferbaum et al., 1979; Herrmann et al., 2019; Al Jaja
et al., 2020). This type of EEG is not very well suited for the localization of neural sources generating
scalp-recorded signals. Magnetoencephalography (MEG) typically allows for better source
reconstruction than EEG, because magnetic fields are less distorted by the skull and scalp than the EEG-
recorded electric potentials (Hamalainen et al., 1993; Hamalainen and Hari, 2002). Previous MEG source
localizations in younger adults suggest that the auditory cortex underlies sustained neural activity
(Pantev et al., 1994; Pantev et al., 1996; Gutschalk et al., 2002; Ross et al., 2002; Okamoto et al., 2011;
Barascud et al., 2016; Teki et al., 2016) and that additional brain regions in parietal cortex, frontal cortex,
and hippocampus may also contribute (Tiitinen et al.,, 2012; Barascud et al., 2016; Teki et al., 2016).
Whether the neural sources of pattern-related sustained activity differ between younger and older
adults is unknown.

In the current study we record MEG from younger and older adults while they listen to sound
sequences. Sequences were made by taking pure tones at different frequencies and either repeating
the same small set of these in the same order, so that a regular pattern is heard, or by presenting them

pseudo-randomly so that no pattern is present. We investigate whether sustained neural activity to a
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regular sound pattern differs between younger and older individuals. We also examine whether auditory
cortex is generally more responsive to sound in older, compared to younger adults, as has been

previously reported (Bidelman et al., 2014; Herrmann et al., 2018).

Methods and Materials

Participants

Twenty-six younger (mean: 26.7 years; range: 21-33 years; 13 male) and twenty-five older adults (mean:
63.9 years; range: 53—73 years; 11 male) participated in the current study. Participants reported no
neurological disease or hearing impairment, gave written informed consent, and were paid for their
participation. None of the participants wore a hearing aid or reported having been prescribed a hearing
aid. We focused on a typical sample of older individuals, allowing for the possibility of some degree of
hearing impairment. The study was conducted in two sessions on separate days (range: 1-43 days apart;
median: 7 days apart; no age-group difference: tsg = 0.99, p = 0.327). The study was conducted in
accordance with the Declaration of Helsinki, the Canadian Tri-Council Policy Statement on Ethical
Conduct for Research Involving Humans (TCPS2-2014), and was approved by the local Nonmedical

Research Ethics Board of the University of Western Ontario (protocol ID: 106570).

Hearing assessment and hearing thresholds

Pure-tone audiometric data were acquired for each participant (Figure 1). The pure-tone average
hearing threshold (i.e., the mean across the 0.25, 0.5, 1, 2, and 4 kHz frequencies) was larger for older
compared to younger adults (tss = 7.79, p = 4x107%, ro = 0.744; Figure 1, right). This indicates a mild-to-
moderate hearing impairment in many of the older adults and is consistent with the high-frequency
sloping loss characteristic of age-related hearing impairment (Moore, 2007; Plack, 2014) as well as with
previous electrophysiological studies that investigated differences in sound processing between younger

and older adults (Presacco et al., 2016a; Herrmann et al., 2018).
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For each participant, we measured the hearing threshold (i.e., sensation level [SL]) using a
method-of-limits procedure (Herrmann and Johnsrude, 2018b; Herrmann et al., 2019) as a reference
threshold in MATLAB software for sound presentation. Participants listened to a 12-s pure tone with a
frequency of 1323 Hz that changed continuously in intensity at a rate of 5 dB/s (either decreased [i.e.,
starting at suprathreshold levels] or increased [i.e., starting at subthreshold levels]). Participants pressed
a button when they could no longer hear the tone (intensity decrease) or when they started to hear the
tone (intensity increase); the sound stopped after button press. The sound intensity at the time of the
button press was noted for 6 decreasing sounds and 6 increasing sounds (decreasing and increasing
sounds alternated), and these were averaged to determine the individual hearing threshold. The mean
hearing threshold was elevated for older compared to younger adults (tso = 5.208, p = 3.7x10°, re =
0.597; younger mean [+sd]: -94.16+1.39, older mean [+sd]: -93.36+2.65), which was expected given the
audiograms (Figure 1).

