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ERP ComPonEnts
Event-related potentials are characterized by an intricate series 
of components following the event or stimulus presentation. The 
components are thought to be generated by one or more generator 
sources or dipoles which are presumed to be located in cortical tis-
sue that operate together and have specialized functions (Segalowitz 
and Davies, 2004). Components are believed to be associated with 
particular sensory or cognitive functions (Banaschewski and 
Brandeis, 2007) and are described by their topography, polarity, 
amplitude, and latency. The principal middle to late latency com-
ponents of the ERP are a positive–negative–positive–negative com-
plex typically labeled P1–N1–P2–N2 and begin around 40–50 ms 
and continue for another 150–250 ms (Polich, 1993; Ponton et al., 
2000). A number of studies have found that the N1 and P2 have 
been found to be sensitive to intensity and frequency of auditory 
stimuli. Specifically, N1 and P2 amplitude increase with increasing 
intensity of auditory stimuli (e.g., Picton et al., 1974; Adler and 
Adler, 1989, 1991). In addition, N1 and P2 amplitudes are larger 
with lower frequency stimuli compared to higher frequency stimuli 
(Picton et al., 1974). Generally, ERP paradigms that are passive 
and do not require psychological action (i.e., evaluative or motor 
responses) often do not show deflections following the P2 or N2. 
However, in some situations, especially in an ERP elicited by a 
cognitive paradigm the N2 is followed by a pronounced positive 
peak, labeled P3 (or sometimes labeled P300, P3a, or P3b) and 
typically peaks around 250–450 ms, but the latency varies with the 
time required to process the event (Polich, 1993).

While the early and middle latency sensory evoked poten-
tials are often passive and involve no response or active cognitive 
processing by the participant, the later ERP components involve 

IntRoduCtIon
Electroencephalography (EEG) and event-related potentials (ERPs) 
provide an important bridge in studying the relationship between 
behavioral performance and brain structure and function (Polich, 
1993). Electroencephalography records the electrical activity of the 
brain via electrodes placed on the scalp and provides continuous 
measures of brain processing in real time. Averaged ERPs can be 
obtained when multiple presentations of an event such as a defined 
auditory stimulus occur during the EEG recordings and the EEG 
segments surrounding the event are averaged together. Thus, ERPs 
represent an intricate pattern of brain processing in response to 
events that can range from the presentation of simple sensory 
stimuli to complex events which may engage decision making or 
reasoning. Event-related potentials reveal that when the human 
brain processes a simple sensory stimulus in isolation of decision 
making, i.e., a passive experience, much of the brain’s response to 
the stimulus occurs in the early (e.g., 0–20 ms) to middle latency 
(20–100 ms) periods following the stimulus, with little activity 
occurring after 250 ms following the stimulus presentation (for 
an example, see the classic study of Ponton et al., 2000). When 
the human brain processes a more complex event, such as in a 
decision making task, ERPs reveal that brain processing occurs 
for longer periods following the event. Often in these paradigms 
the brain processing continues past 250 ms following the stimulus 
with the observed activity referred to as late latency components. 
One purpose of this study was to determine if the examination of 
both the middle and late ERP components in auditory ERPs would 
better characterize differences between adults, typically developing 
children and children with sensory processing disorders (SPD) than 
just examining middle latency components alone.
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cognitive processing such as evaluating a target or novel stimu-
lus (Polich, 1993). Recent studies in children with disabilities 
have shown that it may be important to consider both middle 
and late latency components whether the paradigm is a sensory 
paradigm or a cognitive paradigm (Lopez et al., 2006; Davies and 
Gavin, 2007). Thus, considering both middle and late components 
in developmental ERP data may be advantageous, especially as 
the components and sources of the ERPs are complex (Ponton 
et al., 2000).

matuRatIon of ERPs
Maturation of auditory ERP components extends up to 16 years 
of age (e.g., Bruneau et al., 1997; Bruneau et al., 1999; e.g., Ponton 
et al., 2002). Auditory ERPs in young children are dominated by 
P1 and N2 components, opposed to the mature P1–N1–P2–N2 
component morphology in adults (Čeponienė et al., 2002). In chil-
dren the N2 is the most predominant negative peak of auditory 
evoked potentials, whereas in adults the N1 component dominates 
(Čeponienė et al., 2002). The presence of the N1 component in 
children is influenced by the timing between the presentation of the 
auditory stimuli (inter-stimulus interval, ISI). Specifically, the N1 
often is not present in ERPs of young children when the paradigm’s 
ISIs are shorter than 1 s, but the N1 component is observed in 
children at least 9 years of age when ISIs are longer than 1 s (Paetau 
et al., 1995; Bruneau and Gomot, 1998; Čeponienė et al., 2002).

