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a b s t r a c t
Although ﬁrst-impressions are known to impact decision-making and to have prolonged effects on reasoning, it is less well known that the same type of rapidly formed assumptions can explain biases in
automatic relevance ﬁltering outside of deliberate behavior. This paper features two studies in which
participants have been asked to ignore sequences of sound while focusing attention on a silent movie.
The sequences consisted of blocks, each with a high-probability repetition interrupted by rare acoustic deviations (i.e., a sound of different pitch or duration). The probabilities of the two different sounds
alternated across the concatenated blocks within the sequence (i.e., short-to-long and long-to-short). The
sound probabilities are rapidly and automatically learned for each block and a perceptual inference is
formed predicting the most likely characteristics of the upcoming sound. Deviations elicit a predictionerror signal known as mismatch negativity (MMN). Computational models of MMN generally assume
that its elicitation is governed by transition statistics that deﬁne what sound attributes are most likely
to follow the current sound. MMN amplitude reﬂects prediction conﬁdence, which is derived from the
stability of the current transition statistics. However, our prior research showed that MMN amplitude is
modulated by a strong ﬁrst-impression bias that outweighs transition statistics. Here we test the hypothesis that this bias can be attributed to assumptions about predictable vs. unpredictable nature of each
tone within the ﬁrst encountered context, which is weighted by the stability of that context. The results
of Study 1 show that this bias is initially prevented if there is no 1:1 mapping between sound attributes
and probability, but it returns once the auditory system determines which properties provide the highest predictive value. The results of Study 2 show that conﬁdence in the ﬁrst-impression bias drops if
assumptions about the temporal stability of the transition-statistics are violated. Both studies provide
compelling evidence that the auditory system extrapolates patterns on multiple timescales to adjust
its response to prediction-errors, while profoundly distorting the effects of transition-statistics by the
assumptions formed on the basis of ﬁrst-impressions.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
It is commonly held that ﬁrst-impressions may have a lasting
effect on our thinking. Such biases are usually attributed to emotional and mental processes and studied within a decision-making
framework (Shteingart, Neiman, & Loewenstien, 2013). However,
some recent studies in auditory perception have suggested that
the effects of ﬁrst-impressions permeate even lower-level functions, such as the perception of simple meaningless sounds (Todd,
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Provost, & Cooper, 2011; Todd, Heathcote, Mullens et al., 2014). The
current study was designed to test hypotheses about how ﬁrstimpressions impact on future sound processing. Speciﬁcally, we
asked how superordinate patterns – the large-scale structure of
sound sequences – affect the encoding and elimination of ﬁrstimpressions.
The assertion that a ﬁrst-impression may impact auditory perception is based on observations of the mismatch negativity (MMN)
component of the auditory evoked potential. (Todd, Provost, &
Cooper, 2011; Todd, Provost, Whitson, Cooper, & Heathcote, 2013;
Todd, Heathcote, Mullens et al., 2014; Todd, Heathcote, Whitson
et al., 2014; Mullens, Provost, Winkler, & Todd, 2014; Mullens,
Woodley et al., 2014). MMN is observed when sounds deviate
from an established acoustic regularity, such as a repeating sound
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pattern (Näätänen, Gaillard, & Mäntysalo, 1978; for a recent review,
see Näätänen, Kujala, & Winkler, 2011). Regularity in a sound
sequence leads to the formation of an internal “prediction model”
that prepares the auditory system for acoustic input conforming
to the extracted regularity (Winkler, 2007). For example, if the
sequence contains a repeating sound, the prediction model is represented in reduced responsiveness to the properties of this sound,
while the response to a different sound will include a component
marking the failure of the prediction model. In a more abstract
example, a pattern may not repeat exactly but, for example, consists of sound-pairs that always increment in pitch (lower followed
by higher). In this case, the prediction model will reﬂect the anticipation of a higher-pitched sound following the ﬁrst sound of a new
pair. The MMN amplitude is thought to be tightly coupled to the
stability of repetition (Näätänen, Paavilainen, Alho, Reinikainen,
& Sams, 1987; Näätänen et al., 2011; Lieder, Daunizeau, Garrido,
Friston, & Stephan, 2013) leading to the assumption that MMN to
a pattern-deviation will be largest when the repeating pattern is
highly stable.
The term “primacy bias” was introduced by Todd et al. (2011);
(see also Todd, Heathcote, Mullens et al., 2014; Todd, Heathcote,
Whitson et al., 2014; Mullens, Provost et al., 2014; Mullens,
Woodley et al., 2014) to explain a clear violation of the assumption
that repetition-stability is the sole determinant of the MMN amplitude. The sequences used in these studies consist of two sounds.
At the onset of a sequence, one sound is common and repeating
and the other is a rare deviation from the repetition. The role of
the two sounds is then regularly alternated within the sequence
(termed the multi-timescale paradigm; Todd et al., 2011). It has
been found that the MMN-amplitudes can only be explained by
repetition-stability effects for those segments of the sequence in
which the stimulus probabilities match the ones encountered at
the onset of the sequence, but not for segments in which the stimulus probabilities have been reversed. We have suggested that
primacy bias is due to a ﬁrst-impression that entails mapping
sounds categorically to either “probable and predictable” or “rare
and unpredictable” based on how they appeared at the beginning
of the sequence (Todd et al., 2011). We have further suggested that
conﬁdence in this mapping is weighted by how long this structure
remains constant (Todd, Heathcote, Mullens et al., 2014)—that is,
the auditory system forms a conﬁdence-weighted ﬁrst-impression.
In two experiments the present article tests the consequences of the
conﬁdence-weighted ﬁrst-impression hypothesis, establishing the
prerequisites for acquiring a ﬁrst-impression and the factors that
will prompt a re-evaluation of the initial categorization of sounds.

2. A conﬁdence-weighted ﬁrst-impression
The MMN component can be observed as additional negativity at fronto-central scalp locations peaking 80–250 ms after the
detection of deviation. It is traditionally estimated from a deviantminus-standard difference waveform generated by subtracting the
averaged evoked potentials elicited by the rare deviation and the
common repetition, respectively (Kujala, Tervaniemi, & Schröger,
2007). MMN signiﬁes that a prediction (derived from a “prediction
model” specifying the most likely sound characteristics and transitions) failed to account for the current input—i.e., a prediction-error
was registered and the model requires adjustment (Winkler,
Karmos, & Näätänen, 1996; Winkler, 2007; Winkler & Czigler,
2012). Many models of MMN assume that relevance ﬁltering in
the auditory system will faithfully reﬂect the transition statistics
present in simple sound sequences (e.g., Wacongne, Changeux, &
Dehaene, 2012; Lieder et al., 2013). When a sequence carries a repetitious structure, the auditory system reduces responses to the
properties that are predictable and becomes highly sensitive to any

