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A number of past studies have used mismatch negativity (MMN) to identify auditory processing deﬁcits in
individuals with autism spectrum disorder (ASD). Our meta-analysis compared MMN responses for individuals
with ASD and typically developing controls (TD). We analyzed 67 experiments across 22 publications that
employed passive, auditory-based MMN paradigms with ASD and TD participants. Most studies lacked design
characteristics that would lead to an accurate description of the MMN. Variability between experiments measuring MMN amplitude was smaller when limited to studies that counterbalanced stimuli. Reduced MMN amplitude was found among young children with ASD compared to controls and in experiments that used nonspeech sounds. Still, few studies included adolescents or those with below-average verbal IQ. Most studies
suﬀered from small sample sizes, and aggregating these data did not reveal signiﬁcant group diﬀerences. This
analysis points to a need for research focused speciﬁcally on understudied ASD samples using carefully designed
MMN experiments. Study of individual diﬀerences in MMN may provide further insights into distinct subgroups
within the heterogeneous ASD population.

1. Introduction
Autism Spectrum Disorder (ASD) is characterized by impairments in
social communication and interaction as well as by the presence of
repetitive and restricted behaviors or interests, including atypical responses to sensory stimuli like sounds (American Psychiatric
Association, 2013). Language impairments, while not core symptoms in
ASD, often co-occur (Tager-Flusberg et al., 2005). Atypical responses to
auditory stimuli and diﬃculty in learning spoken language are linked to
disruptions of auditory ﬁltering, acoustic feature discrimination, sound
source identiﬁcation, and auditory working memory (Anderson &
Kraus, 2010; Foss-Feig et al., 2012; Näätänen et al., 2012; O’Connor,
2012). Given that these processes are vital components of auditory
processing, several researchers have hypothesized that in ASD, there is
a common disruption in neural networks that govern basic auditory
processing (Bomba and Pang, 2004; Marco et al., 2011). To pinpoint the
underlying bases of atypical auditory processing in brain-based disorders, researchers often turn to measures like electroencephalography
(EEG) and magnetoencephalography (MEG). These neuroelectric

imaging approaches have the temporal resolution necessary to track
neural activity associated with speciﬁc auditory events, thereby providing a window into auditory processing not aﬀorded by other noninvasive neural measures1. Here, a meta-analysis was undertaken to
determine the extent to which neural response that reﬂect acoustic
feature discrimination and auditory working memory in early auditory
processing diﬀers in ASD relative to typical development (TD).
We focused on one common approach that can capture such features
of early auditory processing: the mismatch negativity (MMN) paradigm
(Näätänen et al., 2012; Näätänen et al., 2007). The MMN measures an
individual’s ability to detect changes in auditory patterns by presenting
a regularly occurring, “standard” pattern that is interrupted at random
with rare, “deviant” stimuli (Näätänen et al., 1978). Deviant stimuli
usually diﬀer perceptually from standards on a single acoustic feature,
such as intensity, pitch, or phoneme. Typically, the unexpected, rare
sounds elicit neural responses not present when that same sound is
expected. The size of those neural responses indexes the degree to
which a listener has built up a memory trace of an ongoing auditory
pattern and detected a deviation from that trace (Näätänen et al.,
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meta-analysis synthesized results across studies, thereby increasing the
statistical power when testing for group diﬀerences.
We began by analyzing all published experiments that measured
group diﬀerences between ASD and TD participants using either MMN
amplitude or latency in a passive, auditory-based MMN paradigm. We
then narrowed our analysis to include only those experiments that
controlled for general variation in event-related potential or event-related ﬁeld (ERP/ERF) responses to diﬀerent stimulus tokens.
Speciﬁcally, we only included studies in which the MMN was calculated
by comparing responses to identical stimuli presented in two diﬀerent
contexts – one in which they were unexpected deviants and the other in
which they were expected standards. Without counterbalancing stimuli
in this way, any diﬀerence in signal morphology between the response
to deviants and standards might be due to diﬀerences in the unrelated
neural responses to the speciﬁc stimuli presented, such as a loud sound
producing a larger ERP/ERF than a soft sound (Duncan et al., 2009;
Kujala, 2007). We followed up with analyses examining how stimulus
characteristics (speech versus nonspeech sounds) impacted group-difference eﬀect size and whether participant characteristics (age and
verbal reasoning) inﬂuenced the ﬁndings.

