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Abstract

We use a “varying standards” oddball paradigm and compare two phonetically differing conditions to find evidence
that the auditory cortex has access to discrete phonological representations when making predictions about incoming
speech sounds. Brain responses were recorded with a 128-electrode EEG system as subjects passively listened to
synthetic speech sounds from a /d&/-/tee/ continuum. Deviant stimuli were compared to a control condition to obtain
a mismatch negativity (MMN) response, indicative of a “surprise” at a stimulus that deviates from the memory trace.
We tested two conditions with phonetically different varying standards — a “low-T” condition with VOT values of
60, 65, and 70 ms, and a “high-T” condition with VOT values of 75, 80, and 85 ms. The amplitude of the mismatch
response is generally sensitive to acoustic distance. If the memory trace generated by the auditory cortex contains
phonetic information about the standards, then a difference in mismatch amplitude is expected. However, if a
phonological memory trace is used, every standard will be represented identically and no difference in mismatch
amplitude will be observed. We found no distance effect in our results, indicating an absence of fine-grained
phonetic information. This supports the claim that the auditory cortex has access to phonological category

representations.
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Introduction

In natural language, speech sounds can be represented at sev-
eral levels of abstraction. While the sound is by its nature
analog and non-discrete, language is discrete and abstract.
Representations used in language processing must bridge this
gap between continuous sound signal and discrete linguistic
representation. At the lowest level, sound can be modeled with
explicit acoustic representations with information obtained
from the auditory sensory system. The highest level uses ab-
stract phonological representations using language-specific
information, coded in features that lack explicit information
about the physical properties of the sound such as frequency,
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amplitude, or duration. Between these two extremes is a me-
diating phonetic level that uses language-specific parameters
applied to acoustic information, such as voice-onset time
(VOT) thresholds.

We are interested in the role that representations at the
phonetic and phonological levels play in the early stages of
auditory processing and speech perception. The ultimate lin-
guistic goal of the auditory perceptual system is to assign
sounds to phoneme categories in order to parse words from
the speech stream. Once a sound has been assigned to a cate-
gory by the perceptual system (e.g. /t/), phonetic information
about the sound (its particular VOT or formant values) is no
longer strictly useful to this goal. Our interest in this research
is to test whether the auditory cortex has access to discrete
phonological category representations when making predic-
tions about incoming speech sounds.

We report the results of a study using electroencephalo-
graphic (EEG) recordings in a varying standards oddball par-
adigm to elicit auditory cortical responses based on phonolog-
ical representations. We compared conditions differing in pho-
netic quality to determine whether phonetic information is
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present in the memory traces used by the auditory cortex to
predict incoming sounds, or whether these memory traces are
purely phonological.

Phonetic and phonological representation

The feature that distinguishes phonetic categories from
phonological categories is the presence of category-
internal structure on acoustic parameters. Phonetic cate-
gories group sounds according to their acoustic proper-
ties, such as VOT or formant values. When listeners cat-
egorize sounds on some acoustic continuum (such as
VOT), an S-shaped probability curve emerges. Sounds
on this continuum are grouped into distinct phonetic cat-
egories with only a small area of uncertainty between
them. For the VOT continuum for alveolar stops in
English, this area lies between 30 and 40 ms (Lisker &
Abramson, 1964, 1967; Stevens & Klatt, 1974). This
type of categorical perception involves a simple sorting
of sounds into categories based on their phonetic prop-
erties. This is evidenced by the fact that the effect has
been found in pre-linguistic infants (Bertoncini &
Bijeljac-Babic, 1987; Eimas, 1974) as well as animals
such as the chinchilla (Kuhl & Miller, 1975).
Categorical perception has also been found in response
to non-linguistic stimuli (J. D. Miller, Wier, Pastore,
Kelly, & Dooling, 1976; Pastore et al., 1977).

Because phonetic categories are defined in terms of these
acoustic properties, a phonetic representation of each token
would retain this detailed acoustic information. This gradient
information is not contained in phonological representations,
which consist of discrete units used for representing distinct
words in long-term memory. To access lexical items, particu-
lar VOT values are not necessary — we only need the identity
of the phonemes that compose the word. For example, the
word “cat” can be stored in the lexicon with the three pho-
nemes /k/, /ae/, and /t/, without any details about the phonetic
realization of each sound.

Phonological categories are defined simply by features,
such as [-voice] or [+coronal], and have no category-internal
structure. A phonological representation does not distinguish
between a /t/ of 60 ms and a /t/ of 90 ms. Every token of /t/ is
treated in exactly the same way: simply as a member of the
category /t/. We use the term “phonological categories” be-
cause they are the target for phonological processes, such as
assimilation, syllabification, and stress assignment
(Kenstowicz, 1994). These processes simply target members
of an entire phonological category, and gradient phonetic in-
formation of a particular token is ignored. Phonemes also
function as bundles of “bits” for the purpose of storage of
information, ensuring the encoding of distinct words in long-
term memory.
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Evidence of phonetic and phonological categories

Early research in speech perception found that listeners
can discriminate members of different categories more
easily than members of the same category (Liberman,
Harris, Hoffman, & Griffith, 1957; Liberman, Harris,
Kinney, & Lane, 1961). However, listeners have been
shown to still be able to discriminate members of the
same phonetic category, particularly vowels (Fry,
Abramson, Eimas, & Liberman, 1962; Pisoni, 1973).
Carney, Widin, and Viemeister (1977) found that with
training, good within-category discrimination of stop
consonants was possible. Pisoni and Tash (1974) found
faster reaction times when discriminating stimulus pairs
with larger formant differences, even with all differences
being across-category. This means that the relative acous-
tic distance between sounds was faithfully represented, in
addition to their phonological category membership. This
is strong evidence that phonetic categories have gradient
structure, and that this structure is represented by lis-
teners when discriminating across category.

