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Abstract

Background—The Consortium on the Genetics of Schizophrenia (COGS) collected case-control 

endophenotype and genetic information from 2457 patients and healthy subjects (HS) across 5 test 

sites over 3.5 years. Analysis of the first “wave” (W1) of 1400 subjects identified prepulse 

inhibition (PPI) deficits in patients vs. HS. Data from the second COGS “wave” (W2), and the 

combined W(1+2), were used to assess: 1) the replicability of PPI deficits in this design; 2) the 

impact of response criteria on PPI deficits; and 3) PPI in a large cohort of antipsychotic-free 

patients.

Methods—PPI in W2 HS (n=315) and schizophrenia patients (n=326) was compared to findings 

from W1; planned analyses assessed the impact of diagnosis, “wave” (1 vs. 2), and startle 

magnitude criteria. Combining waves allowed us to assess PPI in 120 antipsychotic-free patients, 

including many in the early course of illness.

Results—ANOVA of all W(1+2) subjects revealed robust PPI deficits in patients across “waves” 

(p<0.0004). Strict response criteria excluded almost 39% of all subjects, disproportionately 

impacting specific subgroups; ANOVA in this smaller cohort confirmed no significant effect of 

“wave” or “wave × diagnosis” interaction, and a significant effect of diagnosis (p<0.002). 

Antipsychotic-free, early-illness patients had particularly robust PPI deficits.

Discussion—Schizophrenia-linked PPI deficits were replicable across two multi-site “waves” of 

subjects collected over 3.5 years. Strict response criteria disproportionately excluded older, male, 

non-Caucasian patients with low-normal hearing acuity. These findings set the stage for genetic 

analyses of PPI using the combined COGS wave 1 and 2 cohorts.

Keywords

endophenotype; prepulse inhibition; replication; schizophrenia; startle

1. Introduction

Prepulse inhibition (PPI) of startle is a reliable, quantitative operational measure of 

sensorimotor gating that is deficient in several neuropsychiatric disorders, including 

schizophrenia (SZ) (Braff et al., 1978; Swerdlow et al., 2008). PPI deficits in SZ patients 

have been reported from a large number of laboratories in many different countries, using a 

variety of stimuli to elicit and inhibit startle, both within and across stimulus modalities 

(Aggernaes et al., 2010; Braff et al., 1978, 1999, 2001; Csomor et al., 2009; Hammer et al., 

2011, 2013; Hong et al., 2007; Kishi et al., 2012; Kumari et al., 1999, 2007; Kunugi et al., 

2007; Light et al., 2012; Ludewig et al., 2003; Mackeprang et al., 2002; Martinez-Gras et al., 

2009; Meincke et al., 2004; Molina et al., 2011; Moriwaki et al., 2009; Oranje and Glenthoj, 

2013; Preuss et al., 2011; Quednow et al., 2006; Rabin et al., 2009; Takahashi et al., 2008; 
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Wang et al., 2013; Weike et al., 2000; Xue et al., 2012). PPI has robust heritability 

(Greenwood et al. 2007), and genes associated with PPI in SZ patients and healthy 

comparison subjects (HS) have been identified (Hong et al. 2008; Petrovsky et al. 2010; 

Quednow et al. 2011; Greenwood et al., 2011, 2012; Roussos et al. 2016).

The Consortium on the Genetics of Schizophrenia (COGS) was designed to identify genes 

associated with SZ endophenotypes, using five geographically dispersed data collection 

sites. From July, 2010, to February, 2014, neurocognitive and neurophysiological 

endophenotypes as well as genetic material were collected from 1,405 carefully 

characterized SZ patients and 1,052 HS. Despite significant efforts in quality control and 

equipment and procedural standardization, this large, multi-site study presented challenges 

not faced in smaller, single-site studies of PPI in SZ, including site-based differences in 

sample demographics, methodologies and test conditions. Our quality assurance plan 

included an interim (circa January, 2013) analysis of PPI data from the “first wave” of 1400 

COGS subjects.

The results of the “first wave” (W1) analysis of PPI (Swerdlow et al., 2014) confirmed 

significant deficits in PPI in SZ patients. These deficits were sensitive to several moderating 

variables as previously reported in numerous “single site” PPI studies (e.g. Hong et al., 

2008; Kumari et al., 1999, 2004; Swerdlow et al., 2006a; Weike et al., 2000), including 

prepulse interval (deficits at 60 ms, but not 30 or 120 ms) and medications (deficits blunted 

by antipsychotics (“APs”)). We discussed opportunities and challenges created by PPI 

assessment in this multi-site platform. For example, embedded within this multi-site sample 

was the largest subgroup of AP-free SZ patients in which PPI had been tested, providing the 

opportunity for potentially novel insights into the nature of SZ-linked PPI deficits 

independent of drugs that are known to alter PPI. We also reported differences in the 

magnitude of PPI and SZ-linked PPI deficits across the 5 COGS sites, which created 

interpretative challenges, and at least in part may have reflected site-specific patterns of 

racial stratification.

