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Aging is associated with decline in both cognitive and audiry abilities. However,
evidence suggests that music perception is relatively spad, despite relying on auditory
and cognitive abilities that tend to decline with age. It ishierefore likely that older adults
engage compensatory mechanisms which should be evident irhie underlying functional
neurophysiology related to processing music. In other wors, the perception of musical
structure would be similar or enhanced in older compared to gunger adults, while
the underlying functional neurophysiology would be diffent. The present study aimed
to compare the electrophysiological brain responses of youger and older adults to
melodic incongruities during a passive and active listengntask. Older and younger adults
had a similar ability to detect an out-of-tune incongruityi€., non-chromatic), while the
amplitudes of the ERAN and P600 were reduced in older adultsampared to younger
adults. On the other hand, out-of-key incongruities (i.e.non-diatonic), were better
detected by older adults compared to younger adults, whilelte ERAN and P600 were
comparable between the two age groups. This pattern of resi$ indicates that perception
of tonal structure is preserved in older adults, despite ageelated neurophysiological
changes in how melodic violations are processed.

Keywords: aging, music, event-related potentials, attenti on, ERAN, P600

INTRODUCTION

Age-related di culties with hearing are due to changes in gioal structures of the inner ear, as
well as changes to central processing of incoming acousficnration (Gates and Mills, 2005;
Tun et al., 2012; Profant et al., 2Q1%hese changes lead to myriad hearing di culties, the most
common being a di culty understanding speech, particularly moisy environments $chneider
et al., 2010; Ouda et al., 201Speech perception has been extensively studied in oldetsadul
using both behavioral and neuroimaging techniques (€ghora-Fuller et al., 1995; Wong et al.,
2009. In contradistinction to speech perception, little is knowhoait how processing of music
changes with age, particularly at the neurophysiologica!leStill, there is some evidence that
music perception abilities are relatively preserved in old&ils (Halpern et al., 1995; Halpern
and Bartlett, 200 It is therefore likely that the underlying neural processiof music changes
with age, in order to compensate for age-related decline enahditory domain. These putative
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neurophysiological changes to music processing may aldo this condition, attention directed toward the tonal vailon
provide clues to how the brain adapts to other age-relatedvas minimized in order to focus on automatic, stimulus-
changes in cognition, which could be useful for developingiriven, responses to tonal violations. In this context, the
evidence-based cognitive rehabilitation programs for oldeneurophysiological response to a tonal violation was higtéd
adults. Accordingly, the goal of the current study was tdoy an increase in the ERPs negativity for the tonal violatidris
determine if there are dierences in the perception of tonalresponse occurred between 150-250ms after the onset of the
structure between older (6D years) and younger adults violation over right frontal electrodes and could be referte as
(<35 years) using both behavioral and electrophysiologicaln early right anterior negativity (ERAN), although the aoth
measurements. call it a MMN. The ERAN is thought to re ect the automatic

In the musical domain, tonal structure is one critical aspectetection of a syntactical violation in a melodic contextgdhis
of music perception. The Western tonal system is composeid usually a chord or a note that does not t the key of the melod
of twelve tones, each interleaved by one semitone, forntieg t or the harmony Koelsch et al., 200.7
chromatic scale. From those tones, seven tones are takemo f In an active condition, participants were asked to listen to
the diatonic scales, like the major and minor scales (ex:elo reach melody and rate how congruous the melody was on a
me fa so la ti do). Melodies from the Western tonal system ar&-point scale. This condition required attention and thenef
usually based around diatonic scales, in a speci c key (€.g., cognitive/controlled processing of the tonal violation. lhet
major, A minor). Additionally, statistical regularitiesugle the active condition, a second neurophysiological response was
relationships between a note and the preceding notes of a givewvoked by the tonal violation and was highlighted by an iase
diatonic context. These regularities allow listeners tqua@ in the ERPs positivity. This response, called a P600, occurred
implicit knowledge of tonality by passive exposure to musiaround 500-700 ms after the onset of the violation and was
throughout life (Tillmann et al., 2000 Importantly, knowledge widespread over the scalp. The P600 is comparable to P3-
of tonal structure does not require formal training, as hbkwl type responses, in that these responses are normally evoked by
adults with no musical training will rate the belongingnesfs the awareness of a target stimuluso(ich, 200). The P600
a note presented in a tonal context in a manner consistent, however, more speci cally related to violation of syniax
with Western music theory Quddy and Badertscher, 1987 a melodic context Besson and Faita, 1995; Patel et al., 1998;
Speci cally, through statistical learning, listeners atdeato Brattico et al., 20060r a speech context (e.gJsterhout and
predict the probability of hearing an upcoming tone in a melodyHolcomb, 1993; Hahne and Friederici, 199& both conditions,
(Pearce and Wiggins, 20l Accordingly, greater exposure to the Brattico et al. (2006used two kinds of tonal violations, which
rules of the tonal system throughout life would endow theelier  belonged to two di erent levels of tonal syntax. The lowestle
with stronger tonal expectancies. violation corresponded to a note that was non-chromatic (het

Evidence suggests that tonal knowledge is spared with agirgnote in Western music). This type of violation was referred t
as older adults are generally able to detect tonal violataswell as an out-of-tune note. The second level violation corresigeoh
as younger adultsHalpern et al., 1995, 1996, 1998lowever, to a violation of the diatonic scale. A non-diatonic note vidu
these studies used melodic similarity judgments or the probbe a note that is from the chromatic scale, but not part of the
tone paradigm, where listeners rated the belongingness of stale used to construct the melody. This type of violation was
probe tone after hearing a tonal context. These kinds of &sidi referred to as an out-of-key not8rattico et al. (2006)showed
provide a good indication that tonal knowledge is preservedhat both types of tonal violations evoked an ERAN and P600 type
in older adults but give little information on tonal procesgi response. Furthermore, out-of-tune notes were more salfert
Other studies have demonstrated that, when making a tonalut-of-key notes, as participants could more easily detect out
judgment, older adults remained slightly more susceptiblthe  of-tune notes and the ERAN evoked by these notes was larger.
impact of irrelevant auditory information like pitch heightro This nding was consistent with the idea that an out-of-tune
stimulus duration, consistent with a decline of attentiboantrol ~ note violates a lower level of tonal organization, thathg, basic
or inhibitory processing with agingHalpern et al., 1995; Alain knowledge of the semitone interval governing the orgamirat
and Woods, 19909 This points to the idea that although tonal of the Western tonal system. On the other hand, detectiorhef t
knowledge might be preserved in older adults, there areylikelout-of-key note would require speci ¢ knowledge of the diaio
general cognitive changes occurring that can impact howltonacale. This type of paradigm and nomenclature has been used in
structure is processed. These changes would likely be etlecta number of studies that investigated melodic processindewhi
at the neurophysiological level. In that respect, the evefdted recording electrical brain responses (egainor et al., 2001;
potential (ERP) technique could give us a window toward a bettePeretz et al., 2009; Zendel et al., 2015
comprehension of how aging interacts with cognition, andabn The distinction between hierarchical levels in tonal
knowledge, in the perception of tonal structure. organization was of particular interest for the current syud

