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REGULAR ARTICLE

Auditory predictions are phonological when phonetic information is variable
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aRutgers University Center for Cognitive Science (RuCCS), Rutgers University, New Brunswick, NJ, USA; bDepartment of Neurology,
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ABSTRACT
An emerging body of studies has claimed that exposure to phonetically varying speech sounds
results in strictly phonological representations of speech sounds by the brain’s auditory
prediction system (Cornell et al., 2011; Eulitz & Lahiri, 2004; Hestvik et al., 2020; Hestvik &
Durvasula, 2016; Phillips et al., 2000). We test this claim by measuring mismatch negativity (MMN)
to a subcategorical contrast with two sets of phonetically varying standards. When controlling for
non-prediction related contributors to the MMN, we find a mismatch in a late time window.
However, the mismatch effect is only significant for participants who perceived the contrast as an
across-category contrast (/t/ vs /d/). Additionally, we find no modulation of mismatch amplitude
predicated on phonetic distance between standards and deviant. Taken together, this indicates
that the prediction generated by the auditory system in response to phonetically varying speech
sounds is indeed phonological and lacks any fine-grained phonetic content.
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Introduction

To comprehend human speech, listeners have to bridge
the gap between continuous spectro-temporal proper-
ties of sound and discrete linguistic categories. Under
many speech perception models, the brain represents
speech sounds as acoustic tokens before speaker nor-
malisation or phoneme identification takes place (King-
ston & Diehl, 1994; Liberman et al., 1967; Theodore
et al., 2009), and there is evidence that speech sounds
are neurally encoded with great acoustic detail
(Andruski et al., 1994; Bidelman et al., 2013; Toscano
et al., 2010). However, sounds are also represented via
language-specific distinctive features (Monahan, 2018),
and such features would be the basic targets for phono-
logical processes (Chomsky & Halle, 1968; Kenstowicz,
1994). Mediating between these levels is a phonetic
level which groups sounds into language-specific cat-
egories. A key feature of this level of representation is
that phonetic categories – unlike phonological cat-
egories – contain gradient, within-category information
(Pierrehumbert, 1990; Werker & Logan, 1985).

An emerging body of studies has claimed that pho-
netic variance precludes phonetic prediction – that
exposure to phonetically varying speech sounds results
in strictly phonological neural representations of
speech sounds (Cornell et al., 2011; Eulitz & Lahiri,
2004; Hestvik et al., 2020; Hestvik & Durvasula, 2016; Phil-
lips et al., 2000). We argue that it has not been

sufficiently established that the observed brain
responses in these cases is the result of wholly phonemic
categorical predictions which lack phonetic content. In
this study we measure the mismatch negativity (MMN,
an ERP component indicating a prediction error-related
brain response) to a nominally sub-phonemic contrast
with phonetically varying standards. We observe an
MMN to this contrast, but analysis reveals the mismatch
may be primarily driven by individual differences in
voicing category threshold. In other words, only partici-
pants who perceived the contrast as across-category
showed a significant MMN effect. We take this as
further evidence of a phonologically driven prediction
error signal in response to phonetically variable input.

Background

There is a large body of literature using electrophysio-
logical measures to record brain responses to speech
sounds. Many studies have used an oddball paradigm
to elicit mismatch negativity (MMN), an event-related
potential first described by Näätänen et al. (1978) repre-
senting an automatic response to any detected change
in auditory stimulation generated in the auditory
cortex (Alho, 1995; Näätänen et al., 2007).

The MMN has been argued to index prediction error
resulting from the mismatch between predicted stimuli
and deviant stimuli (Carbajal & Malmierca, 2018; Font-
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Alaminos et al., 2021; Garrido et al., 2008, 2009; Lieder
et al., 2013; Todorovic et al., 2011; Winkler & Czigler,
2012). Under the predictive coding approach (Friston,
2005, 2010), the auditory system is a Bayesian prediction
generator built atop a representational system in which
speech sounds are represented at several hierarchically
organised levels (Dürschmid et al., 2016; Escera & Mal-
mierca, 2014; Rubin et al., 2016; for a review, see Heil-
bron & Chait, 2018). Each of these levels maintains
different types of information simultaneously. Lower
levels of the hierarchy contain acoustic sensory infor-
mation, while higher levels contain more abstract infor-
mation such as phonological features or phoneme
category labels. Speech sound representations are gen-
erated by a hierarchical, generative model that is used
to make predictions about the auditory environment
and is continually updated from new sensory input.

Several studies using MMN have shown evidence of
predictive coding (Bendixen et al., 2012; Chennu et al.,
2013; Grimm & Escera, 2012; Wacongne et al., 2012), indi-
cating that the MMN is at least partially driven by a hier-
archically organised prediction system. Predictions occur
at several structural levels: non-linguistic acoustic con-
trasts, language-specific phonetic contrasts, phoneme
category contrasts, and even higher units of structure
like lexical categories (Pulvermüller & Shtyrov, 2006).
This makes the MMN a useful tool for probing the
content of auditory predictions and the forward-propa-
gating prediction error signal.