2007). It has been argued that this neural response is driven by NMDA
receptor activity in the bilateral auditory and frontal cortices (Näätänen
et al., 2012). MMN components can be well detected on the scalp’s
frontal-central midline using EEG and can be quantiﬁed as a negative
component that occurs 100 to 250 ms following a deviant stimulus
onset (Haesen et al., 2011). In source space, the mismatch ﬁeld arises
from frontal and supratemporal generators during a similar time
window (Giard et al., 1990; Novak et al., 1990).
The MMN component itself is calculated from the diﬀerence between the response evoked by the same event when it is a standard and
when it is a deviant. By directly comparing responses to identical stimuli when they are expected versus when they are deviants, the MMN
in a baseline-corrected measure, revealing neural activity driven by
hearing an unexpected event. Response latency of the MMN is determined based on the timing of the negative peak in the diﬀerence
waveform. Response amplitude can be computed by taking the average
response in a window centered on this negative peak. However, the
analysis window used to determine MMN amplitude and latency varies
across studies (e.g., it can be based on each individual subject’s waveform, based on the average waveform of each subject group, or based
on the average from all participants). Both MMN amplitude and latency
metrics signify rapid discrimination that is driven by both bottom-up
automatic and top-down attentive processes at early stages of cortical
processing (Näätänen et al., 2012; Roberts et al., 2011).
The MMN response can be elicited both during active tasks, where the
subject makes an overt response upon detecting the deviant stimulus, and
in settings when the subject listens passively, with no overt response required. As such, the MMN is one of the few established neural measures of
auditory processing that does not require a high degree of instruction,
overt attention, or active participation from the research participant
(Bishop, 2007; Näätänen et al., 2012). This makes the MMN attractive to
researchers studying individuals with ASD, whose verbal and cognitive
abilities range across a wide spectrum; for paradigms measured in an active setting that require subjects to follow instructions, pay attention to
stimuli, or perform a behavioral task, variations in subjects’ abilities undoubtedly aﬀect the measured response. To make meaningful cross-group
comparisons from experiments that include subjects with and without
verbal and cognitive deﬁcits, it is important to use a paradigm for which
performance is not signiﬁcantly inﬂuenced by attention or other higherlevel cognitive processes.
Many passive MMN experiments have been conducted on the ASD
population, but there is no consensus across studies as to whether or not
people with ASD exhibit a diﬀerent MMN response to auditory deviants.
Some publications have reported heightened and/or earlier MMN responses to acoustic deviants in ASD, suggesting greater auditory sensitivity
to changes in acoustic stimuli (Gomot et al., 2011; Lepistö et al., 2007).
Other publications have reported suppressed and/or delayed MMN responses to acoustic deviants in ASD, indicating a weaker sensitivity
(Andersson et al., 2013; Yu et al., 2015). Still others have reported mixed
results, such that some deviant stimuli elicit group diﬀerences while others
do not (Lepistö et al., 2005; Lepistö et al., 2008). While several past reviews have described these conﬂicting ﬁndings (Foss-Feig et al., 2012;
Haesen et al., 2011; Kujala et al., 2013; Mcfadden and Rojas, 2013;
Näätänen and Kujala, 2011; O’Connor, 2012; Orekhova and Stroganova,
2014), none have critically evaluated which factors may account for similarities and discrepancies across studies.
This lack of consensus prompted us to conduct a meta-analysis exploring whether there are methodological or stimulus diﬀerences that
explain apparent inconsistencies across studies. We compared MMN
response amplitude and MMN response latency between individuals
with ASD and age-matched TD controls. We compiled the results from
all experiments that met our inclusion criteria into a comprehensive
statistical framework, treating each experiment or statistic as a single
data point in our analysis. Given the complexities of collecting EEG and
MEG data from individuals with ASD, sample sizes in individual studies
tended to be fairly small and lacked strong power on their own. Our

2. Methods
2.1. Literature search and screening criteria
Our meta-analysis and systematic review followed PRISMA guidelines (Moher et al., 2009). We began with a comprehensive literature
search to identify publications reporting experiments that measured
auditory MMN components in individuals with ASD, using the key
terms “MMN,” “MMF”, “mismatch negativity,” “mismatch ﬁeld,”
“oddball,” “autism,” and “ASD” on PubMed, ScienceDirect, and Google
Scholar. We used the following inclusion criteria:
(1) The publication had to include an experiment that used a paradigm
in which standard stimuli were more prevalent than the interspersed deviant(s).
(2) The publication had to include an experiment that collected data
with EEG or MEG.
(3) The publication had to include a passive listening experiment;
speciﬁcally, participants must have received no instructions to
listen and must not have been required to provide a behavioral
response (such as a hand raise or lever press) to detected deviant
stimuli. This requirement reduces any inﬂuence of top-down modulation of neural responses, allowing for a fair comparison of neural
responses from TD listeners and the more heterogeneous ASD
sample, which included listeners with cognitive deﬁcits.
2.2. Inclusion criteria for meta-analysis
Following our initial screening of publications, we established additional criteria for the inclusion of publications in our meta-analysis
(Fig. 1). The publication had to include an experiment that reported
means, variation of the mean (i.e., standard error or standard deviation
of the mean), and sample sizes of either MMN amplitude or latency for
both an ASD and a TD comparison group. These descriptive statistics
were necessary to calculate eﬀect sizes for the meta-analysis. If any of
this information was missing from the publication, we contacted authors of studies published between 2011–20172 and invited them to
provide us with that information. Experimental statistics that compared
participants with ASD to participants with other neurodevelopmental
disorders (e.g., attention deﬁcit hyperactivity disorder, receptive developmental language disorder, tuberous sclerosis, dyslexia) were not
2
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Fig. 1. Flow Chart of Selection for Meta-analysis. N values represent total number of publications in which experiments were reported. Values were considered as from regions of
interest (ROI) when EEG data was collected from mid-frontal electrodes and MEG data was source localized to supratemporal generators.

diﬀered within data sets (Qw) and between data sets (Qb) (Schwarzer
et al., 2015). If there was no signiﬁcant between-experiment heterogeneity within a single set of data (Qw), it would suggest that there was
a consensus across that set of experiments. Similarly, if there was no
signiﬁcant heterogeneity between two sets of data (Qb) (e.g., data from
speech and nonspeech experiments), it would suggest that the sets of
results showed similar eﬀects. These methods used DerSimonian and
Laird (1986)’s estimator for tau and an inverse variance method for
calculations. When heterogeneity between experiments was signiﬁcant,
we computed the eﬀect size using a random eﬀects model; when it was
not signiﬁcant, we computed it with a ﬁxed eﬀects model.
To test for publication bias across reports, we used Egger’s weighted
linear regression intercept test with signiﬁcance threshold set to
alpha = 0.05 (Egger et al., 1997). This allowed us to determine whether
what has been published accurately represents all completed research
in the ﬁeld, and, in turn, whether or not the data we were analyzing was
inherently biased. For example, a signiﬁcant publication bias may be
suspected if group diﬀerences, like reductions in MMN in ASD, were
only published in studies with small sample sizes, or null results were
only published in studies with large sample sizes.

included. EEG results had to be reported for mid-frontal electrodes (Fz,
or if not available, an average of left and right midfrontal channels); we
also included any MEG results that localized source activity attributable
to supratemporal generators, such as the superior temporal gyrus
(which would appear in mid-frontal electrodes in EEG measurements).
To investigate early, automatic processes of mismatch detection, only
statistics from latency windows between 50 and 400 ms were used in
the meta-analysis. When statistics were available for speciﬁc age
groups, we used these data to analyze the inﬂuence of age on MMN
diﬀerences between ASD and TD groups.

