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Abstract

Objective. Mismatch negativity (MMN) is an auditory event-related potential (ERP) used to
study schizophrenia and psychosisrisk. MMN reliability from a multisite, traveling subjects
study was compared using different ERP referencing, averaging, and scoring techniques.

Methods. Reliability of frequency, duration, and double (frequency+duration) MMN was
determined from eight traveling subjects, tested on two occasions at eight EEG laboratory sites.
Deviant-specific variance components were estimated for MMN peak amplitude and latency
measures using different ERP processing methods. Generalizability (G) coefficients were
calculated using two-facet (site, occasion), fully-crossed models and single-facet (occasion)
models within each laboratory to assess MMN reliability.

Results. G-coefficients calculated from two-facet models indicated fair (0.4<G<=0.6) duration
MMN reliability at electrode Fz, but poor (G<0.4) double and frequency MMN reliability.
Single-facet G-coefficients averaged across laboratory resulted in improved reliability (G>0.5).
Reliability of MMN amplitude was greater than latency, and reliability with mastoid referencing
significantly outperformed nose-referencing.

Conclusions. EEG preprocessing methods have a significant impact on the reiability of MMN
amplitude. Within site MMN reliability can be excellent, consistent with prior single site
studies.

Significance. With standardized data collection and ERP processing, MMN can be reliably
obtained in multisite studies, providing larger samples sizes within rare patient groups.

Keywords. Event-Related Potentials (ERP), Mismatch Negativity (MMN), EEG, Reliability,
Intra-class correlation coefficients (ICC), Psychosis
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I ntroduction

Mismatch negativity (MMN) is an event-related potential (ERP) component that is
automatically elicited by an infrequent deviant auditory stimulusthat differsin pitch, duration, or
another sound feature from a repetitive series of preceding “standard” stimuli. MMN is
considered to reflect sensory echoic memory, since the detection of auditory deviance depends
on the short-term online formation of a memory trace of the immediately preceding standard
sounds in the auditory processing stream, and can be measured using either
electroencephal ography (EEG) or magnetoencephal ography (MEG). The MMN has great
potential as an ERP biomarker because of its robust sensitivity to the pathophysiology of
schizophrenia[14, 39, 2] and its ability to predict transition to a psychotic disorder in individuals
at clinical high-risk (CHR) [31, 4, 36]. While the test-retest reliability of MMN has been the
focus of several studies witihin asingle laboratory, the reliability and consistency of the MMN
response across testing location must be evaluated in order to determine the suitability of this
ERP component for use in multi-site, clinical trials or longitudinal studies of psychosis.

Many prior test-retest reliability studies of MMN relied upon Pearson [30, 38, 20, 40, 35,
21] or Spearman [13, 34] correlation coefficients. This approach is somewhat limited in that such
coefficients only evaluate the degree to which MMN responses or ranks from two tests covary,
without considering whether responses are in close agreement from one test occasion to the next.
A better measure of such agreement istheintra-class correlation (ICC) coefficient [37]. Eight
studies[23, 18, 22, 24, 3, 33, 9, 25] have reported ICCs of MMN. In general, these studies have
found that MMN reponses are stable over time, further highlighting the potential for the
component to be used a biomarker in high risk populations [26]. Regardless of the reported
coefficient type, the majority of the above mentioned studies have only evaluated or compared
the impact of different paradigms or sound features used to dlicit the MMN. To the best of our
knowledge, no study has assessed the influence of different EEG signal processing choices, such
as the reference electrode or methods of artifact rejection, on the reliability of the MMN
responses despite the fact that these choices differ across reports.

In multi-site studies of the reliability of functional magnetic resonance imaging (fMRI)
data, generalizability (G) theory has been applied to facilitate descriptions of the different
sources of variance in blood oxygen level-dependent (BOLD) signal measurements [6, 15]. G-

theory applies a random effects modeling approach to partition sources of variance by
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calculating variance components for the effect of persons as well as other measurement factors,
or facets (e.g., study Site, testing occasion), and their interactions. The variance components can
then be used to calculate generalizability or dependability (G- or D-) coefficients. The G-
coefficient is relevant when relative measurements or differences between subjects are of interest
(e.g., a3 pV difference between MMN responses from a patient and control subject) while the
D-coefficient is relevant when absolute measurements are of interest (e.g., apatient hasa-3uV
MMN response). The identification of critical facets and estimation of associated variance
componentsis considered a G-study in the G-theory framework. While the G-study and
estimated variance components are sufficient to calculate both G- and D-coefficients, the theory
separately labels optimization of reliability coefficients for future studies or data collection
procedures as a decision study (or D-study). In the D-study, estimated variance components are
used to determine how many measurements are required to produce a sufficiently high G- or D-
coefficient, when averaging across facets such astest item or occasion.