All acoustic stimuli described below were presented at 55 dB above each individual’s hearing
threshold — that is, at 55 dB sensation level — in order to match audibility across age groups. However,
higher sound levels can lead to larger brain responses (Picton et al., 1974; Picton et al., 1978;
Pfefferbaum et al., 1979; Polich et al., 1988; Schadow et al., 2007; Herrmann et al., 2018). A higher sound
level for older compared to younger adults could thus bias statistical analyses for which we expect larger
responses in older compared to younger adults. Hence, for these analyses, we also used a subgroup of
14 participants of each age group for which the hearing threshold — and thus the sound level of the

acoustic presentation — did not differ (tys = 0.956, p = 0.348, re = 0.184) to confirm our results.
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Acoustic stimulation and procedure

Acoustic stimuli were 4-s long sequences that each consisted of 96 pure-tone pips arranged in twelve
sets of eight tones each (see also Barascud et al., 2016; Herrmann and Johnsrude, 2018a; Southwell and
Chait, 2018). Each set had a duration of 0.333 s. Pips were 0.0417 s in duration with attack and decay
times of 0.007 s, and no gap between tones, or sets. The frequency of each tone was one of 150 possible
values between 700 and 2500 Hz (logarithmically spaced).

Acoustic stimuli were presented in two conditions, ‘Pattern-Absent’ and ‘Pattern-Present’, which
occurred with equal probability (50%). In the ‘Pattern-Absent’ condition, tones with different
frequencies were presented in pseudo-random order without a pattern, whereas in the ‘Pattern-
Present’ condition, tones transitioned from random to a regular pattern 1 s (3 sets) after sound onset.
For the ‘Pattern-Absent’ condition, 8 new frequency values were randomly selected for each of the 12
sets (Figure 2, top). In the ‘Pattern-Present’ condition, 8 new frequency values were randomly selected
for each of the first 3 sets (0—1 s; similar to ‘Pattern-Absent’), and then 8 new random frequency values
were selected and repeated in the same order for the remaining 9 sets, thereby creating a regular
pattern (Figure 2, bottom). These conditions are similar to the sounds used in previous studies that
investigated sustained neural activity (Barascud et al., 2016; Southwell et al., 2017; Herrmann and

Johnsrude, 2018a).

Pattern-Absent Figure 2: Schematic of acoustic stimulation for

‘Pattern-Absent’ and ‘Pattern-Present’ conditions.
Sound frequency is displayed on the y-axis and dots
reflect the sound frequency of individual tones of the
tone sequence.

Frequency (kHz)

Frequency (kHz)

Time (s)

In each of the two recording sessions, participants were presented with one 12-min block of
stimulation (as part of recording sessions for an additional project not presented here). Participants

listened passively to 60 trials of each condition per session, while watching a movie of their choice, with
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subtitles, that was projected into the electromagnetically shielded room via a mirror system. Trials of
the Pattern-Absent and the Pattern-Present conditions were presented pseudo-randomly throughout
the block, such that each condition could occur maximally three times in direct succession. Across both
sessions, participants listened to 120 trials per condition. Trials were separated by a 2-s inter-stimulus

interval.

Magnetoencephalographic recordings and initial preprocessing

Magnetoencephalographic data were recorded using a 306-channel Neuromag Vectorview MEG
(MEGIN Oy, Helsinki, Finland; sampling rate: 1000 Hz, online filter: DC—330 Hz) at the Max Planck
Institute for Human Cognitive and Brain Sciences in Leipzig, Germany. Data were recorded in an
electromagnetically shielded room (AK3b, Vacuumschmelze, Hanau, Germany). The signal space
separation (SSS) method (maxfilter© version 2.2.15; default parameter setting Lin = 8; Lout = 3) was used
to suppress external interference, interpolate bad channels, and transform each person’s individual data
to the sensor space of the first block of the first session to ensure the data are in a common space (Taulu

et al., 2004; Taulu et al., 2005).

