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Abstract

In this systematic review and meta-analysis, | consider aspects of experimental design that
affect the visual mismatch negativity (vMMN)—an electrophysiological (neural) correlate of
prediction error in vision that is typically largest between 150 ms and 300 ms in the event-
related potential (ERP) at occipito-parietal regions on the scalp. | compiled data from 145
published studies investigating changes in a single property or feature of visual input. This
review provides a concise summary of the vMMN literature on unexpected changes in fea-
tures of visual input, outlining the most used (according to review) and optimal (following dis-
cussion on theoretical and practical implications) parameters of experiments investigating
feature deviance for posterity as well as contemporary research. The data compiled was
analysed to reveal meaningful relationships between aspects of experimental design and
vMMN mean amplitude and peak latency. Results suggest that whether a control for adapta-
tion is used, whether attention is towards vs. away from the stimulus of interest, and stimulus
presentation time determines mean amplitude. Whether attention is towards vs. away from
the stimulus of interest, the time between the stimulus of interest, deviant probability, and
the number of standards separating deviants determines peak latency. There is also some
indication that magnitude of deviance affects mean amplitude in studies exploring orienta-
tion deviance. This review and its findings elucidate potentially fruitful areas of future
research.

1. Introduction

This review considers the evidence for aspects known (and perhaps unknown) for affecting
the visual mismatch negativity (vMMN)—a canonical signature for prediction error in the
visual system. To appreciate the factors that may affect the YMMN, this review considers how
the vVMMN is evoked and how it is measured.
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Naiitanen, Gaillard, and Méntysalo [1] discovered an electrophysiological index of extra
brain processing for unexpected changes in auditory input—the mismatch negativity (MMN).
Nédtinen [2] initially conceptualised the MMN as a mismatch signal, evoked by a physical
mismatch between the memory trace of a repeated stimulus and a current stimulus—hence
the mismatch in MMN. This conceptualization has evolved and the MMN is now widely
regarded as a neural correlate of deviance detection/prediction error—an integral component
in predictive coding theory [3-9].

The MMN is a ubiquitous phenomenon, occurring in sleeping infants [10, 11], comatose
patients [12, 13], and in animals, such as cats [14] and mice [15]. The MMN occurs for many
kinds of unanticipated change in auditory input, including auditory input that violates a cate-
gory or rule established by the regularly occurring auditory input. For example, irregular tonal
repetitions heard in sequences of rising or falling tones evoke the MMN [16]. Similarly, if a
rule dictates one pairing of features (e.g., the higher the frequency, the louder the tone), a tone
that does not adhere to the rule (e.g., a higher frequency paired with a quieter tone) will evoke
the MMN [17]. These kinds of violations represent abstract irregularities and their capacity to
evoke the MMN support the conceptualisation of the MMN as a prediction error rather than a
mismatch signal.

The MMN provides valuable insights into how the brain processes and detects changes in
auditory stimuli without conscious awareness, revealing unconscious processing, predictive
coding, and how the brain adapts to its environment. The MMN is also altered in various neu-
rological and psychiatric conditions, therefore, studying these alterations can provide valuable
insights into the underlying neural mechanisms of these disorders and potentially serve as bio-
markers to guide treatment [6, 7, 18]. Given the powerful utility of the MMN, researchers inev-
itably explored and discovered analogues of the MMN in other sensory modalities, including
olfaction [19], touch [20], and vision [21]. This review is concerned with the vMMN.

Historically, two paradigms have dominated the field of VMMN/MMN research (for a dis-
cussion of evolving paradigms see [22]). The oddball paradigm is the traditional and still most
popular paradigm [23]. In the oddball paradigm, there are regularly appearing standard sti-
muli that are interrupted by infrequent deviant stimuli that differ from the standard. In the
roving variant of the oddball paradigm, the standards following the deviant are identical to the
deviant and, therefore, the deviant of the prior sequence becomes the first standard of the next
sequence.

The second paradigm is the multi-feature paradigm [24]. In the multi-feature paradigm,
every second trial (i.e., the trial after every standard) is a deviant because a single property of
visual input, as opposed to the whole stimulus, determines whether the stimulus represents a
standard or a deviant, and while all other properties are unchanged, one deviant can represent
a standard with respect to another property. This allows one to test different deviants within a
short time, making it an attractive alternative to the oddball paradigm.

The common means of visualizing vVMMN is by subtracting the event-related potential
(ERP) for the standard from the ERP to the deviant, producing a deviant-minus-standard dif-
ference wave with a negativity between 150 ms and 300 ms after stimulus onset at parieto-
occipital regions. This is known as the classic VMMN. However, amplitude differences revealed
in this way also contain adaptation-related differences, because deviants are physically differ-
ent from standards and standards occur more frequently than deviants. Adaptation effects
refer to changes in neural responses based on recent sensory input and its relation to current
stimuli. A key result of adaptation is repetition suppression, where neural responses decrease
for repeated versus new stimuli (reviewed in [25]). The increased negativity owing to deviance
detection/prediction error and adaptation are known as deviant-related negativity (DRN, (e.g.,
[26-28]). There are two popular methods for controlling for and separating adaptation-related
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differences (for a review of the mechanisms which underscore adaptation-related differences
see [29]. These are the equiprobable control [30] and the cascadic control [31]. While there has
been recent discussion about whether the current control paradigms can effectively isolate the
effects which make up the adaptation-related differences [32], these paradigms are currently
the most popular methods for distinguishing adaptation-related differences from genuine
deviance detection.

In an equiprobable control, all standards are replaced with equally probable random sti-
muli. The deviant is left unchanged and is renamed control. The cascadic control is similarly
constructed; however, where there is no regularity in the equiprobable control, there is an
uninterrupted regularity in the cascadic control. In both controls the deviant and control are
(i) identical to each other, (ii) different from all other stimuli, and (iii) equally infrequent in
their respective sequences. Therefore, the ERP for the control provides a measure of adapta-
tion-related difference so that any remaining difference is because there is an irregularity in
the oddball sequence but no such violation in the control sequence (i.e., prediction error). Any
activity that remains is thought to reflect deviance detection/prediction error and is revealed
by subtracting the ERP for the control from the ERP to the deviant, producing a deviant-
minus-control difference wave, revealing the genuine vMMN free from adaptation-related dif-
ferences. Paavilainen et al. distinguished the “genuine” MMN from the classic MMN contrib-
uted to by adaptation [33]. A similar distinction is made in the vVMMN field [34].

The vMMN has been reported for a variety of visual irregularities, including, but not lim-
ited to, faces of different genders [35, 36], changes in facial expressions [37-46], food among
non-food items [47], hand laterality [48, 49], asymmetrical patterns appearing among symmet-
rical patterns [50], object-based irregularities [51, 52], numeric irregularities (i.e., number of
items expected to appear [53]), and even semantic irregularities based on word pairings [54].
These findings illustrate how readily the visual system encodes higher-order regularities.

