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ABSTRACT 
 
 

The startle response is a universal reflex to a sudden stimulus that has been researched 

mainly as a defensive mechanism. However, there is little research that explores the 

interrupting effect of the startle response on ongoing processes. The current study 

investigates the Protection of Preattentive Processing Theory, examining the interrupting 

effects of the startle response on an ongoing cognitive task as well as the protection of 

these interrupting effects with the addition of prepulse inhibition. Participants were 

presented with a visual n-back task consisting of upper and lowercase letters. Some trials 

of this task were presented concurrently with a startle stimulus alone or a startle stimulus 

with a prepulse. We predicted that the interrupting effect of the startle response would be 

observed by decreased working memory performance as measured by the n-back task. 

Additionally, we predicted that the addition of a prepulse would cause prepulse 

inhibition, protecting against interruption and weakening the startle response so that 

performance was better than on trials with a startle stimulus alone, but not as good as 

trials without a startle condition.  Ultimately, we did not find statistically significant 

effects supporting these hypotheses, in part due to the limitations placed on our 

experiment by the COVID-19 pandemic. Nevertheless, these findings, within 

consideration of the limitations of the present work, make a case for the need of further 

investigation of the interrupting effects of the startle response on ongoing cognitive 

processes.
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INTRODUCTION 
 
 

The startle response is a set of reflexive reactions to a sudden intense stimulus that 

can be measured by the eyeblink component of the response (Koch, 1999). This response 

is a fundamental reflex that can be modified by a variety of factors, making it useful for a 

wide range of research applications (Blumenthal, 2015). The addition of a less intense 

stimulus directly before the presentation of a startle stimulus will weaken the startle 

response, a phenomenon known as prepulse inhibition, or PPI (Koch, 1999). While much 

research focuses on PPI as a mechanism to gate or filter out what others call irrelevant 

stimuli, Graham (1975) has suggested that the function of PPI is to preserve the cognitive 

processing of the prepulse from the interrupting effects of the startle response. This 

theory is known as The Protection of Preattentive Processing Theory and it focuses on the 

role of the startle response as an interrupter and prepulse inhibition as a means to protect 

ongoing cognition from this interrupting response (Graham, 1975). Previous research has 

also identified connections between the startle response and cognition, particularly 

working memory. The proposed study examined Graham’s Protection of Preattentive 

Processing Theory by combing a visual n-back task with the startle paradigm to observe 

the connections among the startle response, PPI, and the cognitive domain of working 

memory. We expected to find results to support Graham’s Protection of Preattentive 

Processing Theory, as well as results that showed a connection between the startle 

response and working memory performance. 
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The Startle Response 

The startle response is a universal and reliable reflex found in all vertebrates. It is 

a response to sudden, intense stimuli across visual, auditory, or tactile modalities and can 

be triggered with stimuli such as a sudden flash of light, a loud noise, or a puff of air 

(Braff, Geyer, & Swerdlow, 2001).  In humans, the startle response includes contraction 

of facial and neck muscles, accelerated heart rate, an arrest of ongoing behavior, and an 

eyeblink, all of which may serve a protective function (Koch, 1999). It has been 

described as a defensive mechanism as well as a method for interrupting ongoing 

processes (Blumenthal, 2015; Shahani, 1970). The startle response has been found to be 

sensitive to attention and may be modulated by both pre-attentive and controlled 

processes. It can be used as a measure of central nervous system activity, a tool for 

studying cognitive function, and a way to explore relationships between brain areas. It is 

reliable and well-understood, making this reflex versatile and incredibly useful in 

studying our response to the world around us. 

The startle center of the human brain is housed in the pons, a brainstem structure 

located just below the midbrain (Geyer & Swerdlow, 1998). The acoustic startle response 

pathway consists of the auditory nerve, the ventral cochlear nucleus, the dorsal nucleus of 

the lateral lemniscus, the nucleus reticularis pontis caudalis (nRPC), spinal interneurons, 

and facial or spinal motor neurons (Koch, 1999). Located in the caudal pons, the nRPC is 

integral to this response. Neurons of the nRPC receive direct auditory input along with 

input from other areas of the brain such as the ventrolateral tegmental nucleus. Input from 

these multiple sources converge at the nRPC and nRPC neurons then project to motor 
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neurons that activate the acoustic startle response, or ASR (Koch, 1999). This pathway is 

illustrated below in Figure 1. 

 
Figure 1 

Pathways of the Startle Response and Prepulse Inhibition  

 

 

As mentioned above, the startle response includes an eyeblink. This eyeblink is 

caused by a reflexive contraction of the orbicularis oculi muscle and serves to protect 

structures within the eye from external trauma (Shahani, 1970).  This thin muscle 

encircles the globe of the eye and branches off onto the eyelids. It is the sole muscle 

responsible for closing the eyelids, as its contraction pulls the lids closed. The orbicularis 

oculi is comprised of two sections, the orbital orbicularis and the palpebral orbicularis 

(Shahani, 1970). The palpebral orbicularis, found at the corner of the eye, acts 

involuntarily and is responsible for the spontaneous blink. The orbital orbicularis is under 

conscious control. Contraction of the orbicularis oculi is used as a measure of the startle 

response. The most common method of recording this contraction is electromyography 

(EMG). Electromyographic recordings measure action potentials through electrodes 

attached to the skin covering the orbital slow-twitch portion of the orbicularis oculi just 



 4 

underneath the eye (Blumenthal, Cuthbert, Filion, Hackley, Lipp, & Van Boxtel, 2005). 

EMG recording is preferred to measurements of eyelid movement, as it is more sensitive 

and can detect weak contractions of the orbicularis oculi that may not be strong enough to 

cause a lid closure (Blumenthal et al., 2005). 