The present study focuses on atwo facet, fully-crossed traveling subjects G-study of
MMN in the North American Prodrome Longitudinal Study (NAPLS), which isamulti-site
research consortium studying the mechanisms and predictors associated with psychosis onset.
The two facets were Site (NAPLS geographic location) and Occasion (test and retest day). The
fully-crossed design of this G-study indicates that all persons had MMN measured on two
occasions at each study site. Variance is partitioned into the main random effects of Person, Site,
and Occasion, their two-way interactions, and a final term corresponding to the three-way
interaction plus error. In the case of a multi-site G-study, such as the current study, the Person X
Site variance component would be part of the denominator of both G- and D-coefficients, but the
Site variance component would only be included in the denominator of the D-coefficient. Thus,
the D-coefficient will be less than the G-coefficient if the Site, Occasion and Site X Occasion
variance components are non-zero. As these three components approach zero, the D- and G-
coefficients converge. The present G-study design isidentical to previously published
physiology [7], fMRI [15, 27] and structural MRI [8] reports from the NAPLS consortium
because the same traveling subjects underwent EEG and MRI (for more details please see [1])
assessments on each test day. The main goals wereto (1) Quantify variance components and
associated G-coefficients representing the single site, single session reliability of MMN

measured with different scoring methods, averaging approaches, and reference electrodes; (2)
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Compare reliability of MMN using average mastoid versus nose references., and (3) Compare
reliability of MMN using two different averaging methods. Lastly, since previous MMN
reliability studies were conducted at a single laboratory site, individual laboratory site G-
coefficients were also calculated separately for each of the 8 NAPLS 2 sitesand a“home” site
model to allow for qualitative comparisons within the NAPLS consortium and the extant
literature.

Methods
Participants

Traveling Subjects Sample

One healthy participant was recruited from each of the eight NAPLS2 sites. EEG data
were collected on two consecutive test days at each Site, starting at each participant’ s home site
followed by a pseudo-random travel order to all other sites. The average number of days between
thefirst test occasion at each site was 7.3 (SD=7.6), and particpants completed all 16 EEG
sessionsin 29 to 80 days. Participants were between 19 and 31 years old (mean=27.74,
SD=3.99), and there were an equal number of males and females. All participants provided
written informed consent and the protocol was approved by the Institutional Review Boards at
each of the NAPLS sites.

Equipment

EEG

All participating data collection sites used BioSemi (www.biosemi.com) EEG acquisition
systems. Half (UCLA, Harvard, UNC, Yale) of these systems were equipped to record 64
channels of EEG, and half (Emory, Hillside, UCSD, Calgary) were equipped to record 32
channels.

Stimulus Presentation
All sites used Dell Optiplex Desktop computers to run the MMN task (described below).
These systems were configured to meet or exceed the minimum hardware requirements

recommended at the time of study launch (2009) by the stimulus presentation software provider,
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neurobehavioral systems (www.neurobs.com), with special attention paid to video and sound
cards. LCD monitors connected to a512MB ATI Radeon PCle video card by VGA cables were
used at each site. Auditory stimuli were delivered via ER1 Etymotic insert earphones connected
to a SoundBlaster X-Fi Xtreme Gamer PCI card. Subject responses were recorded with a Cedrus
RB-830.

Paradigms

Hearing Test

Auditory stimuli were presented through ER1 Etymotic insert earphones using
Presentation software. Prior to the MMN task, hearing levels were also assessed using the same
stimulus presentation software and hardware employed in the MMN task. The hearing thresholds
for three pure tones (500, 633, and 1000 Hz) were detected separately for each ear at the
beginning of every session. Thiswas accomplished by playing 50 ms duration tones of each
frequency in each ear, manipulating the “ attenuation” parameter within the software. The
attenuation value was set between 0 (no attenuation) and 1 (total attenuation). Starting with an
attenuation value of 1, the value was decreased in 0.05 increments until the subject indicated that
she had heard atone in the target ear by pressing aleft or right response button corresponding to
the ear in which the tone was detected. A 0.05 step in attenuation is theoretically equivalent to 5
dB, but in practice the actual change in dB depends on the auditory stimulus delivery device and
its frequency response function. Before starting the test, subjects were told to respond to the
tones played through the right or left ear insert, and that the tones would never be played in both
ears at the same time. After the subject’sfirst response to a specific tone, the attenuation value
was increased by 0.2 or set to 1, whichever was less, and the process was repeated until the
subject detected a tone from each frequency in each ear four times.

MMN Paradigm

Auditory stimuli delivery consisted of 85% standard tones presented for 50 ms at 633 Hz,
5% duration (DUR) deviants presented for 100 ms at 633 Hz, 5% frequency (FRQ) deviants
presented for 50 ms at 1000 Hz, and 5% double-deviants (DBL) presented for 100 msat 1000
Hz. A total of 1794 tones were presented over 3 separate blocks, with each block lasting
approximately 5 minutes. Tones were presented with 5 msrise and fall times and a 500 ms
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stimulus onset asynchrony. In an effort to reduce the effect of attention on the MMN ERPs,
participants were instructed to ignore auditory stimuli while focusing on a separate distractor
task. The distractor task consisted of a visual oddball paradigm that was run ssmultaneously with
MMN, and the presentation of the visual stimuli were jittered to avoid co-occurring visual
oddball and MMN ERP signals.