Relatively simple deviants have also been used to evoke the vYMMN. I refer to these as fea-
ture deviants because they differ from standards in some physical property or dimension (i.e.,
feature) of the visual stimulus. Some of the earliest publications of the vYMMN were to changes
in orientation (e.g., [55]), luminance (e.g., [56]), spatial frequency (e.g., [57]), colour (e.g.,
[58]), and shape or size (e.g., [26]). Interestingly, some recent studies have failed to find a
vMMN for isolated changes in physical properties of visual stimuli, particularly those pro-
cessed at the earliest stages of the visual system’s processing hierarchy, such as orientation and
contrast [34, 59], encouraging one to consider what aspects of experimental design, including
the feature itself, predicts vMMN characteristics or presence.

Accordingly, the current work’s objectives are to delineate which aspects of experimental
design affect the VMIMN or its presence. To that end, I reviewed the vMMN literature in which
feature deviants were used to evoke the vMMN. This tabulated summary of the literature sum-
marises the state of this research and allows for exploratory analyses of the aggregated vMMN
data, potentially uncovering overarching trends that individual studies, limited by methodo-
logical differences or sample sizes, may fail to show.

2. Methods
2.1. Literature search and study selection

A systematic search was conducted on 3 April 2024. Published studies were identified in Sco-
pus, Web of Science, and Google Scholar using the following Boolean search: (“mismatch neg-
ativity” OR vMMN) and (vision OR visual OR “visual feature” OR “deviant feature”) and
(spatial frequency OR color OR colour OR orientation OR size OR shape OR phase OR
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luminance OR location OR "motion direction” OR motion OR contrast OR duration OR
omission) by author AM.

The following criteria were necessary for inclusion: (i) original peer-reviewed articles writ-
ten in English (e.g., the data is original and not published elsewhere such as reviews, books,
protocols, and conference abstracts), (ii) data from at least one healthy adult sample is
reported, (iii) ERP data is reported and (iv) brain activity was isolated to visual processing in at
least one condition.

Studies were excluded if (i) in all conditions the change in the visual stimulus was relatively
complex such that higher-order processing would become necessary such as facial or emo-
tional expressions, associative relationships, and lexical stimuli, or (ii) the YMMN or negativity
for deviants in the vMMN time-window was not reported/shown. Studies in which authors
described the increased negativity to deviants as something other than vMMN were not
excluded. For example, Kenemans et al. [36] described the response as rareness-related nega-
tivity (see also [37]). Others have described it as change-related negativity (e.g., [38]), N200/N2
difference (e.g., [39-41]), or N270 [42].

After removing duplicates, abstracts were screened for inclusion criteria (original peer-
reviewed articles written in English, visual ERP data from at least one healthy adult sample).
The remaining publications were examined (whole text) for exclusion criteria (brain activity
was not isolated to visual processing in at least one condition and/or the change in the visual
stimulus was relatively complex such that higher-order processing would become necessary).
Quality and bias assessment of included studies was conducted via the Review Manager (Rev-
Man version 5.3) software for Cochrane reviews.

2.2. Data extraction and tabulation

For consistency, outcome measures were mean amplitude (not peak amplitude) and peak
latency. These were estimated from figures where possible. I denote where peak latencies were
calculated as the midpoint of the time-window of interest because (i) peak latencies were not
reported, and (ii) there are no difference waves from which to derive an accurate peak latency
estimate. Where authors report no significant negativity for an experiment or condition but
there are no values or figures from which to obtain a value, a mean amplitude of “0” appears
italicized in red and boldface. Otherwise, where there was a significant negativity but mean
amplitude was not reported and could not be estimated from figures, I leave a blank. Where
there is no significant vYMMN, peak latency is blank.

I give details of separate conditions of a single experiment where multiple feature deviants
were tested (one row for each feature). I give details of all conditions that did not produce a
VMMN. Where multiple conditions of an experiment produced a vVMMN, I give details of the
condition that produced the largest negativity. When a significant deviant-minus-standard dif-
ference exists, yet there is no deviant-minus-control difference, I give details of both deviant-
minus-standard and deviant-minus-control mean amplitudes (e.g., [60]). When both are sig-
nificant, I give the deviant-minus-control mean amplitude only. Mean amplitudes appear in
red where negativity was not significant (i.e., no vMMN reported for that condition).

In addition to mean amplitude and peak latency, the following were extracted for each
entry. I leave a blank where a piece of information was absent.

« Authors.
« Publication year.

« Deviant feature.
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o The number of participants in the corresponding data for a given condition or experiment
(N).

« The stimulus of interest (SOI) and whether it appeared centrally or peripherally.
« SOI height (H) and width (W) in degrees of visual angle ("VA).

o Background colour (BG).

o Whether the participant’s task was visual, auditory, or manual.

o The stimulus that occupied the participant’s attention.

« The difference between the standard and the deviant (D-S) in the units measured, for exam-
ple, degrees (°), candles per meter squared (cd/m?), or cycles per degree (cpd).

 SOI duration and their inter-stimulus-interval (ISI) in milliseconds (ms) rounded to the
nearest whole integer. If SOI duration or ISI was variable or jittered, the shortest SOI dura-
tion and longest ISI appears italicized in boldface.

« Deviant probability (D %) within the oddball sequence (as a proportion of 1) if stated.
o The minimum number of standards (Min. S) between deviants if stated.

o Whether the authors compared physically identical stimuli.

o Whether there was a control for adaptation.

o The reference for processing the EEG data.

o Method of ocular artifact rejection or correction.

o Low-pass (LP) and high-pass (HP) filters used to process the data (in Hz).

o Electrode or region of interest (ROI) from which mean and/or latency was reported.
o The vMMN time-window used to extract mean amplitudes (in ms).

o Mean amplitude of the genuine vVMMN or classic YMMN where there was no control (to two
decimal places in pV).

o The time of VMMN peak latency (nearest whole integer in ms).

2.3. Meta-analytic procedure

Statistical analyses were performed in SPSS. One-way ANOV As were used to explore the effect
of deviant feature. I performed forward linear regression analyses on vVMMN amplitude and
peak latency separately. Including deviant feature a total of 10 predictors were:

1. SOI duration (in ms rounded to the nearest whole integer).

2. ISI duration (in ms rounded to the nearest whole integer).

3. Deviant probability (as a proportion of 1).

4. The minimum number of standards between deviants (0 is none stated).
5. Whether a minimum number of standards was specified or not.

6. Whether attention was towards vs. away from the SOL.

7. Whether there was a fixation task or not.
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8. Whether there was a physical control or not.
9. Whether there was a control for adaptation or not.
10. Deviant feature.

