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Abstract
A growing literature is demonstrating a link between working memory (WM) and speech-in-noise (SiN) perception. However,

the nature of this correlation and which components of WM might underlie it, are being debated. We investigated how SiN

reception links with auditory sensory memory (aSM) – the low-level processes that support the short-term maintenance of

temporally unfolding sounds. A large sample of old (N= 199, 60–79 yo) and young (N= 149, 20–35 yo) participants was

recruited online and performed a coordinate response measure-based speech-in-babble task that taps listeners’ ability to

track a speech target in background noise. We used two tasks to investigate implicit and explicit aSM. Both were based

on tone patterns overlapping in processing time scales with speech (presentation rate of tones 20 Hz; of patterns 2 Hz).

We hypothesised that a link between SiN and aSM may be particularly apparent in older listeners due to age-related reduction

in both SiN reception and aSM. We confirmed impaired SiN reception in the older cohort and demonstrated reduced aSM

performance in those listeners. However, SiN and aSM did not share variability. Across the two age groups, SiN performance

was predicted by a binaural processing test and age. The results suggest that previously observed links between WM and SiN

may relate to the executive components and other cognitive demands of the used tasks. This finding helps to constrain the

search for the perceptual and cognitive factors that explain individual variability in SiN performance.
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Introduction
Speech understanding in noisy environments (e.g., following
an announcement at a train station or a friend’s voice in the
pub) depends not only on hearing acuity but also on a host
of cognitive skills including attention, memory and executive
function that support listeners’ ability to segregate, track and
attend to a ‘target’ signal among interference (Heinrich et al.,
2015; Holmes & Griffiths, 2019; Holmes et al., 2021; Kim
et al., 2020; Lad et al., 2020; Moore et al., 2014; Roberts
& Allen, 2016). Identifying the cognitive factors that affect
listening outcomes in crowded scenes is a critical prerequisite
for interpreting individual variability and understanding the
challenges listeners with different cognitive profiles might
face during listening. The latter is particularly pertinent for
the characterisation of listening deficits in ageing individuals
who, in addition to impaired peripheral auditory processing,
also exhibit a decline in various cognitive abilities that might

affect listening (Cowan et al., 2006; Dryden et al., 2017;
Füllgrabe et al., 2015; Garami et al., 2020; Glisky, 2007;
Greene & Naveh-Benjamin, 2020; Herrmann & Butler,
2021; Naveh-Benjamin & Kilb, 2014; Panza et al., 2015;
Salthouse, 2004; Schneider & Pichora-Fuller, 2000; Wayne
& Johnsrude, 2015).

In recent years, working memory (WM) has attracted sub-
stantial interest as a potentially important predictor of speech
processing performance in noisy conditions (Füllgrabe &
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Rosen, 2016; Pichora-Fuller & Singh, 2006). WM refers to
the cognitive processes that underpin the temporary storage
and manipulation of information in a heightened state of
availability (Baddeley, 2003; Christophel et al., 2017;
Cowan, 2017; Ma et al., 2014). It can thus be conceptualised
as an interplay of multiple functions including: (i) short-term
storage of low-level sensory information (sensory memory),
(ii) active transformation and active maintenance of this
information and (iii) executive processes that support the
interface between remembered information and memory-
guided behaviours (Baddeley & Hitch, 1974; Daneman &
Carpenter, 1980). Commonly used tasks tap differentially
into these distinct aspects. For example, the forward digit
span task predominantly draws on the short-term memory
storage component (Karpicke & Pisoni, 2004; Richardson,
2007; participants are asked to repeat serially presented digits
in order) whilst tasks such as the reading span task load exec-
utive processes (Akeroyd, 2008; Bopp & Verhaeghen, 2005;
Daneman & Merikle, 1996; Gordon-Salant & Cole, 2016;
Smith & Pichora-Fuller, 2015; participants are asked to read
a series of unconnected sentences aloud and to remember the
final word of each sentence). There is an extensive, and
growing, literature about the potential role of WM in
speech-in-noise (SiN) reception. Correlations between WM
ability and SiN intelligibility performance have been demon-
strated in multiple studies, but the interpretation of these find-
ings remains debated. In particular, it is not clear whether
observed effects indicate an interaction at early (sensory
memory), or relatively late stages of speech understanding
and whether they are general or specific to certain populations
and/or experimental manipulations (Akeroyd, 2008; Dryden
et al., 2017; Humes, 2013; Wayne & Johnsrude, 2015).

Across the literature, correlations between SiN and WM
performance appear to be more pronounced in older, and/or
hearing-impaired individuals than in younger, normal-hearing
listeners (Akeroyd, 2008; Füllgrabe et al., 2015; Kim et al.,
2020; Rönnberg et al., 2016; Rudner et al., 2011). This has
been interpreted to suggest that WM does not play an obliga-
tory role in speech processing in all listeners (Füllgrabe &
Rosen, 2016). Rather, the observed correlations may indicate
increased compensatory reliance on executive control mecha-
nisms and reallocable processing resources to make up for
degraded sensory encoding of the speech signal (Baldwin &
Ash, 2011; Bosen & Barry, 2020; Füllgrabe, 2013; Füllgrabe
& Rosen, 2016; Pichora-Fuller et al., 1995).

However, effects independent of listeners’ age and hearing
sensitivity have also been reported (e.g., Gordon-Salant &
Cole, 2016; Lad et al., 2020; Millman & Mattys, 2017).
Using a non-word repetition task, Millman & Mattys (2017)
demonstrated that only the low-level phonological, but not
the executive component of WMwas related to individual dif-
ferences in SiN perception in listeners with normal hearing
(31–67 years old). Because of the non-linguistic nature of
the task, the phonological component likely reflects the tempo-
rary retention of sensory information. This suggests that

listeners’ ability to identify speech in fluctuating backgrounds
may specifically draw on short-term memory capacity.
Similarly, Lad et al. (2020) reported that the SiN performance
of normal-hearing participants (age range 18–53) was pre-
dicted by a non-speech-based WM task designed to tap into
short-term auditory storage (participants actively adjusted the
frequency of a pure tone to match a previously presented
token).

The consolidation of the various findings is complicated
by the multi-level nature of WM and the different tasks
used to quantify it. To advance our understanding of the
link between auditory memory and speech reception, it is
critical to develop finer-grained measures of the various com-
ponents hypothesised to play a role in WM, including exec-
utive and auditory sensory memory (aSM) processes.

Here, we focus on the association between SiN perception
and aSM – the time- and capacity-limited processes respon-
sible for temporarily retaining sound information in
memory (Atkinson & Shiffrin, 1968; Cowan, 1984;
Näätänen & Winkler, 1999). The hypothesis of this link
has been proposed in the recent literature (Herrmann et al.,
2022; Holmes & Griffiths, 2019) but not explicitly tested.

Because of the intrinsic temporal nature of sound, most lis-
tening tasks, including speech perception, require linking
sequentially presented sensory information to form a coherent
representation of an unfolding auditory object (Rimmele et al.,
2015; Winkler et al., 2009). Evidence of robust implicit
memory for arbitrary, complex sounds, such as noise (Agus
et al., 2010; Kaernbach, 2004; McDermott et al., 2011), tone
clouds (Agus & Pressnitzer, 2021; Kumar et al., 2016), or reg-
ularly repeating patterns in rapidly unfolding tone sequences
(Barascud et al., 2016; Bianco et al., 2020) indicates that
aSM plays a fundamental and automatic role in auditory pro-
cessing. In turn, deficits in aSMmay lead to impaired encoding
of unfolding sounds, such as detailed acoustic information in
the speech signal, potentially leading to difficulties in noisy
environments (Fogerty et al., 2016; Pisoni, 1975).

According to established models of aSM (Atkinson &
Shiffrin, 1968; Cowan, 2008; see also Harrison et al.,
2020), the processing of auditory information involves a
multi-stage system. Initially, information is automatically
encoded and stored in an auditory-specific memory buffer,
which exhibits high fidelity in preserving the sensory
details of the stimuli. Subsequently, information is trans-
ferred to a second short-term store, thought to involve
more active cognitive processes. Factors such as individual
differences in cognitive abilities, deliberate encoding strate-
gies employed by listeners, their domain expertise, and atten-
tional resources can influence the efficiency and accuracy of
this transfer (Talamini et al., 2017).

We use a tone pattern detection task (TP-DETECT;
Figure 1) to tap the automatic aSM components. This para-
digm is extensively used to understand low-level aSM
(Barascud et al., 2016; Bianco et al., 2020, 2023;
Herrmann et al., 2021; Milne et al., 2021; Southwell et al.,
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2017). Short tones forming patterns are presented at time
scales resembling those in speech (20-Hz tone presentation
rate, 2-Hz pattern rate) (Rosen, 1992). The sequences are
structured to contain a transition from a random pattern
(RAN, tones are randomly arranged over time) to a regularly
repeating pattern (REG, a pattern of 10 tones is repeated
identically a few times). Sequences are novel on each trial,
and participants are asked to respond to the emergence of
the REG pattern by pressing a button. The sequences are
rapid, precluding deliberate structure monitoring and allow-
ing the repeating pattern to perceptually ‘pop-out’ automati-
cally. Auditory pattern detection is hypothesised to be
supported by an automatic process that continuously com-
pares incoming sounds with information of the just past sti-
mulus temporarily stored in memory. Indeed, brain-
response signatures of TP-DETECT are observed in the
brain of passive listeners distracted away from the sounds
(Barascud et al., 2016; Herrmann et al., 2021, 2022;
Herrmann & Johnsrude, 2018; Southwell & Chait, 2018).
These implicit mnemonic processes are hypothesised to
play a fundamental role in auditory scene analysis, including
speech perception, by organising sensory input into coherent
perceptual streams (Winkler et al., 2009).

We used an additional auditory memory test (‘Tone
pattern compare’; TP-COMP; Figure 1) to tap the active
aSM components. TP-COMP is based on very similar
stimuli to TP-DETECT, but involves an active, explicit
delayed match to sample memory task (deliberate memorisa-
tion and recall) (Albouy et al., 2013; Graves et al., 2019;
Schulze et al., 2011). Participants were required to memorise
a 500 ms tone pattern (10 random 50 ms tones), actively
retain it for 2 s, and compare it to a subsequently presented
probe pattern. The TP-COMP task is similar in its structure
to the digit span task (Richardson, 2007; Woods et al.,
2011) – the dominant measure of active auditory short-term
memory – but is based on arbitrary, rapid tone patterns,
that preclude rehearsal, allowing us to focus on low-level
sensory representations. Therefore, relating performance on
TP-DETECT and TP-COMP to SiN reception will help to
determine whether SiN reception depends on aSM, and if
so, whether the effects are underpinned by automatic
storage per se or related to active, explicit memorisation.

Using an online experimental platform (Prolific and
Gorilla), we recruited 148 young (aged 20 to 35) and 199
old (aged 60 to 79) participants who reported no known
hearing problems. We measured their speech perception
ability by means of a coordinate response measure (CRM)
SiN task – an adaptive matrix-type speech-in-noise task
(where listeners select two keywords out of a closed set of
colours and digits) in the presence of a two male-speaker
babble (as implemented in Bianco et al., 2021; de Kerangal
et al., 2021; Messaoud-Galusi et al., 2011). The SiN task is
particularly effective for the present investigation because it
is characterised by low recruitment of semantic information
and WM, instead relying on listeners’ ability to perceive fine-

grained detail of the target speech – a process that has been
previously hypothesised to draw on aSM (Pisoni, 1975).

Examining the relationship between SiN performance and
TP-DETECT and TP-COMP in this large N group allows us
to identify the presence of any shared variability between SiN
perception and aSM. In particular, accumulating evidence sug-
gests that ageing is associated with reduced aSM ability (Bellis

Figure 1. A Schematic Representation of the Main Tasks Used.

Auditory sensory memory tasks included (A) Tone Pattern

detection (TP-DETECT) and (B) Tone Pattern Comparison

(TP-COMP) to probe automatic and active auditory sensory

memory, respectively. In TP-DETECT participants had to

respond, as quickly as possible, upon hearing a repeating 10 tone

pattern emerging from the random sequence. TP-COMP required

participants to compare two 10-tone sequences presented

sequentially 2 s apart (same/different paradigm). (C) To measure

visual sequence memory, we used the Corsi blocks task.

Participants were required to remember and reproduce the

temporal order of spatial sequences. Two control tasks included:

(D) Frequency change detection (STEP) and tone pair comparison

(TPAIR) to probe participants’ attention and engagement with

low-demand tasks. In STEP, participants responded as quickly as

possible to a change in frequency within a rapid tone-pip

sequence. In TPAIR participants were required to compare the

frequency of two 50 ms tone pips presented 500 ms apart.
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et al., 2000; Bopp & Verhaeghen, 2005; Cooper et al., 2006;
Dhrruvakumar & Yathiraj, 2021; Fogerty et al., 2016; Lu
et al., 2005; Rimmele et al., 2012; Ruzzoli et al., 2012; Sur &
Golob, 2020; Trainor & Trehub, 1989). Under the hypothesis
that aSM supports SiN tracking, a link between SiN reception
and aSM may be particularly salient in this population.

