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Abstract  
 

Childhood Socioeconomic Status and Auditory Perception in Adults: An ERP 
Study 

  
by Dylan M. Richardson for the partial satisfaction of the requirements for the 
degree of Master of Arts in Psychological Sciences, University of California, 

Merced 2024 
 

Dr. Elif Isbell, Chair 
 
 
Although previous research demonstrated socioeconomic status (SES) 
differences in the neurodevelopment of auditory systems throughout childhood, it 
remains unclear whether such differences persist into adulthood, especially in the 
absence of attentional or language demands. Here, we administered a passive 
auditory oddball paradigm with tones to 73 young adults from diverse childhood 
socioeconomic backgrounds to examine the mismatch negativity (MMN) event 
related potential (ERP) component as a neural index of auditory perception. As 
subjective ratings of childhood social status may reflect experiences not fully 
captured by objective childhood SES, we asked participants about both the 
highest level of parent education (i.e., objective childhood SES) and their 
subjective family social status when they were 10 years old. We did not find any 
links between childhood parent education or subjective family social status and 
MMN amplitude or latency in adulthood. This research contributes to our 
understanding of how childhood SES relates to auditory perception, a 
foundational building block for the auditory system, in young adults.  
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Introduction 
Differences in childhood experiences have been linked to behavioral 

(Gonzalez-Gomez et al., 2021; Tabone et al., 2017) and neural (Anwyl-Irvine et 
al., 2021; Hampton Wray et al., 2017; Skoe et al., 2013) differences in the 
auditory system, demonstrating the system's notable susceptibility to the 
environment. Childhood socioeconomic status (SES), typically measured through 
parent income, education, or occupation during childhood, is linked to various 
characteristics of auditory environments, such as noise exposure (Fidell, 1988; 
Fyhri & Klæboe, 2006) and language input (Romeo et al., 2018; Schwab & Lew-
Williams, 2016), which may give rise to differential neurodevelopment of the 
auditory system. SES-related differences have been observed in mechanisms 
that underlie speech perception and auditory attention across childhood (Anwyl-
Irvine et al., 2021; Giuliano et al., 2018; Hampton Wray et al., 2017; Tabone et 
al., 2017). However, it is unclear whether the links between childhood family SES 
and building blocks of auditory systems persist into adulthood. Here, we examine 
how childhood SES relates to the brain electrophysiology of a foundational 
constituent of auditory perception, perception of simple tones, in the absence of 
attentional and language demands in young adults. 
Childhood Auditory Environments 

Children from lower SES backgrounds may be at risk for noisy 
environments, which may give rise to differential auditory system development 
(Evans, 2004). It has been proposed that lower SES families may be more likely 
to experience increased and continuous noise exposure due to the lack of 
resources needed to live in quiet neighborhoods (Fidell, 1988; Fyhri & Klæboe, 
2006). Studies with non-human animals demonstrated that prolonged exposure 
to even non-traumatic noise (i.e., lower levels than what is considered 
“hazardous” to hearing) may alter the functioning of the auditory cortex and result 
in sound discrimination deficits, without any observable damage to hearing (Zhou 
& Merzenich, 2012). In line with these findings, it has been proposed that 
children who live in noisy environments for prolonged periods of time may adapt 
to chronic noise exposure, learning to inhibit sounds, even those that are relevant 
(Evans, 2006).  
 In addition to the increased risk for prolonged noise exposure, children 
from lower SES families, especially children with lower parent education levels, 
may also experience lower quality and quantity language input (Schwab & Lew-
Williams, 2016). Children from lower SES backgrounds may hear less child 
directed speech, a speech style that caregivers typically use with children that 
contains speech properties that facilitate child language development, and have 
fewer opportunities to engage in conversation and practice their language skills 
(Golinkoff et al., 2019; Hart & Risley, 1995; Romeo et al., 2018; Schwab & Lew-
Williams, 2016). Specifically, children from lower SES families may receive less 
conversation eliciting questions and may engage in lower amounts of 
conversational turn-taking (Hoff & Tian, 2005; Romeo et al., 2018). 
Conversational interactions may lead to greater conversational engagement by 
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children. In turn, children are more likely to focus on what the other individual is 
saying while suppressing auditory distractions around themselves. With fewer 
opportunities for conversational interactions, children from lower SES families 
may miss out on opportunities to practice their auditory perception and cognition 
skills. Together, differences in characteristics of auditory environments, such as 
noise exposure and language input, during childhood may give rise to differential 
neurodevelopment of the auditory system.  
Auditory Systems in the Context of Childhood SES 
 Developmental differences in the auditory system during childhood are 
displayed in both auditory perception and attention. Socioeconomic differences in 
phoneme discrimination can be demonstrated as early as infancy, with infants 
from lower SES background displaying delayed perceptual narrowing of 
phoneme discrimination (i.e., delayed acclimatization to phonemes in the native 
language) compared to infants from higher SES backgrounds (Gonzalez-Gomez 
et al., 2021). Furthermore, lower family SES has been linked to decreased 
performance in temporal processing of auditory stimuli in children, which is 
important for speech perception, potentially giving rise to SES differences in 
language (Tabone et al., 2017). SES differences in speech perception may 
persist into later childhood and early adolescence as demonstrated by attenuated 
neural responses and activation of brain regions that underlie language in 
response to speech sounds (Anwyl-Irvine et al., 2021; Conant et al., 2017). It is 
possible that these SES differences continue into middle adolescence as 
differences in the encoding of speech-specific information was observed in 
adolescents from lower SES backgrounds compared to higher SES backgrounds 
(Skoe et al., 2013). Additionally, compared to adolescents from higher SES 
backgrounds, 13-to-15-year-old adolescents from lower SES backgrounds show 
noisier auditory brain stem responses even in the absence of sound input, 
suggesting neurodevelopmental differences in foundations of the auditory 
systems (Skoe et al., 2013).  