In addition to these components, evidence exists for an extended 
developmental time course of the P3, a late latency component 
(Segalowitz and Davies, 2004). Using a decision making task, the 
novelty odd-ball paradigm, Segalowitz and Davies (2004) found 
that younger children produce large P3s to the target stimuli with 
a posterior maximum, but very unclear and inconsistent results for 
the P3 were observed to novel stimuli while adults showed the pat-
tern of a frontal maximum in response to novel stimuli. Segalowitz 
and Davies (2004) also indicated that children start to show a more 
standard adult pattern of the P3 around age 13. Other investiga-
tors have demonstrated that the P3 is related to diverse functions; 
including memory updating, active stimulus discrimination, atten-
tion allocation, and response preparation (see Key et al., 2005 for 
review). These functional abilities have a prolonged time course 
and parallel the developmental changes seen in P3 component’s 
latency and amplitude.

PuRPosE of thIs study
The major purpose of this present study was to examine if audi-
tory ERP components are able to differentiate between adults, 
typically developing children and children with SPD. Children 
with neurodevelopmental disorders such as autism and attention 
deficit hyperactive disorder (ADHD) often display difficulties in 
processing sensory information (Rogers and Ozonoff, 2005; Liss 
et al., 2006; Yochman et al., 2006). Behavioral assessments have 
shown that children with SPD respond differently to sensory input 
in everyday activities. However, the underlying neural mechanisms 
for these differences in behaviors are poorly understood. The asso-
ciation between brain function and the behaviors of children with 
SPD has received only limited examination to date (Davies and 
Gavin, 2007; Davies et al., 2009). Uncovering neural mechanisms 
may assist in a better understanding the nature of the disorder 

and may assist in guiding appropriate treatment for children with 
SPD. Thus, to examine whether the relationship between ERP 
components is sensitive to SPD we contrasted a sample of young 
adults and a sample of typically developing children to a sample 
of children who were receiving therapy for behaviors perceived as 
resulting from difficulties in processing sensory stimuli. Because 
the processing of simple auditory stimuli can be depicted as sev-
eral components in an ERP, each representing a unique aspect of 
detecting and interpreting sensory input, comparisons of differ-
ent ERP components and their relationship will be examined in 
this study.

Our first research question is “Do healthy adults and children 
with and without SPD display differences amplitudes of the 
ERP components in response to increased stimulus intensity 
or frequency?” To answer this question, we compared the mean 
amplitudes of the N1, P2, N2, and P3 components of the three 
groups using the traditional univariate approach. To explore 
the inter-relationship of the components we asked a second 
question, “Can a combination of ERP components within an 
individual’s brain response to a stimulus be used to successfully 
classify an individual’s membership in one of the three groups?” 
To address this question we used a multivariate approach, the 
discriminant function analysis, to classify individuals into one 
of the three groups based solely on the organization of ERP 
components. Thus, the multiple components within the ERP 
were used to classify the individuals into one of three groups 
taking advantage of the pattern of processing that differentiates 
the groups.

matERIals and mEthods
PaRtICIPant
This study consisted of three groups of participants. An adult 
control group comprising of 18 volunteers with equal numbers 
of males and females between 20 and 55 years of age (M = 33.28; 
SD = 11.35) were recruited from the local community and the 
university. The second group comprising of 25 typically developing 
children (typical; 13 male and 12 female) between 5 and 10 years 
of age (M = 8.33; SD = 1.88) were recruited from the local com-
munity through schools, youth organizations or from families who 
participated in past research projects in this lab. The third group 
consisted of 28 children with SPD (22 male and 6 female) between 
5 and 12 years of age (M = 7.70; SD = 1.80) who were referred to 
the study by local medical practitioners. There was no significant 
age difference between typical children and children with SPD 
(t[51] = 1.25, p = 0.22). The large number of males in this group 
compared to females is consistent with SPD being more prominent 
in males (Ahn et al., 2004).

To validate differences in sensory processing capabilities 
between the two child groups we used the Sensory Profile 
(Dunn, 1999). The Sensory Profile is a caregiver questionnaire 
that measures how the child processes sensory information in 
everyday activities. A multivariate analysis of variance on the 
scores on a shortened version of the Sensory Profile demonstrated 
that typical children had significant higher scores on five of the 
seven subscales and the total score of the Short Sensory Profile 
(Wilks’ lamda = 0.43, F[7,45] = 8.43, p < 0.0005). Because a 
lower score indicates more sensory processing difficulties, this 
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ElECtRoPhysIologICal PaRadIgm and RECoRdIng mEthods
The auditory sensory registration ERP paradigm used was one 
adapted from Lincoln et al. (1995). Four auditory stimuli were 
randomly presented using the E-Prime software (Psychological 
Software Tools, Pittsburgh, PA, USA) to each participant binau-
rally through the ER-3A inserted earphones (Etymotic Research) 
equally distributed in four blocks of 100 stimulus presentations 
with an ISI of 2 s. Each block lasted 3.4 min and 30-s breaks were 
allowed between blocks for participants to rest. The four auditory 
stimuli consisted of two tones of 1 and 3 kHz presented at 50 dB 
SPL or 70 dB SPL for 1 kHz tone, and at 53 dB SPL or 73 dB SPL 
for the 3 kHz. All stimuli had a 50-ms duration with 10-ms rise/
fall times.