pattern deviations (Friston, 2005). MMN amplitude is thought to be
proportionate to the accumulated conﬁdence in predictions based
on the stability of the repetitious pattern (Winkler, 2007, 2010).
In other words, MMN will be largest when conﬁdence in predictions about the current environment is high due to the reliability
of the prediction-model. Conversely, MMN will be smaller when
prediction errors are more frequent.
The results from the multi-timescale paradigm (see Fig. 1), contradict the notion that MMN amplitude to pattern deviations will
obey a simple function of transition statistics and pattern stability.
Sequences in the version of the paradigm we have tested several
times contain only two types of sounds and these alternate roles as
a repeating “standard” (highly probable and predictable p = 0.875)
and pattern “deviant” (rare and unpredictable p = 0.125) at different
rates (e.g., Todd et al., 2011). For example, in Todd et al. (2013) roles
alternated every 160 sounds (or 0.8 min) in the unstable rapidly
changing sequence, whereas in the more stable slowly changing sequence the roles alternated every 480 sounds (or 2.4 min).
Prediction models update very dynamically (Winkler et al., 1996;
Bendixen, Prinz, Horváth, Trujillo-Barreto, & Schröger, 2008). In the
multi-timescale sequence this means that the sound that is ﬁrst
rare and elicits MMN will rapidly become the new standard when
it starts repeating (i.e., when roles reverse). Once the new standard is established, rare presentations of the former standard can be
recognised as deviations from this new prediction model and they
start eliciting MMN. Accordingly, signiﬁcant MMN is observed for
all deviant/standard combinations in the multi-timescale paradigm
(Todd et al., 2011, 2013; Todd, Heathcote, Mullens et al., 2014;
Todd, Heathcote, Whitson et al., 2014; Mullens, Provost et al., 2014;
Mullens, Woodley et al., 2014). On the basis of the previously
observed effects of pattern stability on MMN (Sussman & Winkler,
2001), MMN amplitude should be larger in the stable than in the
unstable sequences, because the system can accumulate information about stability over longer periods of time. Primacy bias refers
to the observation that this assumption has only been found to hold
for MMN elicited in the stimulus blocks (segments concatenated to
form a stimulus sequence) that matched the standard/deviant combination appearing in the ﬁrst stimulus block of the experimental
session (Todd et al., 2011). It did not apply to MMN elicited to the
deviants in role-reversal blocks where the ﬁrst-deviant became the
standard and the ﬁrst standard became the deviant. MMN in these
role-reversal blocks has either been equal or even smaller in amplitude in the stable (slower changing) than in the unstable (more
rapidly changing) sequences.
The notion that a conﬁdence-weighted ﬁrst-impression might
account for this phenomenon derives from examining the pattern
of primacy bias across studies. Here we refer to the conﬁdenceweighted ﬁrst-impression as the hypothesised cause of changes in
MMN modulation and the primacy bias as the observed effect of
this impression. Firstly, the bias has been observed to occur for several different standard/deviant combinations. It has been detected
in sequences where the ﬁrst-deviant is a long duration sound and
also in those in which the ﬁrst-deviant is a short duration sound
(Todd et al., 2013). It is also present in sequences in which the
two stimuli differ in pitch (Todd, Heathcote, Whitson et al., 2014)
or in phonemic properties (Mullens, Provost et al., 2014). In each
case, MMN to the ﬁrst encountered deviant stimulus (termed “ﬁrstdeviant”) shows signiﬁcantly more modulation by pattern stability
within sequences (i.e., sequence stability, larger when stability is
high), than MMN to the stimulus encountered as deviant in the
role-reversed blocks (“second-deviant”). The latter MMN is either
modulated less, not at all, or even in the reverse direction. These
results imply that the bias is an order (sequence structure) driven
phenomenon as opposed to an effect of stimulus parameters, and
that the content of the ﬁrst-impression is linked to the sound probabilities at sequence onset.
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Fig. 1. A graphical depiction of the Stable and Unstable sequences used in Todd et al. (2011). These sequences occurred among three others in counterbalanced order and
separate by an enforced 2 min silent gap. The lined rectangles represent stimulus blocks with a 30 ms frequent standard tone (p = 0.875) occasionally interrupted by a 60 ms
rare deviant (p = 0.125). The ﬁlled rectangles represent stimulus blocks with a 60 ms frequent standard tone (p = 0.875) occasionally interrupted by a 30 ms rare deviant
(p = 0.125). In Todd, Heathcote, Mullens et al. (2014) and Todd, Heathcote, Whitson et al. (2014) and in the present paper, data from each block within the sequence were
split into ﬁrst and second halves. Averages for the MMNs to the deviants in each half were created by combining ﬁrst halves (‘1’) to assess transition points and second halves
(‘2’) to assess latter portions of the block.

In this paper, we test the hypothesis that the ﬁrst-impression
formed in these multi-timescale sequences may embody an
“assumed state” in which one sound is probable and predictable and
the other sound is rare and unpredictable and that the conﬁdenceweighting of this impression is determined by the stability of the
roles at the onset of the sequence. This hypothesis derives from
Todd, Heathcote, Mullens et al. (2014) who demonstrated that the
evidence of an order-driven bias on MMN amplitude is most pronounced just after the roles of the two tones have reversed. When
the blocks of a multi-timescale sequence were divided into halves
(see Fig. 1) the differential effect of sequence stability on MMN
amplitude was actually conﬁned to the ﬁrst-half data—that is, to
the period just after the roles have changed. In the stable sequences
(Fig. 1, left), MMN to the ﬁrst-deviant was large at the beginning of
blocks and did not change signiﬁcantly from the ﬁrst to the second
half. This is consistent with rapid establishment of high conﬁdence
in the ﬁrst-impression state. In contrast, MMN to the seconddeviant (in role reversal blocks) started very small and increased
signiﬁcantly by the second half of blocks. This is consistent with the
notion that high conﬁdence in the weighted ﬁrst-impression may
initially supress MMN amplitude to the second-deviant, with this
inﬂuence diminishing as evidence for reversed roles accumulates.
Although the unstable sequence began with the same tone probabilities, MMN to the ﬁrst-deviant in this sequence was initially very
small at the beginning of blocks and increased in amplitude by the
second-half. In contrast, MMN to second-deviants (in the reversed
blocks) was large at the beginning of the blocks and stayed large
into the second half. In fact, at the beginning of the blocks, MMN to
second-deviants was signiﬁcantly larger in the unstable than in the
stable sequence despite the shorter period of stability in the former
(0.4 min vs. 1.2 min, respectively).
Overall, the ﬁnding that the MMN amplitude produced over
periods of 0–0.4 min in the ﬁrst-half of unstable-sequence blocks
was signiﬁcantly larger than that produced in periods of 0–1.2 min
in the ﬁrst-half of stable-sequence blocks strongly contradicts
assumptions that the MMN amplitude will be proportional to
sequence stability. We propose that this puzzling result can be
explained by conﬁdence-weighting being “locked-in” by the ﬁrstimpression, which is then based on the stability of the initial block.
A sequence that begins with a long period in which the ﬁrst roles
remain stable would lead to a ﬁrst-impression with a high conﬁdence weighting. As a consequence, large MMN is generated to
deviants in blocks consistent with the ﬁrst-impression and the
MMN amplitude generated to role-reversed deviants is initially
suppressed. Conversely, a sequence that begins with less stability for the ﬁrst roles could result in a ﬁrst-impression with a low
conﬁdence weighting. The associated consequence is signiﬁcantly
smaller MMN in the blocks consistent with the ﬁrst-impression
and minimal impact on MMN amplitude (no suppression) generated to the role-reversed deviants. While in our ﬁrst studies (Todd
et al., 2011, 2013) we did not observe a stability modulation of
the second-deviant MMN, this was due to averaging across block

halves. In the stable sequence, the second-deviant MMN amplitude
increases from very small to large. Thus the average was approximately equal to that produced in the unstable sequence.