Several other control tasks (see Figure 1 and Methods)
were included in the study. Notably, a visual-spatial sequence
memory task – the Corsi blocks tapping task (Corsi, 1972;
Kessels et al., 2000) was used as a measure of non-auditory
memory. The task taps into short-term memory storage of
sequentially presented visuo-spatial items which participants
are instructed to reproduce in the right order. Performance
on this task reduces with ageing (Beigneux et al., 2007;
Fournet et al., 2012). We sought to replicate similar effects
in our sample and to further explore whether visual sequence
memory correlates with our measures of aSM.

As a standard practice, we also included a headphones
screening test to ensure that online participants are using
appropriate audio equipment (Milne et al., 2020). The test is
based on a dichotic pitch percept, Huggins pitch (HP;
Cramer & Huggins, 1958), that is audible when information
in the Left and Right channels is delivered independently,
and is therefore a convenient screen for headphones use.
However, due to the test’s intrinsic dependence on binaural
processing, which exhibits an age-related decline, an increased
incidence of failure was hypothesised and indeed observed in
the older cohort. Considering these observations, we used
failure on the headphones test as a (rough) measure of
impaired binaural processing that was included as a predictor
in the main regression analyses (see below).

Methods

Power Analysis
Based on a previous meta-analysis of the link between cog-
nitive and SiN tasks (Akeroyd, 2008; Dryden et al., 2017),
we expected weak to moderate effect sizes. A power analysis
testing for linear multiple regression (in G*power software;
alpha= .05, 1-beta= .95) based on f2= 0.15 and up to six
predictors suggested that 146 subjects should be sufficient
to reveal any effects.

Participants
Two participant groups were tested (Figure 2). The older
group comprised 199 participants (104 female; aged 60 to
79). Twenty-five of the participants were recruited from the
‘University of the 3rd Age’ (U3A; https://www.u3a.org.uk/).
The rest were recruited and compensated via the prolific
crowdsourcing platform. Prolific has strict procedures for ver-
ifying participant age and identity. We therefore have high
confidence in the demographic information. Additional inclu-
sion criteria included being a native speaker of British English,

general good health, and no known hearing problems. No
other information on socioeconomic status and education
was collected.

The younger group comprised 148 participants (96
female; aged 20 to 35; same inclusion criteria as above)
who were also recruited and compensated via Prolific.
Experimental procedures were approved by the research
ethics committee of University College London and
informed consent was obtained from each participant.

Though all participants self-identified as having no known
hearing problems, the older cohort in particular is likely to
have an increased prevalence of hearing loss. In a similar
aged cohort tested in-lab about 50% of the participants had
at least mild peripheral hearing loss (see de Kerangal et al.,
2021, N= 41). We expect a comparable incidence in the
online group.

Procedure
The experimental tasks were implemented in JavaScript. The
Gorilla Experiment Builder platform (www.gorilla.sc) was
used to host the experiment (Anwyl-Irvine et al., 2020).
Tasks were performed in the order schematised in Figure 3A.

Participants first completed a headphones test (Milne
et al., 2020), followed by the SiN task. The other tasks
were completed subsequently, in random order (see details
about each task below). To glean a better, qualitative under-
standing of the subjects’ auditory environment during testing,
at the end of the experiment, participants completed a short
questionnaire about their surroundings and equipment. We
encouraged honest reports by stressing that ‘your answers
will not affect your payment but will help us to get the best
quality data’. Participants were asked whether they indeed
used headphones (only 1 older and 1 younger participant
admitted to not using headphones), whether they were dis-
rupted at all during the experiment (yes/no), and how much
background noise they experienced during the experiment
(0= silent and 10= very noisy). Overall, the experiment
took between 40–50 min to complete.

Figure 2. Participants’ Age Distribution.
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Our task implementation is openly available on the Gorilla
platform (https://gorilla.sc/openmaterials/171870).

Tasks
Binaural/headphones screening task: This test (Milne
et al., 2020) is based on HP (Cramer & Huggins, 1958), an
illusory pitch percept generated by presenting a white noise
stimulus to one ear, and the same white noise – but with a
phase shift of 180° over a narrow frequency band – to the
other ear. HP is only detectable when L and R channels are

presented separately to each ear and binaural hearing is not
impaired. Each trial consisted of three sequentially presented
intervals. Two of the intervals contained diotically presented
white noise whilst the third interval contained the HP stimu-
lus. Participants were asked to decide which of the three
noises contained the tone by clicking on the appropriate
button (1, 2 or 3). A total of six trials were presented. The
main task was preceded by instructions and a demo (where
the HP signal was replaced by a dioic pure tone).
Participants were instructed to only progress to the main
task if they could hear the demo tone. The task took approx-
imately 3 min to complete.

Our usual practice with young participants has been not to
allow those who failed the test to proceed with the study (e.g.,
Bianco et al., 2021). Here, because of uncertainty about the
extent to which older people will exhibit difficulties with
the binaural pitch stimulus, all participants were allowed to
proceed irrespective of whether they passed or failed. We
stressed that headphones use is critical for the study and sub-
jects were repeatedly reminded that they must use head-
phones. The results of the screen (pass/fail, where the pass
was assigned to those who correctly responded to 5/6
trials) were incorporated into later stages of data analysis
(used as an independent predictor in the regression
models). The results of the screen (see below) indicated a
substantial difference between the older and young cohorts,
presumably due to an age-related deficit in binaural process-
ing. We therefore also used the test as a rough proxy for
binaural processing ability and refer to it as ‘binaural/head-
phone’ test below.

SiN task: SiN reception was quantified with the speech
recognition threshold (SRT) obtained for each participant
using target sentences introduced by Messaoud-Galusi
et al. (2011) – a modified version of the CRM corpus
described by (Bolia et al., 2000). The same online implemen-
tation was previously used by Bianco et al. (2021). On each
trial, participants heard a target sentence of the form ‘show
the dog where the [colour] [number] is’. The number was a
digit from 1 to 9, excluding the number 7 (due to its disylla-
bic phonetic structure, which would make it easier to iden-
tify). The colours were black, white, pink, blue, green, or
red. Thus, there were a total of 48 combinations (six
colours × eight numbers). Participants were instructed to
press the correct combination of colour and number on a
visual interface showing an image of a dog and a list of the
digits in the different colours (Figure 3B).

The target sentences were spoken by a single female
native speaker of Standard Southern British English
that was presented simultaneously with a two male-
speaker babble that the participants were instructed to
ignore. Each talker in the babble was recorded reading
two 5- to 6-sentence passages which were concatenated
together once passages were edited to delete pauses of
more than 100 ms. The two talkers were then digitally
mixed at equal levels, with random sections of the

Figure 3. Experiment Procedure. (A) Experiment task order.

After the binaural/headphones screen, participants performed the

SIN task. This was followed by a battery of memory tests

presented in random order across participants. (B) The

participant interface from the SiN task. Following the

presentation of the sentence ‘Show the dog where the (colour)

(number) is’, participants mouse-clicked on the appropriate

display element.
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appropriate duration from this 30-s long masker chosen
for each trial.

The overall level of the mixture (target speaker+ babble
background) was kept fixed, with only the ratio between
the target and masker changing on each trial. Mixtures
were presented diotically (identically to the two ears). The
signal-to-noise ratio (SNR) between the babble and the
target speaker was initially set to 20 dB and was adjusted
using a one-up one-down adaptive procedure, tracking the
50% correct threshold (Levitt, 1971). Initial steps were of 9
dB, decreasing by 2 dB following each reversal then stabilis-
ing at a final step size of 3 dB. The procedure terminated after
seven reversals. The SRT was calculated as the mean of the
SNRs in the last four reversals. Each participant performed
the test in four consecutive runs of approximately 2 min
each; the mean over the SNRs collected in the last three
runs was used for the analyses. These parameters were
chosen to allow for comparisons with our previous work
(Bianco et al., 2021; de Kerangal et al., 2021). The task
took approximately 10 min to complete.

TP-DETECT: A measure of implicit aSM (Barascud
et al., 2016). Stimuli were sequences of 50-ms tone-pips
(gated on and off with 5-ms raised cosine ramps) of different
frequencies drawn from a pool of 20 log-spaced frequencies
(range between 222 to 2000 Hz; 12% steps; loudness nor-
malised based on iso226). RAN (‘random’) sequences con-
sisted of 20 tone-pips arranged in random order, with the
constraint that adjacent tones were not of the same fre-
quency. Each frequency occurred equiprobably across the
sequence duration. The RANREG (random-to-regular) con-
dition contained a transition between a random (RAN) and a
regularly repeating pattern (REG): sequences with initially
randomly ordered tones changed into regularly repeating
cycles of 10 frequencies randomly drawn from the pool
(see Figure 1). The change (between 2000 and 2500 ms
after sequence onset) was followed by 3 REG cycles (500
ms per cycle). RAN and RANREG conditions were gener-
ated anew for each trial and occurred equiprobably. Two
additional conditions were included: sequences of tones of
a fixed frequency (CONT), and sequences with a step
change in frequency partway through the trial (STEP). The
reaction times (RTs) to the step frequency change were ana-
lysed separately as a measure of task engagement (see below
STEP task).

Participants were instructed to monitor for transitions
from random to regular patterns (50% of trials) and press a
keyboard button as soon as possible upon pattern detection.
To acquaint participants with the task, a practice run of 26
trials was delivered (10 RAN, 10 RANREG, 4 STEP, 2
CONT). The main task consisted of two blocks of 3.5 min
duration each. Each block contained 47 stimuli (20 RAN, 20
RANREG, 5 STEP, 2 CONT), with an inter-trial-interval of
1.3 s. Feedback on accuracy and speed was provided at the
end of each trial. d’ was used as a measure of sensitivity to
pattern presence. Responses to RANREG transition were

considered hits; responses to RAN trials were considered
false alarms. The task took approximately 18 min to complete.

Frequency Change Detection (STEP) task: RTs to
STEP trials were computed as the time between the onset
of the frequency change and the participant’s button press.
Only RTs of correct trials (hits) were analysed. This task
was embedded in the TP-DETECT task to assess processing
speed (Hultsch et al., 2002), vigilance and engagement.

Tone Pattern Comparison (TP-COMP) task: A
measure of deliberate aSM (Albouy et al., 2013; Graves
et al., 2019; Schulze et al., 2011). The stimuli contained
two 500 ms tone-pip sequences separated by a 2000 ms
silent gap (see Figure 1). The tone-pip sequences were com-
prised of ten 50 ms tone-pips drawn from the same pool
described above (TP-DETECT task). Different patterns
were drawn on each trial. The two sound sequences before
and after the gap were matched on 50% of the trials
(‘same’ trials) and differed in the other trials (‘different’
trials). The sequences in the ‘different’ trials were created
by switching the positions of 5 of the 10 tones. The positions
of the shuffled tones were randomly chosen on each trial,
except for the first and last tones, to avoid the difference
from becoming too obvious. The instructions were to listen
carefully to the sound sequences and press one of two key-
board buttons to indicate whether the two-tone sequences
were the same or different (‘S’ for same and ‘D’ for differ-
ent). Participants then completed 32 trials. Feedback was pro-
vided. The correct response rate was used for the analyses.
The task took approximately 5 min to complete.

Tone Pair Comparison (TPAIR) task: Stimuli were a
pair of 50 ms tone pips, separated by a 500 ms silent gap
(see Figure 1). Tone pip frequencies were drawn from the
same frequency pool used for the TP-COMP and
TP-DETECT tasks. The task required participants to deter-
mine whether the frequencies of tone pairs are the same or
different. Only contiguous pairs of tones (12% frequency dif-
ference; two semi-tones) were used. Overall, each participant
heard 39 pairs of tones (20 ‘same’; 19 ‘different’). Feedback
was provided. The correct response rate was used for the
analyses. The task took approximately 3 min to complete.
TPAIR is an easy frequency discrimination task, which we
expect most participants to do well in. Whilst it may identify
participants with genuine frequency discrimination difficul-
ties, the main challenge is associated with listening carefully
to the briefly presented tone pips. We therefore interpret per-
formance on this task as reflecting participant engagement
and vigilance. See further discussion below.

Corsi Blocks (visual-sequence memory) task: A version
of the classic Corsi blocks tapping task (Kessels et al., 2000)
was implemented to assess visuospatial short-term memory.
Nine identical black squares were presented on the screen.
On each trial, following a fixation duration (500 ms)
several blocks flashed (briefly changed colour from back to
yellow; flash duration 500ms; inter-flash-interval 250 ms)
in a sequence. Participants were required to reproduce the
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order by mouse-clicking on the correct blocks. The initial
sequence length was two blocks. Correct responses result
in a length increase and incorrect responses in a length
decrease. Overall participants completed 20 trials. Two
outcome measures were computed: (1) the maximum
sequence length reached and (2) the mean sequence length
completed across trials. We consider the latter to be a more
sensitive measure of short-term memory and this value was
therefore used for the analyses below (using the other
measure yields an identical pattern of results). The task
took approximately 5 min to complete.

To mitigate possible hearing loss, and further ensure that
sounds are always presented at an easily audible level, a
volume adjustment stage preceded each task: participants
were played a few sounds, taken from the stimulus set of
the upcoming task, and instructed to adjust the volume to
as high a level as possible without it being uncomfortable.

Most participants completed all the tasks. Occasionally,
due to technical issues, not all tasks were completed. All
available data are used in the analyses below with missing
data excluded pairwise.

