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Abstract 

 Sensory gating, the brain’s ability to suppress irrelevant stimuli, was studied in  

15 subjects with CHRNA7 gene deletions, 16 with gene duplications, and 28 of  their 

siblings.  

 Pairs of brief tones were repeatedly presented and the brain’s responses to the first 

(S1) and second (S2) tone in each pair were recorded during baseline in all subjects, and 

after administration of a placebo and actual medication, respectively in the gene 

abnormality groups. The amplitude, latency and area under the curve were measured for 

the P50, N100 and P200 component.  

 Siblings had smaller P200 amplitudes for S1 than patients, but no gating 

differences were observed. The P50 amplitude for S2 was smaller after medication than 

at baseline, and the corresponding gating ratio approached significance.  

 In conclusion, subjects with CHRNA7 gene abnormalities and their siblings have 

similar gating ratios, but medication tends to reduce the P50 gating deficit. 
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Chapter 1: Introduction 

 

1.1 Background 

 Electroencephalography (EEG) is the recording of electric activity of the brain 

from the scalp. It is a non-invasive technique to measure the voltage fluctuations resulting 

from ionic current flows within the neurons of the brain. Electrodes placed along the 

scalp pickup the electrical activity, and signals from each electrode position are recorded 

over time. This technique is used to diagnose epilepsy, sleep disorders, coma, and brain 

death. Even today EEG continues to be a valuable tool for research and diagnosis with 

the advent of high resolution anatomical imaging techniques. 

 Shown in Figure 1 are 05 seconds of 8-channel  electroencephalogram recorded 

from a study participant. In addition to spontaneous EEG, one can also record the Evoked 

Potential (EP), which is EEG activity time-locked to the presentation of a sensory 

stimulus of some sort (e.g., visual, somato-sensory, or auditory). Typically, many such 

(identical) stimuli have to be presented and their responses ensemble averaged to obtain 

the EP. 

 Auditory evoked potentials (AEPs) are a subclass of event-related potentials 

(ERP)s. AEPs (and ERPs) are very small electrical voltage potentials originating from the 

brain recorded from the scalp in response to an auditory stimulus, such as different tones, 

speech sounds, etc. They reflect neural activation of the central auditory system in 

response to the spectral and temporal properties of a given stimulus.  
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Fig 1 Sample data from 8 channel EEG recording 

 The ensemble average of AEPs is computed to suppress the spontaneous EEG and 

enhance the time-locked (i.e., stimulus-specific) activity. The ensemble average (see 

Figure 2) has three major components: 

1. P50 

 P50 is a positive component which occurs approximately 50 ms after the 

presentation of the stimulus, and is generated across the temporal region of the brain. It is 

used to measure sensory gating, or the reduced neurophysiological response to redundant 

stimuli. 

2. N100 

 The N100 or N1 is a large, negative-going evoked potential measured between 80 

and 120 milliseconds after the onset of a stimulus, and distributed mostly over the fronto-
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central region of the scalp. It is elicited by any unpredictable stimulus in the absence of 

task demands. The N100 is pre-attentive and involved in perception because its amplitude 

is strongly dependent upon such things as the rise time of the onset of a sound, its 

loudness,  inter-stimulus interval with other sounds, and the comparative frequency of a 

sound as its amplitude increases in proportion to how much a sound differs in frequency 

from a preceding one. 

 The auditory N100 is generated by a network of neural populations in the primary 

and association auditory cortices in the superior temporal gyrus in Heschl's gyrus and 

planum temporale. It also could be generated in the frontal and motor areas. The area 

generating the N100 is larger in the right hemisphere than the left. 

3. P200 

 The P200 or P2 is a positive going potential that peaks at about 200 milliseconds 

and in general, the P2 may be a part of cognitive matching system that compares sensory 

inputs with stored memory. The distribution of this component in the brain, as measured 

by electrodes placed across the scalp, is located around the centro-frontal and the parieto-

occipital region. 

 The ability of the brain to filter out repeated stimuli is referred to as sensory 

gating. Failure of the gating mechanism could lead to the central nervous system being 

overloaded with irrelevant information and ultimately to a total dysfunction of the system 

(Freedman, et al. 1991). 
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Fig 2 Auditory evoked potential with the different components. S1 and S2 indicate when 

          the first and second stimulus, respectively, are presented. 

 The gating capability is typically measured by the auditory paired-stimulus 

paradigm, in which P50 auditory evoked potentials are measured. In a paired stimulus 

paradigm, two identical stimuli (S1 and S2) are delivered with a short inter-stimulus 

interval of 500ms and a longer inter-pair interval of 8 seconds. The second stimulus of a 

pair is suggested to be an irrelevant sensory input since it contains no new information. A 

decrement in the response to the second stimulus relative to the first is taken to indicate 

the operation of the gating out neural mechanism. Sensory gating is operationally defined 

as the ratio of the amplitude of the response to the second (S2) stimulus to the amplitude 

of responses to the first (S1) stimulus. In healthy subjects, responses to the second 
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stimulus in the pair are suppressed compared to the first one. In contrast, subjects 

suffering from schizophrenia show a diminished inhibition of the responses to the second 

stimulus (Freedman, et al. 1987). 

 Sensory gating is measured by the gating ratio in subjects with the evoked 

potential components P50, N100 and P200. Fig 2 shows these components and gating in 

healthy subjects where these components have relatively smaller amplitude in S2 when 

compared to S1. 