One way to assess the intersection of tonal processing amddeed, comparing how younger and older adults can detect
cognition is to use a paradigm developed Byattico et al. both out-of-tune and out-of-key notes can help determine
(2006) In this paradigm, ERPs were recorded while participantshe interplay between automatic and cognitive/controlled
were presented with melodies that sometimes contained d tonprocessing with aging by examining how the ability to detect
violation. During a passive condition, participants were toldtonal violations interacts with the ERAN and P600 di erenity
to ignore the melodies and watch a silent Im with subtitles.older and younger adults. As one ages, one would be exposed
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to more music, and thus statistically driven representagi@i away from the melody, and an enhanced P600 when actively
diatonic tonal structure would be enhanced. This could esrsin  detecting the tonal violation. This would imply a more robust
advantage to older adults for the detection of out-of-keyesy) representation of the diatonic scales in older adults. In castt
compared to out-of-tune notes. To our knowledge, no study hathe ability to detect an out-of-tune note and the associated
yet directly compared an automatic and controlled responees tbrain responses in older adults should be similar relative to
music syntactic violations in older adults, using both a psss younger adults. This would indicate that the representatidn
and active listening task. the chromatic scale reaches a maximum early in life, and due
A number of studies have examined how aging impacts ERRe constant exposure to the intervals in the chromatic sdale,
to other types of auditory stimuli. One of the most well stutlie preserved in older adults.
responses is the mismatch negativity (MMN), a lower-level
process generally associated with sensory memiBaignen METHODS
et al.,, 2007; Koelsch and Jentschke, 2009; Kalda and Minati,
2019. This response occurs during a similar time frame as thd’articipants
ERAN and shares the general property of representing a violatioSixteen adults were recruited in the younger group via an
of auditory expectancy; however, there are di erences beatweenline advertising platform and advertisement on the uniitgrs
these responses (s&melsch, 2000 In aging, the MMN can campus. Of these, one participant was excluded because he did
re ect age-related de cits in auditory discriminatiom\(ain etal., not press one of the response buttons for more than twenty
2004; Cooper et al., 2006; Rimmele et al., 2012; Cheng et percent of the trials and three participants were excluded bszau
2013 and in auditory short-term memoryNaatanen etal., 20).2  of a noisy EEG signal on more than half the trials for at leas o
However, age-related di erences in MMN are not always foundexperimental condition. The 12 remaining young participants
(Bellis et al., 2000; Fabiani et al., 2))0Aterestingly, the studies were aged from 18- to 35-years-old (meBn25.7,SDD 6.3;
that reported an age e ect on the MMN used pure-tone stimuli,6 females). The older group was taking part in a parallel study
while the studies that did not report an age e ect on the MMN in our lab at the same time period, as a control group for older
used more complex stimuli [e.g., speech soundsli(s et al., people with amusia (music processing de cienggndel et al.,
2000 or harmonic complex fabiani et al., 200§ This suggests 2015. This group was composed of eleven participants aged
that the age-related di erences are reduced when the stiameli between 59- and 73-years-old (mea64.3 SDD 4.3; 8 females).
more harmonically complex. Given that music is more complexThe age of the participants di ered signi cantly between groups,
than pure-tone sequences, it is possible that there will be nfy;) D 17.04,p < 0.001. There was no signi cant di erence
age-related di erence on the ERAN. between groups regarding years of education (Young adults:
Only one study has investigated the P600 evoked by melodmeanD 15.8,SDD 2.7; Older adults: meab 15.5,SDD 2.3;
expectancy in older adultsdalpern et al. (2017found that  t(;0) D 0.34,p D 0.74; note that data from one participant in
unexpected endings in melodies elicited a P600-type responee younger group was missing). All participants were right-
of similar amplitude in younger and older adults over parietalhanded and reported no hearing impairment nor neurological
sites, although the P600 was more broadly distributed ovedisorder. Due to the nature of the group comparison, pure-
the scalp in older adults. The P600 component has also be¢one thresholds were only collected for the older adults. The
measured in older adults in response to speech syntax vioktio pure-tone average was calculated (PTA; 0.5, 1, 2kHz in both
(Kemmer et al., 2004; Steinhauer et al., 20These violations ears). Three older participants had PTA thresholds between 25
evoked a P600 response of comparable amplitude in older ari) dB HL, indicating mild hearing impairment; all others had
younger adults, although the response was more anterior ithresholds below 25 dB HL (i.e., normal hearing; m&anl.8.4,
older adults. These results highlight a potential compengato SD D 11.9). This range of PTA thresholds is normal in a
mechanism for detecting syntactic violations in speech osimu sample of older adults. Stimuli in the study were presented
as an anterior shift could potentially be due to an enhancedvell above threshold, and no participants had di culty heagin
contribution of frontal generators of the P600. Additiorstlidies  the stimuli. The participants in this study did not report
have investigated other late positive responses to violat@in having speci ¢ di culties with music. All participants had 5
expectancy in the auditory domain. These P3 responses ayears of formal musical training (Young adults: meBn0.1,
typically smaller and delayed in older adultsiderer et al., 1996; SD D 0.3; Older adults: mea® 0.7,SD D 1.2). There was
Alain et al., 2004; Schi et al., 2008 no signi cant di erence between groups on years of musical
The goal of the current study was to compare the abilitytraining,t>1)D 1.75p D 0.11. All subjects gave written informed
to detect tonal violations and the associated neurophygiold consent in accordance with the Declaration of Helsinki and
responses between older and younger adults. The experimentateived monetary compensation for their participation. All
design was a modi ed version of the protocol usedfwattico  procedures were approved by the Research Ethics Council for the
et al. (2006)The main modi cation was to use a click-detection Faculty of Arts and Sciences at the Université de Montréal.
task instead of a passive-listening task to better contr@ th
deployment of attention away from the tonal structure of theStimuli
melody (see Method). We expected that the response to out-oRarticipants were presented with 40 novel melodies constducte
key notes would be enhanced in older adults. This should bfom the Western major scale. On average, melodies had 10.3
paralleled by a comparable ERAN when attention was directedotes (range: 7—15 notes) and lasted 5.4 s (range: 2.8-1&s).
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were randomly mixed with the same melodies in which 40 The procedure was identical to that describedZendel et al.
target tones were played out-of-key 100 cents (1 semitone)] (2015) Participants rst completed the click-detection task. To
and 40 target tones that were out-of-tune 50 cents (one- determine the starting intensity of the click, participantsreve
half semitone)]. The target-tone was always on the rst beapresented with melodies that contained a click and asked if the
of the third bar, and was 500ms in duration. Clicks werecould hear the click. The rst click was at 76 dB SPL. Then, the
inserted in half the melodies. When present, the click oocedrr intensity of the click was reduced in steps of 10, 5, 5, 3, and 1
at least two notes after the target tone, and was calibratedB until the participant could no longer detect the click. The
in amplitude such that an individual listener could detectintensity of the click was then increased in 1 dB steps ungl th
75% of the clicks. Accordingly, there were six versions obarticipant could hear the click again. The nal intensity ofeth
each melody (i.e., in-tune, click; in-tune, no click; odttane, click at the end of the procedure was chosen as the startinig clic
click; out-of-tune, no click; out-of-key, click; out-ofely, no intensity in the click-detection task. In the click-detewtitask,
click) yielding a total of 240 melodies. For all participaritgp  participants were asked whether they heard a click in the melody
distinct sets of 120 stimuli, comprising three randomly ndxe and how sure they were that they heard the click. After each
versions of each melody, were used in each task. In each taskelody, participants could respond, “click, sure,” “click, nares”’
each type of target tone (in-key, out-of-tune, or out-of-key “no click, not sure,” or “no click, sure” by pressing a button on
occurred in one-third of the melodies and half of the meladie a computer keyboard. Participants were not informed that the
contained a click. A sample stimulus is illustrated at the tdp melodies could contain an out-of-key or out-of-tune noterohg