2.3. Meta-analysis
We performed all meta-analyses with the ‘meta’ package in R
Version 3.1 (CRAN, 2015; Schwarzer et al., 2015). Meta-analyses operated on eﬀect sizes, which were derived from the results of each experiment. Eﬀect sizes were calculated based on the magnitude of the
diﬀerence in MMN amplitude or response latency between ASD and TD
participants, taking into account the variance of the diﬀerence and the
sample sizes of each group. We determined Cohen’s d eﬀect size using
Hedges’ g, the bias-corrected standardized mean diﬀerence estimation
(SMD) (Cohen, 1988). Positive SMD values reﬂected a smaller value in
the ASD group, while negative SMD values corresponded to a larger
value in the ASD group. Pooled deviation was computed based on
parameters of standard deviation and sample size; pooled deviation was
then used to calculate the 95% conﬁdence intervals for the eﬀect size.
Statistical variability between experiments, referred to as “betweenexperiment heterogeneity,” was assessed ﬁrst across all experiments,
then across experiments that counterbalanced stimuli, and ﬁnally separately for speech and nonspeech experiments. To assess betweenexperiment heterogeneity, we used the Cochran’s Q statistic (Cochran,
1954), where a nonsigniﬁcant value (above an alpha threshold of 0.05)
indicated no signiﬁcant variance (Schwarzer et al., 2015). In particular,
we used Cochran’s Q statistic to determine whether or not the eﬀect size

2.4. Subject characteristics
To investigate the eﬀects of age on MMN group diﬀerences, we
collected mean and variance values for each age in years for ASD
groups.
In addition, we quantiﬁed MMN eﬀect sizes as a function of verbal
reasoning ability. Verbal reasoning skills are highly variable in ASD.
Across the studies included in this meta-analysis, there was no single
measure used to assess verbal reasoning ability. To quantify the role of
verbal reasoning on group eﬀect size, we used verbal intelligence quotients
(VIQ), when reported. Publications that reported VIQ scores for the ASD
group and were included in our analysis of VIQ used the Wechsler
Intelligence Scales and the Stanford Binet (WAIS-R, Wechsler, 1981; WISC108
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Table 1a
Summary of 22 publication sources used in meta-analysis.
n

Mean (SD or Range)

ID

Source

Stimuli

TD

AUT

Age (years)

AUT AGE

AUT VIQ

VIQ Measure

MMN Analysis Window
(ms)

Std-Dev

1
2
3
4
5
6
7

Andersson et al. (2013)
Dunn et al. (2008) (passive)
Fan and Cheng (2014)
Ferri et al. (2003)
Gomot et al. (2002)
Gomot et al. (2011)
Jansson-Verkasalo et al. (2003)

C
P
CS
P
P
P
PS

12
34
20
10
15
27
11

11
34
20
10
15
27
10

∼16
6–13
18–29
6–19
5–9
5–11
7–12

16.0 (0.8)
9.3 (2)
21.5 (3.8)
12.3 (4.9)
6.8 (1.3)
8.3 (1.7)
9.1 (1.5)

92 (5)
84 (23)
NR
NR
50 (27*)
43 (14*)
NR

WISC-III
SB-IV
WAIS-IV
NR
BL-R, EDEI-R
BL-R, EDEI-R
NR

No
Yes
No
No
No
No
No

19 (5F)

7–14

10.6 (0.9)

NR

NR

13 (0F)
8 (4F)
10 (2F)
13 (2F)
15 (2F)

14 (0F)
8 (4F)
8 (2F)
15 (4F)
15 (2F)

9–13
22–43
12–42
8–12
7–12

11.2 (NR)
33 (NR)
27 (5.6)
10.8 (0.9)
9.4 (NR)

107 (NR)
NR
103
112 (19)
59 (40–90)

No
No
No
No
Yes

CS
CS
S

10 (2F)
9 (1F)
16 (1F)

10 (2F)
9 (2F)
10 (1F)

7–10
20–41
6–11

8.11 (NR)
27 (NR)
9.1 (NR)

108 (86-129)
104 (90-126)
54 (41–70)

WISC-III
WAIS-R
NR
WISC-III
WISC-III, WPPSIR
WISC-III
WAIS-R
WISC-III

140–220
163–213
150–250
NR, Approx 109–147
140–230
120–250
P: 150–320,
S: 200–380
1: 85–140
2: 140–220
150–350
116–225
100–250
200–320
100–400

8

Jansson-Verkasalo et al. (2005)

P

18 (9F)

9
10
11
12
13

Korpilahti et al. (2007)
Kujala et al. (2005)
Kujala et al. (2007)
Kujala et al. (2010)
Lepistö et al. (2005)

S
S
C
S
CS

14
15
16
17
18
19
20
21

Lepistö et al. (2006)
Lepistö et al. (2007)
Lepistö et al., (2008) (constantfeature)
Lepistö et al. (2009) (oddball)
Ludlow et al. (2014)
Roberts et al., 2011
Seri et al. (1999)
Weismüller et al. (2015)

100–400
100–400
100–400

Yes
Yes
No

P
S
P
P
PS

14 (2F)
11 (0F)
27 (15F)
7 (NR)
15 (0F)

16 (3F)
11 (0F)
51 (2F)
7 (NR)
18 (0F)

7–10
11–16
6–15
7–10
6–15

8.1 (NR)
13.0 (1.1)
9.36 (2.11)
8.3 (0.69)
9.4 (2.4)

113 (90–145)
101 (10)
Approx. 40-120
NR
NR

WISC-III
NR
CELF-IV
NR
WISC-IV

100–300
NR
150–350
130–250
120–300

PCS

1: 16 (3F)

1: 18
(2F)
2: 16
(1F)

6–13

1: 9.3 (1.8)

NR

NR

100–250

No
No
Yes
No
S: Yes
P: No
No

22

Yu et al. (2015)

(0F)
(14F)
(1F)
(0F)
(3F)
(6F)
(4F)

2: 18 (6F)

(0F)
(9F)
(1F)
(0F)
(3F)
(6F)
(4F)

No

2: 9.6 (1.3)