Another challenge emerged from this W1 analysis: the use of strict response inclusion 

criteria (a “non-responder” defined as reflex magnitude < 10 units (1.31 µV/digital unit)) for 

either of the two trial blocks during which PPI was analyzed) resulted in the exclusion of 

over 40% of the test subjects. While PPI deficits were evident with or without the use of 

these exclusion criteria based on a minimal startle response magnitude, this large attrition 

rate became important in subsequent COGS analyses, when multiple endophenotypes were 

integrated across subjects to identify endophenotype “factors” or “pathways” (Seidman et al. 

2015; Millard et al. 2016; Thomas et al. 2017). Conceivably, this substantive loss of subjects 

may also negatively impact the design and interpretation of upcoming COGS genetic 

analyses, in which PPI data will be used, together with results from all other COGS 

endophenotypes.

Mutli-site PPI assessment in the COGS “second wave” (W2) was completed in February, 

2014. Here, we present the results of the inclusive W1 and W2 PPI assessments, with three 

goals: 1. To assess the replicability, over time, of SZ-linked PPI deficits within a multi-site 

study; 2. To assess the impact of reflex response magnitude exclusion criteria on usable 
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sample size and predicted patterns of PPI; 3. Absent evidence of significant W1 vs. W2 

differences, to combine W(1+2) samples to achieve adequate power to conduct informative 

analyses of moderating variables in larger subgroups of potential interest, including patients 

who were unmedicated and early in their illness.

2. Methods

Other than collection date, methods and procedures for W2 subject ascertainment and 

collection of W2 data were identical to that for W1. As described previously, COGS 

participants were recruited and tested at 5 sites: Mount Sinai School of Medicine, University 

of California Los Angeles, University of California San Diego, University of Pennsylvania 

and University of Washington. Participants were 18–65 years old and fluent in English. 

Inclusion and exclusion criteria for W2 subjects were identical to those previously reported 

for W1 (Swerdlow et al., 2014), designed to exclude participants whose startle data was 

likely to be confounded by factors that interfere with startle signal acquisition or analysis 

(e.g. subjects with hearing impairment were not tested; subjects with zero measurable 

response to startle stimuli, or whose data was entirely missing from one eyeblink side or trial 

block – generally reflecting electrode removal or failure - were not included in analyses) and 

those whose PPI might have been altered on the basis of clinical factors unrelated to SZ per 

se (e.g. subjects with a history of recent substance abuse or electroconvulsive therapy were 

not tested). Local IRB boards of each testing site approved the study, and all participants 

provided signed informed consent before study participation (UCSD HRPP #080435). 

Diagnostic and clinical assessments (Andreasen, 1984a, 1984b; Faraone et al., 1999; First et 

al., 1995, 1996; Hall, 1995) were identical to those used in W1 (Swerdlow et al., 2014) and 

in earlier COGS studies (Calkins et al., 2007). As part of the initial structured clinical 

assessment, a list of all current medications was composed and reviewed with the test 

subject; it was then confirmed to be correct on the day(s) of testing. For patients whose 

medications were dispensed via a treatment or structured living facility, medication lists 

were typically confirmed with that facility. Patients were considered to be “antipsychotic-

free” if no antipsychotic agents (including long-acting injectable forms) were included in 

those confirmed lists.

The full COGS test schedule was described previously (Swerdlow et al., 2015), and in W2 

was divided over 2 days in 263 subjects (196 of whom were from test site 2), but the test 

sequence was maintained. For startle testing, as in W1, the eyeblink component of the 

acoustic startle response was measured using an EMG system that recorded 250 1-ms 

epochs, starting with startle stimulus onset. The session lasted 23.5-min, beginning with a 5-

min acclimation period with 70-dB(A) SPL noise that continued throughout the session. The 

acclimation period was followed by 74 active trials, with 18 no stimulation (“nostim”) trials 

interspersed throughout the session. Startle “pulses” were 40-ms 115-dB(A) SPL noise 

bursts (near-instantaneous rise time, est. 1 ms). Prepulses were 20 ms noise bursts 15-dB 

above a 70-dB(A) SPL noise background, initiated 30, 60 or 120 ms prior to pulse onset; 

using slightly more intense 16 dB prepulses with this startle system, prepulse-associated 

EMG activity is <0.5% of startle stimulus-induced levels (Swerdlow et al., 2006b). Five 

startle pulses were presented at the start (Block 1) and end of the session (Block 4) to assess 

habituation. In Blocks 2–3, pulse presented alone and preceded by each of the 3 prepulse 
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trial types were pseudo-randomly intermixed (9 trials per condition per blocks; inter-trial 

intervals 11–19 s (mean=15 s)). For “nostim” trials, data were recorded without stimulus 

presentation, to assess basal EMG activity. Filters, amplification, calibration, scoring and 

training procedures were described previously (Braff et al., 1992; Calkins et al., 2007; 

Graham, 1975; Swerdlow et al., 2007).