 

1.2 Research Objectives 

 This research is concerned with subjects with copy number variations in CHRNA7 

gene. As the CHRNA7 gene is linked with sensory gating studies (Winterer, et al. 2013) 

in schizophrenia, the main focus of this research is to see if medication normalizes the 

gating response in these subjects based on sensory gating ratio obtained for evoked  

potential components P50, N100 and P200 using the paired stimulus paradigm. AEP data 

will be collected from subjects with copy number variants at baseline, following placebo 

administration and following medication. Similar baseline AEP data will also be obtained 

from siblings not suffering from copy number variations and their parents. This data will 

be used to pursue the following specific aims: 

 

Specific Aim -1 

 To quantify the extent of sensory gating deficits in individuals with gene deletions 

and/or duplications. 
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 To work towards this aim, EEG data will be collected and processed as described 

in the section 3.2 to obtain the evoked  potential. The sensory gating ratio for the P50, 

N100 and P200 component, defined as the ratio of the component amplitude of S2 and 

the component amplitude in S1, will be calculated using baseline measures. These ratios 

will be compared with those obtained from healthy controls.  

 The null hypothesis is that there is no difference in gating ratio between healthy 

controls and subjects with gene deletions or duplications.  

 

Specific Aim-2 

 To quantify the effect of medication on normalizing sensory gating deficits. 

 The gating ratios will be calculated from the evoked potential data obtained after 

the consumption of the drug. The null hypothesis is that there are no drug effects on copy 

number variants of the gene. This shall be studied by comparing the baseline gating ratios 

with those obtained after medication for each of the two populations of copy variants.  

 

Specific Aim-3 

 To quantify morphological EP differences between the two copy variant 

populations. 

 Population differences that may exist for the amplitudes, latencies and gating 

ratios obtained during baseline recordings, and measurements following administration of 

placebo and medication, will be assessed through statistical testing. Trends over the three 

recordings will be quantified and tested for differences between the copy number variant 

populations. 
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1.3 Thesis outline 

 Chapter 2 presents a review of previous methods and work done in sensory gating 

analysis. Chapter 3 describes the study in detail outlining the steps in data collection, 

processing and analyses. Chapter 4 presents the statistical analysis in studying the aims 

and Chapter 5 offers discussion and conclusions for this study. 
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Chapter 2: Literature Review 

 

 In this chapter, previous work done in the areas of sensory gating deficit and 

CHRNA7 gene relation with gating abnormalities is reviewed.  

 

2.1 Studies in Sensory Gating Deficit 

 Sensory gating describes neurological processes of filtering out redundant or 

irrelevant stimuli in the brain from all possible environmental stimuli (Cromwell, et al. 

2008). Also referred to as gating or filtering, sensory gating prevents an overload of 

irrelevant information in the higher cortical centers of the brain. 

 The paired-click paradigm is a common non-invasive technique used to measure 

sensory gating, a type of event-related potential. For normal sensory gating, if a person 

hears a pair of clicks within 500 ms of one another, the electrophysiological response to 

the second click will be smaller than to the first one. Evidence of the gating can be seen 

in the P50 wave, occurring in the brain 50 ms after the click. Low values of the P50 wave 

indicate that sensory gating has occurred. High values of the P50 wave indicate a lack of 

sensory gating. Freedman, et al. (1987) observed that  schizophrenic patients lack the 

ability to gate neuronal response shown by a particular wave, the P50 wave. Individuals 

with schizophrenia only reduce the amplitude of S2 by 10-20%, whereas individuals 

without schizophrenia reduce the amplitude of S2 by 80-90%. 

 Wan, et al. (2008) studied the relationship among sensory gating, smoking, 

schizotypy and attention among subjects. The majority of significant correlations were 

found in the region surrounding Cz which is the major source of components in this 
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study. Nagamoto, et al. (1991)  had a similar study carried out between schizophrenic and 

normal subjects. Recordings were made at Cz, Fz, C3, T3, C4, and T4, to compare effects 

at different recording sites with this paradigm. Results indicated that schizophrenics had 

significantly poorer sensory gating than normals, with the most significant difference 

between the groups at Cz. Their results also indicated that that Cz is optimal recording 

site for the paired stimulus paradigm, and that gating abnormalities in schizophrenic 

subjects are limited to specific inter-stimulus intervals. 

 Another study conducted by Yi, et al. (1998) questioned the response of P50 

suppression as a measure of sensory gating deficit in schizophrenic patients. Their results 

indicated patients reporting perceptual anomalies exhibited P50 patterns that did not 

differ from normal subjects. In contrast, patients who did not report perceptual anomalies 

showed the abnormal P50 ratios previously found to be associated with schizophrenia. 

 Different methods were used to study sensory gating deficit. Young, et al. (2001) 

used latency jitter of N100/P200 by calculating the amplitude (peak to trough) using time 

locking procedure to characterize the latency jitter in sensory gating defects in 51 

schizophrenic patients. N100 latency jitter was inversely correlated with N100/P200 EP 

amplitude in both cross-sectional and longitudinal analysis. Subjects with elevated EP 

gating ratios (>0.5) had similar latency jitter values for initial (S1) and test (S2) stimuli, 

while subjects with a low gating ratio (0-0.5) had a lower level of S1 latency jitter. 

Temporal variability thus plays a significant and complex role in previously reported 

sensory gating deficits in schizophrenic subjects. 

 Jansen, et al. (2008) explained gating deficits in P50, N100 and P200 in terms of 

response incompleteness. Their results suggest that schizophrenia participants produce 
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fewer S1 and S2 responses in all the three components than in healthy participants 

whereas in healthy participants it was found that the response apart from being fewer 

were also smaller in the three components. The response incompleteness in the trials 

suggest an inhibitory system acting on the neural response in the individuals. The 

conclusion of the study explains two mechanisms in order to explain gating deficits first, 

the S1 response consistency is less in schizophrenia than in health and second, the S2 

responses are attenuated less in schizophrenia. 

  Previous research and results corresponding to sensory gating deficit motivates in 

assessing the three components P50, N100 and P200 in this study. Specific aim-1 is 

designed to quantify the extent of gating deficit in subjects when compared from their 

siblings using the three components of evoked potential P50, N100 and P200. 