Analysis
The main analyses are based on generalised multiple
(linear) regression models. Planned analyses tested sepa-
rate models with SiN and TP-DETECT as dependent vari-
ables. In all cases, all the other available parameters
(performance on all tasks as well as age) were included
as predictors simultaneously (‘enter’ method). Following
the observation that older listeners failed the binaural/head-
phones test more often than younger listeners, we also con-
ducted an unplanned regression analysis to understand
what factors might predict performance on the binaural/
headphones test.

We additionally report (uncorrected) correlation analyses
for confirmatory purposes, for example, to replicate known
correlations between age and SiN performance and
between age and Corsi blocks or to elaborate on results
obtained in the regression analyses. Correlational analyses,
where reported, adopted a conservative approach and used
Spearman correlations. As expected from the literature
(Dryden et al., 2017) in most cases correlation values are
weak-moderate. Analysis was conducted in SPSS,
MATLAB, and R.

Results

Older Participants Report Quieter Surroundings Than
Younger Participants
The exit questionnaire asked participants about noise and dis-
ruption in their surroundings. The majority reported quiet,
distraction-free settings. On average, older participants
reported quieter environments (mean Older: 1.02± 1.6:

Younger: 1.3± 1.6; independent samples Mann U Whitney
test; U= 14973.5, p= .025).

Older Participants Failed the Binaural/Headphones
Screen More Often Than Younger Participants
The experiment began with the binaural/headphones test
(Milne et al., 2020) based on HP (Akeroyd, 2008; Chait
et al., 2006; Cramer & Huggins, 1958). Previous work
(Akeroyd, 2008; Santurette & Dau, 2007, 2012) has shown
that HP is the most easily perceivable binaural pitch, includ-
ing in listeners with hearing impairment, which made it a par-
ticularly appealing stimulus for use as a headphones screen.
The test is designed to distinguish between people listening
over headphones, from those listening without headphones
(e.g., over speakers), but users may also fail the test due to
low-quality equipment, a noisy environment or if they have
impaired binaural auditory processing. The latter is of partic-
ular concern when testing older participants. We therefore
did not use the test to exclude participants from the study.
Instead, outcomes were used as predictors in the subsequent
analyses.

Eighty percent of the younger participants passed the
binaural/headphones screen. In contrast, only 61% of the
older participants passed the test. As can be seen from
Table 1, performance on the binaural/headphones screen cor-
related with performance on the other tasks, but with some
differences between the young and older groups. Linear
regression was calculated to predict performance on the
binaural/headphones test based on performance on SiN,
TP-COMP, TPAIR, CORSI, TP-DETECT, and STEP as
well as reported environmental noise and age. In the
younger group, a significant regression equation was found,
F(8, 129)= 5.56 p < .0001 with an R2 of 0.26. Only environ-
mental noise (p < .0001; β=−0.29) and TPAIR (p= 0.039; β
= 0.19) added significantly to the model. This indicates that
noisier settings and poor performance on the attention
check task predicted failure on the binaural/headphones
check, consistent with the notion that failure on the
binaural/headphones test among young listeners mostly
reflects issues with equipment, environmental factors and
engagement (see also Cooke & García Lecumberri, 2021).

In contrast, for older listeners (significant regression equa-
tion: F(8, 173)= 5.7; p< .0001; R2= 0.2) only SiN added
significantly to the model (p< .0001; β=−0.285), indicating
that poor speech reception performance predicted failure on
the binaural/headphones test. This is despite the fact that
stimuli in the SiN task were presented diotically (i.e., did
not necessitate binaural processing per se).

These results, including the patterns of differences
between groups, suggest that the poorer performance of the
older listeners on the binaural/headphones test may reflect
age-related auditory decline, which also affects binaural pro-
cessing and hence sensitivity to the HP stimulus. The absence
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of correlation with age might be due to the narrow age range
from which we sampled.

In the correlation analyses below, we explicitly control for
performance on the binaural/headphones test. The reported
linear regression analyses include performance on the
binaural/headphones test as a predictor. We also excluded
participants who reported Environmental noise >2. The
mean for Environmental noise was 1.13 across groups (1.3
for younger; 1.02 for older). Therefore, a cut-off of 2 was
selected. This allowed us to exclude 20% of the listeners
who reported the loudest listening environments (remaining
sample: N younger= 116; N older= 169; Total N= 285).

SiN Performance Measured From Online Participants
Was Overall Lower Than That Measured in Lab
We compared the SRT measured in the online group to data
from similarly aged cohorts (older group: N= 83, 60–86
years old; younger group: N= 83; 20–38 years old) obtained
in-lab (data from de Kerangal et al., 2021 and an additional
unpublished set; see also Bianco et al., 2021). The in-lab
test was conducted in a double-walled sound-proof booth
(IAC, Winchester). The task, identical to the one used
online, was implemented in MATLAB using a calibrated
sound delivery system at a comfortable listening level
(∼60–70 dB SPL), self-adjusted by each participant during
the training block. Participants additionally underwent PTA
testing which indicated a 50% prevalence of mild hearing
loss in the older group (better ear thresholds > 25 dB HL
for at least one frequency between 125 and 4000 Hz; see
de Kerangal et al., 2021). It is plausible to assume a similar
prevalence of hearing loss in our older online cohort,
although the incidence may be even higher based on findings
by Füllgrabe et al. (2015). It is worth noting that de Kerangal
et al. excluded participants with more severe hearing loss, but
there may be a proportion of such individuals in our online
cohort despite self-declarations of ‘no hearing problems’.
As we will see in the following analysis, there is evidence
to support the conclusion that a proportion of the older par-
ticipants, particularly those who failed the binaural/head-
phones test, have impaired hearing, which significantly
contributes to their reduced SiN performance.

Figure 4 shows the cumulative distribution functions and
probability density functions of the SRT obtained from the
SiN task in-lab and online groups. The online group is separated
into those participants who passed or failed the binaural/head-
phones test. We used a two sample Kolmogorov–Smirnov
(KS) test to ascertain the existence of a statistically significant
difference between the (unknown) distributions of the in-lab
and online groups.

For the older listeners: The KS test indicated a significant
difference between the SRT distributions of those partici-
pants who passed versus failed the binaural/headphones
test (D= 0.397, p < .0001). The maximal difference occurredT
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at ∼10 dB, which was reached by 55% of the pass group and
only by 19% of the ‘fail’ group. Though the two groups did
not differ significantly by age, it does appear that there was a
larger concentration of older participants (age > 75) in the
‘fail’ group, consistent with potential age-related hearing def-
icits that result in impaired binaural performance as well as

SiN reception (though, notably, the SiN task was not binaural
in nature).

We further observed a significant difference in SiN perfor-
mance between the online ‘binaural/headphones pass’ group
and the in-lab group (D= 0.344, p < .001), whereby the in-lab
group exhibited SRT about 1.5 dB lower than the online

Figure 4. Binaural/Headphones Test and SiN Performance in Older and Younger Listeners. (A): Cumulative (left) and probability density

(right) distribution of the in-lab and online SiN performance in older listeners. The online group is separated into those participants who

passed or failed the binaural/headphones test. The bottom insets show the age histogram. (B): Cumulative (left) and probability density

(right) distribution of the in-lab and online binaural/headphones pass and fail SiN performance in younger listeners.
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group. This difference is not explainable by age (if anything
participants in the online group are younger; see age histo-
gram in bottom left), but might relate to environmental
factors and motivation as speculated in Bianco et al. (2021).

In contrast, data from the younger listeners (Figure 4B)
revealed a different pattern. The KS test indicated no signifi-
cant difference between the SRT distributions of participants
who passed versus failed the binaural/headphones test (p=
.156). However, a significant difference was observed
between the in-lab group and the online ‘binaural/head-
phones pass’ group (D= 0.439, p< .0001), with the online
group exhibiting SRT approximately 3 dB higher than the
in-lab group. As above, this difference is interpreted as a
consequence of the lack of control over participants’ environ-
ment and motivation in the online setting, as previously dis-
cussed by Bianco et al. (2021).

Overall, these results suggest that while worse SiN perfor-
mance can be expected in the online sample compared to the
in-lab setting due to lower motivation and weaker environ-
mental control, the greater reduction observed in the older
online ‘binaural/headphones fail’ group may reflect the addi-
tional contribution of age-related auditory processing deficits
which affect both binaural processing and SiN reception.

As a Group, Older Participants Exhibited Worse SiN,
Visual-Sequence Memory and Tone Pattern Detection
Performance Than Young Listeners
Figure 5 presents a comparison between the performance of
the older and younger groups. All tasks were associated with
substantial individual variability, with performance scores
spanning the full range of possible performance levels. A
one-tailed Mann–Whitney U test revealed that SiN (U=
3256, z=−9.332, p < .0001) and CORSI (U= 15159, z=
7.841, p < .0001) performance was significantly lower in
the older group than in the younger group. This is consistent
with previous reports (de Kerangal et al., 2021; Fournet et al.,
2012). We additionally observed a difference in the
TP-DETECT task (U= 10995, z= 1.7, p= .04), revealing
lower sensitivity to transitions between random and regularly
repeating tone patterns in the older group, in line with previ-
ous hypotheses (Herrmann et al., 2022). Performance on the
other tasks did not differ between age groups (other p-values
> .3).

We also analysed the effect sizes directly by bootstrap
resampling. On each iteration (N= 1000) a group of
Younger and Older participants were selected (with replace-
ment; Ns equal to the total group sizes) and an effect size was
derived from the Wilcoxon rank sum test comparing the two
groups. Figure 5G presents the derived distributions of effect
sizes for each task. This analysis demonstrates that the SiN
and Corsi blocks tasks yielded the largest differences
between younger and older listeners. Whilst substantially
smaller, the distribution associated with TP-DETECT is

significantly different from 0, suggesting a robust difference
in means between the young and older groups. There was
also a significant difference between the effect size

Figure 5. Distribution of Performance, Across the Various

Tasks, in the Younger And Older Groups (N young= 116; N old=
169; total N= 285). Statistically significant differences between

group means are indicated. Worse performance in the Older than

in the Younger group was observed in the SiN task (A) and

Corsi-blocks (D) (assessed as maximum reproduced length – left

panel – and mean reproduced length across the 20 trials – right

panel; the latter measure is used in the correlation/regression

analyses below). We also observed a difference between groups

in the TP-DETECT task (C). (G) Bootstrapped distributions of

the effect sizes derived from the between-group comparisons in

each task. The p-values quantify the proportion of iterations

where the effect size was ≤ 0 (thick horizontal black line).
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distribution associated with TP-DETECT versus TP-COMP
(two sample KS test: p < .0001, D= 0.258; Mann–Whitney
U: z= 13.97, p< .0001) consistent with the former providing
a more reliable measure of age-related decline in aSM.

Within the Older Group, age Correlated With SiN and
Visual-Sequence Memory Performance
To first confirm expectations based on previous literature, we
tested for known links between ageing and SiN. Focusing on
the older group, partial correlation analyses between age and
task performance (controlling for performance on the
binaural/headphones test) demonstrated significant, albeit
weak, correlations only with SiN (r= 0.242; p= .002) and
Corsi blocks (r=−0.183; p= .021) performance, confirming
that both tasks are sensitive to age-related decline even when
focusing on the 60–79 years range. SRT increased, and
visual-spatial sequence memory performance decreased
with increasing age, though the relatively skewed age distri-
bution here might have limited the effect sizes observed.

SiN Performance Did Not Correlate With Auditory
Sensory Memory or Visual-Sequence Memory
Performance
Critically, across the full sample, there was no significant cor-
relation between SiN reception and aSM or visual-sequence
memory performance. A regression analysis, within the full
cohort of older and younger participants, predicting SiN per-
formance with the other tasks (TP-DETECT, TP-COMP,
CORSI, STEP, TPAIR, binaural/headphones task) and age
as predictors were conducted. This analysis, F(7, 267)=
24.22, p< .001; 37% variance explained, indicated that
only age (standardised β= 0.464; p< .001; likely reflecting
the difference between the young and older groups since
age was not continuously sampled) and binaural/headphones
test performance (standardised β=−0.210; p< .001) added
significantly to the model.

In the older group, a linear regression analysis with SiN as
the dependent variable and the other tasks (TP-DETECT,
TP-COMP, CORSI, STEP, TPAIR, binaural/headphones
task) and age as predictors; F(7, 153)= 5.28, p< .001;
15.8% variance explained; confirmed that only age (standard-
ised β= 0.196; p= .011) and binaural/headphones test perfor-
mance (standardised β=−0.299; p< .001) added significantly
to the model. Namely, performance on the SiN task was only
predictable from binaural processing ability (as indirectly
quantified with the binaural/headphones test) and participant’s
age. Consistently, a partial correlation analysis between the
SiN task and the other factors (controlling for performance
on the binaural/headphones test) demonstrated significant
(but weak) correlations only with age (r= 0.242; p= .002).

A multiple regression analysis in the younger cohort
yielded a non-significant model (p= .14), suggesting no

effect of the factors considered in the present study on SiN
reception among younger (20–35 years old) listeners.

Auditory Pattern Detection Performance Is Linked
With Both Visual-Sequence and Explicit Auditory
Memory Tasks
Finally, we focus on the performance of the memory tasks.
Specifically, we tested whether performance on the auditory
pattern detection task (TP-DETECT), our key measure of
aSM, shares variance with the other cognitive tasks.