Electroencephalography activity was recorded using a BioSemi 
ActiveTwo EEG system (BioSemi Inc., Amsterdam, Netherlands) 
with 32 pin-type Ag–AgCI sintered Active-electrodes inserted 
into a lycra head cap with locations based upon the American 
Electroencephalographic Society nomenclature guidelines (1994). 
Electroencephalography was recorded with the Common Mode 
Sense (CMS) active electrode and Driven Right Leg (DRL) passive 
electrode as the reference and ground respectively (http://www.
biosemi.com/faq/cms&drl.htm). Electrooculograms (EOG) were 
recorded from individual electrodes placed on the left and right 
outer canthus for horizontal movements and on the left supraor-
bital and infraorbital region for vertical movements. Four more 
individual electrodes were placed on the left and right ear lobes 
and left and right mastoids. Electroencephalography signals were 
sampled at an analog-to-digit rate of 1024 Hz with a bandwidth 
of 268 Hz.

ERP WavEfoRm and ComPonEnt analysIs
All EEG/ERP analyses were conducted offline using the BrainVision 
Analyzer software (Brain Products GmbH, München, Germany). 
The left and right earlobe recordings were averaged and used as the 
offline reference. The four individual EOG channels were converted 
to a vertical and a horizontal bipolar EOG. The EEG recordings 
were filtered with a band pass of 0.23–30 Hz (12 dB/octave). The 
EEG was segmented about each auditory stimulus with a dura-
tion of 100-ms pre-stimulus onset to 800-ms post-stimulus onset. 
Segments with deviations greater than ±100 μV on any of the EEG 
channels or the bipolar EOG channels were eliminated. Then non-
rejected segments for each auditory stimulus were baseline cor-
rected and averaged to create ERP waveforms for each participant 
from which the ERP components were measured. The average 
number of non-rejected trials of each of the four auditory stimuli 
for adults were 91.93 (SD = 8.46); for the typical children were 
60.65 (SD = 22.00), and for the children with SPD were 41.45 
(SD = 17.89). Two typical children and one child with SPD were 
excluded from the ERP component analysis due to an insufficient 
number of non-rejected segments.

Measures of peak-to-peak amplitude and latency for P1, N1 and 
P2 were obtained in a manner outlined by Lincoln et al. (1995) but 
with slight adjustments to time windows to accommodate adult 
ERPs. The N1 was identified between 70 and 170 ms and the P1 
was scored between 20 and 80 ms. The peak-to-peak amplitude of 
the N1 component was defined as the difference in μV between the 
N1 peak amplitude and the P1 peak amplitude. The P2 component 

result provides face validity that the group of children referred 
by the medical community displayed deficits in processing 
sensory information.

A parent of all child participants reported no hearing deficits 
in their child and all adult participants reported no hearing defi-
cits. The adult participants, based on the self-report, and typical 
children, based on the parent report, were free of neurological 
disorders, psychiatric disorders, and family histories of psychiat-
ric disorders. For children with SPD, in addition to the primary 
diagnosis by a medical specialist for SPD, the parent report indi-
cated that five children also had ADHD, two children had learning 
disorders (LD), five children had delayed speech, seven children had 
combined ADHD and LD and one child had combined LD and 
delayed speech. None of the children with SPD had been diagnosed 
as having schizophrenia, bipolar disorder, or autism or had a family 
history of these disorders (for a more detailed report of participant 
characteristics see Davies et al., 2009). The medical specialists refer-
ring the children with SPD to this study used a variety of standard-
ized tests and clinical observations to classify the children as having 
SPD. Because the children were referred to our study by multiple 
clinics and each clinic used different assessment tools, a definitive 
report on the classification test results is not possible. Only six of 
the children with SPD were on medications; four for ADHD (2 
Adderall XL, 1 Stratera, 1 specific medication not listed), one for 
ADHD and obsessive–compulsive disorder (Stratera and Zoloft), 
and one for depression (2.5 mg of Abilify). We examined the data 
to determine if the children taking medications should be included 
in the study by conducting t-tests for the 17 variables included in 
the discriminant analysis. We compared the children with SPD on 
medications compared to the children with SPD not on medica-
tions. Only two of the resulting t-tests were notable; for the change 
amplitude for P2 for the 1 K tone at Pz (Pz_P2_iK_IntenDelta; 
t[24] = 2.88, p = 0.008) and change latency for P3 for the 3 K tone 
at Fz (Fz_P3_3K_LatDelta; t[24] = 2.35, p = 0.027), but when using 
a bonferroni correction for the number of tests these are not sig-
nificant. In addition, there were no significant differences on any of 
the subscales or total score on the sensory profile for children with 
SPD taking medications as compared to those not on medications. 
Based on these analyses it was decided to keep the children with 
medications in the study.

PRoCEduRE
All procedures used in this study were approved by the human 
research committee of the local university. Informed consent was 
obtained from the adult participants. For the child participants, 
parent permission and child assent were obtained. The partici-
pants were tested in a relaxed sitting position. Prior to EEG record-
ing, they were provided a short training period on how to reduce 
artifacts that can be produced by eye blink and muscle activity. 
Electroencephalography recording were made during three activi-
ties, a hearing threshold screening, a modified sensory gating para-
digm, and a sensory registration paradigm. The presentation of the 
latter two activities were counter-balanced across participants. Only 
the data from the sensory registration paradigm will be presented 
here. During the sensory registration paradigm the participants 
watched a silent movie and were not required to respond to the 
auditory stimuli.
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the participant left out. All statistical analyses were performed using 
the Statistical Package for Social Sciences (SPSS) for Windows soft-
ware, 14.0 version.

