
(Jasper, 1958) and amplified by a BioSemi ActiveTwo amplifier
(www.biosemi.com). The vertical and horizontal EOGs were
recorded in bipolar fashion, in order to monitor vertical (i.e., eye-
blinks) and horizontal eye-movements. The EEG signals were sam-
pled at 512 Hz and band-pass filtered between 0.16 and 100 Hz.
MATLAB Toolbox EEGLAB (Delorme & Makeig, 2004) was used for
data preprocessing, and FieldTrip (Oostenveld, Fries, Maris, &
Schoffelen, 2011) for data analysis. EEG data were re-referenced
to the algebraic mean of the right and left earlobe electrodes
(Essl & Rappelsberger, 1998). Continuous data were high-pass fil-
tered at 0.5 Hz and then epoched from �500 ms to 1000 ms
time-locked to the onset of the last note. Artifact rejection was
done in a semi-automatic fashion. Specifically, independent com-
ponent analysis was run to correct for eye-blink related artifacts.
Data from electrodes with consistently poor signal quality were
removed and reconstructed by interpolation from neighboring
electrodes. Subsequently, epochs containing amplitude exceeding
±75 l V were removed after visual inspection. One participant from
the older group was removed due to poor EEG data quality (more
than 25% of the trials rejected) (Nolder = 14). Additional preprocess-
ing included low-pass filtering the epoched data at 30 Hz, and
baseline correcting to 200 ms prior to last note onset.

2.5. Statistical analysis

2.5.1. Behavioral data
Mean ratings for the endings of the melodic stimuli were calcu-

lated for expected and unexpected melodies across participants.
First, a 2 � 2 mixed ANOVAwas performed withmelodic expectancy
(expected, unexpected) as the within-subject factor, and age
(younger, older) as the between-subjects factor. One older partici-
pant was removed due to a large number of missing trials (this was
not the same participant who was removed from the EEG analysis).

2.5.2. ERP data
Mean ERP amplitudes were computed for 9 regions of interest

(ROIs): right anterior (RA) (F4, F6, FC4, FC6), mid anterior (MA)
(Fz, FCz, FC1, FC2), left anterior (LA) (F3, F5, FC3, FC5), right central
(RC) (C4, C6, CP4, CP6), mid central (MC) (Cz, CPz, C1, C2), left cen-
tral (LC) (C3, C5, CP3, CP5), right posterior (RP) (P4, P6, P8, PO4),
mid posterior (MP) (Pz, POz, P1, P2), and left posterior (LP) (P3,
P5, P7, PO3). The following time windows were used for the anal-
ysis, based on previous literature (Besson & Faïta, 1995; Carrus
et al., 2013; Regnault, Bigand, & Besson, 2001; Shahin, Bosnyak,
Trainor, & Roberts, 2003) and visual inspection of the ERPs: N1
(80–130 ms), P200 (150–250 ms), and late positive component
(‘LPC’) (500–800 ms). Mixed ANOVAs were carried out separately
for individual time window with melodic expectancy (expected,
unexpected), laterality (right, mid, and left) and region (anterior,
central, and posterior) as within-subjects factors and age (younger,
older) as between-subjects factor. All statistical analyses were car-
ried out using the IBM Statistical Package for the Social Sciences

(IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Ver-
sion 22.0. Armonk, NY: IBM Corp.).

3. Results

3.1. Behavioral findings

We calculated mean subjectively perceived ratings for expected
and unexpected melodies (Fig. 2); lower ratings reflect perceived
better endings and high ratings reflect perceived worse endings.
Indeed, participants rated expected melodies as having better end-
ings compared to unexpected melodies (main effect of melodic
expectancy: F(1,26) = 81.28, p < 0.001, g2 = 0.76). Younger and older
adults did not differ significantly in their expectancy ratings of the
two types of melodies (no main effect of age nor melodic expectan-
cy � age interaction, p > 0.05).