A regression analysis was conducted on the full group of
younger and older participants with TP-DETECT perfor-
mance as the predicted variable, and performance on the
other tasks (SiN, TP-COMP, CORSI, STEP, TPAIR,
binaural/headphones task) and age as predictors. The
results of the regression indicated that the model was a signif-
icant predictor of TP-DETECT performance, F(7, 267)=
21.522, p< .001, with 34.4% of the variance in the data
(adjusted R2) explained by the predictor variables.
TP-COMP (p< .001; standardised β= 0.211), TPAIR (p<
.001; standardised β= 0.394) and CORSI (p= .009; stan-
dardised β= 0.151) added significantly to the model, con-
firming that these variables independently explain variance
in TP-DETECT (see also Figure 6). Notably, age (p= .647)
and the binaural/headphones test (p= .215) did not explain
TP-DETECT variance. The lack of correlation with age
here, despite the presence of an age effect in the
between-group analysis (Figure 5G) might be due to shared
variability between age and Corsi-blocks.

The results thus indicate that the implicit aSM capacity
that supports pattern detection is positively predicted by
other (explicit auditory; explicit visual) memory tasks as
well as by tasks that quantify engagement and attention.

Discussion
This study aimed to understand whether aSM capacity (as
quantified primarily with TP-DETECT) is predictive of SiN
reception. A related aSM task but incorporating deliberate
intent to memorise (TP-COMP) was also included. We
hypothesised that the link between SiN performance and
aSM might be particularly salient in older listeners due to
the growing individual variability in both memory capacity
and SiN reception abilities in this population. To focus on
the low-level sensory processes that support the extraction
and maintenance of dynamically unfolding auditory informa-
tion, we chose SiN and aSM tasks that minimally rely on
semantic, reasoning, and executive abilities. Our results,
obtained from a large cohort of online participants, showed
that although both SiN perception and (to a lesser extent)
aSM deteriorate with age, the two do not share variability.
This finding helps constrain the search for the perceptual
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and cognitive factors that explain individual variability in
SiN performance.

No Shared Variability Between SiN Perception and
Implicit or Explicit Sensory Memory
To specifically target sensory contributions to SiN, we used a
speech perception task that minimally depends on executive
processing. The test employs a closed set of keywords –
colours and numbers – and a simple response procedure
(see Figure 3). To measure aSM, we used two tasks, based
on rapid, arbitrary tone patterns, that minimise reliance on
semantic information and rehearsal. The key task tapped
automatic mnemonic mechanisms supporting the detection
of auditory patterns (TP-DETECT). The patterns are too
rapid to allow for deliberate tracking – they pop out automat-
ically – but the fidelity of detection depends on the properties
of a sensory memory store in which current and recently
encountered sensory information is processed (Harrison
et al., 2020; Kaernbach, 2004; McDermott et al., 2011). To
determine that a regular pattern has emerged, the auditory
system must maintain the recently encountered information
in some form of memory store, compare incoming informa-
tion to this representation, and detect pattern repetition.
This stimulus has been extensively used to study auditory
short-term memory and its neural underpinnings (Barascud
et al., 2016; Barczak et al., 2018; Bianco et al., 2023,
2020; Herrmann et al., 2019; Southwell & Chait, 2018).
An additional task (TP-COMP), using similar stimuli,
required active memory maintenance. Listeners were
instructed to remember a random tone sequence over a
short duration (delayed match to sample). A control visual
task, Corsi-blocks, in which participants were required to
actively memorise and reproduce a spatial visual sequence

was also used to understand whether any memory deficits
also extend to explicit visual sequence memory.

Despite having sufficient statistical power to detect
low-to-moderate effect sizes, the results indicated that aSM,
as tested with TP-DETECT and TP-COMP, does not
predict SiN performance. This was confirmed when tested
in the full group of young and older participants, and also
when focusing on the older group – where we expected a
potentially enhanced effect due to increased age-related var-
iability in SiN and memory performance (Bopp &
Verhaeghen, 2005; Cooper et al., 2006; Dhrruvakumar &
Yathiraj, 2021; Fogerty et al., 2016; Sur & Golob, 2020).
Though much attention has focused on age-related deficits
in episodic and WM (Akeroyd, 2008; Cansino, 2009;
Füllgrabe & Rosen, 2016), evidence is increasingly demon-
strating impairment also in tasks that draw on sensory
memory (Bellis et al., 2000; Bopp & Verhaeghen, 2005;
Cooper et al., 2006; Dhrruvakumar & Yathiraj, 2021;
Fogerty et al., 2016; Lu et al., 2005; Rimmele et al., 2012;
Ruzzoli et al., 2012; Sur & Golob, 2020; Trainor &
Trehub, 1989). For instance, the mismatch negativity
(MMN), a pre-attentive brain response that reflects an incon-
gruity between information stored in aSM and new input
(Garrido et al., 2009; Heilbron & Chait, 2018; Näätänen
et al., 2007), exhibits reduced amplitude and longer latencies
in older compared to younger adults, indicating impaired
aSM (Cheng et al., 2013; Cooper et al., 2006; Pekkonen
et al., 1996).

Here, as expected, we observed a reduction in SiN recep-
tion in older listeners and also confirmed an age-related
decline in Corsi-blocks performance (Beigneux et al.,
2007; Fournet et al., 2012). We additionally revealed a poten-
tial deficit in aSM (TP-DETECT) in older listeners, though
this effect was much less pronounced than that seen for

Figure 6. Partial Regression Plots Demonstrating the Link Between TP-DETECT, TPAIR and Corsi-blocks in the Full Group of Participants.

Participants who performed better in the TP-DETECT task exhibited higher scores on explicit auditory memory (TP-COMP), visual

sequential memory (CORSI), and engagement (TPAIR).
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SiN and Corsi-blocks (see also Figure 5). Critically, SiN per-
ception did not share variability with these tasks.

Using stimuli similar to those at the basis of the
TP-DETECT task employed here, Herrmann et al. (2019)
(see also Al Jaja et al., 2020; Herrmann et al., 2022) recently
demonstrated reduced auditory pattern-evoked brain
responses in older listeners, relative to a young control
cohort. This was interpreted as reflecting impaired
age-related sensory memory and hypothesised to relate to
other deficits exhibited by older listeners, including
reduced SiN performance. The present results demonstrate
that this is not necessarily the case, though, of course, a
potential correlation between a neural measure of aSM as
captured in Herrmann et al. (2022) and SiN reception is not
excluded by our behavioural findings.

Finally, the failure to observe a link between SiN and aSM
as measured with a pure-tone-based paradigm may be linked
to some tentative evidence of two separate mnemonic subsys-
tems for verbal material and tonal material (e.g., melodies,
tone patterns) (Caclin & Tillmann, 2018). Accordingly,
patients with different brain lesions exhibit double dissocia-
tion of short-term memory for tone versus syllable sequences
(Hirel et al., 2017). Moreover, impaired short-term memory
for non-verbal but not verbal sounds is observed in congen-
ital amusia (Albouy et al., 2013; Tillmann et al., 2009).
Therefore, the lack of shared variability between
TP-DETECT and SiN outcomes may be attributed to the
involvement of different networks. Sensory-specific
auditory-frontal areas are known to support tone-pattern pro-
cessing (Barascud et al., 2016; Herrmann et al., 2022), while
cognitive frontoparietal regions are involved in memory and
attention during verbal (Majerus et al., 2006) and SiN tasks
(Wong et al., 2009). However, it is worth mentioning that
SiN performance in normal hearing listeners has been previ-
ously linked with the processing of artificial tonal stimuli in
figure-ground segregation tasks (Holmes & Griffiths, 2019).
Future studies should further explore the potential extent of
shared mnemonic or attentional resources during the process-
ing of verbal and tonal material.

SiN Performance is Predicted by Dichotic Pitch
Perception and age
Analyses combining the full participant pool, or focusing on
the older participants only, revealed that, from among the set
of tasks used here, SiN performance was only predicted by
the binaural/headphones test and participant age. Notably,
this relationship was observed despite the absence of a
binaural component in the SiN task itself. The binaural/head-
phones test (Milne et al., 2020) was included here as a stan-
dard component of our online testing protocol to screen for
headphones use. This test was chosen because it is based
on a salient pitch percept (the HP, Akeroyd, 2008; Chait
et al., 2006; Cramer & Huggins, 1958) that is perceivable
by most listeners including those with hearing loss

(Akeroyd et al., 2001; Sanchez-Lopez et al., 2020;
Santurette & Dau, 2012; though we note that the
hearing-impaired participants tested on HP e.g., in
Santurette & Dau, 2012 were not controlled for age).

We have previously used the headphones screen with pre-
dominantly young listeners (Bianco et al., 2021; Milne et al.,
2020). A failure rate of around 20% is usually observed in
this work, and hypothesised to result from faulty equipment
(e.g., headphones not used, or the presence of bleed between
L and R channels), a particularly noisy environment, or lack
of engagement. Indeed, here failure on the binaural/head-
phones test among the young group (20% fail rates) was pre-
dicted by environmental noise, and task engagement as
quantified with the TPAIR attention task. That said, it is
also possible that a proportion of young listeners failed
because of impaired binaural processing (Füllgrabe &
Moore, 2018).

The older cohort exhibited substantially lower pass rates
(40% fail rates) and as opposed to the younger cohort the
binaural/headphones test was predicted only by SiN perfor-
mance. This might reflect potentially impaired binaural pro-
cessing in the older population which can be of a
peripheral nature or of a more central origin. There exists evi-
dence to indicate that ageing and sensorineural hearing loss
independently affect binaural processing (Füllgrabe &
Moore, 2018; King et al., 2014). We therefore used the
outcome of the binaural/headphones test as a proxy for
binaural processing ability in the reported regression analy-
ses. Whilst it is important to stress that the binaural/head-
phones task was not originally designed to specifically
assess binaural processing ability, the finding that perfor-
mance correlated with a non-dichotic SiN task is interesting
and links with previous observations (Sanchez Lopez et al.,
2018).

A previous study (Sanchez Lopez et al., 2018) investi-
gated a data-driven approach for profiling individuals based
on a range of auditory ‘supra threshold’ tasks (see also
Sanchez-Lopez et al., 2020; Wu et al., 2020). They classified
listeners into four auditory profiles (A, B, C, and D), based on
perceptual performance along two independent computation-
ally derived dimensions. The first dimension was associated
with high-frequency hearing loss and reduced speech intelli-
gibility; the second was associated with low-frequency
hearing loss and impaired loudness perception. Strikingly,
results showed that only individuals exhibiting clear deficits
in both dimensions (‘profile C’), that is, those with the most
severe hearing loss, displayed reduced binaural pitch percep-
tion. This indicates that our online sample might contain such
individuals (despite self-reported normal hearing), and that,
more broadly, this profile might characterise about 20% of
older listeners when sampled randomly. Therefore, it may
be valuable to routinely incorporate a measure of binaural
processing when working with older listeners, even if the
tasks of interest are not inherently binaural in nature.
Notably, it was observed that individuals who exhibited

Bianco and Chait 13



poorer performance on the SiN task and the binaural/head-
phones test did not show signs of memory impairment that
would affect their performance on the TP-DETECT and
TP-COMP tasks. The regression analyses indicated that sen-
sitivity to the binaural pitch did not predict performance on
TP-DETECT and TP-COMP, in contrast to its predictive
value for SiN performance. This indicates that the brain
ageing processes that underlie impaired SiN and binaural
processing are not necessarily also associated with reduced
aSM.

Mildly Impaired Auditory Sensory Memory With
Ageing
We used auditory implicit and deliberate sensory memory
tasks to quantify listeners’ ability to maintain sequential
events in memory. Unlike previously used probes of auditory
memory that relied on listeners’ ability to explicitly recall the
order of sequentially presented auditory information (e.g.,
Dhrruvakumar & Yathiraj, 2021; Fogerty et al., 2016), the
present tasks were based on rapidly presented (20 Hz)
sequences of tone pips and focused on listeners’ ability to
implicitly represent the sequence as a whole. Performance
on all tasks yielded substantial individual variability
(Figure 5) with participant performance spanning the full
range between chance and ceiling.

The TP-DETECT task is arguably a direct measure of
aSM because it is implicit and does not involve an active
retention component. It is tempting to hypothesise that the
memory mechanisms that support the automatic detection
of structure in rapidly unfolding sequences would also
support other listening tasks, such as SiN reception
(Herrmann et al., 2022).

Despite the widely reported decrease in aSM with ageing
(Bellis et al., 2000; Bopp & Verhaeghen, 2005; Cooper et al.,
2006; Dhrruvakumar & Yathiraj, 2021; Fogerty et al., 2016;
Lu et al., 2005; Rimmele et al., 2012; Ruzzoli et al., 2012;
Sur & Golob, 2020; Trainor & Trehub, 1989) we observed
only relatively mild effects in the present study
(Figure 5G). Performance on the delayed-match-to-sample
task (TP-COMP) did not differ significantly between age
groups. Though evidence suggested a difference between
age groups for the implicit memory task (TP-DETECT),
the effect size was much smaller than those observed for
SiN and Corsi-blocks. This indicates that aSM, at least
when quantified with d’, is relatively preserved with ageing.

These findings stand in contrast to the quite pronounced
EEG-based effects observed in Herrmann et al. (2019)
who, using signals akin to those used for TP-DETECT
here, showed substantially reduced auditory pattern-evoked
sustained brain responses in older, relative to younger, listen-
ers (see also Al Jaja et al., 2020; Herrmann et al., 2022). This
discrepancy might suggest that the reduced responses
observed in those studies do not directly underlie memory
performance as measured behaviourally. Alternatively, finer-

grained measures of sensitivity (e.g., measuring reaction time
to patterns of increasing length) may be more informative for
quantifying deficits in aSM. We chose to focus on sensitivity
(as quantified with d’) here because it is easy to measure
online and because participants exhibited a sufficiently
large, and thus potentially informative, individual variability
in performance.

