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ABSTRACT 

Tinnitus is a chronic disorder, hallmarked by persistent ear ringing, which plagues 

millions. Currently, tinnitus is only diagnosable in humans by self-report: the goal of this 

project was to determine whether a startle reflex paradigm could be used as a detector of 

tinnitus symptoms. The startle response is a brainstem reflex, initiated by sudden change 

in the environment. Responses can be facilitated by embedding a startle stimulus in 

background noise, or inhibited by preceding the startle stimulus by a prepulse (PPI) or a 

gap in background noise (GPI). This series of three studies examined the efficacy of 

using silent gaps as prepulse inhibitors of the eyeblink component of the human acoustic 

startle response, with the expectation that the perceived sound associated with tinnitus 

would partially fill the gap and lesson the expected inhibition. Study 1 examined what 

inhibitory patterns could be expected if the gap filling sounded different from the 

background, as well as quantification of GPI compared to traditional PPI. Study 2 

examined progressively louder prepulses and progressively quieter partial gaps to 

evaluate expected inhibition if the tinnitus filling was quieter than the surrounding 

background. Study 3 tested the originally proposed paradigm with tinnitus and healthy 

hearing control samples. Our results did not support the use of this paradigm as a possible 

diagnostic measure of tinnitus.  
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CHAPTER 1: AN INTRODUCTION TO THE STARTLE REFLEX, PPI, AND 
TINNITUS 

The startle response is found across phylogenetic groups in mammals, birds, fish, 

and insects, as well as across ages in humans. As such, it is a response which can be used 

as a tool to study a multitude of typical or abnormal conditions or factors. Many 

physiological states and disorders affect startle responding. Changes in the sound 

environment preceding or coincident with a startle stimulus modulate startle responding; 

continuous background noise facilitates responding (Hoffman & Wible, 1969), and a gap 

in that background causes inhibition (Stitt, Hoffman, Marsh & Boskoff, 1974). This 

phenomenon has been proposed as a means of detecting tinnitus (colloquially known as 

chronic ear ringing) using silent gaps as prepulses (Turner et al., 2006). A moment of 

silence in a continuous background noise has been shown to inhibit the startle response, 

but it is possible that the perceived sound associated with tinnitus symptoms would 

partially fill the gap, and diminish startle inhibition. This method has been examined in 

animal models (Turner et al., 2006), but less so in humans. The existing literature 

examining tinnitus patients’ detection of gap prepulses lacks adequate explanation of 

current findings. Therefore, before this gap inhibition model can be properly 

administered and evaluated as a means of human tinnitus testing, it must be determined 

whether changes in sound environment that do not involve an increase in sound energy 

are sufficient to cause startle inhibition; whether partial gaps of varying depths would 

cause graded inhibition, congruent with more intense prepulses causing greater startle 

inhibition than less intense prepulses; and how these differences would manifest in 

people who experience tinnitus symptoms. The following studies aim to answer these 

questions.  
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 The startle response is a brainstem reflex found in all vertebrates, expressed 

through a variety of behavioral outputs. The reflex involves shifts in autonomic activity 

meant to serve defensive purposes, such as increase in heart rate and skin conductance, 

along with various muscular activities: the sternocleidomastoid muscles of the neck and 

flexors and extensors of the limbs are activated (Blumenthal, 2015). Together these 

responses protect the organism (e.g. by raising the shoulders, the neck is protected from 

injury) and prepares the organism for action. These outputs are easily recordable: in 

rodents, the response is often measured via limb extension (Brooks & Dunnett, 2009), in 

fish via tail flip1 (Eaton, Bombardieri & Meyer, 1977), and in humans via eyeblink. This 

human eyeblink output can be measured using EOG (electrooculogram) (Crossland, 

McOptom & Gary, 2002), infrared eye tracking (Yoon, Chung, Song & Park, 2005), and 

EMG (electromyography) (Blumenthal et al., 2005). Eyeblink is a useful measure of 

startle due to the ease with which it can be elicited by low intensity stimuli, its resistance 

to habituation, and its short latency as a component of the startle response (Blumenthal, 

2015). Startle responses can be elicited using a variety of stimuli (visual, electrical, 

mechanical), with the most common being acoustic stimulation.  

 Acoustic stimuli activate cranial nerve eight (vestibulocochlear), which projects 

neurons through the vestibulocochlear nucleus to the nucleus reticularis pontis caudalis 

(nRPC) in the caudal pons. The nRPC can be thought of as the startle center (Fendt, Li & 

Yeomans, 2001). The vestibulocochlear nucleus also projects fibers to the ventrolateral 

tegmental nucleus (VTNg), which in turn projects to the nRPC and the facial motor 

nucleus. Efferent signals from the nRPC pass through the facial motor nucleus and 

innervate the orbicularis oculi via cranial nerve seven (facial) (Rohleder et al., 2014) (see 

1. Tail flip, although classified as a startle response, follows a different mechanism of action: a single 
action potential from a Mauthner neuron is sufficient to cause tail flip, whereas startle in mammals can be 
elicited in a graded fashion, where greater cell recruitment leads to greater behavioral outputs.  



3 
 

Figure 1). The orbicularis oculi is the muscle that encircles the upper and lower portion of 

the orbital fissure and surrounds the eye, covering the ridge of the cheek bone and 

circling up to the eyebrow. Activation of the orbicularis oculi results in a motor output 

observed as an eyeblink. This is the basic structure of the acoustic startle neural pathway, 

but other functional centers project into the pathway. For example, the basal nuclei and 

the motor cortex also project onto cranial nerve seven, and can subsequently modulate 

motor output. Visual stimuli activate fibers that travel through the superior colliculus, 

which in turn projects to the nRPC. By measuring parameters of the motor output (an 

eyeblink), the activity of the nRPC and associated structures can be ascertained. As such, 

quantification of the eyeblink component of the human acoustic startle reflex can be used 

as an indirect measure of brainstem activity.  
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FIGURE 1: The startle pathway. Acoustic startle stimuli activate cranial nerve 8, which activates the 
vestibulocochlear nucleus, which in turn activates the ventrolateral tegmental nucleus (VTNg). The 

vestibulocochlear nucleus and the VTNg activate the nucleus reticularis pontis caudalis (nRPC, the startle 
center). The nRPC activates the facial motor nucleus, which innervates the orbicularis oculi via cranial 

nerve 7. Output of this pathway is observed as a startle eyeblink. 
 

In simple terms, the startle reflex is a response to suddenness, and as such, as 

previously stated, stimuli across a variety of modalities can activate the response. When 

examining acoustic stimulation, many aspects of a stimulus can be manipulated to 

differentiate startle responses. Single or multiple eliciting stimuli can be used, and the 

bandwidth, intensity, rise time, and duration of the stimuli must be controlled. Broadband 
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noise, often called white noise, is comprised of frequencies ranging from 20 Hz to 20 

kHz (the full range of frequencies that an adult human can hear), and is the most 

commonly used acoustic startle stimulus (Blumenthal et al., 2005) (see Figure 2; left 

panel). Although pure tones (with single frequencies) can be used to elicit the startle 

response, they are less effective than noise (which contains a wide range of frequencies) 

(Blumenthal & Berg, 1986a). A more intense stimulus will result in a greater blink 

magnitude, probability, and amplitude, with a decreased blink latency (facilitation) 

(Blumenthal & Berg, 1986a). The stimulus rise time describes how quickly a sound 

reaches its “full, steady-state amplitude” (Blumenthal et al., 2005); shorter rise times 

increase startle magnitude, amplitude, and probability. The most effective stimulus 

duration is 50-milliseconds (msec) (Blumenthal & Berg, 1986b). Increasing stimulus 

duration up to 50 msec will produce a larger magnitude startle response, meaning a larger 

response will be observed from a 50 msec stimulus than from a 40 msec stimulus. 

Increasing the stimulus duration over 50 msec, however, will not increase the observed 

response. The response latency for the startle reflex is approximately 50 msec; therefore, 

the neural centers will be fully activated after a 50 msec stimulus, and adding increased 

stimulation after that point will no longer increase the observed response until the end of 

a refractory period, when a second response could occur. Multiple shorter stimuli (<50 

msec) can be more effective as startle stimuli than a single short duration stimulus alone 

when they occur in quick succession – a principle called temporal summation 

(Blumenthal & Berg, 1986b).  
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FIGURE 2: Spectrographs of white noise (left panel) and pink noise (right panel). Both white and pink 

noise contain frequencies ranging from 20 Hz to 20 kHz, but in pink noise the low frequencies are 
relatively more intense, and the higher frequencies are relatively less intense. Although they are both 

broadband noise, pink noise sounds lower in pitch. 
 

Human eyeblinks are commonly measured using EMG (Blumenthal et al., 2005). 

Small silver/silver chloride (Ag/AgCl) EMG electrodes are placed on the skin above the 

orbicularis oculi. Two electrodes record electrical output from the muscle, one located 

directly below the pupil on the ocular ridge (nasal electrode), and the other just lateral 

and superior to the nasal (temporal electrode). A ground electrode is also adhered to the 

temple. The ground electrode provides a common reference to the differential input of the 

preamplifier electrodes; it is used for common mode rejection, to prevent power lines or 

other ambient electrical noise from interfering with the small biopotential signals being 

examined (De Luca, 2002). The EMG signal is recorded using computer software such as 

AcqKnowledge by Biopac, and then the signal can be differentially amplified, filtered, 

and integrated for data acquisition and quantification. The signal of interest is the 

difference in electrical activity between the nasal and temporal electrodes; when 

muscular output occurs, a change in current will occur at one electrode, followed by the 

other. These changes can be graphed and measured as a means of quantifying startle 

responding.  
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Changes in the environment preceding or coincident with a startle stimulus can 

modulate startle responding. For example, embedding an acoustic startle stimulus in a 

background of steady, random noise facilitates startle responding, resulting in increased 

magnitude and probability, with decreased latency; complete facilitation can be 

achieved with only 100 msec of background (Hoffman & Wible, 1969). A shorter 

sound, a prepulse, can be presented before the startle stimulus and modulate 

responding. Prepulses presented 60, 120, or 240 msec before the onset of the startle 

stimulus have been shown to inhibit startle responding (decreased magnitude and 

probability, increased latency), while a prepulse presented 2000 msec or more before 

the startle stimulus has been shown to facilitate responding (greater magnitude and 

probability, decreased latency), because both the prepulse and the startle stimulus 

activate startle centers and summate, leading to a greater response (Filion, Dawson & 

Schell, 1993; Stitt et al., 1974). When a prepulse causes startle diminishment, it is 

known as prepulse inhibition, or PPI.  