The mean expectancy ratings showed a significant correlation
with information content generated by IDyOM using the pitch
interval representation both for younger adults, r(48) = 0.69,
p < 0.001, and older adults, r(48) = 0.55, p < 0.001. The difference
in the correlations was significant, t(47) = 2.78, p < 0.01. For the
IDyOM model using a scale degree representation, the correlation
with information content was significant for younger adults, r
(48) = 0.60, p < 0.001, and older adults, r(48) = 0.72, p < 0.001. The
difference in the correlations was significant, t(47) = 2.46, p < 0.05.

3.2. ERPs

The grand average ERPs for all conditions for two groups,
expected and unexpected melodies for younger and older adults,
are shown in Fig. 3. Three ERP components are clearly visible and
described below. A 2 � 2 � 3 � 3 mixed ANOVA was carried out
for all time windows with melodic expectancy (expected vs.
unexpected), laterality (right vs. midline vs. left) and region
(anterior vs. central vs. posterior) as within-subjects factors and
age (younger vs. older) as the between-subjects factor.

3.2.1. N1 time window (80–130 ms)
The N1 component was enhanced for unexpected compared to

expected melodies in both age groups (main effect of melodic
expectancy: F(1,26) = 7.09, p = 0.013, g2 = 0.21) (see Figs. 4 and 5).

N1 (all units in l V) was also more negative at middle hemi-
sphere sites (M = �2.71, SE = 0.40) compared to left (M = �2.43,
SE = 0.32) and right (M = �2.12, SE = 0.28) (main effect of laterality:
F(2,25) = 5.69, p = 0.009, g2 = 0.31). Further, N1 was more pro-
nounced at frontal (M = �2.99, SE = 0.42) and central (M = �2.58,
SE = 0.35) compared to posterior (M = �1.70, SE = 0.25) sites (main
effect of region: F(2,25) = 11.70, p < 0.001, g2 = 0.48). Moreover,
there was a significant melodic expectancy � region interaction
(F(2,25) = 4.02, p = 0.031, g2 = 0.24). Therefore, in the N1 time win-
dow, unexpected music elicited more negative ERP amplitudes in
fronto-central brain regions, both for younger and older adults.

3.2.2. P200 time window (150–250 ms)
Older adults showed a broader and enhanced fronto-central

positivity within the P200 time window compared to younger
adults (age � region interaction: F(2,25) = 12.21, p < 0.001,
g2 = 0.50, Fig. 5d–f). Specifically, older adults showed a mean
amplitude of 2.32 (SE = 0.57), whereas younger adults showed only
0.53 (SE = 0.37) (main effect of age: F(1,26) = 7.02, p = 0.014,
g2 = 0.21). The P200 amplitudes varied with laterality (F(2,25)
= 31.92, p < 0.001, g2 = 0.72), most pronounced in mid brain sites
(M = 2.09, SE = 0.43), less in right sites (M = 1.22, SE = 0.35) and
the least in left sites (M = 0.96, SE = 0.38). Further, the P200 also
varied with electrode region (F(2,25) = 11.80, p < 0.001, g2 = 0.49),

Fig. 1. Example melodies: (a) melody with a good completion (expected) and (b)
melody with a bad completion (unexpected).
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with anterior regions being the most positive (M = 2.19, SE = 0.53),
then central (M = 1.48, SE = 0.40) and followed by posterior regions
(M = 0.61, SE = 0.30). There was a significant laterality � region
interaction (F(4,23) = 13.21, p < 0.001, g2 = 0.70). Further, neural
responses to unexpected melodies were more positive than
responses to expected melodies in left brain sites (melodic
expectancy � laterality interaction: F(2,25) = 6.57, p = 0.005,
g2 = 0.34).