When faced with speech sounds, the auditory system
will generate predictions at multiple levels. Acoustic-
phonetic predictions will include details about proper-
ties such as formant frequency, duration, and voice
onset time (VOT). Phonological predictions will include
only phoneme category labels or phonological features.
Ordinarily, the predictive system interfaces with statisti-
cal learning mechanisms to track the properties of
sensory input and generate detailed predictions, result-
ing in predictions which synthesise the properties of
the input in a dynamic way, weighting different stimuli
and features according to the frequency of their appear-
ance (McMurray et al., 2009; Paavilainen et al., 2001;
Saffran et al., 1999).

However, prior knowledge of linguistic categories
may interfere with this general statistical learning
process, evidenced by sensitivity to speech sound cat-
egories (Barrios et al., 2016; Dehaene-Lambertz, 1997;
Kazanina et al., 2006; Näätänen et al., 1997; Rodrigues
Silva et al., 2017; Sharma & Dorman, 2000; Yu et al.,
2017). Rather than synthesising all the properties of
the input to generate the most detailed possible predic-
tion, the auditory system may instead rely exclusively on
linguistic categories from long term memory to make

predictions about incoming sounds, particularly under
conditions of phonetic variance (Phillips et al., 2000). A
growing body of studies has used a “varying standards”
paradigm in which acoustically and phonetically varying
stimuli are used to elicit MMN. These studies have used
standards recorded by different speakers (Dehaene-
Lambertz & Pena, 2001; Shestakova et al., 2002), by a
single speaker recording different tokens (Schluter
et al., 2016), by manipulations in formant frequency
(Hill et al., 2004; Jacobsen et al., 2004), and by manipula-
tions in VOT (Hestvik et al., 2020; Hestvik & Durvasula,
2016; Phillips et al., 2000).

Phillips et al. (2000) demonstrated that the auditory
cortex accesses phoneme category knowledge by com-
paring a phonological condition, and an acoustic con-
dition. Their phonological condition consisted of
phonetically varying standard stimuli belonging to the
/t/ category and a deviant stimulus belonging to the
/d/ category, making the standard-deviant contrast a
categorical /t/-/d/ contrast. Their acoustic condition
shifted the voice onset time of the standard stimuli so
that the median VOT of the standards would be equal
to the boundary value separating voiced from voiceless.
This resulted in half the standards belonging to the /t/
category and half belonging to the /d/ category. The
standard-deviant contrast was no longer categorical –
the difference could only be detected if the phonetic
properties of the stimuli were accurately represented
in the prediction. Phillips et al. found a significant
MMN in their phonological condition but no corre-
sponding MMN in their acoustic condition, which they
interpreted as evidence that the auditory cortex has
access to abstract phoneme category representations.
The crucial finding, which has informed many sub-
sequent MMN studies, is that the auditory system
seems to have been incapable of generating an ad hoc
phonetic category to characterise the difference
between standards and deviants in the acoustic
condition.

The standards in Phillips et al.’s acoustic condition
varied across the /d/-/t/ category boundary, with
stimuli falling both on the /d/ side and on the /t/ side
of the boundary (adjusted for each participant).
Phoneme category knowledge seems to provide a
strong enough bias to the perceptual system to
prevent the formation of an ad hoc phonetic prediction
when the phonetic values run afoul of the category iden-
tity. In other words, phonetic predictions may still be
possible when the variance is within-category. Mah
et al. (2016), investigating native and non-native con-
trasts with a varying standards paradigm, found a pho-
netic prediction when stimuli were simple fricative
noise bursts – an effect which disappeared when the
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stimuli were full syllables. This suggests that speakers’
linguistic knowledge plays a large role in auditory pre-
diction mechanisms, even affecting predictions main-
tained at lower acoustic-phonetic levels of the
predictive hierarchy. And this effect of linguistic knowl-
edge seems to eclipse any effects induced by phonetic
variance.

An emerging body of work using the varying stan-
dards paradigm has relied on the assumption that the
introduction of acoustic-phonetic variance precludes
predictions containing phonetic information. Several
studies have used the varying standards paradigm to
provide evidence for phonological theories such as the
Featurally Underspecified Lexicon (Cummings et al.,
2017; Eulitz & Lahiri, 2004; Hestvik et al., 2020; Hestvik
& Durvasula, 2016; Scharinger et al., 2010; Schluter
et al., 2016). The logic of these experiments relies on
the absence of phonetic information in the predictions
generated in response to phonetically varying standards.
But evidence contrary to this operational assumption
have emerged, with some studies finding underspecifi-
cation effects using single standard paradigms (Scharin-
ger, Bendixen, et al., 2012; Walter & Hacquard, 2004). In
addition, at least one study using the varying standards
paradigm has found a sub-phonemic mismatch effect –
which should only be possible if the varying standards
and subsequent prediction are represented by the audi-
tory system with phonetic detail (Miglietta et al., 2013).
These results imply that phonetic variance is not either
necessary or sufficient to “erase” phonetic content
from the prediction. Given these contrary findings, we
question whether phonetically detailed predictions in
response to phonetically varying speech sound input
are in fact possible – and more importantly, what par-
ticular acoustic-phonetic information is being fed
forward as prediction error. In other words, how
exactly does the prediction error signal correspond to
phonetically variable linguistic input?