P = Pure tone; C = Complex tone; S = Speech; (SD)* = SD calculated from SD = S.E.M. * √N; NR = Not reported; NR-NWNL=Not reported but indication of not-within normal limits;
NR-WNL=Not reported but indication of typical range of scores (within normal limit); Italicized IQs indicate values are Developmental Quotients rather than Intelligence Quotients.
Asterisks are placed by the VIQ measures used in our statistical analysis. VIQ or Language Measures: CELF-III=Clinical Evaluation of Language Fundamentals—Third Edition (Semel
et al., 1995); EDEI-R=Échelles Diﬀérentielles d'Eﬃciences Intellectuelles—Revised (Perron-Borelli, 1978); PPVT-III=Peabody Picture Vocabulary Test—Third Edition (Dunn and Dunn,
1997); SB-IV=Stanford Binet, Fourth Edition (Thorndike et al., 1986); WAIS-R=Wechsler Adult Intelligence Scale—Revised (Wechsler, 1981); WISC-R=Wechsler Intelligence Scale for
Children—Revised (Wechsler, 1974); WISC-III=Wechsler Intelligence Scale for Children—Third Edition (Wechsler, 1991); WISC-IV=Wechsler Intelligence Scale for Children—Fourth
Edition (Wechsler, 2003); WPPSI-R=Wechsler Preschool and Primary Intelligence Scales—Revised (Wechsler 1989).

complex tones (i.e., periodic stimuli made up of multiple harmonics).
Often, the frequency content of the complex tones was shaped to mimic
the formant structure of a certain vowel, so that they simulated detection of phonemic changes; however, such stimuli did not contain the
natural spectrotemporal structure of typical speech so we classiﬁed
these spectrally shaped tones as nonspeech. We further classiﬁed experiments by the type of deviant presented. Most commonly, deviants
diﬀered in phoneme, pitch (i.e., fundamental frequency), or duration.
Less commonly, deviants diﬀered in aﬀective prosody, intensity,
rhythm, or spatial location.
From the distribution in Fig. 2a, it is clear that experiments on
children included samples with below-average verbal skills (mean
verbal IQ below 80), samples with average or above-average verbal
skills (mean verbal IQ above 90), and samples with a mixture of low
and average or above-average verbal skills abilities (mean VIQ between
80 and 90). In contrast, studies focused on adolescents and adults included only individuals with average or above-average verbal skills. In
addition, nonspeech stimuli were more commonly used in experiments
conducted on participants with below-average verbal IQ, whereas studies on participants with average or above-average verbal IQ included
both speech and nonspeech stimuli.
A summary of our meta-analysis across all appropriate experiments in
the 22 publications (67 experiments) reporting MMN amplitude and latency appears in Table 2. There were no overall signiﬁcant group diﬀerences in amplitude or latency. However, eﬀect sizes were not consistent,
with signiﬁcant between-experiment variability. Across the studies from

III, Wechsler, 1991; WISC-IV, Wechsler, 2003; WPPSI-R, Wechsler, 1989;
SB-IV, Thorndike et al., 1986). While not identical, strong positive correlations have been found between Weschler tests (Ross and Morledge,
1967; Shahim, 1992), as well as between the Weschler tests and the
Stanford Binet, Fourth Edition (Frandsen and Higginson, 1951), suggesting
that the measures capture similar constructs.

3. Results
3.1. Full meta-analysis
Our systematic literature review identiﬁed a total of 38 publications
published between 1980 and 2017 that had at least one experiment that
measured EEG or MEG using a passive auditory mismatch negativity
paradigm (Tables 1a and 1b). Twenty-two of these publications included experiments that met all our criteria, yielding a total of 67 separate experiments; each of these experiments explored group diﬀerences between ASD and TD listeners based on MMN amplitude and/or
latency (Table 1a). From these experiments, data from a total of 857
ASD and 831 TD subjects were included in this analysis.
Fig. 2a summarizes how the selected 67 experiments characterized
deviance detection in diﬀerent subject groups. We ﬁrst classiﬁed experiments by the type of auditory stimuli used (either natural speech or
nonspeech). Speech stimuli included naturally spoken consonants and/
or vowels (e.g., “a” and “o” or “ba” and “wa”), or words (e.g., “pie” and
“bye”). Nonspeech stimuli included pure tones (i.e., pure sinusoids) or
109
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Table 1b
Summarized information of additional 16 publications considered in initial systematic review.
n

Mean

ID

Source

Stimuli

TD

AUT

Age (years)

AUT

AUT

VIQ Measure

MMN Analysis Window
(ms)

Std-Dev

23

Abdeltawwab and Baz (2015)

P

30 (12F)

31 (7F)

6–17

NR-NWNL*

NR

∼150–200

No

24
25
26
27
28

Bruneau et al. (2014)
Ceponiene et al. (2003)
Courchesne et al. (1984) (passive)
Donkers et al. (2015)
Edelson et al. (1999)

P
PCS
S
P
P

NR
10 (1F)
7 (NR)
39 (8F)
0 (0F)

NR
9 (1F)
7 (NR)
28 (6F)
5 (NR)

6–14
6–13
13–21
4–12
4–39

NR
NR-NWNL*
71 (NR)
NR
NR

NR
RDLS
PPVT
NR
NR

NR
176–248
NR
NR
NR

No
No
No
No
No

29

Kasai et al. (2005)

PS

19 (6F)

9 (3F)

15–38

NR-NWNL*

WAIS-R

100–250

No

30
31
32
33
34

Kemner et al. (1995) (passive)
Kuhl et al. (2005)
Lincoln et al. (1993,1995) (passive)
Niwa et al. (1983) (passive)
Novick and Vaughan, (1980) (missing
stimulus paradigm)
Oades et al. (1988)

S
S
P
P
P

20 (4F)
15 (2F)
10 (NR)
5 (4F)
5 (NR)

20 (4F)
29 (3F)
10 (NR)
4 (0F)
5 (NR)

6–13
2–5
8–14
11–22
Adolescent

11.3
(2.8)
NR
8.9 (2)
NR
7.5 (2.2)
11.6
(NR)
27.2
(7.7)
9.8 (1.5)
3.8 (NR)
NR
14.9
NR

80 (19)
NR
58 (12)
NR
NR

WISC-RN
MSEL
WISC-R
WAIS, WISC
NR

150–325
250–400
NR
NR
NR

No
No
Yes
No
No

P

9 (NR)