The internal structure of phonetic categories has been dem-
onstrated by studies in which listeners judged category good-
ness of exemplars (J. L. Miller & Volaitis, 1989; J. L. Miller,
1994; Volaitis & Miller, 1992). These results indicate that
phonetic categories are defined around prototypes that serve
as good examples of those categories. These prototypes are
important for defining the space of the phonetic category, and
are important anchors for auditory processing.

Samuel (1982) used adaptation to show prototype struc-
ture, finding that adaptation was more effective if the adaptor
was near the subject’s prototype value. Iverson and Kuhl
(1995) and Kuhl (1991) showed a “perceptual magnet effect”
in adults and infants, where good examples of phonetic cate-
gories (i.e., examples close to the prototype of that category)
make neighboring examples seem more similar, which makes
them more difficult to discriminate. This is all evidence that
phonetic information is available at all stages of auditory pro-
cessing, and is widely used to make behavioral category judg-
ments (as we should assume given the problem of invariance
and a many-to-one mapping between phonetic exemplars and
phonological categories). Our question, then, given extensive
evidence of graded phonetic representation, is whether dis-
crete phonological category representations are similarly
available at all stages of auditory processing.

Electrophysiological evidence

There is also electrophysiological evidence of both phonetic
and phonological category discrimination. Many studies have
found categorical brain responses to stimuli on an acoustic
continuum (e.g., a VOT continuum). Steinschneider et al.
(1999) used multiunit invasive EEG recordings to show
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categorical neural responses to VOT continua. Their results
show a different response for stop consonants with 0-20 ms
VOT than for consonants with 40-80 ms VOT. Simos et al.
(1998) obtained similar categorical responses using MEG.

Several studies have investigated auditory perception using
the mismatch negativity (MMN) response, an automatic re-
sponse to any change in auditory stimulation generated by the
auditory cortex (Alho, 1995). The MMN is typically elicited
in an oddball paradigm, in which a repeated sequence of a
standard stimulus is interrupted by an oddball, or deviant,
stimulus. The appearance of this infrequent deviant causes a
“surprise” response, which manifests as a negative deflection
relative to the response to the standard stimulus.

In line with the findings of Liberman et al. (1957, 1961),
Sharma and Dorman (1999) found a difference between the brain
responses to across-category versus within-category contrasts.
For the across-category contrast the standard was voiced /d/
(30 ms VOT) and the deviant was voiceless /t/ (50 ms VOT).
For the within-category contrast, the standard was voiceless /t/
(80 ms VOT) and the deviant was voiceless /t/ (60 ms VOT). The
tokens were different between the two conditions, but the relative
distance between standard and deviant was identical (20 ms).
Sharma and Dorman measured a higher amplitude MMN effect
to the across-category contrast than the within-category contrast,
despite the identical phonetic distance.

Winkler et al. (1999) recorded EEG responses to across-
category and within-category contrasts in Hungarian and
Finnish vowels. In this case, the standard-deviant pairs were
identical, but the two types of grammar of the speakers treat the
contrast differently. In Finnish, /e/ and /&/ belong to different
categories, whereas Hungarian does not make this distinction.
The /e/-/2/ contrast is across-category for Finnish speakers, but
within-category for Hungarian speakers. Winkler et al. tested
native Finnish speakers, L2 Finnish speakers, and “naive”
Hungarians with no knowledge of Finnish. They found that
MMN amplitudes were greater for subjects who treated the
contrast as across-category (L1 and L2 Finnish speakers) than
for subjects who treated the contrast as within-category (naive
Hungarian speakers). Dehaene-Lambertz (1997) similarly re-
corded EEG responses to across-category and within-category
contrasts for speakers of different languages. Dehaene-
Lambertz presented a /d/-// contrast to French and Hindi
speakers. In French, the contrast is within category, but in
Hindi it is across category. Dehaene-Lambertz, like Winkler
et al., found a larger amplitude mismatch effect to the across-
category than the within-category contrast.

The difference in amplitude found in these studies suggests
that the amplitude of the MMN effect has multiple sources. At
the very least, the phonetic distance as well as the category
difference both contribute to the overall amplitude of the ef-
fect. The category effect appears to contribute much more to
the overall amplitude, though. Niétinen et al. (1997) recorded
EEG responses of Finnish speakers to two different across-

category contrasts. The standard was /e/ and the deviants were
/6/ (a phoneme in Finnish) and /6/ (a sound not corresponding
to a phoneme category in Finnish). Nddténen et al. found that
the mismatch response to the “prototype” deviant was larger
than the response to the non-prototype deviant, even though
the latter had a larger acoustic difference from the standard.