 

2.2 CHRNA7 gene deletions/duplications 

 Neuronal acetylcholine receptor subunit alpha-7 is a protein that in humans is 

encoded by the CHRNA7 gene. This gene is located in a region identified as a major 

susceptibility locus for juvenile myoclonic epilepsy and a chromosomal location involved 

in the genetic transmission of schizophrenia. Research has shown that 

deletions/duplications of the gene CHRNA7 produce features similar to schizophrenia 

including sensory gating deficit. For example, Miller, et al. (2009) reported that 

microdeletions within chromosome 15q13.3 are associated both with a recently 

recognised syndrome of mental retardation, seizures, and dysmorphic features, and with 

schizophrenia. Also Shinawi, et al. (2009) reported that a small recurrent deletion within 

15q13.3 is associated with a range of neurodevelopmental phenotypes. 



11 
 

 Martin and Freedman
 

(2007) described neurobiological and neurogenetic 

evidence for a link between the alpha-7 nicotinic acetylcholine receptor and 

schizophrenia and the need for an agonist to reverse the gating deficit in the subjects. 

 Flomen, et al. (2013) studied the association between the alternative arrangements 

of the alpha7 nicotinic receptor and its effect on P50 sensory gating.  They investigated 

three common alleles in psychiatric patients, their relatives and controls for association 

with psychosis and with the P50 sensory gating deficit, which is strongly associated with 

psychosis and strongly linked to CHRNA7. They found significant within-family 

association with P50 (empirical p=0.004), which is robust to population stratification. 

Most of the effect came from the 2-bp deletion allele, which tags the variant of 

CHRFAM7A in the same orientation as CHRNA7. This allele is associated with the 

presence of the P50 sensory gating deficit (empirical p=0.0006). Tests comparing within-

family and between-family components of association suggest considerable population 

stratification in the sample. They found no evidence for association with psychosis, but 

this may reflect lower power using this phenotype. Four out of six previous association 

studies found association of different psychiatric phenotypes with the same 2-bp deletion 

allele. 

 Olincy, et al. (2006)
 
studied the use of an agonist to normalize the gating deficits 

connected with the CHRNA7  gene. Their randomized, double-blind crossover study of of 

two drug doses and one placebo found significant neurocognitive improvement and the 

use of drug Dimethoxybenzylidene anabaseine (DMXBA) proved that the α7 nicotinic 

cholinergic receptor activation is responsible for the normalization of the P50 auditory 

evoked potential deficit in schizophrenia. 
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 Research indicates normalization of the gating ratio by the use of drugs and 

improvement in cognition in subjects exhibiting deficits. This forms a basis to our study 

which deals with the use of drugs and effects on normalizing the gating ratio in the 

subjects that exhibit the gene deletions and or duplications. 

 . 
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Chapter 3: Methods 

 

 In this chapter, we present the methods involved in data collection and processing 

to obtain the required components to analyze sensory gating in the subjects. 

 

3.1 Experimental Setup 

 The study was designed and was conducted by Dr. Schaaf of Texas Children's 

Hospital. He recruited 15 children diagnosed with CHRNA7  deletions(11-male, 4-female 

in the age range of 13-18 years with mean age of 14.9 years and standard deviation 1.8 

years) and 16 children (10-male, 6-female in the age range of 7-15 years with mean age 

10.8 years and standard deviation 2.8 years) diagnosed with CHRNA7 duplications  into 

this study with their consent. Parents (16-male, 29-female in the age range of 29-67 years 

with mean age of 40.6 years and standard deviation 7.9 years) and siblings of the children 

(14-male,14-female in the age range of 6-17 years with mean age of 10.9 years and 

standard deviation 2.9 years) were also part of this study. 

 In a controlled environment the following setup was carried out. The experiment 

commenced by placing an electrode cap on the scalp of the subject sitting in a chair. 

Electrodes were inserted in the cap and conducting gel was used to reduce the electrode 

impedance and various types of electrode artifacts from the recordings. The scalp 

electrode diagram is shown in the Figure 3, it is a 6-channel (Fp1, Fp2, Fz, C3, Cz and 

C4) set-up with one additional electrode as ground and the ear-clip as reference. Testing 

started with a brief hearing test followed by testing at baseline, after a dose of placebo 
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and after a dose of the medication to be tested. A break of about 120 minutes was 

provided to the subjects between these tests. 

 

3.1.1 Paired Stimulus Paradigm 

 A series of pairs of identical auditory stimuli, S1 and S2, 500 ms apart were 

presented to the subjects with variable intervals (8s ± 2) between two stimuli pairs. 

Stimuli were tones of 1000 Hz, with a duration of 40 ms (4 ms rise and fall times) 

presented binaurally through headphones using PRESENTATION software at an 

intensity of 80 dB. The data were recorded at a sampling rate of 256 Hz and stored in 

digital form for analysis. 

 

Fig 3 Electrode placement across the scalp 

3.2 Data Processing 

 For the data processing channel Cz was taken into consideration to extract the EP 

components related to sensory gating. Prior to averaging, the EEG was filtered with 

different filter settings to optimize scoring of the three components. A 30-Hz band-pass 
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filter, a discrete time Butterworth(IIR) filter (0.2 Hz - 30 Hz) with a roll off rate of 

400dB/decade, was used to optimize scoring of the N100 and P200 components. Another 

filter, a 10-Hz band-pass filter, a discrete time Butterworth(IIR)  filter (10 Hz - 40 Hz) 

with a roll off rate of 400dB/decade, was used to optimize scoring of the P50. Zero-phase 

digital filtering was performed by processing the input data in both the forward and 

reverse directions. Epochs for each trial starting 500 ms before through 1000 ms after the 

first stimulus (S1) were selected. Baseline correction on these trials was done taking into 

consideration the 500 ms interval before the first stimulus. Next artifacts were detected. 