Figure 1 the click-detection task. To maintain individual accurdeyel
at 75% correct, the intensity of the clicks was continuously
Procedure adjusted during the task. Based on the accuracy of the eight

Datarecording took place in a faradized and sound-isolatedro previous trials, the intensity of the click was decreased Bg 2.
during a single session, lasting about 3 hours. Melodies werB if all eight trials were accurate and by 0.75 dB if the aacyr
presented binaurally through Etymotic (ER-2) insert earpb®n was seven out of eight. The intensity was increased by 0.75 dB
at 75 dB SPL. The interstimulus interval was of 2270 msaccuracy was ve out of eight, and by 1.5 dB if accuracy wass fou
including the response time window of 2000 ms, and a bell ringut of eight or below.

of 270 ms indicating the beginning of the next trial. Answeese Next, participants completed the pitch-detection task. In this
recorded for each trial and electroencephalographic datewetask, participants were asked whether they heard an incongruo
collected continuously from the beginning to end of eaclktas  note in the melody, and how sure they were that there was an

IFkey Click

Out-of-key (x 100 cents) 3
Out-of-tune ( 50 cents) j No click
| ; )

r N

Y . o fr—

D) ! | -
Pitch-detection tasy \ilick-detection task
Respond now X Respond now
1 2 3 4 1 2 3 4
\Wrong note No wrong notef Click No click

sure sure sure sure
X — — X

FIGURE 1 | Experimental paradigm (adapted fronZendel et al., 2015. Stimuli in both tasks were similar. During the pitch-detgion task, participants were asked to
identify whether the melody contained a wrong note. Duringhte click-detection task, participants were asked to idenfy if they heard a near-threshold click in the
melody. The two tasks were completed in separate blocks of tals.
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incongruous note. After each melody, participants could respo version 6). ERPs were averaged to the onset of the target
“wrong note, sure,” “wrong note, not sure,” “no wrong note, note (i.e., out-of-tune note, out-of-key note, or in-key ted
not sure,” or “no wrong note, sure” by pressing a button on aand the analysis epoch included 200 ms of prestimulus activity
computer keyboard. For the pitch-detection task, participant@and 900 ms of poststimulus activity. Continuous EEG was then
were told to ignore the clicks. For both tasks, the respons&els averaged separately in the click-detection and pitch-degecti
were displayed on the screeRigure 1) and the position of the task for each Note Type (i.e., in-key, out-of-tune, and ofikey)
response buttons on the keyboard was counterbalanced acraasd each electrode site.
participants. Before each test, there were twelve practids tiiat Prototypical eye blinks and eye movements were extracted
included performance feedback. No feedback was provided fédrom the continuous EEG. A principal component analysis
the experimental trials. The pitch-detection and click-dgien  of these averaged recordings provided a set of components
tasks were not counterbalanced, so participants remaineudibli that best explained the eye movements. These components
to the presence of the out-of-key and out-of-tune notes dgrin were then decomposed into a linear combination along with
the click-detection task, allowing for attention to be feed on topographical components that re ected brain activity. This
detecting the click and not on tonal anomalies. linear combination allowed the scalp projections of thefadt

In the study byBrattico et al. (2006)participants watched components to be subtracted from the experimental ERPs to
a silent subtitled Im and were instructed to ignore the minimize ocular contamination, such as blinks and vertiaat
experimental stimuli (i.e., melodies that could contain adb lateral eye movements, for each individu@e(g and Scherg,
violation). The purpose of this manipulation was to control 1999. After this correction, trials with> 120mV of activity were
for the deployment of attention. This allowed the researsherconsidered artifacts and excluded from further analysissi@n,
to analyze neurophysiological responses to tonal deviargs th14.8% of the trials were rejected, with ANOVA including Age
occurred automatically, in this case the ERAN (the authorssroup, Task and Note Type showing no signi cant di erence
call it a MMN; however, seé&oelsch, 2009 and responses for the Note TypeF, 21D 1.03,p D 0.36. There was however
that were dependant on attending to the tonal deviant, inan interaction between Age Group and Task; »1)D 7.01,
this case the P600. This type of manipulation allowed fop D 0.015,n2 D 0.25, as there were more rejected trials in
a dissociation between automatic and controlled (attemtio younger adults (mea® 19.7%; SO 13.5) compared to older
dependant) processes; however, by using a Im it remainadults (meanD 9.4%, SDD 8.1), for the click-detection task,
possible that a participant could direct their attention to te@al ~ t(>1) D 2.18,p D 0.041. The 200 ms prestimulus interval was
stimuli, and engage in controlled processing of tonal stnuet  used as a baseline. Averaged ERPs were then bandpass Itered to
To better control the deployment of attention we choose toattenuate frequencies 0.7 Hz and> 20 Hz and referenced to the
have listeners perform a di cult auditory detection task tha linked mastoid.
did not require the listener to attend to the tonal structure
of the melody. This does not preclude the possibility thatEEG Data Analysis
participants may shift their attention during the click-det®on  To quantify the EEG data, a series of pairwise permutation
task; however, by performing the click-detection task, thiéitg ~ tests was done using BESA statistics (version Ma#js and
to deploy attentional resources (i.e., controlled procgsses Oostenveld, 2007 The analysis was entirely data driven and
the tonal structure of the melody would be greatly reducedncluded every time point at each electrode in the analydigs T
compared to the pitch-detection task. More importantly, theanalysis proceeds in three steps. In the rst step a serigs of
potential to deploy attention during the click-detection kas tests compared each group/condition at every time point and at
would be similar for all participants because the diculty of every electrode. This mimics a more traditional analysiERPs;
the click-detection task was calibrated to be similar fochea however, it has the advantage of not relying of a preselectfon
participant. Therefore, while this manipulation may not haveelectrodes or epoch(s). When exploring data where the e ect may
eliminated controlled processing of tonal structure duritt;e  be dynamic over scalp topography or over time, this approach
click-detection task, it would minimize it. Accordingly, ev eliminates any possible hypothesis driven bias into the result
acknowledge that some controlled processing of tonal stinect When examining di erences between older and younger adults,
may have occurred during the click-detection task; howeiter this is critical as the cortical sources of cognitive process
would be reduced compared to the pitch-detection task. For thenay be di erent and be delayed. The major disadvantage of this
sake of clarity, and consistency with previous research vle wapproach is that due to the number of comparisons (number of
refer to neurophysiological responses to tonal deviants edok electrodes number of samples in ERP) the probability estimates
during the click-detection task as automatic, and thosekedo will be in ated, and will therefore increase the likelihood of

