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Abstract

This study examined the feasibility of using auditory event-related potentials to evaluate spoken 

word processing during passive listening in girls with Rett syndrome (n=11) and typical peers 

(n=33), age 4–12 years. The typical group demonstrated the expected pattern of more negative 

amplitudes within 200–500ms in response to words than nonwords at left temporal sites. In 

participants with Rett syndrome, word-nonword differentiation was observed at the right temporal 

sites. More negative left hemisphere amplitudes in response to words were associated (at trend 

level) with better receptive language skills and more adaptive behavior. The results indicate that 

girls with Rett syndrome differentiate known words from novel nonwords, but may do so using 

potentially atypical neural processes. Brain-behavior correlations support validity of the proposed 

neural markers of word processing, making passive listening paradigms a promising approach for 

assessing speech and language processing in participants with limited spoken language skills.
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1. Introduction

Rett syndrome (RTT) is a neurodevelopmental disorder caused by mutations in the methyl 

CpG-binding protein 2 gene (MeCP2) occurring in 1 of 10,000 girls (Neul et al., 2010). The 

MeCP2 protein is highly expressed in the brain, and even slight over- or underexpression 

results in alterations of brain development and functioning (Chao & Zoghbi, 2012; Collins et 

al., 2004; Ramocki & Zoghbi, 2008). The phenotype of RTT, which is associated with 

underexpression of MeCP2 protein, is characterized by regression, loss of purposeful hand 

skills and replacement with stereotyped movements, abnormal muscle tone, dyspraxia, and 

limited speech (Hagberg et al., 1983; Neul et al., 2010). Although it is one of the main 

causes of intellectual disability in girls (Naidu, 1997), the cognitive phenotype in RTT is not 

well characterized (Berger-Sweeney, 2011; Demeter, 2000), and knowledge about the speech 

and language processing abilities, particularly post-regression, is limited. This is attributable, 

in part, to the difficulties of administering conventional standardized psychological 

assessments, which typically require hand use and/or spoken responses, and therefore are 

not sufficiently sensitive to capture the full range of functioning (Percy et al., 2010).

Cognitive neuroscience methods using event-related-potentials (ERP), a portion of 

electroencephalogram time-locked to a stimulus event, have been successfully implemented 

in studies of individuals with no speech to document language skills (Mills et al., 2004; 

Yoder et al., 2006), predict developmental outcomes (Kuhl et al., 2013; Molfese, 2000), and 

provide evidence of treatment effects without relying on overt behaviors by the participant 

(Yoder et al., 2013). Electrophysiological studies of auditory processing in RTT are limited. 

Examination of sensory processes relied primarily on detection of pure tone pitch changes 

and reported delays in auditory responsiveness (Foxe et al., 2016; Stauder et al., 2006). 

Conversely, studies using more complex, word-level stimuli to investigate higher-order 

speech and language processing in RTT reported discrimination of familiar voices from 

novel distractors (Peters et al., 2015) but no evidence of recognizing own name, suggesting 

general attention to auditory inputs but potentially reduced speech content processing (Peters 

et al., 2017).

Direct evaluation of auditory comprehension in individuals with limited speech and motor 

difficulties is challenging. Prior studies in typical populations reported that ERPs elicited 

during passive exposure to spoken stimuli are sensitive to differences between known words 

and various contrast stimuli (e.g., nonwords, unknown or backward words; Molfese, 1990; 

Mills et al., 1993, 1997). Known words elicit more negative amplitudes within 200–500 ms 

after stimulus onset, and this response can be detected from 13 months of age (Mills et al., 

1997; Mills et al., 2004) across multiple bilateral anterior and posterior scalp regions. By 20 

months, the topographic distribution becomes more localized to left temporal and parietal 

electrodes, reflecting increased proficiency with language processing (Mills et al., 1993, 

1997; Mills et al., 2004; Mills et al., 2005). The temporal and spatial characteristics of these 

ERP responses correlated with behavioral measures of language comprehension and 

production (Mills et al., 1993, 1997) and could be modified through directed training aimed 

at increasing experience with the stimulus words and their meaning (Mills et al., 2005).
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Studies of word vs. nonword differentiation in populations with language and 

communication difficulties reported that two-year-olds with autism spectrum disorder (ASD) 

who exhibited more adaptive social functioning generated left-lateralized responses 

differentiating between known and unknown words similar to typical peers, while ERP 

responses of children with less adaptive functioning were right-lateralized (Kuhl et al., 

2013). Furthermore, more negative left parietal amplitudes in response to word stimuli were 

predictive of better receptive language performance two and four years later. More recently, 

Sandbank, Yoder, and Key (2017) demonstrated that in preschoolers with ASD, the strength 

of concurrent associations between performance on a behavioral measure of receptive 

language and the left temporal ERP responses to the word-nonword contrast was influenced 

by the number of stimulus words understood by the child. Together, these findings suggest 

that neural markers of word processing could be a useful index of language skills and a 

predictor of developmental outcomes in populations with typical or atypical development.