Prepulse Inhibition 

One of the most significant ways that the ASR can be modified is through the 

addition of a prepulse. A prepulse is a less intense stimulus presented shortly before a 

startle stimulus. These less intense stimuli can be presented 30-240ms before the onset of 

a startle stimulus, and acoustic prepulses have shown to be most effective at an interval of 

120ms before an acoustic startle stimulus is presented (Graham, 1975; Graham & 

Murray, 1977). The prepulse aids in the ability to focus attention on the most salient 

stimuli in an environment by causing prepulse inhibition, a reduction in startle magnitude 

brought about by the addition of this less intense stimulus (Braff et al., 2001). Prepulse 

inhibition (PPI) is present in all mammals and has been found to occur when the prepulse 

and startle stimuli are in either the same or in different modalities (Braff et al., 2001). It 

has been shown to happen at the first pairing of a prepulse and startle stimulus, meaning 

that it is not a form of conditioning (Blumenthal, Schicatano, Chapman, Norris, & 

Ergenzinger, 1996). It is a reliable and valid construct used to measure early information 

processing.  It is a reliable and valid construct used to measure early information 

processing. 

Just as the startle response is mediated through a certain pathway in the brain, so 

is prepulse inhibition (Figure 1). PPI is processed in the midbrain and involves the 

inferior colliculus, superior colliculus, pedunculopontine tegmental nucleus, laterodorsal 
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tegmental mucleus, and nucleus reticularis pontis caudalis (nRPC) (Fendt, Li, & 

Yeomans, 2001). The inferior colliculus is involved in the ASR, providing an inhibitory 

input by acoustic prepulse stimuli. Its central nucleus receives auditory input that travels 

to the external nucleus and onward to the superior colliculus. This pathway allows the 

inferior colliculus to relay information between the auditory system involving the inferior 

colliculus and the PPI system involving the superior colliculus (Fendt et al., 2001). The 

superior colliculus receives direct input from auditory, visual, and somatosensory brain 

structures and projects to the pedunculopontine tegmental nucleus (PPTg) and the 

laterodorsal tegmental nucleus (LDTg). It can relay information about prepulses of any 

modality to these forebrain structures (Fendt et al., 2001). The PPTg and LDTg are two 

forebrain structures used to moderate PPI. In a study of these regions, lesions of the PPTg 

caused attenuation of PPI by approximately fifty percent, while lesions to the LDTg 

attenuated PPI by about 40% (Fendt et al., 2001). While research has found that the 

LDTg can be utilized for moderating PPI, the PPTg has been more widely accepted as the 

crucial component for PPI moderation. Stimulation of the PPTg inhibited the startle 

reflex similarly to inhibition caused by prepulses, proving that the PPTg is “important 

and sufficient for the mediation of PPI” (Fendt et al., 2001, p. 219). Once information has 

reached the PPTg along this circuit, PPI is observed as shown in Figure 1(Rohleder et al., 

2014). 

In addition to the PPI pathway of the midbrain, circuits involving the prefrontal 

cortex have been found to modulate PPI. The limbic cortex maintains close neural 

connections with the medial prefrontal cortex and has been found to interact with the 

ventral striatum, ventral pallidum, and pontine tegmentum to modulate PPI in animal 
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models (Swerdlow, Geyer, & Braff, 2001). The medial PFC maintains a strong neural 

connection to the limbic cortex and the ventral striatum, ventral pallidum, and pontine 

tegmentum. Experimental modification of different combinations of these limbic 

structures, the medial PFC, hippocampus, and amygdala has been found to cause either 

significant change or complete loss of PPI, providing evidence that involvement of the 

PFC is important for PPI (Swerdlow et al., 2001). Lesions of the prefrontal cortex that led 

to dopamine depletion were correlated with deficient PPI, suggesting that dopamine 

innervation of the prefrontal cortex is involved in the modulation of PPI (Bubser & Koch, 

1994). Focusing further on the frontal lobe, imaging studies of PPI have found a positive 

relationship between grey matter volume of the left inferior frontal gyrus and PPI, as well 

as an association between higher acoustic PPI and increased activity in the inferior frontal 

lobe (Hazlett et al., 2001; Kumari et al., 2005). These studies highlight the importance of 

the frontal lobe for PPI modulation and provide evidence that PPI may be controlled in 

part by structures outside of the midbrain. 

The Interruption Hypothesis 

While the startle response has been researched mainly as a defensive mechanism, 

it may also serve to interrupt ongoing processes. The eyeblink component of the startle 

response occurs within 50 milliseconds (ms) of the onset of the stimulus eliciting startle, 

before the stimulus has entered conscious awareness (Blumenthal & Franklin, 2009). 

Thus, the primary startle response can be considered an interrupting mechanism that is 

carried out during the period of preattentive processing before the nature of the stimulus 

is consciously identified (Graham, 1979). Graham introduced the Interruption Hypothesis 

as the first half of the Protection of Preattentive Processing Theory. This hypothesis states 
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that the startle response interrupts processing of stimuli for the purpose of redirecting 

processing resources to a threatening stimulus (Graham, 1975). The startle response may 

interrupt more than the processing of other stimuli as originally suggested by Graham. 

This interruption could affect ongoing cognitive processes or motor reactions as well 

(Blumenthal, 2015). As stated by Blumenthal (2015), if the act of sitting still and keeping 

one’s eyes open is considered a motor task, this activity will be interrupted by the startle 

response. The response causes contraction of the orbicularis oculi while inhibiting 

activity of the levator palpebrae in order to close the eye, thus the motor task is 

interrupted. There is little research that explores the possibility of the startle response 

interrupting an ongoing cognitive process. Focusing on the effects of the startle response 

as opposed to those of the startle stimulus may lead to interesting discoveries about how 

and under what circumstances this response can interrupt ongoing cognitive processes.  

The second half of Graham’s Protection of Preattentive Processing Theory is the 

Protection Hypothesis, which states that the function of PPI is to protect the cognitive 

processing of the prepulse stimulus from the interrupting effects of the startle response.  