by the pitch-detection task as automatic and controlled. making a type 2 error. An adjustment to thgvalue based
_ ) on the number of comparisons (i.e., Bonferonni) would not
EEG Recording and Data Preprocessing be appropriate for two reasons. The rst is that the statistical

Electric brain activity was digitized continuously from @6tive  threshold would become too small to identify any real di ecexrs,
electrodes at a sampling rate of 256 Hz, with a high-pass Itethus in ating the type 1 error rate. The second reason is tlzate
set at 0.1Hz, using a Biosemi Active Two system (Biosemipbservation is not independent. E ects at adjacent time points
Five electrodes were placed bilaterally at mastoid, infeicalar, and electrodes are likely related to the same underlyingte Bz
and lateral ocular sites (M1, M2, 101, LO1, LO2). All averagemitigate these major disadvantages, two more steps are taken
were computed using Brain Electrical Source Analysis (BES#is analysis. In a second step spatio-temporal clusters areeir
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to identify clusters electrodes over time of the same unydlegl correct responses. For group comparisons, accuracy was further
e ect. These clusters are formed by grouping electrodes anchlculated as hits minus false alarms (H-FAs). In the click-
time points where the initiat-test was signi cant with adjacent detection task, a false alarm corresponded to the hearing of a
electrodes and time points. Accordingly, clusters were dyina click when there was none. Similarly, in the pitch-detectiask,
that is, the electrodes that formed a cluster could change ov a false alarm corresponded to reporting a wrong note when there
the identied time frame. Critically, the formation of thes was none. The H-FA scores were calculated separately fayin-k
clusters was entirely data driven. In the third step, prolkigbil (click-detection task only), out-of-key, and out-of-tuneelodies.
estimates were derived by using a nonparametric permutatiorH-FAs could not be calculated for the in-key note during the
based approach. This permutation test involved comparing thpitch-detection task because responses to the in-key note wer
clusters identi ed in the previous step by randomly assignin needed to calculate the false alarm rate for out-of-key artd ou
data into two groups/conditions, and repeating the statadtic of-tune notes. Con dence was quanti ed by separating “sure”
analysis. In most situations, this should yield a non-sigamit ~ from “not sure” responses regardless of the judgment. “Sure”
e ect based on the hypothesis that the group/condition hadresponses were coded as 1. “Not sure” responses were coded as
a real e ect on the ERPs. If there was no e ect of group or0. Con dence was the percentage of trials reported as “sure.”
condition on the ERPs, and the di erence was due to chance, thefihese responses were analyzed using mixed-design ANOVAs
any random permutation of the data should reveal signi cantthat included Age Group (younger, older) and Note Type [inyke
di erences. Accordingly, to derive a probability estimategQd0  (click-detection task only), out-of-key, out-of-tune].
permutations are calculated, and the/alue can be derived from
the number of these random permutations that are signi cantRESULTS
(Maris and Oostenveld, 20n7For example, if 40/1000 of the )
random permutations are signi cant, the-value would be 0.04; Behavioral Results
if 800/1000 permutations are signi cant th@value would be Click-Detection Task
0.8. The percentage of permutations where the largeatue in ~ As can be seen ifrigure 2, pitch deviance had an impact on
the cluster was signi cant provides an estimate of likelilad  click-detection accurac¥;, 40)D 12.60p < 0.001n2 D 0.375.
the original di erence being due to chance alone (i.eppealue;  Pairwise comparisons revealed that click-detection acgunars
Maris and Oostenveld, 20D 7All signi cant clusters are reported lower after an out-of-tune note compared to both an out-ofyke
by p-values; clusters with the lowgsalue are reported rst. note,tz2) D 4.23,p< 0.001, and an in-key notépoy D 4.67,p

The rst part of the current analysis focused on within- < 0.001. The main e ect of Age Group, 21)D 0.11,pD 0.74,
subject e ects by comparing the ERPs recorded to the out-oetunand its interaction with Note Types(1, 21)D 0.68,p D 0.51, were
and out-of-key notes to the in-key note in both groups. Theseot signi cant. Con dence was impacted by the presence of a
comparisons were performed to identify the ERAN and the P60G:lick, with participants being more con dent in their response
The ERAN was expected as a di erence in the ERP evoked by
the out-of-key or out-of-tune note that was more negativarth

the in-key note during the 100-300 ms epoch at frontocentral  4qg - = Older
electrodes. The P600 was expected as a di erence in the ERF
evoked by the out-of-key or out-of-tune note that was more 90 + 0 Younger
positive than the in-key note during the 400-800 ms epoch at 80 |
posterior electrodes. These epochs were chosen becauseuprevio —~
studies have demonstrated that the ERA®EIsch, 2009, 20).1 2 70 1
and P600Besson and Faita, 19%ccur within these time frames "'g 60 |
and at these electrode sites. Other di erences between tied to §
deviants and the in-key note may also be identi ed by this = 50 -
procedure. & 404

To determine Age Group dierences, a second analysis 5
compared the ERAN and P600 between younger and older 8 30 -
adults. First, di erence waves were calculated separatélyelea < 55
the out-of-key/out-of-tune melody and the in-key melodyhi$
isolated the impact of pitch deviance in each participant, and 10 -
allowed for permutation testing of this e ect between groups. 0
Behavioral Data Analysis IRy O el CrIREY
Behavioral data were analyzed separately for the pitch-tietec Note Type
and click-detection tasks. The ratings (1_4) were sepaﬁated FIGURE 2 | Click-detection accuracy (H%-FA%) as a function of Age Grquy
accuracy and con dence scores. A trial was considered ateur | and Note Type. Overall, accuracy was lower when the click wapreceded by
if the person made the correct judgment, regardless of his gran out-of-tune note compared to when the click was preceded ly an in-key or
her con dence. If correct, it was scored as 1; if incorrett, i out-of-key note (p < 0.001 for both). Errors bars represent one standard error
was scored as 0. Raw accuracy was the overall percentage ghe mean.
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when there was no clickk, 1y D 7.66,p D 0.012,n2 D  electrodes widespread around the scalp. Considering its time
0.267. There was, however, no signi cant in uence of Notgdy window, this cluster, likely represents an ERAN (&égure 5).

