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Introduction
In the context of predictive coding, sensory information is
continually compared to predictions made based on pre-
vious experience and immediate contextual history [1, 2].
As a result, it is hypothesized that the brain’s process-
ing hierarchy reflects models of increasing abstraction [3].
This means for the exchange of information between lay-
ers that it is composed of predictions propagating down
and prediction errors, i.e., measures of deviation between
input and prediction, propagating up the hierarchy.

The prediction error is often associated to the mismatch
negativity (MMN), which is a negative component of the
event-related potential (ERP) in the electroencephalo-
gram (EEG) [3]. It has an amplitude of a few µV and
typically occurs between 100ms and 250ms after stimu-
lus onset [7]. The association stems from the properties of
the MMN that it can be measured in passive/inattentive
listening [4, 5], is generated by pattern violations [5], and
depends on the context of the listening task [5].

Here, the classical oddball paradigm is adapted to in-
clude multiple deviant features at different levels, as well
as their combinations. The results of this pilot-study in-
dicate that this experimental design may be used to test
whether stimulus features generate linearly independent
MMNs [10, 11]. This could reflect an independent assess-
ment of physical stimulus features in predictive coding.

Materials and Methods
Multi-level Multi-feature Oddball Paradigm
The classical auditory oddball paradigm (e.g., [4]) is a
listening task, which is designed to measure brain re-
sponses to unexpected stimuli (deviant) in a sequence of
regularly repeating stimuli (standard). In their simplest
form, deviants differ physically from the standard, e.g.,
in frequency or level, etc. [4, 5]. Although it is well estab-
lished, using this paradigm to perform measurements of
brain responses for multiple deviant sounds can be very
time consuming due to its restriction of presenting only
one deviant per sequence/block. Furthermore, a varying
number of standard sounds must be presented between
two consecutive deviants to ensure the confinement of
local and global deviant presentation probabilities.

To assess the interplay of multiple deviant features
in a time-efficient manner, the multi-feature oddball
paradigm by Näätänen et al. [6] is adjusted to include
not only deviants of different stimulus features but also
multiple levels of each feature [7] and their combinations.
In Näätänen’s design [6] each stimulation block is initi-
ated by a sequence of 15 standards. After that, stimuli ei-

ther alternate between standards and deviants or are pre-
sented in a three standards, one deviant pattern. Here,
the 3–1 pattern is chosen because we presume a more
robust maintenance of the standard against combined-
feature deviants than in an alternating stimulation pat-
tern. By creating rules for the transition between de-
viants Näätänen et al. [6] argue that each deviant acts
as a standard for all non-deviating features and therefore
allow a mixture of deviants.

One of the main constraints these rules impose on the
multi-feature paradigm [6] is that two consecutive de-
viants may not differ from the standard in the same fea-
ture. With deviant feature combinations, however, vio-
lating this constraint is unavoidable. Therefore, the tran-
sition rule is maintained for single-feature deviants and
adjusted for double-feature deviants. It is decisive that
both single-feature deviant levels may not be repeated in
the next deviant. Furthermore, in the multi-feature odd-
ball paradigm every deviant feature occurs only once in a
set of five deviants. This design principle can not be up-
held with deviant feature combinations. Instead, deviant
sequences are designed in sets that include all deviants,
given that the transitions between deviants and sets are
in compliance with the rules stated above.

Based on theses rules, an individual deviant sequence
was generated for each participant. We aimed to obtain
about 100 repetitions per deviant across eight presenta-
tion blocks of about 5min duration each.

Multi-Standard Paradigm
To control the obtained ERPs in the oddball condition
for adaptation (in case of the standard) and tuning to
the deviating feature, a multi-standard paradigm is in-
cluded. In this presentation condition standard and de-
viants are presented in a seemingly unpredictable order,
which followed the same transition rules as in the odd-
ball condition. It should be noted, that transitions to and
from the standard are not restricted in any way because
each deviant is preceded and succeeded by a standard in
the oddball condition. Again, about 100 repetitions of
each stimulus are obtained in nine blocks of about 1min
duration each.