EEG Collection, Preprocessing, and ERP Averaging

Data Acquisition

EEG was recorded at 1024 Hz using either a 32-channel or 64-channel electrode cap.
Additional electrodes were placed on the face and mastoids, and an offline average mastoid
reference was used for the following data analysis. In the present study, data from one subject
on one test occasion were incomplete due to equipment malfunction, and required the
elimination of some sections of the continuous recording where shorting of the electrodes
occurred. Asaresult, lessthan half of thetotal trials were available for this test session from the
start of data preprocessing. For one additional subject and test occasion, operator error resulted
in no continuous EEG recording in one of the three test blocks. Due to the complicated study
design and small sample size, both of these recordings were included in all reliability analyses.

Preprocessing

EEG recordings were re-referenced to average mastoids and high-passfiltered at 1 Hz
before being segmented into 1000 ms epochs (-500 to 500 ms). Blinks and eye movement
artifacts were recorded by electrodes placed around the eyes and were corrected for by using the
ocular correction method outlined in Gratton, et al. [17]. Following baseline correction (-100 to O
ms), outlier electrodes were interpolated within single trial epochs based on previously
established criteria[28]. A spherical splineinterpolation [12] was applied to any channel that
was determined to be a statistical outlier (|z| > 3) on one or more of four parameters, including
variance to detect additive noise, median gradient to detect high-frequency activity, amplitude
range to detect pop-offs, and deviation of the mean amplitude from the common average to
detect electrical drift. Epochswith amplitudes greater than +£100 pV in any of the following
electrodes were rgjected: AF3, AF4, F3, Fz, F4, FC1, FC2, FC5, FC6, C3, Cz, CA4.
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ERP Averaging and MMN Measurement

ERP averages for al stimulus types were determined using a sorted averaging method
[32]. This method has been shown to reduce noise in the MMN waveform by averaging over the
subset of trials that optimizes the estimated signal to noise ratio (eSNR) for each subject. In this
data set, single-epoch root mean squared (RMS) amplitude values at each of the 12 electrodes
used for artifact rejection for each trial were calculated, averaged across electrode, and sorted in
ascending order for each stimulus type. The subset of sorted trials selected for ERP averaging
were associated with the largest eSNR, which isthe ratio of the number of trialsto the variance
of the amplitude values acrosstrials. To facilitate comparison with more traditional MMN
processing methods, a separate set of ERP averages were also obtained ommiting this sorted
averaging step. Following averaging, ERPs for all stimulus types were low-pass filtered at 30
Hz, and then standard tone ERP waves were subtracted from deviants to obtain difference waves.
Asthe reference e ectrode could influence both artifact rejection and sorted averaging trial
elimination steps, nose re-referencing was done on the final waveforms to facilitate reference
el ectrode comparisons on the exact same set of trials. MMN peak amplitude was classified as
the most negative peak between 90 and 290 ms in each calculated difference wave. MMN mean
amplitude +10 ms around the peak was also quantified as an alternative measurement to peak
amplitude. Finally, average amplitude in afixed window based on grand average waveforms
(90-170 msfor FRQ and DBL, 150-230 for DUR) was quantified as athird approach. Peak

latencies were saved for afourth set of generalizability analyses.

Traveling Subject Sample Rdliability Analyses

Variance Components and G-coefficients

The main purpose of thisfully crossed, two facet (site and test occasion) G-study design
isto estimate variance components. This particular design allows one to estimate 7 variance
components for any given score from each person, at each site, on each test occasion. The

variance components and their definitions are described in Table 1.

---Insert Table 1 here---
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Once variance components are estimated, the G-coefficient, which provides a measure of

generaizability or reliability of the measured score, can be calculated as:
2

_ Op
G = 2 2 2
o2 + Zps | Opo | Tpsote
p nS nO nSnO

The larger NAPLS2 parent study design included EEG assessments at baseline, 12
month, and 24 month study time points. Since MMN scores from each session would be treated
separately, with particular emphasis on using baseline data to predict conversion to psychosisin
the parent study, the logical choicefor nyis 1. Likewise, since al subjectswould only be studied
at their home site, the logical choice for nsis 1. Therefore, the G-coeffecient is equivalent to the
intraclass correlation (ICC) as defined by Shrout and Fleiss (e.g., ICC(3,1) in [37]) when n,= ng
= 1. Variance components were estimated using a restricted maximum likelihood approach
implemented in Matlab [41]. Components were estimated and saved separately for each deviant
type (DBL, FRQ, DUR), eectrode (32 from overlapping montage), MMN measurement (peak
amplitude, mean around peak, mean in fixed window, and peak latency), ERP averaging method
(sorted or traditional) and reference electrode (average mastoids or nose).

While the visual oddball attention task and hearing tests are not the focus of this report,
variance components were also estimated for median target reaction time (RT), overall accuracy
in the oddball task, and mean hearing thresholds from the hearing test.

Additional Generalizability Analyses

To assess the influence of individual subjects and sites on the estimated variance
components, adelete-1 jackknife approach was used to calculate 80 sets of variance components
(8 delete-1 site, 8 delete-1 person, and 8* 8 delete-1 site and person). In all jackknife models,
both test ocassions were used to maintain the functional form of the two facet model described
previously, and analyses were limited to electrode Fz both to reduce computations and because
of itsfrequent usein MMN research.