A gap in a broadband noise background preceding a startle stimulus exhibits a 

similar effect as a prepulse. This silent gap in background noise, either discrete or 

continuous (ending before the onset of the startle stimulus or when the startle stimulus 

begins, respectively), inhibits the startle response or facilitates it with the same 

temporal parameters as the acoustic prepulse (Stitt et al., 1974). Recently, Peterson and 

Blumenthal (2017) examined a gap prepulse in comparison to traditional broadband 

noise prepulses presented in silence or embedded in background noise, and found the 

gap to be equally effective at causing startle inhibition compared to either prepulse 

condition. Other recent studies have confirmed that longer duration gaps decrease 
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startle to a larger degree, and greater inter-stimulus-intervals between the gap and the 

startle stimulus, up to 100 msec, cause greater gap prepulse inhibition (GPI) (Ku et al., 

2015). Gaps embedded in more intense background noise cause greater startle 

inhibition compared to those embedded in low intensity background noise (Ku et al., 

2015). These results are analogous to those of Blumenthal (1999) that demonstrate that 

a more intense prepulse leads to greater PPI. Together, these findings suggest that a 

greater change in environment, whether it be a decrease in energy from a gap in more 

intense background noise (an inverse intensity effect) or an increase in energy from a 

more intense prepulse in silence, will lead to greater startle inhibition. However, no 

current findings demonstrate that decreases in background noise intensity, or partial 

gaps, follow this same pattern of graded inhibition. This was one phenomenon 

examined by this collection of studies.  

In a recent study, Moreno-Paublete, Canlon, and Cederroth (2017) examined 

whether gap prepulses and traditional auditory prepulses activate the same neural 

centers. These phenomena might activate separate neural pathways, since one involves 

an increase in sound energy, and the other a decrease, yet both ultimately lead to 

inhibition of the nRPC, the startle center (Fendt et al., 2001). Moreno-Paublete and 

colleagues measured c-fos induction in a variety of brain centers as a measure of neural 

activation and found increased induction in the nRPC after presentation of both 

prepulses and gap prepulses, but increased c-fos induction in the lateral globus pallidus 

(LGP) only in prepulse conditions, and in specific regions of the auditory cortex only in 

gap conditions (Moreno-Paublete et al., 2017) (Figure 3). Although the startle 

modulation and prepulse pathways are more complex than this simple report of findings 
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might indicate, this study clearly demonstrates that decreases and increases in the sound 

environment preceding or coincident with a startle stimulus may activate separate 

neural pathways. If this is the case, complete silence (a gap prepulse) may not be 

required to activate the offset, or decrease in sound energy, pathway; simply a moment 

of quieter background might be sufficient to initiate inhibition of the nRPC and 

subsequent startle inhibition.  

 



10 
 

 
 

FIGURE 3: The PPI pathway. Prepulses and background noise will both activate the vestibulocochlear 
nucleus via cranial nerve 8, and then gaps and prepulses will both activate the inferior colliculus (IC). Gaps 
(dots) activate the auditory cortex (AC) while prepulses (dashes) activate the lateral globus pallidus (LGP), 
both of which activate the pedunculopontine nucleus (PPTg), which inhibits the nucleus reticularis pontis 

caudalis (nRPC), decreasing the subsequent output and resultant motor activity. Figure modified from 
Moreno-Paublete et al. (2017). 

 
As described above, inhibition of startle is based on preceding information, 

which can be either an increase or a decrease in background intensity. Further, those 

changes may sum to result in greater inhibition, within a specific temporal window. 
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Blumenthal (1995) showed that pairing 3 ms long prepulses temporally, either 6 or 50 

ms apart, caused significantly greater startle inhibition than that found with either a 

single 3 ms long prepulse or a 100 ms separation between two brief prepulses, 

demonstrating a window of temporal summation for the second transient prepulse. 

More recent studies have shown that increases and decreases of sound energy can also 

summate for greater startle inhibition. Fournier and Hébert (2016) examined the effects 

of discrete and continuous gaps on startle reactivity in humans. Normal-hearing 

participants were presented with gap prepulses of varying durations, either between the 

background noise and the startle stimulus (continuous), or with a return to background 

noise before the startle stimulus onset (discrete). Both gap placements caused 

significant startle inhibition: discrete gaps caused significantly more inhibition as 

duration increased from 5 to 50 ms, while inhibition was only observed for continuous 

gaps longer than 50 ms (Fournier & Hébert, 2016). These findings perhaps suggest that 

the return of the background noise acts as a second prepulse. When the background 

noise ends at the onset of the gap, “offset sensitive” neural units (neural units that fire at 

the offset of a stimulus, rather than the onset) are activated; then when the background 

noise begins again, “onset sensitive” neural units are activated. Qin et al. were able to 

record neuronal activation in onset and offset cells in the caudal region of the primary 

auditory cortex of awake cats (Qin, Chimoto, Sakai, Want & Sato, 2007). Gaps and 

prepulses may activate pathways involving these two separate types of cells. These two 

prepulses (the offset of the background noise and the return of the background noise) 

could potentially summate, resulting in significant inhibition on discrete trials with 5 

ms gaps but not on continuous trials (with no second prepulse). This finding 
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demonstrates that if two prepulses are paired with a sufficiently brief time separating 

them, they can summate and cause greater neural activation than a single prepulse 

alone, resulting in greater startle inhibition, analogous to the temporal summation found 

by Blumenthal (1995). When background noise begins again after a silent gap prepulse, 

the two changes, noise offset and onset, could summate, leading to inhibition that might 

not have occurred from the offset of the sound alone. 

These previous studies all show that the parameters of stimuli affect startle 

modulation, but participant specifications can also influence how changes in startle 

responding are observed. Inhibition of rat acoustic startle responding by gaps depends 

upon age and experience. In a 1990 study, all animals were presented with silent gaps 

ranging from 2-64 msec in duration, embedded in 80 dB broadband noise; as gap 

duration increased, startle inhibition increased (startle magnitude decreased) across all 

age and experience groups (Dean, Sheets, Crofton & Reiter, 1990) (these findings are 

congruent with those of Ku et al. (2015) in humans). In all conditions where inhibition 

occurred, increases in age and experience with the paradigm lead to increases in startle 

inhibition. Additionally, the duration of a gap needed to cause inhibition decreased with 

age (from postnatal day 14-23), which is consistent with measures of auditory acuity in 

human children (Davis & McCroskey, 1980), with an 8 msec gap causing significant 

startle inhibition in all rats 28-days or older (equivalent to human adulthood) (Dean et 

al., 1990). Similarly, in human neonates, short duration stimuli were less likely to lead 

to startle responding in newborns (Blumenthal, Avendano & Berg, 1987). In all 

experience and age groups (except 21-23 days, third test exposure) increased test 

experience increased startle inhibition (Dean et al., 1990). In simpler terms, a longer 
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gap led to greater startle inhibition, as did a more intense prepulse; older rats exhibited 

greater startle inhibition; and gap inhibition was potentiated with repeated testing. This 

was the first study to find auditory startle inhibition by gaps in rats below the age of 24 

days, and determined, congruent with previous research, that rat gap inhibition reaches 

maturity by day 28 (Dean et al., 1990). In humans, prepulse inhibition development 

follows a J-shaped trend, where inhibition can be observed in infants at 2-4 months of 

age, but disappears at 7, 18, 24, and 30 months. In children 6-9 years of age, more 

intense prepulses cause about 35% inhibition of startle responding, whereas in young 

adults (and into adulthood), less intense inhibitors cause around 50% inhibition of 

responding (Berg et al., 1985).  This trend seems to resemble that which was found in 

animal models as well.  

Because subject differences can influence startle modulation, the reflex can be 

used as a measure of abnormal states, disorders, behaviors, or illnesses; as such, it may be 

possible to use the response in the diagnosis of tinnitus, caused by unknown 

abnormalities in the auditory perception pathway. Tinnitus is colloquially known as 

chronic ear ringing, but not all who experience the disorder report a ringing sound: 

symptoms can present as a low hum, a high-pitched tone, a “whoosh” sound, or some 

variation thereof (Bauer, 2003). Additionally, perceived symptoms are not reported with 

consistency: sound variation can occur either over short or long-term periods of time. It is 

considered a progressive disorder. Although tinnitus can be triggered by exposure to loud 

sounds, the tinnitus sound experienced is without an external source (Bauer, 2003). The 

neurologic causes of tinnitus need further investigation, although current models suggest 

involvement of the perceptual auditory system, including the cochlea, the dorsal cochlear 
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nucleus, and the nerve connections between them (Han, Lee, Kim, Lim & Shin, 2009). 

Several studies have proposed that damage to the outer hair cells of the cochlea, but not 

yet the inner hair cells, or at the edge between the inner and outer hair cells, may be 

responsible for the disorder (Han, Lee, Kim, Lim & Shin, 2009; Baguley, 2002). This 

discordant damage would affect the coupling between the tectorial and basilar 

membranes, causing depolarization of the inner hair cells without activation. Alternately, 

the peripheral auditory system theory proposes that spontaneous otoacoustic emissions, 

or Kemp echoes, are generated by the outer hair cells of the cochlea and propagated into 

the external auditory canal, where they are “heard” and perceived as tinnitus symptoms 

(Han, Lee, Kim, Lim & Shin, 2009). These proposed physiological causes all involve 

peripheral causes of tinnitus, but the ringing perception could be caused by central 

nervous system activation as well. The dorsal cochlear nucleus (DCN) becomes 

hyperactive following the introduction of tinnitus-inducing agents such as intense sounds, 

and therefore may also play a role in tinnitus perception (Han, Lee, Kim, Lim & Shin, 

2009). Guinea pig studies found overactive somatosensory input to the DCN could also 

explain the presence of tinnitus symptoms (Dehmel, Pradhan, Koehler, Bledsoe & Shore, 

2012); some studies propose that the integration of somatosensory and auditory signals in 

the DCN, along with damage to the auditory pathway, are responsible for tinnitus 

symptoms (Koehler & Shore, 2013). However, the variation of symptoms within and 

between patients may indicate multiple mechanisms of cause (Baguley, 2002).  