7 (NR)

5–18

NR

BAS

NR

No

Novick and Vaughan, (1980); Oram Cardy
et al. (2005)
Tecchio et al. (2003)
Whitehouse and Bishop (2008)

PC

9 (4F)

7 (0F)

8–17

81 (16)

80–150

Yes

P
CS

10 (2F)
15 (0F)

14 (3F)
15 (0F)

8–32
7–15

WISC-3, WAIS-3,
CELF-4
NR
Verb Test for Rec of
Gram

100–250
NR

No
No

35
36
37
38

11.3
(4.0)
11.9
(3.1)
16 (9)
10.4
(NR)

NR
94 (70–113)

P = Pure tone; C = Complex tone; S = Speech; (SD)* = SD calculated from SD = S.E.M. * √N; NR = Not reported; NR-NWNL=Not reported but indication of not-within normal limits.
NR-WNL=Not reported but indication of typical range of scores (within normal limit). Italicized IQs indicate values are Developmental Quotients rather than Intelligence Quotients. VIQ
or Language Measures: BAS = British Ability Scales (Elliott et al. 1983); MSEL = Mullen Scales of Early Learning (Mullen, 1984); PPVT = Peabody Picture Vocabulary Test (Dunn et al.,
1965); RDLS-2=Reynell Developmental Language Scales—Second Revision (Reynell and Huntley, 1985); VTRG = Test for Reception of Grammar (Bishop, 2005); WISC = Wechsler
Intelligence Scale for Children (Wechsler, 1949); WISC-RN=Wechsler Intelligence Scale for Children, Version—Revised, Dutch Version (Van Haasen et al., 1986); WAIS = Wechsler Adult
Intelligence Scale (Wechsler, 1955).

Fig. 2. Histogram of (A) all 67 experiments included in this meta-analysis and (B) 24 counterbalanced experiments. Experiments are classiﬁed by average age and verbal
intelligence standard score of ASD participants. Average or above-average verbal intelligence (“Average VIQ”) is deﬁned by average standard scores of 90 or above. Below average verbal
IQ (“Low VIQ”) is deﬁned by average standard scores below 80. Samples that fall between average standard scores of 80 and 90, around the cutoﬀ score for disability (85) are considered
as “Combined Low and Average” VIQ samples. Experiments are also classiﬁed based on the auditory feature which is deviating (“Deviant Type”) and the nature of the stimuli (“Speech” or
“Nonspeech”). The “Other” category includes experiments that deviated stimuli based on “emotional content” (e.g., cheerful, angry, commanding, or sad), gap, or location.
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Table 2
Eﬀect Size and Tests of heterogeneity between experiments comparing MMN amplitude and MMN latency between ASD and TD groups.
Test of Heterogeneity

Eﬀect Size

Sample

Q

df

p value

T2

H

I2 [95% CI]

SMD [95% CI]

z-score

p value

Amplitude Measures: All
Amplitude Measures: Counterbalanced
Amplitude Measures: Speech
Amplitude Measures: Nonspeech
Latency Measures: All
Latency Measures: Counterbalanced

98.48
24.07
11.27
10.87
154.32
67.03

63
23
10
12
49
18

< p = .01
0.40
0.34
0.54
< p = .01
< p = .01

0.09
p = .01
p = .02
0.00
0.36
0.47

1.25
1.02
1.06
1.00
1.79
1.93

36.0 [13–53]
4.4 [0–35]
11.2 [0–51]
0.0 [0–52]
68.9 [58–77]
22.9 [0–56]

p = .07 [−0.06 to 0.20]
0.15 [−p = .02 to 0.32]
p = 0.01 [−0.25 to 0.27]
0.25 [p = .03–0.46]
−p = .02 [−0.22 to 0.19]
p = .16 [−0.20 to 0.53]

1.1
1.78
p = .07
2.26
−0.14
0.89

0.27
p = .07
0.94
p = .02
0.89
0.37

Results are computed for all experiments in the meta-analysis and experiments that counterbalanced standards and deviants. Positive SMD values correspond to the ASD group’s overall
reduction in that metric, while negative values represent an increase.
Fig. 3. Symmetrical funnel plots suggest no evidence of
publication bias based on amplitude eﬀect sizes from (A)
the full sample and (C) the counterbalanced sample. In
contrast, some evidence of publication bias based on latency eﬀect sizes from (B) the full sample and (D) the
counterbalanced sample. Egger’s regression tests: A.
Intercept = -1.23 [95% standard error conﬁdence interval:
−2.88 to 0.41], t = − 1.47, p > .05; B. Intercept: 3.16 [95%
standard error conﬁdence interval: −5.90 to −0.42],
t = − 2.26, p = .02. C: Intercept: 0.57 [95% standard error
conﬁdence interval: -1.55–2.68], t = 0.53, p > .05. D:
Intercept: −6.03 [95% standard error conﬁdence interval:
-11.29 to −0.76], t = -2.24, p = .04.

addition, the majority of participants in these studies had average or
above-average verbal IQs.
A meta-analysis on this data set revealed a standardized mean difference between ASD and TD groups in their MMN amplitude of 0.15
[−0.01 to 0.32], p = .07 (Fig. 4; Table 2). Although the group diﬀerence in MMN response did not reach statistical signiﬁcance, there was a
trend for children and adults with ASD, collectively, to show smaller
MMN amplitudes than their TD peers. Tests of heterogeneity conﬁrmed
that the experiments measuring MMN amplitude produced consistent
results. Just as in the full sample, there was no evidence of publication
bias for MMN amplitude (Fig. 3c). A meta-analysis of latency values
revealed that there were no signiﬁcant group diﬀerences. Furthermore,
there was still considerable within-sample variability and evidence of
publication bias (Fig. 3d). Therefore, we discontinued our analysis of
latency diﬀerences.

