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Abstract

Background—The N100 is a negative deflection in the surface EEG approximately 100ms after 

an auditory signal. It has been shown to be reduced in individuals with schizophrenia and those at 

clinical high risk (CHR). N100 blunting may index neural network dysfunction underlying 

psychotic symptoms. This phenomenon has received little attention in pediatric populations.

Method—This cross-sectional study compared the N100 response measured via the average EEG 

response at the left medial frontal position FC1 to 150 sinusoidal tones in participants ages 5 to 17 

years with a CHR syndrome (n = 29), a psychotic disorder (n = 22), or healthy controls (n=17).

Results—Linear regression analyses that considered potential covariates (age, gender, 

handedness, family mental health history, medication usage) revealed decreasing N100 amplitude 

with increasing severity of psychotic symptomatology from healthy to CHR to psychotic level.

Conclusions—Longitudinal assessment of the N100 in CHR children who do and do not 

develop psychosis will inform whether it predicts transition to psychosis and if its response to 

treatment predicts symptom change.

1. Introduction

Research suggests that psychotic disorders involve a neurodevelopmental vulnerability and 

an active process of brain dysfunction beginning before full psychosis (Asami et al., 2014; 

Cannon et al., 2015; Kahn and Sommer, 2015; Thermenos et al., 2013). As this process 

unfolds, cognitive decline and social withdrawal increase (Giuliano et al., 2012; Johnstone et 

al., 2005; Mesholam-Gately et al., 2009; Piskulic et al., 2012), and the attenuated positive 

symptoms of the clinical high risk (CHR) state emerge (Cornblatt et al., 2012). 

Approximately one third of adolescents and young adults with CHR transition to full 

psychosis (Cornblatt et al., 2003; Fusar-Poli et al., 2012). Many nonconverters continue to 

experience functional impairment (Addington et al., 2011). Prevention of the disability of 

CHR and psychosis will require understanding the underlying biological processes and 

biomarkers sensitive to these processes.

The auditory N100 is an evoked response potential (ERP) associated with neurons in the 

primary and association auditory cortices in the superior temporal gyrus, Heschl’s gyrus 

(Zouridakis et al., 1998), and planum temporale (Godey et al., 2001; Milner et al., 2014). In 

animals, the N100 originates from activation of superficial supragranular layers of the cortex 

(Moore, 2002; Stroganova et al., 2013), the primary origin and termination of intracortical 

connections (Swenson, 2006). Thus, pathology affecting these layers and projections may 

reduce N100 responses. Notably, in primarily adult studies, N100 amplitude is reduced in 

first episode and chronic schizophrenia (SZ) patients, both medicated and unmedicated, and 

in their relatives (Brockhaus-Dumke et al., 2008; Brown et al., 2002; Hsieh et al., 2012; 
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Mukundan, 1986; Neuhaus et al., 2013; Rosburg et al., 2008; Turetsky et al., 2008). Studies 

have differed as to whether the N100 is decreased in CHR and whether it decreases further 

with progression to psychosis (Brockhaus-Dumke et al., 2008; Hsieh et al., 2012; van Tricht 

et al., 2015).

To our knowledge, N100 abnormalities have not been studied in fully pediatric samples with 

CHR or psychosis (PS). Importantly, the N100 can be measured with minimal risk beginning 

in early childhood (Pang and Taylor, 2000) and thus may serve as an early index of 

psychosis liability. This study compared N100 responses in pediatric patients with PS or 

CHR and healthy controls. We hypothesized that decreasing N100 amplitude would be 

observed from healthy controls to CHR to PS.

2. Method

2.1 Participants

Patients with PS (n=22), patients with CHR (n=29), and healthy controls (HC; n=17) 

between 5 and 17 years of age were recruited. PS and CHR participants were drawn from 

the psychiatry service at Boston Children’s Hospital (BCH); the Commonwealth Research 

Center (CRC, PI L. J. Seidman); and the Social Neuroscience and Psychopathology 

Laboratory (SNAP Lab, PI C. Hooker) at Harvard University. The Structured Interview for 

Psychosis-risk Syndromes (SIPS; described in 2.2.1.) was utilized to determine whether PS 

or CHR syndrome criteria were met (McGlashan et al., 2010). PS participants met DSM-IV 

criteria for Schizophrenia (n = 7), Schizoaffective Disorder (n = 8), Schizophreni form 

Disorder (n = 3), Bipolar Disorder with Psychotic Features (n=2), or Major Depression with 

Psychotic Features (n=2). HCs were identified through advertisements and word of mouth. 