REsults
The grand average ERP waveforms for each auditory stimulus were 
overlaid and shown separately for the adults, typical children, and 
children with SPD groups for the Fz, Cz, and Pz sites in Figure 1. 
The mean and standard deviation of the peak-to-peak amplitudes 
of the N1, P2, N2, and P3 components for each group are shown 
in Table 1. Visual inspection of these ERPs illustrate that the adult 
group displayed an organized pattern of brain activity sensitive 
to changes in frequency and intensity of the stimuli, while typical 
children demonstrated a less organization pattern as compared 
to the adults. Children with SPD displayed the most disorgani-
zation in their patterns of brain activity to auditory stimuli dif-
fering in intensity and frequency. In general, when compared to 
adults, children demonstrated smaller peak-to-peak amplitudes 
in both N1 and P2 components and in some cases showed less 
distinction between loud and soft stimuli. Conversely, children 
demonstrated larger peak-to-peak amplitudes in both N2 and P3 
components and in some cases demonstrated more distinction 
between loud and soft stimuli when compared to adults. This 
pattern was seen in typical children and was even more marked 
in children with SPD.

anCova REsults EvaluatIng PEak-to-PEak amPlItudEs of EaCh 
ERP ComPonEnt
The ANCOVA evaluating the N1 component revealed that none 
of the main effects were statistically significant. However, several 
interaction effects, Group × Frequency (F[2,60] = 4.07, p = 0.022) 
and Group × Intensity × Frequency (F[2,60] = 3.27, p = 0.045), 
approached significance but failed to meet the adjusted test-wise 
alpha criterion.

The ANCOVA evaluating the P2 component revealed sta-
tistically significant main effects for Group (F[2, 60] = 6.03, 
p = 0.004) and the Group × Site interaction (F[4,120] = 7.43, 
p < 0.0005). The Site × Intensity interaction approached signifi-
cance (F[2,120] = 4.09, p = 0.019). Thus, the three groups differed 
in their peak-to-peak amplitudes and topographical distribution 
of the P2 component. Additionally, the stimulus intensity may dif-
ferentially impact the peak-to-peak amplitude of the P2 component 
across electrode sites.

Analysis of the N2 component revealed a statistically significant 
main effect for Site (F[2, 118] = 5.74, p = 0.005). Again, several inter-
actions approached significance; Group × Site (F[4,118] = 2.53, 
p = 0.048), Site × Intensity (F[2,118] = 3.95, p = 0.024) and 
Site × Frequency (F[2,118] = 3.38, p = 0.042). These results indi-
cate that the peak-to-peak amplitudes of the N2 component were 
different across electrode sites. Additionally, the stimulus intensity 
and frequency may differentially affect the peak-to-peak amplitude 
of the N2 component across electrode sites.

Analysis of the P3 component revealed that none of the main 
effects were statistically significant. However, the main effect for 
Group (F[2, 62] = 3.17, p = 0.049) and the Group × Site inter-
action (F[4,124] = 3.20, p = 0.028), Group × Intensity interac-
tion (F[2,62] = 3.93, p = 0.025), and Site × Intensity interaction 

was identified as the most positive peak between 130 and 270 ms 
after the stimulus onset and peak-to-peak amplitude was defined 
as the difference in μV between the N1 peak and the P2 peak. The 
window for determining the N2 and P3 peaks was based on the 
visual inspection of the grand average waveforms for adults and 
children. The N2 component was identified as the most negative 
peak between 200 and 375 ms after the stimulus onset and the 
peak-to-peak amplitude was defined as the difference in ampli-
tude between the P2 peak and the N2 peak. The P3 component 
was identified as the most positive peak between 250 and 450 ms 
after the stimulus onset. The peak-to-peak amplitude of the P3 
component was defined as the amplitude difference between the 
N2 peak and the P3 peak.

The amplitude and latency measurements of all components 
were measured at Fz, Cz, and Pz electrode sites for each averaged 
ERP waveform using a computer program, ERPScore (Segalowitz, 
1999), which allowed for both the automatic scoring of peak ampli-
tude and latency within a set window and visual inspection of 
the average waveform. Several components could not be identi-
fied for three typical children and one child with SPD, thus those 
components were not scored and considered missing data in the 
statistical analyses.

statIstICal analysIs
In keeping with traditional approaches to evaluate the differences 
between adult participants, typical children, and children with SPD, 
the peak-to-peak amplitudes of the N1, P2, N2, and P3 components 
were each evaluated using a 3 × 3 × 2 × 2 analysis of covariance 
(ANCOVA). The between factor was Group (three levels: adult, 
typical children and SPD children). The three within factors were 
Site (three levels: Fz, Cz and Pz), Intensity (two levels: high vs. 
low) and Frequency (two levels: 1 kHz vs. 3 kHz). The number of 
segments in the averaged ERP from which the dependent measure 
(i.e., the peak-to-peak amplitude) was derived served as a covari-
ate. When necessary, Greenhouse–Geisser corrections were used to 
adjust for violation of the assumption of homogeneity of variances. 
Since there were four ANCOVA analyses, test-wise alpha level was 
adjusted to p < 0.0125 (0.05/4) to reduce possible inflation of Type 
I error.