Links Between Auditory Implicit and Explicit Sensory
Memory and Visual Memory
Across older and younger listeners, performance on the
TP-DETECT task, our key measure of automatic aSM, was
positively predicted by the TP-COMP task (explicit aSM)
and the Corsi blocks task (explicit visual short-term
memory). The TP-DETECT task requires information to be
held in memory to detect a pattern repetition, but due to
the rapid nature of the stimuli (a presentation rate of 20Hz
here), the process of detection is largely implicit (the
pattern ‘pops out’ perceptually). Therefore, the shared vari-
ability between the memory tasks may reflect the contribu-
tion of a task-independent, and modality-independent
memory component. This finding is consistent with demon-
strations that auditory and visual short-term memory
employ similar fundamental information processing steps
(Visscher et al., 2007) and therefore might be constrained
by similar, individual-linked capacity limitations.

Furthermore, a portion of the variance in TP-DETECT
performance was also explained by the control TPAIR task.
Although this may partly reflect the contribution of frequency
representation to pattern detection performance, it is more
likely attributed to attentive listening and task engagement.
This interpretation is supported by the nature of the TPAIR
task, which is relatively easy (noticing a frequency difference
of 12% between tones in a pair) but repetitive, and demand-
ing sustained focused attention. Performance lapses are more
likely due to inattention rather than genuine insensitivity. It is
worth noting that, contrary to expectations associated with a
task solely reflecting frequency sensitivity (Moore & Peters,
1992), performance on TPAIR did not correlate with age
(Spearman’s rho= 0.0: see also Figure 5).

Conclusion
There is currently significant interest in investigating the
relationship between auditory WM and speech processing.
In this study, we aimed to specifically examine the aSM
component and explore the association of implicit and
deliberate aSM with SiN performance. Despite considerable
variability in SiN and auditory memory task performance
across a large cohort of younger and older participants,
our findings indicate that SiN performance was not pre-
dicted by aSM alone. This suggests that the previously
observed links between auditory WM and SiN performance
are not solely reliant on the maintenance of acoustic
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information in memory, but rather involve executive and
other supportive mechanisms.

It is essential to acknowledge the limitations associated
with conducting an online study. To gather a large sample
size, we had to relinquish control over participants’ equip-
ment and environment, and our knowledge of their audiolog-
ical profiles was limited. Although we took steps to mitigate
some of these limitations (e.g., excluding participants who
reported particularly noisy environments, incorporating loud-
ness adjustment before each task, and using the binaural/
headphones test as a predictor in all analyses), conducting
more detailed in-lab studies could provide further insights
into how a listener’s specific audiological and cognitive
profile influences the observed effects.

Declaration of Conflicting Interests
The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding
This work was supported by a BBSRC grant (BB/P003745/1) to
M. C., the NIHR UCLH BRC Deafness and Hearing Problems
Theme, and an ARUK Early Career Research Bridging fund to
R. B. R. B. is funded by the European Union (MSCA,
PHYLOMUSIC, 101064334).

Open Practice Statements
Stimuli and code implementing the SIN test can be found in Gorilla
Open Materials: https://gorilla.sc/openmaterials/171870. Data and
analysis codes can be found on OSF: DOI 10.17605/OSF.IO/
YXKGA

ORCID iDs
Roberta Bianco https://orcid.org/0000-0001-9613-8933
Maria Chait https://orcid.org/0000-0002-7808-3593

References
Agus, T. R., & Pressnitzer, D. (2021). Repetition detection and rapid

auditory learning for stochastic tone clouds. The Journal of the
Acoustical Society of America, 150(3), 1735–1749. https://doi.
org/10.1121/10.0005935

Agus, T. R., Thorpe, S. J., & Pressnitzer, D. (2010). Rapid forma-
tion of robust auditory memories: Insights from noise. Neuron,
66(4), 610–618. https://doi.org/10.1016/j.neuron.2010.04.014

Akeroyd, M. A. (2008). Are individual differences in speech recep-
tion related to individual differences in cognitive ability? A survey
of twenty experimental studies with normal and hearing-impaired
adults. International Journal of Audiology, 47(sup2), S53–S71.
https://doi.org/10.1080/14992020802301142

Akeroyd, M. A., Moore, B. C. J., & Moore, G. A. (2001). Melody
recognition using three types of dichotic-pitch stimulus. The
Journal of the Acoustical Society of America, 110(3), 1498–
1504. https://doi.org/10.1121/1.1390336

Albouy, P., Mattout, J., Bouet, R., Maby, E., Sanchez, G., Aguera,
P. E., & Tillmann, B. (2013). Impaired pitch perception and
memory in congenital amusia: The deficit starts in the auditory

cortex. Brain, 136(5), 1639–1661. https://doi.org/10.1093/
brain/awt082

Al Jaja, A., Grahn, J. A., Herrmann, B., &MacDonald, P. A. (2020).
The effect of aging, Parkinson’s disease, and exogenous dopa-
mine on the neural response associated with auditory regularity
processing. Neurobiology of Aging, 89, 71–82. https://doi.org/
10.1016/j.neurobiolaging.2020.01.002

Anwyl-Irvine, A. L., Dalmaijer, E., Hodges, N., & Evershed, J.
(2020). Online Timing Accuracy and Precision: A comparison
of platforms, browsers, and participant’s devices [Preprint].
PsyArXiv. https://doi.org/10.31234/osf.io/jfeca

Atkinson, R. C., & Shiffrin, R. M. (1968). Human memory: A pro-
posed system and its control processes. Psychology of Learning
and Motivation - Advances in Research and Theory, 2(C), 89–
195. https://doi.org/10.1016/S0079-7421(08)60422-3

Baddeley, A. (2003). Working memory: Looking back and looking
forward. Nature Reviews. Neuroscience, 4(10), 829–839. https://
doi.org/10.1038/nrn1201

Baddeley, A. D., & Hitch, G. (1974). Working memory. Psychology
of Learning and Motivation - Advances in Research and Theory,
8(C), 47–89. https://doi.org/10.1016/S0079-7421(08)60452-1

Baldwin, C. L., & Ash, I. K. (2011). Impact of sensory acuity on
auditory working memory span in young and older adults.
Psychology and Aging, 26(1), 85–91. https://doi.org/10.1037/
a0020360

Barascud, N., Pearce, M. T., Griffiths, T., Friston, K., & Chait, M.
(2016). Brain responses in humans reveal ideal-observer-like
sensitivity to complex acoustic patterns. Proceedings of the
National Academy of Sciences, 113(5), E616–E625. https://doi.
org/10.1073/pnas.1508523113

Barczak, A., O’Connell, M. N., McGinnis, T., Ross, D., Mowery,
T., Falchier, A., & Lakatos, P. (2018). Top-down, contextual
entrainment of neuronal oscillations in the auditory thalamocor-
tical circuit. Proceedings of the National Academy of Sciences of
the United States of America, 115(32), E7605–E7614. https://
doi.org/10.1073/pnas.1714684115

Beigneux, K., Plaie, T., & Isingrini, M. (2007). Aging effect on
visual and spatial components of working memory.
International Journal of Aging and Human Development,
65(4), 301–314. https://doi.org/10.2190/AG.65.4.b

Bellis, T. J., Nicol, T., & Kraus, N. (2000). Aging affects hemi-
spheric asymmetry in the neural representation of speech
sounds. Journal of Neuroscience, 20(2), 791–797. https://doi.
org/10.1523/jneurosci.20-02-00791.2000

Bianco, R., Hall, E. T. R., Pearce, M. T., & Chait, M. (2023).
Healthy ageing effects on implicit auditory memory: From
encoding to 6-month retention. BioRxiv, 2023, 527176. https://
doi.org/10.1101/2023.02.05.527176

Bianco, R., Harrison, P. M. C., Hu, M., Bolger, C., Picken, S.,
Pearce, M. T., & Chait, M. (2020). Long-term implicit
memory for sequential auditory patterns in humans. ELife, 9,
e56073. https://doi.org/10.7554/eLife.56073

Bianco, R., Mills, G., de Kerangal, M., Rosen, S., & Chait, M. (2021).
Reward enhances online participants’ engagement with a demand-
ing auditory task. Trends in Hearing, 25, 233121652110259.
https://doi.org/10.1177/23312165211025941

Bolia, R. S., Nelson, W. T., Ericson, M. A., & Simpson, B. D.
(2000). A speech corpus for multitalker communications
research. The Journal of the Acoustical Society of America,
107(2), 1065–1066. https://doi.org/10.1121/1.428288

Bianco and Chait 15

https://gorilla.sc/openmaterials/171870
https://gorilla.sc/openmaterials/171870
https://orcid.org/0000-0001-9613-8933
https://orcid.org/0000-0001-9613-8933
https://orcid.org/0000-0002-7808-3593
https://orcid.org/0000-0002-7808-3593
https://doi.org/10.1121/10.0005935
https://doi.org/10.1121/10.0005935
https://doi.org/10.1121/10.0005935
https://doi.org/10.1016/j.neuron.2010.04.014
https://doi.org/10.1016/j.neuron.2010.04.014
https://doi.org/10.1080/14992020802301142
https://doi.org/10.1080/14992020802301142
https://doi.org/10.1121/1.1390336
https://doi.org/10.1121/1.1390336
https://doi.org/10.1093/brain/awt082
https://doi.org/10.1093/brain/awt082
https://doi.org/10.1093/brain/awt082
https://doi.org/10.1016/j.neurobiolaging.2020.01.002
https://doi.org/10.1016/j.neurobiolaging.2020.01.002
https://doi.org/10.1016/j.neurobiolaging.2020.01.002
https://doi.org/10.31234/osf.io/jfeca
https://doi.org/10.1016/S0079-7421(08)60422-3
https://doi.org/10.1016/S0079-7421(08)60422-3
https://doi.org/10.1038/nrn1201
https://doi.org/10.1038/nrn1201
https://doi.org/10.1038/nrn1201
https://doi.org/10.1016/S0079-7421(08)60452-1
https://doi.org/10.1016/S0079-7421(08)60452-1
https://doi.org/10.1037/a0020360
https://doi.org/10.1037/a0020360
https://doi.org/10.1037/a0020360
https://doi.org/10.1073/pnas.1508523113
https://doi.org/10.1073/pnas.1508523113
https://doi.org/10.1073/pnas.1508523113
https://doi.org/10.1073/pnas.1714684115
https://doi.org/10.1073/pnas.1714684115
https://doi.org/10.1073/pnas.1714684115
https://doi.org/10.2190/AG.65.4.b
https://doi.org/10.2190/AG.65.4.b
https://doi.org/10.1523/jneurosci.20-02-00791.2000
https://doi.org/10.1523/jneurosci.20-02-00791.2000
https://doi.org/10.1523/jneurosci.20-02-00791.2000
https://doi.org/10.1101/2023.02.05.527176
https://doi.org/10.1101/2023.02.05.527176
https://doi.org/10.1101/2023.02.05.527176
https://doi.org/10.7554/eLife.56073
https://doi.org/10.7554/eLife.56073
https://doi.org/10.1177/23312165211025941
https://doi.org/10.1177/23312165211025941
https://doi.org/10.1121/1.428288
https://doi.org/10.1121/1.428288


Bopp, K. L., & Verhaeghen, P. (2005). Aging and verbal memory
span: A meta-analysis. Journals of Gerontology - Series B
Psychological Sciences and Social Sciences, 60(5), 223–233.
https://doi.org/10.1093/geronb/60.5.P223

Bosen, A. K., & Barry, M. F. (2020). Serial recall predicts vocoded
sentence recognition across spectral resolutions. Journal of
Speech, Language, and Hearing Research, 63(4), 1282–1298.

Caclin, A., & Tillmann, B. (2018). Musical and verbal short-term
memory: Insights from neurodevelopmental and neurological
disorders. Annals of the New York Academy of Sciences,
1423(1), 155–165. https://doi.org/10.1111/nyas.13733

Cansino, S. (2009). Episodic memory decay along the adult life-
span: A review of behavioral and neurophysiological evidence.
International Journal of Psychophysiology, 71(1), 64–69.
https://doi.org/10.1016/j.ijpsycho.2008.07.005

Chait, M., Poeppel, D., & Simon, J. Z. (2006). Neural response cor-
relates of detection of monaurally and binaurally created pitches
in humans. Cerebral Cortex, 16(6), 835–848. https://doi.org/10.
1093/cercor/bhj027

Cheng, C. H., Hsu, W. Y., & Lin, Y. Y. (2013). Effects of physio-
logical aging on mismatch negativity: A meta-analysis.
International Journal of Psychophysiology, 90(2), 165–171.
https://doi.org/10.1016/j.ijpsycho.2013.06.026

Christophel, T. B., Klink, P. C., Spitzer, B., Roelfsema, P. R., &
Haynes, J. D. (2017). The distributed nature of working
memory. Trends in Cognitive Sciences, 21(2), 111–124. https://
doi.org/10.1016/j.tics.2016.12.007

Cooke, M., García Lecumberri, M. L., Luisa, M., & Lecumberri, G.
(2021). How reliable are online speech intelligibility studies with
known listener cohorts? The Journal of the Acoustical Society of
America, 150(2), 1390–1401. https://doi.org/10.1121/10.0005880

Cooper, R. J., Todd, J., McGill, K., & Michie, P. T. (2006).
Auditory sensory memory and the aging brain: A mismatch neg-
ativity study. Neurobiology of Aging, 27(5), 752–762. https://
doi.org/10.1016/j.neurobiolaging.2005.03.012

Corsi, P. M. (1972). Human memory and the medial temporal
region of the brain. Dissertation. McGill University (1972).
Sciences and Engineering, 34(2), 891.