It has been observed that the amplitude of the MMN
increases as the magnitude of the auditory change
increases (Alain et al., 1999; Amenedo & Escera, 2000;
Berti et al., 2004; Joanisse et al., 2007; Näätänen et al.,
2007; Pakarinen et al., 2007; Rinne et al., 2006; Schröger,
1995; Tiitinen et al., 1994; Wolff & Schröger, 2001).
Rhodes et al. (2019) elicited MMN in response to a
deviant /d/ (15 ms) which appeared infrequently in two
conditions of varying standards, comparing standards
varying in a “high” (75-85 ms) versus a “low” (60-70 ms)
range of VOT to observe an effect of deviancemagnitude
in the MMN. They predicted a “phonetic distance effect”
in theMMN – a positive correlation betweenMMN ampli-
tude and phonetic distance between standards and
deviant – which would indicate a prediction containing

phonetic information relating to the standards. While
they observed a significant mismatch response, there
was no significant difference between conditions,
suggesting that this fine-grained phonetic information
was absent from the prediction generated in response
to the phonetically varying standards. This accords with
previous studies using the varying standards paradigm
to elicit phonological representations.

However, since Rhodes et al. used an across-category
contrast (/d/ vs /t/), there is the possibility that a rela-
tively small phonetic effect may have been obscured
by a larger category effect. Both phonetic and
phoneme-category differences contribute to MMN
amplitude, but across-category differences generate sig-
nificantly greater MMN amplitudes than within-category
differences, even when phonetic distance is held con-
stant (Dehaene-Lambertz, 1997; Näätänen et al., 1997;
Rodrigues Silva et al., 2017; Sharma & Dorman, 1999;
Winkler, Kujala, et al., 1999a; Winkler, Lehtokoski, et al.
1999b). For this reason, the current study replicates the
design of Rhodes et al. (2019) with the modification
that all contrasts are within-category (/t/ vs /t/).

Methods

Participants

32 participants were recruited (2 male) from the Univer-
sity of Delaware. Participant ages ranged from 18–27
with a mean age of 20 (SD = 2). 1 participant was left-
handed. All participants were students at the University
of Delaware, native speakers of English, and reported no
history of language or hearing impairments. Participants
were either paid $20 or given extra credit for their par-
ticipation. 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.

Four participants’ data were excluded from analysis
due to the raw recorded EEG data having greater than
10% bad channels; two participants’ data were excluded
due to having fewer good trials than two standard devi-
ations from average; and three1 participants’ data were
excluded because their pre- or post-test categorisation
thresholds were above 100 ms (indicating they per-
ceived all stimuli as /d/). After applying these criteria,
21 participants’ data were retained for analysis.

After exclusion, the average number of total good
trials per participant was 2,797.9 (of a possible 3,000).
There were six cells in the experimental design: High
Standard (845.2 average good trials per participant),
High Deviant (93.4), Low Standard (855.8), Low Deviant
(94.8), Control Standard (818), and Control Deviant2
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(90.6). Because standard and deviant stimuli appeared in
a 9:1 ratio, there were 900 total possible trials in the stan-
dard cells and 100 total possible trials in the deviant
cells.

Study design

The current study consists of two experimental con-
ditions and a control condition. Each experimental con-
dition contains three standards with VOT values in
different range bands. In both experimental conditions,
the standards will be tokens of /t/ with varying VOT
values and the deviant will be /t/ with a VOT of 50 ms.
In the Low Standards condition the standards range
from 95–105 ms in 5 ms increments ({95, 100, 105 ms},
mean: 100 ms). In the High Standards condition the stan-
dards range from 110–120 ms ({110, 115, 120 ms}, mean:
115 ms). The mean difference between standard and
deviant is 50 ms in the Low condition and 65 ms in
the High condition, with a 15 ms difference between
the two conditions. Single-subject data from Carney
et al. (1977) suggests listeners can behaviourally dis-
criminate VOT differences at least as small as 10 ms in
high ranges (in their study, centred around 80 ms
VOT). The Random Standards Control condition consists
of syllables with VOT values ranging from 50–95 ms in 5
ms increments {50, 55, 60, 65, 70, 75, 80, 85, 90, 95 ms}.
All stimuli appear with equal frequency in the Control
condition (10% for each stimulus). See Figure 1 for an
illustration of the stimuli used for each condition.

Because the standard-deviant contrast is within-cat-
egory for both experimental conditions, an MMN is
only obtainable if the prediction contains phonetic infor-
mation. Standards and deviant both belong to the /t/
category, meaning the phoneme category label alone
cannot differentiate standard from deviant. Successful
discrimination requires a comparison of the VOT values
of the standards and deviant. If the standard sounds
are represented at the acoustic-phonetic level, we will
see a significant MMN in both conditions (high and
low). Additionally, we should see a difference in MMN
amplitude between the conditions due to the phonetic
distance between standards and deviant. If the standard
sounds are only represented at the phoneme level, there
should be no MMN – because all stimuli (standards and
deviants) belong to the same category /t/.