HCs could not meet CHR criteria or have a current or past Axis I diagnosis or any first-, 

second-, or third-degree biological relative with a psychotic disorder. Exclusion criteria for 

all participants included a lifetime diagnosis of substance abuse or dependence, neurological 

disease (e.g., epilepsy) or head injury, medical illness with cognitive sequelae, sensory 

impairments, or intellectual disability. Fig. 1 displays the results of the screening process 

(described in 2.2.1.).

2.2 Procedures and measures

Eligible participants were invited to complete demographic and clinical interviews/

questionnaires and an auditory ERP paradigm. BCH’s Institutional Review Board approved 

all procedures. Participants provided assent, and a parent or legal guardian provided written 

informed consent.

2.2.1 Screening assessment—Participants and their parents/guardians were 

administered the Schedule for Affective Disorders and Schizophrenia for School-Age 

Children—Present and Lifetime Version (K-SADS-PL), a validated semistructured interview 

used to diagnose DSM-IV psychiatric disorders in youth under age 18 years (Kaufman et al., 

1996). Participants were administered the SIPS and the Scale of Prodromal Symptoms 

(SOPS) (McGlashan et al., 2010) to assess current and past psychosis and CHR status and to 

rate positive and negative symptom severity. If the ERP paradigm visit occurred more than 
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one month after the screening assessment, the SIPS/SOPS were re-administered to confirm 

clinical group assignment. No participant was reclassified based upon reassessment. SIPS/

SOPS raters were trained and certified by Yale University’s PRIME Research Clinic, and 

several attended North American Prodromal Longitudinal Study (NAPLS-2) SIPS interview 

reviews for 9 months. Sixty-six participants were administered the SIPS/SOPS by study staff 

and two by their referral source (CRC or SNAP Lab).

2.2.2 Demographic and clinical assessment—Race, ethnicity, date of birth, medical 

and psychiatric history, medication usage, and school functioning were determined from 

parent/guardian interview and record review. Intellectual disability was ruled out if (a) 

previous IQ testing results were N70 for full scale or verbal or performance IQ, (b) school 

functioning was at grade level without special education services, or (c) administration of 

the Scales of Independent Behavior—Revised (SIB-R; Bruininks et al., 1996), a 

comprehensive, norm-referenced assessment of functional level, indicated normal 

functioning.

2.2.3 Auditory ERP (AER) paradigm to form the AER N100 component—
Following a 10-min baseline, EEG recordings were collected with an EGI™ 128-channel 

Geodesic Net System (Electrical Geodesics Inc., Eugene, OR) while the participant was 

seated in a quiet, electrically shielded room. Auditory stimuli were presented with TDH-49P 

headphones. To facilitate state stabilization, all participants viewed an age appropriate video 

with the sound muted during the auditory stimuli.

The individual auditory stimuli were 1000 Hz digitally constructed sinusoidal tone pulses; 

each tone pulse was 50 ms in duration bounded by 0.005-second onset and offset ramps. 

Sinusoidal tone pulses were adjusted to a Sound Pressure Level (SPL) of 75 dB and routed 

to participants via binaural earphones. Tones were presented binaurally on a randomly 

determined interstimulus interval (Noesis software), varying 2000–3000ms, to avoid rhythm 

artifact. A trial marker corresponding to stimulus onset was recorded along with the EEG 

data.

EEG data were recorded using FCZ as the physical reference electrode at a 500 Hz sampling 

rate with bandpass filtering from 0.53 to 100 Hz and with 60 Hz mains filters turned on. 

Prior to signal averaging, trained staff visually edited EEG data recordings for movement 

and electrode artifact, eyeblink storms, state changes, muscle bursts, and timeout intervals; 

such epochs were marked for omission from subsequent signal averaging. Automated 

eyeblink and eye movement artifact removal procedures were then implemented using 

BESA 6.0 (Berg and Scherg, 1994). When a signal averaging segment of EEG contained 

amplitudes greater than±200 μV, they were visually inspected; if likely artifact was noted, 

the identified segment was excluded from signal averaging.