Graham (1979) stated that the prepulse onset initiates two mechanisms, one concerned 

with processing the prepulse completely enough to identify it, and the other serving to 

protect this processing from interruption. It is this second process that the theory focuses 

on. The addition of a prepulse decreases the magnitude of the startle response, which may 

indicate that PPI helps protect processing of a stimulus by reducing interruption caused 

by the startle response (Blumenthal, 2015). A prepulse can attenuate the startle response 

and help to process the startle stimulus, reducing the interruption caused by the response. 

If the Protection Hypothesis is true, we can expect to see less interruption from the startle 
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response when a prepulse is added shortly before the startle stimulus is presented. In a 

cognitive task, this decreased interruption should yield better performance than when the 

startle response is not attenuated by PPI. 

Though the research is scarce, the Protection of Preattentive Processing Theory 

has been examined before.  Norris and Blumenthal (1996) examined the relationship 

between prepulse processing and PPI using a choice discrimination task. This series of 

two experiments measured the processing of the prepulse, which is one of the 

mechanisms initiated by prepulse onset, as well as the inhibition of the startle response 

brought about by the prepulse. Prepulses of either high or low frequency were presented, 

followed on some trials by an acoustic startle stimulus. Participants were asked to press a 

key for each trial to indicate whether the prepulse was high, low, or absent. One study 

used auditory prepulses while the other used vibrotactile prepulses. In both, task accuracy 

was higher on trials in which startle responses were inhibited by the prepulse than on 

trials in which those responses were not inhibited. This provides support for the 

interruption and protection hypotheses, as smaller startle responses were shown to cause 

less disruption of the discrimination task (Norris & Blumenthal, 1996). Blumenthal, 

Reynolds, and Spence (2015) also examined the interruption hypothesis by observing the 

effects of the startle response on attention using the Attention Network Task (ANT: Fan, 

McCandliss, Sommer, Raz, & Posner, 2000). In their application of the Attention 

Network Task, some trials of the study used an asterisk that served as both a stimulus cue 

for the task and a visual prepulse. Results showed that the acoustic startle stimulus alerted 

participants to the upcoming task stimulus and speeded reaction time to Attention 

Network Task stimuli. However, this effect was most pronounced on trials in which the 
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startle response was completely inhibited through use of the visual prepulse. This finding 

suggests that the alerting effect of the startle stimulus was attenuated by the startle 

response, and that the addition of a prepulse in the form of an asterisk led to PPI, which 

decreased this interference. These results directly support both halves of the Protection of 

Preattentive Processing Theory. This study also addresses the question of whether the 

startle stimulus or the startle response is the interrupting mechanism of a task, as the 

startle stimulus actually caused better task performance instead of decreased 

performance. This is shown by the faster reaction times recorded for Attention Network 

Task trials with a startle stimulus. 

The interruption hypothesis states that the startle response may interrupt any 

ongoing process, but this hypothesis has seldom been evaluated by using the startle 

response to interrupt an ongoing cognitive process (Blumenthal, 2015). If the interruption 

hypothesis is true, we should see an interruption by the startle response that results in 

decreased cognitive performance. Additionally, if the protection hypothesis of the 

Protection of Preattentive Processing Theory is true, the interruption of a cognitive task 

caused by the startle response should be attenuated with the addition of a prepulse that 

causes PPI. One cognitive domain that can be used to examine the interruption and 

protection hypotheses is working memory. 

Working Memory 

 Working memory is an executive function that involves holding information in 

mind in order to manipulate it (Meule, 2017). Baddeley and Hitch’s (1974) multimodal 

model of working memory separated working memory into three components: the central 

executive, the phonological loop, and the visuo-spatial sketchpad. The central executive 
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oversees and coordinates the other two components, directs attention to relevant 

information, and suppresses irrelevant information. The phonological loop is overseen by 

the central executive and processes and temporarily stores verbal information in a 

rehearsal loop. The other component overseen by the central executive, the visuospatial 

sketchpad, stores visual and spatial information (Baddeley & Hitch, 1974). The episodic 

buffer is a more recently proposed fourth component that serves to link pieces of this 

model together to more fully integrate the concept of working memory (Baddeley, 2000). 

Though working memory is primarily associated with functioning of the prefrontal 

cortex, it has also been shown to activate other areas of the brain such as the parietal and 

temporal lobes, depending on the task (Eriksson et al., 2015). 

Information in working memory can be managed in different ways. Working 

memory can maintain, update, and/or manipulate information (Nyberg & Eriksson, 

2016). The central executive, in particular, controls information maintenance, which may 

be supported by long-term memory mechanisms and has been found to contribute to the 

encoding and retrieval process of long-term memory. Updating of information held in 

working memory occurs when incorrect or outdated information is deleted or replaced 

with correct material. Updating and maintenance work together to provide both stability 

and flexibility to working memory as needed. Manipulation of this actively maintained 

and consistently updated information is also defining feature of working memory and is 

the basis for a wide range of other cognitive abilities (Nyberg & Eriksson, 2016). 

Introducing an interruption during a task that requires ongoing, continuous updating, 

maintenance and/or manipulation by working memory may negatively affect one or more 

of these mechanisms and decrease overall performance. 
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Working memory can be measured in a number of different ways, including digit 

span, dual-task paradigms, or complex span tasks. One widely used measure of working 

memory is the n-back task. This task focuses on the updating of working memory by 

presenting a sequence of stimuli to a participant who must decide if each stimulus 

matches the one presented n steps back (Wilhelm, Hildebrandt, & Oberauer, 2013). Zero 

and 1-back tasks can be used as control conditions, while 2-back and 3-back tasks are 

commonly used as experimental conditions (Meule, 2017). Stimuli are most often letters 

or numbers, but can also be depictions of scenes or faces (Meule, 2017). Reaction time 

and accuracy are commonly reported dependent variables of the n-back task, and more 

difficult n-back conditions lead to increased reaction time and decreased accuracy. The n-

back task has been found to be a well-suited measure of working memory function, as it 

focuses on the ability to build and maintain connections in working memory with little 

contribution from long-term memory (Wilhelm et al., 2013). The n-back task has also 

been found to have high construct validity while remaining an efficient measure of 

working memory, meaning more reliable scores can be obtained in a shorter amount of 

time than with other measures such as complex-span trials (Wilhelm et al., 2013). 