Patterns of subject “attrition” based on exclusion criteria are seen in Table 1S. Of the 660 

W2 subjects for whom startle data were uploaded to the COGS database, 641 had a non-zero 

startle response, and 621 had sufficient startle data to allow calculation of the key dependent 

measure (60 ms PPI). Of these 621 subjects, 373 (195 HS, 178 patients) met the strict 

inclusion criteria for startle magnitude generally applied in single-site PPI studies, and 

applied with W1 data (“responder” defined as “mean startle magnitude for both PPI blocks ≥ 

10 digital units (1.31 uV/unit)”) in addition to other criteria listed in Table 2S. Of the 884 

subjects for whom these startle magnitude exclusion criteria were applied in “wave 1” 

(Swerdlow et al. 2014), 2 subjects were later excluded from analyses based on new clinical 

(i.e. not experimental) information obtained in long-term follow-up: (psychotropic drug use 

in 1 HS, and extended loss of consciousness in 1 patient).

Experimental measures (startle magnitude, habituation, latency and PPI) were analyzed 

using Rm-ANOVAs and post-hoc comparisons with “wave”, diagnosis and sex as between-

subject factors for main analyses (the latter based on: 1) known male>female sexual 

dimorphism of PPI, and 2) known cohort difference in sex ratios among HS (female>male) 

and patients (male>female)). Where relevant to specific questions, other characteristics (e.g. 

medication status, illness duration) were included as between-subject factors for planned 

analyses. While many known PPI-moderating factors were investigated in W1, the current 

primary analyses were limited to those specifically needed to answer three experimental 

questions:

1) Replicability: Are the same general patterns of PPI produced in both W1 and 

W2, as indicated by significant main effects of diagnosis (HS>patients) and sex 

(male>female), and a lack of significant interactions of “wave” (W1 vs. W2) for 

these main effects?

2) Impact of inclusion / exclusion criteria: Does the use of more restrictive startle 

magnitude exclusion criteria for PPI impact the ability to detect reduced PPI in 

SZ patients, or the demographic or clinical characteristics of the HS and patients 

involved in those analyses?

3) AP medications: Are there identifiable clinical or demographic differences 

among AP-free vs. AP-medicated patients, other than the use of APs, that 

contribute to the relatively blunted PPI deficits among medicated patients?

The key statistical main and interaction effects that address these three questions are 

reported in the Results. %PPI was calculated as 100×(1-(magnitude of startle to pulse 

preceded by prepulse)/magnitude of startle to pulse without a preceding prepulse)). As in 

our W1 report, we first confirmed that PPI deficits were interval-specific; we next focused 

on the primary dependent variable of % inhibition at 60 ms prepulse intervals, which we 

have reported to differ significantly between HS vs. samples including both medicated and 
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unmedicated SZ patients (Swerdlow et al., 2006a; 2014), and which has been the primary 

dependent measure in previous studies of PPI and genetics by COGS (Greenwood et al., 

2007, 2011) and individual laboratories (Greenwood et al., 2012; Light et al., 2012; 

Swerdlow et al., 2006a, 2006b). Secondary analyses also compared measures of startle 

magnitude during PPI testing, reflex habituation (startle magnitude reduction in trial block 4 

vs. 1), peak reflex latency, and latency facilitation (latency reduction on trials with a 

prepulse followed by pulse vs. pulse alone trials). All variables were compared across testing 

sites, and for simplicity given the large number of variables and factors, were collapsed 

across right and left eyes. Alpha for all comparisons was 0.05. Effect sizes (Cohen’s d 

(1988)) are reported where appropriate.

3. Results

W1 vs. W2 subject characteristics

Demographic and clinical characteristics of COGS W1 vs. W2 subjects are seen in Table 1. 

W1 and W2 were comparable in proportions of patients vs. HS and men vs. women; subject 

age, patient age at illness onset and racial distributions were also comparable in W1 and W2. 

Across a number of metrics (number of hospitalization, SANS and SAPS), W2 patients were 

slightly but significantly more impaired, compared to W1 patients. The proportions of 

subjects tested at each of the 5 sites also differed somewhat across W1 and W2 (Table 1).

Exclusion rates based on low startle response magnitude were 35.7% in W1 and 38.6% in 

W2. Characteristics of startle “responders” vs. “non-responders” are seen in Table 1. Across 

W1 and W2, subjects excluded for low startle magnitude were more likely to be older, male, 

non-Caucasian, to have less sensitive hearing (though still within established inclusion 

criteria for auditory acuity) and a diagnosis of SZ. After exclusion for low startle magnitude, 

HS “responders” were mostly women (55%), and SZ “responders” were mostly men (67%); 

based solely on these sex distributions, PPI in the HS group was biased towards lower 

values, and PPI in the SZ group was biased towards higher values.