3. Testing the conﬁdence-weighted ﬁrst-impression
hypothesis
The present paper features two tests of the conﬁdence-weighted
ﬁrst-impression hypothesis. The ﬁrst test involved preventing
a 1:1 mapping between stimulus features and probability. The
ﬁrst-impression hypothesis suggests that the bias is based on
an assumption of stimulus likelihood (one rare the other common), which is assessed from the structure at the beginning of the
sequence. In Study 1, a third sound was introduced into the multitimescale sequence of short and long tones (as in Todd et al., 2011,
2013). This sound was a rare (p = 0.125) high-frequency deviant that
occurred in all blocks of the sequences presented at the same duration as the current standard (i.e., it was 30 ms long in blocks with
frequent 30 ms standards and 60 ms long in blocks with frequent
30 ms standards). The addition of the frequency-deviant sound did
not alter the duration probabilities in the sequences but did disrupt
the dichotomous mapping of sounds to common and rare categories by duration alone. The presence of frequency-deviant sounds
in blocks at sequence onset (where 30-ms was the frequent sound
duration) meant that the property of being 60 ms long still belonged
to rare sounds in the ﬁrst-impression but the property of being
30 ms long now belonged to both common (standard) and rare (the
frequency-deviant) sounds. If the bias was linked to unequivocal
mapping by an acoustic property (i.e., tone duration) to common
and rare categories, the presence of the frequency-deviant should
either prevent the bias from occurring or at least reduce its effect.
The second study was designed to determine whether the
conﬁdence-weighted ﬁrst-impression includes information about
superordinate sequence structure (block length). In order for conﬁdence weighting to be different for the stable and unstable
sequence, information about stability must be accumulated beyond
0.8 min (the block length of the unstable sequence). It is possible
that information about stability accumulates until such time as the
ﬁrst prediction model repeatedly fails (that is, at the beginning of
the ﬁrst reversed block) and that this period becomes part of the
ﬁrst-impression. In study 2, the silent interval between stable and
unstable sequences was removed to create either an increasing stability sequence (unstable blocks before stable blocks) or decreasing
stability sequence (stable blocks before unstable blocks). If block
length is modeled into the ﬁrst-impression, this component of
the ﬁrst-impression will fail at the point that the block is longer
(increasing stability) or shorter than expected (decreasing stability). This failure should either: (a) eliminate the inﬂuence of the
bias for the remainder of the sequence if the ﬁrst-impression is
dropped; or (b) reduce conﬁdence in the ﬁrst-impression because
a prediction linked to the ﬁrst-impression fails.
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Fig. 2. Graphical depiction of the stable and unstable sequences. The blocks with the slanted lines were composed of a 30 ms/1000 Hz standard tone (p = 0.75) interrupted
by either a 60 ms/1000 Hz duration-deviant (p = 0.125) or a 30 ms/1200 Hz frequency-deviant (p = 0.125). The ﬁlled blocks were composed of a 60 ms 1000 Hz standard tone
(p = 0.75) interrupted by either a 30 ms/1000 Hz duration-deviant (p = 0.125) or a 60 ms/1200 Hz frequency-deviant (p = 0.125). In order 1, a lined block was presented ﬁrst,
whilst in order 2 the ﬁlled block was presented ﬁrst. The stable and unstable sequences were separated by an enforced 40 s silent interval, and order 1 and order 2 were
separated by an enforced 2 min gap. Order 1 was presented ﬁrst for all participants. For analysis, these blocks are broken up into ﬁrst and second halves. Averages for MMN
to the two deviants in each half (duration and frequency) are achieved by combining ﬁrst halves (‘1’) to assess the responses at the beginning of the blocks and second halves
(‘2’) to assess latter portions of the block. In lined blocks, this creates an MMN to 60 ms/1000 Hz and 30/1200 Hz tones, whilst in ﬁlled blocks an MMN to 30/1000 Hz and
60/1200 Hz tones.

Fig. 3. (A & B) Group-averaged right frontal (F4) deviant minus standard difference waveforms for ﬁrst- half short (grey lines) and long (black lines) duration- (left panel) and
frequency-deviants (right panel) over the stable (solid line) and unstable sequences (dashed line) in order 1. (C & D) Group means for ﬁrst-half MMN amplitudes extracted
from the difference waveforms for the short (solid lines) and long (dashed lines) duration- (left panel) and frequency-deviant (right panel) tones for the stable and unstable
sequences (x-axis) in order 1. (E & F) Group-averaged deviant minus standard difference waveforms for ﬁrst-half short (grey lines) and long (black lines) duration- (left
panel) and frequency-deviants (right panel) over the stable (solid line) and unstable sequences (dashed line) in order 2. (C & D) Group means for ﬁrst-half MMN amplitudes
extracted from the difference waveforms for the short (solid line) and long (dashed line) duration- (left panel) and frequency-deviant (right panel) tones for the stable and
unstable sequences (x-axis) in order 2. Error-bars represent standard-error of the mean.

In summary, these studies aim to test whether the bias can
be prevented by an initial structure prohibiting 1:1 mapping of
attributes to predictability (Study 1), and whether the inﬂuence of
the conﬁdence-weighted ﬁrst-impression can be altered by a violation in superordinate patterning (Study 2). The underlying aim is to
establish how superordinate patterns (the large-scale structure of
the sound sequences) inﬂuence the encoding of ﬁrst-impressions
and elimination of its biasing effects.
4. Method—Study 1
A total of 17 participants (aged 18–27 years; mean = 19.4 years;
SD = 2.8 years; 12 female) were recruited from ﬁrst year under-