Finally, as the most frequently reported MMN reliability studies collect data on two test
occassions at one laboratory site, 9 separate sets of reduced variance components were estimated

for asingle facet (test occasion) crossed design within each of the eight sites, and afinal model
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where each subject’sinitial pair of test occasions from their home site were used (“*home” site
model). In thislast model, person and site are completely confounded, so associated variance
components and G coefficients must be interpreted with this limitation in mind.

Because the “home” site reliability seemed to outperform other sites, we tested its
performance with two post-hoc methods. First, we counted the number of G-coefficients (across
averaging methods, deviant types, and measures for mastoid referenced data) that were greater
than or equal t0 0.6 (i.e., “good” or better) and compared this count to the G-coefficients from (i)
the 8 NAPLS sitesand (ii) the 7 pairs of subsequent visits, in which participants were equally
distributed across al sites much like the home site case. Additionally, the percentage of these
home site G-coefficients that were maximal were tested against the null hypothesis that
maximum G-coefficients would be equally distributed either (i) acrossthe 8 NAPLS sites and
home site (e.g., P(maximum G) = 1/9 or 11.11%) or (ii) across pairs of ordered visits (e.g.,
P(maximum G = 1/8 or 12.5%).

Averaging Method and Reference Electrode Comparisons

As the purpose of the G study is not to test a specific hypothesis, there are no p-values
associated with estimated variance components or G-coefficients. However, existing guidelines
for determining practical or clinical significance of ICCs suggest that the reliability coefficient
can be qualitatively categorized asfollows. ICC <0.4ispoor, 0.4<=ICC<0.6isfair, 0.6<=
ICC<0.75isgood, and 0.75 <= ICC < lisexcdlent [10]. Therefore, G-coefficients were
categorized using these 4 labels and subjected to tests comparing (1) traditional versus sorted
averaging methods using mastoid referenced data and (2) mastoid versus nose referenced data as
follows. Cochran-Mantel-Haenszel (CMH) tests were conducted to check proportional odds
assumptions across deviant type (DBL, FRQ, DUR) as well as MMN measurement type (peak,
mean around peak, fixed window mean, and latency). Finally, the proportion of G-coefficients
that were greater in the sorted averaging approach compared to the traditional approach using
mastoid reference data were determined and tested againgt the null hypothesis that both
averaging methods performed equally well (i.e., the proportion would equal 50%). Mastoid and

nose referenced data were similarly compared.
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Results

Variance Components and G-coefficients

MMN ERP waveforms from electrode Fz are plotted in Figure 1. Thereisclear
similarity between waveforms at each site and on each test occasion up until about 200 ms,
followed by greater variability in the 200-400 ms range.

---Insert Figure 1 here---

A similar set of waveforms was produced for the traditional averaging approach (Figure
S1). Accepted trial numbers for the two averaging approaches are included in Table 2. Sorted
averaging resulted in the rejection of between 6% - 7% of thetrials for each trial type on
average. In some sessions, sorted averaging rejected no additional trials for the deviants (range:
0—18trials), while at least 10 trials were rgjected from the standards in each session (range: 10 —
218 trials).

---Insert Table 2 here---

Figure 2 shows the grand average MMN waveforms from electrode Fz across all 128
sessions along with G-coefficient waveforms. While the sorted and traditional grand average
ERPs are aimost identical, the G-coefficient waveforms are less consistent between methods
with all samplesfalling well below 0.4, indicating poor reliability. G-coefficients for each
electrode, deviant type, reference, avereaging approach, and measure are included in
Supplementary Table 1 (Table S1). The peak and mean around the peak G-coefficients for Fz
are greater (0.275-0.487) than any G-coefficient in the waveforms, indicating that latency jitter in

the MMN may contribute to poor sample-wise reliability in the waveforms.

---Insert Figure 2 here---

Table 3 lists the proportion of variance for each of the 7 components as well as G
coefficients averaged across the 6 fronto-central electrodes (F3, Fz, F4, C3, Cz, C4) and
deviants. Such averaging is consistent with the group analysis approach applied to MMN datain
other CHR [31] and schizophrenia[19] studies.
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---Insert Table 3 here---

As shown in Table 3, the two averaging approaches yielded similar estimates. Thisis
consistent with data from Fz only as plotted in Figure 3, which shows similar percentages of
variance attributed to each of the 7 variance components, when additionally separated by each
deviant type. The general pattern shows that the largest variance component is error, followed
by Person and then Person X Site for the three amplitude measures. For the peak latency
measure, error variance still dominates, but Person X Site varianceis greater than person
variance. Table 4 shows the range of the proportion of variance associated with each of the 7

variance components.

---Insert Table 4 here---

---Insert Figure 3 here---

Across measures and averaging methods, G-coefficients and associated person variance
components fit a general pattern where DUR is greatest followed by FRQ for Peak and Mean
measures or DBL for Window and Latency measures. Topographic maps on the mean amplitude
in the fixed time windows and their corresponding G-coefficients for mastoid referenced, sorted
average data are shown in Figure 4. Corresponding plots for traditional average data and peak
amplitude are included as Figures S2-4. Much like the data from electrode Fz, the Window
measure reliability follows a pattern of DUR > DBL > FRQ. All three deviant types exhibit a
left-lateralized central-parietal reliability maximum, and the topographies of the scored
amplitude do not perfectly match the associated G-coefficient topographies. While the reliability
of DBL isimproved by the Window measure and DUR reliability is unchanged relative to Peak
or Mean measures, FRQ deviant reliability is reduced.