Performance of the n-back task is also independent of mathematical or language ability, 

increasing its universality and dependability as a measure of working memory 

(Parmenter, Shucard, Benedict, & Shucard, 2006). 

The continuous performance aspect of the n-back task along with its reliability 

and robust use as a working memory measure, makes it a fitting task to examine the 

interruption hypothesis and the effect of the startle response on working memory. The 

interruption hypothesis states that the startle response will interrupt any ongoing process, 
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which should extend to an ongoing cognitive task like the n-back. While interrupting 

effects of the startle response have not been examined as it modifies working memory 

performance per se, there is research that focuses on the effect of task-irrelevant stimuli 

on performance of a working memory task. Limiting interference of irrelevant stimuli has 

been found to be of primary importance for maintaining task performance and is carried 

out by neural suppression of irrelevant information (Zanto & Gazzaley, 2009). An event 

related potential (ERP) is an electrophysiological response and is used to show brain 

activity in response to a stimulus (Sawaki & Luck, 2011). The Pd component of ERP is a 

neural measure of attentional suppression of distractors. It begins 150-250ms after 

stimulus presentation and has been utilized to examine such neural suppression of 

irrelevant information (Sawaki & Luck, 2011). Attentional suppression of task-irrelevant 

distractors has been found during a working memory task as observed by the activation of 

the Pd component. Suppression of these distractors is important for maintaining working 

memory performance, as task-irrelevant information has been found to disrupt 

performance, leading to increased error and response time on a working memory task 

(West, 1999). While the strongest task interference is from distractors of the same 

domain and type as target stimuli, stimuli that are unrelated to the task and in differing 

domains also cause a notable decrease in performance (Logie et al., 1990). If the startle 

response aligns with the interruption hypothesis and is considered a task-irrelevant or 

distracting stimulus, this negative effect on working memory performance should be 

observed. 
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Connections between the Startle Response and Working Memory 

Existing research has established connections between the startle response and 

different cognitive processes. For example, a positive correlation between spatial 

reference memory and startle habituation has been identified in mice repeatedly presented 

with a spatial reference task in a Morris water maze. A Morris water maze task involves 

repeatedly placing a mouse into a pool of water with a platform that moves to a different 

location in the pool between each trial, and as such relies on spatial reference memory 

and is considered a working memory task (Singer et al., 2013). Higher task performance 

was found to indicate better reference memory retention and predict faster habituation of 

the startle response (Singer et al., 2013).  This finding is indicative of a relationship 

between the two processes as opposed to a simple effect of learning, as sensitization to 

the startle response was not correlated with task performance. This relationship between 

task performance and startle response habituation may be due to the shared hippocampal 

involvement in cognitive tasks that draw on working memory and habituation, 

particularly as impaired habituation has been found in rats after lesions to the 

hippocampus (Oswald, Yee, Rawlins, Bannerman, Good, & Honey, 2002). The ASR has 

also been utilized to show the effect of working memory on emotional processing, as 

explored by King and Schaefer’s (2010) study of the emotional startle eyeblink effect 

during a concurrent working memory task. The amplitude of the startle response can be 

modulated by affect, and the response has been shown to be enhanced when presented 

with a negative emotional picture compared to a neutral or positive picture. This effect is 

used as a behavioral index of emotional processing and is called the emotional startle 

effect (King & Schaefer, 2010). This emotional startle effect has been found to be 
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cancelled out by a concurrent working memory task, which suggests that working 

memory activation can inhibit the processing of emotional stimuli. While this effect is 

partially due to a division of attention between stimuli, the results of this research shows 

that inhibitory projections from working memory systems can also contribute to the 

elimination of the emotional startle effect. These findings lay the foundation for 

exploring the connection between a working memory task and the startle response 

without an additional emotional component. 

Previous research has also examined the relationship between PPI of the startle 

response and working memory performance. Bitsios and Giakoumaki (2005) found a 

trend-level negative correlation between PPI and Stroop interference scores. The Stroop 

task is a working memory task that relies on selective attention and inhibition, and a low 

Stroop interference score indicates more efficient cognitive inhibition and selective 

attention. In addition, startle response PPI and working memory in mice was shown to be 

positively correlated, as mice with more effective PPI also had higher working memory 

function (Singer et al., 2013).  PPI has further been found to be positively correlated with 

improved strategy formation and faster execution times of cognitive tasks, with execution 

times serving as a measure of processing speed (Bitsios et al., 2006). Similarly, in a study 

of patients with Parkinson’s disease, lower levels of PPI were associated with slower 

processing speed and reduced attention (Zoetmulder, Biernat, Nikolic, Korbo, Friberg, & 

Jennum, 2014).  The role of the frontal lobe in both PPI and aspects of cognition, as well 

as the existing evidence of a relationship between them, lays a foundation for continued 

research of this relationship. We aimed to expand upon existing knowledge of the 
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relationship among PPI of the startle response, working memory, and the startle response 

itself in our proposed research. 

To review, the startle response is a universal and reliable reflex that is sensitive to 

environmental change. While utilized for research in a number of different ways, little 

work has been done to show its effect as an interrupting mechanism. Prepulse inhibition 

of the startle response serves to reduce the startle response’s interrupting effect as 

proposed by Graham (1975) and allows processing resources to be directed toward salient 

stimuli (Braff et al., 2001). Previous research has found evidence of relationships among 

the startle response and PPI with cognitive mechanisms, such as working memory, which 

suggests a connection between the automatic startle reflex and controlled cognitive 

processes. Exploring the connections among working memory, the startle response, and 

prepulse inhibition may lead to exciting conclusions about how these processes work 

together while examining a seldom-tested hypothesis regarding the nature of the startle 

response as an interrupter. 