These results seem to indicate that listeners are assigning
sounds encountered in the oddball paradigm to phonological
categories, although they do not rule out a phonetic category
interpretation. Although there is an asymmetry present — dif-
ferences across predefined boundaries contribute more to the
mismatch amplitude than arbitrary differences — these bound-
aries can be defined either by phonological category assign-
ment or by phonetic gradation. From a phonological perspec-
tive, the difference between /t/ and /d/ is “greater” than the
difference between two tokens of /t/. Belonging to different
categories induces a greater mismatch effect than belonging to
the same category. From a phonetic perspective, the difference
between a “bad” exemplar and a “good” exemplar (when one
is very far from the prototype value and one is much closer) is
a “greater” difference than the difference between two “good”
exemplars. In light of this, we cannot be sure that these results
tap into true phonological representations.

Varying standards Several EEG studies have used a “varying-
standards” approach to enforce phonological representations.
Varying standards provides a simple way to elicit phonologi-
cal categories by introducing phonetic variation into the stan-
dards. If the train of standards varies within a phonological
category — say, by varying the VOT or formant frequency by
small amounts — this constrains the type of viable memory
trace representation that can be generated. A memory trace
could simply take the form of a phonological category repre-
sentation, because all standards belong to the same category.
Alternatively, the memory trace could incorporate the varying
acoustic information into an “ad hoc” representation that
computes an average or range of the varying acoustic values.

Phillips et al. (2000b) demonstrated that the auditory cortex
accesses phonological representations by measuring the brain
response to a phonological condition and an acoustic condi-
tion. See Fig. 1 for a summary of these conditions. Their
phonological condition varied the standards within one cate-
gory ([+voice]) and varied the deviants within another catego-
ry ([-voice]). Varying the standards enforced a phonological
memory trace of the standards and generated a mismatch
when the across-category deviant was encountered. Their
acoustic condition uniformly increased the VOT values of
all the stimuli so that some of the standards were now in the
[+voice] range and some were in the [-voice] range. Because
the standards (as defined by the “frequent” class of stimuli) no
longer fell into a single category, a phonological memory trace
was impossible. They observed no mismatch effect in this
condition, indicating that an ad hoc phonetic grouping of the
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Phonological Condition

Phonetic Condition

[-voice] T

[+voice] | D D
D D

D D

Fig. 1 The two conditions of Phillips et al. (2000b). Standards are marked
in black; deviants are marked in red. The phonological condition varied
the voice-onset time (VOT) of the standards within the [+voice] category.
The deviant fell outside this category, which elicited an MMN. The pho-
netic condition varied the VOT of the standards by the same amounts, and

standards had not occurred. This serves as strong evidence
that the auditory cortex has access to phonological represen-
tations, enforced by the varying-standards oddball paradigm.

MMN effects have been elicited in this way by using stan-
dards recorded by different speakers (Dehaene-Lambertz &
Pena, 2001; Shestakova et al., 2002), standards with variation
in their FO formant frequency (Jacobsen & Schroger, 2004),
and variation in VOT (Hestvik & Durvasula, 2016; Phillips,
Pellathy, & Marantz, 2000a; Phillips, Pellathy, Marantz, et al.,
2000b). Eulitz and Lahiri (2004) and Hestvik and Durvasula
(2016) used varying standards to tap into further properties of
phonemes, namely phonological underspecification.

However, phonetic categories are still subject to language-
specific parameters. The boundary between /t/ and /d/ in
English is well established, and a phonetic grouping of sounds
on the VOT continuum will cluster around the phonetic pro-
totypes. The inability of the auditory cortex to perform an ad
hoc grouping of the tokens in the Phillips et al. study may have
been due to their distance from category prototypes. If a token
is sufficiently distant from a relevant phonetic prototype, it
may no longer be possible for the auditory system to assign
that token to the necessary category. In other words, phonetic
grouping appears to be subject to the same category con-
straints as phonological grouping. A novel phonetic grouping
cannot be created on the fly.

The failure to elicit a mismatch effect in Phillips et al.’s
“phonetic” condition demonstrates that ad hoc phonetic
grouping across categories (such as tokens falling between
30 and 60 ms VOT) is not possible. But the question remains
of whether there is detailed phonetic information present in the
memory trace, or whether varying the standards necessarily
causes the auditory cortex to treat each token as an identical
member of a phonological category. Phonological category
membership entails no distinction among its members. All
tokens are of equivalent status. Phonetic category member-
ship, however, is graded. Members of a phonetic category
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the gap between the standards and the deviant was identical to the pho-
nological condition. However, all the VOT values were shifted up, so the
standards now fall on both sides of the VOT boundary separating
[+voice] from [-voice]. No MMN was found in this condition

may be treated differently, based on the quality of their acous-
tic properties.

The goal of the current study was to determine whether the
auditory cortex is truly accessing phonological categories
when standards are varied — categories in which every token
belonging to that category is treated as identical — or accessing
phonetic categories — language-specific categories in which
differing tokens have unique status. In other words, does the
auditory cortex utilize phonological category representations
to make predictions about incoming speech sounds, as as-
sumed by Phillips et al. and subsequent studies?

The mismatch negativity (MMN)

This question will be addressed by employing the varying-
standards mismatch negativity (MMN) paradigm to see if par-
ticipants maintain fine-grained phonetic information while
making phonological category predictions. The mismatch re-
sponse is a function of the auditory cortex’s ability to generate
predictions about incoming sounds.