3.2.3. LPC time window (500–800 ms)
As shown in Fig. 6a and b, the late positive component (LPC)

was elicited from a broader distribution of brain regions in older
adults, extending to more frontal brain sites, compared to younger
adults where it was mainly restricted to posterior brain regions
(main effect of age: F(1,26) = 8.49, p = 0.007, g2 = 0.25, and region:
F(2,25) = 33.58, p < 0.001, g2 = 0.73), and age � region interaction:
F(2,25) = 8.34, p = 0.002, g2 = 0.40). Specifically, younger adults
show negative amplitude in the anterior regions (M = �2.69,
SE = 0.68), which gets positive at the central (M = 0.22, SE = 0.72)
and especially posterior regions (M = 2.90, SE = 0.92), while older
adults show a broad positivity in all regions (anterior: M = 1.23,
SE = 0.61), especially central (M = 3.08, SE = 0.61) and posterior
(M = 3.78, SE = 0.55). Furthermore, ERP responses to unexpected
melodies were shown to be more positive in left brain sites com-
pared to expected melodies (marginal melodic expectancy � lateral-
ity interaction: F(2,25) = 3.16, p = 0.060, g2 = 0.20). These results
clearly indicate that the neural system for processing melodic
expectancy is differently localized depending on age group: it is
largely located in posterior regions in younger adults but is broadly
distributed in older adults extending to more frontal regions.

4. Discussion

To review, our main purpose here was to investigate whether
lifetime exposure to music would lead to age-related differences
in behavioral and neural responses to unexpected endings in melo-
dies. Because the melodies were newly composed, we were not
investigating the detection of a change in a memory representa-
tion, but rather the on-line computation of expectations. This
dynamic computation consumes resources, which might have
resulted simply in overall reduction of responses (lower
goodness-of-fit ratings and smaller EEG amplitudes) in older
adults. However, given the lifetime of exposure to Western music,
we anticipated that older adults would in fact be able to detect
these violations, reflected in preserved or perhaps even a greater
difference in ratings and EEG amplitudes to good and bad endings

(quantitative differences), compared to young adults. We also
looked at whether patterns of EEG response might show qualita-
tively different patterns in the two age groups, with one possibility
being a dedifferentiation pattern.

The first behavioral finding was that both groups, younger and
older adults, rated the melodies with unexpected endings as hav-
ing much poorer fit compared to expected endings. The reported
ratings difference was consistent with the intent of the composer,
the initial ratings of pilot participants during the stimulus selection
phase, and the difference in information content returned by the
IDyOM analysis. This pattern shows that implicitly learned rules
of Western music remain stable into older age. This learning was
implicit for our participants because none of them were musically
trained.

The significant correlation between Information Content and
expectancy ratings provides further evidence in support of IDyOM
as a model of auditory expectation (see Egermann et al., 2013;
Hansen & Pearce, 2014; Omigie et al., 2012, 2013; Pearce, 2005;
Pearce et al., 2010). In particular, the present research extends
the evidence to a new set of musical stimuli, created by a profes-
sional composer specifically to confirm and disconfirm the expec-
tations of listeners enculturated within Western musical styles. It
also extends the evidence to a new population of listeners who
are very much older than the populations who have been exam-
ined in previous research. For the pitch interval IDyOM model,
younger adults showed a stronger correlation with information
content than older adults while for the scale degree IDyOM model,
the older adults showed a stronger correlation with information
content than the younger adults. While the behavioral results sug-
gest no difference between the groups, this result suggests that
older and younger listeners generate expectations in different
ways. While the expectations of the younger listeners are more
influenced by specific sequential melodic patterns, those of the
older listeners are influenced more by tonal patterns relative to
the key. This is interesting since such tonal patterns are thought
to reflect generalized, schematic influences on music perception
acquired through extensive exposure to Western tonal music
(Krumhansl & Jusczyk, 1990).

Although this dynamic computation consumes resources,
younger and older adult participants performed equally well in
their subjective assessments of the melodic endings. This effect is
particularly noteworthy considering the importance of processing
a novel stimulus on cognition in general (Schomaker & Meeter,
2015). Although generation of expectancies is a complex process,
and is certainly ‘‘executive” in the necessity of keeping all prior
notes in the melody active in working memory, matching the prob-
abilistic rules of tonality, and returning predictions, older adults do
not show diminished performance, as is often seen in other execu-
tive functions (Dobbs & Rule, 1989; Wang et al., 2011). Of course,
one difference between this task and other executive tasks, is that
the process is below the level of awareness, draws on a vast
repertory of prior experiences, and likely does not require the
cognitively expensive inhibitory resources needed in situations
like the Stroop Task. We emphasize that the musical experience
of our participants was informal and thus ‘‘bottom up” (i.e., the
rules were abstracted from instances) rather than ‘‘top down”, as
would be conveyed in a formal class on music theory. Thus the
experience was itself acquired with minimal cognitive expense
through passive listening to music. It remains an open question
whether older musicians would have an even more acute
sense of goodness of fit than older nonmusicians or younger
musicians.