The goal of the current study was to examine the extent of spoken content processing in 

children with Rett syndrome using ERP markers of word-nonword differentiation during 

passive listening. Based on findings from prior studies (Mills et al., 1997; Mills et al., 2005; 

Kuhl et al., 2013), we hypothesized that effective word processing would be reflected in 

more negative left temporal or parietal auditory responses to words than nonwords within 

200–500 ms after stimulus onset. To demonstrate clinical utility of these ERP measures, we 

evaluated whether they are associated with concurrent behavioral measures of receptive 

communication skills and adaptive functioning. Greater negative amplitudes to words, or 

greater amplitude differences between words and nonwords at left temporal or parietal 

regions were expected to be positively associated with better behavioral performance.

2 Method

2.1 Participants

Eleven girls with RTT, all post-regression, age 4 to 11 years (M age = 5.13 years, SD = 

6.50), participated in the study. All participants had confirmed MECP2 mutations. Thirty-

three typically developing children, age 4–12 years (M age = 7.75 years, SD = 2.44) served 

as the comparison group. Two additional participants with RTT and one typical child were 

excluded due to low number of artifact-free ERP trials.

Ethical approval for this study was obtained from the Institutional Review Board of 

Vanderbilt University Medical Center. Parents or legal guardians of the participants provided 

written informed consent, and evidence of assent was documented for all participants. For 

children with RTT, their parents/caregivers remained present in the testing room for the 

duration of the study to help identify any dissenting behaviors.

2.2 Procedures

2.2.1 Behavioral assessments

Peabody Picture Vocabulary Test-IV (PPVT, Dunn & Dunn, 2007).: The PPVT–4 is a 

standardized, individually administered measure of receptive vocabulary. Each form contains 

training and test items, with four full-color pictures as response options on a page. For each 
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item, the examiner says a word, and the examinee responds by selecting the picture that best 

illustrates that word’s meaning. A licensed psychologist with extensive experience working 

with RTT administered the PPVT within a single session, in a private testing room, with the 

parent/caregiver present.

Aberrant Behavior Checklist (ABC; Aman & Singh, 1986).: The ABC is a questionnaire 

that evaluates the presence of specific maladaptive behaviors in five categories (irritability, 

lethargy/withdrawal, inappropriate speech, hyperactivity, and stereotypic behavior). The 

ABC has been previously used to characterize individuals with a variety of genetic 

syndromes. The informants were the participants’ primary caregivers who have known the 

child since birth.

2.2.2 ERP Word-Nonword paradigm

Stimuli.: A set of 10 English words that are typically among the first learned by young 

children and 10 pronounceable nonwords (see Table 1) matched to words on duration 

(words: M=424.3 ms, SD=68.18; nonwords: M=472.3 ms, SD=105.01; p=.241) and number 

of syllables were used in the study. These stimuli were identical to the ones used by 

Sandbank et al. (2017) and based on the set originally described in Mills et al. (2004). All 

stimuli were recorded by a young, female, native English speaker and delivered with a 

neutral intonation.

ERP acquisition.: EEG data were collected using a 128-channel geodesic sensor net (EGI, 

Inc., Eugene, OR), using 250 Hz sampling rate, 0.1–100 Hz filters, and vertex reference. 

Impedances were adjusted to <50 KOhm prior to data acquisition. Words and nonwords 

were presented at 75 dB SPL in random order, with equal probability (6 times each, 120 

trials total), with a varied intertrial interval of 1800–2800 ms, which prevented habituation to 

stimulus onset. The entire session lasted approximately 7 min. No behavioral responses were 

required. To facilitate cooperation during data acquisition, a developmental age-appropriate 

video with muted sound was shown to participants. Previous work has shown that muted 

videos do not interfere with the quality of auditory ERP data in children (Mahajan & 

McArthur, 2010).