PPI

PPI results are seen in Figure 1 and Table 2. As reported in W1, patients had decreased PPI 

compared to HS when data from all subjects with measurable (non-zero) startle response 

magnitude were analyzed (n=621); ANOVA of W2 data revealed a significant interaction of 

diagnosis × prepulse interval (F(2,1234) = 3.04, p<0.05); analysis of the key 60 ms interval 

revealed a significant effect of diagnosis (HS>patient: F(1,617) = 3.99, p<0.05). Among the 

inclusive group of 2,020 wave 1+2 subjects, ANOVA revealed no significant main or 

interaction effects of wave, a significant main effect of diagnosis (HS>patient; F(1,2012) = 

4.64, p<0.032), and a significant diagnosis × prepulse interval interaction (p<0.0001); 

ANOVA of 60 ms PPI from these 2,020 subjects revealed no significant main or interaction 

effects of wave, and a significant main effect of diagnosis (HS>patients: F(1,2012) = 13.03, 

p<0.0004). Thus, when data were analyzed without restrictive response criteria for startle 

magnitude, SZ-linked PPI deficits were present and comparable in W1 and W2.
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When strict (> 10 units for both block 2 and block 3) startle magnitude criteria were applied, 

ANOVA of %PPI again revealed no overall significant effect of “wave” (F<1) and a 

significant interaction of diagnosis × interval (F(2,2476) = 10.17, p<0.0001). ANOVA of 

%PPI at 60 ms again revealed no significant effect of “wave” (F<1), and a significant effect 

of diagnosis (HS>patient; F(1,1238) = 6.30, p<0.015). The impact of different startle 

magnitude inclusion thresholds on the magnitude of SZ-linked PPI deficits is shown in 

Figure 2A. In general, less restrictive inclusion thresholds resulted in greater arithmetic 

differences in group mean PPI values, accompanied by greater variability of PPI values 

within groups, with an end result of modestly larger effect sizes for SZ-linked PPI deficits. 

Compared to using data from both PPI blocks 2 and 3, limiting data to PPI block 2 (i.e., 

earlier in the test session, before startle reflex habituation is complete) permits the inclusion 

of about 22% more subjects whose startle levels are > 10 units (1557 vs. 1280; Figure 2B, 

right panel, vs. Figure 2A, right panel), with a modestly larger between-group effect size 

(0.16 vs. 0.11). Subjects whose startle magnitudes fell below response thresholds were 

disproportionately represented among subjects with the most extreme values of %PPI 

(Figure 2C). Subjects meeting “non-responder” criteria constituted 32.1% and 40.5% of the 

full HS and patient samples, respectively; however, among subjects whose PPI values were 

in the most extreme 5% of each group, “non-responders” constituted 62% and 70.4% of HS 

and patients, respectively.

Numerous strategies were used to attempt to identify a meaningful relationship between 

startle magnitude and 60 ms PPI in these groups, that might contribute to the observed group 

differences in PPI. Dividing the sample into quartiles based on startle magnitude, ANOVA 

confirmed main effects of diagnosis (p<0.006), sex (p<0.003) and quartile (p<0.0001), but 

found no interactions of quartile with either diagnosis or sex (both F<1). Eliminating the top 

quartile, the main effect of diagnosis on 60 ms PPI remained significant (p<0.0008; d=0.16). 

Among all “responders”, there was no significant correlation between startle magnitude and 

60 ms PPI (r = 0.026, NS). After eliminating extreme values (the top and bottom 2.5% of the 

startle distribution), the main effect of diagnosis on 60 ms PPI remained significant 

(p<0.0002; d=0.15).

Moderating effects of medications

Potential moderating effects of medication on HS vs. patient differences in PPI were 

assessed in W1 and W2 data (Figure 3). Significant PPI deficits were detected among 

patients who, by self-report, were not taking AP medications. The combination of wave 1+2 

data yielded a total of 120 AP-free patients, 74 (62%) of whom met startle magnitude 

criteria (Figure 3A). Because a cohort of 74–120 AP-free SZ patients is rare, we assessed 

PPI in these AP-free patients vs. HS. ANOVAs revealed HS>patient PPI levels among AP-

free patients (diagnosis × interval interaction: F(2,136) = 3.09, p<0.05; 60 ms interval: 

F(1,68) = 5.49, p<0.025), that were independent of both exclusion criteria and “wave” 

(Figure 3A & B). As previously reported, PPI deficits were blunted among AP-medicated 

vs. AP-free patients, though the specific impact on PPI of first-generation APs (FGAPs) vs. 

second-generation APs (SGAPs) and their combination varied somewhat, based on the 

applied inclusion criteria and test wave. Demographic and clinical characteristics of AP-free 

vs. medicated patients in W1 and W2 are seen in Table 2. Compared to the 3 groups of 
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medicated patients (FGAP, SGAP and FGAP+SGAP), AP-free patients had fewer 

hospitalizations and higher SAPS scores, and were disproportionately represented among 

patients in the first decade of illness. Analyses of 60 ms PPI in AP-free patients revealed 

expected effects of sex (M>F; F(1,118) = 6.18, p<0.015), but not “wave” (F(1,118) = 1.10, 

NS); regression analyses revealed no meaningful relationships between PPI and 

demographic or clinical variables (listed in Table 3) in this large sample of AP-free patients 

(0.22 > r > −0.22; data not shown) (but see Duncan et al. 2006).