The first hypothesis is that eliciting a startle response during a working memory 

task will cause decreased performance on that task because of the role of startle response 

as an interrupter. The second hypothesis is that a smaller startle response will cause less 

interruption of ongoing processes. Our third hypothesis is that the addition of a prepulse 

to our startle stimuli will cause prepulse inhibition of startle responding, as this effect has 

been found and utilized robustly in previous research. In line with Graham’s Protection of 

Preattentive Processing Theory and similar to our second hypothesis, our fourth 

hypothesis is that PPI will reduce the interrupting effects of the startle response. This will 
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lead to overall better cognitive task performance on trials with a prepulse than on those 

with startle stimuli alone.  

  



 
 

17 

METHOD 
 
 
Subjects  

Seven subjects (3 female, 4 male) consisting of Wake Forest University graduate 

students were recruited by word-of-mouth. The original subject pool, consisting of 

undergraduate introductory psychology students, was made unavailable due to the impact 

of COVID-19 and resulting campus closure. The participant pool was changed in order to 

align with university policy of social distancing and limited exposure to on-campus 

facilities. Exclusionary criteria were assessed with a health history questionnaire and 

were discussed with the researcher if necessary to determine whether or not a student met 

requirements for the experiment (see Appendix). Students were excluded from the study 

if they had experienced a significant hearing deficit or disorder, if they were currently 

experiencing any sickness that affected hearing, or if they were taking any medication 

that affect startle reactivity, such as SSRIs or stimulants. Exclusionary criteria were not 

met by any of the students who participated in this study. One participant did not 

understand the n-back task and was excluded due to invalid task data. No material 

compensation was awarded for participation in this study. 

Materials and Stimuli 

Acoustic startle stimuli were presented binaurally through Telephonics TDH-49P 

stereo headphones. Startle stimuli and prepulse stimuli were created using Audacity 2.3.3 

audio editing software. Startle stimuli consisted of broadband white noise presented at 

100dB for 50ms with an instantaneous rise time. Prepulse stimuli were presented at 70dB 

for 40ms with an instantaneous rise time and began 120ms before the onset of the startle 

stimulus on paired-stimulus trials. Reusable Ag/AgCl miniature biopotential electrodes (4 
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mm contact area; Gereonics Inc., Irvine, CA) filled with conducting paste (Brain Vision 

LLC, Morrisville, NC) were adhered with an electrode collar (Gereonics Inc., Irvine, CA) 

to the skin underneath the left eye (Figure 2). These electrodes measured EMG activity of 

the left orbicularis oculi muscle.  

 
Figure 2 

Electrode Placement for Startle Response Measurement 

 
 
 
 

BIOPAC system software was used to examine and record the EMG output of the 

acoustic startle response (BIOPAC Systems, Goleta, CA). The timing of acoustic stimuli 

was calibrated by measuring the output that is sent to the headphones as an input channel 

in the BIOPAC System. SuperLab 6.0 software (Cedrus Corporation, San Pedro, CA) 

controlled the presentation of acoustic stimuli and visual n-back stimuli. Clip scoring 

software (Schulz et al., 2009) was used to score eyeblink startle responses. 

The n-back task utilized the letters B, C, D, E, G, L, M, O, S, T, U, V, and Z as the 

stimuli. These letters allowed for the most accurate reading by lab equipment 

(photoplethysmograph, mentioned below) due to their size and shape. The letters were 

approximately 2x2 inches in size, presented in the middle of a computer monitor placed 

at eye level approximately three feet from the participant. The computer monitor used for 
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this experiment had a 17-inch display (1280 x 1024 at 75 Hz, Dell Inc., Round Rock, 

TX). Each letter was presented for 500ms with a 1500ms inter-stimulus interval, 

regardless of participant response (Scharinger et al., 2017).  A Cedrus RB-610 Series 

button pad (Cedrus Corporation, San Pedro, CA) was used to record responses to the n-

back task. Reaction time and accuracy of responses during the visual n-back task were 

measured and recorded using Superlab 6.0 software. SuperLab output was split and sent 

to two monitors to measure timing of the visual stimuli. One monitor was in the subject 

room as mentioned above and one was in the experimenter room. This second monitor 

used a BIOPAC photoplethysmograph (TSD200) and amplifier (PPG100) to record 

changes on the screen and this channel data was saved during data recording.  

Procedure 

Upon arrival at the lab, students signed an informed consent form and completed 

a general demographic and health questionnaire to examine possible health risks and 

exclusion criteria for the study. Once approved to take part in the study, participants were 

seated comfortably in a 7x7ft sound attenuated room. Electrodes were filled with 

conducting paste and adhered with adhesive collars to the skin underneath the left eye. 

Two electrodes were placed directly underneath the eye and one electrode was placed on 

the temple to act as a ground. A computer monitor was positioned in front of the 

participant on a table approximately 2.5 feet tall, at a distance of approximately three 

feet. The participant was instructed to sit still and look forward. The experimenter was 

seated in an adjoining room, monitoring the participant through a non-recording CCTV 

and overseeing data collection. 
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The experiment consisted of practice trials for n-back with and without startle, 

startle-alone habituation trials, and a testing block of n-back with startle. First, the 

participants were presented with n-back practice trials without startle. This allowed 

participants to acclimate to the computerized n-back task. A response pad was placed in 

front of the participant within a comfortable reach and angle. The button pad utilized 

during this experiment had a total of six buttons. The participant was instructed to place 

their left index finger on a Velcro pad just underneath the leftmost button of the response 

pad and their right index finger on the pad just underneath the rightmost button of the 

response pad. They were instructed to ignore the remaining four buttons between the left 

and right buttons being used for the experiment. The left button indicated a “no” 

response, and the right button indicated a “yes” response. The participant was instructed 

to keep their fingers on the Velcro pads beneath each button for the entirety of the task, in 

order to respond using the buttons just above the pads as quickly and accurately as 

possible. The task was n = 2, meaning the participant was told to decide whether the letter 

they viewed on the screen matched the letter they were shown two letters prior (see 

Figure 3). They were asked to press the “yes,” or right, button when a letter (labelled 

below as A2) matched the one presented two items earlier in the sequence and “no,” or 

the left button, if the letter did not match (Figure 3).  