The MMN is a reflection of the brain’s automatic response
to any change in auditory stimulation, generated in the audi-
tory cortex (Alho, 1995). Since it is elicited by an unexpected
auditory change, the MMN is functionally a neural “surprise”
response. Because it is automatic, the mismatch response can
be elicited in both attend and non-attend contexts ( Istvan
Winkler, Czigler, Sussman, Horvath, & Balazs, 2005;
Naédtdnen, 1979, 1985).

In order for the auditory cortex to react to a change in
auditory stimulation (and generate an MMN effect), it must
make active predictions about incoming sounds. These pre-
dictions are informed by a representation (referred to as a
memory trace) constructed from the repetitive sequence of
standard stimuli. When a deviant is presented, the incoming
sensory information “clashes” with the prediction generated
by the memory trace representation and elicits an MMN
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response ( Istvan Winkler, Cowan, Csépe, Czigler, &
Naidtdnen, 1996a; Istvfin Winkler, Karmos, & Néitdnen,
1996b; Néitinen & Picton, 1987). Studies with backward-
masking stimuli suggest that this memory trace is established
and held in auditory sensory memory. The memory trace rep-
resentation can persist for several seconds (Winkler, Schroger,
& Cowan, 2001).

The amplitude of the MMN effect increases and the latency
shortens as the magnitude of the auditory change increases
(Niaatdnen, Paavilainen, Rinne, & Alho, 2007; Rinne,
Sarkka, Degerman, Schroger, & Alho, 2006). When the devi-
ant differs from the standard in more than one attribute, the
MMN amplitude shows an additive effect (Schroger, 1995;
Wolff & Schroger, 2001). This is evidence that the auditory
processing system is sensitive to fine-grained acoustic varia-
tion, and that these details can be encoded in memory-trace
representations. This is also evidence of a gradient prediction
evaluation mechanism. When an incoming sound is evaluated
against a prediction, the amplitude of the surprise response
(the MMN) is proportional to the difference between the
new incoming sound and the representation of the past sounds
(i.e., prediction error; cf. Friston, 2005).

Our study compared mismatch responses to two conditions
with different distances, operationalized as the distance be-
tween oddball VOT and the mean VOT of the standards. In
both conditions, the standards will be tokens of /t/ with varying
VOT values and the deviant will be /d/ with a VOT of 15 ms.
One condition will be a “low-T” condition, in which the stan-
dards have an average VOT of 65 ms. The other condition will
be a “high-T” condition, in which the standards have an aver-
age VOT of 80 ms. These conditions are illustrated in Fig. 2.

Because the amplitude of the mismatch effect is sensitive to
the magnitude of the change between stimuli, we predict a
“distance effect” predicated on the relative distance between

‘High-T’ Condition

the deviant VOT and the mean VOT of the standards. Such a
distance effect would indicate that the auditory cortex is only
able to access phonetically graded representations (rather than
phonological category representations). If the auditory cortex
keeps track of this information and encodes it into the memory
trace, we predict that the condition with higher VOT standards
will elicit a higher amplitude mismatch effect than the condi-
tion with lower VOT standards, due to the greater distance
between the deviant and standards in the “high-T” condition
(65 ms) than in the “low-T” condition (50 ms). However, if
the auditory cortex utilizes phonological category representa-
tions in which all category members are treated with an “all-
or-none” principle (i.e., all category members are treated as
identical), there should be no difference in amplitude between
the two conditions.

Most MMN studies of this type compare the brain re-
sponse to /d/ as a deviant to the response to /d/ as a non-
deviant. This avoids a confound due to the intrinsic dif-
ference in the neural responses to /d/ and /t/ sounds.
Because the standards and deviants differ in VOT, they
may induce latency differences as the brain responds to
the consonant burst and the onset of voicing at different
times. In the classic MMN paradigm, this confound is
avoided by comparing target sounds as deviants with the
same sounds as standards. However, this does not rule out
the possibility that the MMN effect results from neuronal
refractoriness. Repeated stimulation of neuronal popula-
tions (e.g., the neuronal population that responds to /t/)
induces habituation, with the total activation of that pop-
ulation decreasing over time (Butler, Spreng, & Keidel,
1969). Because the standards appear more frequently than
the deviants, neural responses are more habituated to the
standards (and are attenuated), while neural responses are
less habituated to the deviants.

‘Low-T’ Condition

[-voice]

[+voice] D

D

Fig. 2 The two experimental conditions of Experiment 1. The solid black
line represents the boundary between [+voice] and [-voice] (at about 35
ms). The dotted line separates the “High-T” standards from the “Low-T”
standards. Each condition compares the [-voice] standards of one group

(high or low) against the [+voice] deviant. If the representation contains
detailed phonetic information (voice-onset time; VOT), there will be a
difference in amplitude between the two conditions
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To control for both of these effects, we here use the
“random control” paradigm of Jacobsen and Schroger
(2001, 2003) to elicit and measure the MMN. Rather than
comparing deviants directly to themselves as standards, this
method uses a “random-control” block where the occurrence
of'the target /d/ sound has a frequency equal to its frequency in
the standard-deviant blocks, but it is embedded in a continuum
of randomly-occurring equi-probable stimuli. By comparing
the deviant stimulus to itself in the random control condition,
we can control for inherent differences in brain response be-
tween the standard and deviant stimuli and ensure that the
expected MMNs come from the memory comparison. The
deviant in the control condition will serve as a control to
compute the mismatch effect in lieu of the standard stimuli.