Combination of magnetometer and gradiometer channels

The Vectorview MEG device records magnetic fields using 102 magnetometers and 204 gradiometers in
102 locations distributed around the head. In order to account for all data that were recorded, we
combined signals from magnetometer and gradiometer channels (Herrmann et al., 2018).
Magnetometers and gradiometer differ in their configuration, such that magnetometers measure
magnetic fields in Tesla (T), while gradiometers (a coupled pair of magnetometers) measure differences
in the same magnetic fields over a distance of 0.0168 m in Tesla per meter (T/m). The combination of
channel types requires accounting for their different units. We transformed all channels into
magnetometer channels, because such a model only requires a linear interpolation that results in the
same unit for all channels. To this end, we applied the following transformation matrix to each of the
102 sensor triplets (i.e., one triplet comprises two gradiometer channels and one magnetometer
channel):

Xscatea =S X X
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where X consists of a 3 x n matrix (with n being the number of data samples over time). The three
rows of X refer to the two gradiometers and one magnetometer (i.e., one triplet). Sreferstoa 5 x 3

scaling matrix with the following elements:

—0.0084 0 1
0.0084 0 1

S= 0 —0.0084 1
0 0.0084 1

0 0 1

The value 0.0084 reflects half of the distance between the two gradiometer loops measured in
meters, and the transformation constitutes a linear approximation of the magnetic field at each of the
triplets. The transformation replaces the sensor triplet by a sensor quintet of magnetometers. The
columns of S refer to the triplet of two gradiometers and one magnetometer and the rows of S refer to
the resulting five magnetometers. This procedure resulted in signals from 510 magnetometer channels

centered on and around 102 locations around a participant’s head (Herrmann et al., 2018).

Preprocessing of magnetoencephalographic data

Data were high-pass filtered (0.7 Hz; 2391 points, Hann window), low-pass filtered (20.3 Hz, 119 points,
Kaiser window), down-sampled to 250 Hz, and divided into 6-s long epochs time-locked to sound onset
(from 1 s before to 5 s after sound onset). Independent components analysis (runica method, Makeig et
al., 1996; logistic infomax algorithm, Bell and Sejnowski, 1995; Fieldtrip implementation, v20130727,
Oostenveld et al., 2011) was used to identify and remove activity related to blinks, horizontal eye
movements, muscle activity, and noisy channels. Epochs in which a signal change larger than 8 Picotesla
(pT) occured in any channel were excluded. These data were used to investigate age differences in
evoked responses to the onset of the sounds.

In order to investigate the sustained neural activity, the same pipeline was computed a second
time, with the exception that high-pass filtering was omitted. Omission of the high-pass filter is necessary
to investigate the sustained response, because the response is a very low-frequency signal reflecting a
DC shift (Barascud et al., 2016; Southwell et al., 2017; Herrmann and Johnsrude, 2018a). Activity related
to blinks, horizontal eye movements, muscle activity, and noisy channels was removed using the
identified components from the high-pass filtered data. Epochs in which a signal change larger than 8

pT occurred in any channel were excluded.
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Analysis of responses to sound onset

High-pass filtered data were used to investigate whether neural responses to the onset of the sounds
differed between age groups. This analysis aimed to test whether the auditory cortex of older adults is
hyperresponsive to sound; consistent with reduced inhibition (Caspary et al., 2008; Hughes et al., 2010;
Juarez-Salinas et al., 2010). Data from the Pattern-Absent and Pattern-Present conditions were averaged
because both conditions were identical for the first second of the sound. Epochs ranging from -0.15 s to
0.5 s time-locked to sound onset were extracted. Absolute values were calculated for signals of each
channel (because magnetic fields have opposite polarities in directions perpendicular to the tangential
orientation aspect of the underlying neural source). The mean signal from the pre-stimulus period (-0.15
to 0 s) was subtracted from the signal at each time point, separately for each channel (baseline
correction). Responses were averaged across channels, resulting in one response time course per
participant.

For the statistical analysis, differences in response amplitude between age groups were assessed
for each time point using independent samples t-tests. False discovery rate was used to account for
multiple comparisons (Benjamini and Hochberg, 1995; Genovese et al., 2002). We confirmed the results
with two independent samples t-tests that contrasted the amplitudes of the M50 (0.03—0.06 s) and
M100 (0.09-0.13 s) between age groups, which have previously been shown to differ between younger

and older adults (Soros et al., 2009; Alain et al., 2012; Herrmann et al., 2018).

Analysis of pattern-related sustained activity
Non-high-pass filtered data were used to investigate whether sustained neural activity associated with
a pattern in sounds differs between age groups. The 6-s epochs (-1 to 5 s, time-locked to sound onset)
were used. Absolute values were calculated for signals of each channel and the mean signal from the
pre-stimulus period (-1 to 0 s) was subtracted from the signal at each time point, separately for each
channel (baseline correction). Responses were averaged across channels, resulting in one response time
course per condition and per participant.