---Insert Figure 4 here---

Overall oddball accuracy reliability was poor (G = 0.2327), given the overall lack in
variability and ceiling level performance across most sessions (Median Accuracy = 100%, inter-
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quartile range: 99.77% - 100%). Median target RT (Median RT = 364.7, inter-quartile range:
353.3 to 393.5ms) reliability was good (G = 0.6505); the only non-zero variance componentsin
addition to Person and the Error terms were Site and Person X Site (2.45 and 11.92% variance
explained, respectively). Taken together, these measures indicate that subjects performed the
visual distraction task consistently across sessions. The mean hearing level reliability was fair
(G =0.4961) with alarger proportion of variance attributed to Site (12.01%) than most other
measures studied. Person X Site and Site X Occasion variance components were also non-zero

(7.77 and 2.08% variance explained, respectively).

Additional Generalizability Analyses

Figure 5 shows the mean G-coefficients and ranges from the delete-1 jackknife estimates
at electrode Fz, which follows the ordering pattern for the three deviant types described

previously.

---Insert Figure 5 here---

When broken down by deviant type, it is clear that the mean G-coefficient and associated
ranges are both greater for al amplitude measures of the DUR MMN compared to the other
deviants (see Figure 5). A similar pattern can be seen when the G-coefficients are calculated

separately on a per site basis (see Figure 6) using a reduced, single-facet (Occasion) model.

---Insert Figure 6 here---

In the single-facet models, the DUR measures tend to have the smallest range, while the
FRQ measures have the widest range of G-coefficients across measurement and averaging
methods at electrode Fz. Of the 4 measures, the latency G-coefficient range is clearly the largest,
with G-coefficients approaching the extremes. G-coefficients for each electrode, deviant type,
reference, averaging approach, and measure calculated separately at each of the 8 sites (and a 9™
set for “home” site) areincluded in Table S2.
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There were 420 (54.69%) home site G-coefficients greater than or equal to 0.6, which
was more than (i) seven of eight NAPLS sites and (ii) all other pairs of subsequent, ordered
visits. The Yale site had 429 (55.86%) G-coefficients that were good or better and the next
closest pair of visits was the 6" ordered site (visits 12 and 13) with 287 (37.37%). The homesite
G-coefficient was maximal in 167/768 (21.74%) comparisons with the 8 NAPLS sites and
200/768 (26.04%) comparisons with the 7 pairs of subsequent visits. Based on the 95%
confidence intervals for these proportions, there is significant evidence that the home siteis
greater than all the other NAPLS sites more often than would be expected by chance (Cl: 20.26—
23.23%, chance: 11.11%), and the home site is the greatest of any pair of ordered visits more
often than would be expected by chance (Cl: 24.46-27.63%, chance: 12.5%).

Averaging Method and Reference Electrode Comparisons

Comparisons of the sorted and traditional averaging method, using mastoid referenced
data, indicated that there was no difference between the methods when controlling for deviant
type (CMH statistic = 2.22, df = 2, p = 0.329) or measure (CMH datistic=2.04,df =2, p =
0.361). Thisisconsstent with G-coefficient category countsin Table 5.

Comparisons of the different reference electrodes indicated that there was a strong
association between reference choice and G-coefficient categorization when adjusting for either
deviant type (CMH datistic = 98.81, df = 2, p < 0.0001) or measure (CMH statistic = 93.81, df =
2,p<0.0001). Asseenin Table 6, the majority (~94%) of nose referenced data G-coefficients
were poor while only a small proportion (~6%) were fair. The mastoid referenced data G-
coefficients were fair or better in more than 22% of the cases.

Given the relatively low frequency of G-coefficients above .6 (good), re-classification
into two categories (above or below 0.4, the cut point for poor vs. fair) allowed usto assessthe
homogeneity of odds ratios across different strata (deviant or measure) using the Breslow-Day
Test [5]. In both averaging method models, these tests were non-significant (deviant y* = 2.55,
df = 2, p = 0.279; measure y* = 0.022, df = 2, p= 0.989). However, in both reference electrode
models, there was significant statistical evidence of heterogeneous odds ratios (deviant y* =
10.93, df = 2, p = 0.0042; measure x* = 34.79, df = 2, p = <0.0001). When broken down by
deviant type (Table S3), there was no difference in the odds of afair or better G-coefficient for
FRQ (95% CI: 0.62-3.50), 6.15 times greater odds of afair or better G-coefficient for DUR (95%


https://doi.org/10.1101/768408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/768408; this version posted September 18, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

MMN RELIABILITY IN TRAVELING SUBJECTS 16

Cl: 3.96-9.56), and 8.75 times greater odds of afair or better G-coefficient for DBL (95% CI.
3.38-22.62) when data were mastoid referenced. When broken down by measure (Table S3), the
odds of afair or better G-coefficient were 8 times greater for the window measure (95% ClI:
3.07-21.07), 5.67 times greater for the peak measure (95% Cl: 3.22-9.99), 5.65 times greater for
the mean measure (95% CI: 3.16-10.07), and 1.04 times worse for the latency measure (95% CI:
1.01-1.07) when data were mastoid referenced. On the whole, these results indicate that with the
exception of the latency measure, mastoid referenced data always had greater odds of higher G-
coefficients, and in particular the DBL deviant and window measures exhibited the strongest
effects.