Because magnitude of deviance standard vs. deviant differences for most properties of visual
input were not easily standardized, the aforementioned analysis did not include magnitude of
deviance as a predictor. Instead, magnitude of deviance effect was examined in orientation and
spatial frequency entries separately, post-standardization. For orientation entries, magnitude of
deviance for orientation was standardized as the difference between the deviant and the stan-
dard orientation, divided by 90 if < 90° or minus 90 and then divided by 90 if > 90° (e.g., if the
deviant had an orientation of 90" and the standard had an orientation of 180°, the difference is
1 or if the deviant had an orientation of 155° and the standard had an orientation of 45°, the dif-
ference is 0.22). The calculation ensures orientation changes that are >90° are not represented
as larger magnitudes of deviance than same orientation changes that are <90°.

For spatial frequency entries, magnitude of deviance for spatial frequency was standardized
as the (absolute) difference between deviant and standard and divided by the larger spatial fre-
quency (e.g., if the deviant had a spatial frequency of 1.2 cpd and the standard had a spatial fre-
quency of 0.6 cpd, the difference is 0.5). Initially, analyses included predictors identified as
influencing the vYMMN amplitude or latency in their respective analysis. Thereafter, analyses
included all 10 predictors (excluding deviant feature and including magnitude of deviance).

3. Results
3.1. Included studies

After removing duplicates, 948 records were screened for inclusion criteria (original peer-
reviewed articles written in English). The remaining 850 records were examined for further
inclusion criteria. Of these, 250 had visual ERP data. Of these, 243 also had at least one healthy
adult sample.

A further 98, were excluded because there was no vVMMN data and/or the change in the
visual stimulus was relatively complex such that higher-order processing would become neces-
sary. Systematic review data and flow chart in supplementary materials (S1 Data).

Ultimately, 145 published peer-reviewed articles reported at least one condition in which
they manipulated a relatively non-complex element of visual stimuli, such as orientation, con-
trast, luminance, spatial frequency, colour, shape/size, location, motion direction, duration/
omission, or phase. The summary of risk of bias suggests a low proportion of YMMN studies
indicate effect sizes (details in supplementary materials S2 and S3 Texts). To increase review
sensitivity, studies were not excluded based on presence/absence of effect size or any of the
captured variables including mean and peak amplitudes.

Table 1 typifies the existing approach to vVMMN research while also illustrating the kinds of
feature deviants that have been used to evoke the vMMN. Entries are chronologically ordered
by deviant feature.

Where there are multiple entries for the same deviant type, a condition or experiment is
denoted in square brackets in the study identifier. There are 76 entries for orientation, 6 entries
for contrast, 8 for luminance, 28 for spatial frequency, 39 for colour, 27 for shape/size, 12 for loca-
tion, 15 for motion, 26 for duration/omission, and 1 entry for phase, for a total of 238 entries.

Mean amplitude was estimated for 107 entries. Peak latency was estimated for 110 entries.
Overall, vMMNs with later peak latencies were larger than vMMNs with earlier peak latencies,
r(158) = —0.242, p = .002 (two-tailed, listwise exclusion). The average mean amplitude for
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these 160 entries was —1.52+1.2 uV. The average peak latency was 205+51 ms. Mean and stan-
dard deviation of the number of healthy control participants for all entries was 17 (+8), rang-
ing from 6-52.

3.2. Linear regression analysis

The linear regression equation which best explained variance in the mean amplitude data, R* =
.134, F(3,219) = 11.182, p < .001, contained:

« whether a control for adaptation was used (8 = .282, p < .001), with larger amplitudes where
a control was absent,

« whether attention was towards vs. away from the SOI (88 = —.142, p = .027), with larger
amplitudes where attention was on the SOIL, and

o SOI duration (8 = -.139, p =.030), with larger amplitudes associated with longer SOI
durations,

The regression equation which best explained the variance in peak latency data, R* = .141, F
(4,164) = 6.544, p < .001, contained:

« whether attention was towards vs. away from the SOI (8 =.210, p = .005), with later peak
latencies where attention was on the SOI,

o ISI (3 =.202, p =.008), with later peak latencies associated with longer ISIs,

o the minimum number of standards between deviants (3 =.169, p = .024), with later peak
latencies associated with increasing number of standards between stimuli, and

« deviant probability, with later peak latencies associated with less frequent deviants (3 =
~.170, p = .024).

3.3. Deviant feature

Table 2 shows the means and standard deviations for mean amplitude and peak latency and
non-binary parameters and for each deviant feature. These are ISI, stimulus duration, deviant
probability (as a proportion of 1), and the minimum number of standards (as integers—where
the minimum number of standards was not specified, a value of 0 was given).

Although deviant feature did not emerge as a significant predictor of amplitude or latency
data, a one-way analysis of mean amplitudes, removing the single entry for phase to allow for
Tukey’s post-hoc, revealed a significant main effect of deviant feature on mean amplitude, F
(8,227) = 4.265, p < .001, 1%, = .135, and peak latency, F(8,170) = 3.138, p = .003, 1%, = .135.

Overall amplitudes were significantly smaller for orientation compared to luminance (p =
.001) and spatial frequency (p = .011). Luminance also produced significantly larger ampli-
tudes than contrast (p = .024), colour (p = .006) and shape/size (p = .016).

Peak latency was significantly later for spatial frequency deviants than for colour (p = .046)
and motion (p =.002). Peak latency was also significantly later for location deviants than for
motion deviants (p =.037).

3.4. Stimulus duration and ISI

There was a main effect of deviant feature on SOI duration, F(8,230) = 3.163, p = .002, nzp =
.103, due to longer SOI duration for motion deviants compared to colour (p = .022), shape/size
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Table 2. Means (M) and standard deviations (¢) of mean VMMN amplitude and peak latency for each deviant feature in Table 1.

Feature Stimulus Duration | Inter-stimulus-interval | Deviant Minimum N of Mean Amplitude (M+0) | Peak Latency (M+o)
(ms) (ms) (%) Standard uv (ms)
Orientation 173+£140 5024206 | 0.16+0.04 2.7£2.39 -0.75+£0.94 202148
Contrast 86+32 510+141 0.15%0.03 2.33%1.15 -0.43£1.07 160+11
Luminance 249+175 488+194 0.17+0.06 3.29+3.09 -2.58+1.86 208+55
Spatial Frequency 192+128 643+143 | 0.11%0.05 2.88+2.03 -1.69+1.57 238+62
Colour 141+172 751+454 0.16+0.07 1.71£1.15 -0.84+0.94 194+46
Shape or Size 119+101 703+£372 0.14+0.04 1.82+1.07 -0.89+0.83 205%63
Location 175+40 1081+470 0.17+0.1 2.88+0.99 -1.69+0.99 234447
Motion Direction 300+330 7321616 0.15+0.06 2.22+1.56 -1.34+0.99 168+18
Stimulus Duration or 97176 597+486 | 0.15£0.05 2.67x1.06 -1.16£1.71 211+48
Omission
Phase 1000 400+0 0.13+£0.00 1.00+0.00 0.41+0.00
Total 165+157 633+378 0.15+0.06 2.47+1.85 -1.07+1.24 206£53

https://doi.org/10.1371/journal.pone.0314415.t002

(p =.010), and duration deviants (p = .002). SOI duration emerged as a significant predictor in
regression analysis of mean amplitude data only, with larger amplitudes associated with longer
SOI duration.