Statistical analysis focused on responses during the last half of each stimulus: the 2—4 s time
window. By 2 s, the repeating set of tones would have been presented 3 times (2 full repetitions) in the

Pattern-Present condition (Barascud et al., 2016; Teki et al., 2016; Herrmann and Johnsrude, 2018a). An
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ANOVA with the within-subjects factor Condition (Pattern-Absent, Pattern-Present) and the between-

subjects factor Age Group (younger, older) was calculated.

Source localization of magnetoencephalographic data

Anatomically constrained source localization was used to localize the sources underlying the neural
activity in sensor space. Individual T1-weighted MR images (3T Magnetom Trio, Siemens AG, Germany)
were available for each participant. The MR images were used to construct inner skull surfaces (volume
conductor) and mid-gray matter cortical surfaces (source model; using Freesurfer and MNE software;
https://surfer.nmr.mgh.harvard.edu/; http://www.martinos.org/mne/). The MR and the MEG
coordinate systems were co-registered using MNE software which included an automated and iterative
procedure that fitted the >300 digitized head surface points (Polhemus FASTRAK 3D digitizer) to the MR
reconstructed head surface (Besl and McKay, 1992). The inner skull was extracted from the MR images
using MNE software and used to calculated lead fields using the boundary element model as
implemented in Fieldtrip software (Nolte, 2003). Invserse solutions were calculated using the sSLORETA
method (Pascual-Marqui, 2002). Neural activity was spatially smoothed across the surface using an
approximation to a 6-mm FWHM Gaussian kernel (Han et al., 2006). Individual cortical representations
were transformed to a common coordinate system (fsaverage standard brain; Fischl et al., 1999b).
Workbench software (v1.4.2; https://www.humanconnectome.org/) was used for visualization of source
localizations morphed to the pial cortical surface of the fsaverage standard brain (Fischl et al., 1999a).
Source localizations were calculated for onset responses and for sustained neural activity. In order to
visualize and analyze pattern-related auditory cortex activity, we averaged source-localization
amplitudes across regions of the superior temporal plane (Al, A4, PBelt, MBelt, and LBelt) using the

brain parcelations of the Human Connectome Project (Glasser et al., 2016).

Effect sizes
Effect sizes are provided as partial n? for ANOVAs and as re (requivalent) for t-tests (Rosenthal and Rubin,

2003). re is equivalent to the square root of partial n? for ANOVAs.

Data availability
This study was not pre-registered. MEG data in BIDS format (Pernet et al., 2019) are available at <link

will be provided upon acceptance of publication>.
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Results

Responses to sound onset are enhanced in older compared to younger adults

Figure 3A displays the neural response time courses elicited by the onset of the sounds. Responses were
larger in older compared to younger adults in the M50 and M100 time windows (black line in Figure 3A,
FDR-thresholded). Figure 3B/C shows the mean amplitudes and topographical distributions for the M50
and M100 time windows. Larger neural responses for older compared to younger adults were also
observed for the subgroups of 14 participants per age group for which hearing thresholds — and thus
sound-presentation levels — did not differ (M50: t2s = 4.861, p = 4.8x107; re = 0.69; M100: t26 = 4.381, p
=1.7x10% re = 0.652). These results demonstrate that even when sound level does not differ between
younger and older adults, older adults exhibit hyperresponsiveness. Source localizations show activity in
superior temporal cortex, including auditory cortex, underlying M50 and M100 responses in both age

groups (Figure 3D/E).

A Response to sound onset B M50 amplitude C M100 amplitude
” 60 30-60 ms g0, , 90130ms
. Younger @
= 30 = Older E 40 o E
3 3 3
£ 20 = i 2 i
£ F= Amplitude (fT) = Amplitude (fT)
£ g- -70 T 70 =3 -70 @ 70
= 20 E
< <
10
B 0 0
-0.1 0.1 062 03 04 05 Younoer Ol Younger Older
Time (s) g
D M50 source localization E M100 source localization

Figure 3: Neural responses to the onset of sounds. A: Time courses of neural activity (root-mean square
amplitude, averaged across all channels). The black line indicates a significant difference between age groups
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B: Mean activity and topographies for the M50 time window (30-60 ms). C: Mean activity and topographies for
the M50 time window (90—130 ms). D: Source localization for the M50 time window. E: Source localization for
the M100 time window. *p < 0.05

Pattern-related sustained activity is reduced in older compared to younger adults