In addition to prediction mechanisms, the MMN may
also be partially driven by neuronal refractoriness
(Auksztulewicz & Friston, 2016; Escera & Malmierca,
2014; May & Tiitinen, 2010; Ulanovsky et al., 2003) (cf.
Ruusuvirta, 2021) and gradient perceptual encoding
(Frye et al., 2007; Näätänen, 1992; Toscano et al., 2010).
When MMN is used as an index of prediction error,
these effects can introduce confounds. For this reason,
we use a “random standards” control paradigm (Jacob-
sen & Schröger, 2001, 2003; Schröger & Wolff, 1996;
see also Carbajal & Malmierca, 2018; Font-Alaminos
et al., 2021) to control for both perceptual encoding
and neuronal refractoriness. The random standards
control paradigm introduces a control block in which

Figure 1. Illustration of the experimental and control conditions. The standards for the “Low” condition vary between 95 and 105 ms
VOT (shown in shades of red). The standards for the “High” condition vary between 110 and 120 ms VOT (shown in shades of purple).
The highlighted stimuli represent the infrequent deviants (shown in yellow). The standards and deviants appear in a 9:1 ratio. The
highlighted (yellow) stimuli here are phonetically identical to and appear with the same frequency as the deviant stimuli in the exper-
imental conditions. The other stimuli range from 55–95 ms VOT in 5 ms increments. All stimuli in the control condition appear with
equal frequency (10%).
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the deviant stimulus from the experimental block
appears among a set of randomly varying sounds that
all appear with equal frequency. Since all stimuli in this
condition appear with equal frequency, it is assumed
that no prediction can be made on the basis of fre-
quency-based groupings. And because the deviant
stimulus appears with the same frequency in both
control and experimental blocks, the effect of neuronal
refractoriness is controlled. Finally, because we are com-
paring the deviant stimulus to an identical stimulus in
the control condition, the effect of gradient encoding
is controlled.

Materials

All stimuli were synthesised using Klatt synthesiser.
Stimuli were adapted from a previous study (Hestvik
& Durvasula, 2016) and were originally created to
match the stimuli used by Philips et al. (2000). Hestvik
& Durvasula used stimuli with VOT ranging from 0–
100 ms in 5 ms steps. In addition to these stimuli, we
generated four new stimuli using the same Klatt
synthesiser script for VOT values 105, 110, 115, and
120 ms. See Figure 2 for a spectrogram and waveform
of sample stimuli.

Each synthesised syllable had a duration of 300 ms.
Because the voice onset time varied across the stimuli
(95-105 ms in the “low” condition, 110–120 ms in the
“high” condition, 50–95 ms in the control condition),
the vowel of each stimulus varied in duration (the dur-
ation of the vowel for each stimulus was simply the

difference between the total duration of 300 ms and
the duration of the voice onset time). The script used
to generate the stimuli can be found in Appendix A.

Procedure

Participants performed an offline categorisation task
both before and after the EEG session. This was to
ensure both that participants perceived all stimuli as
belonging to the same category (/t/), and exposure to
the very high VOT values would not shift their percep-
tual boundary between voiced and voiceless.

Studies have shown that repeated exposure to a
stimulus can cause adaptation, increasing the prob-
ability that a subsequent stimulus will be perceived as
belonging to the opposite category (Eimas & Corbit,
1973). This is particularly true when the repeated stimu-
lus is near the category boundary. Adaptation is also par-
ticularly effective if the repeated stimulus is close to the
listener’s prototype value (Samuel, 1982). Given the very
high range of VOT of the standards in this experiment, it
is unlikely that any of the standards are near any particu-
lar listener’s prototype. The mean VOT for a typical /t/ in
English is around 70 ms, with a category boundary
around 25 ms (estimated from Lisker & Abramson,
1964). However, there is broad variability in production
of VOT among English speakers (Allen et al., 2003).
Given all these facts, it is impossible to know a priori
what kind of impact repeated exposure to these
stimuli would have on perception for each subject.
Measuring their categorisation function both before

Figure 2. Waveforms and spectrograms of two sample stimuli: 50 ms VOT deviant (left), and 100 ms VOT standard (right). Lag time
(VOT) is highlighted in yellow.
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and after the EEG session should determine whether
their perceptual boundary has been significantly shifted.

For the categorisation task, participants were pre-
sented with CV stimuli with VOT values ranging from 0
to 100 ms and instructed to press a button to categorise
each sound as either a /t/ or /d/. Stimulus presentation
was randomised. The categorisation task consisted of 6
blocks of 21 trials each, for a total of 126 trials. After
each block, the participant was given a brief break.
Every other block had reversed key assignments (e.g. if
button 1 corresponded to /t/ and button 4 to /d/, in
the next block button 1 would correspond to /d/ and
button 4 to /d/). Key assignments were present on
screen during every trial. The categorisation task took
about 10 min to complete.