A small number of AP-free patients (n=24; M:F = 2:1) met “responder” criteria, and were 

also within the first decade of illness onset; arguably, data from this patient cohort was the 

“purest” in this study, i.e. least impacted by potential influences of low reflex magnitude, 

medications or illness chronicity. Compared to a case-control age- and sex-matched cohort 

of HS (two HS matched to each patient case), analyses of %PPI revealed the same patterns 

as described for the overall sample: a significant interaction of diagnosis × prepulse interval 

(F(2,136) = 3.09, p<0.05), with post-hoc analyses for 60 ms PPI revealing a significant main 

effect of group (F(1,68) = 5.49, p<0.025; d = 0.57) (Figure 3C).

Analyses of many other potential moderators of the PPI “phenotype” in SZ patients were 

reported in analyses of W2 data (Swerdlow et al. 2014); those patterns were generally 

consistent with the combined (W1+W2) sample. For example, among “responders”, 60 ms 

PPI deficits in SZ patients were evident regardless of whether analyses were limited to 

patients and HS who had never smoked (p<0.01) or to those who were currently smoking 

(p<0.007).

Startle magnitude

Startle magnitude and latency data are seen in Figure 4. As in W1, startle magnitude in W2 

was reduced in patients vs. HS (Figure 4A). ANOVA of startle magnitude revealed no 

significant effect of “wave” (F<1), a significant effect of diagnosis (HS>SZ; F(1,1276) = 

6.32, p<0.02) and trial block (F(1,1276) = 800.04, p<0.0001), and a significant interaction of 

diagnosis × block (F(1,1276) = 7.44, p<0.007), but no other significant main or interaction 

effects. Analysis of reflex habituation (reduction in reflex magnitude in block 4 vs. block 1) 

revealed no significant main or interaction effects of “wave” or diagnosis (all F’s<1) (Figure 

4B).

Peak reflex latency and latency facilitation

As in W1, peak reflex latency on pulse alone trials was longer (slower) in patients vs. HS 

(Figure 4C). Because of the substantial loss of reflex latency data when startle magnitude is 

near-zero, latencies were analyzed only using data that met minimum startle magnitude 

criteria (i.e. ≥ 10 units). ANOVA of peak reflex latency revealed no significant effect of 

“wave” (F<1) and a significant effect of diagnosis (HS<SZ; F(1,1268) = 57.82, p<0.0001) 

and sex (women>men: F(1,1268) = 6.43, p<0.015) and no 2- or 3-way interactions. Latency 

facilitation (reduction in reflex latency on prepulse+pulse vs. pulse alone trials) was also 

comparable in W1 vs. W2.
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4. Discussion

The relative loss of sensorimotor gating in SZ patients vs. HS, as reflected by deficient PPI, 

has been detected in several dozen studies since the original observation by Braff et al. 

(1978) in Callaway’s research group (e.g. Aggernaes et al., 2010; Braff et al., 1999, 2001, 

2005; Csomor et al., 2009; Hammer et al., 2011, 2013; Hong et al., 2007; Kishi et al., 2012; 

Kumari et al., 1999, 2007; Kunugi et al., 2007; Light et al., 2012; Ludewig et al., 2003; 

Mackeprang et al., 2002; Martinez-Gras et al., 2009; Meincke et al., 2004; Molina et al., 

2011; Moriwaki et al., 2009; Oranje and Glenthoj, 2013; Preuss et al., 2011; Quednow et al., 

2006; Rabin et al., 2009; Swerdlow et al. 2006a; Takahashi et al., 2008; Wang et al., 2013; 

Weike et al., 2000; Xue et al., 2012). Since this first report, nearly 3000 PubMed-listed “PPI 

papers” have illuminated much about PPI, its neurobiological substrates and its 

abnormalities in a number of different brain disorders. Some of this information is reviewed 

and extended in the reports within this special issue of Schizophrenia Research. In particular, 

the robust heritability of PPI (Anokhin et al. 2003; Greenwood et al. 2007), its consistent 

deficiency in SZ patients and its reported deficiency in asymptomatic first-degree relatives of 

schizophrenia patients (Cadenhead et al. 2000) led the COGS to study PPI as a quantitative 

endophenotype of SZ in its five-site study of SZ genetics. Since PPI is a quantitative 

measure, COGS investigators reasoned that its use in gene localization should provide 

significantly more power, compared to a “fuzzy” qualitative diagnosis in a case-control 

design (Blangero et al., 2003). Subsequent to the onset of these COGS studies, several (but 

not all) studies have reported reduced PPI among individuals at clinical high-risk for 

psychosis, including some identified as “prodromal” (Cadenhead 2011; Quednow et al. 

2008; Ziermans et al. 2011, 1012).

While results from a planned interim COGS analysis confirmed the predicted phenotype of 

significantly reduced PPI in SZ subjects, they also highlighted several potential limitations 

to the use of this measure as an endophenotype for multi-site genetic analyses. In particular, 

the use of minimal startle magnitude exclusion criteria led to a loss of almost 39% of the test 

sample, who – compared to the “included” subjects - were more likely to be older, male, 

non-Caucasian, to have less sensitive hearing and a diagnosis of SZ. This attrition not only 

reduced power for identifying genes that regulate PPI, but it also limited the use of PPI in 

factor- and path-analyses that incorporated many other COGS endophenotypes with much 

lower subject attrition rates (Seidman et al. 2015; Millard et al. 2016; Thomas et al. 2017). 