An MMN difference wave computed from standards and
deviants has several underlying sources. One source is simply
acoustic difference — acoustically different sounds activate
different neuronal populations. Another source is neuronal
refractoriness — repeated activation of a neuronal population
leads to habituation, decreasing the amplitude of the response.
This results in an attenuation of the brain response to the
standards relative to the deviants. Another source is the neural
“surprise” response, which is a function of a failed prediction
about incoming sounds. To be sure that we are measuring the
surprise response, rather than differences arising from acous-
tics and neuronal refractoriness, we use a deviant-deviant
comparison — comparing the brain response to the deviant
from a standard-deviant block to the deviant in a random-
standards control block.

Methods
Participants

Two groups of subjects were recruited. Group 1 consisted of
23 subjects (nine male), and Group 2 consisted of 26 subjects
(nine male), for a total of 49 subjects. All subjects were un-
dergraduates at the University of Delaware, native speakers of
English, and reported no history of hearing impairments. The
average age of the participants was 22.5 years (SD = 4.6).
Subjects were either paid US$20 or given extra credit for their
participation. All study procedures were approved by the
University of Delaware Internal Review Board (IRB) and
are compliant with the principles for ethical research
established by the Declaration of Helsinki.

Stimuli and design
The stimuli were a sequence of synthesized CV syllables com-
posed of an alveolar stop and the vowel [#]. Each syllable had

a duration of 290 ms. The stimuli were adapted from Hestvik
and Durvasula (2016), and were generated via Klatt
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Synthesizer to exactly reconstruct the stimuli used in Phillips
etal. (2000b). The onset consonant of the deviant stimulus had
a VOT value of 15 ms. The consonant onset of the standard
stimuli had VOT values of 60, 65, 70, 75, 80, and 85 ms.

VOT values for deviant and standards were chosen on the
basis of the robust and reliable VOT boundary separating
voiced from voiceless among English speakers, which lies
around 30—40 ms (Lisker & Abramson, 1964, 1967; Stevens
& Klatt, 1974). The categorical discrimination task in Hestvik
and Durvasula (2016) found that the mode of the boundary
between /d/ versus /t/ was 40 ms with a standard deviation of
3.6 ms (p. 31). Given that the VOT value in the /d/ category
(15 ms) and the smallest VOT value in the /t/ category (60 ms)
are both quite far away from the 40-ms threshold, it is reason-
able to assume that all subjects accurately perceived the devi-
ant as /d/ and standards as /t/.

The experiment consisted of three blocks, corresponding to
three conditions: Low-T, High-T, and Control. Deviants from
each experimental block (Low-T, High-T) would be compared
with the deviant from the Control block to establish main
MMN effect. The two experimental-control differences would
then be compared to observe a potential “distance effect.”
Each block contained 1000 trials. For both Low-T and High-
T blocks, the 1,000 trials consisted of 900 standards (90%)
and 100 deviants (10%). The /tee/ stimuli in the Low-T condi-
tion had an onset [t] with a VOT value of 60, 65, or 70 ms. The
/tee/ stimuli in the High-T condition had an onset [t] with a
VOT value of 75, 80, or 85 ms. The oddball /da/ in both Low-
T and High-T conditions had an onset [d] with a VOT value of
15 ms. The presentation of trials in the High-T and Low-T
conditions is pseudorandomized such that there are at least
three standards between every two deviants. The inter-
stimuli interval (ISI) in each condition randomly varied from
410 to 600 ms to avoid phase-locked brain responses.

Following Jacobsen and Schréger (2001, 2003), the
Control condition was constructed such that the occurrence
of the target /dee/ appeared in a randomized sequence of
equi-probable varying sounds. Because the target /dae/ is iden-
tical to the token used as a deviant in the High-T and Low-T
conditions, we refer to it as a “deviant” appearing among
“random standards.”

Two groups of subjects were run, with different versions of
the random-control condition. For Group 1, the Control con-
dition consisted of ten stimuli with VOT values of 5, 10, 15,
20, 25, 30, 35, 40, 45, and 50 ms, with each type constituting
100 trials (10%). For Group 2, the Control condition consisted
of five stimuli with VOT values of 5, 10, 15, 20, and 25 ms,
with each type constituting 100 trials (20%). Note that the
random control standards of Group 1 incidentally crossed a
phonetic category boundary (some tokens will be perceived as
/t/), which could cause a (small) potential mismatch effect if a
relatively high VOT standard appeared immediately before
the 15-ms deviant. To test whether this small stimulus mistake
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had an effect, Group 2 was recruited and run with random
standards all within the same category: random tokens vary
at 5-ms intervals from 5 ms to 25 ms VOT. This introduced a
different frequency for the tokens (20%), but kept all the to-
kens in the same category (/d/), so no incidental category
contrast was possible. As our results show, the change of
stimuli in the random control condition was innocuous (no
main effect or interaction was observed; see Results).

Procedure

Subjects were seated in a sound-attenuating booth and were
exposed to the stimuli presented by two speakers. Subjects
were instructed to watch a silent movie (The Wizard of Oz)
and were told to ignore the auditory stimuli. We did not in-
clude an active task so that the results would not be contam-
inated by an N2b component, which is also sensitive to mis-
match, but only occurs when the stimuli are task-relevant
(Luck, 2014). The order of the High-T, Low-T, and Control
blocks was randomized for each subject. The entire recording
session took approximately 1 h.