Similarly, SES differences have been demonstrated in neurodevelopment 
of auditory attention. Specifically, children from lower SES backgrounds on 
average have shown negligible differences between their neural responses to 
sounds embedded over stories they were asked to attend versus ignore, and 
these disparities have been observed as early as preschool years and into early 
school years (Giualiano et al., 2018; Hampton Wray et al., 2017; Stevens et al., 
2009). Together these studies on auditory perception and attention suggest SES-
related neurodevelopmental differences in the auditory system, from early 
childhood throughout adolescence. However, it remains unclear whether SES 
differences are observed in auditory systems that do not involve language or 
attention, and whether these differences persist into adulthood.  
Mismatch Negativity (MMN) 

To understand whether childhood SES is linked to neural differences in 
auditory perception in the absence of language or attentional demands, neural 
indices can be examined in the auditory mismatch negativity (MMN) event-
related potential (ERP) component. MMN is a frontocentral ERP component 
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elicited by any discriminable sound change even in the absence of attention 
(Näätänen et al., 2019). Prior to MMN elicitation, the auditory system habituates 
to a reoccurring stream of repetitive sounds, and once an irregularity in this 
stream is detected, MMN is elicited (Näätänen & Kreegipuu, 2011). More 
specifically, the auditory system forms an echoic memory trace based on 
streams of repetitive sounds and MMN reflects the detection of deviance in the 
presence of the larger auditory context (Sussman et al., 2007; Sussman et al., 
2014).  

MMN is reflected as a voltage deflection greater in negativity in response 
to deviant stimuli compared to a voltage deflection greater in positivity in 
response to frequent stimuli (Näätänen & Kreegipuu, 2011). MMN typically 
occurs around 125-225 ms post-stimulus onset in neurotypical adults 
(Kappenman et al., 2021), temporally overlapping with the auditory N1-P2 
components (Näätänen & Kreegipuu, 2011). MMN can be observed in typically 
developing infants (Alho et al., 1990) and throughout childhood into adulthood 
(Bishop et al., 2011; Shafer et al., 2000), providing a consistent neural index of 
auditory perception across development (Näätänen et al., 2019). Although MMN 
is present as early as infancy (Alho et al., 1990; Cheour et al., 2000), the timing 
and scalp distribution of MMN continues to develop throughout childhood 
(Cheour et al., 2000; Morr et al., 2002). While there are typically no 
developmental differences in MMN amplitude (Alho et al., 1990; Morr et al., 
2002), MMN latency is prolonged during early childhood (Gomes, 2000; Lovio et 
al., 2009; Petermann et al., 2009) and becomes more adult-like (i.e., MMN 
latency becomes earlier) throughout later childhood (Bishop et al., 2011; Glass et 
al., 2008; Gomes, 2000).  
 As systems with prolonged development can be more susceptible to 
environmental influences (Stevens & Neville, 2009), the prolonged development 
of MMN across infancy and childhood may signify the susceptibility of auditory 
perception to environmental influences, especially during childhood. Indeed, 
MMN can be altered after musical and phonetic training among neurotypical 
children and adults (Putkinen et al., 2014; Tamminen et al., 2015), demonstrating 
the susceptibility of auditory perception to environmental influences. While 
musical and phonetic training reflect active auditory experiences, MMN may also 
be altered in passive auditory experiences (Cheour et al., 2002). For example, 
Cheour et al. (2002) presented infants with speech sounds during sleep and 
found that MMN, previously not elicited prior to training, was elicited after 
training. The malleability of MMN may reflect changes in the allocation of neural 
resources for auditory perception; specifically, neural resources allocated to the 
detection of deviance among auditory contexts.  

While MMN continues to develop throughout childhood to adulthood and is 
malleable to experiential influences, it remains unclear whether childhood 
experiences that may encompass different auditory experiences have enduring 
links to auditory perception in adulthood. Specifically, childhood experiences from 
diverse family socioeconomic backgrounds may differ both actively (e.g., 
language input) and passively (e.g., noise exposure), which raises the possibility 
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for differences in the neurodevelopment of the auditory system. However, 
capturing childhood SES in adults poses challenges of accurately capturing 
retrospective indicators of SES.  
Measuring Childhood SES in Adults 

Childhood SES is typically assessed through retrospective objective 
measures from adults (e.g., parent education, income, occupation), which may 
reflect a stable measure of access to financial, educational, and social resources 
(Diemer et al., 2013). While retrospective information from certain objective 
indicators, such as parent education, may be sufficient, other SES indicators are 
at risk for inaccurate recall (e.g., parent income, parent wealth; Diemer et al., 
2013). Furthermore, there may be a mismatch between how people report their 
SES and their actual objective status based on economic indicators (Diemer & 
Rasheed Ali, 2009), which suggests the potential for inaccurately capturing 
environmental experiences. In contrast, retrospective assessments of subjective 
social status (i.e., how individuals perceived their social standing during 
childhood) may better capture perceptions of living environments and early 
interpersonal experiences (Diemer et al., 2013). While objective SES indicators 
may reflect wealth and access to educational and social resources, subjective 
social status may capture additional factors, such as standard of living, that 
contribute to an individual’s social status but are not captured by objective SES 
indicators (Diemer et al., 2013, Singh-Manoux et al., 2003). Subjective social 
status allows individuals to rate their social standing based on factors that they 
deem are important contributors to their socioeconomic position relative to 
society (Diemer et al., 2013; Singh-Manoux et al., 2003).  