Instead of relying on inferential logic to summarize the results of 
a series of post hoc t-tests which could be used examine the nature 
of the main effects found in each of the ANCOVAs, discriminant 
analyses procedures were used. Discriminant analyses allowed 
for the statistical determination of both the relative importance 
of each component in defining the groups and the nature of the 
relationship between each these components. The independent 
variables were combinations of both peak-to-peak amplitude and 
peak latency differences of the ERP components between loud and 
soft auditory stimuli at both Fz and Pz sites based upon the results 
of the ANCOVA analyses. The number of segments included in 
the averaged ERP was also included as an independent variable. 
The resulting classification functions were evaluated with Wilks’ 
lambda. Additionally, the leave-one-out cross-validation method 
was used to evaluate the results of the percent correct classification 
data obtained from the discriminant analyses. The leave-one-out 
cross-validation procedure determined the discriminant function 
based on N − 1 participants and then used the function to  classify 
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peak-to-peak amplitude of P2 at Fz for the loud intensities of 
1 kHz stimuli (I∆P2 for 1 kHz at Fz). A similar approach was 
used to collapse latency measures. For example, the latency of 
P2 at Fz for the soft intensity was subtracted from the latency 
of P2 at Fz for the loud intensities of 1 kHz stimuli (L∆P2 for 
1 kHz at Fz). Thus, the independent variables entered simulta-
neously in the discriminant analysis were the square root of the 
number of segments in the ERP and the 16 variables (8 repre-
senting amplitude response characteristics and 8 representing 
latency characteristics) computed in above manner (see Table 2 
for complete listing).

The first discriminant analysis performed evaluated differences 
between the three groups; the adults, typical children and children 
with SPD. The results revealed that 91% of the participants could be 
correctly classified as their group membership by brain responses 
alone. The adult participants were 94% correctly classified, while 
80% typical children were correctly classified and 96% children with 
SPD were correctly classified (see Figure 2). One adult was incor-
rectly classified as a typical child. Only four typical children were 

(F[2,124] = 3.61, p = 0.036) approached significance. These results 
suggest that the three groups may differ in their P3 component 
peak-to-peak amplitudes.

Furthermore, the peak-to-peak amplitude of the P3 component 
across the electrode sites of each group may be differentially affected 
by stimulus intensity.

dIsCRImInant analysEs
To determine the relative the importance of each component in 
defining the groups and the nature of the relationship between 
each these components, two discriminant analyses were per-
formed. To reduce the number of independent variables (i.e., 
input variables) and retain the information about the organi-
zation of brain responses to intensity shifts of the stimuli, the 
various peak-to-peak amplitudes values for P2 and P3 for the two 
different tones (1 and 3 kHz) at each of two recording sites (Fz, 
Pz) were collapsed by computing their difference scores between 
loud and soft intensities. For example, the peak-to-peak ampli-
tude of P2 at Fz for the soft intensity was subtracted from the 

FIgure 1 | (A) Grand averages of the ERPs at Fz with 100-ms baseline prior to 
the stimulus filtered with a bandpass of 0.23–30 Hz. The thin line represents the 
auditory stimulus presented at 1 kHz 50 dB SPL, the dotted line represents 
the1 kHz 70 dB SPL stimulus, the dashed line represents the 3 kHz 53 dB SPL 
stimulus, the thick line represents the 3 kHz 73 dB SPL stimulus. Positive 
voltage is up. (B) Grand averages of the ERPs at Cz with 100-ms baseline prior 
to the stimulus filtered with a bandpass of 0.23–30 Hz. The thin line represents 
the auditory stimulus presented at 1 kHz 50 dB SPL, the dotted line represents 

the1 kHz 70 dB SPL stimulus, the dashed line represents the 3 kHz 53 dB SPL 
stimulus, the thick line represents the 3 kHz 73 dB SPL stimulus. Positive 
voltage is up. (C) Grand averages of the ERPs at Pz with 100-ms baseline prior to 
the stimulus filtered with a bandpass of 0.23–30 Hz. The thin line represents the 
auditory stimulus presented at 1 kHz 50 dB SPL, the dotted line represents 
the1 kHz 70 dB SPL stimulus, the dashed line represents the 3 kHz 53 dB SPL 
stimulus, the thick line represents the 3 kHz 73 dB SPL stimulus. Positive 
voltage is up.
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correct classification for typical children and 100% correct clas-
sification for children with SPD. Only one of the typical children 
was incorrectly classified into the SPD group, the same child 
that was incorrectly classified in the first discriminant analy-
sis. All of the children with SPD are correctly classified. The 
cross-validation results for the discriminant analysis with two 
child groups revealed that the correct classification accuracy 
rate dropped to 80% with 75% for typical children and 84% for 
children with SPD.