Cowan, N. (1984). On short and long auditory stores. Psychological
Bulletin, 96(2), 341–370. https://doi.org/10.1037/0033-2909.96.
2.341

Cowan, N. (2008). What are the differences between long-term,
short-term, and working memory? Progress in Brain
Research, 169, 323–338.

Cowan, N. (2017). The many faces of working memory and short-
term storage. Psychonomic Bulletin and Review, 24(4), 1158–
1170. https://doi.org/10.3758/s13423-016-1191-6

Cowan, N., Naveh-benjamin, M., Kilb, A., & Saults, J. S. (2006).
Life-Span development of visual working memory : When is.
Developmental Psychology, 42(6), 1089–1102. https://doi.org/
10.1037/0012-1649.42.6.1089

Cramer, E. M., & Huggins, W. H. (1958). Creation of pitch through
binaural interaction. Journal of the Acoustical Society of
America, 30(5), 413–417. https://doi.org/10.1121/1.1909628

Daneman, M., & Carpenter, P. A. (1980). Individual differences in
working memory and Reading. Journal of Verbal Learning and
Verbal Behavior, 19(4), 450–466. https://doi.org/10.1016/
s0022-5371(80)90312-6

Daneman, M., & Merikle, P. M. (1996). Working memory and lan-
guage comprehension: A meta-analysis. Psychonomic Bulletin

and Review, 3(4), 422–433. https://doi.org/10.3758/BF0321
4546

de Kerangal, M., Vickers, D., & Chait, M. (2021). The effect of
healthy aging on change detection and sensitivity to predictable
structure in crowded acoustic scenes. Hearing Research, 399,
108074. https://doi.org/10.1016/j.heares.2020.108074

Dhrruvakumar, S., & Yathiraj, A. (2021). Relation between auditory
memory and global memory in young and older adults.
European Archives of Oto-Rhino-Laryngology, 278(7), 2577–
2583. https://doi.org/10.1007/s00405-020-06512-8

Dryden, A., Allen, H. A., Henshaw, H., & Heinrich, A. (2017). The
association between cognitive performance and speech-in-noise
perception for adult listeners: A systematic literature review and
meta-analysis. Trends in Hearing, 21, 1–21. https://doi.org/10.
1177/2331216517744675

Fogerty, D., Humes, L. E., & Busey, T. A. (2016). Age-related
declines in early sensory memory: Identification of rapid audi-
tory and visual stimulus sequences. Frontiers in Aging
Neuroscience, 8(May), 1–16. https://doi.org/10.3389/fnagi.
2016.00090

Fournet, N., Roulin, J.-L., Vallet, F., Beaudoin, M., Agrigoroaei, S.,
Paignon, A., & Desrichard, O. (2012). Evaluating short-term and
working memory in older adults: French normative data. Aging
& Mental Health, 16(7), 922–930. https://doi.org/10.1080/
13607863.2012.674487

Füllgrabe, C. (2013). Age-dependent changes in temporal-fine-struc-
ture processing in the absence of peripheral hearing loss.
American Journal of Audiology, 22(2), 313–315. https://doi.org/
10.1044/1059-0889(2013/12-0070)

Füllgrabe, C., Moore, B. C. J., & Stone, M. A. (2015). Age-group
differences in speech identification despite matched audiometri-
cally normal hearing: Contributions from auditory temporal pro-
cessing and cognition. Frontiers in Aging Neuroscience, 7(Jan),
1–25. https://doi.org/10.3389/fnagi.2014.00347

Füllgrabe, C., & Rosen, S. (2016). On the (un)importance of
working memory in speech-in-noise processing for listeners
with normal hearing thresholds. Frontiers in Psychology,
7(Aug), 1–8. https://doi.org/10.3389/fpsyg.2016.01268

Füllgrabe, C. F., & Moore, B. C. J. (2018). The association between
the processing of binaural temporal-fine-structure information
and audiometric threshold and age: A meta-analysis. Trends in
Hearing, 22, 1–14. https://doi.org/10.1177/23312165187972

Garami, L., Chow, R., Fakuade, A., Swaminathan, S., & Alain, C.
(2020). Experimental aging research an international journal
devoted to the scientific study of the aging process orienting atten-
tion to auditory and visual short-term memory: The roles of age,
hearing loss, and cognitive status. Experimental Aging Research,
46(1), 22–38. https://doi.org/10.1080/0361073X.2019.1693008

Garrido, M. I., Kilner, J. M., Stephan, K. E., & Friston, K. J. (2009).
The mismatch negativity: A review of underlying mechanisms.
Clinical Neurophysiology : Official Journal of the
International Federation of Clinical Neurophysiology, 120(3),
453–463. https://doi.org/10.1016/j.clinph.2008.11.029

Glisky, E. L. (2007). Changes in cognitive function in human aging.
Brain aging: Models, methods, and mechanisms, 1. CRC Press/.
https://books.google.it/books?hl=en&lr=&id=t26dDwAAQBAJ
&oi=fnd&pg=PT17&ots=kTY2fZZ-4I&sig=_whzp80iA7cGL
N9MRrPloE0T_L0&redir_esc=y#v=onepage&q&f=false.

Gordon-Salant, S., & Cole, S. S. (2016). Effects of age and working
memory capacity on speech recognition performance in noise

16 Trends in Hearing

https://doi.org/10.1093/geronb/60.5.P223
https://doi.org/10.1093/geronb/60.5.P223
https://doi.org/10.1111/nyas.13733
https://doi.org/10.1111/nyas.13733
https://doi.org/10.1016/j.ijpsycho.2008.07.005
https://doi.org/10.1016/j.ijpsycho.2008.07.005
https://doi.org/10.1093/cercor/bhj027
https://doi.org/10.1093/cercor/bhj027
https://doi.org/10.1093/cercor/bhj027
https://doi.org/10.1016/j.ijpsycho.2013.06.026
https://doi.org/10.1016/j.ijpsycho.2013.06.026
https://doi.org/10.1016/j.tics.2016.12.007
https://doi.org/10.1016/j.tics.2016.12.007
https://doi.org/10.1016/j.tics.2016.12.007
https://doi.org/10.1121/10.0005880
https://doi.org/10.1121/10.0005880
https://doi.org/10.1016/j.neurobiolaging.2005.03.012
https://doi.org/10.1016/j.neurobiolaging.2005.03.012
https://doi.org/10.1016/j.neurobiolaging.2005.03.012
https://doi.org/10.1037/0033-2909.96.2.341
https://doi.org/10.1037/0033-2909.96.2.341
https://doi.org/10.1037/0033-2909.96.2.341
https://doi.org/10.3758/s13423-016-1191-6
https://doi.org/10.3758/s13423-016-1191-6
https://doi.org/10.1037/0012-1649.42.6.1089
https://doi.org/10.1037/0012-1649.42.6.1089
https://doi.org/10.1037/0012-1649.42.6.1089
https://doi.org/10.1121/1.1909628
https://doi.org/10.1121/1.1909628
https://doi.org/10.1016/s0022-5371(80)90312-6
https://doi.org/10.1016/s0022-5371(80)90312-6
https://doi.org/10.1016/s0022-5371(80)90312-6
https://doi.org/10.3758/BF03214546
https://doi.org/10.3758/BF03214546
https://doi.org/10.3758/BF03214546
https://doi.org/10.1016/j.heares.2020.108074
https://doi.org/10.1016/j.heares.2020.108074
https://doi.org/10.1007/s00405-020-06512-8
https://doi.org/10.1007/s00405-020-06512-8
https://doi.org/10.1177/2331216517744675
https://doi.org/10.1177/2331216517744675
https://doi.org/10.1177/2331216517744675
https://doi.org/10.3389/fnagi.2016.00090
https://doi.org/10.3389/fnagi.2016.00090
https://doi.org/10.3389/fnagi.2016.00090
https://doi.org/10.1080/13607863.2012.674487
https://doi.org/10.1080/13607863.2012.674487
https://doi.org/10.1080/13607863.2012.674487
https://doi.org/10.1044/1059-0889(2013/12-0070)
https://doi.org/10.1044/1059-0889(2013/12-0070)
https://doi.org/10.1044/1059-0889(2013/12-0070)
https://doi.org/10.3389/fnagi.2014.00347
https://doi.org/10.3389/fnagi.2014.00347
https://doi.org/10.3389/fpsyg.2016.01268
https://doi.org/10.3389/fpsyg.2016.01268
https://doi.org/10.1177/23312165187972
https://doi.org/10.1080/0361073X.2019.1693008
https://doi.org/10.1080/0361073X.2019.1693008
https://doi.org/10.1016/j.clinph.2008.11.029
https://doi.org/10.1016/j.clinph.2008.11.029
https://books.google.it/books?hl=en%26lr=%26id=t26dDwAAQBAJ%26oi=fnd%26pg=PT17%26ots=kTY2fZZ-4I%26sig=_whzp80iA7cGLN9MRrPloE0T_L0%26redir_esc=y#v=onepage%26q%26f=false
https://books.google.it/books?hl=en%26lr=%26id=t26dDwAAQBAJ%26oi=fnd%26pg=PT17%26ots=kTY2fZZ-4I%26sig=_whzp80iA7cGLN9MRrPloE0T_L0%26redir_esc=y#v=onepage%26q%26f=false
https://books.google.it/books?hl=en%26lr=%26id=t26dDwAAQBAJ%26oi=fnd%26pg=PT17%26ots=kTY2fZZ-4I%26sig=_whzp80iA7cGLN9MRrPloE0T_L0%26redir_esc=y#v=onepage%26q%26f=false
https://books.google.it/books?hl=en%26lr=%26id=t26dDwAAQBAJ%26oi=fnd%26pg=PT17%26ots=kTY2fZZ-4I%26sig=_whzp80iA7cGLN9MRrPloE0T_L0%26redir_esc=y#v=onepage%26q%26f=false


among listeners with normal hearing. Ear and Hearing, 37(5),
593–602. https://doi.org/10.1097/AUD.0000000000000316

Graves, J. E., Pralus, A., Fornoni, L., Oxenham, A. J., Caclin, A., &
Tillmann, B. (2019). Short- and long-term memory for pitch and
non-pitch contours: Insights from congenital amusia. Brain and
Cognition, 136(April), 103614. https://doi.org/10.1016/j.bandc.
2019.103614

Greene, N. R., & Naveh-Benjamin, M. (2020). A specificity princi-
ple of memory: Evidence from aging and associative memory.
Psychological Science, 31(3), 316–331. https://doi.org/10.
1177/0956797620901760

Harrison, P. M. C., Bianco, R., Chait, M., & Pearce, M. T. (2020).
PPM-decay: A computational model of auditory prediction with
memory decay. PLoS Computational Biology, 16, e1008304.
https://doi.org/10.1371/journal.pcbi.1008304

Heilbron, M., & Chait, M. (2018). Great expectations: Is there evi-
dence for predictive coding in auditory cortex? Neuroscience,
389, 54–73. https://doi.org/10.1016/j.neuroscience.2017.07.061

Heinrich, A., Henshaw, H., & Ferguson, M. A. (2015). The relation-
ship of speech intelligibility with hearing sensitivity, cognition,
and perceived hearing difficulties varies for different speech per-
ception tests. Frontiers in Psychology, 6(June), 1–14. https://doi.
org/10.3389/fpsyg.2015.00782

Herrmann, B., Araz, K., & Johnsrude, I. S. (2021). Sustained neural
activity correlates with rapid perceptual learning of auditory pat-
terns. NeuroImage, 238(December 2020), 118238. https://doi.
org/10.1016/j.neuroimage.2021.118238

Herrmann, B., Buckland, C., & Johnsrude, I. S. (2019). Neural sig-
natures of temporal regularity processing in sounds differ
between younger and older adults. Neurobiology of Aging, 83,
73–85. https://doi.org/10.1016/j.neurobiolaging.2019.08.028

Herrmann, B., & Butler, B. E. (2021). Hearing loss and brain plas-
ticity: The hyperactivity phenomenon. Brain Structure and
Function, 226(7), 2019–2039. https://doi.org/10.1007/s00429-
021-02313-9

Herrmann, B., & Johnsrude, I. S. (2018). Neural signatures of the
processing of temporal patterns in sound. Journal of
Neuroscience, 38(24), 5466–5477. https://doi.org/10.1523/
JNEUROSCI.0346-18.2018

Herrmann, B., Maess, B., & Johnsrude, I. S. (2022). A neural signa-
ture of regularity in sound is reduced in older adults.
Neurobiology of Aging, 109, 1–10. https://doi.org/10.1016/j.
neurobiolaging.2021.09.011

Hirel, C., Nighoghossian, N., Lévêque, Y., Hannoun, S., Fornoni,
L., Daligault, S., & Caclin, A. (2017). Verbal and musical short-
term memory: Variety of auditory disorders after stroke. Brain
and Cognition, 113, 10–22. https://doi.org/10.1016/j.bandc.
2017.01.003