It is estimated that tinnitus affects 3 million Americans (Bauer, 2003). Up to 80% 

of people experience tinnitus at some point in their life, 13.8% experience tinnitus long 

term, and 4% experience symptoms severely (Moller, 2014; Hesse, Schaaf & Laubert, 
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2004). Tinnitus is also the most common disability seen in veterans (Klemme & Landree, 

2013). An examination of the National Health and Nutrition Examination Survey from 

1999-2004 found tinnitus symptoms in 18.8% of the US population below age 30, but 

only 2.6% of the population under 30 years of age reported frequent tinnitus symptoms 

(Shargorodsky, Curhan & Farwell, 2010). In a worldwide examination, an average of 

4.3% of people aged 20-29 reported tinnitus symptoms (Hoffman & Reed, 2004). The 

low prevalence of symptoms in young adults makes it difficult to study the disorder in 

typical college aged samples. Tinnitus can be associated with sleep disturbances, 

disrupted concentration, anxiety, and depression, and sufferers report that the disorder 

can greatly affect their life and lifestyle, including occupation (Hesse et al., 2004; 

Klemme & Landree, 2013). The only current clinical method of tinnitus diagnosis is self-

report, and no effective treatments are currently available. To create useful treatments for 

the disorder, diagnostic tools are needed. 

Turner et al. proposed the use of gap prepulses as a measure of tinnitus 

detection in rats (Turner et al., 2006). They proposed that silent gap prepulses would be 

poorly detected if they were presented in a background of noise that sounds similar to 

the tinnitus symptoms experienced by rats. Tinnitus is not known to be associated with 

any measurable external sound, but the symptoms experienced by humans is perceived 

as an internally generated sound, often described as ringing. In humans, the most 

common risk factors for tinnitus development are loud noise exposure (often also 

causing hearing loss), ototoxic medications, and head injury (Baguley, McFerran & 

Hall, 2013). Ototoxic medications include high doses of NSAIDs, such as aspirin, and 

certain antibiotics. Tinnitus is often under reported and diagnosed, especially in 
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populations of people who are commonly exposed to industrial noise, but up to 60% of 

people exposed to industrial noise on a regular basis may develop tinnitus symptoms, as 

well as hearing loss, studies suggest (Kowalska, Sulkowski & Pracy, 2001). Animal 

models of tinnitus are therefore commonly developed by exposing animals to loud 

noises, or salicylate (an ingredient of aspirin and other NSAIDs). Salicylate decreases 

the metabolism of arachidonic acid, and increased arachidonic acid potentiates NMDA 

receptor currents; cochlear NMDA activation has been shown to cause tinnitus-like 

damage in rats (Guitton et al., 2003). 

Turner and colleagues found less startle inhibition in gap conditions in tinnitus 

model mice than in control mice; they hypothesize that these findings demonstrate that 

the perceived sound associated with the induced tinnitus symptoms filled the silent gap, 

thereby diminishing the expected inhibition associated with the prepulse (Turner, 

Larson, Hughes & Shore, 2012).  

Basura, Koehler, and Shore (2015) studied mature, female guinea pigs, all of 

whom showed normal startle responding at baseline. Tinnitus was induced using 

extreme noise exposure, and tinnitus guinea pigs compared to control guinea pigs 

showed impaired gap detection, along with larger startle responses in gap conditions, 

due to the facilitation of the background noise and no inhibition from the filled gap 

(Basura et al., 2015).  

Ralli and colleagues induced tinnitus in male adult Sprague Dawley rats using 

an injection of salicylate, then later attempted to treat this tinnitus induction with an 

injection of memantine, an NMDA channel blocker (Ralli et al., 2014). They found that 

a significant decrease in startle inhibition was observed in tinnitus animals in gap 
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conditions compared to control animals, indicating that the internally generated 

perception of sound caused by the metabolism disruption due to the salicylate was 

filling the silent gap in the background noise and decreasing the inhibition that was 

seen in the control animals (Ralli et al., 2014).  

Shore, Roberts, and Langguth modeled startle amplitudes in guinea pigs for 

trials with no gap, gap trials in control animals, and gap trials in animals with induced 

tinnitus, and found less difference between the no gap and tinnitus gap conditions than 

the normal gap condition, indicating significantly increased startle inhibition in the 

control gap condition (Shore, Roberts & Langguth, 2016). This repeated testing in 

various animal models demonstrates the efficacy of this diagnostic model using gap 

prepulses as a means of detecting tinnitus.  

Fournier and Hébert (2013) examined the efficacy of a gap compared to a white 

noise prepulse in control and tinnitus samples of humans. All participants were 

presented startle stimuli alone in low or high intensity background noise, the same 

conditions with a 50 msec embedded silent gap, or low or high frequency prepulses 

presented in silence. At baseline, the tinnitus participants were found to exhibit larger 

startle responses; background noise has been demonstrated to facilitate startle 

responding (Blumenthal, Noto, Fox & Franklin, 2006), which explains this baseline 

difference in participants who experience continual ear ringing. The control and tinnitus 

participants showed equivalent inhibition to traditional prepulses. However, in gap 

conditions in both high and low intensity backgrounds, significantly less inhibition of 

startle responding was observed in the tinnitus group than the control group (Fournier 

& Hébert, 2013). Although this study shows promise for the use of gap prepulse 
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paradigms as a means of detecting tinnitus in human populations, it does not provide an 

adequate explanation of why this model is a successful measure. Although their tinnitus 

participants did not report symptoms louder than about 20 dB, tinnitus symptoms are so 

variable within and across participants that it is difficult to predict how the associated 

symptoms might “fill” a silent gap.  

This series of three studies examined which aspects of stimulus environment 

changes would be sufficient to cause startle inhibition, and to what degree, in the hopes 

of creating a protocol that could be adapted to be used as a diagnostic measure of tinnitus. 

Study 1 examined the efficacy of gaps in comparison to traditional prepulses, as well as 

comparing a prepulse that was a change in frequency and intensity in comparison to the 

background in which it was embedded. Study 2 examined the efficacy of frequency shifts 

alone as prepulses, and whether larger changes in environment, either above or below 

background noise, would result in more startle inhibition in a graded manner. Study 3 

compared tinnitus and control sample responses to gap prepulses of varying depths.  
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CHAPTER 2: STUDY 1 – AN EXAMINATION OF WHITE AND PINK NOISE 

PREPULSES, AND GAPS 

 The startle response is known to be facilitated when startle stimuli are embedded 

in at least 100 msec of steady background noise (Blumenthal et al., 2006; Hoffman & 

Wible, 1969). Startle inhibition can be achieved by presenting a noise burst or tone 

immediately preceding a startle stimulus (Filion et al., 1993), or by presenting a moment 

of silence, a gap, in the aforementioned background noise (Stitt et al., 1974). A primary 

goal of study 1 was to compare the inhibition observed from these traditional broadband 

noise burst prepulses and gaps. To adequately make this comparison, prepulses presented 

both in silence (the traditional presentation) and background noise were compared to 

GPI.  

 If we can expect the same amount of inhibition from a traditional white noise 

prepulse and from a fully silent gap, the GPI tinnitus detection paradigm shows promise. 

A direct comparison between tinnitus and control participants can be evaluated, with 

equivalent responding expected to the prepulse, but significantly less inhibition expected 

from the tinnitus participants on the gap condition, as their tinnitus ear ringing would 

partially fill the gap. However, a possible outcome of this model is that the sound 

perception associated with the tinnitus symptoms could display different frequency 

distributions than the broadband noise, and this shift in sound environment could act as a 

new modulator, possibly inhibiting responding. Therefore, the secondary goal of this 

study was to evaluate the efficacy of a prepulse that differed from the background in 

intensity (in this study, a pink noise prepulse in a white noise background (see Figure 2)).  
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Methods 

 Participants 

 Participants were recruited from Wake Forest University Introductory Psychology 

courses, and received one hour of class credit for their participation. A total of 41 

individuals agreed to participate. Participants who reported current use of medication 

(stimulants or sedatives) were excluded from study participation. Five subjects were 

removed from analysis for excessive electrical noise in the data, leaving a sample of 36 

participants (8 male, 28 female) ranging from 18-20 years of age. Among participants, 

56% identified as Caucasian, 29% as Asian, 7% as Hispanic or Latino, and 7% as Black 

or African American. No participants reported experiencing tinnitus symptoms at the 

time of participation.  

 Materials and Apparati 

Participants began by reading and signing an informed consent form, a health 

history questionnaire, and two tinnitus and hearing surveys (Meikle et al., 2012). They 

were seated in a sound-attenuated and electrically shielded room. All auditory stimuli 

were created using Audacity software, and were presented by SuperLab 5.0 (Cedrus) 

software. The startle stimuli were white noise bursts at 100 dB(A) with a duration of 50 

msec and an instant rise time. All prepulses were presented 120 msec before the onset of 

the startle stimulus at 75 dB(A) with a 40 msec duration and a 5 msec rise time. Prepulses 

were either white or pink noise. Background noise was white noise presented for 6 sec at 

65 dB(A). Gaps in the background noise were 40 msec of silence in the 6 sec background 

noise, beginning 120 msec before the onset of the startle stimulus (Figure 4). Inter-trial 
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intervals of 8, 9, 10, 11, and 12 seconds were randomly distributed across trials. The trials 

were divided into two blocks for analysis.  

 

FIGURE 4: Study 1 stimulus conditions. (1) startle stimulus alone in silence, (2) startle stimulus with a 
white noise prepulse in silence, (3) startle stimulus with a pink noise prepulse in silence, (4) startle stimulus 
alone in background noise, (5) startle stimulus with a white noise prepulse in background noise, (6) startle 

stimulus with a pink noise prepulse in background noise, (7) and startle stimulus with a silent gap in 
background noise. 

 
Note: This figure is not drawn with stimuli to scale. Background noise was presented at 65 dB, prepulses at 

75 dB, and startle stimuli at 100 dB. 
 
 

White noise, as previously described, is broadband noise at a passband of 20 Hz 

to 20 kHz with all frequencies at equal intensity. Pink noise also has a passband of 20 Hz 

to 20 kHz, but low-frequency wavelengths are relatively more intense and high 

frequencies are relatively less intense (see Figure 2) 

EMG activity was amplified using Biopac EMG amplifiers using filters passing 1-

500 Hz, sampled (1000 Hz) by a Biopac MP150 workstation. The signal, filtered using a 
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passband of 28-500 Hz, was then rectified and smoothed using a five-sample boxcar 

filter. 