graduate psychology students at the University of Newcastle or
volunteers from the community. Volunteers were excluded from
the study if they were under 18 or over 35 years of age, regularly consumed alcohol heavily or used recreational drugs, had a
ﬁrst degree relative with schizophrenia, had a history of neurological disorder, head injury or surgery or a hearing impairment.
Written informed consent was obtained from all participants. The
study was approved by the Human Research Ethics Committee of
the University of Newcastle, Australia.
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Fig. 4. Graphical depiction of the decreasing- (top panel) and increasing-stability sequence (bottom panel). The blocks with the slanted lines were composed of a 30 ms/1000 Hz
standard tone (p = 0.875) interrupted by a 60 ms/1000 Hz duration-deviant (p = 0.125). The ﬁlled blocks were composed of a 60 ms 1000 Hz standard tone (p = 0.875) interrupted
by a 30 ms/1000 Hz duration-deviant (p = 0.125). Lined blocks were always ﬁrst. Decreasing- and increasing-stability sequences were separated by an enforced 2 min gap.
The decreasing-stability sequence was presented ﬁrst for all participants. For analysis, these blocks are broken up into ﬁrst and second halves. For analysis, each block was
broken up into ﬁrst and second halves. Averages for MMN to the deviants at the beginning of the blocks were achieved by pooling ﬁrst halves (‘1’), creating ﬁrst-half 30 ms
and 60 ms MMNs. Averages for MMN to deviants at latter portions of the block were pooled second halves (‘2’), creating second-half 30 ms and 60 ms MMNs.

4.1. Stimuli and sequences
The basic design of this study replicates Todd et al. (2013).
Sounds were 1000 Hz pure tones presented binaurally over headphones at 75 dB SPL. Tones were created with a 20 ms or 50 ms
pedestal and 5 ms rise/fall times to produce the 30 ms and 60 ms
tones, respectively. A regular 300 ms stimulus onset asynchrony
(onset-to-onset interval) was maintained between all sounds.
The 30 ms and 60 ms tones were arranged into two different
block types, depicted in Fig. 2. In short-standard blocks, the 30 ms
tone was the highly probable standard and the 60 ms tone was the
rare deviant. In the long-standard blocks, the probabilities were
reversed so that the 60 ms tone became the highly probable standard and the 30 ms tone became the rare deviant. Stable sequences
comprised four blocks of sound (two of each block type) where the
blocks alternated after 460 tones (2.4 min, see Fig. 2). In unstable
sequences the blocks alternated after 180 tones (0.8 min) and there
were 6 blocks of each type. Each sequence lasted 9.6 min total.
The key difference between the current and the previously
employed design was the inclusion of rare frequency deviant
tones (1200 Hz, 75 dB SPL) within each block of each sequence.
These frequency-deviants were presented at the duration that
was standard for the block in which they occurred. Thus a
short-standard block contained common (p = 0.75) 30 ms 1000 Hz
tones, rare (p = 0.125) 30 ms 1200 Hz frequency-deviant, and rare
(p = 0.125) 60 ms duration-deviant tones. The long-standard blocks
in turn contained common (p = 0.75) 60 ms 1000 Hz tones, rare
(p = 0.125) 60 ms 1200 Hz frequency-deviant, and rare (p = 0.125)
30 ms duration-deviant tones.
Each participant heard the stable followed by unstable sequence
pair (termed “order”) twice. There was a 40 s silent interval between
sequences and a 2 min break between the ﬁrst and second sequence
pair. In order 1, both the stable and unstable sequences began with
short-standard blocks. In order 2, both sequences began with longstandard blocks. Total testing time was approximately 45 min.
4.2. Procedure
A screening interview was completed prior to testing to
assess for the presence of exclusion criteria. Hearing thresholds were tested using a pure tone audiometer (Earscan ES3S)
across 500–4000 Hz to ensure thresholds <20 dB SPL. Each participant received one of the two possible concatenations; they were
assigned alternatingly based on the order of testing.

A Neuroscan Quickcap with tin electrodes was ﬁtted to each
participant. Continuous EEG was recorded by a Synamps 2 Neuroscan system at 1000 Hz sampling rate (highpass 0.1 Hz, lowpass
70 Hz, notch ﬁlter 50 Hz and a ﬁxed gain of 2010). EEG data was
recorded from 10 electrode locations: FZ, FCZ, CZ, PZ, F3, FC3, C3,
F4, FC4, C4 in accordance with the 10–20 system plus left mastoid,
right mastoid and referenced to the nose. Vertical and horizontal electro-oculograms were also acquired above and below the
left eye and 1 cm from the outer cantus of each eye, respectively.
Impedance was reduced to below 5 k for each electrode before
recording commenced. While the sequences were presented over
headphones (Sennheiser HD280pro) the participant was instructed
to ignore the sounds and direct attention to a self-selected video
(sound off) with subtitles.
4.3. Data analysis
Continuous EEG was examined ofﬂine and major artifacts were
manually rejected (e.g., high frequency noise across multiple channels). Eye-blink artifact correction was completed ofﬂine using
Neuroscan Edit (4.5) software through a regression analysis in
combination with artifact averaging (Semlitsch, Anderer, Schuster,
& Presslich, 1986). The average artifact response that the algorithm had generated was assessed for adequacy (<5% variance) and
was applied to the ﬁle. For each tone, a multi-channel EEG epoch
was extracted from 50 ms pre-stimulus to 300 ms post-stimulus
(epochs with > ± 70 V amplitude variation were excluded).
ERPs were averaged separately for standard vs. deviant sounds
encountered within the ﬁrst- vs. the second-half of blocks and
for the stable and unstable sequences. All periods marked ‘1’ on
Fig. 2 were averaged together as an index of the ﬁrst-half standard
and deviant ERPs (stable blocks: ﬁrst-half, 0–1.2 min; unstable:
ﬁrst-half, 0–0.4 min) and all periods marked ‘2’ on Fig. 2 were
averaged together as an index of the second-half standard and
deviant ERPs (stable: second-half, 1.2–2.4 min; unstable: secondhalf, 0.4–0.8 min). A minimum of 45 sweeps was required for
adequacy and this was present in all but one participant whose
data was therefore removed from further analyses.
Each participant’s data generated 32 different MMNs: 2 orders
(short-blocks ﬁrst, long-blocks ﬁrst) × 2 tone durations (30 ms,
60 ms) × 2 deviance types (duration, frequency) × 2 sequences (stable, unstable) × 2 block-halves (ﬁrst-half, second-half). In each case,
the MMN was derived by subtracting the response to the standard sound from that to the corresponding deviant sound (i.e.,
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same order, duration, sequence, block-half; for the duration MMN,
only standards were included, but not frequency deviants having
the standard duration). Note that the MMN to frequency deviant
sounds was computed by subtracting the response to a standard
with the same duration but lower frequency, which could have
resulted in frequency-related N1 differences contributing to the
computed MMN (for a discussion of this issue, see Jacobsen &
Schröger, 2003). This was not considered problematic in the present
study because it should be equally true for the key comparison,
which is between block types and sequences. Difference waveforms
were ﬁltered with a low pass 20 Hz, and re-referenced to the averaged activity at the left and right mastoid sites to maximize signal
to noise (Joutsiniemi et al., 1998).
MMN amplitude was quantiﬁed by extracting the mean amplitude over a 20 ms period centered on the most negative point
100–250 ms post stimulus for duration deviants and 100–200 ms
for frequency deviants. The difference in the two search windows reﬂects differences in the expected peak latencies of the
duration- and frequency-MMN response. Visual inspection of different waveforms revealed excessive noise in select conditions for
three participants (5 of a total of 112 waveforms comprising the
full data set). The group mean for the corresponding condition
was substituted for these 5 cases (as there was no pattern to the
occurrences, replacing with the mean is a conservative solution,
Tabachnick & Fidell, 2001). It is also noteworthy that effects on difference waveforms like those from which MMN is extracted can
reﬂect effects either on the response to the standard tone, the
deviant tone, or both (e.g., Jacobsen & Schröger, 2003). In previous studies, we have consistently observed the primacy bias to be
due to changes in the response to deviants (Todd et al., 2011, 2013;
Todd, Heathcote, Mullens et al., 2014; Todd, Heathcote, Whitson
et al., 2014; Mullens, Provost et al., 2014). Therefore, we only analyzed the MMN (difference) waveforms. A plot separately showing
the responses to the standard and deviant tones for Study 1 shows
that also in this study, the effects appear on the deviant responses
(see Supplementary Fig. 1).
To examine the effects on the primacy bias, only MMN responses
from the ﬁrst-half are reported consistent with evidence from Todd
et al. (2013, 2014), and Frost, Winkler, Provost, & Todd (2015),
who showed that the bias is maximal at the beginning (ﬁrst half)
of the stimulus blocks. Repeated measures ANOVA was used to
compare ﬁrst-half MMNs at F4 (as per previous studies, where
the amplitude effects were found to be the largest) separately for
the short-block ﬁrst (order 1) and long-block ﬁrst orders (order 2),
each with within-subjects factors of Stability (stable, unstable), Tone
Duration (30 ms, 60 ms) and Deviant Type (frequency, duration).