Letters appeared in uppercase and lowercase form, and matches were not case-

sensitive. This practice trial consisted of a set of 30 letters with 4 matches, and the 

number of letters between the end of one match and the beginning of the next ranged 

from 3-7 letters.  
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Figure 3 
N-back Task Presentation 

  

 

 

 

 

 

 

 

Next, a practice trial of the n-back task with prepulse and startle stimuli was 

presented. This practice trial combined the n-back task with prepulse and startle 

presentation in order to acclimate the participant to the n-back task with added startle 

conditions. It consisted of 28 letters and 4 match pairs, which allowed for one trial of 

each of the six stimulus condition used in the full testing block described below. These 

six conditions consisted of a) n-back alone trials without startle stimulus or prepulse, b) 

startle only stimulus without n-back presentation, c) startle stimulus plus prepulse without 

n-back presentation, d) prepulse only stimulus with n-back presentation, e) startle only 

stimulus with n-back presentation, and f) startle stimulus plus prepulse with n-back 

presentation (Figure 4). After 10-20 letters of the n-back sequence were presented, a two-

second pause replaced a letter presentation in order to allow for startle-only conditions to 

be presented. Onset of the startle stimulus during startle-alone trials occurred 2120ms 

after the last letter of the n-back sequence turned off to allow for the pause in letter 

presentation (Figure 4, Condition 2). This timing ensured that the startle-alone stimulus 
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was placed at what would be 120ms after the offset of a letter stimulus were it not deleted 

in order to meet the startle-only condition. For prepulse plus startle stimulus alone trials, 

the prepulse onset occurred 2000ms after the last letter of the n-back sequence turned off 

so that the startle stimulus was consistently presented at 2120ms (Figure 4, Condition 3). 

The onset of the startle stimulus during concurrent n-back trials for both the trials with a 

prepulse and those without was 120ms after the offset of the n-back stimulus, and 

1380ms before the onset of the next letter in the n-back sequence (Figure 4, Conditions 5 

and 6). 

Finally, the full testing block was presented. This block began with six startle-

only trials before adding prepulses or the n-back component. These six trials measured 

startle reactivity and habituated the startle response. Inter-trial intervals for these six 

startle stimuli ranged from 8-12 seconds. After these six startle trials were presented, the 

n-back with startle testing block began. Eleven trials of startle stimulus alone and 

prepulse plus startle stimulus trials (Figure 4, Conditions 2 and 3) were presented. 

Twelve trials of each stimulus condition with n-back (Figure 4, Conditions 1, 4, 5, and 6) 

were presented in this testing block, and the order of these 70 trials were randomized. 

The n-back task was continuous, with a total of 331 letters in the n-back sequence to 

allow for proper spacing and administration of each condition described above. Of these 

331 letters, 146 were part of an n-back match pair for a total of 73 match pairs. A match 

pair occurred every 2-6 letters. This testing block contained 3 filler trials of match pairs 

placed during this pause sequence for a total of 15 match pairs out of 73 that did not 

predict a startle stimulus, including the 12 trials of n-back alone presentation illustrated in 

Condition 1 of Figure 4. These filler trials were placed in order to decrease predictability 
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Figure 4 
N-back Task and Startle Conditions 
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and discourage participants from learning that a pause in letter presentation was 

associated with a non-match (Figure 5, Filler 1 and 2). It also contained filler trials of 3 

startle stimuli and 3 prepulse plus startle stimuli presented outside of the time window 

between match pairs to discourage learning that the presentation of a startle stimulus 

indicated a match pair (Figure 5, Filler 2 and 3). These filler startle stimuli made up 6 out 

of the total 46 startle stimuli presented during the n-back testing block. These filler trials 

were not included in data analysis. After completion of this final testing block, 

participants were debriefed and dismissed. 

 
Figure 5 

Filler Trial Conditions 
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with n-back 
match pair 

(1 trial) 
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without n-
back match 

pair          
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Data Analysis 

Startle responses were scored following guidelines proposed by Blumenthal et al. 

(2005) using Clip assisted automatic scoring program (Schulz et al., 2009). Scoring was 

inspected and edited when necessary to verify the automated response selected by Clip. 

IBM SPSS (Version 26.0) was used for all analysis. Startle magnitude was calculated by 

taking the difference between peak voltage and voltage at blink onset within a window of 

20 – 120msec after the startle stimulus onset. Trials that contained excessive noise in 

EMG recording or those in which a blink occurred during the baseline window of the 

scoring protocol were excluded from analysis. The average number of trials excluded 

from analysis across the 6 participants was 2.17 out of the 32 trials presented with a 

startle stimulus and no prepulse, and 6.83 in the 26 trials presented with a prepulse plus 

startle stimulus. The proportion of bad trials was 6.78% for startle stimulus alone trials 

and 26.26% for prepulse plus startle stimulus trials. The difference in this proportion of 

bad trials between startle alone and prepulse plus startle trials is most likely because 

blinks elicited by the prepulse fell within the baseline window and not the target response 

window, causing a rejection of the trial. Significance values for each analysis were 

examined using Greenhouse-Geisser corrected degrees of freedom. 

PPI of startle magnitude was calculated by subtracting the startle magnitude of 

startle-alone trials from the startle magnitude of trials with a prepulse, then dividing this 

calculation by the magnitude of startle-alone trials as shown below. PPI was calculated 

separately for trials with a letter and those without, with a negative result indicating 

inhibition and a positive result indicating facilitation (range of -1 to 1). A 95% 

confidence interval was used to identify the occurrence of PPI.  
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 = PPI 

 

Because the speed of an incorrect response is essentially meaningless, n-back 

reaction time was calculated for correct trials only. Reaction times were reported directly 

from the Superlab output for each participant and each trial condition was coded 

separately in order to allow for comparison of reaction time among condition. Mean 

reaction time data was calculated from this output. Trials with a reported reaction time of 

less than 100ms were excluded from analysis. 