There was an effect on ISI, F(8,234) = 4.526, p < .001, 1%, = .139, due to longer ISIs for loca-
tion deviants compared with orientation (p < .001), contrast (p = .048), luminance (p = .012),
spatial frequency (p = .019), and duration/omission deviants (p = .006). The colour vs. orienta-
tion difference in ISIs was also significant (p = .020). ISI emerged as a significant predictor in
regression analysis of latency data only, with later VMMN peak latencies associated with longer
ISIs.

3.5. Oddball deviant probability and minimum number of standards
preceding a deviant

Only 5% (n = 11) of Table 1 entries did not declare a deviant probability of 20% or less. Devi-
ant probabilities did not differ across deviant features. Over half of the entries (63%, n = 150)
stipulated a minimum number of standards between deviants and 56% (n = 104) stipulated at
least two standards must separate deviants. There was no effect of deviant feature on the num-
ber of standards separating deviants. Both deviant probability and minimum number of stan-
dards emerged as significant predictors in regression analysis of latency data, with later peak
latencies associated with greater number of standards separating deviants and less frequent
deviants.

3.6. Isolating and manipulating deviant features, equating physicality of
stimuli, and adaptation

Table 1 shows 59% compared physically identical stimuli (n = 141) to ensure that differences
in processing did not reflect differences in the physical properties of a stimulus. Of the avail-
able methods used to parse differences in physical properties of stimulus in Table 1, only the
equiprobable and cascadic control accounts for differences in the ERPs due to adaptation.
Only 23% (n = 54) included a control for adaptation (38% of those that used a physical con-
trol). Regression analysis shows that whether an adaptation control is used is the strongest pre-
dictor of mean amplitude, with larger amplitudes where a control was absent than when a
control for adaptation was present.
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3.7. Attention and fixation

Of all Table 1 entries, 79% (n = 189) directed attention away from the stimulus of interest. It
appears that directing attention away from the stimulus of interest is common practice in fea-
ture-deviance vVMMN research. Of all Table 1 entries, 66% (n = 158) used a fixation target,
dot, square, cross, or tracking task and 60% (n = 142) directed attention away from the stimu-
lus of interest and while using fixation stimulus. Attention emerged as a significant predictor
of mean amplitude and peak latency, with larger and later vYMMN’s produced where attention
was on vs. away from the relevant stimulus.

3.8. Reference and filter frequency

Of the 234 entries with reference details, 54% (n = 126) used a nose-tip or non-cephalic refer-
ence, 10% (n = 23) used a unipolar reference, 20% (n = 46) used the average, and 17% (n = 39)
used linked or averaged earlobes/ mastoids/electrodes, illustrating a clear preference for the
nose-tip/non-cephalic reference in vMMN research. The general approach to selecting a low-
pass (LP) filter frequency in vMMN research is relatively consistent. Of those who reported a
LP filter (n = 231), 48% (n = 112) used a 30 Hz cut-off. High-pass (HP) filter cut-off frequen-
cies are more variable, ranging from 0.03-1.5 Hz.

3.9. Visual MMN region of interest (ROI) or electrode

Of the 233 entries with ROI or electrode details, 99% (n = 228) reported their results from pari-
etal (P), occipital (O), and/or occipito-temporal ROIs or electrodes. Of those that specified a
left or right ROI or electrode (n = 82), 78% (n = 64) indicated a right hemisphere ROI or elec-
trode—22% (n = 18) reported a left hemisphere ROI or electrode.

3.10. Magnitude of deviance

3.10.1. Orientation. Regression analysis including those significant predictors of mean
amplitude as well as standardized magnitude of deviance saw magnitude of deviance replace
SOI duration as a significant predictor of mean amplitude. The regression equation which best
explained the variance, R* = .297, F(3,73) = 9.851, p < .001, contained:

« whether a control for adaptation was used (88 = .214, p = .080), with larger amplitudes where
a control was absent,

« whether attention was towards vs. away from the SOI (88 = —.304, p = .005), with larger
amplitudes where attention was on the SOI, and

» magnitude of deviance (£ = —.330, p = .009), with larger amplitudes associated with larger
magnitudes of deviance.

Including all 10 predictors (not deviant feature), the regression equation that best explained
the variance in amplitude, R*= 333, F(4,72) = 8.273, p < .001, contained:

 whether a control for adaptation was used (88 = .310, p = .011), with larger amplitudes where
a control was absent,

o ISI (3 =.297, p = .006), with larger amplitudes associated with shorter ISIs,

» magnitude of deviance (8 = —.291, p = .016), with larger amplitudes associated with larger
magnitudes of deviance, and

whether there was a fixation task or not (f = .249, p = .019), with larger amplitudes where
there was no fixation.
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The variation explained by (and the trend in) magnitude of deviance was significant (and in
the same direction) in both results for orientation entries. Regression analyses did not provide
support for an effect of magnitude of deviance on peak latency for orientation deviants.

3.10.2. Spatial frequency. No regression analyses produced a regression equation in
which magnitude of deviance was a significant predictor of either mean amplitude or peak
latency.

4. Discussion

This review comprises a tabular summary of the vYMMN feature deviance research. Meta-anal-
yses suggest that various parameters of experimental design can have (intended or unintended)
effects on the resulting vYMMN.

Of the 10 predictors explored overall, whether a control for adaptation was used, whether
attention was towards vs. away from the relevant stimulus, and relevant stimulus duration
emerged as significant predictors of YMMN mean amplitude while whether attention was
towards vs. away from the relevant stimulus, ISI, deviant probability, and the number of stan-
dards separating deviants emerged as significant predictors of YMMN peak latency.

Magnitude of deviance also emerged as a significant predictor of mean amplitude for orien-
tation entries—the most investigated feature of visual input in vMMN research. And, when
including all 10 predictors in a regression analysis of the data for orientation entries, fixation
(towards vs. away from the relevant stimulus) replaced attention as a significant predictor of
mean amplitude.

In the discussion that follows, I consider parameters that emerged as a significant determi-
nant of either mean amplitude or peak latency as well as parameters that did not but have been
reported for influencing the vMMN. All results are exploratory and should be interpreted in
the context of studies that examine the effect of varying any of the following parameters in the
same participants given the limitations associated with revealing effects across participants as
opposed to within the same participants.