Trials that were contaminated with artifacts (peak-to-peak values exceeding 75 µV) were 

rejected from further analysis. The remaining trials were then averaged to obtain a 

subject-specific average associated with the condition at which (s)he was tested. The 

following three methods were applied to the subject averages:  Conventional Method, 

Area Under the Curve Method, Single Trial Analysis. These methods are discussed 

below. 

 

3.2.1 Conventional Method 

 In this method P50, N100, and P200 peak amplitudes and latencies were scored 

for channel Cz. P50 was detected as the most pronounced positivity between 35 and 85 

ms, the N100 was detected as the most pronounced negativity between 80 and 150 ms, 

and the P200 was detected as the most pronounced positivity between 150 and 250 ms 

(Boutros et al., 2004). All these components were identified visually. P50, N100, and 

P200 amplitudes were measured relative to their preceding trough, i.e., N30 for P50 (or, 

if N30 was not present, the amplitude at zero latency), P50 for N100 (or, if P50 was not 
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present, the amplitude of the preceding peak), and N100 for the P200 (or, if N100 was 

not present, the amplitude of the preceding trough) component.  Latencies were recorded 

at the peak of the component. Gating ratios were calculated as the value of the component 

for S2 over the value of the component for S1.  For the gating ratio, a maximal value of 

2.5 was applied; those greater than 2.5 were truncated to 2.5 as a previously established 

methodology (Julie, et al. 2008). 

 

Fig 4 Components in the 30 Hz band pass filter subject average 
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Fig 5 Component in the 10 Hz band pass filter subject average 

 Figure 4 shows different components hand-selected from a subject data obtained 

from low pass filter setting. N100 and P200 latency/amplitude were recorded as 

described above. P50 latency/amplitude was measured from the subject’s average 

obtained after high pass filtering (see Figure 5). 

 

3.2.2 Area Under the Curve Method 

 The average obtained from the low pass filter setting for each subject was taken 

into consideration. Rather than identifying specific components, the area under the curve 

(essentially the integral) over a certain time interval was computed. These intervals were 

30–60 ms post-stimulus to capture P50 activity, 90–160 ms for N100 and 190–300 ms for 

P200. These intervals were chosen to match the latencies of the three EP components in 

our dataset. The area under the curve was computed using 

   AUC= ∑|    |   ,                                                                  (1) 
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where xi denote the samples over the epoch of interest (e.g., 90 to160 ms for N100), m the 

mean over the segment, and |.| is the absolute value. The mean value m was subtracted 

from the raw data to correct for DC offsets and slow drift. The same approach was used 

in Viswanathan and Jansen (2010). In this method the gating ratios were calculated as 

ratios of the area under the curve obtained for S2 and S1. 

 

3.2.3 Single Trial Analysis 

 Based on the method presented by Hu, Boutros, and Jansen (2008), a single trial 

analysis method was designed to categorize trials as active (i.e., producing a clear 

response) and passive (not producing a response). 

 In this method each trial from a given subject was correlated with the subject's 

ensemble average over the 30-250 ms segment. Only trials with correlations greater than 

0.5 were selected and averaged. The method results in averages with more pronounced 

components than obtained with the traditional ensemble average. 

 Figure 6 shows the comparison between subject's ensemble average and the 

average obtained by active trials. The graph in red shows more pronounced components 

when compared with the ensemble average. 
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Fig 6 Comparison of subject's ensemble average (blue curve) with the average obtained 

          using active trials only (red curve). Component enhancement is observed in the 

          average of the active trials. 

 

 

3.3 Data Analysis 

3.3.1 T-test 

 A t-test is a statistical hypothesis test in which the test statistic follows a Student's 

t distribution. It can be used as test for differences between estimates of the mean, and is 

most commonly applied when the test statistic would follow a normal distribution if the 

value of a scaling term in the test statistic were known. When the scaling term is 

unknown and is replaced by an estimate based on the data, the test statistic (under certain 

conditions) follows a Student's t distribution. 
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 Two-sample t-tests for a difference in mean involve independent samples, paired 

samples and overlapping samples. Paired t-tests are a form of blocking, and have greater 

power than unpaired tests when the paired units are similar with respect to "noise factors" 

that are independent of membership in the two groups being compared. In a different 

context, paired t-tests can be used to reduce the effects of confounding factors in an 

observational study. 

 

3.3.2 Analysis of Variances (ANOVA) 

 Analysis of Variance (ANOVA) is a statistical method used to test differences 

between two or more populations. It is used in the analysis of comparative experiments, 

those in which only the difference in outcomes is of interest. The hypotheses associated 

with the one-way analysis of variance can be expanded to any number (k) levels of the 

discrete independent variable. 

    H0: μ1= μ2= μ3.......= μk 

    H1:H0 is false 

 The null hypothesis states that there are no differences among the population 

means, and that any fluctuations in the sample means are due to chance error only. The 

ANOVA represents a variety of techniques used to identify and measure sources of 

variation within a collection of observations, hence the name analysis of variance. The 

ANOVA has the assumptions: 1) sample sizes are relatively equal; 2) the variances are 

similar; and 3) the dependent variable is from a normally distributed population. The test 

results merely identify that a difference does occur somewhere among the population 

means 
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Chapter 4: Results 

 

4.1 Experimental Data 

4.1.1 Conventional Method 

 Auditory evoked potentials were recorded from 15 subjects with gene deletions 

and 16 subjects with gene duplications. These recordings were at baseline, placebo and 

medication. Also 28 recordings were made from siblings of the subjects with the gene 

abnormalities at baseline. Four of the recordings (one baseline and three placebo 

recordings from subjects with gene duplications) were classified as bad recordings prior 

to averaging by calculating odd and even trial averages. These averages were completely 

out of phase and were not used for further analysis. The P50, N100 and P200 components 

in the S1 and S2 responses were identified in the remaining recordings through visual 

inspection. There were 5 cases (3-patients and 2 siblings) where none of the components 

were identified by visual inspection due to bad response. A detailed overview of the 

components that were identified from each subject is presented in Tables 1 (for patients) 

and 2 (for siblings). 