Photogrammetry™ was performed on 11 photographic images of the original 128-channel 

EGI net placement to determine true scalp electrode location. Utilizing three-dimensional 

spline interpolation (BESA), the 128 channels were converted to a full 81 channel 10–10 

electrode standard data set. Analyses were based upon common average reference for all 

channels. Data analysis was primarily limited to EEG channel FC1, which lies immediately 
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to the left of the scalp vertex region at the center of the rectangle formed by traditional 

electrodes FZ, CZ, F3, and C3. Evoked potentials were formed and analyzed with band pass 

set to 1–50 Hz to form the tone-burst auditory evoked response (AER). These contained 

epochs 500 ms before and after tone presentation, with the entire prestimulus epoch used for 

baseline amplitude correction. For each participant, tone burst AERs were calculated by 

signal averaging 150 stimulus presentations, with the N100 component measured at FC1-

common average reference as the amplitude of and latency to the maximal negativity in the 

interval 80–125 ms post stimulus presentation.

2.2.3.1. Justification of analysis limited to FC1 and the common average reference: All 

scalp manifestations of evoked potential data constitute projections of the primary electrical 

source dipole within the brain to the scalp, where they may be measured with surface 

electrodes. In healthy participants, the click AER source dipole localizes within the brain to 

the posterior superior temporal gyrus of both temporal lobes. All such sources have a 

physical location(s), a source orientation, and a source polarity (positive–negative sides/ends 

of the source vector). The N100 component of the AER typically points superiorly towards 

the medial frontal–central cortex bilaterally. Its frontally projected negativity is seen over a 

broad scalp region, usually involving standard electrodes FZ, CZ, F3, C3, FC1, F4, C4, and 

FC2. The negative aspect of the source dipole from both the left and right temporal regions, 

which mostly project vertically, typically show stronger ipsilateral projections with some 

degree of projection across the midline, contralaterally. In some cases, the bihemispheric 

frontal overlap is minimal, and the N100may appear maximal at a non-midline electrode, 

often FC1 or FC2. In a noise-free environment in healthy samples, CZ, and sometimes FZ, 

typically provide the strongest signal. As the signal distribution at the above frontal 

electrode coverage regions are assumed to be passive projections from the temporal source 

dipole, any of the above electrodes should contain the same information. In healthy 

participants, the positive component of the N100 AER dipole typically points inferiorly, 

posteriorly, and laterally and is seen exclusively ipsilaterally, almost always maximal at A1 

(left ear) or TP9 (left mastoid) or homologously at electrodes A2 and TP10 on the right. In 

healthy participants, the largest N100 signal can typically be observed by recording between 

CZ and either linked ears [(A1 + A2) / 2] or linked mastoids [(TP9 + TP10) / 2].

Notably, we have found among SZ patients that the largest negative N100 component is 

often medial to the midline, typically more on the left, at FC1 (Morstyn et al., 1983a; 

Morstyn et al., 1983b; Faux, Shenton, et al., 1987, Faux et al., 1988; Faux, Torello et al., 

1987a; Faux, Torello et al., 1987b). Although results for the P200 and P300 were reported in 

these articles, an N100 asymmetry was also observed. Prior to measuring N100 amplitudes 

for the current study, we screened the data and confirmed that the optimal electrode for 

N100 measurements in our sample was the FC1. Furthermore, prior work has demonstrated 

that in SZ, the scalp manifestation of the positive pole may be found to be maximal anterior 

to the ears and mastoids, even occasionally to the frontal regions, although these findings 

have not yet been formally reported. Accordingly we decided, a priori, to avoid the 

advantage ears and/or mastoid use would provide in healthy participants, but which may not 

be true for SZ, by measuring from FC1 to the common average reference, which would be a 

“neutral” reference across groups. Thus, by using the common average reference, we 
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avoided potential “noise” related to a shifting positive N100 dipole scalp presentation, and 

by taking measurements at FC1 for all groups, we avoided issues related to negative N100 

scalp vertex presentation asymmetry in the PS group.

2.3 Data analysis

Differences among clinical groups on demographic and clinical characteristics were tested 

using the Freeman–Halton extension of Fisher’s exact tests for categorical variables and 

ANOVAs for continuous variables. Significant differences were followed by 2 × 2 Fisher’s 

exact tests with Bonferroni corrected p threshold for categorical variables and Student–

Newman–Keuls (SNK) tests for continuous variables. Consistent with prior studies (del Re 

et al., 2015; Salisbury et al., 2010), a one-way ANOVA revealed no significant association 

between clinical group and N100 mean latency [F(2, 65) = 0.020, p = 0.980]; thus, N100 

latency was not considered further.