Alternatively, when ignoring these ICC categories and instead determining the proportion
of G-coeffecients calculated using sorted average data that were greater than corresponding G-
coefficients calculate using traditional averaging, 213 of 384 G-coefficients (55.47%) were
greater. Based on the 95% confidence interval for this proportion (54.44 — 56.5%), thereis
evidence that the sorted averaging approach produces significantly more generalizable measures
than traditional averaging (o = .05 level, two-tailed). The proportion of G-coefficients calculated
using amastoid reference that were greater than those using a nose reference was 74.74% (574
of 768 G-coefficients), indicating that the mastoid reference generally produced more reliable
results. Thiseffect was also statistically significant based on the 95% confidence interval (74.15
—75.33%). To verify that the nose reference was not yielding poor reliability due to the order of
operations (i.e., re-referencing the the nose electrode occurred after all pre-processing and
artifact rgjection), the order of operations was reversed in a parallel processing pipeline such that
nose referencing occurred before all interpolation and artifact rejection procedures. However,
the proportion of G-coefficients calculated with an initial nose reference that were greater than
those using an average mastoid re-reference was only 15.23% (117 of 768 G-coefficients),
indicating that order of operations does not explain poorer generalizability in the nose-referenced

MMN scores.

Discussion
The main purpose of this generalizability study was to quantify variance components and
associated G-coefficients representing the single site, single session reliability of MMN
measured with different methods of referencing, averaging, and scoring EEG data. Across these
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different cases, error variance was typically the largest, followed by either person or person by
site variance components, depending on the type of response being measured (i.e., amplitude vs
latency). All other variance components accounted for small proportions of variance in the study
data. This pattern was consistent across delete-1 jackknife estimates of the variance components,
with greatest variability in the person, person by site, and error variance components. While the
range of the G-coefficientsin these delete-1 models was non-trivial (~0.2 to 0.6), this
corresponds to the presence of alarge person by site interaction variance component.
Specifically, the amount of site variance depends on the particular person (alternatively, the
person variance depends on the level of site), such that excluding a particular site, subject, or
combination of site and subject might shrink the P x Sinteraction term and improve the G-
coefficient.

Comparisons of MMN reliability using average mastoid versus nose references revealed
that mastoid referenced data were more reliable in the mgority (~75%) of electrodes, deviants,
measurements, and averaging approaches. Many test-retest reliability studies of MMN have used
nose referenced data, most likely to show that the MMN component reverses polarity and that
the associated scalp component isthe MMN and not the N2b ERP component. Based on the
findings from the current study, nose referencing appears to quite clearly increase relative error
variance. Therefore, reports that MMN suffers from low or poor test-retest reliability that were
based on a nose reference should be qualified as limited to MMN measures calculated using this
particular reference.

The comparisons of reliability of MMN scores using two different averaging methods
had mixed results. The sorted averaging approach, which removed an additional 6% of trials on
average, only improved reliability estimates compared to atraditional averaging approach in
dlightly more than half (~55%) of electrodes, deviants, and measurements. However, when
limiting the focus to fronto-central electrodes and amplitude measures typically used in MMN
group analyses, the difference in percentage of variance attributed to persons was less than 1.5%,
on average, for these two averaging approaches. It is posible that the benefit of the sorted
averaging algorithm is limited to electrodes where the signal is smaller, but this benefit seemsto
be very small, especially when one considers that the computation time and single tria
implementation of the sorted averaging algorithm may be prohibitive for many EEG researchers.
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Two previous studies reported excellent reliability (Fz ICCs > 0.85) using along duration
deviant similar to that used in the present study based on a window measurement (135-205 ms)
from nose-referenced data[23, 24]. These high reliability coefficients were based on either 10
patients with schizophreniatested twice, 18 months apart [23] or 163 patients and 58 comparison
controls tested after 1 year [24]. Notably, the studies by Light et al used amuch longer recording
session that was terminated after a minimum of 225 artifact free deviant trials were obtained for
each subject at run time and usually resulting in >250 trials following post-acquisition artifact
correction procedures. While the corresponding traditionally averaged, mastoid referenced,
window measure G-coefficient was smaller in the present study (Fz G = 0.492), the reduced
“home” site model was almost identical (Fz Grome = 0.883). Another previous long duration
deviant MMN reliability study of 19 healthy subjects tested twice, 7 to 56 days apart, had good
reliability (Fz ICC = 0.66) using aleft earlobe reference and similar window (50-200ms)
measurement [18]. Lew et al. [22] also reported good reliability (Cz ICC = 0.6) in datafrom 19
healthy subjects tested twice, 2 to 60 days apart, using a frequency deviant and nose reference.
However, unlike the previous two studies and the current G-study, the tones were part of an
active auditory oddball attention task.