Procedure 

After reading and completing the informed consent, health history questionnaire, 

and both tinnitus and hearing surveys, participants had the skin below their left eye 

cleaned using 70% isopropyl alcohol on a cotton swab. The Ag/AgCl electrodes prepared 

with miniature double-sided adhesive collars and high-conductivity electrode gel were 

then adhered to the participant’s skin. The temporal and nasal electrodes were placed 

below the ocular ridge (nasal directly below the pupil when looking forward, just below 

the lower eyelid; temporal just lateral and superior to the nasal), with a third ground 

electrode placed on the left temple. Participants were asked to place headphones 

comfortably over their ears, and then stimulus presentation began.  

All participants were presented with 62 startle stimulus trials, beginning with six 

control habituation trials (startle stimulus alone), followed by eight trials of each of seven 

stimulus conditions, presented in the same random order across participants. The stimulus 

conditions were startle stimulus alone in silence (1), startle stimulus with a white noise 

prepulse in silence (2), startle stimulus with a pink noise prepulse in silence (3), startle 

stimulus alone in background noise (4), startle stimulus with a white noise prepulse in 

background noise (5), startle stimulus with a pink noise prepulse in background noise (6), 

and startle stimulus with a silent gap in background noise (7) (Figure 4).  

Data Analysis 

Startle responses were scored using a custom scoring program (Schulz et al., 

2009). Responses beginning 20-120 msec after the onset of the startle stimulus were 
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considered valid, with any trials involving movement artifacts, extraneous blinks, or 

excessive noise excluded from analysis. Using this criteria, 6.45% of trials were excluded 

from analysis. Trials with no observed response were assigned a magnitude and 

probability of zero and included in analyses. Response magnitude was examined on each 

trial. Control responses were averaged across blocks (first half of presentation versus 

second half of presentation) to calculate habituation. Responses were also averaged 

across trial by condition, such that an average magnitude and probability score remained 

for each stimulus condition. PPI of startle magnitude was calculated by subtracting the 

magnitude of the responses on control trials from that of the prepulse trials, then dividing 

by the control trial magnitude. This method controls for individual differences across 

participants and results in a ratio of inhibition for each prepulse condition. A negative 

ratio demonstrates inhibition; a 95% confidence interval was calculated for the mean of 

each group to determine whether this inhibition is significant—a confidence interval that 

does not contain zero demonstrates significant PPI. Repeated measures ANOVA were 

conducted to compare the inhibition of startle magnitude across conditions, with an alpha 

level of 0.05 in SPSS 24.  

 

Results 

Startle inhibition was observed with all prepulse conditions. A repeated measures 

ANOVA showed that startle magnitude in control conditions habituated across blocks 

(the six habituation trials compared to the first half of stimuli and second half of stimuli) 

in both silent and white noise backgrounds, F (2, 32) = 16.588, p < 0.001. As expected, 

startle responses were facilitated by background noise, F (1, 33) = 7.895, p < 0.01 (Figure 
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5). There was no significant interaction between background and blocks on startle stimuli 

alone. 

 
 

FIGURE 5: In study 1 startle magnitude decreased from the first half of testing to the second half in both 
backgrounds, and all responding was higher on background noise trials than on silent background trials. 

The silent background is stimulus condition 1, and the white noise background is stimulus condition 4 (see 
Figure 4). This demonstrated the expected facilitation from background noise, and allows for classification 

of responses as startle, rather than voluntary or spontaneous eyeblinks (which do not habituate). 
 

 
When examining the white and pink noise prepulses in silence and in background 

noise, we found a significant main effect of prepulse type, a significant main effect of 

background, and an interaction effect. Thus, the pink noise prepulse was less effective at 

inhibiting startle when embedded in the background noise, F (1, 35) = 5.410, p < 0.05 

(Figure 6). All prepulse conditions caused startle inhibition to equivalent degrees, except 

for significantly less inhibition from the pink noise prepulse embedded in background 

noise. 
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Pairwise comparisons were run comparing the PPI in the silent gap condition with 

that in each discrete prepulse condition. No significant differences were found between 

PPI in the silent gap and white noise prepulse conditions in silence or background noise, 

or pink noise prepulse in silence. There was a significant difference in PPI between the 

gap condition and the pink noise prepulse in the background noise condition, such that 

the pink noise prepulse was less effective at inhibiting the startle response, F (1, 35) = 

18.088, p < 0.001 (Figure 6).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIGURE 6: In study 1 the white noise prepulse in silence, the pink noise prepulse in silence, and the gap in 
background noise were all equivalent inhibitors of startle magnitude. The white noise prepulse in the white 

noise background was slightly less effective as a prepulse inhibitor, although not to a significant degree. 
The pink noise prepulse in background noise was significantly less effective at inhibiting startle magnitude 

(most likely due to noise masking), although significant inhibition did occur. * p < 0.001. 
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Discussion 

All prepulse conditions effectively caused inhibition, observed as a decrease in 

startle magnitude across white and pink noise prepulses in silence or in a white noise 

background, and a silent gap in that background. In the silent background, the white and 

pink noise prepulses were equivalently effective inhibitors. The white noise prepulse in 

the background noise was slightly less effective at decreasing startle magnitude, but not 

to a significant degree; however, the pink noise prepulse in the background noise caused 

significantly less inhibition. We would expect a white noise background to most 

efficiently mask a white noise prepulse; however, we observed less inhibition from the 

pink noise prepulse embedded in the white noise background. This may suggest that 

masking of the prepulse by the surrounding white noise background is greater when the 

spectral composition of the prepulse differs from that of the background. The gap in the 

background noise was equivalent as a prepulse to the white noise prepulse in silence and 

background, and to the pink noise prepulse in silence (Figure 6). These findings indicate 

that a gap is as effective as a discrete pulse in silence. This means that a break or a 

change is as effective as the commonly used discrete broadband prepulse, but that 

differential prepulse inhibition is based on prepulse bandwidth characteristics. 

Overall, these findings allow us to conclude that traditional prepulses in 

background and silence, and gaps cause equivalent inhibition of the startle response, 

somewhat contrary to that of Blumenthal et al. (2006), who found less inhibition from 

prepulses presented in background noise compared to those presented with only ambient 

noise. This is an interesting finding, in part, because a prepulse involves an increase in 

sound energy, compared to the surrounding acoustic environment, while a gap involves a 
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decrease in sound energy from background. Moreno-Paulete et al. (2017) provide an 

explanation for why these different environment alterations may result in equivalent 

startle inhibition. They examined relevant neural centers in mice, and found activation in 

the lateral globus pallidus (LGP) only in prepulse conditions, and activation in specific 

areas of the auditory cortex (AC) only in gap conditions. This finding suggests that gaps 

and prepulses may activate separate pathways, which each in turn cause inhibition of the 

startle center (see Figure 3).  

If this model is correct, it raises another question important to the validity of the 

GPI tinnitus detection model: if a gap is not fully silent, but involves a sound less intense 

than the background noise (a partial gap) would it still activate the gap neural pathway, 

resulting in inhibition of the startle response? Answering this question was the goal of 

study 2.  
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CHAPTER 3: STUDY 2 – EFFICACY OF PARTIAL GAPS IN BACKGROUND 

NOISE AS INHIBITORS OF THE ACOUSTIC STARTLE RESPONSE 

 Study 1 demonstrated that traditional prepulses and gaps cause equivalent 

inhibition of startle magnitude in healthy hearing college students. From this, we know 

that the GPI tinnitus detection paradigm will likely show quantifiable differences where 

tinnitus participants show significantly less inhibition to fully silent gaps than their 

control counterparts, with no expected difference between the groups in response to 

traditional noise burst prepulses.  

 A possible and arguably likely outcome of this protocol is that the sound 

perception associated with the tinnitus symptoms might mask a gap so that it is not fully 

silent, without filling it to the same intensity as the background noise. Determining what 

inhibitory pattern would be likely to occur in this instance is the primary focus of this 

second study.  

 Longer duration gaps have been shown to inhibit startle to greater degrees, and 

longer ISI between gaps and startle stimuli (up to 100 msec) cause greater GPI (Ku et al., 

2015). Fournier and Hébert (2016) examined the effects of discrete (“gap embedded”) 

and continuous (“gap following”) gaps on startle reactivity in humans. Normal-hearing 

participants were presented with gap prepulses of varying durations (5, 25, 50, 100, and 

200 msec), either between the background noise and the startle stimulus (continuous), or 

with a reactivation of background noise at 120 msec before startle stimulus onset 

(discrete). Both gap conditions caused significant startle inhibition: discrete gaps caused 

significantly more inhibition as duration increased from 5 to 50 msec, while inhibition 

was only observed for continuous gaps longer than 50 msec (Fournier & Hébert, 2016). 
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These findings suggest that the return of the background noise in the discrete condition 

acted as a second prepulse: temporal summation of gap onset and offset could explain the 

difference in inhibition found in the discrete and continuous conditions. For this reason, 

continuous gaps and prepulses were utilized in this study.  

Blumenthal (1996) demonstrated that more intense prepulses lead to greater PPI. 

Analogously, Ku et al. (2015) showed that gaps embedded in more intense background 

cause greater startle inhibition compared to those embedded in lower intensity 

background noise. Together, these findings suggest that a greater change in acoustic 

environment, whether involving a decrease in sound energy from background noise to a 

silent gap (an inverse intensity effect) or an increase in energy from a prepulse in silence, 

will lead to greater startle inhibition. Since the inhibition patterns observed from 

prepulses of increasing intensity are known, this study presents progressively deeper 

partial gaps, expecting analogous graded inhibition as that seen from increasing intensity 

prepulses.  

 

Methods 

Participants 

Potential participants (N = 57) were recruited from Introductory Psychology 

courses and received one hour of class credit for their participation. Three were excluded 

from participation for current use of stimulant or sedative psychoactive medications (i.e. 