Stimulus Material
All stimuli have a duration of 100ms including 5ms fade-
in and -out windows. The frequency of the standard
stimulus is 500Hz presented at 60 dBSPL adjusted for
the individual hearing level at 500Hz. The deviants com-
prised two −8 dB steps of level offsets and two 50Hz steps
of frequency offsets (c.f., Table 1). These step sizes are
chosen based on [7] to obtain similar MMN amplitudes
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with each step, independent of the deviating feature. Al-
though L0-F0 represents the standard, it is included as a
deviant to obtain a measure of deviant expectation due
to the 3–1 stimulation pattern.

Table 1: Overview of stimulus features and their correspond-
ing naming convention.

500Hz 550Hz 600Hz

60 dBSPL L0-F0 L0-F1 L0-F2
52 dBSPL L1-F0 L1-F1 L1-F2
44 dBSPL L2-F0 L2-F1 L2-F2

Participants
Eight volunteers (four female, four male) participated
in this pilot-study. They were aged between 24 and
36 years and had normal hearing as defined by an indi-
vidual hearing level of less than 20 dBHL between 500Hz
and 1000Hz at each ear.

Participants were seated in an acoustically optimized
hearing booth in ≈ 1m distance from the presentation
loudspeaker. Since the primary task was to read a self-
selected book, a chair-mountable table was used to sup-
port a relaxed seating position throughout the experi-
ment, see Figure 1.

Figure 1: A participant seated in the acoustically optimized
hearing booth, oriented towards the presentation loudspeaker
and wearing the EEG cap. The screen behind the participant
was turned off during the experiment.

Electroencephalography and Data Processing
For each participant, the EEG was recorded from
31 channels (including reference, excluding ground
electrode) using an actiChamp Plus™ (Brain Prod-
ucts GmbH) amplifier system with a sampling rate of
2500Hz and a hardware anti-aliasing filter with an upper
cut-off frequency of 690Hz. Additionally, the horizontal
electrooculogram (rHEOG) was measured at the outer
canthus of the right eye. The EEG cap (actiCap snap™,
Brain Products GmbH) was equipped with 32 active elec-
trodes (including ground and reference electrodes) ac-
cording to the international 10-20 standard layout.

For data recording, electrode TP9 (near left mastoid) was
chosen as the reference, however, data were re-referenced
to average-reference (excluding the rHEOG channel) as
the first step of the pre-processing chain. Secondly, a
linear-phase highpass filter with an upper passband limit
of 1Hz was applied, which was followed by an indepen-

dent component decomposition. Components identified
as being eye- or muscle-related with more than 90% and
95% confidence by ICLabel [8] were marked for rejec-
tion after visual inspection, respectively. Then, data was
segregated into epochs of −1 s to 2 s around stimulus on-
set times. These epochs were separately averaged for
each stimulus and condition and lowpass filtered at 30Hz.
ERPs obtained for each participant were then averaged
to obtain grand-average ERPs. Finally, another high-
pass filter at 3Hz was applied to remove residual base-
line fluctuations. All data processing was performed in
MATLAB® R2022a (MathWorks, Inc.) using EEGLAB
2022.1 [9].

Results
Multi-level Multi-feature Oddball Paradigm
Figure 2 shows the grand-average ERPs (electrode Fz,
across participants) obtained in the oddball condition for
each deviant in comparison to the grand-average stan-
dard ERP. The layout is chosen to represent Table 1.
Additionally every deviant is color-coded for easier recog-
nition between figures.

Qualitatively, it appears that all deviants except L0-F0
show a (slight) negativity response between 100ms and
250ms after stimulus onset compared to the standard.
Furthermore, there seem to be different onset and peak
latencies of the negativity for frequency-only and level-
only deviants, peaking close to 100ms and 200ms, re-
spectively. Peak amplitudes seem to differ between L1-
F0 and L2-F0, but peak amplitude differences between
L0-F1 and L0-F2 are small, if there are any. Similar ob-
servations can be made based on the potential differences
between deviants and standards depicted in Figure 3.

These results for the single-feature deviants are partially
in line with results presented by Pakarinen et al. [7].
Their results in general suggest that increasing deviation
from the standard leads to larger and earlier negativity
responses. This is reflected by the different negativity
amplitudes for the level deviants, but is not apparent for
the frequency deviants. Additionally, differences in onset
or peak latency seem to be rather small within level and
frequency deviants. However, Pakarinen et al. [7] did
not report differences in onset or peak latencies between
level and frequency deviants.