After the conclusionof the categorisation task, thepar-
ticipantwasoutfittedwith the electrodenet and sat in the
booth for the EEG session. After the conclusion of the EEG
session, the participant completed the same categoris-
ation task a second time. During the EEG recording
session, participants were seated in a sound-attenuating
booth in a chair facing a computer monitor. Stimuli were
presented via two free-field speakers. The order of the
two experimental blocks and control block was random-
ised to control for block order effects, including distribu-
tional learning or adaptation (see e.g. Frost, Winkler,
Provost, & Todd, 2016; Todd et al., 2014). The interstimu-
lus interval (ISI) in each condition randomly varied from
410 to 600 ms to avoid phase-locked brain responses.
The total recording time was about one hour (approxi-
mately 20 min per block).

Continuous EEG was recorded passively with no task
or directed attention. Participants were instructed to
watch a movie with no sound and no subtitles (Finding
Nemo). Participants were not instructed to pay attention
to the sounds. They were told the experiment required
nothing from them – there was no task, and they did
not need to pay attention to or remember any details
of what they would see or hear. Participants were
instructed only to sit still and stay awake. The movie
was offered to help participants stay awake and
prevent boredom. Participants were given regular
breaks between blocks (each block was about 18 min
long) during which they could stand, stretch, eat a cho-
colate, or take a drink of water. This was done to ensure
their comfort and keep them awake.

Data acquisition and pre-processing

Continuous EEG was recorded from 128 carbon fibre
core/silver-coated electrodes in an elastic net (Hydrocel
Geodesic Sensor Net 128, a high-impedance saline-
based EEG system). Before data acquisition, electrode

impedances were lowered to below 50 kΩ. Participants’
electro-ocular activity was measured from 2 bipolar
channels at the supraorbital and infraorbital electrodes
and the outer canthi electrodes of each eye. The con-
tinuous EEG was recorded with an analog on-line 100
Hz low-pass filter and digitised with a sampling rate of
250 Hz.

After acquisition, the raw EEG data were run through
a 0.1 Hz high-pass filter before segmentation to remove
slow drifts (within the limit recommended by Tanner
et al., 2015). The continuous EEG was segmented into
800 ms epochs with a 200 ms pre-stimulus period. Seg-
mented data underwent artifact correction, bad channel
replacement, and baseline correction using the ERP PCA
toolbox (Dien, 2010). Segmented data were baseline cor-
rected to the mean voltage of the 200 ms pre-stimulus
period. Subsequent processing removed eyeblink and
eye movement artifacts using EEGLAB’s Independent
Component Analysis. An ICA component was marked
as an eyeblink component and was subtracted from
the data if it was correlated at r = .9 or greater with a
manually created eyeblink template. After eyeblink sub-
traction, the data were submitted to the artifact correc-
tion procedure for bad channels. A channel was marked
bad if its best absolute correlation with its neighbouring
channels fell below .4 across all time points. Bad chan-
nels were replaced via interpolation from neighbouring
good channels. If a channel was marked bad in over 20%
of trials, it was considered bad in all trials. A trial was
marked bad if it contained more than 10% bad channels.
Bad trials were dropped from the analysis.

The remaining trials were averaged into six cells:
Control Standard, Control Deviant, High Standard, High
Deviant, Low Standard, and Low Deviant. The averaged
data were then re-referenced to the linked mastoids. A
40 Hz low-pass filter was applied as a final step.

Results

Behavioural results

A threshold analysis was applied to the categorisation
data to determine the perceptual boundary between
the voiced (/d/) and voiceless (/t/) categories for each
participant. For each participant, we built a logit
regression model to estimate the log odds of a /t/
response (vs. a /d/ response) for each VOT value. Trials
with no responses did not enter the regression. We
then calculated the VOT value at which the participant
would respond with exactly 50% probability (where
the log odds = 0).

A paired samples t-test comparing the threshold
values before and after the EEG recording session
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show no significant difference (p > 0.05; 1-β = 0.075359).
The mean threshold value for the pre-EEG task was 50.7
ms (SD = 13.1), and the mean threshold value after the
EEG task was 52.5 ms (SD = 16.6). These values are
higher than the commonly-cited perceptual threshold
for stop voicing in English – with typical VOT values
cited between 25 ms (Lisker & Abramson, 1964) and 40
ms (Hestvik & Durvasula, 2016). Perceptual category
boundaries can be affected by the range of VOT values
used in the task (Brady & Darwin, 1978; Rosen, 1979),
which could explain our higher than typical threshold
scores. Our stimuli and design for the behavioural categ-
orisation task were identical to those used by Hestvik &
Durvasula, who reported a mean threshold score of 40
ms (SD = 5 ms).

To test for the possibility of distributional learning or
adaptation effects, a one-way ANOVA was conducted to
determine whether there was an effect of Block Order on
the threshold scores. This one-way ANOVA found no

significant effect of Block Order on threshold scores (p
> .05). This indicates that exposure to the high VOT
stimuli during the EEG recording session either did not
induce any learning or adaptation effects, or that these
effects did not persist long enough after the session to
be measured. Figure 3 shows the categorisation results
and histograms of pre- and post-test threshold scores
across participants.