As objective and subjective SES indicators may capture different aspects 
of childhood experiences, they may act as distinct predictors. For example, 
parent reports of objective and subjective social status were found to uniquely 
predict cognitive outcomes in children (Ursache et al., 2015). Furthermore, 
subjective social status has been linked to cognition in adults while controlling for 
objective SES indicators (i.e., income, education, occupation) and may even be a 
stronger predictor (Adler et al., 2000; Singh-Manoux et al., 2005; Wong & Yang, 
2022). Subjective social status is also associated with academic achievement in 
adolescence, reflecting the broader significance of studying it as an individual 
construct (Destin et al., 2012). However, the developmental literature that has 
examined subjective social status typically measured how parents currently 
perceive their own social status, which may capture childhood experiences but 
not children’s perceptions of social status. Similarly, the adult literature typically 
measured adults’ current perceived social status which does not capture 
childhood experiences that can influence development and persist into adulthood 
(Last et al., 2018; Ursache et al., 2015; Wong & Yang, 2022). There is no clear 
superior SES indicator; instead, the choice of objective versus subjective SES 
indicators depends on study goals, and in general, together they may provide a 
more comprehensive account of individuals’ socioeconomic backgrounds 
(Diemer et al., 2013).  
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Current Study 
We examined whether childhood family SES relates to neural indices of 

auditory perception in the absence of attentional and language demands in 
young adults using both objective and subjective measures of family SES to gain 
a comprehensive understanding of childhood SES. Event-related potentials 
(ERPs) were recorded during a passive auditory oddball paradigm and the MMN 
ERP component was examined as a neural index of auditory perception. We 
hypothesized that, given socioeconomic differences in childhood auditory 
environments (Fidell, 1988; Fyhri & Klæboe, 2006; Romeo et al., 2018; Schwab 
& Lew-Williams, 2016), young adults from lower childhood SES backgrounds 
may demonstrate a desensitization to irregular sounds, reflected as attenuated 
MMN amplitude (magnitude of neural responses) and prolonged latency (timing 
of neural responses). Additionally, if subjective perceptions of socioeconomic 
experiences capture living environments that parent education does not, such as 
standard of living (Diemer et al., 2013; Singh-Manoux et al., 2003), then we 
hypothesized that subjective family social status during childhood would relate to 
neural indices of auditory perception above and beyond parent education. 

 

Method 

Participants 
Participants were recruited from the University of California Merced and 

the Merced community using flyers on campus and at community centers in 
Merced, California. Participants were included based on the following criteria: 
normal hearing, normal/corrected-to-normal vision, no history of brain injuries or 
neurological disorders, no current medication use that could alter brain 
functioning.  

An a priori power analysis was conducted in G*Power to determine 
adequate sample size prior to data collection. With a medium effect size, a 
minimum sample size of 68 was needed to achieve a power of 0.8. The initial 
sample included 80 participants; however, 5 participants were excluded due to 
incomplete demographic information (i.e., participants reported adults they 
currently lived with rather than parents/legal guardians) and 2 participants were 
excluded due to excessive EEG noise and poor data quality (criteria described 
below). The final sample consisted of 73 participants (54.1% female) aged 18 to 
30 years old (Mage = 21.84, SD = 2.70). Of the participants in the final sample, 
race/ethnicity reports were as follows: 54.8% Hispanic or Latinx, 15.1% 
Asian/Asian American, 15.1% White/European American, 13.7% more than 1 
race/ethnicity, and 1.4% Middle Eastern. Participants’ highest level of education 
ranged from a high school to master's degree (M = 13.58, SD = 1.79; see Figure 
1 for participant education distribution).  
Childhood Family SES Measures 

Participants were asked to think back to when they were 10 years old and 
provide retrospective information about their parents’ highest level of education 
completed and their own subjective family social status ratings. These questions 



6 

 
   

 

were administered at the end of the experiment to avoid any potential influence 
by prompting participants to think back to their childhood.  
 Objective Childhood Family SES. Since retrospective accounts of 
parent occupation and income may be more limited compared to educational 
attainment (Diemer et al., 2013), the highest level of education completed 
between the parents/legal guardian was used as an indicator of objective 
childhood family SES (Diemer et al., 2013). The following coding scheme for 
years of education was developed and used: less than 1st grade = 0; 1st, 2nd, 3rd, 
4th grade = 4; 5th or 6th grade = 6; 7th or 8th grade = 8; 9th grade = 9; 10th grade = 
10; 11th grade = 11; high school graduate or GED = 12; some college but less 
than 1 year = 12; one or more years of college, no degree = 13; associate’s 
degree = 14; bachelor’s degree = 16; master’s and above = 18. Participant 
reports of their parent’s years of education ranged from 4 to 18 (M = 12.18, SD = 
4.30; see Figure 2 for the parent education distribution). 

Subjective Family Social Status During Childhood. The MacArthur 
Scale of Subjective Social Status (Adler et al., 2000) was used to measure 
subjective social status during childhood. Participants were prompted to think 
back to when they were 10 years old and indicate where they would place their 
family in comparison to American society on a ladder, numbered 1 to 10 (1 being 
at the bottom of the ladder, 10 being at the top). Participant reports of their 
subjective family social status during childhood ranged from 1 to 10 (M = 4.93, 
SD = 2.08; see Figure 3 for the distribution of subjective family social status 
during childhood). 
Passive Auditory Oddball Task 