Furthermore, when the sample was pared to include only subjects with startle reflex 

magnitudes in excess of 10 units, the overall effect size for 60 ms PPI deficits in SZ patients 

was small (d≈0.15) compared to reported effect sizes in single-site studies. A number of 

factors may have contributed to this small effect size difference, including the predominance 

of (lower PPI) women among HS and of (higher PPI) males among patients, as well as the 

use among patients of PPI-enhancing nicotine and APs. While these known effects of sex, 

smoking and medications on PPI can be incorporated statistically into models that test group 

differences, it is important that they cannot easily be extricated from an individual subject’s 

PPI value, and thereby complicate the genomic and neurobiological signal provided by this 

endophenotype.
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With the completion of the second COGS “wave” of subjects, analyses of PPI within this 

full COGS sample generally confirmed the internal “replicability” of several startle-related 

SZ phenotypes, including reduced 60 ms PPI, reduced startle magnitude and increased 

(slower) reflex latency within this multi-site sample. The potential importance of inhibitory 

processes active 60 ms after a lead stimulus, to the flow of preconscious information into 

conscious awareness (Grobstein, 2005; Kanabus et al., 2002; Libet et al., 1979; Libet 1985) 

has been discussed in our previous reports (e.g. Swerdlow et al. 2006a). The basic 

characteristics of PPI, startle magnitude, habituation and latency in the W2 and combined 

“W1+W2” samples closely reproduced those detected in the W1 sample; while this report 

did not focus on several known moderators of PPI (e.g. nicotine) and startle magnitude (e.g. 

ethnicity), the combined “W1+W2” sample exhibited all of these expected patterns. We also 

used the unique opportunities presented by this sample – which to our knowledge reflects 

the largest single reported study of PPI in HS and SZ patients – to examine two issues of 

relevance to the design and interpretation of PPI studies in SZ cohorts: the impact of more or 

less restrictive reflex magnitude inclusion criteria on SZ-linked patterns of PPI, and the 

demographic, clinical and response characteristics of AP-free SZ patients, who manifest the 

greatest deficits in PPI.

Subjects excluded based on very low startle response magnitudes were more likely to be 

patients vs. HS, male vs. female, non-Caucasian vs. Caucasian, older vs. younger, and – 

perhaps most importantly – to have less sensitive hearing (despite the fact that all subjects 

met inclusion criteria based on a hearing threshold of 40 dB for 1000 Hz tones) - compared 

to higher startle “responders”. Startle magnitude is a complex phenotype that reflects many 

physiological characteristics, from stimulus detection to muscle effector properties; it is thus 

not surprising that startle responders vs. non-responders would differ both in hearing 

thresholds and in the distribution of ethnicities with known genetically-based differences in 

startle musculature that generate the startle response (Swerdlow et al. 2005; Hasenkamp et 

al. 2008; Nelson et al. 2014). In addition to these trans-diagnostic characteristics, among 

patients, “non-responders” had been ill significantly longer – a relationship that cannot be 

dissociated fully from the effects of aging or longer AP exposure on startle magnitude - but 

otherwise were not easily distinguished from responders based on demographic or clinical 

features. Perhaps the most succinct summary of this set of analyses is that restrictive startle 

magnitude criteria result in the disproportionate exclusion of specific groups of subjects that 

might introduce systematic bias into genetic or other analyses that rely on startle 

phenotypes, including PPI.

As for quantitative outcomes, inclusion of subjects with lower reflex magnitudes resulted in 

modestly bigger differences in group mean PPI values, and modestly larger variability 

within groups; these two effects were offsetting in their impact on group PPI effect sizes. On 

the one hand, it is reassuring that the ability to detect PPI deficits in SZ patients is relatively 

impervious to the decision to use, or not use, reflex magnitude criteria for inclusion/

exclusion decisions in PPI analyses. On the other hand, PPI values from the more inclusive 

cohort of subjects – which includes extreme values introduced by greater noise (both in 

signal acquisition and in PPI calculations) associated with very small startle magnitudes – 

may not be as useful for analyses in which individual subject values are used to identify 

factors, pathways or genes. One “low tech” approach to enhancing the yield of meaningful 
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PPI values from this type of data set is to limit analyses to trials in the initial portions of the 

test session, before reflex habituation has maximally suppressed startle magnitude (Figure 

2B). Applying this strategy to the present data increased both the number of “included” test 

subjects, and the effect size of HS vs. patient group differences in PPI analyses. From a 

practical standpoint, this finding underscores the value of utilizing brief test sessions, and 

potentially a restricted number of total trials and different stimulus conditions, when 

employing PPI as a quantitative phenotype for genetic analyses.