22 publications, eﬀect sizes for reported amplitude diﬀerences formed a
Gaussian distribution, indicating that studies selected for publication were
representative of all studies conducted on this topic (Fig. 3a). The available
data on latency diﬀerences from a total of 17 publications showed evidence of negatively-skewed publication bias; that is, published studies
with negative results were over-represented in small-scale studies compared to large-scale studies (Fig. 3b).

3.2. Deviant-standard counterbalanced experiments
The next stage of our analysis included only those experiments that
computed an MMN by taking diﬀerences in responses to physically
identical stimuli when they were presented as both a deviant and a
standard, which resulted in 24 experiments measuring MMN amplitude
and 19 experiments measuring MMN latency across 6 publications. A
total of 307 ASD and 280 TD subjects were included in the analysis of
MMN amplitude and a total of 255 ASD and 231 TD subjects were included in the analysis of MMN latency. Collectively, these experiments
included participants between the ages of 6 and 15 and adults over 21;
notably, none of these studies focused on adolescents (Fig. 2b). In

3.3. Eﬀects of stimuli and subject characteristics on amplitude diﬀerences

on
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Fig. 4. Meta-analysis of MMN amplitude diﬀerences in experiments that counterbalanced deviant and standard stimuli, organized by mean age of the ASD group. Eﬀect size is
governed by standardized mean diﬀerence value (SMD). Experiment indicated by “Publication Number, as indicated in Table 1: Stimulus type, Deviant Type, (Mean ASD Age)”. Stimulus
Type: P = Pure Tone, S = Speech, C = Complex Tone.

experiments using nonspeech and experiments using speech stimuli
(Fig. 5; Table 2). For nonspeech stimuli, MMN responses were signiﬁcantly smaller for individuals with ASD than for TD controls (SMD

eﬀect size = 0.25, p = .02). In contrast, there were no signiﬁcant group
diﬀerences for experiments investigating responses to speech stimuli
(SMD eﬀect size = 0.009, p > .05). However, there was no signiﬁcant

Fig. 5. Size of group diﬀerences in MMN amplitude given stimulus type and mean age of ASD group. Data point sizes are weighted based on the experiment’s full sample size.
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measurement; in particular, many of those experiments used stimuli
that were not counterbalanced. Diﬀerences in the physical nature of
standard and deviant stimuli can give rise to diﬀerent evoked EEG responses, a confound for studies evaluating only the contextual eﬀects of
the stimuli. Speciﬁcally, the N1 response – which occurs only slightly
before the MMN onset – can vary signiﬁcantly with the acoustic properties of a stimulus (Duncan et al., 2009; Kujala, 2007). Diﬀerent
acoustic features in standard and deviant stimuli can contaminate the
standard-deviant diﬀerence waveform that is computed to quantify the
MMN (Kujala, 2007). As a result, the “MMN” produced by subtracting
these unmatched standard and deviant responses do not solely contain
response components that reﬂect eﬀects of context and detection of an
unexpected stimulus.
For example, in this analysis, of the 11 experiments that measured
detection of pitch change and did not counterbalance, 8 used deviants
that were higher in pitch than their relative standards. In these experiments, the “MMN” might be partially attributable to the fact that
the N1 response is larger for high-pitched than low-pitched sounds.
Such an eﬀect could be especially signiﬁcant for those participants with
ASD who are particularly sensitive to high pitches (Bonnel et al., 2003;
Bonnel et al., 2010). Similarly, in three of the four experiments that
measured duration deviance and did not counterbalance stimuli, the
duration of the deviant was shorter than the standard. Under such
conditions, the N1 oﬀset to the deviant occurs prior to the N1 oﬀset to
the standard due to nonlinear eﬀects in the auditory periphery (Kujala,
2007). This diﬀerence wave in N1 response could either be misinterpreted as an MMN or obscure the real presence of an MMN (Kujala,
2007). Although counterbalancing signiﬁcantly lengthens the duration
of an experiment, we recommend that future experiments compute
MMNs by using identical stimuli as “standards” and “deviants” in different blocks. Taking this approach, the MMN will capture stimulus
change detection and ensure response components are not due to differences in responses to diﬀerent sounds.

diﬀerence between the distribution of eﬀect sizes resulting from speech
and nonspeech experiments when the two were directly compared
(Qb(1) = 1.93, p = .16).
To examine whether or not the mean age of the ASD participants
inﬂuenced results, we ran a linear regression in R Version 3.1 (CRAN,
2015; for similar example, see Erickson et al., 2015). Mean age of the
ASD group accounted for 25% of the variance in MMN amplitude eﬀect
size across experiments (R2 = 0.25, F(1,22) = 7.28, p = .01) and age
signiﬁcantly predicted eﬀect size (Beta = -.03, p = .01). Visual inspection of eﬀect size organized by mean age of the ASD group revealed
that the youngest cohorts of ASD subjects had MMN amplitudes that
were smaller than TD listeners, while adult cohorts of ASD subjects had
MMN amplitudes equal to or larger than those of their TD peers (Fig. 4).
A similar linear regression analysis on the inﬂuence of verbal IQ
explained only 3% of the eﬀect size variance (R2 = .03, F(1,19) = 0.60,
p = .45) and did not predict eﬀect size values (Beta = -0.004, p = .45).
In addition, when verbal IQ was included as a covariate in a linear
model that measured the degree to which age predicted eﬀect size, the
model accounted for 24.7% of the eﬀect size variance but was not
statistically signiﬁcant (R2 = 0.247, F(2,18) = 2.95, p = .08). In this
model, mean age still signiﬁcantly predicted eﬀect size (Beta = −.03,
p = .03). These results suggest that eﬀect size diﬀerences across age
cannot be explained solely by diﬀerences in verbal IQ.
4. Discussion
4.1. Summary
Although a fair number of past publications have investigated the
MMN in ASD, individual studies have come to diﬀerent conclusions. We
undertook our meta-analysis to try to resolve these diﬀerences. Instead,
our analysis revealed several important limitations of these studies.
First, the majority of published studies included fewer than 20 participants per group. Such small sample sizes lead to problems when aggregating the data on group diﬀerences in MMN latency, since our
analysis suggests that negative or null eﬀect size results are reported
more often in published small studies than in large studies.
Furthermore, results from underpowered, small-sample studies are inherently less reliable and noisier than results from larger studies, which
limits the power of our meta-analysis. Second, only 24 of the originally
identiﬁed 67 studies measured MMNs with a rigorous design in which
physically identical auditory stimuli were presented as standards and as
deviants in diﬀerent experimental blocks. Third, certain ages and verbal
proﬁles, particularly adolescents and individuals with below-average
verbal proﬁles, were not well represented in the pool of subjects tested.
These issues may help explain some of the apparent variability across
ﬁndings. Once we restricted our meta-analysis to include only appropriately counterbalanced experiments, we found amplitude eﬀect sizes
to be more consistent. Within this counterbalanced sample, there was
no signiﬁcant diﬀerence between groups in either MMN amplitude or
MMN latency. However, there was a trend for ASD subjects to show
smaller MMN amplitudes in response to deviant sounds than their TD
peers, a ﬁnding warranting further investigation. When we divided our
analyses by stimulus type, subjects with ASD had a signiﬁcantly reduced MMN amplitude response to nonspeech, but not speech, deviants. In addition, younger children with ASD tended to exhibit reduced amplitude responses (i.e., greater eﬀect sizes) while adults
tended to show equal or larger amplitude responses than TDs (i.e.,
lower eﬀect sizes). Moreover, no signiﬁcant eﬀects could be attributed
to diﬀerences in verbal reasoning.