Fe2, 42)D 0.79,p D 0.46 or Age Groupk;, 21)D 1.87,pD 0.19, The second cluster also indicated a more negative ERP response
on con dence during the click-detection task. evoked by the out-of-tune tones at frontocentral electsdem

0 to 31 ms p D 0.008). The third cluster again showed a more
Pitch-Detection Task negative ERP response to out-of-tune notes between 516 and
Overall, participants were more accurate at detecting an ous52 ms at central and right frontocentral electrodp$(0.046).
of-tune note compared to an out-of-key not€g, 21) D 26.39, Two signi cant clusters were identi ed when comparing out-

p < 0.001,n* D 0.557. Interestingly, the interaction betweenof-key to in-key notes. For the rst cluster, from 64 t0185 e t
Age Group and Note Type was signicankg 1) D 7.80, ERP evoked by the out-of-key notes was more negative than the
pD 0.011,n* D 0.271 (se€igure 3. Speci cally, older adults ERP evoked by the in-key notes at frontocentral electropes (
were more accurate than younger adults at detecting out-0f9.001). Given its topography, this cluster is most likely an ERAN
key notes,tz1) D 3.16,p D 0.005, but the groups did not although its latency is earlier than what is usually expectedtior
dier in their ability to detect an out-of-tune notet;1) D 0.52, ERAN (shown inFigure 5). The second cluster indicated a more

p D 0.61. There was also an interaction between Age Group argkgative ERP response to out-of-key notes from 555 to 613 ms at

Note Type when looking at con dence scordgp 42) D 4.65, right and central frontal electrodep D 0.028).
p D 0.025,n? D 0.181. Pairwise comparisons revealed that

both groups were similarly con dent when detecting out-eine

notes,t>1) D 0.59,p D 0.56, and out-of-key notesp1) D 0.96, Older adults

p D 0.35, while older adults were more con dent when an in-keyOne signi cant cluster was identi ed when comparing the ERP
melody was presented, compared to younger adyts,D 2.49, for the in-key and out-of-tune tones in older adults duriniget

p D 0.024. Furthermore, accuracy when detecting an out-of-keglick-detection task. For this cluster, the ERP for the outtofe
note was positively correlated with con dence in the group ofnotes was more negative than for the in-key notes, mostly at
older adults,rgy D 0.64,p D 0.035. This was not the case for frontocentral electrodes, and lasted from 125 to 293 ms< (
younger adultsf10) D 0.15,p D 0.64 (sed-igure 4). In both  0.001). With its latency and topography, this cluster corresjson
groups, accuracy and con dence were not correlated for dut-o to an ERAN.

tune notes fg) D 0.08,p D 0.815r(10) D 0.37,p D 0.23, for older When comparing the in-key and out-of-key notes, two

and younger adults, respectively]. signi cant clusters were identi ed. For the rst cluster, ¢hERP

. ) for the out-of-key notes was more negative than for the iy-ke
Electrophysiological Results notes p D 0.007). This cluster included electrodes widespread
Click-Detection Task across the scalp and had a time window from 603 to 701 ms. The
Younger adults second cluster indicated an ERP for the out-of-key notesrzet

Three signi cant clusters were found when comparing ERPs tonore negative than for the in-key notggD 0.016). The second
in-key and out-of-tune pitch conditions in younger adultsmiug ~ cluster lasted from 705 to 798 ms and was located at posterior
the click-detection task. For the rst cluster, the ERP foetbut- and frontocentral electrodes. A cluster was identi ed whtre
of-tune notes was more negative than for the in-key notes (ERP for the out-of-key notes was more negative than the ERP
< 0.001). This cluster lasted from 59 to 418 ms and includedbr the in-key notes, from 129 to 213 ms at right frontocemtra
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FIGURE 3 | (A) Pitch-detection accuracy (H%—FA%) as a function of Age Grquand Note Type. Overall, participants were better able to dect an out-of-tune note
compared to an out-of-key note p < 0.001). Older adults were better than younger adults at deteting an out-of-key note @ D 0.005). There was no signi cant
difference in performance between groups for the in-key andut-of-tune notes. Errors bars represent one standard ermof the mean. (B) Pitch-detection con dence
(% of “sure” responses) as a function of Age Group and Note Tyg Older adults were more con dent than younger adults when idntifying an in-key note ¢ D 0.024).
Con dence did not differ between older and younger adults foithe out-of-key or out-of-tune notes. Errors bars represenpne standard error of the mean.
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FIGURE 4 | Accuracy (percentage hits minus false alarms) for detectina melodic violation as a function of response con dence (parentage “sure” responses),
separated by group. There was a positive correlation betweaeresponse con dence and accuracy when an out-of-key note waspresented for older adults
(o D 0.035). No other correlation was signi cant.

FIGURE 5 | ERPs in the click-detection task. For the topographical plts, boxes represent electrodes included in the cluster. ER®from electrode FC4 are plotted to
the right of the topographies. Out-of-tune/out-of-key notes are presented in blue, in-key notes are presented in red, ahtheir difference is presented in black.
Additionally, vertical lines indicate the epoch of the cluer identi ed.

electrodes that might represent an ERAN. However, this etust negative than the ERP for the in-key note from 156 to 247 ms

failed to reach signi cancey(D 0.20; shown irFigure 5). at frontocentral electrodes, however this cluster failedetach
signi cance p D 0.12). This cluster likely re ects an ERAN.
Pitch-Detection Task There was also one signi cant cluster, shown RFigure 6,
Younger adults when comparing out-of-key and in-key notes. This cluster,
When comparing ERP responses to out-of-tune and in-key notei@icluding electrodes widely distributed around the scalp,
in the pitch-detection task, one signi cant cluster was itlestl.  indicated a more positive ERP response to the out-of-key notes

This cluster showed a more positive evoked response, widekprethan to the in-key notesg D 0.007). The time window of this
around the scalp, for out-of-tune notes from 351 to 772mps ( cluster was from 472 to 635 ms and thus is likely a P600. Only
< 0.001). Given this latency and its positive amplitude, thist small non-signi cant clusterg D 0.27) was observed where
cluster is likely a P600 (sé&égure 6). In addition, a cluster was there was an increased negativity for out-of-key notes corgpa
identi ed where the ERP for the out-of-tune notes was moreto in-key notes. This cluster was however at left-frontesand
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FIGURE 6 | ERPs in the pitch-detection task. For the topographical plts, the boxes represent electrodes where the difference wasigni cant at the reported time.
ERPs from electrode Pz are plotted to the right. Out-of-tunut-of-key notes are presented in blue, in-key notes are preented in red, and their difference is presented
in black. Additionally, vertical lines indicate the epochfdhe cluster.