Figure 4A and B shows responses time courses and topographical distributions for the Pattern-Absent
and the Pattern-Present condition for both age groups. The ANOVA for the 2-4 s time window revealed
a Condition x Age Group interaction (F149 = 9.839, p = 0.003, np? = 0.167; also significant for the subset
of participants for which sound level did not differ: F16 = 6.792, p = 0.015, np? = 0.207): While both age
groups show larger sustained activity for the Pattern-Present compared to the Pattern-Absent condition
(younger: F125 = 49.692, p < 1x10%, ny? = 0.665; older: Fi.4 = 6.287, p = 0.019, ny,? = 0.208), this
differences was larger in younger compared to older adults (Figure 4C). There was no difference
between age groups for the Pattern-Absent condition (F149 = 0.528, p = 0.471, np? = 0.011). The main
effect of Condition (F1,49 = 45.185, p < 1x10°, ny%2 = 0.48) and the main effect of Age Group (F1,49 = 6.994,

p =0.011, n,? =0.125) were also significant.

A Response time courses B Topographies C Mean responses (2-4 s5)
Younger Older 2-4s * interaction Younger
"""""" Pattern-Absent Absent Present = Older @
Pattern-Present N 0 70 ®
50 — @ @ g
30 EXre
— 40 e Y @
= T | Ss0p @ _
5 30 Sooli S, ] e ®
3 Amplitude (fT) £ 7] g 40 o&y .
B o0 -150 B 150 Euo = ® g
e 530% a0 o
| 4]
10 o £ 2028 9@
&S S ;
0 ST 10
‘ TRURRY 10 20 30 40 50 60
Time (s) Pattern Absent: Amplitude (fT)

Figure 4: Pattern-related sustained activity. A: Response time courses (root-mean square amplitude, averaged
across all channels). B: Topographical distributions for each condition and age group for the 2-4 s time window.
C: Mean responses in the 2-4 s time window. Bar graphs reflect the mean across participants. Error bars are
the standard error of the mean. Data points for each participant are shown on the right. Data points above the
diagonal (dashed line) reflect a larger response for the Pattern-Present compared to the Pattern-Absent
condition.

Source localization show strongest activity related to pattern-related sustained activity in

superior temporal cortex and auditory cortex (Figure 5A). Indeed, we observed the same interaction for
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auditory cortex activity (F1,49 = 10.68, p = 0.002, np? = 0.179; Figure 5B/C; for the subset of participants:
F126=7.299, p=0.012, ny? = 0.219) that we observed in sensor space (Figure 4C), such that the increase
in sustained activity for the Pattern-Present compared to the Pattern-Absent condition was significant
for both age groups (younger: F125 = 50.652, p < 1x10®, ny2 = 0.670; older: F124 = 23.833, p = 5.6x107,
np? = 0.498), with a larger difference in younger compared to older adults. In contrast to the sensor
space data of sustained activity, sustained activity in auditory cortex elicited by the Pattern-Absent
condition was also larger for younger compared to older adults (F149 = 4.704, p = 0.035, ny,? = 0.088;
Figure 5B/C), consistent with observations of reduced sustained activity to a sine tone in older compared
to younger adults (Pfefferbaum et al., 1979). Main effects of Condition (F1,49 = 73.205, p < 1x10°, ny? =
0.599) and Age Group (F1,49 = 10.176, p = 0.002, n,? = 0.172) were also significant.

A Pattern-related sustained activity B Auditory cortex responses € Mean responses (2-4 s)

Younger Older . . 25 @ @
Pattern-Absent - eeeee * interaction O
Pattern-Present e g

® 20
15 10 2
5 L
= 58 25| @
3 ) = ®
& 10 v 6 E ]
g K Tl %o .
3 =4 l < @ .
£ B <2 & s8gg0
0 e
AAXAX )
0 \oeq"\;&ge?%?(\ 0
0 2 4 TR 0 5 10
Time (s) Pattern Absent: Amplitude (a.u.)

Figure 5: Source localization of pattern-evoked sustained activity. A: Source localization of pattern-related
sustained activity (difference between Pattern-Present and Pattern-Absent conditions). B: Response time
courses from auditory cortex. C: Mean auditory cortex responses in the 2-4 s time window. Bar graphs reflect
the mean across participants. Error bars are the standard error of the mean. Data points for each participant
are shown on the right. Data points above the diagonal (dashed line) reflect a larger response for the Pattern-
Present compared to the Pattern-Absent condition.