4.3. Variations in stimulus features
Prior reports have suggested that group diﬀerences between ASD
and TDs are speciﬁc to either speech or nonspeech stimuli (Fan and
Cheng, 2014; Jansson-Verkhasalo et al., 2003; Lepistö et al., 2007;
Weismüller et al., 2015; Yu et al. 2015). Of the experiments using
nonspeech stimuli, the majority employed complex tones, not pure
tones. In our meta-analysis of nonspeech experiments, ASD subjects had
smaller MMN responses than TD subjects. These results suggest that
complex tone deviants lead to smaller MMN responses in people with
ASD. This ﬁnding corroborates prior work concluding that individuals
with ASD have weak neural and behavioral responses to changes in
complex nonspeech stimuli, perhaps due to a weak encoding of spectrally and temporally complex, dynamic information (Samson et al.,
2006). Further, our results support prior work arguing that deﬁcits in
nonspeech auditory processing are present in ASD (Foss-Feig et al.,
2012). Thus, people with ASD, especially children, may be less eﬃcient
in their pre-attentive and automatic processing of auditory regularities
in nonspeech stimuli, which is measured by the MMN.
In contrast, our meta-analysis showed no signiﬁcant MMN group
diﬀerences in response to speech-based stimuli. Features of early auditory discrimination that arise from deviations in low-level features
such as pitch, duration, or intensity deviants should cause similar effects whether the stimuli are nonspeech or speech. However, speechbased stimuli were often used when measuring sensitivity to phonetic
deviants, a process which may rely on later stages of cortical processing. Of note, the few studies included in our meta-analysis and systematic review that analyzed results in later latency windows
(minimum of window starting at 200 ms) measured speech-elicited
neural responses. Processing of speech-feature change may be reﬂected
in later ERP/ERF components like the P3 (Cui et al., 2017; Haesen et al.,
2011), rather than relatively early responses like the MMN, which we

4.2. Importance of counterbalanced experiments
When we considered eﬀect size of group diﬀerences across all 67
experiments that met our initial inclusion criteria, no consistent pattern
emerged. This was perhaps due to major inconsistencies in MMN
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reﬂected in the large variability across studies (Peters et al., 2010).
Meta-analyses of the MMN in populations with other clinical conditions
(e.g., attention deﬁcit hyperactivity disorder, speciﬁc language impairment and dyslexia, and schizophrenia) have not reported on latency
group diﬀerences, perhaps because of a similar paucity of such studies
(Cheng et al., 2016; Bishop, 2007; Erickson et al., 2015; Umbricht and
Krljesb, 2005). It is also likely that few studies report on latency because it is a relatively unreliable way to quantify noisy ERP/ERF data,
especially when there may not be deﬁnitive, sharp component peaks
(Luck, 2005; Bishop, 2007). These issues with noise become especially
relevant when analyzing ERPs/ERFs from young children and individuals with neurodevelopmental disorders. The sole MEG study that
we found matching our inclusion criteria had large, positive ﬁndings. It
may be that MEG data are more sensitive to latency diﬀerences in STG
sources than are EEG data from fronto-central scalp channels; however,
with only one study matching our criteria, it is not known if this difference is replicable. Future reﬁnements in EEG/MEG analysis techniques are needed to make it possible to calculate latency with greater
precision.