occurred from 271 to 306 ms, thus no signi cant cluster seemewindows for each EPR that corresponded to the earliest ardtiat

to correspond to an ERAN-like ERP. latency identi ed in both groups for each ERP. For the out-of-
tune notes, the time window tested was from 59 to 418 ms. It
Older adults was found that the ERAN response was larger in younger adults

One signi cant cluster was identi ed when comparing ERPs to(p D 0.049). For out-of-key notes, using a time window of 64 to
the in-key and out-of-tune notes in the group of older adults213 ms, the permutation tests revealed no signi cant clusers
during the pitch-detection task. The ERP for the out-of-tune> 0.15 for all clusters). For the pitch-detection task, we el
notes was more positive than for the in-key notesiY 0.005).  on the P600, since a reliable ERAN was not observed in either
This cluster time window was from 498 to 707 ms and inC'Uderroup for either the out-of-tune or Out-of-key notes. Fortbut-

right frontocentral and posterior electrodes. Given itselaty  of-tune notes, the P600 was larger in younger adults compared
and topography, this cluster most likely corresponds to a P60f older adults at central and parietal electrodes during4Bd—
(Figure 6) No other cluster was identi ed as an ERAN-like ERP614 ms epochF(D 005) For the Out-of-key notes, none of the

Although there was a cluster of right frontal electrodesftfailed  permutations revealed a signi cant cluster during the 361 to
to reach signi cance, where the ERP for the out-of-tune netes 637 ms epochy(> 0.4 for all clusters).

more negative than for the in-key notes between 144 and 191 ms
(pD 0.39). . .

Two signi cant clusters were identied when comparing RelatlonShl_p between ERPs Responses
evoked response to in-key and out-of-key notes. For the rs@Nd Behavior
cluster, the ERP for the out-of-key notes was more positiva thal © evaluate the relationship between the accuracy at detgitte
for the in-key notes, from 361 to 546 ms at electrodes widespre incongruity (i.e., H-FAs), the ERAN evoked by pitch inconigyu
around the scalpgD 0.001). This rst cluster likely corresponds in the click-detection task, and the P600 evoked by the pitch
to a P600. For the second cluster, the ERP for the out-of-kégsno incongruity during the pitch-detection, a multiple regressio
was also more positive than for the in-key notp$(0.007). This Was performed across participants. The mean amplitude of the
cluster was present from 555 to 637 ms at central and posteri&RAN at FC4 and the P600 at Pz (using the di erence waves)
electrodes, and thus might be a continuation of the P60o0OVNEre entered as independent factors in the model as predictors
Both clusters are representedfigure 6. No signi cant cluster of H-FA scores. These electrodes were selected because they
seemed to identify an ERAN-like ERP. There was a cluster éprmed part of the ERAN/P600 cluster for all participants, and
right centroparietal electrodes from 271 to 306 ms, wher&Re  because previous research identi ed that these electrodesder
to out-of-key notes was more negative than the responseeglici @ 9ood estimate of the ERAN and P600. Mean amplitude was

by in_key notes which failed to reach signi Caan[Q 028) calculated Using the epOCh de ned by the permutation testmg i
the previous section.
Group Differences For the out-of-tune notes, the overall model was signi cant

We compared the ERAN response of younger and older adult§, o) D 3.84,p D 0.04,adj.R D 0.21. The amplitude of the
evoked by the out-of-tune and out-of-key notes in the click-ERAN explained most of the variance in the model) 0.513,
detection task (depicted iRigure 7). We choose individual time tg) D 2.67,p D 0.02], while the P600 did not explain any
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FIGURE 7 | Differences between the ERPs of younger and older adults ding the click-detection task to the left and the pitch-detetion task to the right. For all
topographical plots, the boxes represent electrodes wherehe difference was signi cant at the reported time. Differece waves (out-of-tune minus in-key) are
presented to the right of the topographical maps, at electrde FCz for the click-detection task and Pz for the pitch-detetion task. For these ERPs plots, the group of
older adults is presented in blue and the group of younger adts is presented in red. Additionally, vertical lines indite the epoch when the difference was signi cant.

additional variance in H-FA [ D 0.062f(>0) D 0.32pD 0.75].  and older adults. A click-detection and pitch-detectionktagere
Along these lines, there was a strong correlation between thused to further isolate the impact of attention directed totva
ERAN for the out-of-tune notes in the click-detection taskda the melodic incongruities, and thus dissociate automatid a
the accuracy to detect this type of incongruity during the pitc cognitive/controlled processing of tonality. In both groups, a
detection task, when considering all participamig;y D 0.52, clear ERAN was evoked by both types of tonal incongruities in
p D 0.01. However, this correlation was stronger in the youngethe click-detection task, and a P600 was evoked by both types
group, rie) D 0.61,p D 0.03, than for older participants, of tonal incongruities in the pitch-detection task. This pett
rogp D 0.41,p D 0.20 (seeFigures 8A,Q. Given that the of evoked responses is consistent with previous research éisat h
ERAN-Accuracy correlation was weaker in older adults, amsed similar paradigm(attico et al., 2006; Zendel et al., 2R15
additional exploratory analysis was carried out to test theai No clear ERAN was found in the pitch-detection task contrary
that detection of an out-of-tune note might be related toto what could have been expected. Its absence in this study is
enhanced neural activity over frontal regions during thecphit  likely due to the permutation testing used to evaluate statiti
detection task. Accordingly, correlations were calcuditetween signi cance which is data driven and rather conservativeisual
P600 amplitude at electrode Fz and Accuracy (H-FA) for the outinspection of the data suggests however that there was a small
of-tune note in older and younger adults. Neither corradativas ERAN in the pitch-detection task.
signi cant, however the correlation coe cient in older adts, Comparisons between groups during the pitch-detection task
reD 0.39,0D 0.23, was much larger than for younger adults,indicated that older adults were better able to detect an out
rao D 0.07,p D 0.83. The negative correlation suggests thadf-key note compared to younger adults, but the ERAN and
the emergence of a frontal N600 (i.e., a polarity reversahef t P600 associated to this type of deviant were comparable in both
P600) may contribute to the ability to detect an out-of-tumete  age groups. For the out-of-tune notes, there was no di erence
in older adults. between the groups in the ability to detect a deviant noteJevhi
For the out-of-key notes, the overall multiple regressiorthe ERAN and P600 were reduced in older adults compared
model was marginally signi cantF; >0y D 2.86,p D 0.081, to younger adults. Overall, these results conrm our gehera
adj.R2D 0.14, and mostly due to the relationship between therediction that processing of out-of-key notes would be enleahc
P600 amplitude and H-FA [ D 0.48850) D 2.34,p D 0.030]. in older adults compared to younger adults, while processing
The ERAN did not signi cantly contribute to the variance ofH out-of-tune notes would be similar in older adults compared
FA scores [ D 0.252f,0)D 1.21,pD 0.24]. A moderate positive to younger adults. The speci ¢ pattern of ndings also suggests
correlation, between the P600 amplitude and accuracy toctletethat older adults may engage alternative cognitive mecmsito
the out-of-key notes, suggests that with bigger P600 ammitudnake tonal judgments.
we could expect better H-FA scoregfy D 0.41,p D 0.05 across A recent model introduced by a group of hearing scientists
participantsyr(19) D 0.45p D 0.14 and gy D 0.47,pD 0.14 for  (Pichora-Fuller et al., 20)@xplains how aging impacts hearing