 An example of a case where no components could not be identified is shown in 

figure 7. No P50, N100 or P200 can be seen; rather, the EEG filtered with the 30 Hz low-

pass filter shows a positivity at 100ms (S1/2) and 300ms, and a negativity at 175 ms 

(S1/2). The 10 Hz high-pass filtered EEG shows no measurable response at all. 
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Fig 7 An example of a bad response. Red:S1 response; blue: S2 response. The panel on 

         the left is the response as obtained from the 30 Hz low-pass filter and on the right as 

         obtained from the 10 Hz high pass filter. This response is from subject 6, gene 

         deletion, after medication. 

 

4.1.2 Area Under the Curve 

 Data from all the subjects (apart from the four classified as having bad data 

before) with gene deletions and duplications were used in this method and the areas under 

the curve for the three component intervals (and the respective gating ratios) were 

calculated at baseline, placebo and medication. All recordings were included for siblings. 
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Table 1 Components that were identified in patients where • represent the presence of the 

              particular component. 

 

    

S1 S2 S1 S2

Subject P50 N100 P200 P50 N100 P200 Subject P50 N100 P200 P50 N100 P200

1 • • • • • • 1 • • • • • •

2 • • 2 • • • • • •

3 • • • • • • 3 • • • • • •

4 • • • • • • 4 • • • • • •

5 • • • • • • 5 • •

6 • • • • • 6 • • • • • •

7 • • • • • • 7 • • • • • •

8 • • • • • • 8 • • • • • •

9 • • • • • • 9 • • • •

10 • • 10

11 • • • • • • 11 • • • • • •

12 • • • • • • 12 • • • • • •

13 • • 13 • •

14 • • • • • • 14 • •

15 • • 15 • • • •

16 • • • • • •

1 • • • • • • 1 • • • • • •

2 • • • • • • 2 • • • • • •

3 • • • • • • 3

4 • • • • • • 4 • • • • • •

5 • • • • • • 5 • •

6 • • • • 6 • •

7 • • • • • • 7 • • • • • •

8 • • • • • • 8 • •

9 • • • • • • 9

10 • • • • 10

11 • • • • • • 11

12 • • 12 • • • • • •

13 13

14 • • • • • • 14 • •

15 • • • • • • 15 • • • • • •

16 • • • • • •

Medication

1 • • • • • • 1 • • • • • •

2 • • • • • • 2 • • • • • •

3 • • • • • 3 • • • • • •

4 • • • • • • 4 • • • • • •

5 • • • • • • 5 • •

6 6 • • • • • •

7 • • • • • • 7 • •

8 • • • • • • 8 • •

9 • • • • 9 • •

10 • • • • 10 •

11 • • • • • • 11 • • • • • •

12 • • • • • • 12 • • • • • •

13 • • 13 • • • • • •

14 • • • • • • 14 • •

15 • • • • • • 15 • • • • • •

16 • • • •

Bad Response

Placebo Placebo

Table 1 Component identification in subjects

Duplication -BaselineDeletion-Baseline

Medication

Bad Recording

Bad Recording

Bad Recording

Bad Recording

Bad Response

Bad Response
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      Table 2 Component identification in siblings, • indicates  that the particular 

                    component was identified 

Siblings 
          

  S1     S2     

Subject P50 N100 P200 P50 N100 P200 

1 •     •     

2 • • • • • • 

3 • • • • • • 

4 •     •     

5 •     •     

6 • • • •     

7 • • • • • • 

8 • • • •     

9 • • • • • • 

10 • • • • • • 

11 Bad Response 

12 • • • • • • 

13 •     •     

14 •     •     

15 •     •     

16 • • • • • • 

17 • • • • • • 

18 • • • •     

19 • • • • • • 

20 • • • • • • 

21 • • • • • • 

22 •     •     

23 • • •   • • 

24 •     •     

25 •   • • • • 

26 Bad Response 

27 • • • • • • 

28 • • • • • • 
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4.1.3 Single Trial Analysis 

 This method was applied to subjects with gene deletions and duplications only. 

Grand average of the EP's were calculated at baseline, placebo and medication 

considering subjects with gene deletions and duplications. These averages were used by 

the correlation method to identify the active trials in each subject. The number of active 

trials identified for each data set are presented in Tables 3 (for deletions) and 4 

(duplications). 

 Data were included if the number of active trials were greater or equal to 15 . This 

resulted in 14 baseline, 15 placebo and 15 after medication EPs for subjects with gene 

deletions, and  14 baseline, 2 placebo and 4 medication for gene duplication subjects. 

 Components were identified in the selected subjects (see Table 5 for details). 

Comparing the components identified from the ensemble averages computed using all 

trials from the baseline data of the deletion subjects (Table 1) with the components 

derived from active trials only (Table 5), we  observe that more components are 

identified from active-trial averages (81, S1 and S2 combined) than from the overall 

averages (73). This increase comes even after rejecting data of gene deletion subject 2. 

Similar increases at placebo (from 76 to 85) and at medication (from 75 to 82) are 

observed.  
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Table 3 Active Trials and Total Trials for Subjects with gene deletions

 

Table 4 Active Trials and Total Trials for Subjects with gene duplications 

 

 

Deletion

Subject Total Trials Active Trials Subject Total Trials Active Trials Subject Total Trials Active Trials

1 99 18 1 103 24 1 111 22

2 124 9 2 105 20 2 111 10

3 101 26 3 118 27 3 120 16

4 102 39 4 64 20 4 126 23

5 130 21 5 88 24 5 119 36

6 76 16 6 92 20 6 94 20

7 94 52 7 99 45 7 123 65

8 100 22 8 99 31 8 98 22

9 101 17 9 96 20 9 98 16

10 141 24 10 160 18 10 143 15

11 114 48 11 111 35 11 118 41

12 121 60 12 127 34 12 136 49

13 171 17 13 176 27 13 180 20

14 178 33 14 155 53 14 168 60

15 161 35 15 159 42 15 160 36

Baseline Placebo Medication

Table 3 Active Trials and Total Trials for Subjects with gene deletions

Duplication

Subject Total Trials Active Trials Subject Total TrialsActive Trials Subject Total TrialsActive Trials