The passive auditory oddball task was adapted from ERP CORE 
(Kappenman et al., 2021), an open resource containing ERP paradigms and 
processing pipelines to contribute towards the standardization of ERP research 
across labs. Participants were told they would hear a series of sounds and were 
instructed to ignore the sounds while watching a silent video. A 700 Hz standard 
tone was presented at 80 dB for 100 ms and occurred during 80% of trials. A 700 
Hz deviant tone was presented at 70 dB for 100 ms and occurred during 20% of 
trials. Interstimulus intervals were jittered between 450-550 ms. Participants were 
presented with a total of 350 trials. Presentation Neurobehavioral Systems was 
used for task design and presentation. The original ERP CORE passive auditory 
oddball task included 1000 trials (approximately 10 minutes long); however, we 
reduced the number of trials to 350 trials (approximately 3.5 minutes long) to 
adapt the task for future studies with different age ranges, including young 
children. Additionally, we changed the task video to a child-friendly cartoon 
(Pingu) to increase task engagement. With these changes, a robust MMN was 
elicited across participants. Participants were seated approximately 95 cm away 
from the monitor (Dell LCD monitor with a 1280 x 1024 resolution and a 60 Hz 
refresh rate) and auditory stimuli were presented with noise canceling 
headphones (Bose QuietComfort 25).  
EEG Recording 
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EEG was recorded with Brain Products antiCHamp Plus, using 
BrainVision Recorder Version 1.25.0101. For EEG collection, an actiCAP slim 
active electrode system (32-channel electrode system) was used, mounted on 
elastic snap caps (Brain Products GmbH, Gilching, Germany). The ground 
electrode was placed at FPz. Of the 32 electrodes, 5 electrodes were repurposed 
as follows: 2 electrodes were repurposed as mastoid electrodes, placed behind 
the left and right ears on the mastoid bones. Three electrodes were repurposed 
to record electrooculogram (EOG) with the vertical EOG (VEOG) placed below 
the right eye, and 2 horizontal EOG (HEOG) electrodes placed lateral to the 
external canthus of each eye. The remaining 27 scalp electrodes were mounted 
in accordance with the international 10/20 system (see figure 5 for electrode 
configuration). EEG was sampled at 500 Hz and referenced to Cz. StimTrak 
(Brain Products GmbH, Glitching, Germany) was used to inspect stimulus 
presentation delay in the headphones and a 20 ms audio delay was found and 
was accounted for in the EEG processing pipeline described below.  
EEG Processing 

EEG and ERP data processing was conducted in MATLAB using EEGLAB 
(Delorme & Makeig, 2004) and ERPLAB (Lopez-Calderon & Luck, 2014). 
Custom scripts and scripts adapted from ERP CORE (Kappenman et al., 2021) 
and ICLabel (Pion-Tonachini et al., 2019), an automatic independent component 
classifier, were used. All scripts were designed to be easily adapted for future 
research that examines other age ranges, including children, and were previously 
used in research with young children (Isbell and Grammer, 2022).  

EEG data was first re-referenced offline to the average of the left and right 
mastoid channels. Bipolar eye channels were created to detect eye artifacts. The 
left horizontal eye channel was subtracted from the right horizontal eye channel 
to create bipolar HEOG. To create bipolar VEOG, Fp2 was subtracted from the 
right vertical eye channel. DC offset was removed and a band-pass filter with a 
half-amplitude cutoff of 0.1 and 40 Hz was applied with the EEGLAB default 
linear finite impulse response (FIR) filter.  

Independent component analysis (ICA) was used to estimate and identify 
artifactual voltages from the continuous EEG data along with the rejection of 
residual artifacts. In preparation for ICA, recording periods without event codes 
were removed (defined as periods of 6000 ms or longer without event codes, 
with a 3000 ms buffer before and after any event codes). Since electrodes with 
problematic connections can interfere with the connection of nearby electrodes, 
bad electrode channels were identified prior to applying ICA. Bad channels were 
identified in the continuous EEG data using a peak-to-peak threshold of ± 300 µV 
across a 500 ms window moving at 50 ms increments to scalp channels 
(excluding Fp1 and Fp2). Z-scores were computed, and channels were identified 
as outliers and excluded if they caused more than 10% data loss and deviated ± 
3.29 SD, a criterion chosen to be consistent with previous research (e.g., Isbell et 
al., 2018), compared to other scalp channels. Based on this criterion, 1 bad 
channel was excluded for 3 participants before pre-ICA artifact rejection. Extreme 
artifacts were then rejected using a moving window peak-to-peak algorithm with 
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a threshold of ± 300 µV across a 500 ms window moving at 50 ms increments 
applied to scalp channels, excluding Fp1 and Fp2. 

ICA was applied to all channels, excluding bipolar eye channels and 
mastoid channels, and computed ICA weights were applied to the pre-ICA data 
files. Eye components were identified using ICLabel. Corresponding eye 
components were removed if individual components were defined as at least 
80% probability “Eye” labels paired with less than 5% probability “Brain” labels, 
which was a criterion chosen after rigorous comparisons of different labels 
generated by ICLabel in data with young adults.  

To account for the audio stimulus presentation delay in the headphones, 
stimulus event codes were shifted 20 ms in time. ICA-corrected data was then 
epoched offline from 200 ms prior to and 800 ms post-stimulus onset, with 
baseline correction performed from -200 to 0 ms. This is consistent with the MMN 
epoch window and baseline correction range recommended by Kappenman et al. 
(2021). ICA-corrected bipolar channels were created for the removal of any 
remaining eye artifacts. To create ICA-corrected bipolar VEOG, ICA-corrected 
Fp2 was subtracted from the ICA-corrected vertical eye electrode. To create ICA-
corrected bipolar HEOG, the ICA-corrected left horizontal eye electrode was 
subtracted from the ICA-corrected right horizontal eye electrode. To identify bad 
channels that may remain in the epoched data prior to additional artifact 
rejection, a simple voltage threshold algorithm with a ± 200 µV threshold was 
applied to scalp channels of interest. Z-scores were obtained, and channels were 
identified as outliers and excluded if they met the threshold of greater than 10% 
data loss and deviated ± 3.29 SD compared to other scalp channels. Based on 
this criterion, the same 3 electrodes that were excluded from pre-ICA cleaning 
were excluded from additional artifact rejection. To identify commonly recorded 
artifactual potentials (Luck, 2022) in the channels of interest, a simple voltage 
threshold algorithm was applied with a threshold of ± 200 µV, and a moving 
peak-to-peak algorithm with a threshold of ± 125 µV was applied to the 1000 ms 
epoch window (-200 to 800 ms) moving at 100 ms increments. Additional artifact 
rejection for eye artifacts was then performed on ICA-corrected horizontal and 
vertical EOG channels. To identify horizontal eye movements, a step-like 
algorithm was applied to the ICA-corrected bipolar HEOG channel with a 
threshold of 64 µV across a 100 ms window moving at 10 ms increments. To 
identify vertical eye movements, a peak-to-peak algorithm was applied to the 
ICA-corrected bipolar VEOG channel with a rejection threshold of 150 µV across 
a 200 ms window moving at 50 ms increments. 