SSRIs for depression, benzodiazepines for anxiety, or methylphenidate for ADHD), and 

one was excluded from analysis for excessive electrical noise in the data. After responses 

were quantified, 11 participants who did not show inhibition2 to four or more of the six 

2. These participants likely did not show a lack of inhibition, but rather had control responses that were 

obscured by electrical noise, meaning inhibition could not be calculated. 
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intensity varying prepulse conditions were removed from analysis, leaving a final sample 

of 43 participants (18 male, 25 female) ranging from 18 to 21 years of age (M = 19.407, 

SD = 0.917). Participants identified as White (non-Hispanic/Latino, 77%; 

Hispanic/Latino, 4%), Asian (15%), or Black/African American (4%). No participants 

reported tinnitus symptoms at the time of participation.  

Materials and Apparati 

Participants were seated in a sound-attenuated and electrically shielded room. 

They were asked to complete a health history questionnaire and two tinnitus and hearing 

surveys (Meikle et al., 2012).  All auditory stimuli were created using Audacity software 

and presented by SuperLab 5.0 (Cedrus) software. The startle stimuli were white noise 

bursts at 100 dB(A) with a duration of 50 ms and an instant rise time. All prepulses and 

startle stimuli were embedded in a white noise background at 65 dB(A) that began 6-sec 

before the onset of the startle stimulus. All prepulses were white noise bursts with 

intensity above the background noise; partial gaps were white noise bursts with intensity 

below the background noise. Prepulses and partial gaps began 120 ms before the onset of 

the startle stimulus and ended at the startle stimulus onset, with an instant rise time. 

Prepulses were presented at 50, 55, 60, 70, 75, and 80 dB(A) (Figure 7). These prepulses 

were +/- 5, 10, and 15 dB(A) respectively above or below the background noise, serving 

as progressively more intense prepulses and less intense partial gaps. Two stimulus 

conditions included a startle stimulus embedded in the 65 dB(A) background noise, with 

a continuous prepulse of either white noise or passband noise (1000-8000 Hz) also 

presented at 65 dB(A). These trials were used to ensure that the protocol used to create 

the prepulse trials did not cause any environment alterations that could serve as startle 
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modulators, and to determine if only a shift in sound frequency, but not intensity, could 

inhibit the startle response. Inter-trial intervals of 8-12 seconds were randomly distributed 

across trials.  

 

FIGURE 7: Study 2 stimulus conditions. All startle stimuli and prepulses were embedded in 6 sec 65 dB 
white noise background. (1) startle stimulus alone, (2) startle stimulus with 65 dB white noise prepulse, (3) 

startle stimulus with 65 dB passband (1000-8000 Hz) prepulse, (4) startle stimulus with – 5 dB (60 dB) 
partial gap, (5) startle stimulus with – 10 dB (55 dB) partial gap, (6) startle stimulus with – 15 dB (50 dB) 

partial gap, (7) startle stimulus with + 5 dB (70 dB) prepulse, (8) startle stimulus with + 10 dB (75 dB) 
prepulse, (9) startle stimulus with + 15 dB (80 dB) prepulse. 

 
Note: This figure is not drawn with stimuli to scale. Background noise was presented at 65 dB and startle 

stimuli at 100 dB. 
 

EMG activity was amplified using Biopac EMG amplifiers using filters passing 1-

500 Hz, sampled (1000 Hz) by a Biopac MP150 workstation. The signal, filtered using a 

passband of 28-500 Hz, was rectified and smoothed using a five-sample boxcar filter 
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(methods based on Blumenthal et al., 2005).  

Procedure 

Participants read and signed an informed consent form, and completed a health 

history questionnaire and two tinnitus and hearing surveys (Meikle et al., 2012). Eligible 

participants had the skin below their left eye cleaned using 70% isopropyl alcohol on a 

cotton swab. Ag/AgCl electrodes were prepared with miniature double-sided adhesive 

collars and high-conductivity electrode gel and adhered to the participant’s skin. The 

temporal and nasal electrodes were placed below the ocular ridge (nasal directly below 

the pupil when looking forward, just below the lower eyelid; temporal just lateral and 

superior to the nasal), with a ground electrode placed on the participant’s left temple. 

Each participant was asked to place headphones comfortably over their ears, and 

instructed to sit still and listen to the sounds without purposefully trying to blink or not 

blink. Stimulus presentation then began.  

All participants were presented with 78 startle stimulus trials, beginning with six 

control habituation trials (startle stimulus alone in background noise), followed by eight 

trials of each stimulus condition presented in the same random order across participants 

(see Figure 7 for stimulus conditions).  At the conclusion of stimuli presentation, all 

participants were debriefed and thanked for their participation. 

Data Analysis 

Startle responses were measured using a custom scoring program (Shulz et al., 

2009). Responses beginning 20-120 ms after the onset of the startle stimulus were 

considered valid, with any trials involving movement artifacts, extraneous blinks, or 

excessive noise excluded from analysis. Using this criteria, 3.6% of trials were excluded 



33 
 

from analysis. Response magnitude and probability were examined on each trial. Trials 

with no observed response were assigned a magnitude and probability of zero and 

included in analyses. Responses were averaged across trial by condition, such that an 

average magnitude and probability score remained for each stimulus condition. PPI of 

startle magnitude was calculated by subtracting the magnitude of the responses on control 

trials from that of the prepulse trials, then dividing by the control trial magnitude, 

resulting in a ratio of inhibition for each prepulse condition, where a negative ratio 

denoted inhibition. A 95% confidence interval was calculated for the mean of each group 

to determine significance.  

For PPI of response probability, control trial probability was subtracted from 

probability of each prepulse condition. Again, a difference below zero signified inhibition 

for probability with a 95% confidence interval that does not include zero denoting 

statistically significant inhibition. Participants who did not demonstrate inhibition in four 

or more stimulus conditions were removed from analysis. 

Repeated measures 2 X 3 ANOVA were conducted to compare the inhibition of 

startle magnitude and probability across conditions in SPSS 24. For both dependent 

variables (PPI of magnitude and probability) ANOVA factors included prepulse type 

(prepulse or gap) and prepulse or gap intensity (+/- 5 dB, +/- 10 dB, +/- 15 dB). The 

Greenhouse-Geisser F test degrees of freedom were examined for significant effects and 

interactions, with an alpha level of .05.  
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Results 

All prepulse conditions, except for the 65 dB white noise prepulse, caused 

significant inhibition of startle magnitude (Table I). A repeated measures ANOVA 

comparing the PPI of startle magnitude in the six test prepulse and partial gap conditions 

(Figure 7) showed a significant main effect of prepulse type, such that prepulses were 

more efficient startle magnitude inhibitors than partial gaps, F (1, 42) = 21.854, p < .001, 

and a significant main effect of intensity, such that greater change from background 

resulted in greater startle inhibition, F (2, 41) = 13.200, ε = 0.031, p < .001. There was no 

significant interaction between prepulse type and intensity (Figure 8).  

 
 
Stimulus Condition 

 
Mean (SEM) 

95% CI 
Lower Bound 

95% CI 
Upper Bound 

Startle Stimulus Alone* 1.887 (0.406) 1.068 2.70 
65 dB White Noise Prepulse 0.236 (0.119) -0.004 0.477 
65 dB Passband Prepulse -0.262 (0.079) -0.421 -0.102 
70 dB Prepulse (+5 dB) -0.585 (0.051) -0.687 -0.483 
75 dB Prepulse (+10 dB) -0.664 (0.046) -0.756 -0.572 
80 dB Prepulse (+15 dB)  -0.783 (0.048) -0.881 -0.685 
60 dB Partial Gap (-5 dB) -0.367 (0.064) -0.495 -0.238 
55 dB Partial Gap (-10 dB) -0.493 (0.065) -0.625 -0.362 
50 dB Partial Gap (-15 dB) -0.639 (0.042) -0.723 -0.554 

 
TABLE I: Confidence intervals of PPI of startle magnitude for all stimulus conditions. PPI of startle 

magnitude is calculated by subtracting control response magnitude by prepulse response magnitude and 
dividing by control magnitude: a negative ratio signifies inhibition, and a confidence interval (shown here) 

that does not contain zero demonstrates significance. All conditions except for the 65 dB white noise 
prepulse caused significant inhibition of startle magnitude. *Control condition from which PPI was 

calculated. 
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FIGURE 8: In study 2, there was a significant main effect of prepulse type such that prepulses caused 
larger inhibition of startle magnitude than gaps, and a main effect of intensity, such that a greater change 

from background resulted in greater inhibition of startle magnitude.  
 

 
 A repeated measures ANOVA comparing the PPI of probability across the six test 

conditions (Figure 7) showed a significant main effect of prepulse type, such that 

prepulses were more effective startle probability inhibitors than partial gaps, F (1, 42) = 

25.255, p < .001, and a significant main effect of intensity, such that greater change in 

background resulted in greater startle probability inhibition, F (2, 41) = 15.696, ε = 0.846, 

p < .001 (Figure 9). No significant interaction of prepulse type and intensity was found.   
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FIGURE 9: In study 2, there was a significant main effect of prepulse type such that prepulses caused 
larger inhibition of startle probability than gaps, and a main effect of intensity, such that a greater change 

from background resulted in greater inhibition of startle probability. 
 

 
Discussion 

This study examined the inhibition patterns observed as prepulses and partial gaps 

changed from background in increasing degrees. Prepulses were more effective inhibitors 

of startle than partial gaps. However, both prepulses and partial gaps showed an intensity 

effect such that greater changes from background caused greater inhibition of startle 

magnitude (Figure 7). Because the prepulses cause more effective inhibition, the deepest 

partial gap (-15 dB) caused inhibition equivalent to that of the weakest prepulse (+5 dB). 

This could indicate that the neural units responding to the onset of the prepulse are more 

sensitive than the offset pathway responding to gaps, or decreases in sound energy.  

 The significant findings of probability inhibition are similar to those for inhibition 

of startle magnitude, in that prepulses cause greater inhibition than partial gaps (although 

both do cause significant inhibition) and greater inhibition occurs with greater changes 

from background (Figure 8).The findings of Moreno-Paublete et al. (2017) may explain 
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why traditional prepulses (involving an increase of sound energy) and partial gaps 

(involving a decrease in sound energy) are able to inhibit startle, and why they do so to 

differing degrees. The more direct pathway between the midbrain and the lateral globus 

pallidus (LGP), compared to the distance between the midbrain and the area of the 

auditory cortex (AC) responsible for gap prepulse inhibition, could explain why more 

inhibition is observed from prepulses than from gaps.  