ERP data processing.: During offline processing, data were filtered using a 30 Hz lowpass 

filter, segmented on stimulus onset to include a 100ms prestimulus baseline and 900ms post-

stimulus period. Single trial data were screened for ocular and movement artifacts using an 

automated algorithm in NetStation followed by a manual review. Data for electrodes with 

poor signal quality within a trial were reconstructed using spherical spline interpolation 

procedures (Perrin, Pernier, Bertrand, & Echallier, 1989). A minimum of 10 artifact-free 

trials per stimulus condition was required for participant inclusion in statistical analyses. The 

average number of trials retained was comparable (p=.427) between the two stimulus 

conditions in both groups. However, typical children had significantly more (p<.001) 

artifact-free trials (words: M=22.64, SD=6.29; nonwords: M=22.03, SD=7.43) than the 

participants with RTT (words: M=13.36, SD=4.15; nonwords: M=12.55, SD=2.62). The 

number of trials contributing to the average waveform did not correlate with age in either 

group.
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Following artifact screening, individual ERPs for each stimulus category were averaged, re-

referenced to an average reference, and baseline-corrected by subtracting the average 

microvolt value across the 100ms prestimulus interval from the post-stimulus segment. Data 

from the electrodes corresponding to parietal and temporal regions in the left and right 

hemisphere were used in the remaining statistical analyses (Figure 1). To capitalize on the 

rich data set offered by a high-density array, we used a priori determined electrode clusters 

rather than single electrodes corresponding to the locations of interest because averaging 

data over several spatially contiguous locations improved signal-to-noise ratio. Word 

processing was quantified in two ways for each participant within 200–500 ms after stimulus 

onset: (a) as the mean amplitude for the word and nonword condition and (b) as the within-

participant amplitude difference between the nonword and word conditions. These scalp 

locations and temporal range were selected on the basis of the past research in typically 

developing children (Mills et al., 1993, 1997; Mills et al., 2004) and children with ASD 

(Kuhl et al., 2013; Sandbank et al., 2017).

2.3 Data Analysis

Differentiation between words and nonwords in children with RTT and typical peers was 

examined using a repeated measures analysis of variance (ANOVA) with Stimulus (2: word, 

nonword) x Electrode cluster (2: temporal, parietal) x Hemisphere (2: left, right) within-

subject factors and Group (2: RTT, typical) as the between-subject factor. Within-group 

stimulus-related differences were evaluated using planned comparisons contrasting 

responses to words and nonwords at each scalp location. Based on the expectation of 

increased negative amplitudes in response to word compared to nonword stimuli, the 

significance of the condition differences was tested against zero using one-tailed paired t-

tests.

In line with the analytic approaches previously implemented by Kuhl et al. (2013) and 

Sandbank et al. (2017), brain-behavior associations between mean ERP amplitudes in 

response to words and age, receptive language skills, and adaptive functioning in RTT group 

were documented using correlations. Based on the directional prediction of better receptive 

language and adaptive functioning being associated with more negative ERP amplitudes to 

words, the significance of these associations was tested using one-tailed tests.

3 Results

The repeated measures ANOVA identified main effects of Stimulus, F(1,42)=5.806, p=.02, 

ηp
2 =.121, Electrode, F(1,42)=10.573, p=.002, ηp

2 =.201, and Group, F(1,42)=4.964, p=.

031, ηp
2 =.106. These effects were further qualified by interactions of Stimulus x Group, 

F(1,42)=9.036, p=.004, ηp
2 =.177, Electrode x Group, F(1,42)=5.413, p=.025, ηp

2 =.114, 

and Stimulus x Electrode x Hemisphere x Group, F(1,42)=7.623, p=.009, ηp
2 =.154. Within-

group analyses revealed that typical children elicited more negative ERP amplitudes in 

response to words than nonwords at left temporal sites, t(32)=2.134, p=.021, d=.37 (Figure 

2). In the RTT group, ERP amplitudes to words were significantly more negative than to 

nonwords at the right temporal locations, t(10)=2.286, p=.023, d=.67. No condition 

differences reached significance at the other electrode clusters in either group. However, 
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visual inspection did note the typical pattern of more negative amplitudes to words than 

nonwords at left hemisphere sites in girls with RTT. These differences did not reach 

significance likely due to high inter-individual variability (see Table 2 for means and 

standard deviations).

Between-group differences were observed in right temporal responses to nonwords, 

F(1,42)=6.739, p=.013, and left and right parietal responses to words, F(1,42)=10.366, p=.

022, and F(1,42)=4.504, p=.040, respectively. Girls with RTT elicited larger (more negative) 

temporal and smaller parietal amplitudes compared to typical peers. Group differences in the 

magnitude of nonword-word differentiation (amplitude difference scores) were present only 

at the right temporal sites, F(1,42)=12.818, p=.001, where girls with RTT exhibited a greater 

condition difference than typically developing children.