N-back accuracy was calculated by finding the proportion of hits minus the 

proportion of false alarms for each startle condition as shown in the formula below. 

Accuracy was calculated separately for n-back alone, prepulse only, startle only, and 

prepulse with startle conditions. Twelve trials of each condition were presented and 

analyzed. 

 

012(
2*2./	)*((13/'	012(

− 5./('	./.&6(
2*2./	)*((13/'	5./('	./.&6(

 = accuracy 

 

Finally, two Pearson’s product-moment correlations were run to examine the 

relationship between startle magnitude and task performance. Both utilized calculated 

mean startle response magnitude and calculated mean n-back accuracy scores. The first 

correlation examined trials of startle stimuli alone and accuracy, and the second 

correlation examined trials of prepulse plus startle stimuli and accuracy.  
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RESULTS 
 
 

Startle Response Analysis 

Startle magnitude and task presence. Mean startle magnitude scores for a) 

startle-only, b) prepulse with startle, c) startle-only with n-back, and d) prepulse with 

startle with n-back trials were compared in order to examine the differences of the startle 

response magnitude across conditions. In the final testing block, eleven startle-only trials 

were presented, while twelve prepulse with startle trials were presented. The twelfth 

prepulse with startle trial was presented as the very last trial of the testing block, without 

letters following it. This trial was omitted from analysis in order to balance trial numbers, 

leaving eleven trials of startle-alone and eleven trials of prepulse with startle for analysis. 

Each startle condition with n-back letter presentation was analyzed with twelve trials. A 2 

Stimulus (no prepulse, prepulse) x 2 Task (no n-back, n-back) repeated measures 

ANOVA was used to examine the dependent variable of startle magnitude across n-back 

and prepulse conditions (Figure 6). A significant main effect of n-back letter presentation 

F(1, 5) = 9.73, p = .026, ηp2 = .66, on startle magnitude was found where trials with an n-

back letter and startle stimulus (M = 1.34, SD = 1.46) showed larger startle magnitude 

when compared to trials without n-back letter presentation (M = 1.05, SD = 1.18). The 

main effect of prepulse presentation showed no significant effect, F(1, 5) = 3.99, p = 

.102, ηp2 = .44 which may be due to facilitation of the startle response shown in two 

participants as opposed to inhibition with the addition of a prepulse. The results also 

indicated a non-significant stimulus by task interaction, F(1, 5) = 1.12, p = .338, ηp2 = 

.18. 
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Figure 6 
Startle Magnitude Across N-back Conditions 

 

 

PPI analysis. A one-way repeated measures ANOVA was used to compare PPI 

of startle magnitude of trials with and without n-back presentation. N-back letter 

presentation had no significant effect on PPI of the startle response, F(1, 5) = 2.533, p = 

.172., ηp2 = .33, such that PPI in the prepulse plus startle only condition (M = -.972, SD = 

.056) did not significantly differ from PPI in the prepulse plus startle with n-back 

presentation (M = -.317, SD = .986). PPI led to a near-complete abolishment of the startle 

response in most subjects, though two subjects showed facilitation of the startle response 

with the addition of both a prepulse and a letter as opposed to inhibition. The 

nonsignificant result of PPI analysis may be due to the lack of statistical power. The 

effect of PPI can be seen in Figure 6 by observing the proportion of difference in startle 

magnitude between the SS alone conditions and the PP+SS bars. Individual proportions 

of difference in PPI can be seen in Figure 7 below. 
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Figure 7 
Individual PPI Differences 

 

 

 

 

 

 

 

 

 

N-back Task Performance 

Task accuracy. A one-way repeated measures ANOVA found no significant 

difference in accuracy across startle conditions, F(3, 15) = 1.171, p = .354, ηp2 = .35, 

suggesting that neither prepulse nor startle stimuli had an effect on n-back task 

performance (Figure 8). No significant correlation was found between task accuracy and 

startle magnitude of neither startle-alone trials, r(4) = .578, p = .115, nor prepulse plus 

startle trials, r(4) = .303, p = .279. This suggests that there was no relationship between 

the magnitude of the startle response and performance of the n-back task. 
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Figure 8 
N-back Accuracy Across Conditions 

 

Task Reaction Time. A one-way repeated measures ANOVA showed that 

reaction time did not differ across the four conditions of n-back task alone, n-back task 

with prepulse, n-back task with startle, and n-back task with prepulse and startle, F(3,15) 

= .635, p = .604, ηp2= .11 (Figure 7). This result suggests that the startle response did not 

cause any difference in reaction time of the ongoing n-back task. 

Figure 9 
N-back Reaction Time Across Conditions
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DISCUSSION 
 
 

The startle response is a universal reflex that can be used to address a wide range 

of research questions, including the study of cognitive processes (King & Schaefer, 2010; 

Singer et al, 2013). Because the startle response is an easily accessible and reliable 

research tool, a better understanding of the mechanisms behind the startle response and 

its effect on other processes can provide better applications and interpretations of such 

research.  The present study investigated the interruption and protection hypotheses of 

Graham’s (1975) Protection of Preattentive Processing Theory by examining the effect of 

the startle response on an ongoing working memory task.  Participation in the present 

study was limited due to the widespread impact of COVID-19. This impact placed a 

limitation of weak statistical power on the results of this research. Some results do not 

align with hypotheses of the present study nor with generally accepted theories, so these 

results should be interpreted conservatively. Therefore, we might consider this study to 

be a pilot test, and a proof-of-concept, for the use of the n-back task as a test of the 

interruptive power of the startle response. 