4.1. Deviant feature

Relatively few have examined various deviants within the same participants [69, 73, 79, 142,
148]. In one study, Qian et al. [79] manipulated five features of visual input. They reported the
largest vYMMN for orientation deviants compared to colour, duration, shape, and size deviants.
Sulykos and Czigler [69] also reported a larger VMMMN for orientation deviants than for spa-
tial-frequency deviants. However, the current results suggest that orientation deviants (-0.75
+0.94 pV) produce smaller mean amplitudes than spatial frequency deviants (-=1.69+1.57 uV).
Location deviants (—1.69+0.99 uV) produced larger amplitudes than colour (—0.84+0.94 uV)
and shape/size (—0.89+0.83 uV). This is in line with Grimm et al. [142], however, regression
analysis did not provide any evidence that the deviant feature predicted vYMMN mean ampli-
tude (or peak latency). One possibility is that the remaining predictors primarily influence the
amplitude differences, and once this is accounted for, the variability between feature deviants
may be less than expected.

Although the current review and meta-analysis goes some way toward addressing this pos-
sibility by comparing results across deviant features, continued comparisons of deviant fea-
tures in the same participants seems prudent for delineating whether different deviants evoke
different sized YMMNSs as in Grimm et al. [142] and for confirming the reasons for this, such
as perceived difference, as in Takacs et al. [72].
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4.2. ISI and stimulus duration

It is generally accepted that shorter ISIs produce larger YMMNSs than longer ISIs [55, 62, 150].
lustrating this effect within the same participants, Fu et al. [62] found that a 100 ms ISI
evoked a larger vYMMN than a 400 ms ISI. Astikainen et al. [55] proposed that the short dura-
tion of the sensory memory trace—less than 1000 ms according to behavioural research [198-
200]—was responsible for the absence of a VMMN in their 1000 ms ISI condition [55]. This
view suggests that the monotonic relationship between ISI and vMMN is explained by mem-
ory trace decay.

Another possibility is that ISI duration determines confidence in the encoded regularity
and, by corollary, regularity-based predictions. Daikhin and Ahissar [201] found that jittering
the frequency values of standard tones—within a 0.5% range of 1000 Hz—yielded smaller
MMN:Ss than if all standards had the same frequency (i.e., 1000 Hz). They argued that confi-
dence in the predictive model was lower in the jittered condition than in the non-jittered con-
dition. Therefore, the strength of prediction determines, at least to some extent, the size of
prediction error [4]. Perhaps ISI similarly determines confidence in the predictive model.
Consider that if confidence is high because ISI is short, then perhaps prediction error is larger,
yielding larger vVMMNSs, than when IS is long. The current regression analyses indicate that
shorter ISIs are associated with shorter vYMMN peak latencies for deviants overall and that
shorter ISIs are associated with larger yYMMN amplitudes for orientation deviants.

This may also explain the observed association between stimulus duration and vMMN
amplitudes in the current review, where longer stimulus durations enhance confidence in the
predictive model, thereby generating larger vMMNSs. However, as noted elsewhere [34], longer
stimulus durations can pose challenges in EEG research because the onset of a stimulus can
trigger eye movements toward it. According to Westheimer [202], saccades can begin 120 ms
after stimulus onset and reach peak acceleration at 160 ms, falling within the vYMMN time-win-
dow. Therefore, a shorter stimulus duration (e.g., <100 ms) may be better for avoiding con-
founds associated with eye movement and stimulus durations as short as 14 ms [140] and 17
ms [203] have been used to successfully evoke a vVMMN for feature deviants.

Although others have manipulated stimulus duration as the deviant feature, there are no
known studies that have manipulated stimulus duration to delineate its effect on the vMMN to
an unrelated (non-duration) feature deviant. The current regression analysis indicates that
longer stimulus presentations predict larger vMMNS, providing compelling rationale for fur-
ther investigation into this phenomenon. The association not only highlights the importance
of stimulus duration in understanding vMMN amplitudes but also underscores the potential
for refining predictive models in EEG research.

4.3. Oddball deviant probability and minimum number of standards
separating deviants

A deviant must be infrequent to constitute an irregularity. Standards establish regularity, mak-
ing it important to separate deviants by at least two standards; otherwise, the deviant may not
constitute an irregularity. Consider, however, that measures of deviance reflect increased devi-
ant processing as well as reduced standard stimulus processing and that repetition suppression
tends to increase with the number of standards preceding the deviant [106]. As a result, greater
repetition suppression can create the appearance of a stronger response to deviance [96, 106],
emphasizing the need to consider the number of standards that separate deviants.

Most studies in the current review reported a deviant probability of 20% or less. This may
relate to the well-established association between higher deviant probabilities and smaller
MMNs [204-207]. In the visual domain, Stefanics et al. [208] found that deviants with a lower
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(10%) probability evoked larger yYMMNs than deviants with a higher (30%) probability. The
authors also observed that conditions with 30% deviants produced a significant difference at
134-160 ms (earlier) whereas conditions with 10% deviants produced a significant difference
at 232-254 ms (later). The current results further demonstrate that a higher deviant probability
predicts earlier vMMN peak latencies, supporting the findings of Stefanics et al. [208]. Relat-
edly, later peak latencies were associated with a greater number of standards between deviants.

One explanation regards greater decay in the memory trace of the standard (e.g., [206,
207]). That is, as the memory trace of the standard stimulus fades over time, the brain’s ability
to detect deviations from that standard diminishes. In conditions with higher percentages of
deviants (like 30%), the brain may rely more on immediate comparisons rather than on a
decaying memory of the standard. Alternatively, reasoning reflects enhanced memory trace
for the deviant [204, 205].

Alternatively, the number of standards between deviants might influence the vMIMN by
influencing the ratio of successful: unsuccessful VMMN trials. If only some deviant trials gener-
ate a VMMN (due to the presence or absence of two or more standards preceding the deviant
on some trials but not others), the resulting vMMN amplitude will be smaller compared to sit-
uations where all deviant trials elicit the vVMMN, due to the averaging process. Horvath et al.
[209] discussed this phenomenon in the context of magnitudes of deviance near the discrimi-
nation threshold. They proposed that, as the audible discrimination of irregular tones
approaches the discrimination threshold, the ratio of trials that fail to evoke the MMN
increases, while the ratio of deviant trials that evoke the MMN remains constant when the
deviant is easily distinguishable. Consequently, averaging the trials creates the appearance of a
magnitude of deviance effect limited to differences near the discriminable threshold. Similarly,
if some trials evoke the vMMN while others do not, the overall vVMMN amplitude will be
smaller compared to situations where all deviant trials consistently elicit the vYMMN.

Another possibility is that the neural correlate of a violation will be more pronounced when
the model of regularity is more precise [210] and the model is more precise when there are
more standards separating deviants. Several factors can influence model precision, including
the stability or volatility of the environment [211-214] which is indeed determined by the sim-
ilarity among standards. Still, the reason for the impact of volatility remains unclear. However,
one possibility is that repetition suppression is greater in less volatile sequences.