Individual ERP plots were then inspected for data quality. Additionally, 
analytic standardized measurement error (aSME) was used as a metric of data 
quality for scores obtained from parent waveforms (Luck et al., 2021). Using a 
script adapted from Luck et al. (2021), participant aSME values were calculated 
in EEGLAB for each participant by obtaining the standard deviation for individual 
EEG trials divided by the square root of total trials (see Table 2 for ERP 
waveform descriptive). Z-scores were computed, and channel outliers were 
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identified if z-scored deviated ± 3.29 SD from other channels. From this criterion, 
no additional participants were excluded based on aSME scores.  
ERP Outcomes and Data Quality Scores  

Previous research has chosen a single frontocentral electrode, such as 
FCz, to measure MMN (Kappenman et al., 2021; Näätänen, 2001). However, the 
use of an electrode cluster allows for the examination of multiple electrodes of 
interest while avoiding multiple comparisons at each electrode site (Luck & 
Gaspelin, 2017). Upon visual inspection of grand average plots, the following 
electrodes were chosen to cluster: F3, Fz, F4, FC1, FC2, C3, C4. This cluster is 
in line with a previous frontocentral electrode cluster used to measure MMN 
(Glass et al., 2008). Four participants had 1 electrode identified as an aSME 
outlier: Fz, FC1, C3, C4. For these participants, the electrode identified as an 
aSME outlier was removed from the channel cluster.  

It has previously been recommended that the ERP time-window mean 
amplitude and fractional area latency (50% area latency) scores for MMN be 
measured between 125 to 225 ms post stimulus onset (Kappenman et al., 2021). 
However, upon visual inspection this recommended time window was too narrow 
for our sample as it inaccurately captured most participants’ MMN (n = 56). Thus, 
the measurement time window of 125-300 ms was used for fractional area 
latency as it best captured most participants’ MMN. However, there were 3 
remaining participants who did not display MMN in this time window and were 
excluded from latency analyses due to the absence of a fractional area latency 
value. Since we observed individual differences in MMN and the typical MMN 
measurement window recommended by Kappenman et al. (2021) was not 
sufficient, we conducted two analyses for MMN amplitude: 1) MMN amplitude 
measured in the recommended measurement window, 150-250 ms post stimulus 
onset, as MMN has been found to be most pronounced in this time window 
(Näätänen & Kreegipuu, 2011; Näätänen et al., 2007) 2) MMN amplitude 
measured in measurement windows that were individually adjusted for each 
participant (50 ms before and after participants’ fractional area latency value). 
Difference waves were used for analyses to isolate the MMN ERP component as 
it has been suggested that difference waves demonstrate true experimental 
effects, with parallel neural processes that may be unrelated to experimental 
conditions subtracted out (Luck, 2014). Difference waves were created by 
subtracting the average waveform on the frequent trials from the average 
waveform on the deviant trials. Since difference waves were computed from 
averaged waveforms, aSME cannot be used as a metric of data quality for 
difference waves as it computes standard deviation for each EEG trial. Thus, 
bootstrapped standardized measurement error (bSME) was used to provide an 
objective metric of data quality for difference waves (Luck et al., 2021). Using a 
script adapted from Luck et al. (2021), bSME was computed for each participant 
by simulated ERP waveforms (10,000 iterations) with difference waves created 
on each iteration. ERP measurements were obtained in difference waves on 
each iteration, creating a sampling distribution, and bSME represents the 
standard deviation of the distribution. Z-scores were computed and the same 
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channels in the four participants with channels identified as aSME outliers were 
also identified as bSME outliers (z-scores ± 3.29 SD compared to other 
channels): Fz, FC1, C3, C4. 
Statistical Analyses 

To test whether subjective social status during childhood relates to MMN 
amplitude and latency while controlling for parent education, hierarchical 
regressions were performed with parent education entered at step 1 and 
subjective family social status during childhood entered at step 2. Three separate 
hierarchical regressions were performed for fixed mean amplitude, adjusted 
mean amplitude (i.e., mean amplitude measured from time windows individually 
adjusted per participant), and fractional area latency (50% area latency). SPSS 
(Version 29) was used for all analyses. Bonferroni correction was performed to 
control for multiple comparisons, and statistically significant effects were 
evaluated at p < 0.017. 

 

Results 

Preliminary analyses were first conducted to inspect potential outliers in 
the variables of interest. No outliers (defined as scores above 3.29 or below -3.29 
SD compared to other scores) were detected for parent education, subjective 
family social status during childhood, MMN mean amplitude, or MMN fractional 
area latency. Descriptive statistics for demographics and ERP waveforms are 
reported in Tables 1 and 2, respectively, and zero-order correlations are reported 
in Table 3. The hierarchical regression analyses did not reveal any links between 
childhood parent education and any ERP outcomes, and subjective family social 
status during childhood did not predict any ERP outcomes above and beyond 
childhood parent education (see Tables 4-6 for the summary of regression 
analyses for MMN mean amplitude, adjusted mean amplitude, and latency). 