1 119 17 1 98 1 1 126 10

2 99 15 2 74 4 2 108 8

3 102 23 3 102 12 3 96 6

4 109 13 4 103 13 4 158 21

5 93 18 5 94 9 5 103 7

6 128 26 6 118 2 6 121 8

7 93 20 7 107 20 7 117 8

8 139 23 8 92 7 8 103 12

9 125 19 9 9 141 12

10 10 10 150 8

11 126 18 11 11 119 15

12 116 37 12 130 9 12 115 15

13 155 21 13 135 13 13 133 5

14 171 30 14 146 7 14 151 10

15 153 32 15 175 19 15 126 15

16 151 25 16 157 6 16 145 8

Baseline Placebo After Drug

Table 4 Active Trials and Total Trials for Subjects with gene duplications
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Table 5 Components identified in subject averages considering active trials

 

 

4.2 Specific Aims and Hypothesis Testing 

4.2.1 Aim-1  

 Our first aim is to quantify the extent of sensory gating deficits in individuals with 

gene deletions and/or duplications. 

 Two groups were formed; subjects with gene deletions and duplications were 

combined in the patients group and the siblings formed the control group. The amplitudes 

of the components for the S1 and S2 response for each subject are presented in Figure 8 

(for P50), Figure 9 (for N100), and Figure 10 (for P200). 

Subject P50 N100 P200 P50 N100 P200 P50 N100 P200 P50 N100 P200 P50 N100 P200 P50 N100 P200

1 • • • • • • • • • • • • • • • • • •

2 • • • • • •

3 • • • • • • • • • • • • • • • • • •

4 • • • • • • • • • • • • • • • • • •

5 • • • • • • • • • • • • • • •

6 • • • • • • • • • • • • • • • • • •

7 • • • • • • • • • • • • • • • • • •

8 • • • • • • • • • • • • • • • •

9 • • • • • • • • • • • • • • • • • •

10 • • • • • • • • • • • • • • • • • •

11 • • • • • • • • • • • • • • • • • •

12 • • • • • • • • • • • • •

13 • • • • • • • • • • • • • • • • • •

14 • • • • • • • • • • • • • • • • • •

15 • • • • • • • • • • • • • • • • • •

Table 5 Components identified in subject averages considering active trials

Single Trial-Deletion

S1 S2 S1 S2 S1 S2

Medication Baseline Placebo
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Fig 8 Amplitude of P50 for S1 and S2. Blue lines represent patients and red lines are 

         siblings. 

 

 From the figures we can observe that the S1 components measured from siblings 

tend to have smaller amplitudes than those measured from patients. ANOVA found a 

significant amplitude difference between patients and siblings for the P200 component in 

S1 (see Table 6). Significance in other components for S1 and S2 was not found, but the 

P50 component (S1) response, approached significance.   
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Fig 9 Amplitude of N100 for S1 and S2 between patients and siblings. Blue lines 

          represent patients and red lines are siblings. 

 

Table 6 ANOVA on S1 for different components 

S1 Patients Siblings 

 Component mean±s.d mean±s.d p-value 

P50 1.5±1.4 0.91±0.74 0.06 

N100 -5.17±4.46 -3.14±1.87 0.12 

P200 10.08±6.2 5.37±3.54 0.02 
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Fig 10 Amplitude of P200 for S1 and S2 between patients and siblings. Blue lines 

            represent patients and red lines are siblings. 

 

 There also seems to be a trend for the S2 responses to be smaller than the S1 

responses in both patients and siblings. For example, in case of the patients, 14 of 28 

recordings show smaller S2 than S1 amplitudes for P50, 14 of 21 for N100 and 19 of 22  

for P200.  

 The (limited) gating ratios were calculated and are presented in Figures 11-13 for 

P50, N100 and P200, respectively. Most of the cases have ratios greater than typically 

reported for a healthy population. For example, Li, et al.(2008)
6
 found P50 gating ratios 

of 0.49±0.27. Boutros et al.(2006) reported ratios of 0.51±0.47 for P50, 0.44±0.30 for 

N100, and 0.44±0.21 for P200 in case of adult patients. In our case, 39 of 53 subjects (22 

patients and 17 siblings), have P50 gating ratio more than 0.5, 22 of 35 subjects (13 

patients and 8 siblings) have N100 gating ratio more than 0.44 and 24 of 37 subjects (11 

patients and 13 siblings)  have P200 gating ratio more than 0.44.  
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 ANOVA did not find significant gating ratio differences between patients and 

siblings (see Table 7 ), thus it seems that both populations have a gating deficit for P50, 

N100 and P200. 

 

 

Fig 11 P50 gating ratio for Patients and Siblings 
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Table 7 ANOVA on Gating Ratio for different components 

Gating 

Ratio Patients  Siblings   

Component mean±s.d mean±s.d p-value 

P50 1.25±0.83 1.26±0.85 0.94 

N100 0.83±0.7 0.82±0.7 0.96 

P200 0.61±0.51 0.61±0.31 0.97 

 

Fig 12 N100 Gating Ratio for patients and siblings. 
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Fig 13 P200 Gating Ratio for patients and siblings 

 Using the area under the curve method, a similar result for the gating ratios was 

observed (see Table 8).  