The insertion of a 65 dB white noise prepulse into 65 dB white noise background 

did not cause inhibition of startle, demonstrating that the methods used to create the 

prepulse sound files are not responsible for any observed inhibition of startle responding. 

The 65 dB passband prepulse did result in significant inhibition, meaning that a change in 

frequency with no change in intensity was sufficient to activate inhibitory neural 

pathways that terminate on the startle center in the pons. The most striking finding from 

this study, however, is that change in sound environment, regardless of direction of 

energy change, is sufficient to cause startle response inhibition, and that degree of change 

affects amount of inhibition.  

 These findings contribute to the understanding of results found by Turner et al. 

(2012), Basura et al. (2015), Ralli et al. (2014) and Shore et al. (2016) that showed that a 

gap prepulse may be useful as a means of detecting lab-induced tinnitus; it was proposed 

that the internally generated sound perceived by the animals would fill a silent gap and 

diminish or remove inhibition that would have been caused by the gap, resulting in larger 

magnitude startle responses, compared to those of control animals. The results from this 

study can explain the findings to a further degree: if tinnitus constitutes an inability to 

hear silence, and hence fills a gap, less inhibition would be expected than on prepulse 
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trials, but startle magnitude might not be expected to be as robust as on control trials, due 

to partial PPI. If the internally generated sound did not fill the gap completely, but instead 

caused the gap to be partially filled, that is, to be a shallower gap, then less inhibition 

would be observed than that expected in control animals, yet still some inhibition might 

be seen.  Even if the tinnitus-associated sound did not sound similar to the background 

noise, Peterson and Blumenthal (2017) demonstrated that a prepulse (pink noise) 

embedded in a background that sounds different (white noise) still caused inhibition 

(Peterson & Blumenthal, 2017).  

The hope is that this protocol can be used to detect tinnitus, and the intensity of its 

symptoms, in humans, as tested in Study 3. This methodology shows promise, in part, 

because the startle response is a brainstem, precognitive reflex. Boyen, Başkent, and van 

Dijk (2015) found that tinnitus did not interfere with one’s ability to consciously detect a 

silent gap in an auditory stimulus. Their participants were able to report detection of the 

gap, although it caused less startle inhibition in tinnitus participants than in controls who 

also reported the gap (Boyen et al., 2015). The auditory nerve, in addition to activating 

the startle pathway, sends efferents from the cochlear nucleus through the superior 

olivary complex, to the inferior colliculus where a decussation occurs and fibers travel to 

the primary auditory cortex through the medial geniculate nucleus of the thalamus. The 

startle mechanisms follow separate pathways, and alteration of one may have no effect on 

the other. An earlier study found significantly less inhibition of startle responding from 

gap prepulses than white noise prepulses in a tinnitus population (Fournier & Hébert, 

2013). The present study adds to the understanding of those findings, and provides 

encouragement that the current protocol could be a beneficial tool in the detection of 
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tinnitus. Diagnosis is a preliminary requirement before treatments and preventative 

measures can be explored and implemented. This gap PPI procedure would take only a 

matter of minutes, is painless and noninvasive, and may have a higher reliability than 

self-report.   
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CHAPTER 4: STUDY 3 – PARTIAL GAPS AS A MEANS OF DETECTING 

TINNITUS IN HUMANS 

 Tinnitus can become debilitating to those who experience severe symptoms. 

Millions of people experience tinnitus symptoms to some degree, and it is the most 

common and most expensive disability seen in veterans (Klemme & Landree, 2013; 

Yankaskas, 2013). Even with the known psychological and behavioral disruptions 

associated with tinnitus (Hesse et al., 2013), diagnosis is still reliant on self-report of 

symptoms. However, the GPI tinnitus detection paradigm proposed by Turner et al. 

(2006) shows promise for the creation of a diagnostic measure.  

 Tinnitus can be induced in animals (commonly rats, mice, or guinea pigs) using a 

variety of methods, the most common of which are extreme noise exposure or injections 

of salicylate acid, the active ingredient in tinnitus inducing drugs such as NSAIDs 

(Guitton et al., 2003). Repeated studies have shown that these tinnitus induced animals 

exhibit less inhibition in response to gap prepulse trials than their healthy hearing 

counterparts (Turner et al., 2012; Basura et al, 2015; Ralli et al., 2014; Shore et al., 

2016). Even after these promising findings, little work has been done using this paradigm 

in human studies. Fournier and Hébert (2013) used a similar model, presenting tinnitus 

and control participants with silent gaps and high or low frequency prepulses presented in 

high and low frequency background environments. Both groups showed equivalent 

inhibition to traditional, increase in sound energy, prepulses, but the tinnitus group 

showed significantly less inhibition to the gap prepulses, in both high and low intensity 

backgrounds, compared to the control sample. This recent finding shows great promise 
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for the use of the currently proposed paradigm as a tinnitus detection tool in human 

samples.  

 However, both studies 1 and 2 have shown significant results indicating that 

frequency shifts, either at greater intensity or the same intensity as the surrounding 

acoustic environment, act as inhibitors of the startle response. It is possible that when the 

tinnitus associated sound perception fills a silent or partial gap with a sound of different 

frequency distribution than the surrounding broadband noise background, the change will 

cause additional inhibition. It is also possible that as the sound perception masks the 

quietest partial and full gap conditions, the tinnitus experience will create a floor, past 

which no further inhibition can be achieved. By comparison, the control group is 

expected to exhibit increasing inhibition as partial gaps deepen, until maximum inhibition 

is achieved by the fully silent gap, with equivalent inhibition to a traditional prepulse. 

This third study will shed light on the utility of this model as a means of detecting 

tinnitus in human populations.  

 

Methods 

 Participants 

 Participants were recruited from Wake Forest Introductory Psychology courses 

and the greater Wake Forest community. Recruitment flyers were posted around the 

university (the undergraduate and hospital campuses) with information about the study, 

asking interested parties to call the research team should they wish to determine their 

eligibility. Community participants were awarded a $20 gift card as compensation for 

their time. Introductory Psychology students were awarded one hour of class credit for 
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their participation. Wake Forest University screens all students participating in research 

studies for their Introductory Psychology credit via a mass testing session where 

questionnaires are distributed to identify relevant participant pools for all faculty 

research. A Tinnitus and Hearing questionnaire (Meikle et al., 2012) was included in 

mass testing to identify participants who experience tinnitus symptoms. Students who 

reported any tinnitus symptoms were made eligible for the study, and at the end of data 

collection the restriction were opened so any student could take part in the study (to 

increase the sample size of the control group).  

 Of the 390 students who completed the mass testing procedures, n = 17 reported 

any tinnitus symptoms (4.3%, congruent with worldwide norms for tinnitus symptoms in 

people aged 20-29 years (Hoffman & Reed, 2004)). A portion of these participants did 

not report tinnitus symptoms at the time of their testing, and were therefore moved into 

the control group.  

 A total of 45 participants completed all study procedures, leaving a control 

sample n = 20 and a tinnitus sample n = 25. All potential participants who currently used 

stimulant or sedative medication were ineligible to participate. Participants ranged from 

18-83 years of age, and identified as White (non-Hispanic/Latino, 82%; Hispanic/Latino, 

2%), Asian (7%), or Black/African American (9%). All participants responded to the 

Tinnitus Functional Index (Meikle et al., 2012): participants who responded experiencing 

symptoms less than 30% of the time (TFI scores of <30) were classified with mild 

tinnitus symptoms, those who reported 30-80% (TFI scores 31-79) were classified as 

moderate, and greater than 80% (TFI scores 80+) experienced were considered severe 
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tinnitus sufferers. No participants in the control group reported any tinnitus symptoms. 

Full demographic information is reported in Table II.  

 Tinnitus 
(N = 25) 

Control 
(N = 20) 

Total 
(N = 45) 

Age Range (min-max) 18-79 18-83 18-83 
Age M (SD) 44.04 (21.06) 30.35 (18.46) 37.96 (20.89) 

% Female (n) 60% (n = 15) 30% (n = 6) 47% (n =21) 
Included in analysis (n) 

Age Range  
Age M (SD)  

19 
18-66 

38.53 (20.71)  

17 
18-83 

29.65 (17.99)  

36 
18-83 

34.09 (19.35) 
Received Class Credit 4 5 9 

Presbycusis 13 4 17 
White (Non-Hispanic/Latino) 88% (n = 22) 75% (n = 15) 82% (n = 37) 

White (Hispanic/Latino) 4% (n = 1) 0% (n = 0) 2% (n = 1) 
Asian 4% (n = 1) 10% (n = 2) 7% (n = 3) 

Black/African-American 4% (n = 1) 15% (n = 3) 9% (n = 4) 
Tinnitus Severity (n)    

Mild (%) 12 (48%)   
Moderate (%) 7 (28%)   

Severe (%) 6 (24%)   

 
TABLE II: Study 3 demographics. 

 
 Once responses were recorded and quantified, any participant who showed no 

startle reactivity on either habituation or control trials was removed from analysis, 

leaving a final sample of 19 tinnitus participants and 17 control participants. Of the 9 

participants who were excluded from analysis for lack of habituation or control 

responding, 6 reported tinnitus symptoms (3 mild, 3 severe). They ranged from 43-79 

years of age (M = 61.17, SD =11.67), and 5 experienced Presbycusis.  

 Materials and Apparati 

All participants’ hearing was assessed using a Maico MA27 Audiometer. ~1 sec 

tone pulses were presented to the left and right ear individually at 250, 500, 1000, 2000, 

4000, and 8000 Hz, beginning at 60 dB and decreasing until the participant no longer 
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indicated hearing the sound. Hearing thresholds below 25 dB are considered normal, at 

25-40 dB as mild loss, and above 40 dB moderate to severe loss (ASHA; “Degree of 

Hearing Loss”). Gradual hearing loss, expected with aging, is called Presbycusis, and is a 

form of sensorineural hearing loss (ASHA; “Causes of Hearing Loss in Adults”), caused 

by damage to the cochlea or the cochlear nerve (ASHA; “Type, Degree, and 

Configuration of Hearing Loss”). Presbycusis associated loss begins at the highest 

frequencies, and progressively causes loss of hearing in lower frequencies (Gates & 

Mills, 2005). Participants over the age of 50 with hearing loss only in the higher 

frequencies (2000-8000 Hz) were considered to have normal hearing, as their loss may be 

expected with normal aging. More tinnitus participants showed Presbycusis symptoms 

than control participants (Table II), which is not unexpected, as tinnitus, especially in 

older adults, is often comorbid with hearing loss (Baguley, 2002).  