Holmes, E., & Griffiths, T. D. (2019). Normal’ hearing thresholds
and fundamental auditory grouping processes predict difficulties
with speech-in-noise perception. Scientific Reports, 9(1), 1–11.
https://doi.org/10.1038/s41598-019-53353-5

Holmes, E., Zeidman, P., Friston, K. J., & Griffiths, T. D. (2021).
Difficulties with speech-in-noise perception related to funda-
mental grouping processes in auditory cortex. Cerebral
Cortex, 31(3), 1582–1596. https://doi.org/10.1093/cercor/
bhaa311

Hultsch, D. F., MacDonald, S. W. S., & Dixon, R. A. (2002).
Variability in reaction time performance of younger and older
adults. Journals of Gerontology - Series B Psychological

Sciences and Social Sciences, 57(2), P101–P115. https://doi.
org/10.1093/geronb/57.2.P101

Humes, L. E. (2013). Understanding the speech-understanding prob-
lems of older adults. American Journal of Audiology, 22(2), 303–
305. https://doi.org/10.1044/1059-0889(2013/12-0066)

Kaernbach, C. (2004). The memory of noise. Experimental
Psychology, 51(4), 240–248. https://doi.org/10.1027/1618-3169.
51.4.240

Karpicke, J. D., & Pisoni, D. B. (2004). Using immediate memory
span to measure implicit learning.Memory and Cognition, 32(6),
956–964. https://doi.org/10.3758/BF03196873

Kessels, R. P. C., Van Zandvoort, M. J. E., Postma, A., Kappelle, L. J.,
& De Haan, E. H. F. (2000). The corsi block-tapping task:
Standardization and normative data. Applied Neuropsychology,
7(4), 252–258. https://doi.org/10.1207/S15324826AN0704_8

Kim, S., Choi, I., Schwalje, A. T., Kim, K., & Lee, J. H. (2020).
Auditory working memory explains variance in speech recogni-
tion in older listeners under adverse listening conditions.Clinical
Interventions in Aging, 15, 395–406. https://doi.org/10.2147/
CIA.S241976

King, A., Hopkins, K., & Plack, C. J. (2014). The effects of age and
hearing loss on interaural phase difference discrimination. The
Journal of the Acoustical Society of America, 135(1), 342–
351. https://doi.org/10.1121/1.4838995

Kumar, S., Joseph, S., Gander, P. E., Barascud, N., Halpern, A. R.,
& Griffiths, T. D. (2016). A brain system for auditory working
memory. Journal of Neuroscience, 36(16), 4492–4505. https://
doi.org/10.1523/JNEUROSCI.4341-14.2016

Lad, M., Holmes, E., Chu, A., & Griffiths, T. D. (2020).
Speech-in-noise detection is related to auditory working
memory precision for frequency. Scientific Reports, 10(1), 1–8.
https://doi.org/10.1038/s41598-020-70952-9

Levitt, H. (1971). Transformed up-down methods in psychoacous-
tics. The Journal of the Acoustical Society of America, 49(2B),
467–477. https://doi.org/10.1121/1.1912375

Lu, Z. L., Neuse, J., Madigan, S., & Dosher, B. A. (2005). Fast
decay of iconic memory in observers with mild cognitive impair-
ments. Proceedings of the National Academy of Sciences of the
United States of America, 102(5), 1797–1802. https://doi.org/10.
1073/pnas.0408402102

Ma, W. J., Husain, M., & Bays, P. M. (2014). Changing concepts of
working memory. Nature Neuroscience, 17(3), 347–356. https://
doi.org/10.1038/nn.3655

Majerus, S., Poncelet, M., Van der Linden, M., Albouy, G., Salmon,
E., Sterpenich, V., & Maquet, P. (2006). The left intraparietal
sulcus and verbal short-term memory: Focus of attention or
serial order? NeuroImage, 32(2), 880–891. https://doi.org/10.
1016/j.neuroimage.2006.03.048

McDermott, J. H., Wrobleski, D., & Oxenham, A. J. (2011).
Recovering sound sources from embedded repetition.
Proceedings of the National Academy of Sciences, 108(3),
1188–1193. https://doi.org/10.1073/pnas.1004765108

Messaoud-Galusi, S., Hazan, V., & Rosen, S. (2011). Investigating
speech perception in children with dyslexia: Is there evidence of
a consistent deficit in individuals? Journal of Speech, Language,
and Hearing Research, 54(6), 1682–1701. https://doi.org/10.
1044/1092-4388(2011/09-0261)

Millman, R. E., & Mattys, S. L. (2017). Auditory verbal working
memory as a predictor of speech perception in modulated
maskers in listeners with normal hearing. Journal of Speech,

Bianco and Chait 17

https://doi.org/10.1097/AUD.0000000000000316
https://doi.org/10.1097/AUD.0000000000000316
https://doi.org/10.1016/j.bandc.2019.103614
https://doi.org/10.1016/j.bandc.2019.103614
https://doi.org/10.1016/j.bandc.2019.103614
https://doi.org/10.1177/0956797620901760
https://doi.org/10.1177/0956797620901760
https://doi.org/10.1177/0956797620901760
https://doi.org/10.1371/journal.pcbi.1008304
https://doi.org/10.1371/journal.pcbi.1008304
https://doi.org/10.1016/j.neuroscience.2017.07.061
https://doi.org/10.1016/j.neuroscience.2017.07.061
https://doi.org/10.3389/fpsyg.2015.00782
https://doi.org/10.3389/fpsyg.2015.00782
https://doi.org/10.3389/fpsyg.2015.00782
https://doi.org/10.1016/j.neuroimage.2021.118238
https://doi.org/10.1016/j.neuroimage.2021.118238
https://doi.org/10.1016/j.neuroimage.2021.118238
https://doi.org/10.1016/j.neurobiolaging.2019.08.028
https://doi.org/10.1016/j.neurobiolaging.2019.08.028
https://doi.org/10.1007/s00429-021-02313-9
https://doi.org/10.1007/s00429-021-02313-9
https://doi.org/10.1007/s00429-021-02313-9
https://doi.org/10.1523/JNEUROSCI.0346-18.2018
https://doi.org/10.1523/JNEUROSCI.0346-18.2018
https://doi.org/10.1523/JNEUROSCI.0346-18.2018
https://doi.org/10.1016/j.neurobiolaging.2021.09.011
https://doi.org/10.1016/j.neurobiolaging.2021.09.011
https://doi.org/10.1016/j.neurobiolaging.2021.09.011
https://doi.org/10.1016/j.bandc.2017.01.003
https://doi.org/10.1016/j.bandc.2017.01.003
https://doi.org/10.1016/j.bandc.2017.01.003
https://doi.org/10.1038/s41598-019-53353-5
https://doi.org/10.1038/s41598-019-53353-5
https://doi.org/10.1093/cercor/bhaa311
https://doi.org/10.1093/cercor/bhaa311
https://doi.org/10.1093/cercor/bhaa311
https://doi.org/10.1093/geronb/57.2.P101
https://doi.org/10.1093/geronb/57.2.P101
https://doi.org/10.1093/geronb/57.2.P101
https://doi.org/10.1044/1059-0889(2013/12-0066)
https://doi.org/10.1044/1059-0889(2013/12-0066)
https://doi.org/10.1027/1618-3169.51.4.240
https://doi.org/10.1027/1618-3169.51.4.240
https://doi.org/10.1027/1618-3169.51.4.240
https://doi.org/10.3758/BF03196873
https://doi.org/10.3758/BF03196873
https://doi.org/10.1207/S15324826AN0704_8
https://doi.org/10.1207/S15324826AN0704_8
https://doi.org/10.2147/CIA.S241976
https://doi.org/10.2147/CIA.S241976
https://doi.org/10.2147/CIA.S241976
https://doi.org/10.1121/1.4838995
https://doi.org/10.1121/1.4838995
https://doi.org/10.1523/JNEUROSCI.4341-14.2016
https://doi.org/10.1523/JNEUROSCI.4341-14.2016
https://doi.org/10.1523/JNEUROSCI.4341-14.2016
https://doi.org/10.1038/s41598-020-70952-9
https://doi.org/10.1038/s41598-020-70952-9
https://doi.org/10.1121/1.1912375
https://doi.org/10.1121/1.1912375
https://doi.org/10.1073/pnas.0408402102
https://doi.org/10.1073/pnas.0408402102
https://doi.org/10.1073/pnas.0408402102
https://doi.org/10.1038/nn.3655
https://doi.org/10.1038/nn.3655
https://doi.org/10.1038/nn.3655
https://doi.org/10.1016/j.neuroimage.2006.03.048
https://doi.org/10.1016/j.neuroimage.2006.03.048
https://doi.org/10.1016/j.neuroimage.2006.03.048
https://doi.org/10.1073/pnas.1004765108
https://doi.org/10.1073/pnas.1004765108
https://doi.org/10.1044/1092-4388(2011/09-0261)
https://doi.org/10.1044/1092-4388(2011/09-0261)
https://doi.org/10.1044/1092-4388(2011/09-0261)


Language, and Hearing Research, 60(5), 1236–1245. https://
doi.org/10.1044/2017_JSLHR-S-16-0105

Milne, A., Bianco, R., Poole, K., Zhao, S., Oxenham, A., Billig, A.,
& Chait, M. (2021). An online headphone screening test based
on dichotic pitch. Behavior Research Methods, 53, 1551–
1562. https://doi.org/10.1101/2020.07.21.214395

Milne, A., Zhao, S., Tampakaki, C., Bury, G., & Chait, M. (2021).
Sustained pupil responses are modulated by predictability of
auditory sequences. Journal of Neuroscience, 41(28), 6116–
6127. https://doi.org/10.1523/JNEUROSCI.2879-20.2021

Moore, B. C. J., & Peters, R. W. (1992). Pitch discrimination and
phase sensitivity in young and elderly subjects and its relation-
ship to frequency selectivity. Journal of the Acoustical Society
of America, 91(5), 2881–2893. https://doi.org/10.1121/1.402925

Moore, D. R., Edmondson-Jones, M., Dawes, P., Fortnum, H.,
McCormack, A., Pierzycki, R. H., & Munro, K. J. (2014).
Relation between speech-in-noise threshold, hearing loss and
cognition from 40-69 years of age. PLoS ONE, 9(9), e107720.
https://doi.org/10.1371/journal.pone.0107720

Näätänen, R., Paavilainen, P., Rinne, T., & Alho, K. (2007). The
mismatch negativity (MMN) in basic research of central auditory
processing: A review. Clinical Neurophysiology, 118(12),
2544–2590. https://doi.org/10.1016/j.clinph.2007.04.026

Näätänen, R., &Winkler, I. (1999). The concept of auditory stimulus
representation in cognitive neuroscience. Psychological Bulletin,
125(6), 826–859. https://doi.org/10.1037/0033-2909.125.6.826

Naveh-Benjamin, M., & Kilb, A. (2014). Age-related differences in
associative memory: The role of sensory decline. Psychology
and Aging, 29(3), 672–683. https://doi.org/10.1037/a0037138

Panza, F., Solfrizzi, V., & Logroscino, G. (2015). Age-related
hearing impairment - A risk factor and frailty marker for demen-
tia and AD. Nature Reviews Neurology, 11(3), 166–175. https://
doi.org/10.1038/nrneurol.2015.12

Pekkonen, E., Rinne, T., Reinikainen, K., Kujala, T., Alho, K., &
Näätänen, R. (1996). Aging effects on auditory processing: An
event-related potential study. Experimental Aging Research,
22(2), 171–184. https://doi.org/10.1080/03610739608254005

Pichora-Fuller, M. K., Schneider, B. A., & Daneman, M. (1995).
How young and old adults listen to and remember speech in
noise. Journal of the Acoustical Society of America, 97(1),
593–608. https://doi.org/10.1121/1.412282

Pichora-Fuller, M. K., & Singh, G. (2006). Effects of age on audi-
tory and cognitive processing: Implications for hearing aid fitting
and audiologic rehabilitation. Trends in Amplification, 10(1),
29–59. https://doi.org/10.1177/108471380601000103

Pisoni, D. B. (1975). Auditory short-term memory and vowel per-
ception. Memory & Cognition, 3(1), 7–18. https://doi.org/10.
3758/BF03198202

Richardson, J. T. E. (2007). Measures of short-term memory: A his-
torical review. Cortex, 43(5), 635–650. https://doi.org/10.1016/
S0010-9452(08)70493-3

Rimmele, J., Sussman, E., Keitel, C., Jacobsen, T., & Schröger, E.
(2012). Electrophysiological evidence for age effects on sensory
memory processing of tonal patterns. Psychology and Aging,
27(2), 384–398. https://doi.org/10.1037/a0024866

Rimmele, J. M., Sussman, E., & Poeppel, D. (2015). The role of
temporal structure in the investigation of sensory memory, audi-
tory scene analysis, and speech perception: A healthy-aging per-
spective. International Journal of Psychophysiology, 95(2),
175–183. https://doi.org/10.1016/j.ijpsycho.2014.06.010

Roberts, K. L., & Allen, H. A. (2016). Perception and cognition in the
ageing brain: A brief review of the short- and long-term links
between perceptual and cognitive decline. Frontiers in Aging
Neuroscience, 8(Mar), 1–7. https://doi.org/10.3389/fnagi.2016.
00039