5. Results—Study 1
The repeated measures ANOVA conﬁrmed that in the shortblock ﬁrst order (order1) the presence of a frequency deviant
prevented the establishment of the Stability by Tone Duration interaction characterising the primacy bias. Difference waveforms for
60 ms and 30 ms duration and frequency deviant sounds are presented in Fig. 3A and B respectively, and the associated mean MMN
amplitudes in Fig. 3C and D, respectively. In Fig. 3, there are two
clear patterns visible in the data. In order 1, both frequency and
duration MMNs appear to be larger in the stable than unstable
sequence. In line with this observation, analysis indicated a main
effect of Stability (stable sequence MMNs larger than unstable ones,
F(1,15) = 9.39, p < .01, 2 = .385), a main effect of Deviance Type (frequency MMNs larger than duration MMNs, F(1,15) = 8.25, p < .05,
2 = .355), and a main effect of Tone Duration (with long-tone MMNs
larger than short-tone MMNs, F(1,15) = 15.19, p < .001, 2 = .503).
Fig. 3A and C show that despite a sequence effect being present

for all tones, the long-tone MMN was signiﬁcantly larger than
the short-tone MMN, but this difference was absent for the frequency MMN (Fig. 3B and D), creating a signiﬁcant Tone Duration
by Deviance Type interaction (F(1,15) = 4.80, p < .05, 2 = .242).
In contrast, the long-block ﬁrst order (order 2) revealed a clear
pattern typical of primacy bias. Difference waveforms for 60 ms
and 30 ms duration and frequency deviant sounds are presented
in Fig. 3E and F respectively, and the associated mean MMN amplitudes in Fig. 3G and H, respectively. Analysis yielded a main effect of
Deviance Type (frequency MMNs being larger than duration MMNs;
F(1,15) = 15.08, p < .001, 2 = .501) and a signiﬁcant Stability by Tone
Duration interaction (F(1,15) = 5.51, p < .05, 2 = .269). Fig. 3G and
H show a graphical depiction of this interaction. MMN to the ﬁrstdeviant tone for order 2 (30 ms/1000 Hz) is larger in the stable than
unstable sequence whilst the opposite is true for second-deviant
tone (60 ms/1000 Hz). Although visually this trend is more pronounced for the duration than the frequency MMN (Fig. 3E and
F), there was no signiﬁcant effect of deviance type on the stability
by tone interaction (i.e., no three-way interaction; p = 0.271).