Discussion
The current magnetoencephalography study investigated age related differences in auditory cortical
responsivity to sound onsets and to the presence of a pattern in sounds. We showed that older adults
elicit larger responses in auditory cortex to sound onsets compared to younger adults. This response
enhancement indicates that auditory cortex of older adults is hyperresponsive to sound. Despite this

age-related hyperresponsiveness, sustained neural activity in auditory cortex to sound patterns was
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diminished in older compared to younger people. Our results suggest that neural responses in auditory
cortex are fundamentally altered in older adults such that sound onsets are overrepresented, whereas

temporally coherent structure in sounds is underrepresented.

Hyperresponsiveness of auditory cortex in older adults

We demonstrated that neural responses in the M50 and M100 time window following sound onset are
enhanced in older compared to younger adults (Figure 3A-C). We localized the M50 and M100 responses
to auditory cortex (Figure 3D/E; consistent with previous work Pantev et al., 1988; Maess et al., 2007;
Okamoto and Kakigi, 2014; Herrmann et al., 2018), suggesting that auditory cortex in older adults is
hyperresponsive. This is in line with a growing literature showing that neural responses to sound onsets
are enhanced in older compared to younger adults (Ross and Tremblay, 2009; Soros et al., 2009; Lister
et al., 2011; Alain et al., 2012; Bidelman et al., 2014; Herrmann et al., 2016; Herrmann and Johnsrude,
2018b). Similar observations have been made for aged monkeys (Juarez-Salinas et al., 2010; Recanzone,
2018) and aged rodents (Hughes et al., 2010), as well as for non-human mammals whose auditory
periphery was damaged through high-intensity sound exposure (Popelar et al., 1987; Syka et al., 1994;
Schormans et al., 2019) or ototoxic drugs (Qiu et al., 2000; for detailed reviews see Auerbach et al., 2014;
Zhao et al., 2016; Salvi et al., 2017; Herrmann and Butler, 2020).

Hyperresponsiveness to sound is thought to result from hyperexcitable neural circuits due to a
loss of inhibition in the auditory system following peripheral decline (Caspary et al., 2008; Takesian et
al., 2012). The functional role of the loss of inhibition and hyperexcitability is still debated (Zhao et al,,
2016; Asokan et al., 2018; Herrmann and Butler, 2020), but likely includes homeostatic processes to
regulate excitation (Caspary et al., 2008; Zhao et al., 2016) and a state of increased plasticity that enables
cortical reorganization (Cisneros-Franco et al., 2018; Cisneros-Franco and de Villers-Sidani, 2019). A
balanced level of excitation and inhibition is crucial for neural function (Wehr and Zador, 2003; Silver,
2010; Isaacson and Scanziani, 2011), and the fact that we observed hyperresponsiveness to sound in
older compared to younger adults suggests that neural function of auditory cortex was altered in our
sample of older individuals. Hyperresponsivity to sharp attacks in sound may underlie increased
distractibility by irrelevant sounds in older compared to younger adults (Parmentier and Andrés, 2010)
and difficulties comprehending speech in the presence of an interfering, modulated background masker

(Millman et al., 2017; Goossens et al., 2018).
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Pattern-related activity is reduced in older compared to younger adults

In order to investigate whether neural sensitivity to a pattern in sounds differs between younger and
older adults, we presented sounds that either contained a pattern (made of a sequence of a repeated
set of pure tones at different frequencies) or did not contain a pattern (made of a sequence of tones at
pseudo-randomly selected frequencies; Figure 2). For both younger and older adults, we observed that
sustained neural activity increased after the onset of a sound pattern relative to sounds without a
pattern. Previous work in younger adults has revealed similar increases in sustained activity for different
types of patterns, including tone sequences we have utilized here (Gutschalk et al., 2002; Ross et al.,
2002; Keceli et al., 2012; Barascud et al., 2016; Sohoglu and Chait, 2016; Teki et al., 2016; Southwell et
al., 2017; Herrmann and Johnsrude, 2018a; Southwell and Chait, 2018; Herrmann et al., 2019).