young and older adults, respectively; s&gures 8B,D. based on two types of attention related processes. This model
extends theKahneman (1973)capacity of attentionmodel.
DISCUSSION Pichora-Fuller et al. (201ropose that attention is allocated to

a hearing task in two ways: automatically and intentionahgse
The aim of this study was to examine how processing of musicalre based orikahneman (1973jerms, “enduring dispositions”
tonal incongruities di ers between older and younger adults  and “momentary intentions.” Automatic attention (endugn
do so we compared the ERAN and P600 evoked by both afispositions) refers to the automatic orientation of attiemnt
out-of-key and an out-of-tune note between a group of youngeto an unexpected sound in the environment. Intentional
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FIGURE 8 | Relationship between ERP mean amplitude and accuracy (H%AB%). (A) Relationship between amplitude of the ERAN for the out-ofeine notes in the
click-detection task and detection accuracy for out-of-tne notes in the pitch-detection task. The correlation was gini cant when including all participants p D 0.01);
however, the effect was stronger in the younger adults comped to the older adults. (B) Relationship between the amplitude of the ERAN for the outfekey notes in
the click-detection task and the detection accuracy for theout-of-key notes during the pitch-detection task. The corelation was not signi cant between the two
variables.(C) Relationship between the amplitude of the P600 for the out-btune notes in the pitch-detection task and accuracy. Thez was no signi cant correlation
between these two variables.(D) Relationship between amplitude of the P600 for the out-of-&y notes in the pitch-detection task and the accuracy to detet these.
There was a moderate correlation when considering all padipants (p D 0.05), and the effect was similar in both older and younger pécipants.