Since our sample included a combination of college students, graduate 
students, and community members, it is possible that differences in participants’ 
years of education may have influenced these results. To account for potential 
schooling effects, we performed exploratory analyses on fixed mean amplitude, 
adjusted mean amplitude, and latency excluding participants with a bachelor’s 
degree or above (n = 19). Entered at step 1 in 3 separate hierarchical regression 
analyses, parent education did not significantly predict ERP outcomes. Similarly, 
subjective family social status during childhood did not significantly predict any 
ERP outcomes while controlling for parent education in step 2 (see Tables 7-9 for 
the summary of regression analyses for MMN fixed mean amplitude, adjusted 
mean amplitude, and latency results).  

Additionally, previous studies conducted analyses with a single 
frontocentral electrode (Kappenman et al., 2021; Näätänen et al., 2004), making 
it possible that MMN was not measured in optimal electrode sites in the current 
study. Thus, we performed further exploratory analyses to examine the 
correlations between parent education/subjective family social status during 
childhood and fixed mean amplitude and latency in FC1 and FC2 channels 
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(Kappenman et al., 2021; Näätänen et al., 2004). Adjusted mean amplitude was 
not included in these analyses due to the high correlation between fixed mean 
amplitude and adjusted mean amplitude in the electrode cluster (r = 0.99, p < 
0.001). In both FC1 and FC2, parent education and subjective family social 
status during childhood did not significantly correlate with any ERP outcomes 
(see Table 10 for zero-order correlations between childhood SES and 
frontocentral electrodes). 

 

Discussion 

In the current study, we examined how childhood parent education and 
subjective family social status during childhood relate to neural indices of 
auditory perception in young adults, as measured by the amplitude and latency of 
the MMN ERP component. Contrary to our hypotheses, we did not find any links 
between childhood parent education or subjective childhood family SES and the 
magnitude or timing of MMN.  

One possibility for these results is that the links between childhood family 
SES and auditory perception may not persist into adulthood; however, links with 
other auditory systems may endure beyond childhood. For example, SES 
differences in temporal processing, which is foundational for speech perception, 
were observed during childhood (Tabone et al., 2017) and in adulthood (Aguiar 
et al., 2019). Similarly, phonological perception, a mechanism that underlies 
speech perception, has been linked to frequency of parent instruction and 
availability of reading-related media (i.e., reading-related TV shows and 
computer games; Foy & Mann, 2003), which may suggest susceptibility to 
environmental influences in children. Indeed, SES-related differences in neural 
processes that underlie phonological perception have been observed in children 
and adolescents (Anwyl-Irvine et al., 2021). Thus, future research should 
examine whether SES may be linked to specific aspects of auditory perception, 
such as mechanisms that underly speech perception, and whether such links 
may endure beyond childhood.  

It is alternatively possible that links between childhood SES and auditory 
systems are specific to auditory attention, which can be measured using an 
active rather than passive auditory oddball task design. Active auditory oddball 
tasks are methodologically similar to passive designs with the exception that 
participants are instructed to attend to the sounds and make a response to the 
deviant stimuli. Such a design typically elicits the P300 ERP component, which 
reflects information processing related to attention (Polich et al., 2011). A 
prolonged development of P300 latency has been observed (Mingils et al., 2023; 
Riggens & Scott, 2019), suggesting the potential for greater susceptibility to 
environmental influences. Specifically, it has been observed that P300 latency is 
shorter in adults compared to children (Mingils et al., 2023; Riggens & Scott, 
2019), suggesting faster allocation of attentional resources in adults. While 
differences are observed in latency, age-related changes in P300 amplitude are 
relatively ambiguous (Riggens & Scott, 2019). The prolonged neurodevelopment 
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of P300 may suggest possible susceptibility to environmental influences (Stevens 
& Neville, 2009), especially during childhood. Although there is a lack of research 
that investigates the links between childhood SES and neural responses during 
active oddball paradigms, research has suggested the possibility for links 
between different auditory experiences and P300 measured in active auditory 
oddball tasks. For example, research that compared musicians and non-
musicians showed shorter P300 latency and increased amplitude in musicians 
compared to non-musicians in an active auditory oddball task (Rabelo et al., 
2015), suggesting faster and greater allocation of attentional resources towards 
sounds. 

Despite the lack of research examining links between SES and P300 
elicited in active auditory oddball task designs, SES-related differences have 
been observed from other auditory attention task designs. For example, a 
dichotic listening task in which participants hear two completing stories 
simultaneously while instructed to attend to one and ignore the other, has been 
used to examine SES-related differences in auditory attention. Specifically, 
negligible differences between neural responses to the attended versus 
unattended stories have been observed in children from lower SES backgrounds 
from preschool through early school years (Giualiano et al., 2018; Hampton Wray 
et al., 2017; Stevens et al., 2009). Neville et al. (2013) further demonstrated that 
neural indices of auditory attention in 3-5-year-old children from lower SES 
backgrounds can be improved after an eight-week family-based intervention, 
demonstrating the malleability of auditory attention, especially during early 
childhood. Furthermore, a recent study demonstrated neural differences in 
auditory attention among young adults from rural versus urban environments (Li 
et al., 2022), suggesting the potential susceptibility of attentional mechanisms in 
the auditory system to different environmental influences during adulthood. Given 
the susceptibility of attentional mechanisms in the auditory system to 
environmental influences across development, future research should examine 
whether links between SES and auditory attention may be specific to auditory 
attention rather than automatic perceptual auditory mechanism.  

Another possibility for our results may pertain to how objective childhood 
SES was captured. Childhood parent education may not fully capture childhood 
auditory environments and may better capture other aspects of socioeconomic 
experiences. Specifically, higher parent education may relate to parenting beliefs 
and behaviors that may enrich children’s learning environment and 
developmental outcomes (Davis-Kean et al., 2021). Childhood parent education 
was found to relate to children’s academic achievement through mechanisms 
such as stimulating parent behaviors in the home (Davis-Kean, 2005; Davis-
Kean et al., 2021). While parent education may better capture parenting beliefs 
and behaviors, other childhood SES indicators, such as parent income during 
childhood, may better capture auditory environments that may influence the 
auditory system. For example, lower income was linked to increased 
neighborhood noise levels (Fyhri & Klæboe, 2006). Greater exposure to noise 
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may alter the auditory cortex (Zhou & Merzenich, 2012) and individuals may 
adapt to chronic noise, learning to inhibit relevant sounds (Evans, 2006). 