Ultimately, there are various mechanisms by which the number of standards separating
deviants may affect the yYMMN, making it important to consider. Given the strong theoretical
basis for ensuring a minimum number of standards separate deviants together with findings
that repetition suppression increases as the number of standards preceding the deviant
increases, affecting YMMN size, a minimum number of two standards is recommended.

4.4. Isolating and manipulating deviant features, equating physicality of
stimuli, and adaptation

Whether a control for adaptation-related differences was absent or present emerged as a signif-
icant predictor of mean amplitude, illustrating the importance of controlling for adaptation-
related-differences. Logically, the combined adaptation-related and deviance-related differ-
ences should yield a larger DRN than a genuine vMMN that is free from adaptation. Mean-
while, whether a physical control was present did not emerge as a significant predictor for
latency or amplitude data. This may reflect the variability in true isolation of physical features
of the visual stimulus due to use of comparatively complex visual stimuli.

Consider that a visual stimulus is composed of a unique combination of visual features, the
presence of these features, along with their interaction, determines which neurons respond.
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Altering even a single feature changes the corresponding ERP. Despite this, many visual sti-
muli in vMMN research lack the simplicity of manipulation of a single property of visual input
without influencing others. To illustrate, in a study by Mazza et al. [215], ERPs were compared
for red triangle stimuli and green disc stimuli. Although their roles as deviants and standards
were reversed, stimuli not only varied in colour, but also in all features that distinguish their
shapes (e.g., contour orientation, stimulated retinal areas, spatial frequency). Therefore, any
observed differences in their ERPs could arise from one, multiple, or all these variations.

Conversely, a key advantage of a Gabor patch lies in the separability of their stimulus fea-
tures. Specifically, modifying a single aspect of a Gabor patch, such as its orientation, has no
impact on other features like spatial frequency or luminance. Potentially, the true isolation of
low-level features of the visual stimulus may explain why changes in Gabor patches yield much
smaller vMMNss than similar changes in non-Gabor patch stimuli (#(225) = —4.167, p < .001).
Another advantage of Gabor patch stimuli is that they are physiologically plausible visual sti-
muli due to their profile resembling that of a receptive field in the visual cortex’s simple cells
[216-218]. They are also highly favoured among visual psychophysicists [216], facilitating the
seamless translation of research findings between visual psychophysics and visual
neuroscience.

Notably, larger deviant-minus-standard differences often peak earlier due to the N1 differ-
ence. Some researchers classify early (i.e., 150-200 ms) and late (200-250 ms) time-windows
to distinguish between N1 adaptation (early) vs. deviance related differences (late) [79, 87, 91,
93, 99, 101] This may account for some of the early peak latencies reported where there is no
control for adaptation (e.g., 130 ms in [69] and 134 ms in [72]). However, this approach cannot
discount the possibility that adaptation-related differences are still present in the later time
periods and may explain why there was no supporting evidence for an effect of adaptation on
peak latency.

4.5, Attention, fixation, and ocular artifacts

There are several compelling theoretical and practical reasons for diverting attention away
from the stimulus of interest in vVMMN research. Firstly, when researchers initially explored
the existence of a visual counterpart to the MMN, a crucial prerequisite was that it must occur
without attention [21]. Focusing attention on the stimulus of interest hinders the ability to
draw definitive conclusions about whether the vYMMN genuinely mirrors the MMN [1, 2].

Secondly, directing attention away from the stimulus of interest is essential because atten-
tion can influence the vMMN [109, 180, 190]. For example, Kuldkepp et al. [180] found that
directing attention away from the stimulus of interest is necessary to evoke both early and late
subcomponents of the VMMN. However, there is also evidence that attention toward the stim-
ulus of interest can enhance a vVMMN response to a deviant that might not otherwise elicit a
VMMN (e.g., [219]).

One potential explanation for the latter phenomenon is that the process of detecting devi-
ance in vision differs from that in audition, such that some level of attention or an additional
cognitive resource is required to detect changes in visual input. Another possibility is that
attention could influence yYMMN amplitudes by enhancing ERP components within the
vMMN time window in which case, alterations in negativity might reflect shifts in attention
rather than the direct detection of deviance (e.g., N2b, [220]).

While many of the reviewed studies used a central fixation stimulus, Table 1 shows various
other means have been employed for directing attention away from the stimulus of interest.
For example, Sulykos and Czigler [69] designed the Spaceship task to control participants’
attention. Participants navigated a spaceship through a canyon—a rectangular object vertically
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and horizontally segmented giving the impression of depth and a horizon—while avoiding/
catching colour-determined targets. Targets were other spaceships [83] or coloured doors
[69]. Although this task ensures attention is effectively diverted away from the relevant stimu-
lus, it does not ensure consistent eye gaze position because the eyes must move to recenter the
object being tracked. In visual experiments, eye movements have the capacity to convert sim-
ple orientation changes into more complex visual alterations. Therefore, fixation tasks are
ideal for ensuring that attention is diverted away from the stimulus of interest and ensuring
that the visual system is exposed to the intended change in visual input, mitigating risk that
other changes contribute to the observed ERP differences.

The fixation method was also one of the primary methods introduced for reducing ocular-
artifacts [221]. This was typically used in combination with the rejection technique—discard-
ing epochs containing voltage fluctuations in EOG or both EEG/EOG channels that are larger
than a preset value is discarded [221]. Historically, the rejection method was most common
[222]. Criticisms of the method include considerable loss of data and arbitrary threshold selec-
tion, with EOG artifacts below threshold still contributing to ERPs. In response to these criti-
cisms, methods of correction rather than rejection, including regression analysis [221, 223],
PCA [224], and ICA [225]. While the rejection technique is still widely used, the ICA approach
has become increasingly popular in recent years (e.g., [93, 105, 133]). Of 68 studies since 2014
in Table 1, 43% (n = 29) used corrections to deal with ocular artifacts compared with the 56%
that used rejection technique (n = 38). For a review of methods evolved to correct EEG arti-
facts see [226].

Despite the importance of ensuring that participants’ eyes remain open and fixated, the use
of eye-tracking in the field is sparse, with only four Table 1 studies having implemented some
measure of gaze position [26, 34, 100, 178]. When astimulus does not occupy a uniform area of
the visual field on every iteration, gaze position is more variable, and this has the potential to
change a simple feature deviant into a more complex deviant. I previously reported greater
gaze variability in an experimental condition in which a central grey bar appeared on a black
background compared with an experimental condition in which a central Gabor patch
appeared on a grey background [34]. Although the bar condition was a replication of Kimura
et al. [66], we did not replicate the previously reported vYMMN. One possible explanation is the
additional emphasis on fixation in the replication condition via (i) use of eye-tracking, and (ii)
additional intermixed conditions that required fixation for task completion. While gaze posi-
tion was most variable in the replication condition, we believe it would have been even more
variable without the added conditions and eye tracking. This variability can affect the percep-
tion of a simple feature deviant, making it more complex. Supporting this idea, regression
analysis revealed that mean amplitudes were larger when fixation was not maintained than
when it was.