attention (momentary intentions) refers to the process ofin-key notes. That is, the ability to detect a click was reduce
intentionally allocating attention toward a specic audifo when there was an out-of-tune note in the melody compared
stimulus. According to this model, older adults tend to exerto when the melody was in-key or contained an out-of-key
more intentional attention toward the auditory environmeto  note. These ndings support previous work showing that out-
overcome age-related decline in hearing abilities. In thietext  of-tune notes are more perceptually salient than out-of-ketes
of this study, the ERAN evoked in the passive listening t&sli  (Brattico et al., 2006Although older adults had a reduced ERAN
re ects automatic allocation of attention, while the P6@8ponse evoked by out-of-tune notes, they detected these notestiéh
likely represents the intentional recruitment of cognitivesame accuracy as younger adults. The out-of-tune notes also
resources to detect and incorporate the tonal incongruitipin had a similar interfering e ect on the click-detection task in
the current melodic context. Across-participants, both typés both age-groups. Thus, it might be possible that older adults
incongruities elicited an ERAN and a P600 response. Howevarsed additional cognitive processes when detecting theobut-
the association between these responses and the type of deviame notes, which would explain why the relationship between
(i.e., out-of-tune or out-of-key) di ered between age groups the ERAN and accuracy for out-of-tune notes was stronger in
The amplitude of the ERAN in the click-detection taskthe group of younger adults compared to the older adults. A
predicted the ability to later detect out-of-tune notes ineth previous study suggested that older adults exhibit a deetkas
pitch-detection task, but not the out-of-key notes, althbugis  automatic response to an auditory deviant but an increased
relationship was stronger in the younger adults. This sstgge intentional/controlled response to an auditory deviantldin
that out-of-tune notes can be detected based on the aut@matet al., 200}t Speci cally, when deviant stimuli were individually
attentional system, as the performance of this system (ax&dl calibrated to be equally perceivable by both younger androlde
by the ERAN) was related to task-performance. Moreover, sincadults, the MMN was reduced in amplitude in older adults
out-of-tune notes are based on a violation of a lower level ofompared to younger adults, while the P3 response was similar
the tonal hierarchy (i.e., the chromatic scale), they arereno in amplitude in both groups. This result was interpreted by
unexpected and thus evoke a larger automatic response. Furthibe authors as an increased reliance on cognitive mechanism
support for this proposal comes from the click-detection taskfo overcome de cits in the encoding of acoustic information
where all participants experienced more interference from thevith aging. Here, the saliency of tonal deviant could not be
out-of-tune notes compared to both the out-of-key notes anel t individually calibratedper sebecause it needed to t musical
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theory but similarly, task diculty was controlled between that a frontal negativity predicted task performance for déteg
participants by asking them to detect an individually calilecht the out-of-tune notes during the pitch-detection task, thagtern
near-threshold click. In that respect, our results are cstesit of results further supports the idea that there is decline in
with the proposal that older adults are using additional caigei  automatic processing of tonal information that is compendate
resources, beyond the automatic attentional system, teadetn  for by frontal attentional mechanisms.
out-of-tune note that deviates from the chromatic scale. Out-of-key notes were harder to detect and did not impact
Interestingly, during the pitch-detection task, the P600led  the ability to detect a click in both older and younger adults.
by an out-of-tune note was also reduced in older adults coragar Older adults were, however, better at detecting the oukef-
to younger adults; however, the reduction was mainly at paste notes. Still, there were no group di erences in the ERAN or @60
sites, suggesting that frontal activity during this timerfre amplitude. A very recent study examined electrophysiological
may be related to the similarity in accuracy between youngeresponses to the nal note in a short melody that diered in
and older adults. Indeed, there was a stronger relationshiferms of its musical expectancy (but was in-key) and found no
between brain activity evoked by an out-of-tune note at ali erences between older and younger adults in their ratings
frontal electrode and accuracy when detecting an out-ofetu (good—bad) of these melodigsdlpern et al., 2017 At the same
note for older adults compared to younger adults. Moreovertime unexpected melodic terminations evoked ERAN- and P600-
this relationship was negative, further indicating thaetbenet  type responses in both age groups, consistent with the current
may be related to a small frontal N600. This frontal N600ndings (Halpern et al., 2017 Moreover,Halpern et al. (2017)
may be a source of compensatory activity in the group ofeported ageneral age e ectacross both expected and unexpected
older adults as it was only evident during the active taskendings during the P600 time window, suggesting that older
The relationship between the ERAN evoked during the clickadults are deploying more controlled attentional resourtes
detection task and accuracy when detecting an out-of-tunenelodic processing. This could explain why, in the present study
note was weaker in older adults compared to younger adultshe older adults were better able to detect out-of-key notes
Taken together, this pattern of results suggests that oldalt®  without speci ¢ e ects on the ERAN or P600. The detection of
are increasingly relying on cognitive mechanisms supportedn out-of-key note necessitates the integration of theatioh
by frontal regions to process out-of-tune notes. This shift i in terms of the tonal context which would require an additibna
likely due to age-related changes in the automatic procgssirprocessing stage thatis likely intentional.
of tonal deviants. The current nding is consistent with sies Intentional processing of melodic information in older atkil
of syntactic processing of speech in older adults that shows raay be facilitated by enhanced crystalized knowledge of Weste
shift toward frontal electrodes in the topography of the P600tonal structure due to increased hours of musical exposure
without a change to P600 amplitud&teinhauer et al., 20).0 throughout life. Crystalized knowledge is the result of poes
These results could also be compatible with the posterioreognitive processing, such as general knowledge or vocgbular
anterior shift framework in cerebral activations with agifDavis  One of the current theories related to aging is that taskg tha
et al., 200). According to this framework, older adults would rely on basic information processing (uid intelligence)nté
optimize the use of knowledge to make predictions, througho decline in older adults, while tasks that rely on crystalize
top-down process, rather than relying mostly on online segsorknowledge tend to be preservediffdenberger et al., 2001;
information, which would be best re ected by greater adiva  Salthouse, 2011; Harada et al., 2018 the current study, it
of frontal regions and/or a stronger relationship of frohtagions  is reasonable to assume that detection of an out-of-key note
to task performancelfavis et al., 2007; Moran et al., 2014 required a more robust representation of tonality compared to
An unexpected, but related nding was the observation ofthe detection of an out-of-tune noteé3¢attico et al., 2006 Since
a late negativity over right fronto-central electrodes idgrthe  all participants were non-musicians, it is likely that the alde
click-detection task. In young adults this was observedbfath  participants have accumulated more time listening to music
out-of-key and out-of-tune notes between 500-600 ms afier t throughout their lives compared to the younger adults (nete:
tonal violation. In older adults this e ect was only observeddid not quantify hours of lifetime music exposure, we are makin
for the out-of-key notes. In older adults the activity wasnmo the assumption that older and younger adults were exposed to a
widespread around the scalp, was delayed, and was longer (7Gmilar amount of music per year of life, and because of tHdgio
900 ms). The auditory N600 has sources in the inferior frontaadults have more musical exposure). This long-term exposure
gyrus (IFG;Shahin et al., 2006 The right IFG is a region that would strengthen the representation of tonality, facilitgt the
is critical for processing tonal structure in music, and iokm  ability to detect out-of-key notes. This is also supported by ou
to become active when there are tonal violatiorAstprre et al.,  nding that the accuracy of older adults when detecting art-ou
1994; Tillmann et al., 200.3This N600 could re ect an automatic of-key note was related to the con dence of their response.
activation of this structure, and the lack of N600 during fhitch  The correlation between con dence and accuracy could re ect
detection task is likely due to the P600 which is more dominanan enhanced awareness of the tonal violation in older adults
during this epoch. The nding that the N600 during the click- (Maniscalco and Lau, 2012; Fleming and Lau, 20E#Ahanced
detection task was delayed in older adults when presented wiwareness of the tonal violation would be re ected in the
an out-of-key note, and not observed when presented with anecruitment of the frontal regions, as these regions arerdss
out-of-tune note suggests a reduction in automatic processi to self-awareness, or in other words, the integration of past
of tonal violations in older adults. When paired with the nmaj  experience in guiding behavioral responSeéuss and Alexander,
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2000. Indeed, a number of studies have shown that when oldetraining was taken into account in participants' selectioatails
adults perform a task they tend to over-engage frontal regionon music listening habits and musical preferences could have
compared to younger adult§(tchess et al., 2005; Reuter-Lorenzprovided a more robust estimate of Western tonal knowledge
and Lustig, 2005; Mattay et al., 200Bhis general patternre ects or exposure. Comparisons of older and younger musicians and
a posterior-anterior shift when performing cognitive tasks{’is  non-musicians could help to address this limitation. Fuath
etal., 200Y. while cross-sectional studies provide insights on agdeela
Although it is likely that older adults have more total changes, it is important to recognize that di erences between
hours of musical exposure, both younger and older adult®lder and younger adults are not necessarily e ects of aging.
are “overexposed” to music. If we assume that the ability téongitudinal study would allow for stronger claims on the &e
have “learned” a music system (based on passive exposuwecompensation mechanisms. Indeed, a longitudinal approach
via statistical learning) reaches a maxima after a few yefars would enable the observation of how age-related changes in
exposure, then di erences in the ability to detect an out-efyk evoked responses to tonal incongruities are related to dhees
note could be due to dierences in music style exposure, thain baseline abilities and exposure to music.
is a cohort e ect. Most people tend to listen to similar music Data from the current study are consistent with the idea
throughout life and the type of music older adults listen to isthat there is an age-related increase in crystalized knayaed
quite dierent than the music listened to by younger adultsabout the tonal structure of music. Increased knowledge of
(Smith, 1994; Harrison and Ryan, 2010; Bennett and Taylotonality could additionally compensate for age-related chexli
2012; Bonneville-Roussy et al., 2D1With the internet, it is in central auditory processing. This would allow for music
now possible to access myriad musical genres and youngdsadyperception to be generally preserved in older adults, despite
are much more likely to use Internet music servicédévarec neurophysiological changes in how music is processed. That is
and Pinet, 201 Critically, some of these genres might notaccess to crystalized knowledge could enhanced perception or
necessarily follow the rules of Western tonality. It is #fere predictability of complex auditory stimuli in older adults.
possible that younger adults are more “liberal” in their jodgnt
of out-of-key notes, by having a less restrained representat AUTHOR CONTRIBUTIONS
of tonality. This would explain why the older adults were kett
able to detect an out-of-key note compared to younger adultsviL, IP, and BZ: contributed to design of the study; ML and BZ:
That is, older adults have more exclusive exposure to musiid the data analysis; ML wrote the manuscript, with feedback
resembling the type of music used in this experiment. In botHfrom IP and BZ.
cases, these interpretations are consistent with the idaa th
crystalized knowledge of tonal structure is enhanced ireold ACKNOWLEDGMENTS
adults and this knowledge could support top-down processes
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