Previous research has also obtained a cumulative score of childhood 
SES, which may more comprehensively capture childhood socioeconomic 
experiences. For example, childhood SES was linked to executive functions in 
adults using cumulative scores that included childhood parent education, 
occupation, and income (Last et al., 2018; Moorman et al., 2018). These findings 
may suggest that links between childhood SES and adult outcomes may be more 
accurately captured when multiple childhood SES indicators are considered. 
However, it should be considered that the multidimensionality of childhood SES 
may remain too complex to be captured by either single or multiple indicators, 
each of which may differentially relate to developmental outcomes (Duncan & 
Magnuson, 2012). 

In anticipation that childhood SES may not be best captured by objective 
indicators and some indicators may be difficult to capture in adults, we further 
examined whether subjective family social status during childhood may relate to 
auditory perception. To do so, we modified the MacArthur Scale of Subjective 
Social Status (Adler et al., 2000), which was originally designed to capture 
current subjective social status rather than childhood subjective social status. We 
asked participants to think back to when they were 10 years old when responding 
to this scale. It is possible that this adaptation did not accurately capture 
subjective socioeconomic experiences during childhood.  

Alternatively, subjective family social status during childhood may have 
been accurately captured but any enduring links with auditory perception in 
adults may have been modified by current auditory environments during 
adulthood. For example, we asked participants to rate their subjective family 
social status during childhood; however, their current subjective social status 
may not be the same as how they perceived their childhood social status. It is 
possible that the auditory system rapidly adapts to current environmental 
conditions and the influence of factors captured by subjective social status during 
childhood, such as standard of living during childhood, may not persist across 
development. Thus, the relationship between adults’ current subjective social 
status and auditory perception should be examined to assess the potential 
influence of current environments on auditory perception in young adults.  

A limitation to consider in the current study is that all participants in our 
study had at least completed high school and were either enrolled in college or 
had college degrees. Formal schooling may train auditory systems, such as 
auditory attention, as students need to focus on task goals while inhibiting 
irrelevant information, potentially buffering any influence of childhood auditory 
environments on the auditory system. For example, children from lower SES 
backgrounds may experience less conversational interactions at home (Hoff & 
Tian, 2005; Romeo et al., 2018) which may result in less auditory training, but 
this may be offset by conversational interactions at school. Nineteen participants 
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in the sample also previously obtained a college degree, which may have acted 
as a buffer if faced with childhood adversity. To attempt to account for this, we 
excluded participants with a bachelor’s degree or higher but did not find links 
between childhood family SES and auditory perception. Despite childhood 
socioeconomic backgrounds, schooling may equalize any potential SES 
inequalities (Raudenbush & Eschmann, 2015). Thus, future research should 
examine potential links between SES and auditory perception in young children, 
prior to the introduction of formal schooling, to avoid potential influences from 
formal schooling.  

 
Conclusion 

In summary, the current study did not find any links between childhood 
parent education or subjective family social status during childhood and auditory 
perception in young adults. However, future research should examine these links 
in a population more representative of socioeconomic diversity (e.g., recruiting 
more adults with lower educational levels) while taking into account potential 
confounding experiences such as current social status to gain a more accurate 
understanding of how childhood SES relates to auditory perception. Future work 
that addresses the current limitations may contribute towards a more 
comprehensive understanding of the neurodevelopment of auditory perception, a 
mechanism foundational for auditory systems such as speech perception and 
auditory attention, in the context of childhood socioeconomic experiences. 
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Table 1 
Descriptive Statistics  
Variables n Mean SD Min Max 
Demographics      

Age  73 21.84 2.70 18.58 30.12 
Parent education  73 12.33 4.12 4 18 

Subjective family social 
status during childhood 

73 4.93 2.08 1 10 

Fixed mean amplitude (μV) 73 -2.34 1.53 -6.06 1.28 
Adjusted mean amplitude (μV) 73 -2.47 1.54 -6.12 1.25 
Fractional area latency (ms) 70 195.37 14.97 160 228 

Note. Age and childhood parent education are reported in years. 
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Table 2  
ERP Waveform Descriptive Statistics 

 Trials  Mean Amplitude (μV)  SME 
Waveform Mean  SD Min 

 
Max   Mean  SD Min  Max   

Standard  191.14 5.19 170 196  0.54 1.28 -2.90 3.52 0.61 
Deviant  68.56 2.18 60 70  -1.93 1.82 -6.47 2.10 1.02 
Difference  259.84 7.00 230 265  -2.34 1.53 -6.06 1.28 1.18 
Note. aSME (analytic standardized measurement error) was used for standard 
and deviant waveforms. bSME (bootstrapped standardized measurement error) 
was used for the difference waveform. 
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Table 3 
Zero-order correlations 
Variable 1 2 3 4 5 6 7 8 
1. Childhood parent 
education in years 

--        

2. Subjective family 
social status during 
childhood 

0.49 --       

3. Fixed mean 
amplitude (μV) 

-0.12 0.08 --      

4. Adjusted mean 
amplitude (μV) 

-0.13 0.07 0.99 --     

5. Fractional area 
latency (ms) 

0.02 -0.01 -0.15 0.05 --    

6. aSME standard 
waveform 

0.18 0.08 -0.21 -0.19 0.06 --   

7. aSME deviant 
waveform 

0.06 0.01 -0.12 -0.11 0.03 0.78 --  

8. bSME difference 
waveform 

0.09 0.03 -0.14 -0.12 0.04 0.86 0.99 -- 

Note. Boldface font indicates p < 0.05. aSME represents analytic standardized 
measurement error. bSME represents bootstrapped standardized measurement 
error.