There are other possible explanations for these
higher-than-expected perceptual thresholds. Listeners
can use a variety of phonetic cues to identify stop
voicing contrasts, including F0 (Haggard et al., 1970;
Ohde, 1984; Soli, 1983; Winn et al., 2013) and centre of
gravity (Forrest et al., 1988). It is possible a subset of
our participants relied on cues other than VOT to identify
the voicing of the synthesised stop consonants, which
could have introduced variance into the behavioural
responses. 6 participants showed perceptual threshold
scores greater than 100 ms (meaning they selected /d/

Figure 3. Top: categorisation data showing the proportion of /t/ responses plotted against VOT. Session 1 (pre-test) was recorded
before the EEG session. Session 2 (post-test) was recorded after the EEG session. Bottom: Histograms showing distribution of threshold
scores for the categorisation pre-test (left) and post-test (right). Voice onset times (VOTs) are shown on the x-axis.
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on almost every trial, regardless of VOT). These partici-
pants were excluded from further analysis.

Eeg results

We present an analysis comparing the deviants from the
experimental conditions to the same stimulus in the
random standards control condition (as suggested by
Jacobsen & Schröger, 2001, 2003; and Schröger &
Wolff, 1996). This analysis is intended to control for gra-
dient perceptual encoding effects and neuronal refrac-
toriness and isolate the prediction error related
component of the MMN. The electrode Fz was selected
for analysis a priori from previous studies. Time
windows for the analysis were selected via visual inspec-
tion of the averaged difference wave (computed as the
average of the high-control and low-control difference
waves) to capture the clearest mismatch effects. For con-
ventional deviant-standards waveforms and topoplots3,
see Figures 4 and 5.

For this analysis, we compared the 50 ms VOT devi-
ants in the experimental conditions directly with the
same stimulus in the control condition (see Figure 9).
These differences were analysed with a repeated
measures ANOVA with the factor Condition (High, Low,
Control) and the between subject factor Threshold (per-
ceptual threshold score, binned into >50 ms and <50 ms
levels). We conducted additional planned comparison
paired samples t-tests to determine if the brain response
to the 50 ms VOT deviants in each experimental con-
dition significantly differed from the brain response to
the same stimulus in the control condition, as well as
whether the deviants in the High and Low conditions
differed from each other.

When comparing the deviants in the experimental
conditions to the same stimulus in the control condition,
we find a clear mismatch effect in a very late time
window (peaking ∼500 ms). A repeated measures
ANOVA with the factor Condition (High, Low, Control)
and between subject factor Threshold (>50 ms, <50
ms) found a significant main effect of Condition (F
(2,38) = 3.34, p < .05) but no significant Condition*Thres-
hold interaction (F(2,38) = 2.18, p > .05).

Planned comparison paired samples t-tests found a
significant difference between High and Control (t(19)
3.034; p < .05; 1-β = 0.738) and a significant difference
between Low and Control (t(19) 2.145; p = 0.045; 1-β
= 0.765). There was no significant difference between
the deviants in the High and Low conditions (t(19)
0.205; p > 0.05).

Paired samples t-tests were also conducted separately
for the <50 ms threshold group and >50 ms threshold
group to determine whether these significant effects

were due to differences in perceptual category boundaries.
T-tests for the >50 ms threshold group found significant
differences between High and Control (t(8) 3.918; p =
0.002; 1-β= 0.999;BF10 = 24.30) anda significantdifference
between Low and Control (t(8) 2.375; p = 0.022; 1-β =
0.920; BF10 = 3.83), but not with High and Low (t(8) =
0.596; p > 0.05; 1-β = 0.181; BF10 = 0.223). t-tests for the
<50 ms threshold group found no significant differences
between deviants in the experimental conditions and the
same stimulus in the control condition (High and Control
(t(11) 0.282; p = 0.392;; BF10 = 0.36) and Low and
Control (t(11) 0.584;p= 0.285;; BF10 = 0.47)), andnodiffer-
ence between experimental conditions (High and Low (t
(11) 0.278; p = 0.393;; BF10 = 0.36)) Figures 6 and 7.

A central aim of this study was to determine whether
phonetic distance between standard and deviant would
affect MMN amplitude (i.e. prediction error). To deter-
mine the probability of a true null effect (no difference
between High and Low), a Bayes factor was computed
for each paired samples t-test, using a default prior of
0.707 (Rouder et al., 2012). This analysis found a BF01
= 4.37 for all participants when comparing the deviants
in the High and Low conditions, meaning the null
hypothesis is four times more likely to be true than the
alternative. This is in line with previous findings of
BF01 = 4.54 in a previous experiment with the same pho-
netic distance between conditions (Rhodes et al., 2019).
These results suggest that the amplitude of the MMN
response is not significantly affected by the phonetic dis-
tance between standards and deviant.

Discussion

This study was designed to test whether auditory predic-
tions generated in response to phonetically varying
stimuli would contain phonetic information – or
whether the auditory prediction system would instead
rely solely on linguistic category knowledge from long
term memory. We used a random standards control
paradigm to control for effects related to neuronal
refractoriness and gradient perceptual encoding, and
to isolate a true prediction error brain response. We
computed MMN difference waves by subtracting the
brain response to the deviant in the experimental con-
ditions minus the brain response to the same stimulus
in the control condition.