Brain-behavior correlations in RTT group identified no significant associations between 

ERP amplitudes and age or the number of artifact-free trials. Right temporal amplitudes in 

response to words did not correlate with behavioral measures of receptive language abilities 

or adaptive functioning. More negative amplitudes to words at left parietal sites 

demonstrated a trend-level association with higher PPVT standard scores (r=−.559, p=.059) 

and reduced lethargy/social withdrawal (r=.427, p=.095), while greater negativity at left 

temporal locations was related to increased irritability (r=−.434, p=.092). Larger negative 

amplitudes to words at right parietal sites correlated with reduced hyperactivity (r=.542, p=.

043) and irritability (r=.635, p=.018), but lower PPVT standard scores (r=.494, p=.088) and 

increased lethargy (r=−.442, p=.087) and stereotypy (r=−.412, p=.104).

4 Discussion

The purpose of this investigation was to examine the extent of spoken content processing in 

girls with RTT compared to typical peers during passive listening to known words and 

meaningless nonwords. Our results indicated that both participant groups demonstrated the 

expected more negative ERP amplitudes to words than nonwords, but while in typical 

children this response was observed at left temporal sites, in girls with RTT consistent 

evidence of word-nonword discrimination was detected at right temporal sites. Correlational 

analyses in the RTT group revealed that more typical ERP responses to words (i.e., greater 

negative amplitudes at left hemisphere sites) were associated, albeit at trend level, with 

better receptive communication abilities, reduced lethargy/social withdrawal, and increased 

irritability. These results provide a strong rationale for using ERPs during passive listening 

to spoken words as a marker of auditory content processing in participants with RTT or 

other developmental disabilities for whom few optimized standardized behavioral 

assessments of language exist.

The findings in the typically developing group replicated prior reports of more negative 

mean amplitudes to words than nonword stimuli at left temporal sites (Mills et al., 1997; 

Mills et al., 2005; Kuhl et al., 2013). The same pattern of differences was qualitatively 

present in girls with RTT syndrome but did not reach significance, while statistically 

significant condition differences in the same direction were observed at the right temporal 

scalp locations. These results suggest more diffuse auditory processing of speech and have 
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been previously reported earlier in development of typical infants (Mills et al., 1993, 1997), 

as well as in toddlers with ASD with lower adaptive functioning (Kuhl et al., 2013).

Increased lateralization of ERP responses indexing word-nonword discrimination has been 

associated with the size of receptive vocabulary as well as the amount of experience with the 

word stimuli (Mills et al., 2005; Sandbank et al., 2017). In our participants with RTT 

syndrome, more typical left hemisphere responses to words (i.e., increased negative 

amplitudes) correlated (at trend level) with higher PPVT scores, reduced lethargy/social 

withdrawal, and increased irritability. Conversely, larger right-hemisphere responses to 

words were related to lower PPVT scores and less adaptive behavior (higher ABC scores), 

consistent with the idea that right-lateralized or bilateral responses to known vs. unknown 

words reflect developmentally less mature stage (Mills et al., 1997). Previously, we reported 

a similar association between increased irritability and more typical brain responses to own 

name (Peters et al., 2017), which was interpreted to suggest that individuals with RTT who 

are neurologically less impaired are more likely to exhibit behavioral difficulties such as 

anxiety (Barnes et al., 2015) or potentially find their communication difficulties more 

frustrating. Our findings of the cortical responses to spoken words in girls with RTT 

resembling a developmentally younger brain state are also consistent with the idea that 

MeCP2 underexpression affects neuronal maturation and experience-dependent remodeling 

(see Gonzales & LaSalle, 2010 for a review).

The strengths of the current study arise from the application of an established auditory word-

nonword paradigm and a priori selection of specific ERP metrics (amplitude at left temporal 

and parietal sites within 200–500ms) that allowed to formulate falsifiable directional 

hypotheses (more negative amplitudes to words than nonwords) to test the utility of ERPs as 

a marker of auditory content processing in RTT. Furthermore, the use of the auditory 

modality reduced attentional demands (i.e., a participant having to attend to a screen), 

making the assessment suitable for individuals across ages and functional levels. In our 

sample, 85% (11/13) of participants with RTT provided usable ERP data. The equiprobable 

design, where word and nonword stimuli were presented equal number of times, removed 

the potential confounds of within-session learning making known word comprehension the 

most likely explanation for the observed condition differences. Finally, our data 

demonstrated that individual differences in neural responses to words were associated with 

behavioral characteristics relevant to communicative and adaptive behavior, providing 

additional support for the validity of ERP responses as an objective measure of speech and 

language processing in individuals with significant developmental disabilities. The neural 

evidence of word-nonword differentiation could be used to confirm and extend informant 

reports of receptive language abilities. The relatively low cost and increasing accessibility of 

EEG/ERP equipment in a clinical setting may also support the development and use of 

individualized stimulus sets (e.g., specific words expected to be known or unknown by a 

participant) to assess vocabulary knowledge as well as to track changes due to maturation or 

intervention.