There are several limitations to the current study that should be carefully considered.
First, estimates of variance components can be fairly unstable when the number of observations
issmall, and the estimates may have been impacted by having only 8 subjects studied on only
two test occassions at each site. While our exact design is unlikely to be replicated in future
reliability studies, focusing on alarger sample size and more repeat test occassions would yield
more stable variance components estimates and potentially more informative decision studies.
Second, the particular design employed here could have also introduced unintended
psychological and/or physiological effects on the ERP measures. The participants completed the
same EEG task 16 times, and 14 of these 16 test occasions involved some long travel times,
which could have contributed to boredom, sleepiness, jetlag, and/or stress. This constrasts with
previous MMN reliability studies that involve typically two, but at most four [11] or five [29],
repeated assessments at one lab site. Finally, the geographic layout of the sites and
administrative burden of organizing the study required afixed travel loop for all subjects, and
pseudo-randomization of order was achieved by having one subject start at each site. For
example, all subjects visited UCSD after UCLA except for the subject who started at UCSD.
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While order effects were not anticipated, they cannot be quantified in the current design and may
have contributed to the variability of the within site reliability coefficients and the large Person X
Site variance componentsin the fully crossed, two facet models. Despite these limitations,
MMN measures have equal or greater reliability than task-based fMRI measures from this same
cohort [15, 16].

In conclusion, the current study demonstrates the feasibility of a multisite, EEG studies of
mismatch negativity using the same software and hardware. Grand average ERP waveforms
were consistent across all NAPLS sites and test occasions (Figure 1) despite the small sample
size and high number of repeated assessments conducted on each subject over arelatively brief
assessment period. Moreover, when only the first two test occasions were considered from each
traveling subject’s “home” site, reliability was good or better (i.e., G-coefficient or ICC > 0.6) in
alarge proportion of MMN measurements across electrodes. This home site design closely
matches the main NAPLS design, in which subjects participate at asingle site. Given the highly
variable but generally poor reliability of latency measures, MMN amplitude assessed using a
fixed latency, mean amplitude (e.g., “window” measure in this study) may be the most
generalizable measure for multisite investigations of MMN in low prevalance patient groups,
such as CHR individuals.
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Figure Captions

Figure 1. Site and session-specific grand average mismatch negativity (MMN) deviant minus
standard tone difference waveforms are plotted for the Double (Frequency plus Duration)
Deviant (Top), Frequency Deviant (Middle), and Duration Deviant (Bottom) from e ectrode Fz.
Grand Average MMN waveforms for each NAPLS laboratory site are plotted separately on the
right-hand side for the first (1) and second (2) test occasion. All 16 of these average waveforms
are overlaid for each deviant type on the left-hand side. Time, in milliseconds (ms) from tone
onset is plotted on the x-axis, and amplitude, in microVolts (1V), is plotted on the y-axis.

Figure 2. In thetop row, grand average mismatch negativity (MMN) deviant minus standard
tone difference waveforms are plotted for the Double (Frequency plus Duration) Deviant (blue),
Freguency Deviant (green), and Duration Deviant (red) from electrode Fz. Sorted averaging
(left) and traditional averaging (right) MMN waveforms are very similar in these grand averages
across all 128 test sessions. Test-retest reliability waveforms are plotted separately for each
deviant type and averaging method in the bottom row. These g-coefficient waveforms are
derived from a two-facet (site and test occasion) fully-crossed generalizability analysis and
demonstrate that the reliability (or generalizability) of the MMN waveform at any given time
sampleisrelatively poor, indicating that MMN scores should be calculated with some averaging
across time samples or peak-picking approach.

Figure 3. Stacked bar plots show the proportion of variance (y-axis) explained by the 7 different
variance components estimated using the two-facet, fully-crossed models. The Person (red),
Person x Site (yellow), and Residual Error (dark blue) variance components account for the most
of the variance for mismatch negativity peak amplitude (far left), mean amplitude £ 10
milliseconds around the peak (middle left), mean amplitude in afixed time window (middle
right), and peak latency (far right) measures. Double (Frequency plus Duration; DBL),
Frequency (FRQ), and Duration (DUR) Deviants are plotted separately along the x-axis from
electrode Fz, and are separated by sorted averaging (top row) and traditional averaging (bottom
row) methods of event-related potential calculation.

Figure 4. Scalp topographic maps displaying the mismatch negativity (MMN) quantified as the
mean amplitude in fixed latency windows on the left-hand side, and corresponding G-
coefficients for the fully crossed two-facet (site and test occasion) generalizability study on the
right-hand side. Frequency deviant (middle row) and double (duration+frequency) deviant

MMN is averaged across 90-170 milliseconds (ms) while Duration deviant (bottom row) MMN
is averaged across 150-230 ms.

Figure 5. The average G-coefficients and associated ranges for the fully crossed two-facet (site
and test occasion) generalizability studies across delete-1 (Site, Subject, or Site and Subject) are
plotted for electrode Fz based on ether sorted averaging (top) or traditional averaging (bottom)
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event-related potential calculation. In both cases, mismatch negativity measurement scoring
approaches are plotted along the x-axis separately for double-deviant (DBL, blue circles),
frequency-deviant (FRQ, green triangles), and duration-deviant (DUR, red squares). Horizontal
dashed linesindicate the Fair (G = 0.4) and Good (G = 0.6) reliability levels.