 

Table 8 ANOVA on Gating Ratio for different components (AUC) 

Gating 

Ratio Patients  Siblings   

Component mean±s.d mean±s.d p-value 

P50 1.41±0.82 1.52±0.88 0.6 

N100 0.91±0.72 1.12±0.72 0.28 

P200 0.81±0.69 0.63±0.31 0.24 
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 Of the 28 siblings used as controls, 12 of them were diagnosed with the same 

copy number of the gene as patients. Excluding them from the analysis, still no 

significant difference between patients and siblings for the S1 and S2 amplitudes was 

found. Also the gating ratio was not significantly different between the two populations, 

but on average was larger than reported for healthy subjects (see Table 9) . 

Table 9 ANOVA on Gating Ratio for different components (New Controls) 

Gating 

Ratio Patients  Siblings   

Component mean±s.d mean±s.d p-value 

P50 1.25±0.83 1.39±0.93 0.65 

N100 0.83±0.7 0.99±0.85 0.6 

P200 0.61±0.51 0.67±0.3 0.81 

 

 From the above analysis we can conclude that these subjects (patients and their 

siblings) have sensory gating deficit in P50, N100 and P200 component of the EP. 

 

4.2.2 Specific Aim-2 

 We have observed a sensory gating deficit in the P50 component of the EP in 

patients and explore further with our aim 2 to quantify the effect of medication on 

normalizing sensory gating deficit 

 The amplitude of components, identified from the conventional method, for 

subjects at baseline, at placebo and medication were used to test aim-2.  Subjects, that 

show a specific component across the three conditions were considered. Graphs of the S1 
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and S2 amplitudes for each condition are presented in Figure 14 (for P50), Figure 15 (for 

N100) and Figure 16 (for P200). 

 Considering Figure 15, showing the P50 response, where we have earlier found a 

prominent sensory gating deficit, we observe that the S2 amplitude appears to decrease 

from baseline to medication, while no such difference is observed for the S1 amplitude. 

The amplitude change for the P50 S2 reaches significance, as demonstrated by the 

ANOVA, and subsequent T-tests show that this is due to the S2 amplitude after 

medication is smaller than before (see Table 10). Additional tests did not find differences 

for N100 and P200 for both S1 and S2. 

Fig 14  Amplitude of P50 for S1 (in blue) at baseline, placebo and medication and S2(in 

             red) at baseline, placebo and medication. 
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Fig 15 Amplitude of N100 for S1 (in blue) at baseline, placebo and medication and S2(in 

           red) at baseline, placebo and medication. 

Fig 16 Amplitude of P200 for S1 (in blue) at baseline, placebo and medication and S2(in 

           red) at baseline, placebo and medication. 

 

 

 

 



37 
 

Table 10 Statistical Analysis on Amplitude of P50 for S2 

S2 Baseline Placebo Medication ANOVA t-Test 

  mean±s.d mean±s.d mean±s.d p-value p(B-P) p(B-M) p(P-M) 

P50 1.58±1.19 1.5±0.69 0.88±0.54 0.02 0.78 0.02  0.0028 

   

 A graph of the gating ratios for P50 for each of the three test conditions is 

presented in Figure 17. The graph shows that there is a decrease in the gating ratio in 

most of the cases from baseline to medication (14 of the 21 subjects). Performing 

ANOVA on P50 gating ratio with baseline, placebo and medication as factors, the p-

value (0.073) approaches significance. Performing t-Test, pairing the testing levels, 

significance is found between placebo-medication at p=0.025. Detailed test results are 

presented in Table 11. Considering the mean gating ratios, there is a large difference 

between placebo and medication that shows normalization in the gating deficit (from 1.42 

to 0.86).  

Fig 17 P50 Gating ratio at different testing levels 
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Table 11 Statistical Analysis on Gating ratio of P50 

Gating 

Ratio 

Baseline Placebo Medication ANOVA t-Test 

mean±s.d mean±s.d mean±s.d p-value p(B-P) p(B-M) p(P-M) 

P50 1.12±0.76 1.42±0.75 0.86±0.8 0.073 0.25 0.21 0.025 

 

 The decrease in amplitude of S2 for P50 is also found using the area under the 

curve method (15 of the 28 cases show smaller AUCs for medication than baseline ).The 

area obtained for P50 in response to S1 and S2 across baseline, placebo and medication is 

presented in Figure 18.  An ANOVA on the P50 AUC (for S2) across the testing factors 

approaches significance with a p-value of 0.07. T-Tests comparing placebo and 

medication P50 AUCs for S2 is significant at p=0.026 (Table 12). It appears that the S2 

response is normalized in this case. No such effects were seen for the other component’s 

AUC.   
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Fig 18 Area of P50 for S1 (in blue) and S2 (in red) measured at baseline, placebo and 

            medication 

 

Table 12 Statistical Analysis on Area of S2 

S2 Baseline Placebo Medication ANOVA t-Test 

  mean±s.d mean±s.d mean±s.d p-value p(B-P) p(B-M) p(P-M) 

P50 4.18±2.53 4.82±2.91 3.21±2.31 0.071 0.38 0.13 0.026 
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Fig 19 P50 Gating ratio at baseline, placebo and medication. 

 There is no difference observed in the gating ratios for P50 by the area under the 

curve method across the testing conditions (see Figure 19). 

 The medication used on the patients was different for the deletion subjects than 

for the duplication subjects, although in both cases the medication was designed to 

normalize gating. To study possible medication effects, we compared the baseline, 

placebo and medication results (S1 and S2 amplitudes) for the deletion and duplication 

subjects separately. ANOVA indicated a significant S2 amplitude effect for the 

duplication subjects, and a tendency towards significance for the deletion subjects. 