The similarity in behavioral ratings between the two groups
was also maintained at the neural level at the earliest stages of
information processing. Consistent with prior work (Carrus et al.,
2013; Koelsch & Jentschke, 2010; Omigie et al., 2013; Pearce
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Fig. 2. Bar chart of mean ratings for expected and unexpected melodies for younger
(white) and older adults (gray). Triple asterisks (***) denote statistical significance at
p < 0.001. Error bars represent ±1 standard error mean (SEM).
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et al., 2010), in the earliest EEG window, the N1 component with a
right centro-parietal scalp distribution robustly differentiated
unexpected from expected melodic endings in both groups. This
suggests that the ongoing early computation of expectations is
stable in older adults, and the basic perceptual response to a viola-
tion is also neither enhanced by experience nor diminished by bio-
logical slowing. We note that in other domains, such as speech

monitoring, N1 amplitudes can be higher in younger than older
adults (Rufener, Liem, & Meyer, 2013), suggesting that age effects
in early auditory processing can depend on materials and tasks
and are not thus not a generalized aging effect.

The two age groups started to differ robustly in their later ERP
components. We saw an interesting pattern with both an enhanced
magnitude of response and a dedifferentiation in the locus of the
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Fig. 3. Grand average ERPs (all ROIs) for all four conditions. (a) Grand average ERPs for younger adults presented with expected (dashed blue line) and unexpected music
(dashed red line), and for older adults presented with expected (solid blue line) and unexpected music (solid red line). The time windows used in ERP analysis are indicated
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legend, the reader is referred to the web version of this article.)
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response, in the older adults. The P200 component to both unex-
pected and expected endings (with a greater amplitude to unex-
pected than expected in left sites) was higher in older adults.
Again, this pattern is not uniformly seen in studies of aging and
auditory processing, even in studies using musical materials
(O’Brien, Nikjeh, & Lister, 2015). However, the enhancement of

P200 amplitude in auditory tasks has been shown in studies com-
paring musicians to nonmusicians (Marie, Magne, & Besson, 2011)
as well as in short-term training studies of nonmusicians in an
auditory task (Tremblay & Kraus, 2002). Thus, we propose this pat-
tern is consistent with an ‘‘experience matters” hypothesis: Pre-
sumably via a lifetime of listening, and mostly to music with
expected patterns, the older participants have built up a more
robust network or template of probable relationships of one note
to the next and particularly attend to the final note of the
sequence.

Similarly to the P200, we observed both an enhanced amplitude
of the LPC in the unexpected and expected endings in older adults
compared to younger, and the enhancement was observed over a
multitude of brain regions in older adults. For example, the LPC
extended to more frontal brain sites in older adults, compared to
younger adults, where it was mainly focused around posterior
regions. This dedifferentiation pattern has been noted in other,
rather different tasks, such as memory encoding and retrieval
(Cabeza, 2002; Park & Reuter-Lorenz, 2009). The dedifferentiation
pattern is usually interpreted as a compensatory mechanism for
less efficient brain processing, i.e., the brain is working ‘‘harder”.
An alternative explanation would be that this widespread recruit-
ment of brain areas is directly and causally related to the enhanced
response in the older adults. As the current study is correlational,
we cannot differentiate those possibilities, but a future study using
causal methods like TMS or tDCS might be able to do so.