Apparatus, data acquisition, and data processing

The experiment was programmed using E-Prime v. 2.0, and
the E-Prime Extension package for Net Station was used for
the EEG data acquisition. Continuous EEG data were record-
ed from 128 carbon fiber core/silver-coated electrodes in an
elastic electrode net (Geodesic Hydrocel 128) and was digi-
tized with the EGI Net Station software v. 4.5 with a sampling
rate of 250 Hz. Before data acquisition, electrode impedances
were lowered to below 50 k€. Subjects' electro-ocular activity
were recorded from two bipolar channels. The vertical electro-
oculogram (EOG) was recorded with the supraorbital and
infraorbital electrodes of both eyes; the horizontal EOG was
recorded with the electrodes located at the outer canthi of both
eyes. The Cz electrode placed on the center point of the head
was used as the reference site.

After the acquisition, the data were passed through a 0.3-
Hz FIR high-pass filter. Then the continuous EEG was seg-
mented into epochs of 1,000 ms. Each epoch included a 200-
ms pre-stimulus period and an 800-ms period after the stimu-
lus onset. The segmented data was baseline-corrected based
on the mean voltage of the 200-ms pre-stimulus period. The
data were then submitted to an automated process of eyeblink
subtraction using ICA with the ERP PCA toolkit v. 2.64 run on
MATLAB R2016b. An eyeblink template was generated from
each subject’s data via visual inspection. An ICA component
was marked as an eyeblink component and was subtracted
from the data if it was correlated at » = .9 or greater with the
manually created eyeblink template. After eyeblink subtrac-
tion, the data were submitted to the artifact correction proce-
dure for bad channels and movement artifacts. A channel was

marked bad if its best absolute correlation with its neighboring
channels fell below .4 across all time points. Bad channels
were replaced via interpolation from surrounding good chan-
nels. If a channel was marked bad in over 20% of trials, it was
considered bad in all trials. A trial was zeroed out if it
contained more than 10% bad channels. The remaining trials
were averaged into six cells: High-T-deviants, High-T-stan-
dards, Low-T-deviants, Low-T-standards, Control-deviants,
and Control-standards. The data were then re-referenced to
the average voltage across all electrodes.

Evoked-response potential (ERP) analysis

We utilized a principal-components analysis (PCA) to deter-
mine the electrode regions and time windows for evoked-
response potential (ERP) analysis. PCA is suitable for a
high-density recording montage, and it provides a more ob-
jective way of selecting time windows and electrode regions
for analysis than visual inspection (Dien & Frishkoff, 2005;
Dien, Khoe, & Mangun, 2007; Dien, 2010, 2012; Spencer,
Dien, & Donchin, 1999, 2001), following one of the recom-
mendations of Luck and Gaspelin (2017) to remove experi-
menter bias. The PCA decomposes the temporal and spatial
dimensions into a linear combination of a smaller set of ab-
stract ERP factors based on covariance patterns among time
points and electrode sets. In this way, the PCA can tease apart
the underlying contributions of the factors to the summed
scalp activity.

For the input to the PCA, we used two difference
waveforms (Low-T minus Control and High-T minus
Control) to identify the main mismatch effect of the
Low-T condition and the High-T condition. We used the
difference waves instead of the absolute waveforms as we
wanted the PCA to focus on the temporal and spatial
fluctuations of the mismatch effect itself. The first differ-
ence waveform was computed by subtracting the response
to the deviant in the Low-T condition minus the same
deviant in the Control condition. The second difference
waveform was computed by subtracting the response to
the deviant in the High-T condition minus the response to
the same deviant in the Control condition. These differ-
ence waveforms represent the attenuation of the Auditory
Evoked Potential (an automatic response to sound) as a
result of mismatch, and were used as the input for the
PCA to extract the temporal and spatial factors. We then
used these factors to constrain the selection of time win-
dows and electrode regions used in the statistical analysis
on the undecomposed voltage data.

For the statistical analysis, we first conducted a conven-
tional comparison between standards and deviants in the
High-T and Low-T conditions, then we utilized the random
Control condition to confirm that the observed effect was
not due to the intrinsic difference of the stimuli.
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Results

After the EEG recording and pre-processing, nine sub-
jects’ data were excluded due to having either more
than 10% of bad channels or more than 25% of bad
trials in the whole session. The data of the remaining
37 subjects (24 female) entered the analysis process. Of
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but none in the control condition, as expected. The topoplot (far right)
shows the difference between the control deviant and the mean of the two
deviant waveforms

the 37 subjects, 20 were from Group 1, and 17 were
from Group 2. The mean proportions of good trials
were 94% (SD = 10%) in the High-T condition, 93%
(SD = 13%) in the Low-T condition, and 95% (SD =
7%) in the Control condition

A visual inspection of the grand average waveforms
of the difference between standards and deviants in the
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high versus low conditions showed that the mismatch
was greatest around 500 ms (see Fig. 3). A topoplot
of the main effect difference between the two deviants
and the control deviant showed the effect to have a
typical fronto-central distribution.