The present study is one of few to combine acoustic startle stimuli with a 

cognitive task (Blumenthal et al., 2015; King & Schaefer, 2010; Norris & Blumenthal, 

1996). Presentation of the n-back task concurrently with startle stimuli caused an increase 

in startle magnitude. This result disagrees with previous research that shows that the 

acoustic startle response is inhibited during a visual continuous performance task due to 

attention directed toward the visual modality (Lipp & Neumann, 2004; Schicatano & 

Blumenthal, 1998). This effect was unexpected, but it may be attributed to an increase in 

arousal by the n-back letter presentation. Previous research has found that arousal from 
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variables such as fear, caffeine consumption, and anxiety levels can increase the 

magnitude of the startle response (Poli & Angrilli, 2015; Schicatano & Blumenthal, 

1998). Individual differences such as a participant’s anxiety level or caffeine 

consumption, as well as differences in task compliance, attention to the n-back 

presentation, or effort given to the task may have contributed to this effect. These results 

provide an interesting avenue for future research to explore the combined effect that 

arousal and attention have on the startle response. 

Our hypothesis that the addition of a prepulse to startle stimuli would result in PPI 

was not supported. Though the effect did not reach statistical significance, mean-level 

differences in startle magnitude suggest that PPI was achieved, providing promising 

evidence that the addition of a prepulse did lead to inhibition of the startle response. PPI 

was not affected by n-back task presence, indicating that letter presentation did not cause 

any additional prepulse effect, nor did it interfere with PPI caused by the acoustic 

prepulse. This indicates that any PPI effect was caused by the prepulse and not by n-back 

task stimuli. Two participants showed facilitation of the startle response instead of 

inhibition, which may have skewed overall calculations of PPI and contributed to the 

nonsignificant result. Because this effect was only seen in two participants, it is most 

likely due to individual differences both across participants and within participants across 

trials. This facilitation may have been caused due less excitatory input from the frontal 

lobe to the midbrain where PPI is controlled and is not a notably abnormal result. With a 

larger sample size, these individual differences would not have had a significant 

influence on our calculations of PPI. 
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The hypothesis that a smaller startle response would cause less interruption and 

thus a smaller decrease in performance on the n-back task was not supported. Decreased 

startle magnitude showed no relationship with task accuracy. Our hypothesis that the 

startle response would interrupt ongoing processes and negatively affect performance of 

the n-back task was not supported. No significant difference in reaction time was found 

among conditions in the current study, indicating that the startle response did not affect 

reaction time of the n-back task. However, the addition of a startle condition suggests an 

effect of decreased reaction time when compared to the control. This effect was most 

pronounced with the presentation of a prepulse with startle stimulus 3500ms before the 

target n-back letter was shown. This may be explained by the startle stimulus speeding 

reaction time, with the prepulse acting as a warning of the impending startle stimulus. 

However, this effect is not simply from the participant learning that a startle stimulus was 

followed by a match trial, as trials with a prepulse with startle stimulus did not show 

greater accuracy when compared to n-back alone trials (Figure 8). This effect also mimics 

that of the Accessory Stimulus Effect (ASE), which is the speeding of reaction time when 

a task- irrelevant auditory stimulus is presented together with or in short succession of a 

visual task stimulus (Blumenthal, Reynolds, & Spence, 2015). However, the ASE does 

not explain the pattern of results observed in this experiment, as task-irrelevant startle 

stimuli were not presented at the same time as the visual n-back target letter. 

Similarly, analysis of accuracy results does not align with our hypothesis that the 

startle response would interrupt ongoing working memory processes and decrease 

performance of the n-back task. These results suggest that accuracy of the n-back task 

was not affected by the presence of a startle condition. There was also no change in 
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accuracy on trials with a prepulse and startle stimulus, failing to support our hypotheses 

modeled after the protection hypothesis of Graham’s Protection of Preattentive 

Processing Theory. Our hypotheses stated that that PPI would protect against interruption 

from the startle response and result in better task performance when compared to the 

startle-alone condition. Had our hypothesis been supported, we would expect to see 

higher accuracy scores for trials with a prepulse with startle stimulus as opposed to a 

startle stimulus alone. Overall, these results do not show an interrupting effect of the 

startle response, nor an increase in interruption with a larger startle response. 

The current study does not provide support for Graham’s Protection of 

Preattentive Processing Theory.  The startle response did not impair performance of 

working memory as examined through n-back task reaction time and accuracy. 

Additionally, the effect of PPI did not reach statistical significance in this study. 

Protective effects of PPI on possible interrupting effects of the startle response could not 

be adequately examined. The limitation of our participant pool and resulting low 

statistical power produced study results that should be interpreted as largely inconclusive 

but explorative. Future studies would be better prepared to examine the interruption 

hypothesis using a similar paradigm with more (N = 50) participants. Future studies may 

also benefit from an analysis of the filler trials included in this design to ensure that these 

trials are in fact discouraging learning. Future research could benefit from a more in-

depth analysis of the relationship between PPI and working memory performance, as 

well. 
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APPENDICES 
 
 

Health History Questionnaire 
 
Instructions: The data we collect can be influenced by a number of factors, so we would 
like some information concerning your health history. These questions will allow us to 
better understand and interpret your responses, and we will not report any individual 
responses to these questions, only group averages. There are no right or wrong answers. 
If you do not wish to answer a particular question, just leave it blank. Please feel free to 
ask us to clarify any of these questions on this form.  
 
Age: _____Years _____Months     Class: _____Freshman    _____Sophomore   _____Junior   
_____Senior  
 
Gender: _____Male     _____Female     
 
Ethnic Category: _____Hispanic or Latino     _____Non Hispanic or Latino 
 
Racial Category:   _____American Indian/ Alaska Native        _____Black or African 
American 
         _____Asian            _____White  

    _____Native Hawaiian or Other Pacific Islander  
     
 
Have you had any colds or ear infections in the last two weeks? If so, please provide 
details.  
 
 
 
Have you ever suffered any kind of hearing loss, either temporary or permanent? If so, 
please provide details. 
 
 
 
Do you have a history of epilepsy or seizures?  If so, please provide details. 
 
 
 
 
Are you currently taking any medication? If so, what is it, what is the dosage, and how 
long have you been taking it? 
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