Participants were seated in a sound-attenuated and electrically shielded room. 

They were asked to complete a health history questionnaire and two tinnitus and hearing 

surveys (Meikle et al., 2012).  All auditory stimuli were created using Audacity software 

and presented by SuperLab 5.0 (Cedrus) software. The startle stimuli were white noise 

bursts at 100 dB(A) with a duration of 50 msec and an instant rise time. All prepulses and 

startle stimuli were embedded in a white noise background at 65 dB(A) that began 6 sec 

before the onset of the startle stimulus. All prepulses were white noise bursts beginning 

120 msec before the onset of the startle stimulus and ending at the startle stimulus onset, 

with an instant rise time. Prepulses were presented at 75, 55, 45, and 35 dB, in addition to 

a fully silent gap prepulse with the same time parameters. These prepulses act as a 

traditional prepulse, and progressively quieter partial gaps (see Figure 10). Inter-trial-
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intervals averaged 10 sec and were randomly distributed across trials.  

 
FIGURE 10: Study 3 stimulus conditions. All startle stimuli and prepulses were embedded in 6 sec 65 dB 

white noise background. (1) startle stimulus alone, (2) startle stimulus with 75 dB prepulse, (3) startle 
stimulus with -10 dB (55 dB) partial gap, (4) startle stimulus with -20 dB (45 dB) partial gap, (5) startle 

stimulus with -30 dB (35 dB) partial gap, (6) startle stimulus with full gap. 
 

Note: This figure is not drawn with stimuli to scale. Background noise was presented at 65 dB and startle 
stimuli at 100 dB. 

 

EMG activity was amplified using Biopac EMG amplifiers using filters passing 1-

500 Hz, sampled (1000 Hz) by a Biopac MP150 workstation. The signal, filtered using a 

passband of 28-500 Hz, was rectified and smoothed using a five-sample boxcar filter 

(Blumenthal et al., 2005).  

 Procedure 

While seated in a lab office, participants read and signed an informed consent 

form, then had their hearing assessed. They then moved into the electrically shielded 

study room and completed a health history questionnaire and two tinnitus and hearing 

surveys (Meikle et al., 2012). Ineligible participants were then dismissed, and eligible 
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participants had the skin below their left eye cleaned using 70% isopropyl alcohol on a 

cotton swab. Ag/AgCl electrodes were prepared with miniature double-sided adhesive 

collars and high-conductivity electrode gel and adhered to the participant’s skin. The 

temporal and nasal electrodes were placed below the ocular ridge (nasal directly below 

the pupil when looking forward, just below the lower eyelid; temporal just lateral and 

superior to the nasal), with a ground electrode placed on the participant’s left temple. 

Each participant was asked to place headphones comfortably over their ears, and stimulus 

presentation began.  

All participants were presented with 54 startle stimulus trials, beginning with six 

control habituation trials (startle stimulus alone in background noise), followed by eight 

trials of each stimulus condition presented in the same random order across participants 

(see Figure 10 for stimulus conditions).  At the conclusion of stimuli presentation, all 

participants were debriefed and thanked for their participation. 

 Data Analysis 

Startle responses were measured using a Biopac scoring protocol (Blumenthal et 

al., 2005). Responses beginning 20-120 ms after the onset of the startle stimulus were 

considered valid, with any trials involving movement artifacts, extraneous blinks, or 

excessive noise excluded from analysis. Using this criteria, 4.37% of trials were excluded 

from analysis. Response magnitude was examined on each trial. Trials with no observed 

response were assigned a magnitude of zero and included in analyses. Responses were 

averaged across trial by condition, such that an average magnitude score remained for 

each stimulus condition. PPI of startle magnitude was calculated by subtracting the 

magnitude of the responses on control trials from that of the prepulse trials, then dividing 
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by the control trial magnitude, resulting in a ratio of inhibition for each prepulse 

condition, where a negative ratio denoted inhibition. A 95% confidence interval was 

calculated for the mean of each group to determine significance.  

A 2 X 2 mixed ANOVA (presence of prepulse X group) was conducted to 

compare startle reactivity and traditional prepulse inhibition between control and tinnitus 

groups. Another 2 X 2 mixed ANOVA (prepulse condition X group) compared the 75 dB 

prepulse and 55 dB partial gap across groups. This analysis compared the inhibition in 

response to the +10 dB prepulse and -10 dB partial gap. A 4 X 2 mixed ANOVA (partial 

gap condition X group) was conducted to compare inhibition to the partial and full gaps 

between control and tinnitus groups. Another 2 X 2 mixed ANOVA (prepulse condition 

X group) was conducted to examine differences between the 75 dB prepulse and the fully 

silent gap conditions by group. This was the analysis expected to show the most extreme 

difference between the tinnitus and control groups: hypothetically the same amount of 

inhibition to the 75 dB prepulse, but significantly less inhibition to the fully silent gap in 

the tinnitus group. The Greenhouse-Geisser F test degrees of freedom were examined for 

significant effects and interactions, with an alpha level of .05 in SPSS 24. 

 

Results 

 Our analyzed tinnitus sample was comprised of 9 subjects with mild tinnitus 

symptoms (<30% symptom reported), 7 with moderate tinnitus (30-80% symptoms 

reported), and 3 with severe symptoms (>80% reported). There was no significant effect 

of age or tinnitus severity on inhibition to the partial and full gap conditions. There was 
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no correlation between hearing loss and startle reactivity across all participants or in 

tinnitus participants only. 

Both tinnitus and control groups exhibited significant habituation of magnitude on 

control responses, F (1, 34) = 6.119, p = 0.019. Additionally, startle magnitude reactivity 

did not differ between the control (M = 1.220, SEM = 0.345) and tinnitus groups (M = 

1.899, SEM = 0.327), nor did traditional prepulse inhibition of magnitude (response to the 

75 dB prepulse condition) differ between control (M = 0.551, SEM = 0.194) and tinnitus 

groups (M = 0.817, SEM = 0.445).  

 A comparison between the PPI of magnitude of the prepulse 10 dB above the 

background (75 dB; M = -0.546, SEM = 0.081) and the partial gap 10 dB below the 

background (55 dB; M = -0.459, SEM = 0.075) showed no significant difference in either 

the control or tinnitus group, although both did cause significant inhibition. The ANOVA 

comparing the 55, 45 and 35 dB partial gaps and the fully silent gap showed a significant 

effect such that deeper gaps caused greater inhibition, F (3, 32) = 7.507, ε = 0.906, p = 

.001. However, this effect was not significantly different between the control and tinnitus 

groups (Figure 11).  
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FIGURE 11: In study 3, the traditional prepulse (75 dB) and the fully silent gap cause equivalent inhibition. 
The partial gaps showed graded inhibition such that deeper gaps caused greater inhibition. There were no 

significant difference between the tinnitus and control groups. Although the control group showed less 
inhibition to the full gap than to the 35 dB partial gap, it might appear that the tinnitus group hits a response 

floor at the 45 dB gap, where none of the deeper gaps cause more inhibition.  
 
 

The best indicator of difference between the control and tinnitus groups would be 

expected as equivalent inhibition to the traditional 75 dB prepulse, but significantly less 

inhibition in the tinnitus group on fully silent gap condition. However, the mixed 

ANOVA comparing these conditions across groups showed no significant difference 

between either the prepulse (M = -0.546, SEM = 0.081) and the gap (M = -0.621, SEM =  

-0.071) conditions or between the control (M = -0.565, SEM = 0.098) and the tinnitus (M 

= -0.601, SEM = 0.093) groups (Figure 11).   

 

Discussion 

 This study examined PPI to a traditional prepulse, partial gaps, and a fully silent 

gap in samples with healthy hearing or tinnitus symptoms. No differences were found 
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between groups on any condition, reactivity or PPI, although all prepulse and gap 

conditions caused inhibition as expected, in a graded fashion. The traditional prepulse 

and the fully silent gap caused equivalent inhibition in both groups, as was expected in 

the control group. The tinnitus group may have hit a floor where we could not elicit 

further inhibition at the 45 dB partial gap— but their inhibition patterns was not 

significantly different from those of the control group.  

 These results are surprising in comparison to several previous studies. A host of 

animal models have shown promise using this technique, where animals with induced 

tinnitus symptoms showed significantly less inhibition to gap prepulses than healthy 

controls (Turner et al., 2006; Basura, Koehler & Shore, 2015; Ralli et al., 2014; Shore et 

al., 2016). In 2013 Fournier and Hébert examined a similar protocol with tinnitus and 

control human samples, and found the tinnitus participants to demonstrate significantly 

less inhibition to gap prepulses in a high and low intensity background noise compared to 

control counterparts. The current findings are contrary to this previous work, which could 

be due to a variety of reasons.  

 The most obvious limitation of this study is the small sample size. With only 36 

total participants (19 tinnitus and 17 controls) with analyzed data our samples may have 

been too small to detect any effects. However, if this were the case, possible trends might 

likely be apparent yet not significant, and this is not the case. A power analysis to 

determine required sample size for this effect to become significant suggested a total of 

more than 2000 samples, suggesting no effect is likely present in this sample.  

Another possible explanation for our results could be that our tinnitus sample did 

not experience severe enough tinnitus symptoms, on average, to be detected by this 
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paradigm. Many previous studies that examine tinnitus in human populations only report 

the duration of symptoms or the number of complaints caused by tinnitus symptoms (ie. 

sleep disturbances, emotional distress, auditory perceptual difficulties), rather than the 

severity at which they are experienced, in part because of the difficulty of classifying 

tinnitus between participants (McCombe et al., 2008). Some measures of tinnitus, such as 

the Tinnitus Handicap Inventory, rate tinnitus severity out of 100 points, with 0-16 as 

slight symptoms, 18-36 as mild symptoms, 38-56 as moderate symptoms, 58-76 as severe 

symptoms, and 78-100 as catastrophic, which is extremely rare (McCombe et al., 2008). 