Because the slight differences in the distribution of the ages 
in each child group, a third discriminant analysis was performed 
with age included with the original independent variables to test 
if an alternate outcome occurs. The addition of the age of the chil-
dren did not change the significance of the discrimination func-
tion (i.e., λ = 0.293, p = 0.001) nor does it substantially change 
the standardized discriminant function coefficients as shown in 
the last column of Table 2. The standardize coefficient for the age 
variable was −0.315 indicating age was not a major variable in 
the classification equation. One final discriminant analysis was 
performed with gender included in order to test if gender differ-
ences between the child groups alter the outcome. As with age, 
the addition of the gender also did not impact the significance of 
the discrimination function (i.e., λ = 0.287, p = 0.001) nor does it 
substantially change the standardized discriminant function coef-
ficients. The standardize coefficient for the gender variable was 
0.337 suggesting that gender also does not serve as a major variable 
in the classification equation.

incorrectly classified; two participants were labeled as members of 
the adult group and two as the SPD group). Only one child with 
SPD was incorrectly classified into the typical child group. Function 
1 significantly separated the three groups with the centroid for the 
adults being on one end and the centroid for the children with 
SPD on the other end with centroid for the typical children in the 
middle between them (λ = 0.187, p < 0.0001). Function 2 was not 
statistically significant (λ = 0.683, p = 0.227), though as Figure 2 
illustrates, this function separated the typical children and adults 
with good accuracy. However, children with SPD were dispersed 
along this axis across the range of values observed for adults and 
typical children. The cross-validation results for this first discri-
minant analysis using the leave-one-out procedure revealed that 
the overall correct classification accuracy dropped to 68% with 
78% for the adults, 45% for typical children, and 80% for children 
with SPD.

Because the adults were almost completely separated from 
both child groups in the first discriminant analysis and that the 
adults heavily influenced the weighting in the first function which 
might have restricted the ability of function 2 of the analysis 
to clearly separate the two child groups, a second discriminant 
analysis focusing only on the two child groups was conducted. 
The independent variables were the same as described for the 
previous analysis. The results indicate that typical children and 
children with SPD were significantly separated from each other, 
λ = 0.303, p = 0.001 (see Table 2). The discriminant analysis 
correctly classified 97.8% of the child participants with 95% 

Table 1 | Mean peak-to-peak amplitude (in μV) of the erPs components for each auditory stimulus for each of the three groups. Standard deviations 

are shown in parentheses.

 group

 Adult Typical children SPD children

Auditory stimulus Fz Cz Pz Fz Cz Pz Fz Cz Pz

1 kHz 50 dB SPL

N1 9.83 (3.12) 10.37 (3.15) 7.19 (2.29) 7.37 (3.98) 6.70 (3.90) 5.79 (3.25) 7.29 (5.05) 5.39 (3.43) 4.65 (3.23)

P2 12.48 (5.13) 14.61 (4.81) 9.49 (2.65) 5.65 (3.54) 7.04 (4.71) 7.23 (3.61) 4.60 (4.34) 6.10 (3.58) 7.38 (3.96)

N2 6.16 (3.24) 7.81 (3.97) 4.57 (1.87) 10.96 (6.10) 12.72 (4.50) 9.81 (5.08) 11.93 (5.63) 13.31 (5.08) 9.57 (4.86)

P3 2.19 (1.10) 2.74 (2.09) 2.72 (1.36) 6.59 (3.94) 5.89 (2.56) 4.97 (3.02) 6.94 (3.70) 6.47 (3.96) 5.18 (3.36)

1 kHz 70 dB SPL

N1 11.62 (4.40) 13.11 (4.78) 8.59 (3.32) 11.07 (4.94) 9.41 (4.25) 7.58 (3.48) 9.48 (4.90) 7.63 (3.33) 6.65 (3.07)

P2 15.57 (6.58) 20.78 (7.37) 13.32 (4.48) 6.29 (4.75) 11.40 (8.58) 11.06 (7.15) 5.50 (4.37) 10.45 (8.19) 9.61 (6.20)

N2 9.03 (4.29) 12.51 (5.33) 6.84 (3.35) 11.30 (5.39) 15.71 (7.23) 10.62 (5.51) 13.45 (7.83) 16.43 (10.84) 10.23 (6.53)

P3 3.38 (1.89) 4.31 (2.42) 2.81 (1.55) 7.75 (4.16) 7.77 (3.00) 6.90 (3.75) 8.92 (5.20) 8.84 (5.85) 7.26 (4.12)

3 kHz 53 dB SPL

N1 7.97 (2.76) 8.23 (2.77) 5.63 (2.60) 8.85 (3.50) 7.17 (4.31) 6.61 (3.67) 9.81 (4.91) 7.24 (4.19) 6.89 (4.50)

P2 9.89 (4.59) 11.59 (4.51) 7.67 (2.95) 3.88 (2.81) 6.63 (4.68) 8.26 (3.79) 5.24 (4.43) 7.05 (4.51) 8.04 (5.26)