analyzed. Further investigation comparing late ERP/ERF components in
ASD and TD populations should be undertaken to examine whether
later neural processing stages for speech stimuli diﬀer between these
populations.
4.4. Variations in subject characteristics
In addition to our primary meta-analysis, we characterized how
group diﬀerences in MMN amplitude change across development. This
choice was motivated by evidence that the MMN changes over the
course of typical developmental and the fact that ASD is a developmental
disorder (Martin et al., 2003; Shafer et al., 2000). We found that age
accounted for 25% of the variability in MMN amplitude. Studies on
young children tended to produce the greatest eﬀect sizes, representative of reduced amplitude response in ASD. Studies on adults
tended to produce the most negative eﬀect sizes, representative of equal
or larger amplitude responses in ASD. However, there were no studies
that counterbalanced stimuli and focused on adolescents with ASD. This
gap prevented us from fully characterizing age diﬀerences in MMN
amplitude in ASD compared to TD. Further, the available data was
based solely on cross-sectional data. Future studies using a longitudinal
approach may uncover whether young children with absent or reduced
MMNs develop mature MMN responses with age.
While the conclusions we can make about MMN across age are
constrained by limited data, the results of our analysis complement
parent-reported data on children with ASD, which suggest that 1) atypical auditory processing in ASD decreases with age (Kern et al., 2006)
and 2) sensory modulation symptoms, including abnormal sensitivity to
sound, are greatest in middle childhood between the ages of 6 and 9,
decreasing thereafter (Ben-Sasson et al., 2009). The parallels between
these reports and our ﬁndings point to a potential link between neural
response to sounds and an overt sensitivity to sounds that should be
explored in future studies.
Given the postulated link between auditory processing and language
development in ASD, we also considered the verbal reasoning abilities
of subjects across studies (Kujala, 2007). Our ﬁndings ﬁrst and foremost
demonstrate that the MMN response in individuals with below-average
verbal reasoning abilities is still highly understudied. The set of available data was skewed, with the majority of children between the ages of
6 to 8, as well as adults, displaying average or above-average verbal
reasoning and the majority of children between the ages 9 to 12 displaying below-average verbal reasoning. Still, verbal IQ, a measure of
verbal reasoning abilities, did not signiﬁcantly predict individual experiment group diﬀerences or account for diﬀerences in eﬀect size already predicted by age, which reduces concern that diﬀerences in the
distribution of verbal reasoning in diﬀerent age groups biased our
ﬁndings.
Of the 67 MMN studies identiﬁed by our meta-analysis, only 15
included individuals with below-average verbal IQ (standardized mean
scores of less than 80), the majority of whom were younger than 12.
Researchers need to be aware that there are few studies that include
individuals with low verbal ability and work to ﬁll this gap, e.g., using a
passive auditory MMN paradigm (Bishop, 2007; Näätänen et al., 2012).

4.6. Future directions
While we initially identiﬁed a large number of published studies
describing the MMN component in ASD, only a handful computed the
MMN by comparing standard and deviant responses for acoustically
identical stimuli, and even fewer contributed data that could help us
identify diﬀerences between groups inﬂuenced by age or verbal reasoning abilities. Among those that measured the MMN, many had small
sample sizes, leading to relatively low statistical power. For future work
to identify individuals with ASD who are most susceptible to auditory
processing deﬁcits, counterbalanced paradigms need to be administered. These paradigms should be applied to large sets of subjects, from
young children through adults, that display a range of severity in their
clinical ASD features and language abilities. Based on MMN studies in
typically developing adults, there are recommendations for procedures,
stimulus design, recording, and analysis techniques that elicit a robust
MMN (Duncan et al., 2009; Pakarinen et al., 2007). Such recommendations should be followed when testing individuals with ASD
to produce robust, consistent results that can be compared across studies.
Most research has compared average response magnitudes between
ASD and TD. Looking across these studies, we found no major group
diﬀerences; we hypothesize that this is in part due to the heterogeneous
nature of ASD. While group-level analysis is important, future research
should also consider whether individual diﬀerences can be measured
reliably in MMN responses. For instance, researchers can investigate
metrics such as the percentage of each group that showed a reliable
MMN (Bishop and Hardiman, 2010; Dunn et al., 2008). Subjects in the
ASD population who do not demonstrate a reliable MMN response may
also tend to share a common phenotypic or clinical feature; this kind of
result could allow MMN measures to help identify distinct subgroups
within the heterogeneous ASD population.
A few of the studies that we reviewed did look at the relationship
between MMN response magnitude and phenotypic characteristics
other than verbal reasoning (Andersson et al., 2013; Gomot et al., 2011;
Kuhl et al., 2005), but because similar measures were not readily
available across studies, we could not combine results in a meaningful
way in our meta-analysis. Studies on other brain-based disorders such
as schizophrenia have demonstrated associations between MMN amplitude and clinical characteristics such as symptom severity and
duration of symptoms (Daltrozzo et al., 2007; Erickson et al., 2015;
Light and Braﬀ, 2005; Umbricht and Krljesb, 2005). Given these successes, it seems promising to investigate relationships between established and commonly used measures of ASD severity (e.g., Autism Diagnostic Observation Schedule Calibrated Severity Score; Gotham et al.,
2009), language (e.g., Peabody Picture Vocabulary Test, Version 4;

4.5. Consideration of latency
While there was a trend towards signiﬁcant diﬀerences in amplitude
between ASD and TD groups, MMN latency did not diﬀer across groups.
However, only 19 counterbalanced experiments across 4 publications
examined MMN latency, sampling a total of 486 participants (255 ASD
and 231 TD). Signiﬁcant variability was evident within both the whole
sample and the counterbalanced-only sample. This variability was
driven considerably by one large study that reported large positive
results; all other studies included in this analysis had small eﬀect sizes
clustered around zero. Moreover, while signiﬁcant publication bias was
identiﬁed, its impact cannot be fully isolated from other ﬁndings
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Dunn and Dunn, 2007), and MMN in future studies.
Considerable work is necessary to determine whether reduced
MMNs in young children translate to poorer outcomes in language or
other cognitive domains (Friedrich et al., 2004; Leppänen et al., 2002).
Still, the MMN is detectable in infants as young as 8 weeks old
(Friederici et al., 2002; Schall, 2015; Shafer et al., 2011; Trainor et al.,
2003) and subject-speciﬁc analysis may allow clinicians to use MMN
responses to identify children who have atypical cortical processing and
who thus might be prone to developing auditory processing deﬁcits.
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4.7. Conclusion
To our knowledge, our meta-analysis is the ﬁrst to empirically
evaluate the results from a large set of previously published studies
reporting MMN responses in ASD. Through this analysis, we found that
most studies on this topic were not designed with counterbalanced
stimuli and did not produce consistent results. When our analysis was
conﬁned to studies that used physically identical stimuli in standard
and deviant contexts, we found that there were still no major group
diﬀerences for MMN amplitude or latency, but that group diﬀerences in
amplitude became more consistent and changed as a factor of age. Still,
these ﬁndings were derived from an unrepresentative sample of individuals with ASD and underpowered studies using a small number of
participants. Given the heterogeneity of characteristics in ASD and
variability we ﬁnd, studies considering only between-group eﬀects may
be overlooking critical information about individual diﬀerences in
MMN response within the ASD group. These limitations expose major
gaps in the current literature on sound change detection in ASD that
future work will need to address.
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