Follow-up t-tests showed that the post-medication S2 amplitudes were significantly 

smaller in case of the duplication subjects. Detailed  results are presented in Table 13 (for 

deletions) and Table 14 (for duplications). 
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Table 13 Statistical Analysis on Amplitude of S2 for Deletions 

S2 Baseline Placebo Medication ANOVA T Test 

  mean±s.d mean±s.d mean±s.d p-value p(B-P) p(B-M) p(P-M) 

P50 1.83±1.5 1.32±0.63 0.97±0.54 0.12 0.29 0.08 0.17 

 

 

Table 14 Statistical Analysis on Amplitude of S2 for Duplications 

S2 Baseline Placebo Medication ANOVA T Test 

  mean±s.d mean±s.d mean±s.d p-value p(B-P) p(B-M) p(P-M) 

P50 1.25±0.53 1.74±0.73 0.76±0.32 0.009 0.12 0.07 0.006 

 

 By using single trial analysis, significance is not established between baseline, 

placebo and medication for the amplitude of the component in response to S1 and S2.  

 The results suggest that the use of medication helps in normalizing the P50 

component in S2. 

 

4.2.3 Specific Aim-3 

 To quantify morphological EP differences between the two copy variant 

populations. 

 To differentiate the two copy variants, the amplitude and the latency of 

components for S1 and S2 were used. At baseline differences between deletion patients 

and duplication patients were tested. Scatter diagrams, considering amplitude, showing 



42 
 

the responses to S1 and S2 for deletion and duplication at baseline are presented in Figure 

20 (for P50), in Figure 21 (for N100) and in Figure 22 (for P200).  

Fig 20 P50 Amplitude between deletion in blue and duplication in red 

Fig 21 N100 Amplitude between deletion in blue and duplication in red 
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Fig 22 P200 Amplitude between deletion in blue and duplication in red 

 Figures 20-22 do not suggest S1 or S2 differences between the two copy number 

variants and indeed, no such differences were found with ANOVA. A study of the 

component latencies showed that for S1 the P50 occurred later in deletion subjects than in 

subjects with duplications. Scatter plots for the latency of components are presented in 

figure 23 (for P50), in figure 24 (for N100), and in figure 25 (for P200) 
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Fig 23 P50 latency between deletion in blue and duplication in red for S1 and S2 

Fig 24 N100 latency between deletion in blue and duplication in red for S1 and S2 
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Fig 25 P200 latency between deletion in blue and duplication in red for S1 and S2 

 Considering the latencies presented for P50 (Figure 23), it is observed that in case 

of subjects with gene duplications, the  P50 component tends to occur earlier than in 

subjects with gene duplications. Applying t-Test for this case the  S1 latency is 

significant at p=0.03, with mean and s.d of 0.051 s and 0.012 s for deletion, 0.04 s and 

0.014s for duplication. Testing on other components, significance cannot be established 

that could differentiate between the copy number variants of the population. Even the 

trend in P50 component latency for S1 vanishes moving towards placebo and medication 

with p values being 0.09 and 0.91, respectively. 

 The amplitude as well as latency of the components in response to S1 and S2 does 

not establish significance between the two copy number variants. 
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Chapter 5 Discussion and Conclusions 

 

 After analyzing the data, it can be concluded that there is no statistical evidence 

that separates patients from siblings, in fact we have observed that the patients with 

CHRNA7 gene deletions and duplications and their siblings show a sensory gating deficit 

in the P50 response. While  gating  ratios less than unity were observed for the N100 and 

P200 components, the ratios we observed were considerably larger than those reported in 

the literature, suggesting that a gating deficit is present in all EP components. 

 Medication of the patients appeared to reduce the S2 response for P50, both as 

measured by amplitude component and area under the curve. However, this amplitude 

reduction did not lead to a significant improvement in gating ratio. This may be explained 

in the context of random variables; the ratio of two random variables will have a larger 

variance that either the numerator or denominator. Thus significance for a ratio may be 

lost, even if the numerator or denominator changes significantly. 

 During data analysis some abnormalities were observed. In a few cases 

excessively large P50, N100 and P200 amplitudes were observed. One such subject 

(subject 6 deletion) EP is presented in Figure 26. Having some excessively large 

component amplitudes among the (relatively small) data set may result in a shift of the 

mean and also an increase variance possibly leading to statistical results that are not 

reliable.  

 Another factor possibly affecting our results is that previous studies have shown 

that P50 becomes more prominent with age (Luck and Kappenman-Friedman chapter 

2008). In our subjects we have mean age of deletion subjects 5 years above the mean age 
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of duplication subjects. The larger amplitudes observed in few subjects may be a result of 

the aging factor.  

Fig 26 Excessively large amplitudes for P50, N100 and P200 seen in subject 6 (gene 

           Deletion) 

 

 In a few subjects we have found unusually large P300-like responses. P300 is the 

attention  response of the subject and is usually found to occur in normal subjects when 

responding the an odd ball stimulus (Katayama and Polich, 1996). Large P300 was found 

in 5 subjects with gene deletions and 2 subjects with gene duplications. We could 

consider the parent recording analyze for P300 occurence. An example of Ep with large 

P300 is presented in Figure 27. 
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Fig 27 P300 component in subject 1 deletion. The graph in blue is for S1 and green is for 

           S2 

  

 In a few subjects the gating ratio is virtually the same for baseline and placebo but 

increases considerably after medication (e.g., deletion subject 5 and 11, duplication 

subject 1 and 2). It may be worth to recall these subjects to see if this behavior persists, 

and if so, if there is a specific explanation for this.  Inspection of the EEG data of these 

subjects did not reveal an obvious cause for the observed gating ratio increase.  

 We have only studied the EP components for the Cz channel. Data from channel 

Fz can also be used to study the EP components. For example, previous research 

conducted in schizophrenia patients (Wang et, al. 2010) has shown  more elevated S2-

P50 amplitude and higher gating ratio in P50  in Fz and Cz) that could also lead to gating 

deficit analysis in the components. 
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 We had many trials rejected in case of single trial analysis. The data was too 

unreliable to do anything meaningful. The problem was that the grand average is very 

weak, with almost no discernible components. Consequently, the single-trial averages are 

mostly noise. As seen in Table 4 few trials for most subjects were obtained. Grand 

average of the deletions for correlation were used but this not lead to any statistical 

significance. 
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