In summary, the current results suggest that attention towards the stimulus of interest
evokes larger and later vVMMN . Together with the strong theoretical and practical reasons for
controlling fixation, the current review underscores the importance of considering attention
and fixation in vMMN research.

4.6. Magnitude of deviance

Few have examined the relationship between magnitude of deviance and the vYMMN, despite a
potential to gain further insight into prediction error. Consider, for example, that if the sole
purpose of the prediction error is to update the predictive model, then a monotonic relation-
ship between the magnitude of deviance and the vMMN, in which larger magnitudes of devi-
ance evoke larger YMMNS, is unnecessary per Horvath et al. [209]. Alternatively, if larger
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magnitudes of deviance produce larger prediction errors, then perhaps this is because larger
vMMN:ss also predict later processes, such as the re-orienting of attention. Evidence of a mono-
tonic relationship between amplitudes of the MMN and P3a—a known neural correlate of
attention capture [157, 227]—supports the view that the size of the prediction error predicts
attention switch [47, 228]. Another possibility is that the size of prediction error represents the
extent of violation and this determines whether the model is abandoned versus updated [219].

Still, it remains unclear whether a monotonic relationship exists between magnitude of
deviance and the vMMN. Several factors contribute to this ambiguity. Firstly, assertions about
the connection between deviance magnitude and prediction error size largely rely on findings
from MMN research, where there is a tendency for larger deviance magnitudes to elicit larger
and earlier MMNss [16, 201, 228-235]). That said, certain experimental manipulations, such as
attention allocation, have been found to affect the vYMMN and MMN differently [26]. Given
this, it is plausible that other experimental manipulations, like magnitude of deviance, have
distinct effects on the vMMN and MMN.

Secondly, the existing body of research on the relationship between magnitude of deviance
and the vMMN is both limited and marked by contradictions [57, 58, 61, 68, 72, 236]. For
example, Czigler and Sulykos [68] found no discernible effect when using orientation deviants
whereas Takacs et al. [72] observed an effect on vYMMN amplitude but not latency. Meanwhile,
Maekawa et al. [57] reported an effect on vVMMN latency but not amplitude. Maekawa et al.
[57] manipulated spatial frequency via the number of vanes in a windmill pattern. Moreover,
Clifford et al. [27] and Mo et al. [145] found that between-category colour deviants elicited
larger vYMMN’s than within-category colour deviants, even though both deviants were equally
distant from the standard on the colour spectrum. This suggests that the effect may be influ-
enced more by an abstract property of the input (i.e., the category) rather than the specific fea-
ture itself (i.e., the colour). Supporting this interpretation, Thierry et al. [143] and
Athanasopoulos et al. [237] demonstrated that learned linguistic associations—higher order
top-down effects—influenced the perceived magnitude of deviance.

Meanwhile, Czigler et al. [58] found that small colour deviants (red vs. pink) did not evoke
a VMMN whereas large colour deviants (red vs. green) did. Although this could represent a
magnitude of deviance effect, it might also imply the need for a higher deviance threshold for
colour deviants. The concept of a threshold has been considered elsewhere [235] and is sup-
ported by a study in which Takacs et al. [72] increased their orientation difference from 50° to
90° after finding that the 90° difference more consistently evoked the vMMN than the 50°
deviance. Following their first experiment, the authors conducted a psychophysical assessment
on the threshold for orientation change detection with stimuli similar to those used the oddball
paradigm. Taken together, the authors concluded that unlike the MMN in the auditory modal-
ity, in the visual modality, significantly larger differences are needed to evoke the vYMMN. The
threshold required for any feature deviant is not yet known and there is yet to be a study in
which thresholds of deviance detection revealed by the vMIMN are explored across deviant
features.

The third and arguably the most challenging hurdle in deciphering the relationship between
the magnitude of deviance and the (v)MMN lies in the fact that a significant portion of the
research examining this relationship did not incorporate a control for adaptation. This poses a
particular challenge because larger disparities between adapted and unadapted stimuli result
in more substantial ERP differences, creating an appearance of a deviance magnitude effect
(e.g., [201]). Recently, researchers who incorporated controls for adaptation while manipulat-
ing magnitude of deviance have not found the vMMN, let alone an effect of magnitude of devi-
ance [106]. For these reasons, drawing conclusions about the association between magnitude
of deviance and the vYMMN based on the current literature remains challenging.

PLOS ONE | https://doi.org/10.1371/journal.pone.0314415  February 27, 2025 27/43


https://doi.org/10.1371/journal.pone.0314415

PLOS ONE

What affects the vMMN to feature deviants?

To help remedy this, I explored the magnitude of deviance effect in the tabulated orienta-
tion and spatial frequency entries separately. Regression analyses indicated larger amplitudes
for larger magnitudes of deviance, indicative of a monotonic relationship, perhaps for the pur-
pose of determining processes that follow such as attention or model updating. However, this
finding relates to orientation only and there was no evidence of an effect of magnitude of devi-
ance on vMMN amplitude or peak latency for spatial frequency deviants [57]. This may reflect
the fewer spatial frequency entries. Alternatively, it may indicate that the effects of magnitude
of deviance differ across deviants, as suggested by the aforementioned studies. Further
research on the effect of magnitude of deviance under conditions where a genuine vMMN is
achieved is needed to reach a conclusive understanding of the relationship between deviance
magnitude and the vVMMN.

4.7. EEG processing parameters

Although there are various processing parameters to consider, I focus on reference and filter
frequency because both are known to have downwind effects on ERP component measures.
Specifically, chosen reference can affect a component’s peak (e.g., amplitude), time of maxi-
mum negativity (e.g., peak latency), where it is largest (e.g., electrode or ROI), and even its
polarity [238, 239]. A unipolar reference (e.g., the left or right earlobe or mastoid) can bias
data toward one hemisphere by producing enlarged ERP amplitudes opposite the recording
site [240]. In one Table 1 study, Tales et al. [122] described a possible disadvantage in using
references like Fz in that this is sometimes accompanied by frontal positivity in both the visual
and auditory modalities and this would appear as additional negativity, thereby exaggerating
posterior components. Re-referencing the data to the average of left and right reference elec-
trodes (e.g., earlobes or mastoids) can help to avoid this [241]. This has been called linked-ear-
lobes or linked-mastoids. However, linked-earlobes or linked-mastoids can also mean forcing
the two sites to have the same voltage and this process does not alleviate the problem. The ver-
sion of re-referencing is not always clear [240]. Although vision researchers considered the
nose-tip electrically neutral and optimal in EEG research [240] re-referencing to the average is
now considered optimal, especially for a high-density recording montage (i.e., at least 32 elec-
trodes) [239-242].