However, because informal visual inspection of the data is
subject to experimenter bias (Luck & Gaspelin, 2017), we
used a PCA to objectively define the time window and spatial
distribution of the mismatch effect for further analysis. We
first applied a temporal PCA to the two difference waveforms
(i.e., Low-T deviant minus Control deviant, and High-T devi-
ant minus Control deviant), to capture the temporal and spatial
dynamics of the mismatch effect. The scree test in combina-
tion with the Parallel Test of the temporal PCA generated 22
temporal factors, accounting for 90% of the total variance. We
then screened out the factors that accounted for less than 5%
of the total variance. This left four temporal factors with the
following temporal factor loadings: TF1 accounted for 24% of
the total variance and peaked at 720 ms; TF2 accounted for
10% of the total variance and peaked at 272 ms; TF3
accounted for 8% and peaked at 376 ms; TF4 accounted for
6% and peaked at 496 ms. See Fig. 4 for a summary of the
factor loadings and their temporal distribution.

The temporal and spatial distributions of the factor score
waves (back-projected into voltage space) of all four temporal
factors are shown in Fig. 5. Note that only TF3 and TF4 had a
spatial distribution consistent with an MMN effect, with TF3
showing a central distribution and TF4 a more anterior distri-
bution, and are thus retained for the further analysis.

In the next step, the 22 temporal factors were used as input
for an Independent Component Analysis (ICA) using Infomax

rotation to further decompose each temporal factor into spatial
sources of variance. A scree test found seven spatial factors for
each temporal factor. Visual inspection of the resulting spatial
subfactors revealed that only two temporal-spatial factors,
TF3SF2 (peak latency 376 ms) and TF4SF1 (peak latency
496 ms), had a topography consistent with an MMN effect
(centro-frontal negativity with inversion at the mastoids
(Nédidtdnen et al., 2007; Nddtdnen & Picton, 1987)).
However, only TF4SF1 was retained as the temporal factor
4 most closely corresponded to the peak of the difference
wave (around 500 ms) in the undecomposed voltage data.

We therefore took TF4SF1 to represent the most prominent
mismatch ERP component. We defined the time window as
each time sample in TF4 with a factor loading score of 0.6 or
greater, which gave a time window of 484-516 ms. We de-
fined the spatial region of interest (ROI) as every electrode in
TF4SF1 with a factor loading score of 0.6 or greater. The ROI
is shown in Fig. 6 (shown in red).

The mismatch effect was tested first by conducting a
two-way ANOVA for the conventional standard-deviant
comparison. The dependent measure was the voltage av-
eraged over the defined time window and the ROI. The
two within-subject factors were Condition Type (High-T
vs. Low-T) and Stimulus Type (Standard vs. Deviant). As
the MMN effect is expected in both High-T and Low-T
conditions, we should observe a main effect of Stimulus
Type. If the deviant after high standards exhibited a great-
er attenuation than the deviant after low standards did
(supporting the brain tracking the fine-grained acoustic
details), we should also observe an interaction between
Condition Type and Stimulus Type. The ANOVA result
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did not yield a significant interaction (p = .962, with the
observed power of .5), indicating a lack of support for the
fine-grained phonetic memory trace. There was a main
effect of Stimuli Type [F (1, 36) = 8.366, p = .006, partial
n* = .189], reflecting an overall mismatch effect. There
was no effect of Condition Type (p = .276).

To make sure that the mismatch effect obtained above is
not an artifact of physical stimulus differences between stan-
dard stimuli and deviant stimuli, we compared the deviant
waveform in the High-T and Low-T conditions to the same
15-ms VOT stimulus in the random standards control condi-
tion. A pairwise t-test comparing Standard and Deviant in the
Control condition showed no significant difference, as expect-
ed [t(36) = 0.376, p = 0.7]. This indicates that there was no
mismatch response to the 15-ms “deviant” in the Control con-
dition. This response to the deviant in the absence of a mem-
ory trace prediction will allow it to serve as a neutral point of
comparison, in lieu of a conventional standard-deviant com-
parison. Figure 7 shows the computed mean deviant

waveforms for the PCA-defined electrode region for
TF4SF1 for the three conditions.

We then conducted a one-way repeated measures ANOVA
with the within-subject factor DEVIANT TYPE (High-T vs.
Low-T vs. Control). A genuine effect would be reflected in a
significant difference between the High-T versus Control, and
Low-T versus Control. Since we have two versions of
Control, we also included the between-subject factor
GROUP (Control Condition Group 1 vs. Control Condition
Group 2). There was no interaction (p = .444) or main effect of
Control Condition Group (p = .369), but there was a main
effect of DEVIANT TYPE [F(2, 70) = 3.303, p = .043, 772 =
.086], with the observed power of .608. This means that the
three deviant waveforms were not of the same amplitude.
Planned contrasts revealed a significant difference between
High-T and Control [#36) = 2.253, p = .030], as well as a
difference between Low-T and Control [t(36) = 2.11, p =
.042], which indicated that the mismatch effect observed in
the conventional standard-deviant comparison was not subject
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Fig. 7 The deviant waveforms in High-T, Low-T, and Control conditions. The deviant had a voice-onset time (VOT) value of 15 ms in each condition
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to the intrinsic difference of the stimulus in both conditions.
Consistent with the result of the lack of interaction in the
conventional standard-deviant comparison, there was no dif-
ference between the High-T and Low-T (p = .497). Figure 8
shows the mean voltage of the responses to deviants as a
function of DEVIANT TYPE.

The probability of a true null effect was examined by
estimating a Bayes factor using Bayesian Information
Criteria (BIC; Wagenmakers, 2007). This compares the
fit of the data under the null hypothesis compared to the
alternative hypothesis by comparing models that include
and models that do not include each factor and interac-
tion. This analysis produces an inverted Bayes Factor
(BFO1) ratio, indicating the likelihood of the null hy-
pothesis being true. Higher BFO1 values indicate greater
evidence in favor of the null hypothesis.