N2 6.21 (3.33) 7.99 (4.30) 4.59 (2.15) 7.92 (5.31) 11.95 (5.83) 9.07 (5.08) 9.13 (5.64) 11.10 (5.67) 8.13 (5.21)

P3 2.92 (2.04) 3.59 (2.86) 2.86 (1.78) 7.55 (4.75) 7.43 (5.07) 6.56 (4.55) 7.53 (4.64) 6.16 (3.27) 4.80 (2.45)

3 kHz 73 dB SPL

N1 10.66 (4.20) 12.23 (4.78) 8.38 (3.07) 9.43 (6.04) 8.81 (4.78) 6.98 (3.73) 10.81 (5.06) 9.07 (4.84) 8.02 (3.40)

P2 14.56 (6.45) 19.73 (8.96) 12.76 (4.94) 5.78 (5.09) 11.13 (8.21) 10.21 (5.42) 5.92 (4.69) 10.59 (6.82) 8.44 (5.17)

N2 8.58 (4.80) 12.52 (7.91) 7.12 (3.57) 10.44 (6.83) 15.49 (8.59) 10.33 (6.19) 11.11 (7.46) 14.60 (7.80) 8.77 (4.72)

P3 3.18 (2.02) 4.97 (3.83) 3.95 (2.18) 8.17 (6.04) 7.73 (5.82) 8.60 (4.87) 9.19 (3.73) 8.98 (5.73) 9.09 (5.81)
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represented by the peak-to-peak measure of P3 as it was derived as 
the peak amplitude of N2 minus the amplitude of P3. Changes in 
the amplitude of these components to the intensity differences were 
evaluated at midline for the frontal (Fz) and parietal (Pz) site.

The discriminant analyses differentiated the groups of partici-
pants, adults, typical children and children with SPD with high 
accuracy revealing important inter-relationships between compo-
nents. Specifically, the discriminant analyses revealed two func-
tions, one which describes the relationship of the components on 
sensory processing deficit continuum (see Function 1 in Figure 2) 
and one which describes the relationship of these components on a 
 developmental continuum (see Function 2 in Figure 2). The second 
function separated the adults from typical children. A primary aspect 

dIsCussIon
The major purpose of this present study extend the understanding of 
the functional role of various sensory evoked potential components 
and late latency cognitive components in an ERP by demonstrating 
that these components when considered simultaneously could dif-
ferentiate adults, typical children and children with SPD. We exam-
ined the degree to which higher intensity tones (∼70 dB SPL) elicit 
a larger brain response relative to the brain response of the lower 
intensity tones (∼50 dB SPL) and the degree to which the higher 
intensity tones shift the peak latency relative to lower intensity tones. 
Sensory evoked potential components were represented by the peak-
to-peak measure of P2 as it was derived as the peak amplitude of N1 
minus the amplitude of P2. The later cognitive ERP components were 

Table 2 | The discriminant analysis results of the erPs components.