A 2015 study examining a possible tinnitus treatment method utilized the Tinnitus 

Functional Index (TFI), the same questionnaire used in this study (with possible scores 

ranging from 0-100), and found a mean score of 44.8 in their treatment group and 40.6 in 

their placebo group, both groups comprised of participants with tinnitus symptoms 

(Folmer, Theodoroff & Casiana, 2015). Using the rating divisions declared for the current 

study, this mean would be considered moderate tinnitus symptoms. Our participants 

reported TFI scores ranging from 10-80 (M = 42, SD = 26.29), which is similar to that of 

Folmer et al. (2015). However, the majority of our participants reported mild symptoms 

(48%) and it is possible these symptoms were not intense enough to be picked up by the 

GPI paradigm. If this is the case, then this measure is not sensitive enough to be used as a 

diagnostic measure of tinnitus in less than severe cases. This is possible, but larger 

samples would need to be tested to determine whether there truly is no group effect to be 

expected.  

 Another possibility is that the filling of the gap with a sound of a different 

frequency distribution (the perceived tinnitus symptoms) acts as a change in environment 
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and increases the observed inhibition, rather than decreasing it. In study 1, the pink noise 

prepulse embedded in white noise background caused nearly 60% inhibition of startle 

magnitude (see Figure 6). White noise and pink noise are comprised of the same range of 

frequencies (20 Hz – 20 kHz), but pink noise sounds lower in pitch (Figure 2): this 

difference between sounds is sufficient to cause significant inhibition of startle 

responding. In study 2, a passband (narrowband noise) prepulse in a broadband noise 

background of the same intensity caused over 25% inhibition of startle magnitude (Table 

I). Although this inhibition is less than that observed in study 1, it is inhibition caused 

purely by a frequency shift in the acoustic environment. The pink noise prepulse in study 

1 may cause greater inhibition than the passband prepulse in study 2 because it involves 

both a frequency shift and a rise in sound intensity. This same effect could occur when 

the tinnitus associated sound perception partially fills a gap; the frequency shift and the 

remaining partial gap could summate, leading to greater inhibition than would be 

expected than from the partial gap alone. This would explain the pattern of similarity 

between the two groups.  

 Although further testing is necessary to replicate the current findings, these results 

suggest that perhaps this paradigm will not serve as a successful measure of average 

tinnitus symptoms in clinical or research settings, as it perhaps is only sensitive enough to 

detect severe tinnitus symptoms.  
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CHAPTER 5: THE BIG PICTURE 

 Tinnitus, as a disorder, is seen by many who experience symptoms as merely an 

annoying disturbance. However, when symptoms are experienced to extreme degrees, the 

disorder can become debilitating. Although every individual’s experience with tinnitus is 

unique, sleep disturbances, loss of concentration, alterations to cognition, stress, anxiety, 

and depression are all known to be associated with severe tinnitus symptoms (Baguley, 

2002). Some studies estimate that up to 80% of adults experience tinnitus symptoms at 

some point in their lifetime, and approximately 20% of adults aged 40-60 years old 

experience chronic tinnitus symptoms, with a higher prevalence in men (Moller, 2014). 

Tinnitus is known to be caused, in some cases, by exposure to repeated loud noise (above 

70 dB), head injury, or repeated exposure to antibiotics or NSAIDs, although the exact 

mechanisms by which tinnitus is caused are still unknown. Once a diagnosis is reached, 

patients may sometimes find relief from counseling and mediation meant to train them to 

live with or overcome the burdensome sound, sound therapies which counterbalance 

tinnitus symptoms with soothing sounds, or hearing aids to amplify ambient noise to 

mask the tinnitus associated “sounds” (Baguley, 2002). Even equipped with all this 

knowledge of the disorder, tinnitus is still diagnosed in humans by self-report.  

 In 2009, the Department of Defense (DoD) reported an excess of $1.2 billion paid 

to veterans in disability payments for tinnitus, with continual expected increases 

(Yankaskas, 2013). 80% of military personal who are exposed to extreme noise develop 

chronic tinnitus, and the DoD has no way to predict who may experience symptoms or 

detect symptoms in personnel once they arise. OtoScience Labs and the DoD Defense 

Technical Information Center are attempting to create a method of detecting tinnitus in 
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humans, but no report is yet published on their results. A device was competed in late 

2016, with IRB approval for testing in 2017. Testing protocols are now underway 

(Turner, 2017).  

 With all of this information, it is clear that a diagnostic measure of tinnitus is of 

crucial importance. Proper diagnosis is a key preliminary step in developing possible 

treatments or determining concrete causes. After Jeremy Turner, Ph.D. proposed the use 

of a gap prepulse paradigm to diagnose tinnitus in 2006, use of the model in animal 

studies got underway. Tinnitus was often induced in rodents or guinea pigs using extreme 

noise exposure or salicylate acid injections, and many studies found promising results 

with less inhibition observed in tinnitus animals on gap prepulse trials compared to 

healthy control animals (Turner et al., 2006; Basura et al., 2015; Ralli et al., 2014; Shore 

et al., 2016). See Galazyuk and Hébert (2015) for a full review of animal procedures. 

Promising results were also found in humans, with less inhibition seen to gap prepulses in 

tinnitus subjects than in healthy hearing subjects (Fournier & Hébert, 2013). However, 

other studies have suggested that perhaps this model does not show as much promise in 

human testing as was evident in animal testing. Although startle is a precognitive, 

brainstem reflex, one piece of the puzzle may be that with tinnitus symptoms, participants 

are not able to perceive the presence of a silent gap in background noise. Campolo, 

Lobarinas, and Salvi (2013) found this was not the case. 50 ms gaps were presented to 

tinnitus and healthy hearing control participants one octave above, at, or one octave 

below each tinnitus participant’s pitch of symptoms (and at 1.2 kHz, 8 kHz and 12.6 kHz 

in the control sample). All participants could detect the gap and report its occurrence 

(Campolo et al., 2013). Boyen et al. (2015) found similar results: tinnitus participants, 
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age-matched controls, and young normal-hearing subjects each completed a 

psychoacoustic test three times, where four stimuli with different frequencies and 

bandwidths were presented at three intensities. All participants were able to detect the 

presence of gaps, with greater intensity background resulting in shorter gap duration 

required for detection. Additionally, no relationship between tinnitus pitch and gap 

detection performance was found (Boyen et al., 2015). Both of these studies report 

conclusions expressing doubt for the use of gap prepulses as detectors of tinnitus in 

human subject pools, although neither actually tested the startle paradigm.  

 In contrast, Mehdizade Gilani et al. (2013) studied 20 tinnitus subjects and 20 

healthy controls, examining the detection of a gap in noise. They found that the tinnitus 

participants showed significantly worse performance on gap detection in both ears than 

the controls, and that the tinnitus group showed greater duration gap thresholds for 

detection (Mehdizade Gilani et al., 2013). As explained above, Fournier and Hébert 

(2013) found significant differences in GPI between tinnitus and control participants, 

such that the tinnitus group showed less inhibition in response to gap prepulses than their 

control counterparts. Also, Mahmoudian et al. (2013) found differences in the cortical 

correlates of gap detection in tinnitus and control participants. They used EEG to measure 

mismatch negativity waves (an auditory evoked potential that is a response to a deviance 

in background; e.g. a gap) in control and tinnitus participants. The amplitude of these 

mismatch negativity waves was significantly smaller in the tinnitus group, suggesting a 

cortical deficit in the pre-attentive processing of gaps (Mahmoudian et al., 2013).  

Galazyuk and Hébert (2105) suggest that the major difference between these 

groups of studies may be attentional and pre-attentional processing. The studies where 
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participants were purposefully listening for a gap in noise (Campolo et al., 2013; Boyen 

et al., 2015) found no detectable difference between tinnitus and control group 

performance, whereas pre-cognitive measures of the effect of gaps in background 

(Mehdizade Gilani et al., 2013; Fournier & Hébert, 2013; Mahmoudian et al., 2013) 

found difference between groups. Perhaps the goal-directed nature of these first studies is 

what allows for gap detection, whereas pre-attentional processing of sounds, like startle, 

allow for the detection of true differences between the groups. However, the findings of 

the current study do not fit with this previous pattern of results.  

This study found no significant differences between tinnitus and healthy hearing 

control participants’ startle response magnitude to fully silent gaps or partial gap 

conditions. This finding could be attributed to the small sample size examined, the low 

severity rating of many of the tinnitus participants, or a summation effect of multiple 

prepulses, one caused by the partial gap, and another by the tinnitus filling the gap. This 

last hypothesis might be important if this measure is only sensitive enough to detect 

severe tinnitus symptoms. When the perceived sound associated with tinnitus fills a silent 

gap, that background behind the gap would presumably be different than the broadband 

background noise (perhaps equivalent to a narrow band noise). Then, the gap is less deep 

than what is truly presented, leading to less inhibition than in control participants, but the 

underlying background which sounds different from the experimental background would 

cause additional inhibition (as we know from studies 1 and 2). If these two quantities of 

inhibition summate, they might cause the same amount of inhibition, or more, than what 

would be expected in the control group to that level of gap depth. This is a possible 
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insight into how tinnitus symptom perception may interact with one’s acoustic 

environment.  

Other valuable information regarding startle reactivity and modulation have been 

gained from this project as a whole. We were able to replicate previous work 

demonstrating that traditional prepulses, involving an increase in sound energy, cause 

equivalent inhibition of startle magnitude and probability compared to a fully silent gap 

prepulse, involving a decrease in sound energy. This replication may support findings 

such as those of Moreno-Paublete et al. (2017), who suggest that prepulses and gaps 

activate separate pathways to inhibit the nRPC (the startle center) (see Figure 3). We also 

demonstrated that changes in sound environment involving a frequency and intensity 

shift (study 1) or a frequency shift alone (study 2) are sufficient to activate these 

modulatory pathways and significantly inhibit startle responding. Additionally, we 

demonstrated the novel finding that deepening partial gaps follow the same pattern of 

inhibition as increasingly intense prepulses, although the gaps are overall less effective 

inhibitors of startle magnitude than prepulses. Again, these results may support the results 

of Moreno-Paublete et al. (2017), suggesting that prepulses activate a pathway through 

the lateral globus pallidus (LGP) while gaps activate a pathway through the auditory 

cortex, both of which inhibit the startle center. Although our hypothesis regarding human 

tinnitus participant’s responding to partial gap prepulses was not supported by our 

findings, the insights we gained from this study will be extremely beneficial moving 

forward in the field of tinnitus detection, diagnosis, and treatment.  
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