Linear regression models tested the effect of clinical group on the N100 mean amplitude, 

consistent with methods of similar analyses (Hsieh et al., 2012). Potential covariates, 

including age, gender, handedness, first-degree family history of mental illness (psychosis, 

nonpsychotic major depression, nonpsychotic bipolar disorder) and current medication 

usage (antipsychotics, antidepressants, mood stabilizers, benzodiazepines, stimulants), were 

regressed against the N100 mean amplitude individually. Each variable that reached a 

significance level of p < .10 in its individual regression was included in the linear regression 

model testing the effect of clinical group on N100 amplitude. Variables were then removed 

using backward elimination with a threshold of p ≥ .10 to produce the final linear regression 

model.

For all linear regression models in which clinical group emerged as a significant predictor, 

we assessed the appropriateness of using a linear model by running ANOVAs to test 

deviation from linearity and by examining the residuals to ensure homoscedasticity and 

normal distributions. Follow-up pair-wise comparisons specified group differences. For all 

analyses, p < .05 was considered statistically significant except where Bonferroni correction 

was used as indicated below.

3. Results

3.1 Descriptive analysis

Table 1 depicts the distributions of study variables across clinical groups. ANOVAs revealed 

significant differences between groups on age [F(2, 65) = 4.493, p < .015] and SIB-R scaled 

scores [F(2, 54) = 8.366, p=.001]. Fisher’s exact tests revealed group differences on gender 

(p = .007) and usage of antipsychotics (p < .001) and antidepressants (p = .003). Table 1 

specifies the significant pairwise group differences. Clinical groups did not differ on the 

remaining variables (ps ≥.12).

3.2 clinical group differences in N100 amplitute

In analyses regressing the study variables individually against N100 amplitude, age, gender, 

antipsychotic medication usage, and clinical group met criterion for inclusion in the next 
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stage of analysis. In the subsequent linear regression model including these variables, 

backward elimination removed gender and antipsychotic medication usage, leaving clinical 

group (β= .465, t= 4.413, p < .001) and age (β =.258, t=2.447, p = .017) as significant 

predictors of N100 amplitude [R2 = .279, F(2, 65)=12.603, p < .001]. As shown in Fig. 2, 

there were smaller N100 amplitudes from HC (M = 5.43, SD = 3.29) to CHR (M = 4.10, SD 

= 1.85) to PS (M = 2.21, SD = 2.25). N100 mean amplitude increased with age. The 

interaction between age and clinical group on N100mean amplitude was not significant (β= .

043, t=.095, p = .924).

In pairwise analyses, N100 amplitude was predicted by group (β = .527, t = 3.881, p < .001) 

and age (β = .276, t =2.003, p = .049) when comparing HC and PS [R2 = .338, F(2, 36) = 

9.202, p = .001]; by group (β = .353, t = 2.323, p = .025) and marginally by age (β = .273, t 

= 1.799, p = .079) when comparing HC and CHR [R2 = .131, F(2, 43) = 3.250, p = .048]; 

and by group (β = .325, t = 2.414, p = .020) and age (β = .272, t = 2.021, p = .049) when 

comparing CHR and PS [R2 = .245, F(2, 48) = 7.776, p = .001].

4. Discussion

We believe that this is the first study in a pediatric sample to find smaller N100 amplitudes 

with increasing severity of psychosis spectrum from HC to CHR to PS. Studies have been 

inconsistent as to whether CHR individuals differ from HCs or PS patients inN100 

amplitude. van Tricht et al. (2015) found increasing blunting of the N100 in CHR 

individuals transitioning to psychosis, Hsieh et al. (2012) found a decrease in N100 

amplitude from HC to CHR to first-episode PS patients, and Salisbury et al. (2010) found 

that the N100 blunted from first episode to chronic SZ. However, del Re et al. (2015) found 

similar diminished N100 amplitudes in CHR and PS patients, and others did not find N100 

blunting in CHR patients (Bramon et al., 2008; Brockhaus-Dumke et al., 2008; Hsieh et al., 

2012). Notably, these were studies of adults.

Our results argue for decreasing N100 amplitude when comparing HC to CHR to PS in 

children and adolescents. These findings need to be replicated in larger samples and with 

longitudinal assessments to determine whether the N100 amplitude predicts which CHR 

youth will progress to psychosis and whether the N100 decreases when progressing from 

CHR to PS. Future studies should also test whether N100 blunting is evident in individuals 

at high genetic risk for psychosis (e.g., 22q11.2 deletion syndrome; Salisbury et al., 2010; 

Turetsky et al., 2008). If observed, then the N100 may serve as a useful biomarker when 

testing whether new treatments that target these genetic mechanisms perform as expected.