6. Discussion—Study 1
Study 1 was designed to test the hypothesis that the primacy
bias tied to ﬁrst-impressions would not be evident in MMN amplitudes if a 1:1 mapping between sound attribute probabilities and
assumed roles did not occur. The introduction of frequency deviant
tones meant that the property of being 30 ms long belonged to both
the common standard and a rare deviation. The absence of the Stability by Tone Duration interaction bias in order 1 data is consistent
with the notion that the presence of 30 ms frequency deviant tones
disrupts the unambiguous mapping of tone property (being 30 ms
or 60 ms long, respectively) to “predictable” or “unpredictable” categories. The resultant data show simple stability effects with MMN
to all deviant types being larger in more stable blocks, which is what
one would expect on the basis of transition statistics alone.
The second presentation of the sequence-pairs (order 2) produced strikingly different data. In this case the typical primacy
bias (the Stability by Tone Duration interaction) is clearly evident,
with MMN to the ﬁrst-deviant tone (in this case the 30 ms duration
sound) larger in the more stable sequence but MMN to the seconddeviant tone producing the reverse pattern. The re-emergence of
the primacy bias pattern in order 2 implies that the mechanisms
that produce the effect are once again engaged when hearing the
second sequence-pair. One possibility is that exposure to the ﬁrst
sequence-pair enabled the auditory system to learn that tonal frequency had limited value in extracting predictable patterning in
the sequences. Because of this, the frequency-deviant had no longer
interrupted the establishment of a primacy bias, which was then
based on the categorical assessment that one of the durations (the
long one) was common and the other rare. Mullens, Provost et al.
(2014) and Mullens, Woodley et al. (2014) also observed that primacy bias in MMN eventually returns even if the initial experience
with tones contradicts the categorical mapping between sound
attributes and initial roles. Together, these observations demonstrate how fundamental the ﬁrst-impression is to assumptions
incorporated into automatic relevance ﬁltering.
Remarkably, the ﬁrst-impression may also have inﬂuenced
MMN amplitude to the frequency deviant sounds. The Stability by
Tone Duration bias in order 2 was not modulated by Deviance Type,
consistent with the tendency for MMN to all deviant sounds of
30 ms duration to display a stable > unstable pattern and MMN to
all deviant sounds of 60 ms duration to display a stable < unstable
pattern. What makes this observation so remarkable is that the
duration of the frequency deviants is locally predictable: that is,
the 30 ms duration frequency deviant occurs in blocks for which
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the property of being 30 ms is a predictable feature (and similarly,
the duration of the 60 ms frequency deviants is predictable). This
pattern suggests that the ﬁrst-impression is based on tonal properties being mapped to dichotomous “higher” vs. “lower” levels
of information content based on whether the sound property was
initially predictable, and thus uninformative, or rare, and so potentially informative. When such a pre-mapped property is present
in a sound that elicits a prediction-error (the frequency deviant),
the ﬁrst-impression of that property appears to modulate that
prediction error signal (i.e., MMN amplitude) such that frequency
deviations are subject to the same primacy bias modulation effects
as the duration deviations.
These ﬁndings are compatible with previous results showing a
“common fate” for the different features of the same sound event.
When sounds are grouped on the basis of one feature, deviations
in other features are modulated by the grouping. For example,
Winkler et al. (2003a, 2003b) showed that the elicitation of duration and intensity deviants is dependent on how the sounds have
been grouped by frequency (see also, de Sanctis, Ritter, Molholm,
Kelly, & Foxe, 2008; Ritter, Sussman & Molholm, 2000; Ritter, De
Sanctis, Molholm, Javitt, & Foxe, 2000). Further, variation in one
feature decreases the MMN amplitude for not only deviations in
this, but also in other features (Huotilainen et al., 1993; Winkler
et al., 1990). The current results suggest that the common fate
of different features of the same sound is a general principle for
the deviance detection process indexed by MMN. The underlying
cause is probably that the processes of MMN generation works
on unitary memory representations of the sounds (Näätänen &
Winkler, 1999; Ritter, Deacon, Gomes, Javitt, & Vaughan, 1995;
Winkler et al., 1990). That is, the memory representations involved
in MMN generation link together all features of the sounds. This
conclusion is further supported by studies showing that rare
feature-conjunctions elicit the MMN, even when separately each
feature is common within the sequence (e.g., Gomes, Bernstein,
Ritter, Vaughan, & Miller, 1997). Note that the fact the featureregularities can be extracted from a sequence of sound even when
other features vary (e.g., Gomes, Ritter & Vaughan, 1995; Winker
et al., 1990) or that deviations in multiple features can elicit parallel MMNs (e.g., Takegata, Paavilainen, Näätänen & Winkler, 2001;
Wolff & Schröger, 1995) does not contradict the idea of unitary representations underlying MMN, because featural information can
be extracted from the unitary traces (for detailed discussion, see
Ritter et al., 1995; Winkler, 2007). In the auditory modality, features are conjoined irrespective of the direction of focused attention
(Takegata et al., 2005; Winkler, Czigler, Sussman, Horváth, & Balázs,
2005). Thus the common fate of different features effect found
in the current study did not require participants to focus on the
sounds, which speaks to the strong inﬂuence of the ﬁrst-impression
that creates the primacy bias pattern in MMN.
7. Method—Study 2
A total of 32 participants (aged 18 to 32 years; mean = 21.9
years; SD = 4.0 years; 18 female) were recruited from ﬁrst year
Undergraduate Psychology students at the University of Newcastle
or volunteers from the community. The recruitment process and
exclusion criteria were identical to Study 1. None of the volunteers in this group have also participated in Study 1. The study
was approved by the Human Research Ethics Committee of the
University of Newcastle, Australia.
7.1. Stimuli and sequences
The basic design of this study replicates Todd et al. (2013), Todd,
Heathcote, Mullens et al. (2014), Todd, Heathcote, Whitson et al.
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(2014) and the parameters for short and long tones were identical
to those reported for Study 1 with the exception that there were no
frequency deviant sounds. One stable and one unstable sequence
were concatenated to create a decreasing-stability concatenation
(stable to unstable blocks) and an increasing-stability concatenation (unstable to stable blocks), each lasting for 19.2 min. This was
achieved by removing the silent gap between the two sequences
(depicted on the two panels of Fig. 4). Of the participant group, 17
were presented with the decreasing concatenation and 15 with the
increasing concatenation.
7.2. Procedure
Methods for assessment of exclusion criteria, audiometric
screening and recording of continuous EEG were all identical
to Study 1. Participants were instructed to ignore all presented
sounds, remain still and direct attention to a self-selected video
with subtitles. EEG analysis was also identical to Study 1. Each participant received one of the two possible concatenations; they were
assigned alternatingly based on the order of testing.
7.3. Data analysis
Analysis of EEG data was also identical to study 1 with the exception that each participant’s data generated 8 standard, 8 deviant,
and 8 difference ERPs (ﬁrst and second-half × stable and unstable × ﬁrst and second-deviant). Difference waveforms were ﬁltered
with a low pass 20 Hz, and re-referenced to the averaged activity at the left and right mastoid sites to maximise signal to noise
(Joutsiniemi et al., 1998). One data set from the increasing concatenation group was excluded from analysis due to excessive noise
leaving 31 of the total 32 participants included in further analyses.
MMN amplitude was quantiﬁed by extracting the mean amplitude over a 20 ms period centred on the most negative point within
the 100–250 ms post-stimulus interval (where MMN peaks). These
amplitude values were compared in with an omnibus mixed model
ANOVA for amplitude measurements obtained at the beginning
of blocks (ﬁrst-half) at F4. The ANOVA contained Concatenation
as a between-subject factor (decreasing, increasing) and withinsubject factors of Stability (stable, unstable), and Tone (ﬁrst-deviant,
second-deviant). As per study 1, an inspection of the responses to
the standard and deviant tones for each manipulation revealed that
any differential effect evident in the MMN extracted from differences waveforms was due to differences in the evoked potential
elicited by the tones when encountered as deviants (see Supplementary Fig. 2). An additional analysis was prompted by the pattern
of results—this was a mixed model ANOVA on MMN amplitude
within stable blocks with Concatenation as a between-subject factor
(decreasing, increasing) and within-subject factors of Tone (ﬁrstdeviant, second-deviant) and Half (ﬁrst-half, second-half).
8. Results—Study 2
Difference waveforms for ﬁrst- and second-deviant tones at
the beginning of the stable and unstable portions of each concatenation are presented in Fig. 5A with the associated group
mean amplitudes plotted in Fig. 5B. ANOVA results revealed that
a Stability by Tone interaction was present, with opposite direction of effects for the two concatenation groups (a signiﬁcant
Concatenation × Stability × Tone interaction F(1,30) = 17.08, p < .001,
2 = .363). The group who heard the decreasing stability concatenation produced data consistent with the typical order-driven bias
(Stability × Tone interaction, F(1,16) = 6.15, p < .05, 2 = .278) with
MMN to ﬁrst- but not second-deviants being larger in the stable than in the unstable portion of the sequence concatenation
(paired t(16) = 3.86, p < .001, see right side of Fig. 5). In contrast, the
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Fig. 6. Group averaged right frontal (F4) MMN amplitudes extracted from the difference waveforms for the ﬁrst- (grey) and second-deviant tones (black). Mean
MMN amplitudes are shown separately for the increasing (left panel) and decreasing stability concatenation (right panel) for the stable sequence across the ﬁrst- and
second-half of the blocks (x-axis). Error-bars represent standard error of the mean.