We performed two Bayesian repeated measures ANOVAs
with default priors (Rouder, Morey, Speckman, & Province,
2012). A repeated measure 2 x 2 ANOVA comparing
Condition Type (High-T, Low-T) and Stimulus Type
(Standard, Deviant) found moderate evidence for the null
hypothesis (Condition*Stimulus interaction BFO1 = 4.79).
This suggests that the null is 4.79 times more likely to be
true than the alternative. A repeated measure one-way
ANOVA was also performed comparing the values of devi-
ants in each condition (Control, High-T, Low-T). A post hoc
comparison between High-T and Low-T found moderate
favor for the null (BFO1 = 4.54), suggesting the null is
4.54 times more likely than the alternative.
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These results suggest that the amplitude of the MMN
response is not significantly affected by distance be-
tween standards and deviant (measured in VOT).

Discussion

We found a significant mismatch effect in both High-T and
Low-T conditions, as expected. The largest underlying com-
ponent of this mismatch effect (as determined by the PCA)
occurred in the relatively late time window of 484-516 ms.
Negativity in this time window, alternately labeled either late
MMN or LDN (late discriminatory negativity), has been re-
ported by several previous MMN studies (Cheour et al., 1998;
Datta, Shafer, Morr, Kurtzberg, & Schwartz, 2010; Shafer,
Morr, Datta, Kurtzberg, & Schwartz, 2005). The late MMN/
LDN has a spatial topography consistent with a typical early
MMN, consisting of a fronto-central negative component and
a positivity at the mastoids, which we also observed (see, e.g.,
Hestvik & Durvasula, 2016; Neuhoff et al., 2012).

We also observed a small negativity in a more typical ear-
lier time window (~150 ms), but this was determined by the
PCA to account for only a small amount of the total variance.
For this reason, we focused our analysis on the late time win-
dow. The significant main effect indicates that the /t/ standards
were perceived as different than the /d/ deviant, as expected.

If the memory trace was phonetic (rather than phonological),
we should have found a difference in amplitude between the two
conditions, due to the difference in distance between standards
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and deviant (50 ms for the Low-T condition and 65 ms for the
High-T condition). A difference in the amplitude of the mismatch
effect between the conditions would have indicated the presence
of phonetic information (VOT) in the memory trace. However,
we find no significant difference in the amplitude of the mis-
match effect between the two conditions, despite the difference
in distance between standards and deviants.

The absence of a significant difference between the pho-
netically different conditions supports the interpretation of
Phillips et al. (2000a, 2000b) that the auditory cortex accesses
phonological representations when the standards are varying
within category. Because phonological categories treat all
members equivalently, there is no distinction to be made be-
tween the High-T standards and Low-T standards — from a
phonological perspective they are all simply /t/. The absence
ofa distance effect suggests that the representation that formed
the memory trace did not make use of any fine-grained pho-
netic information, but treated the distance between deviant
and standard as equivalent in both conditions. While Phillips
et al. showed that listeners cannot perform ad hoc grouping of
sounds belonging to phonological categories, we expanded on
their results by demonstrating that phonetic information is
absent from the memory trace even when all the standards
are varying within a single phonological category. This serves
as further evidence that phonological category representations
are available to the auditory cortex.

Mismatch

In order to make a phonological categorization, it is necessary
to map the acoustic properties of the sound to phonological
features. This may be done by creating a phonetic category
representation or judging the proximity of the sound to a pho-
netic prototype. Our results suggest that by the time several
variant sounds have been encountered, this type of phonetic
information is absent. Because the MMN response is a func-
tion of prediction — the auditory cortex creates a memory trace
of encountered sounds to predict incoming sounds — these
results imply that once a phonological category has been
assigned, there is little value for phonetic information. The
ultimate goal of speech perception must be to assign catego-
ries to sounds to build representations that allow lexical re-
trieval. Assigning a phonological category to a sound seems to
satisfy this demand.

The problem of invariance, as well as phonological pro-
cesses that result in a many-to-one mapping of phonetic ex-
emplars to phonological category representations, necessitates
that phonetics play a critical role in this process. Here we have
shown that even though this phonetic information is available,
it may not necessarily be of predictive value. In a stream of
phonetically varying sounds, the brain may opt for a simple
predictive solution: pre-defined phonological categories.

Conclusion

In this study, we used the “varying-standards” oddball para-
digm to enforce genuine phonological memory traces — i.e.,
representations of speech sounds which do not maintain any
relevant phonetic information. Our results support the inter-
pretation of previous studies that the auditory cortex can ac-
cess phonological category representations and use those rep-
resentations to make predictions about incoming sounds.
Because phonological categories have no internal structure,
all category members are treated identically. By contrast, pho-
netic categories have internal structure predicated on acoustic
properties such as VOT, with the category labels clustering
around prototypes (good exemplars of the phonetic category).
Because we failed to observe a significant difference between
phonetically different (but phonologically identical) condi-
tions, we conclude that the auditory processing system in fact
has access to and actively utilizes phonological representa-
tions for making predictions about incoming sounds.

Data availability None of the data or materials for the experiments re-
ported here are available, and none of the experiments were preregistered.
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