−4

−3

−2

−1

0

1

2

3

4

4.02.002.0−

N1

Time (sec)

Am
pl

itu
de

 (µ
V)

Younger − expected
Younger − unexpected
Older − expected
Older − unexpected

Fig. 4. Grand average ERPs (all ROIs) within the N1 time window (80–130 ms). The
dashed line represents ERPs in response to expected (blue) and unexpected music
(red) for younger adults, and the solid line represents ERPs in response to expected
(blue) and unexpected music (red) for older adults. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 5. Scalp maps for expected and unexpected music within the N1 time window (80–130 ms) in: (a) Younger and older adults, and their difference topoplot; (b) mean
amplitudes averaged over ROIs within the N1 time window for younger and older adults. Error bars represent ±1 standard error mean (SEM); (c) and (d) the same as (a) and
(b), but for the P200 time window (150–250 ms).
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The LPC is taken to reflect more integrative, and conscious, cog-
nitive processes particularly involving classification of a stimulus
into a task-relevant category (Nieuwenhuis, Aston-Jones, &
Cohen, 2005). It has been observed in many kinds of expectancy
violations, including in musical contexts (Besson & Faïta, 1995;
Chen et al., 2011). Therefore, this finding supports the idea that
older adults use less specific neural processing than younger
adults, in a dedifferentiation pattern, at the integrative stages of
processing melodic expectancy. We emphasize that this pattern
is likely beneficial in two respects: the older adults are as sensitive
to the expectancy violations as the younger in behavioral
responses (thus the brain pattern is compensatory). And like the
P200 window, the overall response is enhanced, suggesting greater
sensitivity at the neural level.

Two features of this work may limit the conclusions we can
draw about changes in the processing of musical expectancy with
aging. First, we had only two types of melodic endings, expected
and unexpected, yet expectancy varies on a continuum. Although
our design is aligned with most of the previous studies on musical
expectancy, varying the degree of melodic expectancy would illu-
minate preservation of melodic expectancy in aging brain. More
ambiguous melodic endings would potentially increase processing
load. Would that higher load still show the increased prefrontal
activation in older adults or be reduced like in tasks associated
with executive control under higher load (Cappell, Gmeindl, &
Reuter-Lorenz, 2010; Schneider-Garces et al., 2010). Second, the
current study investigated the expectancy of the last note after it
was played, but it does not provide any information on forming
expectations about how music would unfold in time. Melodies
may differ in the uncertainty they create about their continuation,
thereby modulating the strength of the expectation that could be
formed. Uncertainty involves the period before the note onset,
whereas unexpectedness involves the period after note onset.
One could hypothesize that with lifelong exposure to music, older
adults may have formed a richer model of melodic continuity.
Future research could examine this process of uncertainty of melo-
dic continuation in aging brain, providing a more comprehensive
picture of the dynamical aspect of musical expectancy. Recently,

Hansen and Pearce (2014) reported that uncertainty in melodic
predictions reflect the entropy of the probability distributions gen-
erated by IDyOM. In computational terms, therefore, we would
hypothesize that older adults’ musical expectations would be char-
acterized by lower entropy (i.e., greater certainty) than younger
adults based on their greater experience.

In conclusion, the results suggest that although generation of
expectancies is a complex process, and is certainly ‘‘executive” in
the necessity of keeping all prior notes in the melody active in
WM, matching them with probabilistic rules of tonality, and
returning predictions, older adults do not show diminished perfor-
mance, as is often seen in other executive functions.

The greater neural sensitivity of older adults to monitoring
expectancy violations could be considered a ‘‘gain qua gain” in cog-
nitive aging (Park & Schwartz, 2000). Even in the face of declining
peripheral auditory sensitivity, this monitoring ability could be of
great use in many situations, including detection of subtle speech
inflections or discernment of aesthetic nuances in music
(Egermann et al., 2013; Huron, 2006; Meyer, 1956) or the other
arts. It also suggests that whereas the brains of older adults are
generally held to be less plastic than in youth, the ability to detect
such expectancy violations might assist them (given enough expo-
sure) in learning new systems such as the music or art of an unfa-
miliar culture. At the very least, we might have some explanation
for the intense interest in the arts shown by many older adults,
both as observers and participants. The confirmation of many
expectations combined with the occasional violation of expecta-
tions, is at the heart of the journey though emotions that is so
engaging about music.
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