Fig. 5. (A) Group-averaged right frontal (F4) deviant minus standard difference
waveforms in the increasing- (left panel) and decreasing-stability concatenations
(right panel), separately for the ﬁrst- (grey) and second-deviant tones (black) and
for the stable (dashed line) and unstable (solid line) blocks. (B) Group averaged ﬁrsthalf MMN amplitudes extracted from the difference waveforms for the ﬁrst- (grey)
and second-deviant tones (black). Mean MMN amplitudes are shown separately for
the increasing- (left panel) and decreasing-stability concatenation (right panel) for
the stable and unstable sequence (x-axis). Error-bars represent standard error of the
mean.

group who heard the increasing stability concatenation produced
a reversed bias pattern (Stability × Tone interaction, F(1,14) = 11.40,
p < .005, 2 = .449) with the MMN to ﬁrst-deviants being larger
in the unstable than in the stable sequence portions (paired
t(14) = 2.26, p < .05, see left side Fig. 5) and the opposite trend for the
second-deviants (stable larger than unstable, paired t(14) = 1.83,
p = .09).
The opposite modulation based on concatenation prompted
an additional test of the ﬁrst-impression hypothesis. The analysis within the increasing stability concatenation revealed a pattern
consistent with hypothesis (b) in the introduction—that is, that
the detection of a superordinate pattern violation (in this case a
longer than expected block length) showed signs of a decrease in
the conﬁdence in the ﬁrst-impression. In order to test whether
the group that heard the stable blocks ﬁrst would show suppression of second-deviant MMN at the beginning of the stable blocks
and whether the hypothesized drop in ﬁrst-impression conﬁdence
in the group that heard the increasing concatenation would produce the opposite pattern, we ran an addition mixed-model ANOVA
with the block-half added as a within-subject factor. The analysis showed a Concatenation × Tone × Half interaction F(1,30) = 7.10,
p < .05, 2 = .191. Fig. 6 shows a trend for a suppression of MMN
to the second-deviant at the beginning of stable-sequence blocks
for those who heard them ﬁrst but suppression of the ﬁrst-deviant
MMN for those who heard them after the violation of the superordinate structure.
9. Discussion—Study 2
The removal of the gap between stable and unstable sequences
produced data consistent with a conﬁdence-weighted ﬁrstimpression bias being modiﬁed when the block lengths changed.

MMN elicited by ﬁrst-deviants was signiﬁcantly smaller at blocktransition points in the latter half of the concatenated sequences
than in the ﬁrst-half, regardless of whether stability increased
or decreased. At a ﬁrst glance, one could assume that the
ﬁrst-impression bias has been eliminated by the change in the
superordinate structure. However, data from the increasing stability sequence are in direct contradiction to the notion of full
elimination of the ﬁrst-impression bias. If the bias were eliminated
when the block length exceeded expectations, then both the ﬁrstand second-deviant MMN amplitudes should have been larger in
the latter stable portion of the sequence. Instead it appears that
the ﬁrst-deviant MMN was suppressed, producing unstable > stable
MMN, whereas the second-deviant MMN was larger in the stable
than in the unstable condition. That is, for the ﬁrst-deviants in stable blocks in the increasing-stability concatenation, the pattern of
MMN modulation is actually reversed compared to that observed in
previous studies of the ﬁrst-impression bias (i.e., MMN to the ﬁrstdeviant was suppressed at transition points as opposed to starting
with high amplitudes). This is made particularly clear in Fig. 6 and
the accompanying analysis showing that the pattern of modulation of stable sequence MMNs is literally opposite in the increasing
and decreasing concatenation conditions. To explain this pattern
of results, we propose here that the ﬁrst-impression bias was not
eliminated by the violation of the superordinate structure. Rather,
only conﬁdence in the weighted ﬁrst-impression diminished when
the superordinate pattern has been violated.
With this proposition the pattern of data for the increasing stability concatenation can be explained. Conﬁdence in the
weighted-ﬁrst-impression formed at the sequence onset would
diminish when the ﬁrst stable sequence block extends beyond the
expected 0.8 min block duration. An adjustment to lower conﬁdence in the ﬁrst-impression then explains both the smaller MMN
to ﬁrst-deviants in the more stable portion of this concatenation
as well as why the MMN to the second-deviant actually shows
the expected stability effect (larger MMN in more stable blocks).
If low conﬁdence in the ﬁrst-impression results in minimal impact
on accumulation of conﬁdence in reversed roles, conﬁdence could
build freely with block stability, ﬁtting the observed pattern of
larger second-deviant MMN in the stable part of the concatenation.
The results obtained for the decreasing-stability concatenation
are also consistent with the proposed explanation. The decreasingstability concatenation enables the auditory system to learn that
the tones alternate roles at a rate of 2.4 min. In this case, a secondorder pattern violation can be detected when the ﬁrst block of the
unstable sequence stops at 0.8 min. If the second order pattern is
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linked to the weighted-ﬁrst-impression, this second-order prediction error would decrease conﬁdence in the ﬁrst-impression. This
would lead to small MMN in blocks that match the ﬁrst-impression
with minimal impact on conﬁdence accumulating when roles
reverse. This proposition is consistent with the stable > unstable
pattern for the ﬁrst-deviant and the stable = unstable pattern for
the second-deviant. In previous studies (Todd, Heathcote, Mullens
et al., 2014); Frost et al., 2015), we found that the second-deviant
MMN was suppressed during the stable part of the sequence as
suggested by the weighted conﬁdence explanation.
A number of previous MMN studies have shown that the processes underlying auditory deviance detection are sensitive to the
large-scale structure of the sound sequence. For example, auditory grouping determines the applicability of regularities to a given
sound: only sounds belonging to the group within which a given
regularity has been detected are processed with respect to that
regularity (i.e., can elicit MMN, when they violate the regularity: de Sanctis et al., 2008; Ritter et al., 2000; Ritter, De Sanctis,
Molholm, Javitt, & Foxe, 2006; Winkler, Schröger & Cowan, 2001).
Further, when the auditory system detects the superordinate structure of a sound sequence, predictions for sounds are adjusted to
it. For example, when the cyclically repeating AAAAB pattern is
detected within an isochronous tone sequence, the “B” tone ceases
to elicit the MMN, as it becomes part of the regularly repeating
pattern (Stefanics et al., 2007; Sussman, Ritter & Vaughan, 1998;
Sussman, Winkler, Huotilainen, Ritter, & Näätänen, 2002). Also, a
sound is treated as a deviant when presented in a sequence with
a substantially more frequent sound, but the same sound delivered with the same temporal probability serves as a standard to an
even less frequent sound when and only when the more frequent
sound is removed from the sequence (Sussman, Sheridan, Kreuzer,
& Winkler, 2003). Finally, two deviants in a row are treated as a single deviant event (eliciting a single MMN response), when deviants
only appear in pairs within the sequence, but are treated separately
(eliciting two MMN responses) when single deviants are introduced to the sequence. The change between these two states occurs
dynamically even within an unbroken sound sequence (Sussman
& Winkler, 2001; for another example of dynamic adaptation to
within-sequence structural changes, see Winkler et al., 1996). The
last two examples demonstrate that the superordinate structure of
a sequence (i.e., the context within which a sound appears) determines the roles of the sounds within it. Thus, the assumptions
underpinning our proposal, that a) the superordinate structure of
the sound sequence is extracted and b) dynamic changes in this
structure are detected, are supported by the literature (see also
Pegado et al., 2010).
In order to accommodate our proposal, the weighted conﬁdence
explanation of the primacy bias would need to be extended to
assume that some memory code of the superordinate structure
is linked to the ﬁrst-impression weighted conﬁdence and, when
the structure of the sequence changes, the conﬁdences linked to
the previous structure are reset. These additional assumptions will
need to be conﬁrmed by further studies, but it is noteworthy that
these possibilities are accommodated by recent models of hierarchical learning (Mathys et al., 2014).
In summary, Study 2 data is compatible with the notion that the
weighted ﬁrst-impression also incorporates learning of the superordinate pattern. As a consequence, the conﬁdence weighting for
the ﬁrst-impression decreases if superordinate predictions are in
error.