Figure 6. G-coefficients for the single-facet (test occasion) generalizability sub-studies
calculated separately for each NAPLS geographic site and a9™ “home” site G-study for
electrode Fz based on either sorted averaging (top) or traditional averaging (bottom) event-
related potential calculation. In all cases, measurement approaches are plotted along the x-axis
separately for double-deviant (DBL, circles), frequency-deviant (FRQ, triangles), and duration-
deviant (DUR, sguares) mismatch negativity.
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Table 1. Variance Components for p x s x o Fully Crossed Design

Random Effect Variance Component Expected M ean Squar es Definition
EMS — EMS(ps) — EMS(po) + EMS(pso
Person o (p) (ps) (po) (pso)
nSnO
] EMS(s) — EMS(ps) — EMS(so) + EMS(pso)
Site F
nyn,
_ EMS(s) — EMS(po) — EMS(so0) + EMS(pso)
Occasion o>
Ny Mg
EMS — EMS
Person x Site Ops (ps) (pso)
nO
EMS(po) — EMS(pso
Person x Occasion 020 (po) — (pso)
S
EMS(so) — EMS(pso
Site x Occasion a2, (s0) (pso)
np
Person x Site x 0§s0+e EMS(pso + ¢)

Occasion + Error
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Table2. Trial Numbers

Trial Type Traditional Percentage Sorted Averaging Per centage
Averaging Trial removed by Trial Numbers removed by sorting
Numbers artifact regection

Standard 1468.13 £ 121.03 3.67 £ 7.94% 1373.95 + 124.98 6.43 + 2.89%

Double Deviant 85.99 + 7.85 4.45 + 8.72% 79.62 + 8.98 7.49 + 4.90%

Frequency Deviant | 87.00 £ 7.29 3.33+8.10% 81.38+ 7.93 6.45 + 4.56%

Duration Deviant 86.69 + 7.59 3.68 + 8.43% 80.73 + 8.64 6.97 £ 4.35%

Mean + Standard Deviation
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Peak Mean Window L atency

Component | o 1od  Traditional | Sorted  Traditional | Sorted  Traditional | Sorted  Tragitional
Person (P) 35.24% 36.62% | 36.05% 37.35% | 31.19% 31.04% | 15.48% 16.63%
Site (9 0.03% 0.02% | 0.05% 0.02% | 0.38% 0.15% | 2.42% 2.30%
Occasion (O) 0.09% 0.30% | 0.10% 0.36% | 0.36% 0.95% | 0.15% 0.14%
PxS 21.77% 22.53% | 21.16% 22.27% | 15.99% 18.43% | 26.75% 27.50%
PxO 1.35% 147% | 1.24% 1.40% | 1.98% 1.84% | 1.39% 2.12%
Sx O 0.92% 0.85% | 0.90% 091% | 0.79% 0.44% | 1.27% 0.78%
Error + PXxSx O | 40.59% 38.21% | 40.50% 37.70% | 49.30% 47.15% | 52.53% 50.54%
Relative Variance | 98.96% 98.83% | 98.96% 98.71% | 98.47% 98.46% | 96.15% 96.79%
G-coefficient 0.3562 0.3705 | 0.3644 0.3783 | 0.3168 03152 | 0.1610 0.1718
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Table 4. Range of proportion of variance for Variance Componentsin Delete-1 Analyses

Peak Mean Window L atency
Component | oy Traditional | Sorted  Traditional | Sorted  Traditional | Sorted  Traditional

Person 1960% | 22-62% 1961% | 24-63% 10-55% | 9-57% 0-31% | 0-34%
Site 0-5% 0-3% 0-5% 0-3% 0-8% 0-7% 0-12% | 0-8%
Occasion 0-3% 0-4% 0-3% 0-4% 0-6% 0-5% 0-5% 0-4%
PxS 0-43% | 0-41% 0-42% | 0-41% 023% | 0-28% 0-55% | 0-51%

Px O 0-10% | 0-12% 0-11% | 0-13% 0-9% 0-9% 0-14% | 0-7%

Sx O 0-4% 0-4% 0-4% 0-4% 0-7% 0-5% 0-10% | 0-8%
Error + PxSx O | 26-75% | 23-78% 2574% | 22-76% | 31-89% | 29-83% | 31-100% | 39-99%

G-coefficient 0.19-0.60 | 0.22-0.62 0.19-0.61 | 0.24-0.63 0.10-0.55 | 0.09-0.57 0.00-0.32 | 0.00-0.34
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Table 5. Frequency of G-coefficients by Averaging Method

Average Poor Fair Good Total
Sorted 290 83 11 384
Traditional 305 71 8 384
Total 595 154 19 768



https://doi.org/10.1101/768408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/768408; this version posted September 18, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

MMN RELIABILITY IN TRAVELING SUBJECTS 27

Table 6. Frequency of G-coefficients by Reference Electrode

Reference Poor Fair Good Total
Mastoids 595 154 19 768
Nose 721 47 0 768
Total 1316 201 19 1536
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