Our study is the first to examine spoken word comprehension in RTT, and while yielding 

novel findings, it also presents several limitations. First, while 11 of 13 participants with 

RTT provided at least 10 artifact-free trials per condition, their overall data quality was 
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lower than in the typical comparison group. However, we observed no correlations between 

the number of retained trials and the amplitude of the ERP responses used in the analyses. It 

is also possible that our artifact removal procedures combining automated and manual 

review were more conservative than those of previous investigations. Second, two of 11 

participants with RTT did not have PPVT data due to test fatigue and lack of attention to 

visual stimuli, thus reducing the sample size and associated statistical power to detect 

significant brain-behavior correlations. Nevertheless, the observed trend-level findings were 

in the predicted direction. Third, while the stimulus words were selected from prior studies 

and expected to be acquired early in development (<16 months), we did not confirm that 

individual participants knew each item. In light of the findings by Sandbank et al. (2017), 

verifying word knowledge prior to collecting ERP data could increase the likelihood of 

detecting significant and meaningful individual differences. In our study, parents or 

caregivers of participants with RTT knew the purpose of the task, were present during the 

ERP procedure (i.e., heard all of the stimuli), and did not identify any of the words as 

potentially unknown by their child. Finally, the present study was designed to test the 

feasibility of auditory ERPs as a means to assess spoken content processing (i.e., word-

nonword differentiation) in girls with RTT, and thus had limited power to investigate the 

contributions of additional variables that could account for variability in neural responses 

(e.g., the specific mutation subtype, presence of seizures, clinical severity, etc.). Future 

studies with larger samples will need to replicate and extend our results to address these 

questions.

5 Conclusions

The study examined spoken word processing in girls with RTT using auditory ERPs 

acquired during passive listening. The results indicate that like typically developing children, 

girls with RTT differentiated known words from novel nonwords, but did so using 

potentially atypical neural processes as reflected by greater right-hemisphere responses. 

More typical neural responses over the left hemisphere were associated with higher scores 

on behavioral measures of receptive communication skills. These results highlight the 

feasibility of using auditory ERPs to directly evaluate speech and language processes in RTT 

and other developmental disorders with limited speech. Brain-behavior correlations 

supported validity of the proposed ERP markers of word processing, making neural 

measures of functioning a promising approach to documenting outcomes of clinical trials, 

and for tracking progress related to language and behavioral interventions over time.
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Highlights

• Spoken word-nonword discrimination examined during passive listening.

• Auditory ERPs recorded in girls with Rett syndrome and typical peers age 4–

12 years.

• Typical group showed the expected left hemisphere word-nonword response.

• The Rett group showed a less mature right hemisphere word-nonword 

response.

• Left hemisphere response correlated with better language skills in Rett 

syndrome.

Key et al. Page 11

Int J Dev Neurosci. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Electrode layout of the 128-channel geodesic net (EGI, Inc.) and the left and right temporal 

and parietal clusters used in data analysis.

Key et al. Page 12

Int J Dev Neurosci. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Averaged parietal and temporal ERP waveforms for word and nonword conditions in 

typically developing children (top) and girls with RTT (bottom).
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Table 1.

Stimuli used in the study

Words Nonwords

Ball Fipe

Book Jud

Bottle Kobe

Car Lif

Cup Mon

Dog Neem

Drink Neps

Milk Ris

Nose Towd

Shoe Zav
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Table 2.

Mean parietal and temporal amplitudes and standard deviation for left and right hemisphere ERP responses 

across 200–500ms post-stimulus interval.

Typical development Rett syndrome

Words Nonwords Words Nonwords

Scalp Location M SD M SD M SD M SD

P3 0.88 2.29 0.76 2.48 −2.29 4.11 −0.68 3.66

P4 1.17 2.56 0.50 2.73 −0.91 3.50 −0.96 3.26

T3 0.72 2.11 1.50 1.99 −0.25 3.77 1.57 2.86

T4 1.83 2.60 1.09 2.41 0.72 4.89 4.16 5.46
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