We find a significant mismatch effect in a late time
window (peaking ∼500 ms). Our hypothesis (contra the
prevailing assumption about the varying standards para-
digm) was that varying standards would not “erase” pho-
netic information during auditory prediction – that is, we
expected a mismatch to the sub-phonemic contrast pre-
sented in the study. The interpretation of this mismatch
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Figure 4. Standard vs deviant waveforms (at Fz) and topoplots. The High condition is shown on the top, the Low condition in the
middle, and the Random Standards control condition on the bottom. The standard wave is an average of the brain response to the set
of varying standards (for the control condition, the standard wave is the average brain response to all stimuli except the 50 ms VOT
stimulus). The topoplots are computed from the deviant-minus-standard difference wave at 150, 300, and 500 ms.
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depends on the participants’ having perceived the pre-
sented contrasts as within-category (/t/ vs /t/).
However, while we do not find a significant interaction
between MMN effect and participant threshold scores
(measured by an offline phoneme categorisation task),
we do see a difference between two (post-hoc) partici-
pant groups. Participants with threshold scores below
50 ms were likely to have categorised the 50 ms
deviant stimulus as /t/. For these participants, the

experimental contrast would have been perceived as a
within-category contrast (as intended by the experimen-
tal design). Participants with threshold scores above 50
ms were likely to categorise the 50 ms deviant stimulus
as /d/ – meaning that for these participants the stan-
dard-deviant contrast in the experimental conditions
was likely to have been perceived as an across-category
contrast. The fact that we see a highly significant mis-
match for the >50 ms group and no significant mismatch

Figure 5. Comparison of the 50 ms VOT deviant waves in each condition. Each wave represents the brain response to a phonetically
identical token, appearing with identical frequency (10%) in each condition (High, Low, Control). The two experimental conditions
(High, Low) do not differ from the Control in the N2 time window (∼300 ms). However, they do differ from control in the later
time window (∼500 ms).

Figure 6. Plots of t-tests for the >50 ms group. Left panel: high deviant vs control; middle panel: low deviant vs control; right panel:
high deviant vs low deviant.

Figure 7. Plots of t-tests for the <50 ms group. Left panel: high deviant vs control; middle panel: low deviant vs control; right panel:
high deviant vs low deviant.
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for the <50 ms group suggests that the MMN effect
observed here is driven at least in part by phonological
category identity.

We also predicted a modulation of the MMN by pho-
netic distance – deviants which are phonetically farther
removed from the standards should elicit a higher
amplitude mismatch effect. However, we find no signifi-
cant difference between deviants in the High and Low
conditions. The fact that we only see significant mis-
match effects for participants who perceived the con-
trast as across-category (but not for participants who
perceived the contrast as within-category), coupled
with the fact that mismatch amplitude is not modu-
lated by phonetic distance between standards and
deviant for either group of participants, strongly
suggests that the observed mismatch is predicated on
phonological category identity rather than phonetic
content.

This phonological category-only mismatch is exactly
what previous studies have assumed as a consequence
of the varying standards paradigm (e.g. Cornell et al.,
2011; Cummings et al., 2017; Eulitz & Lahiri, 2004;
Hestvik et al., 2020; Hestvik & Durvasula, 2016; Scharin-
ger et al., 2010, 2012; Schluter et al., 2016). Several
other studies have found sensitivity in the MMN to
sub-phonemic contrasts (e.g. Joanisse et al., 2007;
Miglietta et al., 2013), but these studies did not include
the same paradigms or controls used in our experiment.

The time course and spatial distribution of our
observed mismatch effect (452-552 ms) is consistent
with the so-called Late Discriminative Negativity (LDN),
which is most often reported in infants (Cheour et al.,
1998; Martynova et al., 2003) and children (Datta et al.,
2010; Halliday et al., 2014; Hong et al., 2018; Korpilahti
et al., 2001; Neuhoff et al., 2012; Shafer et al., 2005; Strot-
seva-Feinschmidt et al., 2015). However, the effect has
also been observed in adults (Hestvik & Durvasula,
2016; Hill et al., 2004; Korpilahti et al., 1995; Zachau
et al., 2005). Late mismatch responses (>200 ms) have
been argued to index top-down processing (Garrido
et al., 2007; Schiff et al., 2006). Hill et al. (2004) find late
mismatch effects in a phonological but not an acoustic
condition and argue that this late effect corresponds
to phonological categorisation.

Zachau et al. (2005) observe an LDN to an abstract
tone pattern and speculate that this may reflect auditory
rule extraction and transfer of rules to long-term
memory. Korpilahti et al. (1995, 2001) find a larger LDN
in response to words than tones, suggesting the LDN
might correspond to processing complex or linguistic
stimuli. Hestvik & Durvasula (2016) likewise find an
LDN in response to linguistic stimuli in a paradigm
very similar to the current study.