Rönnberg, J., Lunner, T., Ng, E. H. N., Lidestam, B., Zekveld,
A. A., Sörqvist, P., & Stenfelt, S. (2016). Hearing impairment,
cognition and speech understanding: Exploratory factor analyses
of a comprehensive test battery for a group of hearing aid users,
the n200 study. International Journal of Audiology, 55(11),
623–642. https://doi.org/10.1080/14992027.2016.1219775

Rosen, S. (1992). Temporal information in speech: Acoustic, audi-
tory and linguistic aspects. Philosophical Transactions of the
Royal Society of London. Series B, Biological Sciences, 336,
367–373. https://doi.org/10.1098/rstb.1992.0070

Rudner, M., Rönnberg, J., & Lunner, T. (2011). Working memory
supports listening in noise for persons with hearing impairment.
Journal of the American Academy of Audiology, 22(3), 156–167.
https://doi.org/10.3766/jaaa.22.3.4

Ruzzoli, M., Pirulli, C., Brignani, D., Maioli, C., & Miniussi, C.
(2012). Sensorymemory during physiological aging indexed bymis-
match negativity (MMN). Neurobiology of Aging, 33(3), 625.e21–
625.e30. https://doi.org/10.1016/j.neurobiolaging.2011.03.021

Salthouse, T. A. (2004). What and when of cognitive aging. Current
Directions in Psychological Science, 13(4), 140–144. https://doi.
org/10.1111/j.0963-7214.2004.00293.x

Sanchez Lopez, R., Bianchi, F., Fereczkowski, M., Santurette, S., &
Dau, T. (2018). Data-driven approach for auditory profiling and
characterization of individual hearing loss. Trends in Hearing,
22, 1–12. https://doi.org/10.1177/2331216518807400

Sanchez-Lopez, R., Fereczkowski, M., Neher, T., Santurette, S., &
Dau, T. (2020). Robust data-driven auditory profiling towards
precision audiology. Trends in Hearing, 24, 233121652097353.
https://doi.org/10.1177/2331216520973539

Santurette, S., & Dau, T. (2007). Binaural pitch perception in normal-
hearing and hearing-impaired listeners. Hearing Research,
223(1-2), 29–47. https://doi.org/10.1016/j.heares.2006.09.013

Santurette, S., & Dau, T. (2012). Relating binaural pitch perception
to the individual listener’s auditory profile. The Journal of the
Acoustical Society of America, 131(4), 2968–2986. https://doi.
org/10.1121/1.3689554

Schneider, B. A., & Pichora-Fuller, M. K. (2000). Implications of
perceptual deterioration for cognitive aging research. In The
handbook of aging and cognition (2nd edn, pp. 155–219).
Lawrence Erlbaum Associates. https://psycnet.apa.org/record/
2000-07017-003.

Schulze, K., Mueller, K., & Koelsch, S. (2011). Neural correlates of
strategy use during auditory working memory in musicians and
non-musicians. The European Journal of Neuroscience, 33(1),
189–196. https://doi.org/10.1111/j.1460-9568.2010.07470.x

Smith, S. L., & Pichora-Fuller, M. K. (2015). Associations between
speech understanding and auditory and visual tests of verbal
working memory: Effects of linguistic complexity, task, age,
and hearing loss. Frontiers in Psychology, 6(September), 1–
15. https://doi.org/10.3389/fpsyg.2015.01394

Southwell, R., Baumann, A., Gal, C., Barascud, N., Friston, K., &
Chait, M. (2017). Is predictability salient? A study of attentional
capture by auditory patterns. Philosophical Transactions of the
Royal Society B: Biological Sciences, 372(1714), 20160105.
https://doi.org/10.1098/rstb.2016.0105

18 Trends in Hearing

https://doi.org/10.1044/2017_JSLHR-S-16-0105
https://doi.org/10.1044/2017_JSLHR-S-16-0105
https://doi.org/10.1044/2017_JSLHR-S-16-0105
https://doi.org/10.1101/2020.07.21.214395
https://doi.org/10.1101/2020.07.21.214395
https://doi.org/10.1523/JNEUROSCI.2879-20.2021
https://doi.org/10.1523/JNEUROSCI.2879-20.2021
https://doi.org/10.1121/1.402925
https://doi.org/10.1121/1.402925
https://doi.org/10.1371/journal.pone.0107720
https://doi.org/10.1371/journal.pone.0107720
https://doi.org/10.1016/j.clinph.2007.04.026
https://doi.org/10.1016/j.clinph.2007.04.026
https://doi.org/10.1037/0033-2909.125.6.826
https://doi.org/10.1037/0033-2909.125.6.826
https://doi.org/10.1037/a0037138
https://doi.org/10.1037/a0037138
https://doi.org/10.1038/nrneurol.2015.12
https://doi.org/10.1038/nrneurol.2015.12
https://doi.org/10.1038/nrneurol.2015.12
https://doi.org/10.1080/03610739608254005
https://doi.org/10.1080/03610739608254005
https://doi.org/10.1121/1.412282
https://doi.org/10.1121/1.412282
https://doi.org/10.1177/108471380601000103
https://doi.org/10.1177/108471380601000103
https://doi.org/10.3758/BF03198202
https://doi.org/10.3758/BF03198202
https://doi.org/10.3758/BF03198202
https://doi.org/10.1016/S0010-9452(08)70493-3
https://doi.org/10.1016/S0010-9452(08)70493-3
https://doi.org/10.1016/S0010-9452(08)70493-3
https://doi.org/10.1037/a0024866
https://doi.org/10.1037/a0024866
https://doi.org/10.1016/j.ijpsycho.2014.06.010
https://doi.org/10.1016/j.ijpsycho.2014.06.010
https://doi.org/10.3389/fnagi.2016.00039
https://doi.org/10.3389/fnagi.2016.00039
https://doi.org/10.3389/fnagi.2016.00039
https://doi.org/10.1080/14992027.2016.1219775
https://doi.org/10.1080/14992027.2016.1219775
https://doi.org/10.1098/rstb.1992.0070
https://doi.org/10.1098/rstb.1992.0070
https://doi.org/10.3766/jaaa.22.3.4
https://doi.org/10.3766/jaaa.22.3.4
https://doi.org/10.1016/j.neurobiolaging.2011.03.021
https://doi.org/10.1016/j.neurobiolaging.2011.03.021
https://doi.org/10.1111/j.0963-7214.2004.00293.x
https://doi.org/10.1111/j.0963-7214.2004.00293.x
https://doi.org/10.1111/j.0963-7214.2004.00293.x
https://doi.org/10.1177/2331216518807400
https://doi.org/10.1177/2331216518807400
https://doi.org/10.1177/2331216520973539
https://doi.org/10.1177/2331216520973539
https://doi.org/10.1016/j.heares.2006.09.013
https://doi.org/10.1016/j.heares.2006.09.013
https://doi.org/10.1121/1.3689554
https://doi.org/10.1121/1.3689554
https://doi.org/10.1121/1.3689554
https://psycnet.apa.org/record/2000-07017-003
https://psycnet.apa.org/record/2000-07017-003
https://psycnet.apa.org/record/2000-07017-003
https://doi.org/10.1111/j.1460-9568.2010.07470.x
https://doi.org/10.1111/j.1460-9568.2010.07470.x
https://doi.org/10.3389/fpsyg.2015.01394
https://doi.org/10.3389/fpsyg.2015.01394
https://doi.org/10.1098/rstb.2016.0105
https://doi.org/10.1098/rstb.2016.0105


Southwell, R., & Chait, M. (2018). Enhanced deviant responses in
patterned relative to random sound sequences. Cortex, 109,
92–103. https://doi.org/10.1016/j.cortex.2018.08.032

Sur, S., & Golob, E. J. (2020). Neural correlates of auditory
sensory memory dynamics in the aging brain. Neurobiology
of Aging, 88, 128–136. https://doi.org/10.1016/j.neurobiolaging.
2019.12.020

Talamini, F., Altoè, G., Carretti, B., & Grassi, M. (2017). Musicians
have better memory than nonmusicians: A meta-analysis. PLOS
ONE, 12(10), e0186773. https://doi.org/10.1371/journal.pone.
0186773

Tillmann, B., Schulze, K., & Foxton, J. M. (2009). Congenital
amusia: A short-term memory deficit for non-verbal, but not
verbal sounds. Brain and Cognition, 71(3), 259–264. https://
doi.org/10.1016/j.bandc.2009.08.003

Trainor, L. J., & Trehub, S. E. (1989). Aging and auditory temporal
sequencing: Ordering the elements of repeating tone patterns.
Perception & Psychophysics, 45(5), 417–426. https://doi.org/
10.3758/BF03210715

Visscher, K. M., Kaplan, E., Kahana, M. J., & Sekuler, R. (2007).
Auditory short-term memory behaves like visual short-term
memory. PLoS Biology, 5(3), e56–0672. https://doi.org/10.
1371/journal.pbio.0050056

Wayne, R. V., & Johnsrude, I. S. (2015). A review of causal mech-
anisms underlying the link between age-related hearing loss and
cognitive decline. Ageing Research Reviews, 23(Pt B), 154–166.
https://doi.org/10.1016/j.arr.2015.06.002

Winkler, I., Denham, S. L., & Nelken, I. (2009). Modeling the audi-
tory scene: Predictive regularity representations and perceptual
objects. Trends in Cognitive Sciences, 13(12), 532–540. https://
doi.org/10.1016/j.tics.2009.09.003

Wong, P. C. M., Jin, J. X., Gunasekera, G. M., Abel, R., Lee, E. R.,
& Dhar, S. (2009). Aging and cortical mechanisms of speech
perception in noise. Neuropsychologia, 47(3), 693–703. https://
doi.org/10.1016/j.neuropsychologia.2008.11.032

Woods, D. L., Kishiyama, M. M., William Yund, E., Herron, T. J.,
Edwards, B., Poliva, O., & Reed, B. (2011). Improving digit
span assessment of short-term verbal memory. Journal of
Clinical and Experimental Neuropsychology, 33(1), 101–111.
https://doi.org/10.1080/13803395.2010.493149

Wu, M., Sanchez-Lopez, R., El-Haj-Ali, M., Nielsen, S. G.,
Fereczkowski, M., Dau, T., & Neher, T. (2020). Investigating
the effects of four auditory profiles on speech recognition,
overall quality, and noise annoyance with simulated hearing-aid
processing strategies. Trends in Hearing, 24, 24. https://doi.org/
10.1177/2331216520960861

Bianco and Chait 19

https://doi.org/10.1016/j.cortex.2018.08.032
https://doi.org/10.1016/j.cortex.2018.08.032
https://doi.org/10.1016/j.neurobiolaging.2019.12.020
https://doi.org/10.1016/j.neurobiolaging.2019.12.020
https://doi.org/10.1016/j.neurobiolaging.2019.12.020
https://doi.org/10.1371/journal.pone.0186773
https://doi.org/10.1371/journal.pone.0186773
https://doi.org/10.1371/journal.pone.0186773
https://doi.org/10.1016/j.bandc.2009.08.003
https://doi.org/10.1016/j.bandc.2009.08.003
https://doi.org/10.1016/j.bandc.2009.08.003
https://doi.org/10.3758/BF03210715
https://doi.org/10.3758/BF03210715
https://doi.org/10.3758/BF03210715
https://doi.org/10.1371/journal.pbio.0050056
https://doi.org/10.1371/journal.pbio.0050056
https://doi.org/10.1371/journal.pbio.0050056
https://doi.org/10.1016/j.arr.2015.06.002
https://doi.org/10.1016/j.arr.2015.06.002
https://doi.org/10.1016/j.tics.2009.09.003
https://doi.org/10.1016/j.tics.2009.09.003
https://doi.org/10.1016/j.tics.2009.09.003
https://doi.org/10.1016/j.neuropsychologia.2008.11.032
https://doi.org/10.1016/j.neuropsychologia.2008.11.032
https://doi.org/10.1016/j.neuropsychologia.2008.11.032
https://doi.org/10.1080/13803395.2010.493149
https://doi.org/10.1080/13803395.2010.493149
https://doi.org/10.1177/2331216520960861
https://doi.org/10.1177/2331216520960861
https://doi.org/10.1177/2331216520960861

	 Introduction
	 Methods
	 Power Analysis
	 Participants
	 Procedure
	 Tasks
	 Analysis

	 Results
	 Older Participants Report Quieter Surroundings Than Younger Participants
	 Older Participants Failed the Binaural/Headphones Screen More Often Than Younger Participants
	 SiN Performance Measured From Online Participants Was Overall Lower Than That Measured in Lab
	 As a Group, Older Participants Exhibited Worse SiN, Visual-Sequence Memory and Tone Pattern Detection Performance Than Young Listeners
	 Within the Older Group, age Correlated With SiN and Visual-Sequence Memory Performance
	 SiN Performance Did Not Correlate With Auditory Sensory Memory or Visual-Sequence Memory Performance
	 Auditory Pattern Detection Performance Is Linked With Both Visual-Sequence and Explicit Auditory Memory Tasks

	 Discussion
	 No Shared Variability Between SiN Perception and Implicit or Explicit Sensory Memory
	 SiN Performance is Predicted by Dichotic Pitch Perception and age
	 Mildly Impaired Auditory Sensory Memory With Ageing
	 Links Between Auditory Implicit and Explicit Sensory Memory and Visual Memory

	 Conclusion
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