 Three groups Two groups

 Standardized Standardized 

 canonical coefficients canonical 

  coefficients

Variables Function 1 Function 2 Function 1

Square root of number of segments in ERP 0.868 −0.107 0.741

Peak-to-peak amplitude difference of P2 for 1 kHz between −0.156 0.617 0.096 

loud and soft auditory stimuli at Fz

Peak-to-peak amplitude difference of P2 for 3 kHz between −0.296 −0.314 −0.772 

loud and soft auditory stimuli at Fz

Peak-to-peak amplitude difference of P3 for 1 kHz between 0.588 0.244 0.807 

loud and soft auditory stimuli at Fz

Peak-to-peak amplitude difference of P3 for 3 kHz between 0.498 −0.119 0.918 

loud and soft auditory stimuli at Fz

Peak-to-peak amplitude difference of P2 for 1 kHz between 0.108 −0.523 −0.301 

loud and soft auditory stimuli at Pz

Peak-to-peak amplitude difference of P2 for 3 kHz between −0.241 0.670 0.024 

loud and soft auditory stimuli at Pz

Peak-to-peak amplitude difference of P3 for 1 kHz between 0.223 −0.244 0.248 

loud and soft auditory stimuli at Pz

Peak-to-peak amplitude difference of P3 for 3 kHz between 0.185 0.382 0.087 

loud and soft auditory stimuli at Pz

Peak latency difference of P2 for 1 kHz between −0.032 −0.273 −0.213

loud and soft auditory stimuli at Fz

Peak latency difference of P2 for 3 kHz between 0.650 0.062 0.726

loud and soft auditory stimuli at Fz

Peak latency difference of P3 for 1 kHz between 0.245 0.083 0.253 

loud and soft auditory stimuli at Fz

Peak latency difference of P3 for 3 kHz between 0.487 0.816 0.773 

loud and soft auditory stimuli at Fz

Peak latency difference of P2 for 1 kHz between −0.059 −0.016 −0.438 

loud and soft auditory stimuli at Pz

Peak latency difference of P2 for 3 kHz between −0.289 0.473 −0.330 

loud and soft auditory stimuli at Pz

Peak latency difference of P3 for 1 kHz between −0.256 −0.298 −0.396 

loud and soft auditory stimuli at Pz

Peak latency difference of P3 for 3 kHz between −0.207 −0.382 0.087 

loud and soft auditory stimuli at Pz
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The first function in the first discriminant analysis with the 
three groups and the second discriminant analysis on just the two 
child groups demonstrated that the P3 was an important contribu-
tor to distinguishing between the two child groups. Distinctively, 
children with SPD had a larger P3 amplitude when compared to 
age-matched peers and adults. Altogether, these results suggest 
that children with SPD are not able to dismiss a sensory experi-
ence with early attention, and detection, around 100 ms following 
the event, but continue to process the information much longer 
and more intensely, 300 ms or more following the event. Thus, if 
sensory information is coming quickly and in multiple modali-
ties it is easy to understand why children with SPD that actively 
process each sensory stimulus longer and more intensely than 
their peers may become overwhelmed when faced with everyday 
sensory experiences.

This interpretation of these data, are consistent with neu-
rodevelopmental theories. First, the auditory brain responses are 
parallel with neuromaturation of auditory cortical brain region 
(Huttenlocher and Dabholkar, 1997; Ponton et al., 2000). Secondly, 
the elimination of synapses that is occurring during the develop-
ment period that was examined in this study seems to be to some 
extent regulated by environmental experiences (Huttenlocher 
and Dabholkar, 1997). In agreement with this neuromaturational 
assumption, as children experience novel sensory experiences, they 
are not always able to immediately recognize sensory stimuli and 
so they will further process the stimuli to determine if behavioral 
responses are required. As children experience sensations repeat-
edly, they are able to quickly register the stimuli and identify 
whether or not further processing is needed. This may be one of 
the processes involved in the sculpting of synapses (i.e., synaptic 
elimination). We propose that in children with SPD, the maturation 
of the sensory systems fail and the early registration and detection 
of the stimuli are not developed even with repeated experiences 
of everyday sensory experiences. As a consequence, children with 
SPD are continually encountering sensory experiences as if they are 
always novel situations and require labored processing with each 
occurrence. This is consistent with Hilyard et al. (1978) proposi-
tion that the N1 represents the interaction between the individual 
and the environment, with the environment dictating what stimuli 
exist and the individual considering the stimuli based on personal 
experiences and memory. In children with sensory processing dif-
ficulties, they may lack the personal feature of the N1.

In conclusion, the results of this study support that the chil-
dren that were referred to medical professionals for services due to 
behavioral manifestations of sensory processing difficulties dem-
onstrate significantly different brain activity associated with simple 
auditory stimuli when compared to their age-matched peers and 
adults. By using a multivariate approach to analyses in this study we 
were able to correctly classify children with SPD from age-matched 
peers with better than 97% accuracy by using neurophysiologi-
cal measures alone. These findings suggest that children with SPD 
exhibit less early sensory detection of stimuli which is followed by 
more extended and intense processing than shown by their age-
matched peers. The use of multivariate approaches to describe the 
inter-relationship between brain processing components may pro-
vide better means of identifying children with SPD and developing 
necessary intervention strategies.

of that function involved the amplitude of components occurring 
around 100–150 ms following the presentation of stimuli (i.e. N1, 
P1). The amplitudes of N1 were smaller in children compared to 
adults, and thus the results of this study suggest that these com-
ponents increase in amplitude with maturation. This is consistent 
with previous research (Ponton et al., 2000; Čeponienė et al., 2002). 
Ponton and colleagues emphasized that the maturation of the N1 
amplitude possibly relates to changes in mean synaptic density in 
the primary auditory cortex. Huttenlocher and Dabholkar (1997) 
reported that the synaptic density in the auditory cortex reaches 
a maximum level at about 3 months of age and then decreases 
approximately 60% to reach adult levels by around 12 years of age. 
Näätänen and Picton (1987) propose that at least six different brain 
processes contribute to the N1 component. Thus, the N1 component 
is very complex and may be influenced by several brain regions, 
including the frontal cortex so the primary auditory cortex may be 
one of several contributors to the maturational aspects of the N1.

The N1 is likely to reflect integrative and facilitative processes, 
sound detection, orienting, and selective attention, specifically 
attentional resources allocated to a relevant stimulus (Loveless, 
1983; Näätänen and Picton, 1987; Näätänen, 1990; Polich, 1993; 
Čeponienė et al., 2002). Attending early to a stimulus is important 
for identifying a stimulus and determining whether or not further 
processing of the stimulus is required. Our findings suggest that 
young children have fewer resources allocated to attending to incom-
ing stimuli, demonstrated by a smaller N1, compared to adults. This 
suggests that young children do not demonstrate mature sensory 
processing of brief auditory stimuli. More explicitly, children do 
not demonstrate proficiency in automatically registering external 
sensory stimuli, detecting stimuli and immediately determining if 
stimuli can be dismissed or if they need further processing. Our 
data suggest that children with SPD have a smaller N1 response to 
auditory stimuli compared to adults and their peers.

FIgure 2 | Scatter plot for the full discriminant analysis model.
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