10. General discussion
Our ﬁndings demonstrate how superordinate pattern learning can modulate MMN amplitudes in simple unattended sound
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sequences. The constant presence of MMN to the sound that is
locally rare in all blocks provides evidence that the nature or content of predictions is dynamic and locally-driven. However, the
amplitude of this prediction-error signal is clearly modulated by
factors that cannot be attributed to local transition statistics.
Our prior work on primacy bias is extended here by demonstrating that superordinate pattern learning can determine if and when
the bias appears (Study 1), and how much conﬁdence is placed
in the ﬁrst-impression bias (Study 2). Study 1 demonstrates that
removing the 1:1 mapping between tone-property and role initially disrupts any ﬁrst-impression bias, but it returns with a second
experience of the sequences once the redundancy of the frequency
deviations is learned. Determining the most reliable patterning in
order to form additional, higher-order inferences appears, therefore, subject to cumulative learning over extended periods of time.
Study 2 further demonstrated the profound inﬂuence of the
ﬁrst-impression bias. It showed that information contained in the
primacy bias is not just related to the initial roles of tones, but
also the more global stability/reliability of that mapping. Indeed,
it is likely that this information accumulates until such time as
the prediction is locally in error, which occurs when the roles ﬁrst
alternate. The property of block length (or standard/deviant role
stability) may then be stored as a higher-order attribute of a model
that contains information about the superordinate structure. This
ﬁrst-impression continues to distort conﬁdence in predictions (and
therefore MMN amplitude) until such time as the higher-order
attribute is violated by block length being unexpectedly short or
long. Once the superordinate violation occurs, the ﬁrst-impression
bias is not abandoned but adjusted such that a new (“lower”) conﬁdence is assigned to the predictions about tone roles.
The results presented in this paper represent further evidence
that the mechanisms generating the primacy bias pattern in MMN
amplitude are likely to involve top–down (but not necessarily
attentional) inﬂuences. Order-driven differences in the evoked
potential to deviant events have been previously observed in studies that adopted sequences similar to those used here, with the
exception that the roles only inverted once (e.g., Costa-Faidella,
Grimm, Slabu, Díaz-Santaella, & Escera, 2011; Ulanovsky, Las, &
Nelken, 2003). In these studies, the evoked potential elicited by the
ﬁrst standard that occurred later as a deviant was initially smaller,
similar to the primacy bias pattern in the stable sequences where
MMN to the second-deviant is initially suppressed. The authors
attribute this observation to a type of longer-timescale adaptation in a sub-group of auditory neurons. However, this explanation
cannot account for the reversal of the primacy bias pattern in
the increasing-stability concatenation data: there is no reason for
differential levels of adaptation to be present in the neurons generating the response to the ﬁrst-deviant in the stable sequences,
which was not previously present during the initial unstable part
of the concatenation (see Frost et al., 2015 for further discussion of
why primacy bias cannot be attributed to adaption effects alone). In
short, the differential refractoriness explanation of the MMN amplitude effects observed during a single reversal of the standard and
the deviant does not take into account the longer-term MMN amplitude effects observed in the multi-timescale paradigm in which
several role reversals take place.
This view of superordinate structure being extracted from
task-irrelevant sequences and modulating the assessment of local
predictability information is compatible with hierarchical predictive coding theories (e.g., Friston, 2005), which postulate a
hierarchy of models predicting the external input. An error is signalled at any given level when lower levels cannot explain the
current input. Higher levels in the hierarchy can extract patterns
over a longer timescale, and impose new models on lower levels
for more optimal adaptation (Kiebel, Daunizeau, & Friston, 2008).
Modulations of MMN may thus reveal adaptations at higher levels
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of the system representing the large-scale structure of the stimulus
sequence. Viewing the results in this light, we have discovered an
ERP index of the tuning/modulating effects of higher-level models
over lower-level ones. This is a novel ﬁnding, as almost all previous neurophysiological ﬁndings supporting hierarchical predictive
coding models show only higher neural activity for unpredicted
than predicted sensory input (Alink, Schwiedrzik, Kohler, Singer, &
Muckli, 2010; Aoyama, Endo, Honda, & Takeda, 2005; den Ouden,
Daunizeau, Roiser, Friston, & Stephan, 2010; Grill-Spector, Henson,
& Martin, 2006; Hosoya, Baccus, & Meister, 2005; Jehee & Ballard,
2009; Kumar et al., 2011; Lee & Mumford, 2003; Murray, Kersten,
Olshausen, Schrater, & Woods, 2002; Wang, Jones, Andolina, Salt,
& Sillito, 2006). That is, they reﬂect the information passed on from
lower to higher levels in the hierarchy. In contrast, the modulations of the primacy bias observed in the current studies reﬂect the
opposite direction of the ﬂow of information within the hierarchy.
Data obtained from the multi-timescale paradigm emphasise
the contextual sensitivity of auditory perceptual inference underlying MMN—the system modulates relevant inferences by weighting
local errors in relation to larger time-scale patterns extracted over
extended periods of time (cf: King, Gramfort, Schurger, Naccache,
& Dehaene, 2014; Uhrig, Dehaene, & Jarraya, 2014; Wacongne,
Changeux, & Dehaene, 2012). The power and longevity of the
order-driven phenomena observed resembles the lasting impacts
of ﬁrst-impressions on reasoning that inﬂuence choices in decisionmaking tasks (Shteingart et al., 2013). Future attempts made
to model inferential processes underlying the MMN will ideally
accommodate such contextual factors and potential learning biases
to deepen our understanding of the mechanisms giving rise to these
experimental observations.
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