In the current study, groups were compared on the average N100 amplitude assessed via the 

average EEG response at the left medial frontal position FC1 to 150 tones. To date, many 

studies examining N100 responses in CHR and PS patients have utilized channel CZ. As 

described in the Method section, in healthy samples, CZ, and sometimes FZ, typically 

provide the strongest signal. However, in our own work, we have repeatedly found that, 

among SZ patients, the largest negative N100 component is often medial to the midline, 

typically more on the left, at FC1 (Morstyn et al., 1983a; Morstyn et al., 1983b; Faux, 

Shenton, et al., 1987, Faux et al., 1988; Faux, Torello et al., 1987a; Faux, Torello et al., 
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1987b). For that reason, we screened our data prior to conducting statistical analyses and 

confirmed that the optimal electrode for N100 measurements in our sample was the FC1. We 

conducted supplemental analyses (not reported above) to test for clinical group differences 

in the N100 response utilizing CZ, FZ, and FC2 to linked ears. The results demonstrated a 

similar decrease in N100 amplitude from HC to CHR to PS as reported above using FC1; 

however, the former channels produced greater inter-individual variation, and the group 

differences were statistically weaker than those found using FC1. These findings support our 

decision to use FC1 in this sample. Notably, our sample was a fully pediatric sample, unlike 

the majority of studies in this area, which have been conducted largely with adults. Future 

studies should explore the optimal channels for assessing N100 and other ERP responses in 

CHR and PS patients of varying ages.

This study has limitations. Its small sample size restricted statistical power. The sample was 

almost exclusively non-Hispanic White, and the PS subsample was largely male. We 

attempted to minimize the role of intelligence in contributing to group differences on N100 

measures by excluding individuals with intellectual disability. However, future studies 

should match participants on IQ and/or control for IQ in analyses, as intellectual capabilities 

are associated with N100 responses (Lijffijt et al., 2009). N100 amplitude increased with 

age, and the clinical groups differed in age. However, the CHR group was the oldest group 

but its N100 amplitude fell between the HC and PS groups, and group predicted N 100 

amplitude after controlling for age. Although we considered medication usage as a covariate 

in analyses, we cannot rule out medication effects given that no HC participants were 

medicated. Exclusion criteria for all participants included a lifetime diagnosis of substance 

abuse or dependence based on participant and parent/guardian responses to the K-SADS-PL. 

Urine toxicology testing was not performed to confirm lack of substance use. Another 

limitation relates to the assessment of CHR in pediatric populations. Although childhood 

onset of prodromal symptoms is not rare (Woodberry et al., 2014), identification of CHR in 

pediatric populations is less reliable than in adults (Schultze-Lutter et al., 2015). 

Furthermore, the predictive validity of the SIPS, particularly in children under age 10 years, 

is not established. Finally, the PS group was not limited to DSM-IV SZ due to (a) difficulty 

in determining if patients with early psychosis would settle into a categorical diagnosis of 

SZ or an affective psychosis (Consoli et al., 2014; Remberk et al., 2014) and (b) increasing 

biological evidence for heterogeneity among patients with SZ and for pleiotropy in the 

phenotypic expressions of SZ risk alleles (Kavanagh et al., 2015). Consequently, we 

employed a Research Domain Criteria (RDoC) approach, as recently advocated by the 

National Institute of Mental Health (Insel, 2014).

4.1 Conclusions

The N100 response appears smaller in pediatric CHR and PS patients compared to HCs and 

thus may be a biomarker of brain pathology underlying CHR and PS emerging early in life. 

Longitudinal studies in children at high genetic risk are required to determine if N100 

abnormalities can identify those who will develop psychotic disorders prior to the 

emergence of CHR symptoms. With additional study, the N100 may serve as a useful 

biomarker of network pathology and treatment efficacy in pediatric psychosis and CHR 

treatment trials (Turetsky et al., 2008).
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Figure 1. 
Flow charts depicting participants screened, reasons for exclusion, and number of 

participants retained for each clinical group.
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Figure 2. 
Average auditory N100 response by clinical group. HC = healthy control; CHR = clinical 

high risk; PS = psychosis. All groups differed significantly from each other in pairwise 

regression analyses that controlled for age: HC N CHR N PS.
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