However, Rodrigues Silva & Rothe-Neves (2020)
report contrary findings. In an MMN study looking for
evidence of positional neutralisation, they find an LDN
which is sensitive to a sub-phonemic contrast – even
when the MMN is not. Miglietta et al. (2013) also
report a late mismatch effect to a sub-phonemic (allo-
phonic) contrast. Winkler et al. (1999) suggest that audi-
tory change detection might be faster for categorical
rather than acoustic differences, a view that is shared
by van Hessen & Shouten (1992), who argue that it
takes time to create a detailed representation and to
compare the representation to a category prototype to
determine its phonetic distance. Most of these studies
examined vowel contrasts, which has been shown to
be less categorical than consonant contrasts (Fry et al.,
1962; Kronrod et al., 2016; Pisoni, 1973). Still, these
findings are at odds with the late phonemic discrimi-
nation effect we observe here, which raises some ques-
tions about the time course of auditory processing and
speech sound identification.

Taken together, it seems the LDN is strongly impli-
cated in speech perception and the processing of lin-
guistic stimuli. Although it has been argued to index
phoneme categorisation processes – which seems to
be the case for our results as well – the findings of Rodri-
gues Silva & Rothe-Neves among others indicate that it
must also be sensitive to sub-phonemic differences.
Future work will be needed to investigate the LDN in
more depth to resolve this apparent contradiction.

Although we observe a genuine prediction error
response, we still do not see any significant difference
between the High and Low conditions. There are several
potential explanations for this absence of effect. First, it
is possible that the difference is simply too small to be
visible in the MMN. Ideally, a larger difference between
conditions would have been used to elicit MMNs which
may then show a phonetic distance effect. However,
there is the practical concern of perceptual space – each
phoneme category only has finite space for the phonetic
contrasts to occupy before the stimuli cross a perceptual
boundary or become extremely unnatural.

Additionally, the mean distance between conditions
(the difference between the mean VOT of the standards
in each condition) is far greater than the difference
between the standards within each condition (15 ms
vs 5 ms). The logic of the varying standards paradigm
requires the auditory system to perceive these small
differences in VOT – if a 5 ms VOT difference was
below the threshold of a just noticeable difference, the
auditory system would not be able to detect the pho-
netic variance in the first place. Prior studies have used
intervals as short as 4 ms between standards to find pho-
nological mismatch effects, so we assume a 15 ms
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difference between conditions should be detectable by
the auditory system, even in a high range of VOT (see
Phillips et al., 2000; Hestvik & Durvasula, 2016).

A second possibility which has been put forward is
that the MMN simply does not encode deviance magni-
tude when all factors (refractoriness, gradient encoding)
are controlled for. Horváth et al. (2007) and Font-Alami-
nos et al. (2021) both conduct MMN experiments using
similar control paradigms and find no deviance magni-
tude effects, arguing that these previously reported
effects are artifactual. With proper control paradigms,
deviance magnitude simply disappears. This is congru-
ent with our findings here, as well as similar previous
findings (Rhodes et al., 2019). This would imply that
either the auditory predictive system simply does not
propagate detailed information about a failed prediction
via the prediction error signal (a claim fundamentally at
odds with the central claims of the predictive coding fra-
mework), or that the MMN correlates only loosely with
this prediction error signal (conveying the presence of
prediction error but no additional information). We
cannot adjudicate this claim here, but we maintain
that the MMN is indexing at least the presence of predic-
tion error, which is sufficient for our conclusions (predi-
cated on presence vs absence of prediction error).
Further research will be needed to settle the issue relat-
ing MMN and prediction error propagation.

By isolating a prediction error brain response to pho-
netically varying speech sounds, we add to a growing
body of literature probing the nature and contents of
the predictions generated by the brain’s hierarchical
auditory prediction machinery. In this study, we
observe a late mismatch (LDN) effect. When controlling
for mismatch sources other than prediction error (neur-
onal refractoriness, gradient encoding effects) we
observe an LDN, representing a genuine prediction
error signal in response to the presented VOT contrast.
However, this mismatch is only significant for partici-
pants who perceived the contrast as across-category.
This fact, coupled with a lack of phonetic distance
effect, indicates that the observed prediction error is a
function of phonological category identity and is not
predicated on phonetic detail. In other words, when
input is phonetically variable, the auditory system fails
to incorporate that phonetic information into its predic-
tions and instead relies solely on phonological cat-
egories to update its model of the auditory environment.

Notes

1. Six participants had categorization thresholds above 100
ms, but three of these were excluded independently for
previously specified EEG data quality issues.

2. “Deviant” here refers simply to the 50 ms VOT stimulus.
In the control condition, all stimuli appear with equal fre-
quency, so the 50 ms stimulus is not a true deviant.
However, because the 50 ms stimulus will be compared
to deviants from the experimental conditions, we refer
to it as “control deviant” as a shorthand.

3. For a more conventional deviant-minus-standard analy-
sis, see the Supplemental Material. The effects found in
the deviant-standard analysis differs substantially from
the deviant-control analysis. In the deviant-standard
analysis, we find a significant mismatch effect for both
groups of participants in an early (252-352 ms) and
late (452-552 ms) time window. In the deviant-control
analysis, we find significant results only in the late
(452-552 ms time window) and only for the >50 ms
group. Although the results of the deviant-control analy-
sis are more limited, we believe they have greater val-
idity because the control paradigm controls for
stimulus quality and stimulus frequency.
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