To evaluate the feature combination ERPs, Figure 3
shows not only the potential differences between double-
feature deviants and the standard, but also the corre-
sponding single-feature differences as faint, thin lines.
Based on previous studies [10, 11] it is assumed that
auditory features are encoded and processed indepen-
dently for deviance detection. This independence is ev-
idenced by linear superposition of single-feature deviant
responses to approximate the response to their combined-
feature counterpart. However, combining more than two
features results in a sub-linear superposition [11].

Here, it seems that the potential differences to L1-F1, L1-
F2 and L2-F1 are well approximated by the superposition
(black, dashed) of their respective components. L2-F2
on the other hand shows an offset from the superposition
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Figure 2: Grand-average ERPs for all deviant stimuli in comparison to the grand-average standard ERP. Panel layout matches
Table 1, additionally the standard stimulus ERPs is shown in isolation in the leftmost panel. Shaded areas indicate the standard
error to the mean curve. Qualitative differences in timing and amplitude of negativities can be observed between deviants.
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Figure 3: Grand-average potential differences between deviants and the standard tone. As in Figure 2, the color-shaded areas
indicate the standard error to the mean across participants. Furthermore, relevant negativity areas are indicated by a light-gray
background. For easier comparison, single-deviant potential differences are added to combined-feature potential differences as
thin transparent lines of the same color. Dashed black lines indicate the sum of these single-feature potential differences.
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Figure 4: The three columns on the left show the grand-average ERPs for the multi-standard condition. For comparison,
the ERPs of the same deviant stimulus and the standard are depicted in black and blue, respectively. The panel to the right
illustrates potential differences between deviants and standard in the oddball condition (black), as well as the difference between
deviants and their multi-standard controls.
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after 200ms after stimulus onset. If such a difference
persists in an extended study, feature independence could
be evaluated using a similar experimental design.

Multi-standard Oddball Paradigm
Finally, it is necessary to rule out the possibility that the
measured potential differences arise only due to the phys-
ical feature difference between standard and deviants.
Although physical differences may contribute to the mea-
sured potentials, the mismatch negativity should be re-
flected by a component that is independent of the explicit
properties of standard and deviant. Therefore, Figure 4
displays the ERPs measured in the multi-standard con-
dition in comparison with the ERPs for the standard and
deviants in the oddball condition.

In general it can be stated, that the multi-feature ERPs
show progressions similar to the standard. However,
there are tendencies for increased P1 (before 100ms) and
N1 (after 100ms) amplitudes, which might reflect short-
term suppression effects included in the standard [3].

More importantly, the rightmost panel of Figure 4 shows
a comparison between the potential differences between
deviant and standard in the oddball condition, and de-
viant and control in the multi-standard condition. As
could be expected from the previous descriptions, the
difference potentials are similar, although the differences
in the multi-standard condition tend to be smaller. Since
the negativity responses do not vanish, it is unlikely that
they can solely be explained by the different stimulus
properties.

Discussion and Conclusion
In this pilot-study we adjusted a time-optimized oddball
paradigm [6] to measure brain responses to stimuli devi-
ating in level and/or frequency from a standard sound.
As is shown in Figures 2 and 3, all deviants, except for
L0-F0, which is a repetition of the standard, show a neg-
ativity response. It therefore seems that 1) we can mea-
sure deviant responses in the oddball condition using the
current experimental design, and 2) the expectation of a
deviant due to rhythmic presentation of deviants has a
limited effect on the measured responses.

This is further supported by a qualitative similarity be-
tween the results presented here and previous reports on
deviant responses for different deviant features and levels
by Pakarinen et al. [7]. However, the negativity latency
for the level deviants (c.f. Figure 3) seems to be larger
than those reported by Pakarinen et al. [7]. Further-
more, the responses to combined feature deviants seem
to be well approximated by the sum of their single feature
components as it is suggested by Takegata et al. [10] and
Paavilainen et al. [11] for two deviant features. However,
slight deviances between the superposition and the mea-
surement for L2-F2 may motivate extensive studies on
combined feature deviants at various levels of deviation
and to test the supposed independence of single features.

Finally, the comparison of deviant responses to those ob-
tained in the multi-standard condition indicate that the
negativities in the deviant responses are not accounted

for solely by the physical differences between standard
and deviants.
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