The moderating impact of APs on PPI deficits in SZ patients was evident in the combined 

W1+2 sample, with the lowest (most impaired) PPI levels detected among AP-free SZ 

patients, and the highest PPI levels detected among patients medicated with both first- and 

second-generation APs. While greater PPI deficits among AP-free vs. medicated SZ patients 

have been reported in other studies (including the interim W1 analysis (Swerdlow et al. 

2014)), such evidence comes almost exclusively from cross-sectional studies; because the 

clinical and sociological algorithms resulting in AP use (or non-use) in SZ are complex, it is 

conceivable that cross-sectional differences in PPI among AP-free vs. medicated patients 

might reflect factors other than the pharmacological impact of APs. The large number of 

AP-free patients accumulated in this 5-site, 3.5-year study allowed us to begin to assess 

demographic or clinical features among these patients – other than the lack of AP use – that 

might contribute to the most substantive loss of PPI in this group.

In fact, our cross-sectional comparisons revealed very few differences between AP-free and 

– medicated patients; overall, compared to medicated patients, AP-free patients were slightly 

younger, earlier in their illness, and exhibited somewhat more intact scores on cognitive 

measures. Among the 4 patient groups – AP-free, FGAP, SGAP and FGAP+SGAP – 

patients who were AP-free exhibited arithmetically-lower values for 30, 60 and 120 ms PPI 

compared to the other 3 groups, though these differences did not reach statistical 

significance. Such was not the case for other startle measures – reflex magnitude, latency or 

habituation – where values among AP-free patients were intermediate among the 4 groups. 

This relatively large group of AP-free patients enabled us to identify a modest number who 

were relatively early in the course of their illness; compared to age- and sex-matched HS, 

these AP-free, early illness SZ patients exhibited particularly robust deficits in PPI, 

supporting the view that the “low PPI phenotype” reflects processes that may be independent 

of both medication use and illness chronicity.

In summary, deficient PPI is a replicable finding in large, complex, multi-site genetic 

studies. Subject attrition due to factors unique to startle measures is non-trivial. Relaxing 

inclusion criteria to reduce attrition produces off-setting effects of arithmetically greater 

group differences and greater within-group variability, and HS > SZ group differences in PPI 

are evident with, or without, the use of these inclusion criteria. Excluding startle “non-

responders” systematically favors the loss of specific subgroups – i.e. older, male, non-

Caucasians SZ patients, with low-normal hearing sensitivity. We present evidence for robust 

deficits in PPI among patients who are AP-free and relatively early in their illness, that are 

not easily attributable to identifiable clinical or demographic factors, including medications 

and illness chronicity. Overall, these findings support the value of deficient PPI as a 

replicable SZ phenotype that, on a group level, is relatively immune to potentially 
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complicating effects of startle response criteria and medications. For the definitive evidence 

for, or against, the utility of this quantitative endophenotype in genetic analyses of both PPI 

and SZ, we must await results from genomic analyses currently in progress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
%PPI for the full samples in W1 (n=1399) and W2 (n=621), including all subjects with 

measureable startle responses from both eye sides across the full test session. Independent 

analyses of W1 and W2 samples revealed relatively comparable patterns in W1 vs. W2, with 

significant interactions of diagnosis × prepulse interval, and statistically significant PPI 

deficits in SZ patients detected for 60 ms prepulse intervals (*). ANOVA of the combined 

W1+W2 samples confirmed these findings, with no main or interaction effect of “wave”.
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Figure 2. 
Impact of different exclusion criteria on sample size and effect size for the key 60 ms PPI 

comparison for the combined W(1+2) subjects. A. Data from both PPI trial blocks (2 and 3) 

in (from left to right) the full COGS-2 sample (n=2020), criteria set at ≥ 10 units for block 2 

and ≥ 5 units for block 3 (middle, n=1506) and criteria set at ≥ 10 units for both blocks 2 and 

3 (right, n=1280). Increasingly strict startle magnitude exclusion criteria lead to sample 

attrition and modest reductions in effect size. B. Data from PPI block 2 only, from all 

subjects (left; n=2020) and subjects whose block 2 reflex magnitude was > 10 units 
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(n=1557). C. Distribution of 60 ms PPI values for startle “non-responders” vs. “responders” 

(i.e. those excluded vs. included in “A”, right panel), showing a disproportionate number of 

startle “non-responders” among the extreme (negative) PPI values.
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Figure 3. 
A. PPI in all AP-free patients (n=120) vs. all HS (d=0.26), and B. the same comparison as 

“A”, with strict exclusion criteria applied for minimal startle magnitude (n=78 AP-free 

patients) (d=0.32). C. PPI in AP-free SZ patients in the first decade of their illness (n=24) 

vs. sex- and age-matched HS (case-matched 2:1; n=48, all “responders”) (d=0.57) (* 

significant main effect of diagnosis for 60 ms prepulse intervals, after significant interaction 

of diagnosis × interval).
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Figure 4. 
Startle reflex magnitude (A), habituation (B) and reflex latency (C) for W1 and W2. (* 

significant main effect of diagnosis for startle magnitude and peak reflex latency across 

trials, including pulse alone (P) and 30, 60 and 120 ms prepulse conditions).
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Table 2