 
23 

 

Table 4 
Summary of hierarchical regression results for fixed mean amplitude in the 
electrode cluster (n = 73) 
Variable B SE B β p R2 
Step 1     0.00 

Parent 
education  

-0.04 0.04 -0.12 0.32  

Step 2     0.01 
Parent 
education 

-0.08 0.05 -0.20 0.14  

      
Subjective 
social status 
during 
childhood 

0.13 0.10 0.18 0.20  

     ΔR2 = 0.02 
Note. Childhood parent education is reported in years. 
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Table 5 
Summary of hierarchical regression results for adjusted mean amplitude in the 
electrode cluster (n = 73)  
Variable B SE B β p R2 
Step 1     0.00 

Parent 
education  

-0.05 0.04 -0.13 0.29  

Step 2     0.04 
Parent 
education  

-0.08 0.05 -0.21 0.12  

      
Subjective 
family social 
status during 
childhood 

0.13 0.10 0.18 0.19  

     ΔR2 = 0.02 
Note. Childhood parent education is reported in years. 
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Table 6 
Summary of hierarchical regression results for fractional area latency in the 
electrode cluster (n = 70) 
Variable B SE B β p R2 
Step 1     0.00 

Parent 
education  

0.07 0.42 0.02 0.87  

Step 2     0.00 
Parent 
education  

0.11 0.49 0.03 0.83  

      
Subjective 
family social 
status during 
childhood 

-0.15 0.97 -0.02 0.88  

     ΔR2 = 0.00 
Note. Childhood parent education is reported in years.



 
26 

 

Table 7 
Summary of hierarchical regression results for fixed mean amplitude excluding 
participants with a bachelor’s degrees or above (n = 54) 
Variable B SE B β p R2 
Step 1     0.01 

Parent 
education  

-0.03 0.05 -0.07 0.61  

Step 2     0.01 
Parent 
education  

-0.04 0.06 -0.11 0.47  

      
Subjective 
family social 
status during 
childhood 

0.08 0.12 0.09 0.55  

     ΔR2 = 0.01 
Note. Childhood parent education is reported in years. 
  



27 

 
   

 

Table 8 
Summary of hierarchical regression results for adjusted mean amplitude 
excluding participants with a bachelor’s degree or above (n = 54) 
Variable B SE B β p R2 
Step 1     0.01 

Parent 
education  

-0.03 0.05 -0.08 0.56  

Step 2     0.01 
Parent 
education  

-0.05 0.06 -0.12 0.45  

      
Subjective 
family social 
status during 
childhood 

0.07 0.13 0.09 0.58  

     ΔR2 = 0.01 
Note. Childhood parent education is reported in years. 
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Table 9 
Summary of hierarchical regression results fractional area latency excluding 
participant with a bachelor’s degrees or above (n = 52) 
Variable B SE B β p R2 
Step 1     0.01 

Parent 
education  

0.33 0.52 0.09 0.53  

Step 2     0.03 
Parent 
education  

0.57 0.57 0.16 0.32  

      
Subjective 
family social 
status during 
childhood 

-1.32 1.23 -0.16 0.29  

     ΔR2 = 0.02 
Note. Childhood parent education is reported in years.
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Table 10 
Zero-order correlations between childhood SES and outcome variables in 
frontocentral electrodes 
Variable 1 2 3 4 5 6 
1. Parent education --      
2. Subjective family social status 
during childhood 

0.49 --     

3. FC1 fixed mean amplitude 
(μV) 

-0.04 0.08 --    

4. FC2 fixed mean amplitude 
(μV) 

-0.10 0.07 0.82 --   

5. FC1 fractional area latency 
(ms) 

0.04 0.02 0.03 -0.97 --  

6. FC2 fractional area latency 
(ms) 

0.03 0.02 -0.08 -0.11 0.91 -- 

Note. Boldface font indicates p < 0.05. Parent education is reported in years. 
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Figure 1. Histogram of participants’ highest level of education they completed (n 
= 73).  
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Figure 2. Histogram of highest childhood parent education (n = 73) 
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Figure 3. Histogram of participants’ ratings of subjective family social status 
during childhood as answered on the MacArthur Scale of Subjective Social 
Status (n = 73; Adler et al., 2000).  
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Figure 4. Passive auditory oddball paradigm illustration. Tone stimuli were 
presented for 100ms with a 450-550 ms interstimulus interval.  
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Figure 5. Electrode configuration with electrodes included in the MMN cluster 
highlighted in green.  
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Figure 6. Histogram of mean amplitude (µV) in the MMN electrode cluster 
measured between 150-250 ms post stimulus onset (n = 73).
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Figure 7. Histogram of mean amplitude (µV) in the MMN electrode cluster 
measured from measurement windows individually adjusted for each participant 
(n = 73). 
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Figure 8. Histogram of fractional area latency (ms) in the MMN electrode cluster 
measured between 125-300 ms post stimulus onset (n = 70).  
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Figure 9. Grand average ERP plots (n = 73) for the standards (black waveform) 
and deviants (red waveform) over bipolar EOG channels and the individual 
electrodes that were clustered together. Negative is plotted upward by 
convention. The dotted outline shows the 150-250 ms MMN measurement time 
window measured in the electrodes of interest.  
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Figure 10. Grand average ERP plot (n = 73) for the standards (black waveform) 
and deviants (red waveform) over the electrode cluster (F3, Fz, F4, FC1, FC2, 
C3, C4). Negative is plotted upward by convention. The dotted outline shows the 
150-250 ms MMN measurement time window. 