Temporal filtering is a process in which one attenuates signals (e.g., electrical noise or activ-
ity) oscillating at a given rate. Frequency cut-off values in Hertz (Hz) determine the range of
frequencies to preserve. For example, power mains in Australia produce regularly oscillating
electrical activity at approximately 50 times per second (50 Hz). A low-pass filter cut-off value
of below 50 Hz (e.g., 40 Hz) will attenuate the effect of all signals at frequencies above this
value. Ultimately, the goal of filtering is to increase the signal-to-noise ratio (SNR) in the
electrophysiological data and is therefore common practice in EEG research [243]. Cut-off fre-
quencies that are >0.1 Hz (e.g., 1 Hz) can produce artifactual early negativities as early as 100
ms after onset [243-246]. This could be problematic where DRN or yYMMN calculations
include all ERP values between before 150 ms (e.g., [26, 27, 80, 86-88, 92, 102, 107, 108, 115,
120, 128, 135, 140, 174, 178, 182, 188, 193]).

4.8. Replicability of vMMN for feature deviants and its implications for
meta-analysis

The current meta-analysis aims to uncover overarching trends and reveal patterns across stud-
ies. However, it also illuminates inconsistent effects and contextual factors underlying varying
results. For example, Kimura et al. [66] reported a vMMN more than twice the size of the
VMMN reported by Astikainen et al. [55] (-=1.60 pV vs. —0.69 uV). Both studies used single
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grey bar stimuli on a black background, 36° orientation deviants, at least two standards
between deviants, 100 ms stimulus duration, 400 ms ISI, and the equiprobable control. Simi-
larly, despite using similar windmill-like patterns, Maekawa et al. [57] reported a vVMMN at
185 ms, whereas File et al. [86] reported a vYMMN at least 70 ms later. This may be related to
deviance detection, such as the magnitude of deviance (i.e., the difference in the number of
windmill-panes in File et al. [86] was six compared to 18 in Maekawa et al. [57]), or differences
in processes outside of deviance detection, such as attention or adaptation (i.e., File et al. [86]
used the equiprobable control whereas Maekawa et al. [57] compared identical stimuli as devi-
ants and standards—reverse roles condition).

Moreover, there are an increasing number of studies emerging that illustrate the absence of
a vMMN to changes in low-level features of visual input, like contrast, orientation, and spatial
frequency (red values in Table 1). These are categorically low-level features because they are
integral dimensions for describing the visual appearance of images and are processed in the
visual cortex (V1) or earlier [34]. While the absence of vMMN is easier to reconcile in studies
exploring rarely tested features, such as contrast, it poses a more challenging issue for fre-
quently tested features like orientation and spatial frequency. Potentially, the stimulus used is
implicated. For example, Sulykos et al. [71] did not observe the vYMMN when using Gabor
patches on a black background. The authors attributed this to a failure in reactivating the
memory trace of a previous standard. However, others using centrally presented Gabor
patches on a grey background also reported no vMMN for orientation changes of 36° [34] or
60° [106]. File et al. [86] also did not observe orientation vYMMN when using peripherally pre-
sented line textures. Interestingly, however, in the same study, when using comparatively
more complex stimuli than either Gabors or line textures (i.e., windmill patterns), File et al.
[86] found that increases (not decreases) in spatial frequency (i.e., more windmill panes)
evoked the vMMN whereas decreases in spatial frequency (i.e., fewer windmill panes) did not.
They proposed that the former represented a more complex change requiring prediction error
whereas the latter did not. However, additional changes in stimuli, such as added orientation
information for increases but not decreases in spatial frequency, may contribute to the
observed effects. This raises uncertainty about the capability of low-level feature such deviants
to evoke the vMMN, let alone reveal the true effects of design parameters. If truly isolated
changes to low-level features fail to elicit the vVMMN, investigating how experimental design
parameters impact the VMMN may require testing with comparatively more complex stimuli,
such as windmill panes. The paradox arises, as controls for fixation, adaptation, and physicality
become even more critical when using complex stimuli, they are less frequently implemented.
The recommendations for parameters outlined in this review may potentially aid in designing
paradigms to delineate these effects with complex stimuli within participants.

4.9. Limitations

Although the current review has many strengths, there are limitations to consider. For one,
although there are many experimental parameters/variables, the number of variables analysed
was limited to those that were comparable across studies while ensuring at least 10 distinct
studies per predictor [247]. For example, although useful for showing the different sizes of sti-
muli used in YMMN research, stimulus size was not entered into regression analyses given that
the precise area of the monitor occupied by the stimulus is not so easily quantified by any stim-
ulus that is not simply a square, rectangle, or circle.

Additionally, despite the importance of adequate sample sizes, the studies reviewed had an
average of only 17 participants, with some conditions including as few as six. Table 1 shows
that small, potentially underpowered samples remain common, posing risks to conclusions
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across much of the neuroscience literature. Small samples are associated with low replication
rates, exaggerated effect estimates when findings are statistically significant, and poor predic-
tive power [248]. These may contribute to the contradictory results observed in some entries
in Table 1, underscoring the need for larger samples in the field.

Standardization of variables is another consideration. The minimum number of standards
separating deviants (as integers) was coded as 0 for entries in which a minimum number of
standards was not specified. Consequently, if this is not accurate (e.g., the authors did indeed
ensure that at least 1 or more standard separated all deviants), the result may not be a true
reflection of the relationship. Lastly, due to a sparse number of reported effect sizes in this area
of work (details in supplementary materials S1 Text), the traditional means of illustrating bias
which rely on effect sizes (or the means of calculating them via measures of variance) are diffi-
cult. Instead, a qualitative approach is used to summarize instances where values or pieces of
information were estimated so as to not discount the entry entirely. Although the qualitative
approach was recently used by Liu et al. [249], it does not facilitate an easily quantifiable assess-
ment of bias in the field. To promote progress in the field, it would be beneficial to report effect
sizes across all YMMN conditions in future studies.

5. Summary

I examined the existing literature on feature deviants to reveal the impact of experimental
design parameters on the only known neural correlate of prediction error in the visual system
—the vVMMN. I explored the implications associated with these parameters either having or
lacking an effect within the framework of predictive coding theory and reflected on the param-
eters worth considering, emphasizing practical and theoretical basis for certain parameter
choices. I highlight existing gaps in knowledge concerning the effects of many design parame-
ters, possibly due to inconsistencies in the literature and challenges in replicating the vYMMN
response to unanticipated changes in low-level features of visual input. As is often the case, the
results encourage more questions than answers. However, this review may help guide those
intending to pursue such critical questions, including does the yYMMN differ for different fea-
ture deviants or does magnitude of deviance affect the vVMMN similarly for all feature deviants?
By demonstrating that the vVMMN is affected by various parameters of experimental design,
this review emphasizes the importance of a well-controlled and considered experimental
design, for which the current review can also assist.
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