PPI results in key groups (60 ms prepulse intervals, mean (SEM)):

Blocks 2 & 3 Block 2 alone

HS SZ HS SZ

All subjects 44.2 (1.5) 36.0 (1.8) 49.2 (1.2) 37.3 (2.3)

All males 45.8 (2.2) 37.9 (2.3) 50.2 (1.8) 38.2 (3.0)

All females 42.6 (2.0) 31.5 (2.7) 48.2 (1.5) 35.1 (3.4)

All “AP-free” 44.2 (1.5) 32.9 (3.8) 49.2 (1.2) 35.1 (4.2)

“Responders”1 51.0 (1.0) 48.0 (1.1) 53.0 (1.0) 48.1 (1.1)

Male “Responders” 54.0 (1.5) 50.9 (1.4) 56.3 (1.4) 50.7 (1.3)

Female “Responders” 48.5 (1.4) 41.9 (2.1) 50.2 (1.4) 42.6 (2.0)

“AP-free”, “Responders” 51.0 (1.0) 42.3 (3.4) 53.0 (1.0) 41.7 (3.8)

Ill < 10 y, “AP-free” “Responders”2 55.5 (3.8) 40.5 (5.4) 58.8 (3.1) 41.2 (5.9)

1
mean startle magnitude ≥ 10 units

2
age-and sex-matched subgroups (see “Results”)
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Table 3

Patient characteristics based on antipsychotic use (SD)

No AP FGAP SGAP FGAP+SGAP

N 120 79 786 103

M:F 79:41 56:23 548:238 76:27

Age (y)1 45.73 (12.72) 49.43 (10.19) 45.75 (11.17) 47.49 (9.95)

Race (A:AA:C) 4 : 44 : 56 3 : 39 : 31 29 : 275 : 351 1 : 33 : 55

Education (y) 12.79 (2.24) 12.68 (2.61) 12.70 (2.08) 12.27 (1.83)

GAF2 42.00 (7.88) 43.69 (8.59) 43.91 (8.07) 40.54 (6.43)

MMSE score3 31.69 (3.13) 31.10 (3.39) 31.12 (3.14) 30.36 (3.60)

Age, onset (y)4 23.01 (8.36) 23.58 (6.73) 22.37 (6.97) 20.85 (5.27)

Duration ill (y)5 22.59 (13.55) 25.85 (10.46) 23.31 (11.47) 26.64 (10.41)

% in 1st decade of illness6 25.4 10.1 16.5 9.0

# hospitalizations7 5.73 (9.90) 9.13 (12.18) 7.45 (9.87) 9.24 (11.79)

Global SANS8 11.70 (4.93) 10.87 (5.20) 11.34 (5.63) 13.93 (5.16)

Global SAPS9 8.59 (4.24) 6.89 (4.07) 6.67 (4.01) 7.73 (4.09)

SOF total score 45.33 (5.83) 46.30 (5.51) 46.61 (6.02) 44.85 (6.43)

UPSA-B score10 72.90 (14.84) 72.22 (15.84) 72.34 (14.94) 66.19 (16.85)

Hearing (dB) at 1000Hz11 17.48 (8.45) 18.10 (7.67) 16.82 (7.77) 18.93 (7.94)

Site (1 : 2 : 3 : 4 : 5) 12:18:18:26:30 14:16:12:20:17 232:149:110:137:172 43:13:6:25:15

M:F = male:female; A:AA:C = Asian : African American : Caucasian; GAF = Global Assessment of Function Scale; MMSE = Mini-Mental State 
Examination; SANS, SAPS, SOF, UPSA: see text

1
FGAP > No AP (p<0.025); FGAP > SGAP (p<0.006)

2
FGAP+SGAP > SGAP (p<0.0001); FGAP+SGAP > FGAP (p<0.009); SGAP > No AP (p<0.016)

3
No AP > FGAP+SGAP (p<0.003); SGAP > SGAP+FGAP (p<0.03)

4
FGAP+SGAP < No AP (p<0.025); FGAP+SGAP < SGAP (p<0.04); FGAP+SGAP < FGAP (p<0.01)

5
FGAP+SGAP > No AP (p=0.01); FGAP+SGAP > SGAP (p<0.007)

6
χ2=13.34, p<0.004

7
FGAP+SGAP > No AP (p<0.015)

8
FGAP+SGAP > No AP (p<0.003); FGAP+SGAP > SGAP (p<0.0001); FGAP+SGAP > FGAP (p<0.0003)

9
No AP > SGAP (p<0.0001); No AP > FGAP (p<0.004); FGAP+SGAP > SGAP (p<0.02)

10
FGAP+SGAP < No AP (p<0.002); FGAP+SGAP < SGAP (p<0.0001); FGAP+SGAP <FGAP (p<0.001)

11
FGAP+SGAP > SGAP (p=0.01)

12
Site difference in AP distribution: χ2=39.95, p<0.0001 (No AP: Site 1 < Sites 2–5)
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