We showed that sustained neural activity to a pattern in sounds is reduced in older compared to
younger adults. Hence, although neural responses to the onset of sound was enhanced in older adults,
neural sensitivity to a pattern in sounds was reduced. Diminished sustained activity for older compared
to younger adults is consistent with previous indications of an age-related reduction in sustained activity
for short (<1 s) pure tones (Pfefferbaum et al., 1979), amplitude modulations (Herrmann et al., 2019),
and repeated patterns in tone sequences (Al Jaja et al., 2020). However, low statistical reliability and
differences in stimulus parameters between age groups did not allow drawing firm conclusions from the
latter two studies. Our results demonstrate clearly that pattern-related sustained activity indeed is
reduced in older adults.

Sensitivity to sound patterns is crucial for a variety of auditory functions, enabling a listener to
segregate concurrent sound streams (Schroger, 2005, 2007; Snyder and Alain, 2007; Winkler et al., 2009;
Bendixen, 2014) and recognize and predict relevant sounds (Jones and Boltz, 1989; Nobre et al., 2007,
Henry and Herrmann, 2014; Nobre and van Ede, 2018). By demonstrating a correlation between
perceptual sensitivity to sound patterns and speech comprehension abilities (Holmes and Griffiths,
2019) and common substrates in auditory cortex (Holmes et al., 2021), previous work further indicates
a functional relation or common underlying mechanism between the processing of regularities in sounds
and speech comprehension. A reduction in sustained activity may thus indicate that sound patterns are
processed less well in neural circuits in older compared to younger adults, which may, in part, explain

the challenges older adults experience comprehending speech in the presence of background sound.
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The current source localizations suggest that auditory cortex is the main source underlying
pattern-related sustained activity in both younger and older adults (Figure 5A). Previous work in younger
individuals also indicated that auditory cortex underlies sustained neural activity (Pantev et al., 1994;
Pantev et al., 1996; Gutschalk et al., 2002; Ross et al., 2002; Gutschalk et al., 2004; Gutschalk et al., 2007;
Okamoto et al., 2011; Keceli et al., 2012; Barascud et al., 2016; Teki et al., 2016), but that brain regions
in frontal cortex, parietal cortex, and hippocampus may additionally contribute (Tiitinen et al., 2012;
Barascud et al., 2016; Teki et al., 2016). However, in the latter work, statistical difference maps were
calculated and used to identify neural sources. Statistical difference maps may also capture effects
related to activity spread due to volume conduction and may thus not reflect activity originating from
these higher-level brain regions (e.g., auditory responses to sound onset were spread to parietal cortex
in Teki et al., 2016, suggesting that spread may also affect their sustained activity in parietal cortex
related to sound patterns).

We further showed that sustained activity in auditory cortex to sounds that did not contain a
pattern was also reduced in older compared to younger adults (Figure 5B/C). Sounds without a pattern
were made of a sequence of pure tones whose frequency changed randomly for each tone. Such tone
sequences are perceptually more structured than noise and the auditory system may treat them as a
pattern of low saliency. This is consistent with the observation of reduced sustained activity to short
pure tones in older compared to younger adults (Pfefferbaum et al., 1979). Our data thus indicate that
the sensitivity of the aged auditory cortex is reduced for sounds containing a pattern (here repetition of
a set of tones at different frequencies) as well as for sequences with random tone frequencies.

It is clear from previous work that temporally regular —and thus predictable — structure in sounds
that forms a pattern elicits sustained neural activity (Gutschalk et al., 2002; Barascud et al., 2016;
Herrmann and Johnsrude, 2018a). However, additional work suggests that the magnitude of pattern-
related sustained activity is related to the degree of novelty or predictability of a pattern, such that
sustained activity decreases when a pattern is frequently, compared to infrequently, heard (Gutschalk
et al., 2007). A reduction in sustained activity in older adults may thus result from reduced processing of

the pattern as well as from a sense of reduced novelty of the pattern.
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Conclusions
In the current study, we recorded magnetoencephalography to characterize differences between
younger and older adults in the processing of a pattern in sounds. We presented continuous tone
sequences that either contained a pattern (made of a repeated set of tones at different frequencies) or
did not contain a pattern (random tone frequencies). We showed that auditory cortex in older adults is
hyperresponsive to sound onsets, but that sustained neural activity in auditory cortex, indexing the
processing of sound patterns, is reduced. Hence, neural populations in auditory cortex fundamentally
differ between younger and older individuals in their sensitivity to sound features, hyperresponding to
sound onsets, while underresponding to patterns in sounds. This may help to explain some age-related
changes in hearing such as increased sensitivity to distracting sounds and difficulties tracking speech in

the presence of other sound.
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